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1 Introduction 

1.1 Coordination chemistry: From the pioneering ideas of Alfred Werner towards 

practical applications 

Coordination chemistry gained momentum with the pioneering ideas of Alfred Werner, who was 

awarded the first Nobel Prize in Inorganic Chemistry in 1913 for his research and concepts.[1] This 

research area includes the design, synthesis and characterization of metal complexes, that generally 

consist of a metal center bound to a certain number of ligands via coordinative bonds.[2] Inspired by 

the works of Werner and motivated by potential practical applications, a large variety of transition 

metal complexes has been developed over the last century. A significant number of promising 

candidates is based on rare and expensive metals like e.g. platinum,[3–7] iridium,[8,9,10] ruthenium,[11–14] 

rhodium,[15,16] gold,[17–19] and lanthanoids.[20–23] The wide-ranging applications include e.g. light 

emitting devices,[3,6,17,19,24] molecular sensing and imaging,[3,6,8,14,15,17,20,25] anticancer 

therapy[4,5,8,9,15,22,26] and photocatalysis.[7,9,11,12,18,21,23] The aim of current research is to replace these 

expensive metals of limited availability by more abundant metals with a main focus on 3d elements.  

 

1.2 Current research on photoactive transition metal complexes based on earth-

abundant elements and role of time-resolved spectroscopy 

The development of luminescent and photoactive transition metal complexes based on earth-

abundant metals is an important and rapidly growing research field. The first promising 

luminophores and systems with high photocatalytic activities with abundant metals have been 

reported in the last few years.[27–33,34] Hereby, considerable progress has already been achieved with 

the design and synthesis of highly luminescent Cu(I) complexes for organic light emitting diodes 

(OLEDs)[31,35] and Cu(I) photosensitizers relevant for photoredox catalysis[32,33,36] as well as energy 

conversion.[37] Furthermore, a series of emissive Cr(III) complexes has been reported in the last years, 

with emissions reaching into the near-infrared (NIR) region.[38] 

In this active and broad research area, advanced spectroscopic techniques are crucial for the 

understanding of the photophysical and photochemical dynamics after light excitation. In particular, 

time-resolved spectroscopy is a valuable tool to study the excited state behavior of transition metal 

complexes, including intermediates in photochemical reactions.[39,40] For a deeper understanding of 

the experimental results, the achieved data are compared to theoretical calculations. The idea is to 

reveal relationships between the structures and the functionalities of the systems and thus 

contribute to the design of new compounds with improved properties in terms of practical 
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applications. The impact of e.g. ligand design and metal substitution on the catalytic performance 

and/or the luminescence is investigated.  

In this context, the present work deals with time-resolved spectroscopy on time scales from 

nanoseconds over microseconds to milliseconds. Time-resolved Fourier-transform infrared 

spectroscopy (FTIR) is applied to achieve structural information on the energetically lowest, long-

lived electronically excited states, which are generally responsible for the observed photocatalytic 

and luminescence properties. The electronic properties, for their part, are investigated by (time-

resolved) emission spectroscopy and static UV/VIS absorption spectroscopy. Concerning the applied 

spectroscopic techniques, it is important to mention that the transient FTIR and luminescence 

investigations are for their most part performed at different temperatures. The competition between 

radiative and non-radiative excited state deactivation pathways is very often strongly temperature-

dependent as a result of thermally activated deactivation processes. Furthermore, it is conceivable 

that the relative population of different excited states is influenced by temperature.          

 

1.3 Design of NIR emissive metal complexes of Cr(0/III), V(III), Mo(0) and W(0)  

The first part of this work deals with the characterization of NIR emitters of mononuclear 

chromium(0/III), vanadium(III), molybdenum(0) and tungsten(0) complexes. These investigations are 

motivated by a broad area of applications, such as NIR emitting OLEDs,[41] light emitting 

electrochemical cells (LECs),[42] bioanalyses and bioimaging,[43,44] solar energy conversion, as well as 

telecommunication.[44] The mentioned studies aiming for the optimization of NIR emitters based on 

earth-abundant metals were performed within the DFG (Deutsche Forschungsgemeinschaft) project 

SPP2102 “Light controlled reactivity of metal complexes”.      

Concerning the luminescent Cr(III) complexes, the presented studies build up on the properties and 

investigations of the so-called molecular ruby [Cr(ddpd)2]
3+ (ddpd = N,N’-dimethyl-N,N’-dipyridine-2-

ylpyridine-2,6-diamine) of approximately octahedral symmetry (Figure 1.1), showing dual 

luminescence with maxima at 738 and 775 nm in acetonitrile.[45] The quantum yield amounts to ɸ  = 

12.1 % and the lifetime is � = 899 μs in deaerated acetonitrile at room temperature.[45] This strong 

phosphorescence occurs from the metal-centered energetically lowest excited doublet microstates 

of 2T1 and 2E parentage to the electronic ground state.[45,46] The luminescence performance is 

achieved by the large N-Cr-N bite angle of the tridentate ddpd ligand, in combination with its strong 

σ-donor strength inducing a very large ligand-field splitting. The latter one shifts the deactivating and 

photoreactive 4T2 state to very high energy, so that the non-radiative deactivation of the emissive 

metal-centered spin-flip states by reverse intersystem crossing is weakened (Figure 1.2). 
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Figure 1.1 Molecular structures of the chromium(III) complexes synthesized in the group of 

Prof. Dr. Katja Heinze. The complex [Cr(III)(ddpd)2]
3+(BF4

−)3 (ddpd = N,N’-dimethyl-N,N’-

dipyridine-2-ylpyridine-2,6-diamine) was investigated in previous studies.[45,47] This work 

deals with the chromium(III) complexes [Cr(III)(tpe)2]
3+(BF4

−)3 (tpe = 1,1,1-tris(pyrid-2-

yl)ethane) and [Cr(III)(bpmp)2]
3+(BF4

−)3 (bpmp = 2,6-bis(2-pyridylmethyl)pyridine) as well as 

the chromium(II) complex [Cr(II)(ddpd)2]
2+(BF4

−)2.      
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Figure 1.2 Simplified Jablonski diagram of a Cr(III) complex in idealized Oh symmetry (UV/VIS 

abs.: UV/VIS absorption; ISC: intersystem crossing; rISC: reverse intersystem crossing; F: 

fluorescence; P: phosphorescence). 

 

Extensive step-scan FTIR investigations on [Cr(ddpd)2]
3+ have been performed in the group of 

Prof. Dr. Markus Gerhards (TU Kaiserslautern), which are part of the doctoral thesis of my colleague 

Patrick Di Martino-Fumo and partly my master thesis. These studies revealed significant geometrical 

distortions in the luminescent excited states.[47] Shortly after [Cr(ddpd)2]
3+, the related complexes 

[Cr(H2tpda)2]
3+ (H2tpda = 2,6-bis(2-pyridylamino)pyridine)[48] and [Cr(dqp)2]

3+ (dqp = 2,6-di(quinolin-8-

yl)pyridine)[49] have been reported, which show similar luminescence properties ([Cr(H2tpda)2]
3+: ��� 

= 782 nm; ɸ  = 6.3 %; 670 μs[48] and [Cr(dqp)2]
3+: ��� = 747 nm; ɸ  = 5.2 %; 1200 μs[49]).  

At this point, the aim was to further boost the luminescence lifetime and tune the emission 

wavelength by subtle ligand design. In this context, the group of Prof. Dr. Katja Heinze (JGU Mainz) 

synthesized the complex [Cr(tpe)2]
3+ (tpe = 1,1,1-tris(pyrid-2-yl)ethane) (Figure 1.1) with interesting 

luminescence properties and in particular the longest lifetime reported for a molecular polypyridyl 

Cr(III) complex so far (��� = 748 nm; ɸ  = 8.2 %; � = 4500 μs in D2O/DClO4).
[50] This lifetime is a result 

of the high symmetry with an inversion center, so that the phosphorescence is strictly Laporte-

forbidden. The strongly temperature-dependent luminescence properties were investigated within 

this work to get, in combination with step-scan FTIR spectroscopy, information on the long-lived 

excited state dynamics and structures (including radiative vs. non-radiative deactivation pathways) 

(chapter 6).  

Subsequently, the complex [Cr(bpmp)2]
3+ (bpmp = 2,6-bis(2-pyridylmethyl)pyridine) (Figure 1.1) was 

synthesized by the group of Prof. Dr. Katja Heinze and then analyzed within this work. Interestingly, 

the bpmp ligand serves to blue-shift the emission wavelength (��� = 709 nm; ɸ  = 19.6 %; 1800 μs in 
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D2O/DClO4).
[51] A very strong rise of the emission intensity and lifetimes was observed at low 

temperature and the excited state IR spectrum subtly depends on the available thermal energy 

(chapter 7).      

Furthermore, the so-called reduced molecular ruby [Cr(II)(ddpd)2]
2+ with a d4 electron configuration 

was synthesized in the group of Prof. Dr. Katja Heinze and studied in this thesis by temperature-

dependent FTIR spectroscopy.[52] In its d4 electron configuration, this octahedral Cr(II) complex is a 

potential candidate for thermally induced spin crossover (SCO), as this process can potentially occur 

in the d4 – d7 electron configurations in complexes with octahedral coordination geometry. Briefly 

explained, thermally induced SCO is an entropy-driven switch between a low-spin ground state and a 

high-spin state, depending on the available thermal energy.[53] Transition metal complexes with d5 – 

d7 electron configurations have been extensively studied (in particular Fe(II),[54] Fe(III)[55] and 

Co(II)[56]), but examples remain scarce for systems with a d4 electron configuration.[57] At the same 

time, SCO transition metal complexes show a broad area of potential applications in e.g. sensing, 

information storage and actuators.[58] Temperature-dependent static FTIR measurements were 

performed on [Cr(ddpd)2]
2+ to analyze the influence of the occurring spin crossover (evidenced in 

preliminary works by variation of the magnetic susceptibility with temperature[52]) on the ground 

state IR spectrum. Furthermore, time-resolved step-scan FTIR investigations were performed to 

analyze a potential long-lived excited state. A long-lived state was indeed found by transient IR 

spectroscopy, but no luminescence could be detected (chapter 8).   

A similar synthetic strategy was applied by the group of Prof. Dr. Katja Heinze to the metal cation 

vanadium(III) (d2 electron configuration) , where a spin-flip emission can theoretically occur from the 

low-energy excited singlet states 1Eg and 1T2g in an octahedral ligand field. A motivation for the 

substitution of chromium for vanadium are the low energy gaps between the ground state and 

excited states according to NIR absorption and luminescence investigations (weak emissions at low 

temperature) on well-known V(III) systems with O-donor ligands,[59] such as V3+:Al2O3,
[60]

 

[V(H2O)6]
3+,[61] [V(urea)6]

3+[62] and [V(ox)3]
3−[63]. The vanadium complex mer-[V(ddpd)2]

3+ (Figure 1.3), 

analogue of the chromium complex [Cr(ddpd)2]
3+, was investigated by time-resolved step-scan FTIR 

and luminescence spectroscopy in this work (chapter 9). Phosphorescence was detected above 

1000 nm in frozen solution at 20 K in this work and in liquid solution at room temperature by the 

group of Prof. Dr. Michael Seitz.[64] Thus, an NIR II luminescence (���  ≥ 1000 nm) in solution at 

ambient temperature was accessed for the first time with a system based on a 3d metal. As the 

strategy to further red-shift the phosphorescence by switching from chromium to vanadium was 

successful, the investigations were extended to the neutral [VCl3(ddpd)] complex (Figure 1.3, chapter 

10). In this case, a sharp NIR emission was observed in the solid state at room temperature with a 



 

 

 
6 

 

significant increase of the luminescence at lower temperature. For both complexes, step-scan FTIR 

spectroscopy revealed geometrical distortions in the excited state (chapters 9 and 10). 

Figure 1.3 Molecular structures of the vanadium complexes [V(III)(ddpd)2]
3+(PF6

−)3 (ddpd = 

N,N’-dimethyl-N,N’-dipyridine-2-ylpyridine-2,6-diamine) and [VCl3(ddpd)] synthesized in the 

group of Prof. Dr. Katja Heinze and investigated in this work.      

 

Besides the described design strategies of NIR emitters based on Cr(III) and V(III), a collaboration 

(also within the SPP 2102) with the group of Prof. Dr. Biprajit Sarkar (University of Stuttgart) aimed 

for the development of mononuclear NIR-emitting systems with chromium(0), molybdenum(0) and 

tungsten(0) metal centers. Visible luminescence has been achieved with several Cr(0), Mo(0) and 

W(0) complexes containing isocyanide ligands over the last four and a half decades.[30,65,66–68] It is of 

particular interest that the luminescence tails into the NIR I region for W(0) complexes with 

oligoarylisocyanides,[66] alkynyl-bridged arylisocyanides,[67] or bidentate arylisocyanides.[68] Parallel to 

the design of arylisocyanide Cr(0), Mo(0) and W(0) complexes, emissive carbonyl containing 

complexes have been synthesized. In 1982 Lees et al. reported on Mo(0) and W(0) carbonyl 

complexes with substituted pyridine ligands,[69,70] followed by heteroleptic M(CO)4(α-diimine) (M = 

Cr(0), Mo(0) and W(0)) systems with in some cases emission bands tailing into the NIR I region.[71–73] 

Furthermore, luminescent W(0) carbonyl pyridyl-imidazole complexes[74] and polynuclear clusters like 

e.g. (Bu4N)2[Mo6I8(NO3)6]
[75] have been reported. However, molecular systems based on Cr, Mo and 

W with an NIR II emission remain very rare. The first report goes back to 1988 with the observation 

of an NIR II emission for the complexes MoCl6
3− and Mo(NCS)6

3−.[76] Ten years later, Mohammed et al. 

reported the six-coordinate (Me3[9]aneN3)MoX3 (Me3[9]aneN3 = 1,4,7-trimethyl-1,4,7-

triazacyclononane; X = I, Br, Cl) complexes with emission maxima of 1120 – 1160 nm and quantum 

yields of 10−5 − 10−4 in solution at room temperature.[77] The luminescence maximum is further red-

shifted to 1400 nm for solid samples of (Me3[9]aneN3)W(III)Cl3 and MoCl3(py)3.
[77] Very recently, 
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Sinha et al. reported the Cr(III) complex [Cr(dpc)2]
3+ (dpc = 3,6-di-tert-butyl-1,8-di(pyridine-2-yl)-

carbazolato) with an emission at 1067 nm in frozen solution at 77 K.[78] The Cr(III) luminescence was 

red-shifted by a modified ligand-field strategy compared to that applied to the complexes 

investigated in this work, combining �-donating amido with �-accepting pyridine units in a tridentate 

chelate ligand.[78] However, to the best of our knowledge, no Cr(0), Mo(0) and W(0) complexes with 

an NIR II emission have been reported so far. At the same time, a quite large series of luminescent 

transition metal complexes with mesoionic carbene (MIC) ligands of the 1,2,3-triazol-5-ylidene type 

has been reported, such as MIC containing complexes of Fe(II/III),[79] Cu(I),[80,81] Ru(II),[82,83] Pd(II),[84] 

Re(I),[85] Os(II),[83] Ir(III),[86] Pt(II)/Pt(IV)[87] and Au(I).[81,88]  

 

Figure 1.4 Molecular structures of the carbonyl complexes [M(PyC-NMIC-dipp] (M = Cr(0), 

Mo(0), W(0)) synthesized in the group of Prof. Dr. Biprajit Sarkar and investigated in this 

work.  

 

This was a motivation for the synthesis of Cr(0), Mo(0) and W(0) complexes containing the bidentate 

pyridyl-MIC ligand (PyC-NMIC-dipp) and CO coligands in the group of Prof. Dr. Biprajit Sarkar: 

[M(PyC-NMIC-dipp)(CO)4] with M = Cr(0), Mo(0) or W(0) (Figure 1.4).[89] Interestingly, an NIR II 

emission was observed in this work for these MIC complexes of Mo(0), W(0) and to a smaller extent 

Cr(0) (chapter 11). Furthermore, a rather weak higher energy red emission was observed for the 

three complexes and the emission bands were assigned to dual phosphorescence.  

 

1.4 Photochemistry of Cr(0), Mo(0) and W(0) complexes              

Considering the high photochemical reactivity with a substitution of one or several CO ligands against 

solvent molecules  reported for Cr(0), Mo(0) and W(0) complexes of e.g. M(CO)6,
[90] M(CO)5L (L = e.g. 

substituted pyridine, acetonitrile)[70,91] or M(CO)4α-diimine type,[72,73,92] it was of great interest to 

analyze the photochemical dynamics of the MIC complexes [M(PyC-NMIC-dipp)(CO)4] (M = Cr(0), 

Mo(0) or W(0)) introduced above. The reaction dynamics in organic solvents were investigated by 

step-scan FTIR spectroscopy on time scales of nanoseconds and microseconds as well as over a 
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longer period of time by recording IR spectra at equidistant intervals of several seconds/minutes. The 

studies revealed a fast initial reaction, followed by a dark and slow reverse reaction to the initial 

species (chapter 12). 

 

1.5 Highly luminescent Cu(I) complexes 

Next to the development of NIR emitters based on earth-abundant metals, another very important 

research pillar consists of the design of copper(I) complexes with a high visible luminescence for 

applications in organic light emitting diodes (OLEDs)[31,93,94] and in particular mechanically flexible 

OLED devices.[95] In OLED fabrication on an industrial level solution processing has several advantages 

compared to the up to now mostly used vacuum deposition technique.[95–97] Solution processing, 

where often the so-called “spin coating”[95,96] is applied, generally implies lower production costs and 

is well suited for continuous production on industrial scale. One requirement is, however, that the 

OLED molecules have to show sufficient solubility in the used solvents.[95] For this reason, one of the 

main aims of current research in this area consists of the development of small OLED molecules with 

a high solubility and chemical stability in common organic solvents. 

A quite large number of luminescent binuclear Cu(I) complexes with a butterfly-shaped Cu2I2 core, 

2-(diphenylphosphino)pyridine (PyrPhos) acting as a P,N bridging ligand between the Cu(I) centers 

and phosphines as ancillary ligands have been designed and synthesized in the last few years.[98–

101,102,103] Luminescence quantum yields above 90 % are achieved in the solid state at room 

temperature for the most promising candidates.[98–101,103] These very high quantum yields are reached 

by thermally activated delayed fluorescence, resulting from a small energy gap between the T1 and S1 

states and thermal population of the S1 state from the T1 state at room temperature and subsequent 

delayed fluorescence to the ground state.[31,93,94] The ultrafast dynamics and long-lived electronically 

excited states of selected binuclear Cu(I) MePyrPhos have been investigated extensively by 

femtosecond transient absorption spectroscopy in the group of Prof. Dr. Rolf Diller (TU 

Kaiserslautern) and by time-resolved step-scan FTIR spectroscopy in the group of Prof. Dr. Markus 

Gerhards, respectively.[104,105] The studied systems were shown to be suitable for OLED applications 

from a photophysical point of view, but the solubility in organic solvents is still limited.  

In collaboration with the group of Prof. Dr. Stefan Bräse (Karlsruhe Institute of Technology) Cu(I) 

PyrPhos complexes with ancillary phosphine ligands that are either fluorinated or contain a 

trifluoromethyl group in 4-position of the phenyl rings of the ancillary phosphine ligands were 

investigated within the Collaborative Research Center SFB/TRR88 “Cooperative Effects in Homo- and 

Heterometallic Complexes (3MET)” (Figure 1.5). These ligand modifications were introduced by the 
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group of Prof. Dr. Stefan Bräse to increase the solubility of the complexes. More precisely, the 

complexes [(2-(Diphenylphosphino)pyridine)(tris(4-fluorophenyl)phosphine)2Cu2I2] (Cu2-F), its 

methylated analogue [(4-Methyl-2-(Diphenylphosphino)pyridine)(tris(4-

fluorophenyl)phosphine)2Cu2I2] (Cu2-Me-F) and the closely related complex [(4-Methyl-2-

(diphenylphosphino)pyridine)(tris(4-trifluoromethylphenyl)phosphine)2Cu2I2] (Cu2-Me-CF3) with 

trifluoromethyl groups (Figure 1.5) were considered in the in-depth photophysical studies. 

Interestingly, luminescence spectroscopy in solution revealed that fluorination not only boosts the 

solubility, but also increases the (photo)chemical stability in solution (chapter 13). The excited state 

dynamics on nanosecond and microsecond time scale were further investigated by step-scan FTIR 

spectroscopy and time-resolved luminescence spectroscopy. Appealingly, it was observed that the 

electron-withdrawing properties of the fluorine atoms do not significantly affect a) thermally 

activated delayed fluorescence and b) the structures in the electronic ground state and in the excited 

state compared to their reference compounds without any fluorination.[104,105] 

Figure 1.5 Molecular structures of the binuclear copper complexes Cu2-F, Cu2-Me-F and 

Cu2-Me-CF3 synthesized in the group of Prof. Dr. Stefan Bräse and investigated in this work.      
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After the successful characterization of the abovementioned binuclear Cu(I) PyrPhos complexes, 

related tetranuclear Cu(I) complexes with Cu4X4 (X = I; Br; Cl) cluster cores were considered, which 

are formally built up of two binuclear Cu2X2 cores. The investigated tetranuclear Cu4X4 clusters are of 

approximately octahedral shape, the four Cu(I) centers forming a parallelogram. The formed surface 

is capped at each side by a halide atom, which bridges three (μ3) or four (μ4) Cu(I) centers, depending 

on the MePyrPhos bridging ligand (see explanations below and Figure 1.6). The remaining two 

halides bridge two Cu(I) centers each. Furthermore, the Cu(I) atoms are bridged pairwise by two 

MePyrPhos ligands. In every case, the phosphorous atom of one ligand is located opposite to the 

nitrogen atom of the second ligand. Isomers with the methyl group either in 4- or 6-position of the 

pyridine ring were investigated (Figure 1.6), whereby the position of methylation showed to have a 

very big impact on the photophysical properties (chapter 14).  

 

Figure 1.6 Molecular structures of the tetranuclear copper complexes Cu4I4(4-Me)2, 

Cu4I4(6-Me)2, Cu4Br4(6-Me)2 and Cu4Cl4(6-Me)2 synthesized in the group of Prof. Dr. Stefan 

Bräse and investigated in this work.      

 

Interestingly, the described structural motif (octahedron) is rather rare for Cu4X4 clusters,[106,107,108] as 

most systems form cubane-like clusters.[76,109–115,116,117] As it is the case for the related binuclear 

systems, such tetranuclear Cu(I) complexes are for the most part highly luminescent with first 

successful applications in electroluminescence.[118] Furthermore, it is important to mention that the 

first OLED based on Cu(I) was a tetranuclear complex.[119] Concerning the emission properties, a 

pronounced luminescence thermochromism with two clearly separated emission bands depending 

on temperature has been reported for several cubane-like clusters,[107,109–115,117] but has only been 
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observed for a very small number of Cu4X4 clusters of approximately octahedral shape.[107,108] This 

was an incentive for thorough emission studies at variable temperature (chapter 14). A very strong 

thermochromism, covering almost the complete visible spectrum was indeed observed for the 

iodide, bromide and chloride complexes with 6-methyl-(diphenylphosphino)pyridine bridging ligands. 

Following this intriguing observation, the temperature-dependent structural changes in the 

electronically excited states involved in this luminescence thermochromism were investigated by 

step-scan FTIR spectroscopy. In this way, it was possible to experimentally characterize the 

geometries of the involved excited states for the very first time under consideration of time-

dependent density functional theory (TDDFT) calculations performed by my colleague Patrick Di 

Martino-Fumo (chapter 14). In previous works the interpretation of the luminescence 

thermochromism is fully based on theoretical calculations without any experimental evidence with 

respect to structural properties.      

 

1.6 Mono- and binuclear Cu(I) complexes as photosensitizers 

As mentioned at the beginning of the chapter, an aim of ongoing research is to develop also 

photocatalytic systems that are based on earth-abundant metals.[27–30,32,33,36] Two valuable 

characteristics with regard to photocatalytic applications consist of long excited state lifetimes and 

high quantum yields, which are well fulfilled by mononuclear, heteroleptic Cu(I) complexes that 

contain a diphosphine (e.g. xanthphos) and a diimine (e.g. phenanthroline) ligand 

([(N^N)Cu(P^P)]+).[32,33,120,121] Yet, there is growing interest to further boost the performance of Cu(I) 

complexes towards applications, such as the reduction of water to molecular hydrogen[122,123] or the 

reduction of CO2.
[120,124] With this in mind, it is important to note that the linkage of a naphthalene 

imide unit to an electron accepting ligand (e.g. phenanthroline) often improves the excited state 

lifetime of the respective complex.[123,125,126]  

In this context, a mononuclear, heteroleptic Cu(I) complex containing the 16H-benzo-[4’,5’]-

isoquinolino-[2’,1’:1,2]-imidazo-[4,5-f]-[1,10]-phenanthrolin-16-one ligand (biipo)[126] (Figure 1.7) was 

investigated in collaboration with the groups of Prof. Dr. Stefanie Tschierlei (TU Braunschweig), Dr. 

Michael Karnahl (TU Braunschweig) as well as Prof. Dr. Stefan Lochbrunner (University of Rostock) 

within the abovementioned SPP2102. In the fully conjugated biipo ligand, a naphthalene imide unit is 

directly fused to the backbone of a phenanthroline fragment. The complex contains xantphos (xant) 

as an additional ligand, giving [(xant)Cu(biipo)]PF6 (Cubiipo). Furthermore, the related ruthenium(II) 

complex [(tbbpy)2Ru(biipo)]PF6 (Rubiipo) and the plain biipo ligand were analyzed for comparison. 

The photophysical dynamics of the three systems Cubiipo, Rubiipo and the biipo ligand were studied 



 

 

 
12 

 

by femtosecond transient absorption spectroscopy in the group of Prof. Dr. Stefan Lochbrunner and 

step-scan FTIR spectroscopy as well as (time-resolved) luminescence spectroscopy at variable 

temperature in the solid state in this work (chapter 15). The analysis revealed a long-lived dark 

excited state in the Cu(I) and Ru(II) complexes, which is promising with respect to photocatalytic 

applications (chapter 15).   

Figure 1.7 Molecular structures of the copper complex Cubiipo and the ruthenium complex 

Rubiipo synthesized by the groups of Prof. Dr. Stefanie Tschierlei as well as Dr. Michael 

Karnahl and investigated in this work.      

 

In cooperation with the groups of Dr. Claudia Bizzarri (Karlsruhe Institute of Technology), 

Prof. Dr. Rolf Diller (TU Kaiserslautern), PD Dr. Christoph Riehn (TU Kaiserslautern) as well as 

Prof. Dr. Willem Klopper (Karlsruhe Institute of Technology) the photophysical properties of a series 

of heteroleptic mononuclear and binuclear Cu(I) complexes were investigated within the 

abovementioned SFB/TRR88 3MET. Related to the ([(N^N)Cu(P^P)]+) coordination sphere of Cubiipo, 

the complexes contain the phosphine ligand bis(2-(diphenylphosphanyl)phenyl)ether (DPEPhos) and 

a diimine ligand based on 6’-methyl-pyrid-2’-yl-1H-1,2,3-triazole (MPyrT). For the pyridyl-triazole 

ligand the protonated and deprotonated forms were considered (LH or L), forming either charged or 

neutral complexes (mononuclear neutral and charged complexes labelled CuL and CuLH, 
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respectively) (Figure 1.8). Binuclear complexes were formed by combining two 

[(DPEPhos)Cu(MPyrT)]+/0 subunits via a linking diimine ligand (binuclear charged and neutral 

complexes labelled Cu2L´H and Cu2L´, respectively) (Figure 1.8). All the mentioned complexes were 

synthesized by the group of Dr. Claudia Bizzarri. The mononuclear and binuclear complexes were 

analyzed in their charged and neutral forms. In this way, the influence of charge and nuclearity was 

considered in the discussion of photophysical properties (chapter 16). The charge of the diimine 

ligand turned out to have a large impact on the flexibility of the complexes and hence the flattening 

from a pseudo-tetrahedral towards a square planar structure in the excited state (chapter 16). 

Besides qualitative considerations, a quantification of cooperativity was performed for 

theluminescence energies.  

 

Figure 1.8 Molecular structures of the copper complexes CuLH (mononuclear, protonated), CuL 

(mononuclear, deprotonated), Cu2L´H (binuclear, protonated) and Cu2L´ (binuclear, 

deprotonated) synthesized in the group of Dr. Claudia Bizzarri and investigated in this work.      
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2 Spectroscopic methods 

2.1 Static and time-resolved step-scan FTIR spectroscopy 

2.2 Role of FTIR spectroscopy in contemporary research and analytics 

Fourier-transform infrared (FTIR) spectroscopy has grown up to an important spectroscopic method 

in quality control and analytics. For instance, the technique has been applied for the control of 

pharmaceutical preparations,[127] in the characterization of lubricant oils[128] and in consumable 

product analysis.[129] Samples can be identified on the one hand via their characteristic functional 

groups (e.g. carbonyl groups, hydroxyl groups, amino groups, nitriles, aromatic rings and multiple 

bonds), which give characteristic spectral features. On the other hand, an unambiguous identification 

on a molecular level may be possible by considering the so-called “fingerprint” region and comparing 

the recorded spectra to literature IR spectra.[130] Nowadays, a large set of spectral databases is 

available, just to mention the National Institute of Standards and Technology (NIST) Chemistry 

WebBook. This assignment is analogous to the identification of human beings via their fingerprint, 

hence the expression “fingerprint region”. This spectral region is, however, not clearly defined in the 

literature (definitely ≤ 1500 cm−1).  

A big strength of FTIR spectroscopy is that an IR spectrum can be recorded in a second or less, so that 

a large number of samples can be investigated in a short period of time.[131] In contrast, dispersive IR 

spectrometers usually require 3−5 minutes for one single spectrum, hence making the technique less 

attractive at least for some analytical purposes.  

State of the art research applies FTIR spectroscopy not only for standard analytics, as time-resolved 

FTIR spectroscopy is a very valuable tool to follow e.g. fast chemical reactions or photophysical 

dynamics after light excitation of photoactive systems. At this point, the powerful time-resolved 

rapid-scan and step-scan FTIR techniques have to be mentioned (chapter 2.1.3).[132] Time-resolved 

FTIR spectroscopy has been applied primarily to investigate dynamic processes in proteins[133] and to 

a smaller extent electronically excited inorganic complexes.[40,134]   
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2.2.1 Principles of FTIR spectroscopy 

2.2.1.1 Optical components and data recording 

The most important optical components of an FTIR spectrometer are a mid-infrared (MIR) source, a 

Michelson interferometer, which is the heart of the instrument, and a detector. These elements are 

illustrated in Figure 2.1.[130,135]     

 

Figure 2.1 Scheme of the most important optical components in an FTIR spectrometer. The 

sinusoidal red curve represents the interferogram of monochromatic light of a given 

wavelength � as a function of the optical path difference �.   

 

The radiation source emitting IR light usually consists of a heated element or glower. The emitted 

radiation reaches a Michelson interferometer, where a beam splitter ideally transmits and reflects 

50 % of the incoming IR radiation, respectively. The transmitted part of the incident light reaches a 

movable mirror, which is at a distance of L + x from the beam splitter, while the reflected fraction hits 

a fixed mirror after the distance L. Both beams are reflected on the respective mirror and again reach 

the beam splitter, where there is partial reflection/transmission towards the MIR source and the 

sample. At the beam splitter there is constructive interference between the two incoming beams, if 

both mirrors are localized at the distance L from the beam splitter (δ = x = 0) (“centerburst”[135]). The 

two beams reinforce each other when the movable mirror is further distanced by x = n ∙ 
	

  from the 

beam splitter, ending up with an optical path difference of δ = 2 ∙ x = n ∙ � (n = 0; �1; �2; ...). This 
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behavior is sketched in Figure 2.1. The minimum in intensity for a given wavelength � is reached 

when the optical path difference δ is an odd multiple of the half wavelength (δ = 2 ∙ x = (n + 
�

) ∙ �; 

x = (n + 
�

) ∙ 

	

). 

Interferograms are recorded by measuring the IR intensity reaching the detector as a function of the 

optical path difference δ, which can be mathematically described as the sum of infinitely long cosine 

wave functions: 

 ��� = ���� ∙ cos �2� �
�� �1� 

with 

���: intensity at the detector as a function of the optical path difference � 

����: intensity of the source as a function of the frequency. 

Apart from the IR beam, a helium neon laser (HeNe laser) beam with a wavelength of � = 632.8 nm is 

coupled into the Michelson interferometer, which is crucial for the digitalization of the 

interferogram. The zero crossings of the sinusoidal HeNe interferogram are considered in the 

digitalization with equidistant sampling points separated by at least 
	

 = 

��
.�  �

  = 316.4 nm = 

31600 cm−1. According to the Nyquist theorem the largest achievable spectral range corresponds to 

15800 – 0 cm−1: 

 �!�"#  ≤  �

$# = 

�

 ∙ �.��% ∙ �&'( = 15800 cm−1 �2� 

with  

)*: distance between two consecutive sampling points 

This broad spectral range can be reduced via the so-called undersampling[136] by e.g. a factor of two 

to 15800 – 7900 cm−1 or 7900 – 0 cm−1 by considering only every second zero crossing of the 

sinusoidal curve of the HeNe laser. The spectral region can be further restricted by considering only 

every third, fourth zero crossing, and so on. A requirement is, however, that no IR radiation outside 

of the spectral region covered by the measurement reaches the detector, which can be easily 

realized via optical filters.[136] 

At the same time, the theoretically achievable spectral resolution is defined by the Rayleigh criterion: 
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 )� =  1
��"# �3� 

The precision of the HeNe laser governs the achievable spectral resolution, which amounts to 

~0.01 cm−1 in high-end FTIR spectrometers. This much higher precision compared to dispersive 

instruments is known as Connes advantage.[130]   

2.2.1.2 Digitalization 

The abovementioned digitalization with equidistant sampling points is a prerequisite for most Fast 

Fourier Transform algorithms, the well-known Cooley-Tukey algorithm being used in this work.[130,136] 

One should be aware that frequencies which do not coincide with the frequency sampling points can 

lead to the so-called picket-fence effect.[130,136] In the worst case a frequency lies exactly in the 

middle between two digitalization points, leading to a signal reduction by 36 %.[136] This problem can 

be overcome by adding zeros to the end of the interferogram before Fourier Transformation and 

thus increase the number of interferogram points. A zero factor of 2 was applied throughout this 

work, which means that the number of interferogram points was doubled.[130,136]         

2.2.1.3 Apodization 

As mentioned briefly above, an interferogram is mathematically a sum of infinitely long cosine wave 

functions (eq. 1). However, in experiments the mirror motion is limited to a given interval of [−∆;+∆], 

which can be understood mathematically as a convolution of the infinite interferogram with a Boxcar 

function being 1 in and 0 outside a given interval (Figure 2.2), respectively.[135] Unfortunately, the 

Fourier transformation (following chapter) of the Boxcar function gives a sinc function with a 

broadened central peak and the appearance of artificial side lobes. In the worst case, a weak second 

frequency localized at a negative side lobe would fully disappear. To circumvent these problems a so-

called apodization function is used to cut off the interferogram less abruptly. Nowadays, the 3-Term 

Blackmann-Harris is frequently used and was also applied in this work (Figure 2.2).[135,136]      
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Figure 2.2 Fourier transformation of a) an infinite cosine function, b) a Boxcar function and c) 

the 3-Term Blackman-Harris function.      

 

2.2.1.4 Fourier Transformation and generation of IR spectra 

The recorded interferogram, mathematically described as a sum of infinite cosine functions (eq. 1), is 

transferred from the time domain into the frequency domain by Fourier Transformation (FT)[130]: 

 ��� =  - ���!� exp�12�2�!�� 3�!45
65

 �4� 
with  

���!�: Intensity at the detector as a function of �!, depending on the characteristics of the 

spectrometer (radiation source, transmission performance of the beam splitter, detector 

sensitivity,…). 

���!� is also referred to as single beam spectrum and is the raw detector response versus �!. 

However, it has to be considered that the described mathematic operations towards ���!� are only 

approximately correct as the interferogram is usually not symmetric around the centerburst.[136] For 

this reason, a phase correction has to be performed to extract the real single beam spectrum 8��!� 

from the complex output 9��!� obtained by Fourier transformation. This is often realized by applying 

the Mertz method[136]:  
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 8��!� = :;<9��!� exp=12ɸ��!�?@ �5� 
with :;: real part 

        ɸ��!� = arctan F G�HI�
J�HI�K, where ɸ��!� is the wavenumber-dependent phase, 

       ��!�: purely real part                        

       :��!�: purely imaginary part 

Experimentally, two single beam spectra have to be recorded for the generation of the “double 

beam” IR spectrum (conventional spectrum) of the sample.[130,135] At first, a single channel spectrum 

of the background of the pure matrix (e.g. pure solvent, pure KBr,…) without the analyte is 

measured, followed by a measurement of the sample containing the investigated compound. The 

typical IR absorbance spectrum is then obtained by the following expression: 

 L =  1 log � O2PQR; S;TU OV;WXYZU [\ W[UV[ZP3
O2PQR; S;TU OV;WXYZU [\ STW]QY[ZP3� . �6� 

This is illustrated graphically in Figure 2.3 for an IR spectrum of a tungsten carbonyl complex, 

measured in acetonitrile within this work. Optionally, a baseline correction can be performed.    

 

  

  

 

 

Figure 2.3 Measurement of an IR spectrum of the tungsten carbonyl complex 

[W(PyC-NMIC-dipp] (Figure 1.4) by recording single beam spectra of the pure solvent 

(acetonitrile) and a solution of the complex, respectively. The double beam spectrum 

(conventional absorbance spectrum) is obtained from the two single beam spectra (this 

work).  

 

−log_�
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2.2.2 Time-resolved FTIR spectroscopy 

In time-resolved FTIR spectroscopy the rapid-scan and step-scan FTIR techniques are most 

widespread and are presented in the next two subchapters. 

2.2.2.1 Rapid-scan FTIR spectroscopy[137–139]  

The principles of rapid-scan FTIR spectroscopy are very similar to conventional FTIR spectroscopy. 

The movable mirror of the Michelson interferometer is scanned very quickly and continuously to 

record a large series of time-resolved interferograms, where the time t1 required for an 

interferometer scan should be at least an order of magnitude shorter than the half-life t2 of the 

investigated dynamic process (t1 ≪ t2). The maximal mirror velocity strongly depends on the 

spectrometer, but even the fastest instruments are limited to approximately 100 spectra/s at low 

spectral resolution (10 cm−1), which corresponds to a time resolution of 10 ms. Hence, the spectral 

resolution and the time resolution are coupled in rapid-scan FTIR spectroscopy. Hereby, the distance 

covered by the movable interferometer mirror is determined by the spectral resolution, so that a 

reduction of the spectral range via undersampling does not lead to an increased time resolution.  

The rapid-scan FTIR technique is particularly valuable for investigations on non-reversible processes 

as a full set of time-resolved spectra is obtained after one single excitation of the dynamic process. 

This is also advantageous when only a small amount of sample is available.  

The procedure of data recording and analysis in rapid-scan FTIR spectroscopy is shown in the 

following figure.    

 

 

 

 

 

Figure 2.4 Three-dimensional matrix with the variables mirror retardation, time and intensity 

representing data recording in rapid-scan FTIR spectroscopy. The dots are the intensity data 

points as a function of the mirror position along the horizontal axis and the time vertically to 

the paper plane. The intensity points belonging to the first time-resolved interferogram 

before excitation (yellow flash) are shown in grey. The data are recorded and analyzed along 

the rows.         
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2.2.2.2 Step-scan FTIR spectroscopy[137,139,140]  

A time resolution better than the 10 ms achievable with the rapid-scan FTIR technique is accessible 

by step-scan FTIR spectroscopy. The big difference between the rapid-scan and step-scan methods is 

that for the latter one the movable mirror of the Michelson interferometer is not moved 

continuously with a high velocity, but stepwise, hence the name step-scan. In this way the time 

resolution of the experiment is decoupled from the mirror motion, which implies that the spectral 

resolution is independent from the time resolution. A time resolution of up to few nanoseconds is 

reached with the step-scan technique, depending only on the detector and digitizer electronic 

bandwidth.  

A disadvantage compared to the rapid-scan technique is that the investigated dynamic process has to 

be repeated a large number of times to record data at a full set of interferogram points and finally 

get complete time-resolved interferograms. This means that the dynamic process has to be either 

fully reversible or the sample has to be exchanged after each excitation, which obviously requires 

larger amounts of the compounds.  

In the step-scan experiment, the movable interferometer mirror is stabilized at a given position 

before the dynamic process is excited. The change of the IR intensity compared to the static state 

before initiation is then followed over a chosen period of time. The time range is given by the chosen 

time resolution and number of time slices (e.g. 20 ns x 10000 = 200000 ns = 200 μs). At each mirror 

position the process can be repeated several times (so-called coadditions) to improve the signal to 

noise ratio. Concretely, the noise can be reduced by a factor of √c,  where c is the number of 

interferograms.[130] After the measurement of the set number of coadditions, the movable mirror 

shifts to the next position and the procedure is repeated analogously (Figure 2.5). The mirror 

positions are defined by the zero crossings in the HeNe interferogram, where the distance between 

the considered HeNe fringes depends on the covered spectral range (adjustable via undersampling, 

see chapter 2.1.2.1) and the covered optical path is given by the spectral resolution (Rayleigh 

criterion, eq. 3). Finally, the interferogram points at a time X after excitation are assembled to get a 

time-dependent interferogram.  
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Figure 2.5 Three-dimensional matrix with the variables mirror retardation, time and intensity 

representing data recording in step-scan FTIR spectroscopy. The dots are the intensity data 

points as a function of the mirror position along the horizontal axis and the time vertically to 

the paper plane. The intensity points belonging to the first time-resolved interferogram 

before excitation (yellow flash) are shown in grey. The data are recorded along the columns 

(red lines) and analyzed along the rows (green lines).   

Concerning the experimental procedures in step-scan FTIR spectroscopy, two different 

measurements have to be performed to get a step-scan difference spectrum. In the first 

measurement the direct current (DC) output channel of the detector is used to record the static 

absorption signal of the sample without excitation of the system. It is very important that this 

measurement is electronically DC-coupled, because via the alternating current (AC) channel the 

signal would fall to zero after each mirror stabilization due to the absence of any modulation (no 

excitation and mirror held at fixed position). The so-called DC measurement finally yields the static 

interferogram (Figure 2.6) and a phase spectrum, which is required later for the phase correction 

after Fourier transformation (chapter 2.1.2.4).   

The static DC scan is followed by the AC measurement, which is performed with sample excitation to 

record the spectral changes during the dynamic process. This scan is performed via the AC output 

channel at higher amplification to measure very small absorbance changes with high 

sensitivity.[137,140] In this way, time-resolved difference interferograms are measured (Figure 2.6).  

The Fourier transformation of the interferograms of the DC measurement yields the respective single 

beam spectra without excitation and the phase spectrum, which is saved and reused later in the 

analysis. The DC interferograms are added to the difference interferograms of the AC measurement 

to get time-resolved interferograms with excitation. The corresponding single beam spectra are 
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obtained via Fourier transformation and phase correction, which is performed by considering the 

phase spectrum of the DC measurement.  

The absorbance difference between a time X after excitation and the steady state absorption before 

excitation is generally obtained according to the following formula: 

 ∆L��!�e =  1 log _G�HI�f
Gg�HI�`. �7� 

In this specific case the abovementioned single beam spectra with (AC) and without (DC) excitation 

have to be considered. Furthermore, a prefactor γ is introduced for the DC summand to consider the 

stronger amplification in the case of the AC measurement as well as the different optical apertures 

(hence differing IR intensities at the detector) used in the AC and DC measurements: 

 ∆L��!�e =  1 log _ij4kj∙l
kj∙l `. �8� 

Finally, a three-dimensional data set with the three variables wavenumber, time and intensity is 

obtained, which contains all the absorbance difference spectra (also denoted as time slices). It is very 

common to present spectra averaged over several of these time slices to improve the signal-to-noise 

ratio (S/N) (e.g. 20 time slices of 50 ns each averaged to a time window of 1000 ns).    
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Figure 2.6 Scheme representing the generation of step-scan difference spectra from the 

time-resolved interferograms obtained from the step-scan measurements (so-called AC and 

DC measurements). In the yielded time-resolved absorbance difference spectra the peaks in 

the upper and lower frequency range going beyond the shown ∆absorbance region are 

artefacts resulting from the close to zero IR intensity reaching the detector in this spectral 

window. The spectral region is limited by an optical broadband filter to allow undersampling 

(this work).    
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2.2.2.3 Further time-resolved (FT)IR methods 

Besides the presented well-established rapid-scan and step-scan methods some other time-resolved 

FTIR techniques have been developed. At first, the closely related stroboscopic[139] and 

interleaved[141] FTIR techniques should be mentioned, which achieve a time-resolution of several tens 

of microseconds for repetitive experiments. Hereby, a drawback is that the requirements with 

respect to electronics and stability of mirror motion are very demanding.[139,141]  

Recently, Süss et al. developed a prototype ultrarapid-scanning FTIR interferometer with a time-

resolution of 13 μs clearly surpassing that reached by conventional rapid-scan spectrometers.[142]  

Next to the presented transient FTIR techniques, a sub-microsecond time-resolution is achieved 

using quantum cascade lasers instead of the conventionally used thermal IR sources. For instance, 

protein reactions have been successfully analyzed in single-shot experiments using quantum cascade 

lasers.[143]  

 

2.3 Static and time-resolved luminescence spectroscopy 

2.3.1 Role of luminescence spectroscopy in contemporary research and analytics 

Luminescence spectroscopy is an important pillar in state-of-the-art research and is e.g. applied for 

the characterization of the electronic properties of organic[144] and inorganic luminophores[27,145] in 

different media.  

With respect to more practical applications, luminescence spectroscopy is an ideal tool for the 

investigation of materials (e.g. in photovoltaics[146]),  has potential in food science and technology[147] 

as well as in biological and pharmaceutical applications (e.g. determination of catecholamines[148]). A 

very important and growing field consists of sensing applications such as chemosensors for anions[149] 

and transition metal cations.[150] Furthermore, luminophores are used in bioimaging[151] and in the 

upcoming ratiometric sensors applied e.g. as intracellular temperature sensors[152] as well as in 

oxygen sensing.[153] Ratiometric luminescence sensing can be applied in qualitative and quantitative 

analysis.[154]       

 

2.3.2 Electronic transitions and Jablonski diagram 

2.3.2.1 Electronic transitions[155–157] 

The intensity of a vibronic transition is proportional to the transition moment :�n:   
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 :�n =  - o´�H∗r o´´�H 3��n �9� 
with o´�H and o´´�H: vibronic wave functions of the upper and lower states 

         t: electric dipole moment  

According to the Born-Oppenheimer approximation electrons move much faster than nuclei due to 

their much lower mass, which entails that vibronic transitions can only occur vertically without any 

nuclear motion. Thus, the electronic transition moment :� can be taken out of the integral, regarded 

as a constant which is independent of the spatial coordinate Y: 

 :�n = :� - o´H∗o´´H 3Y �10� 
Herebyv o´H∗ o´´H  3Y is called vibrational overlap integral, which describes the overlap of the wave 

functions and has to be nonzero for an electronic transition to occur (square called Franck-Condon 

factor). For a set of wave functions applying to electronic ground and excited states the nuclear 

overlap integral is 1 for w = m = n and 0 for m ≠ n. In most cases vibrational wave functions differ in 

the electronic ground and excited states as a result of a slightly different electron density 

distribution, so that the Franck-Condon factor is nonzero for m ≠ n and less than 1 for m = n, thus 

allowing transitions between different vibrational levels with the electronic transition.  

One single absorption line is observed for a harmonic oscillator with the same equilibrium distance 

(Y�´ = Y�´´) in the electronic ground and excited states. An anharmonicity of the potential well then 

leads to the observation of several absorption bands (Figure 2.7a). A very common case is the 

increase of the equilibrium distance from the electronic ground state to the electronically excited 

state (Y�´ > Y�´´), which also induces a complicated pattern with a large number of lines 

(Figure 2.7b).  
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Figure 2.7 Anharmonic potential wells in the electronic ground and excited states with a 

sketch of vibronic transitions, including their relative intensities. The case with identical 

equilibrium distances (Y�´ = Y�´´) in the ground and excited states is shown in a) and the 

situation with an increase of Y (Y�´ > Y�´´) is represented in b).  

2.3.2.2 Jablonski diagram[157,158]  

The photophysical processes from light absorption to emission can be represented in a so-called 

Jablonski diagram (Figure 2.8). One should be aware that this representation with a singlet ground 

state (S0) is of course only completely valid for closed-shell molecules.  
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Figure 2.8 Jablonski diagram for a closed-shell molecule (UV/VIS abs.: UV/VIS absorption; 

IVR: intramolecular vibrational relaxation; IC: internal conversion; ISC: intersystem crossing; 

IR: infrared absorption; NIR: near-infrared absorption; F: fluorescence; P: phosphorescence). 

 

In this scheme, absorption and emission processes are always represented by vertical lines, as they 

are much faster (10−15) than any movement of nuclei (cf. Born-Oppenheimer approximation, chapter 

2.2.2.1). In general, the absorption of a photon excites the molecule to a higher vibrational level of 

an excited singlet state Sn (n ≥ 1), followed by rapid relaxation to the lowest vibrational level of the 

S1 state via intramolecular vibrational relaxation (IVR)[157] and internal conversion (10−12 s). As the 

mentioned relaxation processes are much faster than fluorescence (10−8 s), there is generally an 

efficient non-radiative internal conversion to the S1 state before emission from a thermally 

equilibrated electronically excited state. Most systems are very well described by Kasha´s rule, which 

says that emission occurs from the lowest vibrational level of the first electronically excited state to 

the ground state, independent of the excitation wavelength.[159] The emission then populates a 

ground or excited vibrational level in the electronic ground state, followed by fast thermal 

equilibration (10−12). As a result of the population of excited vibrational levels upon emission the 

luminescence spectrum is usually a mirror image of the corresponding absorption band.   

Molecules in an excited singlet state can also undergo a spin conversion to a triplet state via 

intersystem crossing (often time scale of 10−11 s).[160] Emission from T1 is termed phosphorescence, 

normally red-shifted to the fluorescence. Transitions from T1 to S0 are forbidden with luminescence 

rate constants that are several orders of magnitude smaller than those of fluorescence. Heavy atoms 
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facilitate intersystem crossing, also enhancing the phosphorescence quantum yields via spin-orbit 

coupling (heavy atom effect[161]). 

 

2.3.3 Stokes shift[158] 

The emission is generally red-shifted to the corresponding absorption band, which is known as 

Stokes shift. One reason for this spectral shift is that the emission usually occurs from the vibrational 

ground state of the lowest electronically excited state (e.g. S1 state, cf. Kasha´s rule, chapter 2.2.2.2). 

Furthermore, the luminescent transitions partly excite higher vibrational levels in the electronic 

ground state. At last, it has to be mentioned that solvent relaxation often leads to a decrease in 

energy of the luminescent excited state relative to the ground state. 

 

2.3.4 Exciplex and excimer formation[158] 

Upon light absorption an excited molecule can form an excited state complex by collision with an 

initially relaxed molecule in the solution (e.g. solvent molecules, complexes with themselves, 

amines,…), inducing usually a red-shift of the emission band. In general, these excited state 

complexes are referred to as exciplexes. In the special case of homodimerization, the formed 

complexes are called excimers. To circumvent these side effects, the luminescence investigations in 

this work were performed using highly diluted solutions (c = 2 ∙ 10−5 M, see chapter 3.5.4).   

 

2.3.5 Luminescence lifetimes and quantum yields 

2.3.5.1 Luminescence lifetimes[155,158]  

Luminescence lifetimes (�) are very important to determine the character of emissive electronic 

transitions (e.g. fluorescence vs. phosphorescence), complementary to the step-scan FTIR method 

probing luminescent and dark excited states. As mentioned above, fluorescence has generally 

lifetimes of up to 10 ns, thus orders of magnitude shorter than most phosphorescent transitions. 

Hereby, excited state lifetimes are usually defined in a way that 63 % of the molecules decay prior to 

X =  � and 37 % decay at X > �. Mathematically the emission lifetime is directly obtained by 

considering all the radiative (]z) and non-radiative (] z) decay processes from the luminescent 

excited state to the electronic ground state: 

 

 

��� =  1
]z + ] z �11� 
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Non-radiative decay processes consist e.g. of internal conversion and intramolecular vibrational 

relaxation to the electronic ground state or energy transfer to a quencher[162] or solvent molecules. A 

dark energy transfer to a molecule in close distance to the excited one is described by the Förster 

resonance energy transfer.[158,163] Here, energy donor and acceptor are coupled by dipole-dipole 

interactions. It is important to mention that the process is completely dark and does not result from 

an emission by the energy donor and subsequent absorption by the acceptor. The energy transfer 

rate is inverse proportional to the distance Y between donor and acceptor to the power of 6: 

 

 

 

]|�Y� =  1
�k  �:&Y ��

 �12� 

with :&: Förster distance 

         �k: lifetime of the donor in absence of the acceptor 

 

2.3.5.2 Determination of luminescence lifetimes[158,164] 

Time-correlated single photon counting (TCSPC) is the most popular method for the experimental 

determination of luminescence lifetimes from picoseconds to microseconds. The technique is based 

on the principle that the probability (Poisson distribution) of detection of an emitted photon at a 

time X after excitation is proportional to the luminescence intensity at that time. The method is very 

sensitive and is not influenced by fluctuations of the excitation source. At this point it should be 

mentioned that modern instruments reach fast acquisition rates up to MHz (depending of course on 

the time range covered by the measurement).  

In practice, a “start” signal is fed to the time-to-amplitude converter (TAC), which ramps up the 

voltage on a capacitor upon triggering (Figure 2.9). The “stop” signal sent out by the detector when a 

photon is detected halts the voltage ramp. The voltage is proportional to the time delay between 

excitation and photon detection. The detected photon is attributed to the respective time bin (here 

usually 4096 channels) by the multichannel analyzer (MCA) after digitalization by the analogue-to-

digital converter (ADC). During the measurement with a pulsed excitation source a histogram is built 

up, which is composed of the number of photons reached in the different time windows (channels).     

The experimental luminescence decay curve is then obtained as a plot of the number of counts 

against time. The time constants are obtained by applying mono- or polyexponential fits to the 

measured decay.  
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Figure 2.9 Scheme of the principles of a time-correlated single photon counting (TCSPC) 

measurement (TAC: time-to-amplitude converter; ADC: analogue-to-digital converter; MCA: 

multichannel analyzer).  

 

A drawback of the TCSPC technique is the instrumental dead time through which the arrival of 

photons cannot be detected in a certain time interval. The dead time can be reduced by operating 

the apparatus in the “reversed mode”, where the start is triggered by the detector signal and the 

voltage ramp is halted by the signal from the excitation source. Hence, the TAC is triggered fewer 

times, so that the dead time is shorter. 

Furthermore, it is important to consider the deviations induced by the instrumental response when 

short lifetimes (few nanoseconds and below) are measured. In practice, this is realized by a 

measurement of the instrumental response (so-called prompt) additionally to the sample 

measurement itself (chapter 3.3.3). For clean statistics the emission detection rate should be < 2 % of 

the excitation rate.    

For measurements of longer lifetimes where the instrumental dead time is less relevant, 

multichannel scaling (MCS) can be applied to achieve a higher collection rate. According to this 

adapted procedure, all events (instead of the detection of one single photon) in a certain time bin of 

X +  )X are counted and considered. The complete covered time range of X = 2 ∙ )X is a so-called 

sweep (Figure 2.10). The used electronics are mostly identical to those applied for TCSPC.  
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Figure 2.10 Plot of the number of counts against specific time channels for data recording 
according to the multichannel scaling (MCS) technique. 

 

2.3.5.3 Luminescence quantum yields[155,158]  

The luminescence quantum yield is the ratio of the number of molecules emitting to the number of 

molecules absorbing photons. It can be directly obtained by considering the radiative and non-

radiative rate constants discussed above: 
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3 Experimental setups 

3.1 Time-resolved step-scan FTIR setup 

3.1.1 FTIR spectrometer Bruker Vertex 80v  

All the step-scan FTIR experiments presented in this work were performed with a Bruker Vertex 80v 

FTIR spectrometer (Figure 3.1). A globar (heated silicon carbide rod) is used as an MIR radiation 

source and a tungsten lamp can be used optionally as an NIR source (not used in this work). The 

diameter of the radiation beam is adapted by an optical aperture. The beam then reaches the so-

called UltraScan® interferometer with the same optical elements and principles as in a typical 

Michelson interferometer (chapter 2.1.2.1). Here, it should be mentioned that a KBr beam splitter 

was used in the MIR experiments (a CaF2 beam splitter is available for NIR measurements). The 

movable interferometer mirror is stabilized by an air buffer (~1.8 bar N2). The radiation with its 

interference pattern is guided into the sample compartment to reach the sample. The transmitted 

part of the incoming IR radiation reaches the liquid nitrogen cooled mercury cadmium telluride 

(MCT) detector (optionally indium gallium arsenide detector (InGaAs) for NIR). The IR beam enters 

and leaves the sample compartment via KBr windows. In the sample chamber, germanium windows 

were placed in front of these KBr windows to prevent the entrance of stray light of the excitation 

laser (chapter 3.1.2) into the interferometer and detector compartments. The spectral range of the 

IR beam was limited by IR broad band (~3900 – 2650 cm−1; ~1800 – 950 cm−1) or long pass filters 

(≤  2200 cm−1) (placed in the sample compartment), preventing IR photons outside the spectral 

range of the measurement from reaching the detector. Furthermore, the interferometer and 

detector compartments are continuously evacuated to ~3 mbar by a roots pump to assure stable 

measurement conditions and protect hygroscopic optical elements. The sample chamber can be 

either evacuated with the same vacuum pump or purged with argon. More precisely, the sample 

chamber was evacuated to record spectra of solid samples at room temperature, while purging was 

applied for experiments in solution and partly in the measurements involving the cryostat (sample 

chamber cannot be evacuated when the cryostat is implemented into the system (chapter 3.4).      
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Figure 3.1 Scheme of the most important components of the Bruker Vertex 80v FTIR 

spectrometer. The optical beam path is sketched in red.  

 

3.1.2 Laser setup 

The used step-scan FTIR setup includes two pulsed Nd:YAG lasers (pulse width of ~6 ns) with 

repetition rates of 10 Hz (Innolas SpitLight 1000.2) and 100 Hz (Innolas SpitLight Evo I), respectively, 

which are used for excitation of the samples. The higher repetition rate of 100 Hz reduces the 

measurement time required for a step-scan FTIR spectrum by about a factor of 6 – 7 and was applied 

in most experiments as the studied dynamic processes are mostly much faster (� 1 ms) than the 

time delay of 10 ms between two consecutive laser pulses. The repetition rate of 100 Hz allowed 

investigations on quite large series of related complexes in different environments (e.g. variation of 

temperature and the matrix, etc.), which is not feasible at 10 Hz. The fundamental of 1064 nm of the 

Nd:YAG laser is frequency doubled by second harmonic generation (SHG) in a potassium dihydrogen 

phosphate (KH2PO4) crystal to yield radiation of 532 nm. The second harmonic (532 nm) was either 

used directly for sample excitation or converted into the third harmonic of 355 nm (third harmonic 

generation, THG) out of 1064 and 532 nm radiation. The pulse energy was reduced by beam splitters 

and neutral density filters in the beam path to energies of typically 1 – 3 mJ/pulse at the sample, 

depending on the experiment. The beam was widened and then parallelized by biconcave (\ = -

100 mm) and biconvex (\ = 200 mm) lenses, respectively. Next, the diameter of the beam was 

limited by a 9 mm aperture. The obtained laser beam was then guided into the sample compartment 

of the IR spectrometer via a KBr window. The excitation beam was adjusted to have a maximal 
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overlap with the IR beam of the spectrometer, where it is important to notice that the laser beam 

was directed transversely to the IR beam onto the sample to diminish the risk of laser light reaching 

the detector (Figure 3.2).  

 

3.1.3 Integration of the electronic components and the laser setup 

Evidently, the Bruker Vertex 80v FTIR spectrometer (chapter 3.1.1) is the main component of the 

step-scan FTIR setup. Furthermore, step-scan FTIR investigations require the implementation of a 

laser setup for excitation as well as a series of electronic components. 

Considering the electronic components (Figure 3.2), the detector signal with a rise time of ~25 ns is 

first amplified by the fast preamplifier (FP). For step-scan measurements either the alternating 

current or direct current channel (AC or DC channel) of the FP is connected to the transient recorder 

board (TRB), which is implemented in the measuring computer and is responsible for the fast 

digitalization (2.5 ns). The computer includes a network interface card for fast data transfer. Finally, a 

time resolution of up to 20 ns can be achieved with the described electronics. For static 

measurements the internal analog-to-digital converter (ADC) with a time resolution of 12.5 µs was 

used.  

The synchronization of the FTIR spectrometer with the laser setup (chapter 3.1.2) was realized with a 

master trigger (Stanford Research Systems DG535). This master trigger sends one trigger signal to the 

TRB (hence determining the start of the data recording by the FTIR spectrometer) and two signals to 

the chosen Nd:YAG laser triggering the diodes/flash lamps and the Pockels cell. Most experiments 

were performed in a way that the FTIR spectrometer was triggered 800 ns before the Pockels cell of 

the laser, resulting in a start of the step-scan experiment 1300 ns before the laser pulse reached the 

sample.         
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Figure 3.2 Scheme of the step-scan FTIR setup including the FTIR spectrometer, the 

electronic components and the laser setup (FP: fast preamplifier, AC: alternating current, DC: 

direct current, ADC analog-to-digital converter, TRB: transient recorder board, NIC: network 

interface card, PC: personal computer).    

 

3.2 UV/VIS/NIR spectrometer Perkin Elmer Lambda 900 

3.2.1 Base instrument 

UV/VIS/NIR absorption spectra were recorded with the Perkin Elmer Lambda 900 double beam 

spectrometer (Figure 3.3). A deuterium lamp and a halogen lamp act as light sources in the UV and 

VIS/NIR regions, respectively. The spectrometer automatically guides the emission light of the 

required light source (depending on the spectral region) into the optical beam path via a movable 

mirror. The polychromatic emission light then reaches a double monochromator (monochromator 1/ 

monochromator 2) with two optical grids for each monochromator (one grid for UV/VIS and one for 

NIR). Similar to the principles described for the light sources, the spectrometer automatically moves 

the required optical grid into the optical beam path. The monochromators 1 and 2 have analogous 

working principles, but the two consecutive optical grids allow a more efficient suppression of stray 

light compared to the usage of a single monochromator. The yielded monochromatic light is guided 

towards a chopper wheel, which is divided into three segments (mirror segment, window segment, 

dark segment). If the mirror segment is in the optical beam path, the incoming light is guided 

towards the sample (sample beam). The window segment allows the transmission of the incoming 

radiation, so that the reference sample is reached (reference beam). The sample and reference beam 

paths are considered alternately by rotation of the chopper wheel. The dark segment is only used to 

record dark spectra, which was not required here. The double beam operation mode is used to 

compensate the intensity fluctuations of the light sources over time during the measurements. The 
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light transmitted through either the sample or reference cuvette is detected by the suitable detector, 

where a photomultiplier and a lead sulfide detector (PbS) are used in the UV/VIS and NIR regions, 

respectively.  

Concerning the measurement procedures for investigations in solution, at first a background 

spectrum was recorded with two cuvettes (Quartz Suprasil, 10 mm path length) containing both the 

pure solvent being placed in the reference and sample beam paths. Then, the sample scan was 

performed by placing a cuvette with the solution containing the investigated compound into the 

sample beam. This measurement was performed with identical settings to obtain the absorption 

spectrum of the sample.      

The cuvettes were thermalized to 25 °C using a thermostat to prevent thermal fluctuations during a 

measurement. 

 

Figure 3.3 Scheme of the optical system of the UV/VIS/NIR spectrometer Perkin Elmer 

Lambda 900 showing the main optical components and the beam path. Figure adapted from 
[165].  

 

3.2.2 Diffuse reflectance accessory 

Optionally, a diffuse reflectance accessory (Harrick “Praying Mantis”) (Figure 3.4) can be 

implemented into the sample chamber to investigate also solid samples (e.g. neat powders of the 
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compound diluted in KBr or substance prepared as a KBr pellet). The sample holder consists of a 

microsampling cup, which is placed into the diffuse reflectance unit, where the incoming light beam 

irradiates the compound from the top and the non-absorbed reflected light is collected via curved 

mirrors.       

 

Figure 3.4 Scheme of the diffuse reflectance accessory “Praying Mantis”. The incoming 

excitation beam and the collection of the reflected light are visualized in light and dark yellow, 

respectively. Figure reproduced from [166] and modified.   

 

3.3 Emission spectrometers 

Static emission spectra of solutions and solid samples (KBr pellets, neat films or neat powders, 

chapter 3.5) were recorded using either a Horiba FluoroLog 3-22� or a Horiba FluoroMax-2 

spectrometer, which are introduced in the two following subchapters.  

3.3.1 Emission spectrometer Horiba FluoroLog 3-22�  

The polychromatic light emitted by a xenon arc lamp (450 W), acting as light source, is directed to a 

double excitation monochromator with Czerney-Turner arrangement. The use of a double instead of 

a single monochromator serves to further reduce stray light. The obtained monochromatic light is 

then guided towards the sample. Here, the temperature of liquid samples was stabilized at 25 °C by a 

thermostat, while solid samples were either measured at room temperature or under cryogenic 

conditions using a cryostat (chapter 3.4). The emission light is detected at an angle of 90° to the 

excitation beam to prevent larger amounts of excitation light from reaching the detector. Emission 

spectra in the UV/VIS region (240 nm ≤ ��� ≤ 850 nm) were measured by scanning a double UV/VIS 

emission monochromator, the photons being then detected with a photomultiplier (R928P). 
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Optionally, long pass filters were used in the emission path to suppress scattered excitation light 

from reaching the detector.  

NIR emission spectra (��� ≤ 800 – 1550 nm) were recorded by detection of emission light in the 

opposite direction with an NIR emission module implemented into the spectrometer during this 

thesis. The emission light is scanned with a single NIR emission monochromator and detected with a 

liquid nitrogen cooled indium gallium arsenide detector (InGaAs, DSS ─ IGA020L). A combination of 

long pass filters (� ≥ 850 nm) and (� ≥ 500 nm) was used in the emission channel to prevent 

excitation light from reaching the detector.  

 

Figure 3.5 Scheme of the optical system of the emission spectrometer Horiba 

FluoroLog 3-22� showing the main optical components and the beam path. Figure adapted 

from[167] 

 

3.3.2 Emission spectrometer Horiba FluoroMax-2 

The emission spectrometer FluoroMax-2 is similar to the UV/VIS module of the FluoroLog 3-22� 

spectrometer. However, the excitation and emission monochromators are single monochromators, 

so that its performance is slightly lower (higher contamination with stray light).  
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3.3.3 Emission spectrometer Horiba DeltaFlex 

The emission spectrometer Horiba DeltaFlex was used for emission lifetime measurements by TCSPC. 

A pulsed NanoLED (�ex = 389; 345 or 313 nm, pulse width of ~1 ns) or a SpectraLED (�ex = 390 nm, 

pulse width of ~100 ns) act as excitation sources, which are exchanged manually. The photons 

emitted by the sample are detected at an angle of 90° to the excitation beam path with a precision 

photon counting detector (PPD-850 detection module: 250 – 850 nm), built up of a fast-rise 

photomultiplier with an integral GHz timing preamplifier, a constant fraction discriminator and a 

regulated high voltage (HV) supply. A single emission monochromator, which is set to the respective 

emission band, is positioned between the sample and the detector. In solid state investigations, the 

influence of scattered excitation light is further reduced by placing a long pass filter into the emission 

channel. For investigations in solution, the influence of scattered excitation light and the dead time 

of the electronics (~10 ns) were considered by measuring the instrumental response with a scatterer 

(fine suspension of LUDOX® in water), whereby no long pass filters was used.      

 

Figure 3.6 Scheme of the optical system of the emission spectrometer Horiba DeltaFlex 

showing the main optical components and the beam path.  

 

3.4 Closed-cycle helium cryostats 

Two different closed-cycle helium cryostats were used for FTIR and luminescence spectroscopy at 

low temperature.  

An Advanced Research Systems (ARS) cryostat (model DE-202A) covers the temperature range of 

298 – 10 K, the latter one corresponding to the base temperature. At this point, it should be noted 

that most measurements were performed at temperatures up to 290 K, as temperature regulation at 

290 K is more stable compared to 298 K. The cryostat can be stabilized at any temperature within the 

given temperature range via a controller equipped with heating elements. Two different sample 



 

 

 
41 

 

holders are available: a copper (oxygen free) holder for solid samples such as KBr pellets 

(chapter 3.5.1) and a holder for quartz cuvettes for investigations on (frozen) solutions (Figure 3.7). 

The optical cube at the tip of the cold head (Figure 3.8) is equipped with two CaF2 windows, which 

can be arranged either opposed to each other or at an angle of 90° for IR transmission and 

luminescence experiments, respectively.  

 

Figure 3.7 Solid state (left) and quartz cuvette sample holders (right) of the ARS cryostat. On 

the right picture the cryogenic quartz cuvette with a screw plug is shown (photographs by 

P. Boden).   

 

The recipient of the cryostat is evacuated continuously with a turbomolecular pumping station 

(Oerlikon Leybold Vacuum) composed of a diaphragm pump (DIVAC 0.8T) and a turbomolecular 

pump (TURBOLAB  80) to achieve a pressure of p ≤ 5 ∙ 10−5 mbar.   

The second cryostat used was a ColdEdge 101J cryocooler with an extended temperature range of 

298 – 5 K. In general, this system is very similar to the ARS cryostat described above and was utilized 

for temperature dependent luminescence spectroscopy. Regarding this cryostat, the optical cube is 

equipped with three quartz and one CaF2 windows, the latter one being positioned in the emission 

channel. For this cryostat, evacuation is performed with a turbomolecular pumping station (Oerlikon 

Leybold Vacuum) built up of a diaphragm pump DIVAC 3.0 and a TURBOLAB 90i turbomolecular 

pump, similar to the setup used for the ARS cryostat.  

For luminescence experiments, the solid state sample holder was partly covered with indium foil to 

prevent the scattering of excitation light on the copper surface, which would lead to artefacts. This 

procedure was particularly important in the case of NIR emission spectroscopy.   

The cold head of the cryostat was hanging from a rack into the sample compartment without any 

contact with the optical table and the spectrometer itself to avoid the minor vibrations caused by the 
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helium compressor from being transferred to the spectrometer. The samples were then positioned in 

the optical beam path via two adjustment tables (x and y directions) (Figure 3.8).  

 

Figure 3.8 Picture of the implementation of the cold head of the ColdEdge 101J cryostat into 

the emission spectrometer FluoroLog 3-22�. The most important elements are labelled 

(photograph by P. Boden).   

 

3.5 Sample preparation 

3.5.1 Preparation of KBr pellets 

KBr pellets were prepared by mixing neat powder of the compound (0.2 − 2.2 mg, depending on the 

substance and the experiment) with dry KBr (200 – 300 mg, stored in a compartment dryer at 80 °C, 

purchased from Merck) and grinding to a homogenous mixture. This mixture was filled in an 

evacuable pellet die with a diameter of 13 mm and sintered at a pressure of 0.75 GPa.  
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3.5.2 Investigation of neat powders  

Emission spectra of neat powders were measured by homogenous spreading of the neat sample (~1 

– 3 mg) between two CaF2 windows (13 mm diameter, 0.5 or 1 mm thick).  

3.5.3 Preparation of neat films 

Neat films were prepared by dissolving a small amount of sample in ~500 μL of solvent. The solution 

was then dropped on a CaF2 substrate (13 mm diameter, 0.5 or 1 mm thick) and the film was 

obtained after evaporation of the solvent. 

 

3.5.4 Preparation of solutions 

Solution samples for UV/VIS/NIR absorbance and emission spectroscopy were prepared at a 

concentration of c = 2 ∙ 10−5 M and handled under an inert atmosphere (argon) if not stated 

otherwise. The solvents were freshly degassed by at least four freeze-pump-thaw cycles (number of 

cycles adapted to the dynamic viscosity of the solvent). Absorbance and emission spectra were 

measured in circular and square cuvettes with an optical path length of 10 mm, respectively, the 

plugs being sealed with parafilm. An anaerobic fluorescence cuvette was used for particularly air-

sensitive samples and/or emissions (Figure 3.9a).  

Higher concentrations of up to ~10−2 M were required for IR spectroscopy. Different liquid IR cells 

with CaF2 windows were used, which are a demountable cell with a variable optical path length of 50 

– 750 μm (depending on the used spacers) (Figure 3.9b) and a sealed cell (Specac Omni-Cell) with a 

thickness of 250 μm (Figure 3.9c). The two cuvettes can be operated statically or as flow cells, 

depending on the experiment.  
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Figure 3.9 a) Anaerobic fluorescence cuvette; b) sealed CaF2 cell (Specac Omni-Cell) and c) 

components of the demountable flow cell from left to right: housing with plugs, FFKM o-ring, 

CaF2 window, Mylar spacers (50 – 750 μm, adaptable), 2nd CaF2 window, 2nd FFKM o-ring, 

PTFE o-ring, lid (photographs by P. Boden).       
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4 Analysis of time-resolved FTIR and luminescence data 

4.1 Generation of pure excited state IR spectra 

The pure IR spectra of transiently populated electronically excited states were obtained from the 

step-scan FTIR data by considering the difference spectra recorded after laser excitation. The ground 

state contributions present in these spectra as negative bands, resulting from the ground state 

depopulation, were suppressed by addition of a small contribution (mostly � 5 %) of the 

corresponding ground state spectrum to the step-scan difference spectrum. The ground state 

percentage was chosen in a way that the negative bands are just compensated to avoid a 

contamination of the positive peaks by ground state features. This is shown schematically in 

Figure 4.1, where a percentage of 2.0 % is applied for a clean compensation of the negative bands. 

The low ground state contribution results from the small fraction of sample molecules excited by 

each laser pulse, which also explains why the intensities in the step-scan difference spectrum are 

generally at least two orders of magnitude lower compared to the static ground state IR spectrum.    

Figure 4.1 Scheme representing the generation of pure time-resolved excited state IR spectra. 
In this specific case the negative bands assigned to the ground state are just compensated by 
addition of 2.0 % of the ground state spectrum to the step-scan difference spectrum. The 
peaks marked with asterisks are specific for the populated electronically excited state(s).   
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4.2 Determination of excited state lifetimes from step-scan FTIR and TCSPC data 

4.2.1 Step-scan FTIR spectroscopy 

Excited state lifetimes of long-lived (≥ 200 ns) electronically excited states can be determined from 

step-scan data by considering the decay of the transient IR signals in the difference spectra over time 

after laser excitation.  

At first, strong bands with a good signal to noise ratio were chosen and the intensity at the respective 

wavenumbers was plotted against the time. Hereby, it is appropriate to average the data of the 

decay curve over a broader spectral range by considering also wavenumbers left and right from the 

maximum of the respective peak to improve the signal to noise ratio (Figure 4.2).    

Figure 4.2 Illustration of the wavenumber selection for the decay analysis of transient IR 

signals. Instead of a specific wavenumber (left) a broader spectral range (right) was 

considered to determine lifetimes.   

 

Furthermore, it is common practice to smooth the raw data to get a clearer impression of the decay 

behavior, thus allowing a visual evaluation of the performed fits. It should be mentioned here that 

the decay constants obtained by fitting the raw or smoothed data points were almost identical. The 

decay curves yielded from step-scan data were represented in plots with linear y-axis as the raw data 

usually include negative values, which cannot be plotted logarithmically. Furthermore, the data are 

not spread over several orders of magnitude, making a semi-logarithmic representation less 

convenient.   

A mono- or polyexponential fit was then applied to the raw data to determine the excited state 

lifetime(s). In this work the experimental data were fitted with an exponentially modified Gaussian 

(EMG) distribution with a sum of exponentials, each multiplied by an error function to simulate the 

excitation pulse (eq. 14). The offset commonly observed in the experiment is also considered. This 

fitting procedure has already been successfully applied by my predecessor Dr. Manuel Zimmer.[168] 

Furthermore, EMG functions are known in the literature for the description of e.g. dynamic biological 

processes.[169]  
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with 

� = intensity 

X = time 

L  = amplitude of nth decay component 

� = Gaussian pulse width 

*� = center of the Gaussian pulse 

X  = decay time 

c�#� = number of exponentials 

�& = Offset of �-axis  

 

A biexponential fit is exemplary shown for step-scan data on [Cr(tpe)2](BF4)3 (this work) in Figure 4.3, 

where the monoexponential components are also depicted, both including the offset �&. In 

Figure 4.4, the multiplication of the exponential term with the error function is illustrated graphically 

for the long-lived component of the biexponential fit in Figure 4.3. 
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Figure 4.3 Upper trace: plot of the intensity (∆absorbance) against time for a positive band in 
the step-scan difference spectrum (smoothed raw data, black dots), biexponential fit (red 
curve) and monoexponential components (green and blue curves). Lower trace: residuals of 
the biexponential fit (red dots). The shown step-scan data were chosen from the results on 
complex [Cr(tpe)2](BF4)3 at 20 K (this work). 

 

Figure 4.4 Plot of the long-lived monoexponential component of Figure 4.3 (blue), which is 
the result of the underlying multiplication of an exponential term (green) with an error 
function (red) to simulate the excitation pulse occurring in the experiment. 
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The described procedure was performed for all the strong bands with a good signal to noise ratio, as 

described above. Next, the obtained fit parameters were used as input values for a global 

(poly)exponential fit, where several positive and negative bands were considered. This global fit was 

performed in a way that the parameters �, *� and X  were set equal for all the considered bands. Of 

course, this global fit is only adequate if the considered bands show similar decay characteristics and 

belong to the same excited state.  

 

4.2.2 Time-resolved luminescence spectroscopy           

The fit function presented above for the step-scan analysis was analogously applied to the 

luminescence decay curves obtained by TCSPC. An identical fit function and analysis for step-scan 

FTIR and TCSPC is valuable for the following comparison and interpretation. In the case of TCSPC 

data, a semi-logarithmic plot was preferred over a linear one, because the experimental data points 

are spread over several orders of magnitude. A triexponential fit of TCSPC data is exemplary shown in 

Figure 4.5.  

 

   

 

 

 

 

 

 

 

 

 

 

Figure 4.5 Upper trace: measured TCSPC decay curve (red dots), triexponential fit (thick blue 

line), underlying monoexponential components (green, turquoise, orange lines) and offset 

(grey line). Lower trace: residuals of the triexponential fit (results on the complex 

[Cr(tpe)2](BF4)3 at 20 K, this work).  
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4.2.3 Determination of luminescence quantum yields 

Absolute UV/VIS photoluminescence quantum yields of solid samples (KBr pellets) were measured in 

analogy to the procedures described by Wrighton et al.[170] and later Liu et al.,[171] who measured 

fluorescence quantum yields with a conventional fluorescence spectrometer. All spectra were 

recorded at room temperature on the Horiba Jobin Yvon Fluorolog 3-22 τ spectrometer described in 

chapter 3.3.1, with the KBr pellets being mounted in a solid state sample holder.  

The setup and the procedure were tested by determination of the literature-known quantum yield of 

the luminescent copper complex [(2-(Diphenylphosphino)pyridine)(tris(4-

fluorophenyl)phosphine)2Cu2I2] (Cu2-F) (Figure 4.6) to 67 %, in accordance with the literature-known 

values of 59 – 74% in different host matrices (10wt%).[172] This complex will also serve as an example 

throughout this chapter. 

 

 

 

 

 

 

 

Figure 4.6 Structure of the literature-known complex [(2-

(Diphenylphosphino)pyridine)(tris(4-fluorophenyl)phosphine)2Cu2I2] (Cu2-F) .[172] 

 

The absorption was measured by considering the difference in area between the excitation light 

(��# = 380 nm) scattered by a neat KBr pellet (�&) and a pellet containing the complex (�) (Figure 4.7). 

More precisely, the second order peaks of the excitation light were used to determine the 

mentioned integrals, as the first order peaks showed intensities above the detection limit of the 

detector.  
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Figure 4.7 Second order excitation peaks (��# = 380 nm) of a pure KBr pellet (left) and a 

pellet of the Cu complex Cu2-F (right). The areas �& and � under the measured curves (green, 

orange) were determined by cumulative Gaussian convolution (this work).  

 

The magnitude of the absorption by the Cu complex according to the second order peaks is then 

given by the following expression: 

 

 

 

L =  �&  1 � = 3.6 ∙  10�  1 1.2 ∙  10� = 2.4 ∙  10� cps ∙  λ �17� 

The absorption with respect to the first order excitation was obtained via a measurement of the area 

ratio between the first and second order excitation light (Figure 4.8). For this purpose, a scan was 

performed with the spectrometer settings used before and placing a neutral density filter into the 

excitation channel to avoid a saturation of the detector.  
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Figure 4.8 First and second order excitation peaks of a pure KBr pellet. The areas L� (red) and 

L
 (blue) under the measured curves were determined by Gaussian convolution (this work). 

 

The ratio between the areas under the first and second order excitation peaks was obtained from the 

following expression: 

 

 

 

Y =  i�
i� = 

�.& ∙ �&�
�.� ∙ �&( = 17.5 �18� 

Next, the ratio Y was considered with respect to the absorption. 

 

 

 

L� = Y ∙ L = 17.5 ∙ 2.4 ∙ 10� = 4.2 ∙  10� cps ∙  λ �19� 

The luminescence was taken from the area �� under the experimental luminescence spectrum 

(measured without neutral density filter in the beam path) (Figure 4.9). 
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Figure 4.9 Luminescence spectrum of a KBr pellet of the Cu complex Cu2-F (��# = 380 nm). 

The area �� (purple) under the measured curve was determined by cumulative Gaussian 

convolution (this work). 

 

The luminescence quantum yield ɸ was then calculated according to the following formula: 

 

 

ɸVIS  =  ��
i� =  
.� ∙ �&� ��� ∙ �

%.
 ∙ �&� ��� ∙ � = 0.67 = 67 % �20� 
Similar procedures were applied for the determination of NIR photoluminescence quantum yields. 

The main difference compared to the strategy described above for the VIS emission is that the 

quantum yields were measured relative to the standard Yb(tta)3(H2O)2 (tta = thenoyltrifluoroacetone) 

with ɸr(Yb) = 0.55 % as PMMA film (PMMA = polymethyl methacrylate).[173] This relative 

determination was applied as the scattered excitation light (��# = 350 nm) and the NIR emission light 

could not be recorded with the same detector (see technical description of the used spectrometer 

Fluorolog 3-22 τ in chapter 3.3.1). The NIR photoluminescence quantum yield was calculated 

according to the following equation, where the abbreviation S stands for the investigated sample of 

unknown quantum yield and Yb represents the reference Yb(tta)3(H2O)2: 

 

 

ɸNIR = 
�g 6 �����
�g 6 ����  ∙ 

�����
������ ∙ ɸr(Yb) �21� 

The error bars for the photoluminescence quantum yields are estimated to ± 25% for the applied 

procedures according to the literature.[170]  
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6 Luminescence and Light-Driven Energy and Electron Transfer 

from an Exceptionally Long-Lived Excited State of a Non-

Innocent Chromium(III) Complex 
 

6.1 Preamble 

My contribution to this publication was step-scan FTIR spectroscopy and luminescence spectroscopy 

in the solid state (KBr matrix/thin films) at different temperatures on [Cr(tpe)2][BF4]3. I contributed to 

the refinement of the manuscript and was supervised by Markus Gerhards.  

Steffen Treiling was responsible for the synthesis and carried out cyclic voltammetry, 

spectroelectrochemistry as well as DFT calculations. Ciu Wang measured the luminescence quantum 

yields as well as lifetimes in solution and was supervised by Ute Resch-Genger. Christoph Förster 

solved the X-ray structures and performed further DFT calculations. Florian Reichenauer synthesized 

more material and conducted the Stern-Volmer analysis. Steffen Treiling, Christoph Förster and 

Florian Reichenauer worked under the supervision of Katja Heinze. The NIR overtone spectroscopy 

was performed by Jens Kalmbach, supervised by Michael Seitz. Joe P. Harris conducted low 

temperature static emission spectroscopy on crystals under the supervision of Christian Reber. Luca 

Carrella performed the magnetic measurements under the supervision of Eva Rentschler. Katja 

Heinze designed the concept and wrote the manuscript. Manuscript refinement was done by 

contributions from all coauthors.   
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Luminescence and Light-Driven Energy and Electron Transfer from an
Exceptionally Long-Lived Excited State of a Non-Innocent
Chromium(III) Complex
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Joe P. Harris, Luca M. Carrella, Eva Rentschler, Ute Resch-Genger, Christian Reber,
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Abstract: Photoactive metal complexes employing Earth-

abundant metal ions are a key to sustainable photophysical

and photochemical applications. We exploit the effects of an

inversion center and ligand non-innocence to tune the lumi-

nescence and photochemistry of the excited state of the [CrN6]

chromophore [Cr(tpe)2]
3+ with close to octahedral symmetry

(tpe= 1,1,1-tris(pyrid-2-yl)ethane). [Cr(tpe)2]
3+ exhibits the

longest luminescence lifetime (t= 4500 ms) reported up to date

for a molecular polypyridyl chromium(III) complex together

with a very high luminescence quantum yield of F= 8.2% at

room temperature in fluid solution. Furthermore, the tpe

ligands in [Cr(tpe)2]
3+ are redox non-innocent, leading to

reversible reductive chemistry. The excited state redox potential

and lifetime of [Cr(tpe)2]
3+ surpass those of the classical

photosensitizer [Ru(bpy)3]
2+ (bpy= 2,2’-bipyridine) enabling

energy transfer (to oxygen) and photoredox processes (with

azulene and tri(n-butyl)amine).

Introduction

A strongly growing interest in chromium(III) complexes,

especially with polypyridyl ligands, arises from two perspec-

tives, namely from the ambiguity of the ground state

electronic structures of their reduced congeners (redox non-

innocence)[1, 2] and their—for first row transition metal com-

plexes—outstanding luminescent properties with long-lived

spin-flip emission from doublet states.[3–5] The type of poly-

pyridine ligand determines both, redox and photophysical

properties of chromium(III) complexes. The classical electron

transfer series [Cr(tbpy)3]
n+ and [Cr(tpy)2]

n+ (n= 3, 2, 1, 0)

exclusively comprise ligand-centered redox couples and the

chromium center retains its oxidation state + III throughout

(tbpy= 4,4’-di-tert-butyl-2,2’-bipyridine, tpy= 2,2’:6’,2’’-ter-

pyridine; Scheme 1).[1] Analogous results have been obtained

for [Cr(MePDP)2]
nÿ (H2

MePDI= 2,6-bis(5-methyl-3-phenyl-

1H-pyrrol-2-yl)pyridine) complexes.[2] On the other hand,

the [Cr(ddpd)2]
3+/2+ redox couple featuring the electron-rich

polypyridine ligand ddpd involves a purely metal centered

process giving chromium(II) (ddpd=N,N’-dimethyl-N,N’-di-

pyridin-2-ylpyridine-2,6-diamine; Scheme 1).[3, 6]

Bis(terpyridine)chromium(III) [Cr(tpy)2]
3+ and other

classical pyridine complexes are weakly emissive (Ta-

ble 1).[7–13] Although electron donating substituents at the

tpy ligands enhance absorption in the visible spectral region

by intraligand charge transfer absorptions, luminescence

quantum yields and lifetimes remain poor (Table 1).[14, 15]

Prior to our work on the strongly emissive complex [Cr-

(ddpd)2]
3+ (Scheme 1, Table 1)[3] featuring six-membered

chelate rings and hence N-Cr-N angles close to 908, the

highest luminescence lifetimes were reported for the hexa-

amine quasi-cage and cage complexes [Cr(TAP[9]aneN3)]
3+

and [Cr(fac-Me5-D3h-tricosaneN6)]
3+ (Table 1).[16–18] Note,

that these two ligands form six-membered chelate rings with

the chromium ion as well. Chromium(III) cage complexes

with five-membered chelate rings show shorter luminescence

lifetimes and lower quantum yields.[19] Deuteration of the

ddpd ligand boosts the key luminescence data of [Cr-

(ddpd)2]
3+ toF= 30.0% and t= 2300 ms in deaerated CD3CN
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(Table 1).[20] These favorable photophysical data of [Cr-

(ddpd)2]
3+ enable its application in temperature, pressure

and dioxygen sensing, as well as in photocatalysis and

photodynamic therapy.[21–25] Replacing one ddpd ligand by

tpy slightly increases the excited state lifetime, yet dramat-

ically reduces the quantum yield (Table 1), underlining the

positive effect of six-membered chelate rings.[26] Photoredox

catalytic cycloadditions have been reported using [Cr-

(phen)3]
3+ derivatives.[27–30] Energy transfer to chromium(III)

complexes has been investigated using luminescent [Cr-

(CN)6]
3ÿ, [Cr(ox)3]

3ÿ or trans-[Cr(CN)2(cyclam)]+ acceptors

in supramolecular architectures and in solid state materials

(cyclam= 1,4,8,11-tetraazacyclotetradecane).[31–33] Vice versa,

the luminescence of [Cr(alkynyl)2(cyclam)]+ complexes is

quenched by Dexter energy transfer to ferrocene. Further-

more, CrIII complexes have been exploited as sensitizers in

molecular lanthanide-based energy transfer upconversion.[34]

All described and conceivable future applications in

luminescence, energy and electron transfer would profit from

increased quantum yields and lifetimes. Decisive factors

elucidated so far comprise i) a strong ligand field to shift the

detrimental ligand field states (4T2g in octahedral symmetry)

to higher energy[4, 35] and ii) the elimination of high energy XH

oscillators from the vicinity of the metal center, for example,

by selective deuteration, to reduce non-radiative multipho-

non relaxation.[20, 36,37] A further aspect is to reduce excited

state distortion, especially large trigonal twists.[16,17]

Similar to the mainly meridionally coordinating tridentate

ligand ddpd,[3, 6,38–43] the tripodal ligand 1,1,1-tris(pyrid-2-

yl)ethane (tpe)[44] forms 6-membered chelate rings with

nearly 908 bite angles with transition metal complexes.[45,46]

Tetradentate tpe analogues[47] were successfully employed in

several MCl2(L) complexes.[48] However, chromium(III) com-

plexes with tpe, modified tpe or comparable tpm and tpa

ligands have, to the best of our knowledge, not yet been

reported (tpm= 2,2’,2’-tripyridylmethane, tpa= 2,2’,2’-tripyr-

idylamine).

We surmised that the tpe ligands should exert a strong

ligand field in [Cr(tpe)2]
3+. This should place the lowest

energy doublet states below the lowest energy quartet excited

states in a homoleptic chromium(III) complex leading to

phosphorescence. In contrast to D2-symmetric mer-[Cr-

(ddpd)2]
3+ and D3-symmetric [Cr(N\N)3]

3+ metal complexes,

[M(tpe)2]
3+ complexes feature an inversion center. According

to Laporte�s rule for dd transitions in centrosymmetric

complexes, the inversion center should affect the absorption

and emission properties.[49] Furthermore, tpe could be sus-

ceptible to ligand-based redox chemistry (ligand non-inno-

cence) similar to tbpy, tpy or MePDP2ÿ,[1, 2] contrasting ddpd as

a redox-innocent spectator ligand.[6]

In this study, we exploit the complex [Cr(tpe)2]
3+ with an

Earth-abundant metal ion as a potential substitute for the

classical, precious metal containing chromophore [Ru-

(bpy)3]
2+ in luminescence, as well as in photoinduced energy

and electron transfer reactions. Single crystal X-ray diffrac-

tion,[50–54] NIR luminescence quantum yields[55] and lifetimes,

variable temperature luminescence and step-scan FT-IR

spectroscopy,[56–58] electrochemistry and spectroelectrochem-

istry, Stern–Volmer analyses as well as quantum chemical

calculations[59–69] confirm the proposed design guidelines.

Results and Discussion

Synthesis and Characterization

The tripodal pyridine ligand tpe[44] has been prepared

from 2-ethylpyridine and 2-fluoropyridine according to a re-

ported procedure.[45] Treatment of CrCl2 with two equivalents

of tpe results in complexation and oxidation to CrIII. Counter-

ion exchange gives the faint yellow and green complexes fac-

[Cr(tpe)2][BF4]3 and fac-[Cr(tpe)2][PF6]3, respectively

(Scheme 2). The salts were characterized by mass spectrom-

etry, IR spectroscopy, magnetic susceptibility measurements

and elemental analyses. The data support the composition,

Scheme 1. Selected luminescent chromium(III) complexes (n=3) and

their reduced counterparts (n=2, 1, 0).

Table 1: Luminescence data of pertinent chromium(III) complexes. All

data refer to deoxygenated solutions.

complex (solvent) t/ ms F/ % Ref.

[Cr(phen)3]
3+ (CH3CN) 224 0.15 [7,15]

[Cr(tpy)2]
3+ (CH3CN) 0.14 <0.00089 [7,14]

[Cr(ddpd)2]
3+ (H2O) 898 11.0 [3]

[Cr(ddpd)2]
3+ (D2O) 1164 14.0 [3]

[Cr([Dn]-ddpd)2]
3+ (CD3CN) 2300 30.0 [20]

[Cr(TAP[9]aneN3)]
3+ (H2O) 265 – [16,17]

[Cr(TAP[9]aneN3)]
3+ (D2O) 850 – [16,17]

[Cr(fac-Me5-D3h-tricosaneN6)]
3+ (H2O) 235 – [18]

[Cr(fac-Me5-D3h-tricosaneN6)]
3+ (D2O) 1500 – [18]

[Cr(5-C�CH-bpy)(phen)2]
3+ (CH3CN) 259 – [15]

[Cr(ddpd)(tpy)]3+ (CH3CN) 1000 0.06 [26]
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the high symmetry and the quartet electronic ground state

(see Supporting Information, Figures S1–S5).[70]

Structures in the Solid State and Ground State Quantum

Chemical Calculations

Single crystals of [Cr(tpe)2][BF4]3� 3CH3CN and [Cr-

(tpe)2][PF6]3� 3CH3CN were obtained by diffusion of diethyl

ether into acetonitrile solutions of the respective salts (Fig-

ure 1). The [BF4]
ÿ salt crystallizes in the centrosymmetric

triclinic space group P1̄ with two independent trications in the

asymmetric unit. Both trications possess crystallographically

imposed inversion symmetry. The [PF6]
ÿ salt crystallizes in

the non-centrosymmetric space group R3. The trication

possesses crystallographically imposed threefold symmetry

without inversion symmetry. The metrical data of the two

independent tpe ligands are very similar (Table S1). In all

Scheme 2. Preparation of the homoleptic chromium(III) complex salts

fac-[Cr(tpe)2][BF4]3 and fac-[Cr(tpe)2][PF6]3.

Figure 1. Molecular structures of the cations of a) [Cr(tpe)2][BF4]3�3CH3CN with two independent cations and b) [Cr(tpe)2][PF6]3�3CH3CN

including the second coordination sphere of solvents and counterions. View approximately along the molecular threefold axes. Plots of the cations

with thermal ellipsoids are depicted in Figure S6.[89]
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three crystallographically characterized trications, the point

symmetry of the [CrN6] coordination sphere is close to Oh.

The reported d6 low spin complexes [Fe(tpe)2][ClO4]2 and

[Co(tpe)2][ClO4]3 exhibit a highly symmetric [MN6] coordi-

nation sphere as well.[45]

Counterions and acetonitrile molecules occupy the six

pockets spanned by the pyridyl rings of the tripodal ligands.

This second coordination sphere consists of 2CH3CN/

4[BF4]
ÿ , 4CH3CN/2 [BF4]

ÿ or 3CH3CN/3 [PF6]
ÿ molecules

with Cr···N/Cr···F distances ranging from 4.42 to 5.20�

(Table S1). The low-spin cobalt(III) salt [Co(tpe)2][ClO4]3�

4CH3CN displays a fully analogous 2CH3CN/4[ClO4]
ÿ envi-

ronment with a Co···N(solvent) distance of 4.76 � and

Co···O(counterion) distances of 4.20 and 4.50�, respective-

ly.[45] In the monohydrate [Co(tpe)2][ClO4]3�H2O, all pockets

are filled exclusively with perchlorate counterions with Co···O

distances between 4.47 and 5.09�.[45] The shortest Co···O-

(water) distance amounts to 6.49�. This is significantly larger

than the Cr···N distances to CH3CN. Dynamic solvation and

ion pair formation of [M(tpe)2]
3+ cations with variable

occupation of the pockets by solvent molecules, especially

the sterically less demanding CH3CN molecule, and small

counterions is expected in solution.[71–73] Furthermore, the

terminal methyl groups of the tpe ligands form short H···Fÿ

BF3 and H···FÿPF5 contacts to the counterions with H···F

distances around 2.5–2.9 �.

The DFT optimized geometry of [Cr(tpe)2]
3+ at the

CPCM(CH3CN)-RIJCOSX-B3LYP-D3BJ-ZORA/def2-

TZVPP level of theory agrees very well with the experimental

data (Table S1). The calculated Mulliken a spin density at

chromium amounts to � 3.22 electrons (Figure S7a). Spin

polarization (s pathway) imposes some b spin density to all

six nitrogen donor atoms (Figure S7a; ÿ0.08) and increases

the a spin density at chromium above three. This is in

accordance with a (t2g)
3 electron configuration of the

chromium(III) ion and the magnetic data (Figure S5). Fur-

thermore, the spin density is consistent with that obtained for

[Cr(tpy)2]
3+, [Cr(bpy)3]

3+ and [Cr(MePDP)2]
1ÿ with 3.21, 3.27

and 3.21 a electrons at the chromium centers, respectively,[1,2]

at the B3LYP/def2-TZVP level of theory.

Optical Properties

The faint yellow solution of [Cr(tpe)2]
3+ features absorp-

tion bands at 329 and 431 nm, irrespective of the counterion

([BF4]
ÿ , [PF6]

ÿ) and the solvent (H2O, CH3CN) (Figure 2).

The weak band at 431 nm (e= 30mÿ1cmÿ1) corresponds to the

strongly parity-forbidden 4A2g!
4T2g ligand field transitions

(symmetry labels according to idealizedOh symmetry). Time-

dependent DFT calculations on the geometry optimized

[Cr(tpe)2]
3+ ion (Table S1, quartet state) support this assign-

ment. The spin-allowed ligand field transitions were calcu-

lated at 378, 379 and 394 nm and hence suggest a splitting of

the 4T2g level (Oh symmetry) in 4Eg and 4A1g levels by ca.

1000 cmÿ1 due to the actual lower D3d symmetry. Yet, the

inversion center is preserved. In the following discussions, the

symmetry labels of the D3d point group are employed for

[Cr(tpe)2]
3+. Due to Laporte�s rule, the calculated oscillator

strengths are very small (1.4–1.5� 10ÿ8 each; Figure S7). The

analogous absorption band of the comparable centrosym-

metric bis(hydrotris(1-pyrazolyl)borate)chromium(III) com-

plex [Cr(HBpz3)2]
3+ is of similar intensity (456 nm; e=

35mÿ1cmÿ1),[74] while that of [Cr(ddpd)2]
3+ at 435 nm is more

intense by two orders of magnitude due to the lack of the

inversion center in [Cr(ddpd)2]
3+.[3] The “octahedral” ligand

field splitting Do= 23200 cmÿ1 of [Cr(tpe)2]
3+ (corresponding

to the center of the quartet absorption band) is in the same

range as that of bpy and ddpd chromium(III) complexes, yet

larger than that of [Cr(tpy)2]
3+ due to the unfavorable metal-

ligand orbital overlap of the latter.

Excitation of the ligand field states (4A1g(D3d) and 4Eg-

(D3d)) is followed by intersystem crossing (ISC) to the doublet

manifold, leading to an asymmetric emission band centered at

748 nm (Figure 2). This doublet emission band is relatively

broad (FWHM 785 cmÿ1) and appears at higher energy than

the corresponding band of [Cr(ddpd)2]
3+ with sharp bands at

775 and 738 nm, a separation typical for the lowest-energy

doublet states of octahedral chromium(III) complexes.[3, 75]

The D3d symmetry in [Cr(tpe)2]
3+ splits the 2T1g(Oh)

excited state into 2A2g(D3d) and 2Eg(D3d) states, while the
2Eg(Oh) level remains degenerate (2Eg(D3d)) (Figure 3). It is

conceivable that the lowest doublet state of [Cr(tpe)2]
3+ is one

of the split 2T1g(Oh) states to which electron configurations

with two electrons paired in a d(p) orbital, a half-filled d(p)

orbital and an unoccupied d(p) orbital also contribute. This is

not the case for 2Eg in the octahedral limit, a key qualitative

difference in electronic structure. Configurations are strongly

mixed due to the energetic proximity of the states arising from

the 2G free ion term and to interaction with 2Eg and
2T1g states

arising from higher energy doublet terms of the chromium-

(III) ion. Consequently, individual configurations cannot be

assigned to a single excited state. As the ordering of the
2A2g(D3d) and 2Eg(D3d) states in [Cr(tpe)2]

3+ cannot be

determined from the luminescence spectra, we denote the

lowest energy doublet state as 2Xg(D3d) and the higher one as
2Yg(D3d). Both geometries should be slightly distorted due to

Figure 2. Absorption and emission spectra of [Cr(tpe)2][BF4]3 in D2O/

DClO4 at room temperature (lexc=428 nm; 9.0 ml DClO4(68%)mLÿ1

D2O) under inert (red) and air-saturated conditions (blue).
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the shift in electron density within the d(p) orbitals with

respect to the ground state. In the 2Eg state (derived from
2Eg(Oh)) all three d(p) orbitals are singly occupied and the

geometry is very similar to that of the ground state (Figure 3).

We will present arguments for this assignment of the doublet

levels in the following discussion.

Excited State Properties

The photoluminescence quantum yield of F= 3.2% at

room temperature in deaerated H2O is among the highest

reported for chromium(III) complexes, but lower than that of

[Cr(ddpd)2]
3+.[3] The quantum yield of [Cr(tpe)2]

3+ increases

in 0.1m NaClO4 (F= 4.2% in H2O/NaClO4) or 0.1m HClO4

(F= 5.4% in H2O/HClO4). Presumably, the perchlorate and

the acid protect the complex, for example, from solvent

molecules (cf. the microenvironment of [M(tpe)2]
n+ com-

plexes in the solid state).[45] Consequently, all following

luminescence measurements in solution were performed in

the presence of perchloric acid (9.5 ml HClO4 (70% in

H2O)mLÿ1 solvent; 9.0 ml DClO4 (68% in D2O)mLÿ1 sol-

vent).

The lifetime t= 2800 ms in deaerated H2O/HClO4 is

extremely long and even surpasses that of [Cr(ddpd)2]
3+.[3]

In deaerated D2O/DClO4, the quantum yield increases toF=

8.2% and the luminescence lifetime to a record value of t=

4500 ms. The photophysical key numbers are similar in

deaerated acetonitrile/perchloric acid, which might be an

effect of the presence of water in the employed perchloric

acid (Table S2). Radiative decay (kr) is governed by the spin

and parity selection rules while the non-radiative excited state

decay (knr) of CrIII complexes can occur through back-

intersystem crossing (bISC) to the quartet states (knr(bISC)),

through surface crossing of distorted excited doublet states

with the ground state (knr(surface)), through multiphonon

relaxation (knr(XH)),[20,36, 37] through electronic energy trans-

fer to energy acceptors (knr(EnT) and through electron

transfer from electron donors (knr(ET)).
[4] These decay path-

ways will be considered in the following to explain the high

lifetimes of [Cr(tpe)2]
3+ and to suggest possible applications.

Due to the inversion center in [Cr(tpe)2]
3+, the lumines-

cence is strictly Laporte-forbidden. In addition, it is spin-

forbidden as for all chromium(III) complexes with sufficiently

strong ligand fields. In fact, the radiative rate constant kr of

[Cr(tpe)2]
3+ is very small (tr= t/ F= 42.9–61.9 ms; kr= 23-

18 sÿ1; Table S2). This is in good agreement with the reported

small radiative rate constant kr= 25 sÿ1 (tr= 40 ms) of the

centrosymmetric [Cr(CN)6]
3ÿ ion.[76] Vibronic coupling (vi-

brations of ungerade symmetry) is required to enable this

electronic transition in [Cr(tpe)2]
3+. A broad emission band at

room temperature has also been observed for the centrosym-

metric d3 manganese(IV) complex [Mn(PhB(Meim)3)2]
2+

with approximate D3d symmetry ([PhB(MeIm)3]
ÿ

=phenylt-

ris(3-methylimidazol-2-yl)borate anion). Its band width (800–

2000 cmÿ1; 85–300 K; solid state) has been ascribed to the

required vibronic origins involving ungerade parity vibra-

tional modes in centrosymmetric transition metal com-

plexes.[77, 78] On the other hand, complexes lacking an inver-

sion center such as [Cr(bpy)3]
3+ and [Cr(ddpd)2]

3+ feature

more symmetric emission bands.[6] The electronic origin

transition of [Cr(tpe)2]
3+ is observed at approximately

13500 cmÿ1 in the solid-state emission spectrum at 10 K

(Figure 4). It is both spin and parity forbidden, and therefore

vibronic origins dominate the observed intensity, both, to

higher and lower energy of the origin as temperature

increases. The combination of the easily visible origin and

the vibrational frequencies of up to 1000 cmÿ1 leads to

vibronic origins that cause the relatively broad luminescence

band.

Splittings of the asymmetric emission band of [Cr(tpe)2]
3+

at room temperature in the solid state and in solution are

discernible (Figures S14–S15; splittings in solution amount to

approximately 372 and 346 cmÿ1). DFT calculations find

Figure 3. Schematic suggested potential energy curve diagram of [Cr-

(tpe)2]
3+; term symbols refer to D3d symmetry, yet with an unknown

ordering of 2A2g(D3d) and
2Eg(D3d) which are denoted arbitrarily as

2Xg(D3d)/
2Yg(D3d).

Figure 4. Emission spectra of [Cr(tpe)2][BF4]3 as KBr disk in the

temperature range 10–290 K with lexc=420 nm. The inset shows

a zoom into the spectra in the temperature range 140–290 K.
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CrÿN stretching vibrations with ungerade symmetry in the

range of 300–400 cmÿ1. These vibrations could be the enabling

modes leading to the asymmetric emission band with fine

structure. However, as several CrÿN vibrations are present in

this energy range and as electronic states derived from slightly

higher doublet states should have a similar energy (Figure 3),

the observed splittings cannot be straightforwardly assigned

to vibrational progressions and the experimental energy gaps

should not be overinterpreted. Clearly, the inversion center

broadens the emission band and reduces kr at higher temper-

ature. Possible contributions to knr, namely knr(bISC), knr-

(surface) and knr(XH), will be discussed next.

As the ligand field splitting and consequently the approx-

imate energy difference between the ligand field quartet

states 4A1g(D3d)/
4Eg(D3d) and the luminescent doublet states

are large (� 1.2 eV), thermally activated bISC to re-populate

the quartet states is highly unlikely. Hence, we exclude the

bISC pathway from the discussion for the non-radiative decay.

A further potential thermally activated non-radiative

decay path could be surface crossing of a distorted doublet

state 2Xg(D3d)/
2Yg(D3d) with the ground state (knr(surface);

Figure 3).[4, 79] The 2Xg(D3d)/
2Yg(D3d) potential energy surface

should be displaced horizontally relative to the ground state

minimum, enabling efficient non-radiative relaxation path-

ways. Such a doublet potential well displacement has been

suggested before and denoted “pseudo-Stokes shift” giving

rise to a low energy phosphorescence.[79] Upon cooling

crystals of [Cr(tpe)2][BF4]3 to 80 K the broad emission band

centered at 745 nm (13425 cmÿ1) disappears while a new

broad, structured band at lower energy (centered at ca.

770 nm/13000 cmÿ1) grows in (Figure S16). The intensity

decrease in the 700 nm to 740 nm range is clearly visible in

Figure S16 and is the typical signature of thermally populated

electronic or vibrational levels with higher radiative relaxa-

tion rates than the lowest-energy electronic transition. In the

title compound, the effect is dramatic due to its exact

inversion symmetry and leads to exceptional variations of

the spectroscopic patterns. Crystals of [Cr(tpe)2][PF6]3 display

a fully analogous overall behavior upon cooling to 80 K, yet

with slightly different vibrational fine structure (Figure S17).

Even KBr disks of [Cr(tpe)2][BF4]3 show an increasing low-

energy emission band at lower temperature at the expense of

a high energy band (Figure 4). At 10 K, the low energy band

shows resolved fine structure and the intensity dramatically

increases (Figure 4). The increase in emission intensity is

compatible with the proposed diminished knr(surface) at

lower temperature of the “pseudo-Stokes shifted” 2Xg(D3d)

state (Figure 3).[79]

To gain more insight into the geometries of the long-lived

excited states, we subjected KBr disks of [Cr(tpe)2][BF4]3 to

time-resolved step-scan FTIR spectroscopy[56–58,80] in the

energy range of 1750 to 1200 cmÿ1 at 290 and 20 K (Fig-

ure 5a). The negative bands in the difference spectra indicate

depopulation of the ground state while positive bands belong

to the electronically excited state(s). DFT calculations

excellently reproduce the ground state IR spectrum (Fig-

ure S18). In the excited state, nearly all IR bands shift to

lower energy and a shoulder appears at approximately

1433 cmÿ1 at 290 K (Figure 5b). The shoulder might appear

due to the population of two long-lived excited states or to the

removal of the inversion center in the doublet states. At 20 K,

the IR bands in the step-scan IR spectra sharpen and the

shoulder disappears. This might point to a preferred popula-

tion of a long-lived excited state at 20 K (2X2(D3d)) which

would match the suggested excited state ordering (Figure 3).

From time-resolved IR data at low and high temperature,

biexponential decays are extracted (20 K: 66 ms (82%); 2.2 ms

(18%); 290 K: 10 ms (65%); 0.71 ms (35%), Figure S19).

However, the data of the TCSPC experiments at 290 K in

KBr disks are fitted with tri- and tetraexponential decay

curves (Figures S20–S22). The latter one results in a slightly

better description with respect to the residuals. All fits yield

two long-lived components, which are associated with two

emissive doublet states at 290 K. The triexponential function

shows one time constant in the nanosecond regime, whereby

the tetraexponential fit yields a further short-lived component

with a very small contribution equal or less to 3%. A true

photophysical relevance of this fourth component might be

questionable. The nanosecond processes may be associated to

fluorescence. Static emission and TCSPC investigations on

neat films confirm the results from KBr disks and indicate

that no matrix effects of KBr are observed (Figure S23).

Figure 5. a) Step-scan FTIR spectra of [Cr(tpe)2][BF4]3 at 290 K (red)

and 20 K (black) in a KBr disk 0 to 3 ms after laser excitation at 355 nm

and b) IR spectra of the excited state after subtraction of the spectrum

of the electronic ground state at 290 K (red) and 20 K (black).
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A biexponential decay is observed in both, the step-scan

and the TCSPC experiments at 20 K (Figure S24–S25). The

biexponential decay from TCSPCmeasurements shows a very

small, negligible contribution (2–5%) for the shorter-lived

component indicating a low population of the energetically

higher excited doublet state. The step-scan data also show

a smaller, yet significant contribution (18%) of the shorter-

lived component at 20 K (compared to 290 K). This compa-

rably high population cannot result from a pure thermalized

occupation of the low energy 2Eg/
2Xg states but could result

from differently efficient population transfer from the

initially excited quartet states to the doublets, for example,

to 2Xg/
2Yg in an approximately 82:18 ratio. The decay of the

second component to the ground state contains a prominent

non-radiative pathway based on the different IR and TCSPC

results. Some of the non-radiative pathways might be assigned

to surface crossing and multiphonon relaxation (knr(XH)).

Indeed, multiphonon relaxation typically plays a decisive

role in non-radiative excited state decay of NIR emit-

ters.[4, 20, 36,37] The fourth vibrational overtone of aromatic CH

oscillators of pyridyl ligands (14065 cmÿ1)[22] falls within the

emission band envelope of the room temperature emission

band of [Cr(tpe)2]
3+ (Figure S15). This results in an appreci-

able spectral overlap integral, hence promoting non-radiative

deactivation by nearby CH oscillators (Scheme 3; pyridyl CH

group with a Cr···H distance of d� 3.0�). [Cr(tpe)2]
3+

features six nearby CH oscillators (Scheme 3), while [Cr-

(ddpd)2]
3+ only provides four of them (Scheme 1). This

further increases knr(XH) of [Cr(tpe)2]
3+ with respect to that

of [Cr(ddpd)2]
3+. However, at 10 K, the emission of the

distorted 2X2(D3d) state of [Cr(tpe)2]
3+ shifts to lower energy

(Figure 4), significantly reducing the spectral overlap integral

and consequently enhancing the quantum yield.

Similar to CH oscillators of the ligand, OH oscillators of

the solvent quench the phosphorescence (Table S2;

Scheme 3; Cr···O distance d� 6.5 �). This solvent-promoted

non-radiative decay is less likely in heavy water due to the

required higher overtone of the OD vibration. This increases

quantum yield and lifetime by 1.5–1.6. Changing the medium

from H2O/HClO4 to CH3CN/HClO4 (and D2O/DClO4 to

CD3CN/DClO4) barely affects the photophysical data (Ta-

ble S2). This might be an effect of the water/perchlorate

present with the perchloric acid providing a similar micro-

environment around the complex under all conditions (cf.

Figure 1). This assumption is substantiated by estimating the

expected effect of CH3CN deuteration according to the

theory of multiphonon relaxation.[36,37] Determination of CH/

CD overtone and combination mode energies and extinction

coefficients of CH3CN/CD3CN allowed calculating the ex-

pected spectral overlap integrals with the luminescence band.

In fact, knr(CD) should be smaller than knr(CH) by more than

three orders of magnitude (for details see Figures S26–S33),

provided this pathway would play a significant role. This is

clearly not the case and hence, knr(CH) through acetonitrile

CH modes is not particularly relevant under these acidic/wet

conditions.

We suggest that a close to octahedral symmetry of the

[CrN6] polyhedron with N-Cr-N angles of � 908/� 1808 is

beneficial for high F as the resulting strong ligand field shifts

the quartet states to higher energy (small knr(bISC)). Yet, an

inversion center of the entire complex (e.g.Oh, D4h,D3d point

groups), including the p planes of the pyridine rings, reduces

kr and hence, the quantum yield. Shielding of the complex

from solvent XHmodes decreases knr(XH). Both, small kr and

knr lead to the exceptionally high lifetime t of [Cr(tpe)2]
3+.

The long lifetime should favor bimolecular reactions with

substrates, namely energy transfer (k(EnT)) and electron

transfer (k(ET)) (Scheme 3).

In acidic, air-saturated water, oxygen quenches the spin-

flip emission of [Cr(tpe)2]
3+ with t(Ar) : t(O2) ratios of 2.5

(H2O) and 2.0 (D2O) (Scheme 3, path d; knr(EnT); Table S2).

Similar values are found in acetonitrile/acid mixtures. Ob-

viously, the typical Dexter energy transfer pathway[81] of the

doublet state(s) to 3O2 forming 1O2 is viable for [Cr(tpe)2]
3+

(Scheme 3, blue quenching pathway).[26] The very high life-

time favors this pathway and enables applications of [Cr-

(tpe)2]
3+ in photo-induced energy transfer reactions.

Ground State and Excited State Redox Properties

[Cr(tpe)2]
3+ exhibits two reversible one-electron reduc-

tion waves at E1=2
=ÿ0.88 and ÿ1.54 V and a quasireversible

reduction peak at Ep=ÿ2.49 V (Figures S34–S35). [Cr-

(ddpd)2]
3+ is reduced to the corresponding labile d4

chromium(II) complex at E1=2
=ÿ1.11 V and irreversibly at

the ddpd ligand at ÿ1.94 V vs. FcH/FcH+.[3,6] On the other

hand, [Cr(tpy)2]
3+ (E1=2

=ÿ0.53, ÿ0.95, ÿ1.45, ÿ2.37 V)[2] and

[Cr(tbpy)3]
3+ (E1=2

=ÿ0.63, ÿ1.15, ÿ1.72, ÿ2.34, ÿ2.67,

ÿ2.90 V)[1a] exhibit several reversible one-electron reduction

steps, which have all been assigned to ligand centered

reductions yielding the corresponding radical anions and

dianions coordinated to Cr3+. [Cr(tbpy)3]
n+ and [Cr(tpy)2]

n+

(n= 2, 1) exhibit characteristic intense absorption bands in

the red to near-infrared spectral region. On the basis of their

intensity (e in the order of several 1000mÿ1cmÿ1) and time-

dependent DFT calculations, these bands have been assigned

to p-p* transitions of the tbpy·ÿ/tpyCÿ radical anions.[1]

Scheme 3. Possible non-radiative decay pathways of [Cr(tpe)2]
3+: multi-

phonon relaxation by ligand CH modes (a: in purple), by water OH

modes (b: in red), by acetonitrile CH modes (c: in red); Dexter energy

transfer to 3O2 (d: in blue) and electron transfer from azulene Az (e: in

green). Distances to CH3CN and H2O estimated from XRD analyses

(see above).
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In order to determine the site of reduction, [Cr(tpe)2]
3+

was subjected to reductive electrolysis inside a transparent

UV/Vis/NIR cell under the in situ conditions of spectroelec-

trochemistry.[82] Exemplary spectra are displayed in Fig-

ure S36. Most notably, intense bands in the red to near-

infrared spectral region grow in. The intensities of these bands

with e> 1000mÿ1cmÿ1 are clearly incompatible with

a chromium(II) or chromium(I) complex description as these

complexes should only display weak Laporte-forbidden

transitions. The observed intense bands resemble those of

[Cr(bpy)3]
n+ and [Cr(tpy)2]

n+ (n= 2, 1) with coordinated

ligand radical anions.[1] Consequently, we assign these bands

to p-p* transitions of coordinated tpe·ÿ radical ligands. TD-

DFT calculations on geometry optimized [Cr(tpe)2]
2+ (S= 1)

and [Cr(tpe)2]
+ (S= 1=2) cations find charge transfer absorp-

tion bands in these spectral regions as well (Figure S37). The

good agreement substantiates the S= 1 and S= 1=2 ground

state of [Cr(tpe)2]
2+ and [Cr(tpe)2]

+, respectively. This fully

agrees with previously reported complexes of chromium(III)

and pyridine radical ligands.[1,2]

DFT calculations of the respective di- and monocations

are consistent with a description as chromium(III) ions

coordinated by radical ligands, although the Mulliken a spin

density at Cr corresponds to less than three unpaired

electrons (Figure S7). This suggests strong interactions be-

tween the 3d(p) orbitals and the p system of the ligands. The b

spin density distribution cannot be assigned to individual tpe

ligands, but is rather delocalized over two trans-coordinated

pyridines of different tpe ligands featuring a coplanar ori-

entation (Figure S7b and S7c; Scheme 4). This contrasts with

the behavior of the radical ligands in [Cr(tbpy)3]
n+, [Cr-

(tpy)2]
n+ and [Cr(MePDP)2]

2ÿ coordinated in an orthogonal

arrangement of the ligand planes. The trans-coordinated

pyridine pairs in [Cr(tpe)2]
n+ are perfectly co-planar and

aligned with the chromium d(p) orbitals (Scheme 4; Fig-

ure 6a). This generates three molecular orbitals, each com-

prised of two pyridine p* orbitals and a symmetry-corre-

sponding d(p) orbital of the metal (Scheme 4; py-Cr-py). In

[Cr(tpe)2]
2+ (triplet state), three electrons occupy the metal

d(p) orbitals with a spins and the fourth electron occupies

a molecular orbital composed of two p* orbitals of trans-

coordinated pyridines with a b spin (antiferromagnetic

coupling to one a spin in the corresponding d(p) orbital;

Figure S7b).

In the monocation [Cr(tpe)2]
+ (doublet state), three

electrons occupy the metal d(p) orbitals with a spins. The

two b electrons are symmetrically delocalized over all six

pyridines with a net antiferromagnetic coupling to two a spins

in the chromium d(p) orbitals (Figure S7c). A delocalized

model has also been calculated for [Cr(bpy)3]
+ featuring three

identical b spin-carrying bpy ligands (point group D3)

although with a larger spin density at the metal center.[1a]

That delocalized descriptions are favored could be an intrinsic

bias of the B3LYP functional[1] or due to the lack of charge-

localizing and symmetry-breaking counterions in the compu-

tational model. The suitable description of the electronic

structures of [Cr(bpy)3]
n+, [Cr(tpy)2]

n+ and [Cr(tpe)2]
n+ (n= 2,

1) as chromium(III) ions coordinated by radical ligands is,

however, demonstrated in all cases and consistent with UV/

Vis/NIR spectroscopic data. Reduction of pyridines coordi-

nated to CrIII becomes more difficult in the series tpy, tbpy,[1]

and tpe and hence, the latter case approaches other limiting

electronic situation [CrIIL3]
2+ with an essentially metal

centered reduction as realized in [CrII(ddpd)2]
2+.[3,6] This

sequence can be attributed to the type and energy of the p*

system hosting the additional electron, namely Cr(py-py-py),

Cr(py-py), and [py-Cr-py] (Scheme 4) for [Cr(tpy)2]
2+, [Cr-

(bpy)3]
2+, and [Cr(tpe)2]

2+, respectively.

Scheme 4. Relevant spin-carrying ligand p* and metal d orbitals along

the x axis in [Cr(tpe)2]
n+ (n=1, 2); analogous combinations are formed

along the y and z directions.

Figure 6. Close to octahedral symmetry of the [CrN6] cores and the

different orientations of the pyridine ligands in a) [Cr(tpe)2]
3+ and

b) [Cr(ddpd)2]
3+ complexes. The bridging atoms and hydrogen atoms

of the ligands are omitted and the N-Cr-N (in red) and C-N-N-C angles

(in blue, green and orange) given in deg.

Angewandte
ChemieResearch Articles

18082 www.angewandte.org � 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2019, 58, 18075 – 18085



With the doublet state energy of [Cr(tpe)2]
3+ of ca.

1.75 eV at room temperature (from the 0-0 energy of the

emission band fit, Figure S15) and the redox potential of the

[Cr(tpe)2]
3+/2+ couple, the excited state reduction potential

amounts to+ 0.87 V vs. FcH/FcH+ (+ 1.25 V vs. SCE[83]). This

exceeds the potential of commonly employed photoredox

catalysts [Ru(bpy)3]
2+ (+ 0.77 V vs. SCE[84]) and fac-Ir(ppy)3

(+ 0.31 V vs. SCE;[27] ppy= anion of 2-phenylpyridine), yet is

smaller than that of the strongest chromium(III) derived

photooxidants ([Cr(dmcbpy)3]
3+:+ 1.84 V vs. SCE; dmcbpy=

4,4’-di(methylcarboxyl)-2,2’-bipyridine;[27] [Cr(ttpy)2]
3+:

+ 1.44 V vs. SCE; ttpy= 4’-(p-tolyl)-2,2’:6,2’’-terpyridine).[85]

In terms of excited state lifetime, [Cr(tpe)2]
3+ surpasses all

these sensitizers by orders of magnitude (t([Ru(bpy)3]
2+)=

1.1 ms; t(fac-Ir(ppy)3)= 1.9 ms; t([Cr(dmcbpy)3]
3+)= 7.7 ms;

t([Cr(ttpy)2]
3+)= 0.27 ms).[27, 85]

To probe the photoredox chemistry of [Cr(tpe)2]
3+,

azulene (Az) was employed as substrate. The triplet energy

of Az (1.74 eV)[86] is close to the doublet state energy of

[Cr(tpe)2]
3+, hence energy transfer to Az is less favorable. On

the other hand, Az can be oxidized to its radical cation Az·+ at

0.50 V vs. FcH/FcH+ (0.88 V vs. SCE)[87] which is significantly

lower than the excited state redox potential of [Cr(tpe)2]
3+,

proving enough driving force for the electron transfer. Az

quenches the luminescence of [Cr(tpe)2]
3+ with a Stern–

Volmer constant KSV= 41.7� 103mÿ1 (Figure S38). The effi-

cient luminescence quenching by Az supports photoinduced

electron transfer from Az to 2[Cr(tpe)2]
3+ (Scheme 3, knr-

(ET)), that is, to the redox orbital formed by tpe ligands and

the chromium ion (Scheme 4). Additionally, tri(n-butyl)-

amine (Ep
= 0.38 V vs. FcH/FcH+)[24] quenches the lumines-

cence of [Cr(tpe)2]
3+ forming [Cr(tpe)2]

2+ according to UV/

Vis/NIR spectroscopy (Figure S39). Further substrates suit-

able for activation by [Cr(tpe)2]
3+ will be reported in future

studies.

Conclusion

The centrosymmetric complex [Cr(tpe)2]
3+ is highly

luminescent at room temperature in D2O/DClO4 (F=

8.2%) due to a large ligand field splitting (23200 cmÿ1). The

emission (13370 cmÿ1) is strongly Laporte-forbidden, leading

to an unprecedentedly high luminescence lifetime (4500 ms).

The most relevant non-radiative pathways of the luminescent

states are surface crossing with the ground state and multi-

phonon relaxation through nearby CH oscillators of the tpe

ligand as well as through solvent modes (OH in water).

Energy transfer from the excited state to triplet oxygen is

feasible as well.

The coplanar orientation of trans-coordinated pyridine

donors in [Cr(tpe)2]
3+ enables ligand-based reduction pro-

cesses. The additional electrons occupy p* orbitals delocal-

ized over two tpe ligands (and some Cr) in [Cr(tpe)2]
2+/+ ions.

These coordinated p radicals show strong NIR absorption

bands. Consequently, a conjugated oligopyridine ligand, as

found in the electron transfer series [Cr(tbpy)3]
n+ and [Cr-

(tpy)2]
n+, is not required for ligand-based redox-chemistry.

The very long excited state lifetime and ligand-centered

reduction of [Cr(tpe)2]
3+ enable both, energy and electron

transfer processes with suitable substrates such as oxygen,

azulene and tri(n-butyl)amine. This excited state reactivity

paves the way for employing this specific [CrN6] chromophore

architecture in energy transfer schemes such as singlet oxygen

formation,[26] triplet sensitizing[88] or lanthanide-based energy

transfer upconversion[34b] as well as in photoredox cataly-

sis.[27–30] Work in these directions is currently in progress in our

laboratories.
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General Procedures. Diethyl ether was distilled over sodium, THF over potassium and acetonitrile over 

calcium hydride. The ligand tpe was prepared similar to a reported procedure.S1 NMR spectroscopic 

and mass spectrometric data match the literature values. A glovebox (UniLab/MBraun, Ar 4.8, O2 < 100 

ppm, H2O < 1 ppm) was used for storage and weighing of sensitive compounds. Reagents were received 

from usual suppliers (ABCR, Acros Organics, Alfa Aesar, Fischer Scientific, Fluka and Sigma Aldrich). 

NMR spectra of tpe were recorded on a Bruker Avance DRX 400 spectrometer at 400.31 MHz (1H). All 

resonances are reported in ppm versus the solvent signal as internal standard [CDCl3 (1H: d = 7.26)].S2 

IR spectra were recorded with a Bruker Alpha FTIR spectrometer with ATR unit containing a diamond 

crystal. ESI+ mass spectra were recorded on a Micromass Q-TOF-Ultima spectrometer. DC magnetic 

studies were performed with a Quantum Design MPMS-XL-7 SQUID magnetometer on powdered 

microcrystalline samples. Experimental susceptibility data were corrected for the underlying 

diamagnetism using Pascal’s constants. The temperature dependent magnetic contribution of the 

holder and of the embedding eicosane matrix was experimentally determined and subtracted from 

the measured susceptibility data. Variable temperature susceptibility data were collected in a 

temperature range of 6 – 300 K under an applied field of 0.1 Tesla. Electrochemical experiments were 

carried out on a BioLogic SP-50 voltammetric analyzer using platinum wires as counter and working 

electrodes and a 0.01 M Ag/Ag[NO3] electrode as reference electrode. Cyclic voltammetry and square 

wave measurements were carried out at scan rates of 50–200 mV s–1 using 0.1 M [NnBu4][BF4] in CH3CN 

as supporting electrolyte. Potentials are referenced against the ferrocene/ferrocenium couple. 

Spectroelectrochemical experiments were performed using a Specac omni-cell liquid transmission cell 

with CaF2 windows equipped with a Pt gauze working electrode, a Pt gauze counter electrode and a Ag 

wire as pseudo reference electrode, melt-sealed in a polyethylene spacer (approximate path length 

0.5 mm) in 10–5 M solutions in CH3CN, containing 0.1 M [NnBu4][BF4]. UV/Vis/NIR spectra were recorded 

on a Varian Cary 5000 spectrometer using 1.0 cm cells. Luminescence emission spectra and decays in 

solution were reported with a calibrated spectrofluorometer FSP 920 from Edinburgh Instruments. For 

the measurement of the emission spectra, a continuous xenon lamp was applied as excitation light 

source, while the time-resolved luminescence measurements were completed with a µs xenon 

flashlamp and detection in a multi-channel scaling mode. All measurements were performed at magic 

angle condition (polarization 0° in the excitation and 54.7° in the emission channel). The luminescence 

decays in solution were analyzed by fitting the obtained decay curves mono-exponentially with the 

program FAST (Fluorescence Analysis Software Technology, Edinburgh Instruments Ltd.). The 

luminescence quantum yields in solution were determined using an Ulbricht integrating sphere 

(Quantaurus-QY C11347-11, Hamamatsu).S3-S5 Relative uncertainty is estimated to be ±5 %. NIR 

absorption spectra of CH3CN and CD3CN for overtone determination were measured in absorption 

mode using a JASCO V-770 spectrophotometer (equipped with a long cuvette holder LSE-701). The 

spectra were recorded in rectangular semimicro cuvettes (Starna, type 28/B/SX/50, path length 5.0 

cm). CH3CN was spectrophotometric grade and CD3CN was NMR grade (99.8% D). The spectra were 

corrected for baseline drift with OriginPro 9.0. The component peaks of the spectra were deconvoluted 

by fitting of the spectra with a series of Gaussian functions (Levenberg-Marquardt on c2). All time-

resolved FTIR experiments were performed with an FTIR spectrometer Bruker Vertex 80v, operated in 

the step-scan mode. KBr pellets of [Cr(tpe)2][BF4]3 (ca. 0.75 mg) were prepared by mixing with dry KBr 

(ca. 200 mg, stored at 80 °C) and grinding to a homogeneous mixture. The strongest peak in the ground 

state spectrum showed an absorption of about 0.6 OD with the mentioned concentration. 

Measurements with cryogenically cooled KBr pellets (20 K and 290 K at the sample) were performed 

with a closed cycle helium cryostat (ARS Model DE-202A). The cryo cooler was equipped with a 
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homebuilt pellet holder and CaF2 windows. A liquid-nitrogen-cooled mercury cadmium telluride (MCT) 

detector (Kolmar Tech., Model KV100-1-B-7/190) with a rise time of 25 ns, connected to a fast 

preamplifier and a 14-bit transient recorder board (Spectrum Germany, M3I4142, 400 MS s−1), was 

used for signal detection and processing. The laser setup includes a Q-switched Nd:YAG laser (Innolas 

SpitLight Evo I) generating pulses with a band-width of 6 – 9 ns at a repetition rate of 100 Hz. The third 

harmonic (355 nm) of the Nd:YAG laser was used for sample excitation. The UV pump beam was 

attenuated to about 2.0 mJ per shot at a diameter of 9 mm. The beam was directed onto the sample 

and adjusted to have a maximal overlap with the IR beam of the spectrometer. The sample chamber 

was equipped with anti-reflection-coated germanium filters to prevent the entrance of laser radiation 

into the detector and interferometer compartments. The time delay between the start of the 

experiment and the UV laser pulse was controlled with a Stanford Research Systems DG535 delay 

generator. A total of more than 2000 coadditions were recorded at each interferogram point. The 

spectral region was limited by undersampling to 988 – 1975 cm−1 with a spectral resolution of 4 cm−1 

resulting in 555 interferogram points. An IR broad band filter (850 – 1750 cm−1) and the CaF2 windows 

(no IR transmission <  1000 cm−1) of the cryostat prevented problems when performing a Fourier 

transformation (i.e. no IR intensity outside the measured region should be observed). FTIR ground state 

spectra were recorded systematically to check for sample degradation. A more detailed description of 

the step-scan setup is given here.S6-S8 Temperature dependent emission spectra of KBr disks were 

recorded with a FluoroMax-2 (Horiba Scientific) device using the described cryostat. Time-correlated 

single photon counting measurements were performed with a DeltaFlex (Horiba Scientific) instrument 

at a repetition rate of 10 kHz with a time resolution of 13 or 27 ns, depending on the experiment. 

Temperature dependent emission spectra of crystals of [Cr(tpe)2][BF4]3 and [Cr(tpe)2][PF6]3 were 

recorded with a Renishaw Invia Raman microscope equipped with a Peltier-cooled CCD camera. The 

excitation source was a 488 nm Argon ion laser. Variable-temperature spectra were obtained by 

coupling a Linkam cryostat to the microscope with liquid nitrogen used as the coolant. Elemental 

analyses were conducted by the microanalytical laboratory of the chemical institutes of the University 

of Mainz. 

Caution! Although we have not experienced any problems in handling the perchlorate solutions, all 

materials should be handled with extreme care. 

Crystal structure determinations. Diffusion of diethyl ether into concentrated solutions of 

[Cr(tpe)2][BF4]3 or [Cr(tpe)2][PF6]3 in CH3CN yielded diffraction quality crystals. Intensity data were 

collected with a STOE IPDS-2T diffractometer and an Oxford cooling system and corrected for 

absorption and other effects using Mo Ka radiation (l = 0.71073 Å). The diffraction frames were 

integrated using the SAINT package, and most were corrected for absorption with MULABS.S9,S10,S11 The 

structures were solved by direct methods and refined by the full-matrix method based on F2 using the 

SHELXTL software package.S12,S13 All non-hydrogen atoms were refined anisotropically, while the 

positions of all hydrogen atoms were generated with appropriate geometric constraints and allowed 

to ride on their respective parent carbon atoms with fixed isotropic thermal parameters. CCDC 

1876389 ([Cr(tpe)2][BF4]3´3CH3CN) and 1876390 ([Cr(tpe)2][PF6]3´3CH3CN) contain the supplementary 

crystallographic data for this paper. These data are provided free of charge by The Cambridge 

Crystallographic Data Centre. 

Crystallographic Data of [Cr(tpe)2][BF4]3´3CH3CN: C40H39B3CrF12N9 (958.23); triclinic; P1 ; a = 

11.3010(8) Å, b = 13.5207(8) Å, c = 15.5147(9) Å, a = 74.575(4)°, b = 76.869(5)°, g = 73.432(5)°; V = 

2150.6(2) Å3; Z = 2; density, calcd. = 1.480 g cm–3, T = 120(2) K, m = 0.361 mm–1; F(000) = 978; crystal 

size 0.600 ́  0.310 ́  0.187 mm; q = 1.915 to 28.318 deg.; –15£h£15, –17£k£18, –20£l£20; rfln collected 

= 39128; rfln unique = 10667 [R(int) = 0.0604]; completeness to q = 25.242 deg. = 99.9 %; semi empirical 
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absorption correction from equivalents; max. and min. transmission 1.11561 and 0.88170; data 10667; 

restraints 300, parameters 861; goodness-of-fit on F2 = 1.038; final indices [I > 2s(I)] R1 = 0.0556, wR2 

= 0.1342; R indices (all data) R1 = 0.0871, wR2 = 0.1546; largest diff. peak and hole 0.454 and –0.557 e 

Å–3. 

Crystallographic Data of [Cr(tpe)2][PF6]3´3CH3CN: C40H39CrF18N9P3 (1132.71); trigonal; R3; a = b = 

16.953(2) Å, c = 13.901(3) Å; V = 3459.9(11) Å3; Z = 3; density, calcd. = 1.631 g cm–3, T = 193(2) K, m = 

0.468 mm–1; F(000) = 1719; crystal size 0.310 ´ 0.240 ́  0.190 mm; q = 2.403 to 28.293 deg.; –20£h£19, 

–19£k£22, –18£l£18; rfln collected = 6617; rfln unique = 3811 [R(int) = 0.0213]; completeness to q = 

25.242 deg. = 99.9 %; semi empirical absorption correction from equivalents; max. and min. 

transmission 1.04896 and 0.95585; data 3811; restraints 1, parameters 217; goodness-of-fit on F2 = 

1.071; final indices [I > 2s(I)] R1 = 0.0334, wR2 = 0.0838; R indices (all data) R1 = 0.0378, wR2 = 0.0865; 

largest diff. peak and hole 0.375 and –0.195 e Å–3. 

Density functional theoretical calculations on the chromium complex cations [Cr(tpe)2]n+ were carried 

out using the ORCA program package (version 4.0.1).S14 Tight convergence criteria were chosen for all 

calculations (keywords tightscf and tightopt). All calculations make use of the resolution of identity 

(Split-RI-J) approach for the Coulomb term in combination with the chain-of-spheres approximation 

for the exchange term (COSX).S15,S16 Geometry optimization was performed using the B3LYP 

functionalS17 in combination with Ahlrichs’ split-valence triple-z basis set def2-TZVPP for all atoms.S18,S19 

The optimized geometries were confirmed to be local minima on the respective potential energy 

surface by subsequent numerical frequency analysis (Nimag = 0). TD-DFT calculations were performed 

at the same level of theory. Fifty vertical spin-allowed transitions were calculated. The zero order 

relativistic approximation was used to describe relativistic effects in all calculations (keyword 

ZORA).S20,S21 Grimme’s empirical dispersion correction D3(BJ) was employed (keyword D3BJ).S22,S23 To 

account for solvent effects, a conductor-like screening model (keyword CPCM) modeling acetonitrile 

was used in all calculations.S24 Explicit counterions and/or solvent molecules were neglected. 

Synthesis of 1,1,1-tris(pyrid-2-yl)ethane tpe:S1 2-Ethylpyridine (2.1 ml, 18.7 mmol) in dry THF (60 ml) 

were cooled to –78°C. nButyl lithium (2.5 M in hexane; 7.5 ml; 18.75 mmol) was added dropwise. After 

stirring for 50 min and warming to –40°C, 2-fluoropyridine (3.6 g. 37.4 mmol) was added to the red 

solution with the temperature kept below –30°C. The resulting colorless reaction mixture was warmed 

to room temperature and then heated under reflux for 12 h. After cooling to room temperature, the 

solvents were removed under reduced pressure. The resulting solid was dissolved in THF (60 ml) and 

filtered. The solvent was removed under reduced pressure and the brown raw product was purified by 

column chromatography (alumina, hexanes/ethyl acetate 2:1, Rf = 0.30) giving tpe as off-white solid 

(2.0 g, 7.6 mmol, 41 %). C17H15N3 (261.33). 1H NMR (CDCl3): d = 8.50 (d, 3
JHH = 3.5 Hz, 3H, H4), 7.65 (dt, 

3
JHH = 7.7 Hz, 3

JHH = 1.6 Hz, 3H, H2), 7.21 (dd, 3
JHH = 6.7 Hz, 3

JHH = 4.9 Hz, 3H, H3), 7.11 (d, 3
JHH = 8.1 Hz, 

3H, H1), 2.25 (s, 3H, H5). MS (ESI+, CH3CN): m/z (%) = 262.13 (100, [tpe+H]+), 545.24 (9, [2tpe+Na]+). 

Synthesis of [Cr(tpe)2][BF4]3: Under oxygen-free conditions, tpe (500 mg, 1.91 mmol) was dissolved in 

a CH3CN/H2O mixture (50 ml, 1:1 v/v) and CrCl2 (118 mg, 0.96 mmol) was added as a solid. The resulting 

dark green solution was stirred for 2 h at room temperature, heated to reflux for 3 h and stirred for 5 

d at room temperature. [NH4][BF4] (312 mg, 2.98 mmol) dissolved in deaerated water (3 ml) was added 

to the reaction mixture. After stirring for 2 h under inert conditions, the mixture was left to stand for 

16 h under air giving a pale-red solution. The solvents were removed under reduced pressure and the 

resulting red solid suspended in CH3CN (5 ml). A colorless solid was removed by filtration. Diffusion of 

diethyl ether into the concentrated CH3CN solution yielded golden crystals (495 mg, 0.59 mmol, 62 %). 

MS (ESI+, CH3CN): m/z (%) = 191.39 (18) [Cr(tpe)2]3+, 262.13 (12) [tpe+H]+, 287.09 (60) [Cr(tpe)2]2+, 

296.59 (13) [Cr(tpe)2+F]2+, 330.59 (100) [Cr(tpe)2+BF4]2+, 364.05 (10), 576.15 (12), 593.19 (25) 
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[Cr(tpe)2+F]+, 639.20 (14), 661.19 (35) [Cr(tpe)2+(BF4)]+, 706.19 (12), 748.20 (44) [Cr(tpe)2+(BF4)2]+. IR 

(ATR): n   = 3102 (w br, CH), 1601 (s), 1581 (w), 1492 (w), 1470 (s), 1441 (s), 1387 (w), 1307 (w), 1284 

(w), 1294 (w), 1216 (w), 1175 (w), 1030 (vs br, BF), 847 (m), 773 (m), 758 (s), 750 (s), 721 (w), 660 (m), 

639 (s), 564 (m), 519 (s), 449 (s), 400 (s) cm–1. UV/Vis (CH3CN): l(e) = 431 (30), 329 (910), 274 (13700), 

238 (30300 M-1 cm-1) nm. Emission (CH3CN; lexc = 436 nm): l = 790, 749, 743, 727, 719 nm (structured 

band). Magnetism: cT = 1.875 cm3 K mol–1 (6 – 300 K; solvate-free sample). CV (CH3CN, [NnBu4][BF4], 

vs. FcH/FcH+) = –0.88 (rev.), –1.54 (rev.), –2.49 (qrev.) V. Elemental analysis calcd. (%) for 

C34H30B3CrF12N6 (835.06): C 48.90 H 3.62, N 10.06; found C 48.89, H 3.63 N 10.21. 

Synthesis of [Cr(tpe)2][PF6]3: Under oxygen-free conditions, tpe (99.4 mg, 0.38 mmol) was dissolved in 

H2O (17 ml) and CrCl2 (23.4 mg, 0.19 mmol) was added as a solid. The resulting dark green solution was 

stirred for 3 d at room temperature. K[PF6] (105 mg, 0.57 mmol) was dissolved in deaerated water (3 

ml) and added to the reaction mixture. The solvent was removed under reduced pressure and the 

resulting solid dissolved in CH3CN (3 ml). Diffusion of diethyl ether into the concentrated CH3CN 

solution yielded dark green crystals (23 mg, 0.022 mmol, 12 %). MS (ESI+, CH3CN): m/z (%) = 144.98 

(11), 287.09 (100) [Cr(tpe)2]2+, 359.57 (27) [Cr(tpe)2+PF6]2+, 393.29 (10), 413.26 (11), 419.31 (10), 

441.29 (27), 568.73 (6), 719.15 (69) [Cr(tpe)2+PF6]+, 864.17 (6) [Cr(tpe)2+(PF6)2]+. IR (ATR): n   = 3102 (w 

br, CH), 2253 (w, CN), 1604 (m), 1470 (m), 1439 (m), 1389 (w), 1311 (w), 1218 (w), 1173 (w), 1113 (w), 

1060 (m), 1037 (m), 824 (vs, PF), 775 (s), 762 (m), 660 (m), 639 (s), 555 (s, PF2), 511 (m), 449 (m), 400 

(m) cm-1. Elemental analysis calcd. (%) for C34H30CrF18N6P3 (1009.54)´0.5H2O: C 40.09 H 3.07, N 8.25; 

found C 39.70, H 3.03 N 8.11. 

 

Both salts crystallize with three acetonitrile solvate molecules according to single crystal XRD analyses 

(see below). However, the actual amount of solvent in a given sample depends on the grinding and 

drying procedure after crystallization. 
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Figure S1. a) ESI+ mass spectrum of [Cr(tpe)2][BF4]3 in CH3CN. The inset shows the calculated and 
experimental isotope distribution of the ion cluster {[Cr(tpe)2][BF4]}+. 

 

 

 

Figure S2. a) ESI+ mass spectrum of [Cr(tpe)2][PF6]3 in CH3CN. The inset shows the calculated and 
experimental isotope distribution of the ion cluster {[Cr(tpe)2][PF6]}+. 

 

The cations of the salts are observed in the ESI+ mass spectra as the trication [Cr(tpe)2]3+ and the dication 
[Cr(tpe)2]2+ and as ion clusters with the respective counter ions such as {[Cr(tpe)2][X]}2+ and 
{[Cr(tpe)2][X]2}+ with X– = [BF4]–, [PF6]– or F–. 
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Figure S3. ATR-IR spectrum of [Cr(tpe)2][BF4]3 (solvent-free sample). 

 

 

Figure S4. ATR-IR spectrum of [Cr(tpe)2][PF6]3´xCH3CN.  

The counter ions show characteristic absorption bands for BF and PF stretching vibrations in the 
respective ATR-IR spectra. Crystals of fac-[Cr(tpe)2][PF6]3´3CH3CN display a sharp absorption band 
at 2253 cm–1 which is assigned to the CN stretching vibration of co-crystallized CH3CN. The fingerprint 
region of both complex salts displays comparably few bands for CC and skeletal vibrations. This points 
to the high symmetry of the complex cations.  
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Figure S5. a) cT vs. T plot of [Cr(tpe)2][BF4]3 (solvent-free sample); fit with g = 2.000 shown in red. 

 

The temperature dependence of the magnetic susceptibility of a solvent-free sample of [Cr(tpe)2][BF4]3 
has been studied in the range 6 – 300 K in an external field of 0.1 T. In this temperature range, cT is 
essentially temperature independent and with 1.875 cm3 K mol–1 very close to the spin-only value of a 
S = 3/2 system (4A2g ground state; g = 2.000; µ = 3.87 µB). The fitted g value matches those of 
[Cr(ddpd)2][BF4]3 and of [Cr(tpy)2][ClO4]3.S25-S27 
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Figure S6. Plots of the cations of a) [Cr(tpe)2][BF4]3´3CH3CN with two independent cations and b) 

[Cr(tpe)2][PF6]3´3CH3CN with thermal ellipsoids set 30 % probability. 
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Table S1. Selected distances (Å) and angles (°) for [Cr(tpe)2][BF4]3´3CH3CN,a 

[Cr(tpe)2][PF6]3´3CH3CN,b and [Cr(tpe)2]3+ (DFT). 

 [Cr(tpe)2][BF4]3´3CH3CN [Cr(tpe)2][PF6]3´3CH3CN [Cr(tpe)2]3+ 

Cr1-N1 2.041(2) 2.046(3) / 2.044(3) 2.055 / 2.055 

Cr1-N2 2.041(2) 2.046(3) / 2.044(3) 2.055 / 2.055 

Cr1-N3 2.031(2) 2.046(3) / 2.044(3) 2.053 / 2.053 

tpe (intraligand)    

N1-Cr1-N2 86.34(8) 86.48(11) / 86.08(11) 86.74 / 86.78 

N1-Cr1-N3 86.66(9) 86.48(11) / 86.08(11) 86.73 / 86.73 

N2-Cr1-N3 86.57(9) 86.48(11) / 86.08(11) 86.79 / 86.75 

tpe (interligand)    

N1-Cr1-N1’ 180.0 93.22(10) 179.96 

N1-Cr1-N2’ 93.66(8) 179.22(12) 93.26 

N1-Cr1-N3’ 93.34(9) 94.22(10) 93.29 

N2-Cr1-N2’ 180.0 94.22(10) 179.99 

N2-Cr1-N3’ 93.43(9) 93.22(10) 93.27 

N3-Cr1-N3’ 180.0 179.22(12) 179.95 

Cr2-N4 2.052(2) – – 

Cr2-N5 2.048(2) – – 

Cr2-N6 2.049(2) – – 

N4-Cr2-N5 86.00(8) – – 

N4-Cr2-N6 86.85(8) – – 

N5-Cr2-N6 86.29(8) – – 

N4-Cr2-N4’ 180.0 – – 

N4-Cr2-N5’ 93.99(8) – – 

N4-Cr2-N6’ 93.15(8) – – 

N5-Cr2-N5’ 180.0 – – 

N5-Cr2-N6’ 93.71(8) – – 

N6-Cr2-N6’ 180.0 – – 

Cr1…N(solvent) 4.47 (2´) 4.53 (3´) – 

Cr1…F(counterion) 4.46 (2´), 4.55 (2´) 4.64 (3´) – 

Cr2…N(solvent) 4.45 (2´), 5.20 (2´) – – 

Cr2…F(counterion) 4.42 (2´) – – 

a Two independent centrosymmetric trications Cr1/Cr2 in the unit cell. 

b A single trication in the unit cell with two crystallographically independent C3 symmetric tpe ligands. 
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d) 

 
Figure S7. DFT optimized geometries of a) [Cr(tpe)2]3+ (quartet state), b) [Cr(tpe)2]2+ (triplet state) and 
c) [Cr(tpe)2]+ (doublet state), and corresponding Mulliken spin densities plotted at 0.006 a.u. with the a 

spin in orange and the b spin in yellow. d) Three lowest TD-DFT calculated spin-allowed transitions; 

these correspond to the spin-allowed 4A2g®4Eg and 4A2g®4A1g ligand field transitions (in D3d 
symmetry). Hydrogen atoms omitted. Difference electron densities plotted with an isosurface value of 
0.01 a.u.; purple = depletion; orange = gain. 
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a) b) 

  
 

Figure S8. a) Emission spectra of [Cr(tpe)2][BF4]3 in H2O/HClO4 at room temperature (lexc = 428 nm) 
under inert (red) and air-saturated conditions (black) and b) corresponding emission decay curves. 

 

a) b) 

 
 

Figure S9. a) Emission spectra of [Cr(tpe)2][BF4]3 in D2O/DClO4 at room temperature (lexc = 428 nm) 
under inert (red) and air-saturated conditions (black) and b) corresponding emission decay curves. 
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a) b) 

  

Figure S10. a) Emission spectra of [Cr(tpe)2][BF4]3 in CH3CN/HClO4 at room temperature (lexc = 428 
nm) under inert (red) and air-saturated conditions (black) and b) corresponding emission decay curves. 

 

a) b) 

  

Figure S11. a) Emission spectra of [Cr(tpe)2][BF4]3 in CD3CN/DClO4 at room temperature (lexc = 428 
nm) under inert (red) and air-saturated conditions (black) and b) corresponding emission decay curves. 
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a) b) 

  

Figure S12. a) Emission spectra of [Cr(tpe)2][BF4]3 in H2O/NaClO4 at room temperature (lexc = 428 
nm) under inert (red) and air-saturated conditions (black) and b) corresponding emission decay curves. 

 

a) b) 

  

Figure S13. a) Emission spectra of [Cr(tpe)2][BF4]3 in D2O/NaClO4 at room temperature (lexc = 428 
nm) under inert (red) and air-saturated conditions (black) and b) corresponding emission decay curves. 
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Table S2. Quantum yields F, luminescence lifetimes t and radiative lifetimes tr of [Cr(tpe)2][BF4]3 and 

[Cr(ddpd)2][BF4]3 S29 under inert and under air-saturated conditions (tr = t / F). [Cr(tpe)2][BF4]3 was 

measured in the presence of HClO4, DClO4 or NaClO4 (0.1 M), respectively, while no acid was employed 

for [Cr(ddpd)2][BF4]3. Please note, that the solubility of O2 in H2O changes with pH so that the quenching 

data of [Cr(tpe)2][BF4]3 and [Cr(ddpd)2][BF4]3 should not be compared directly (Figures S8 – S13). 

 [Cr(tpe)2][BF4]3 
(inert) 

[Cr(tpe)2][BF4]3 
(O2-sat.) 

[Cr(ddpd)2][BF4]3 
(inert) 

[Cr(ddpd)2][BF4]3 
(O2-sat.) 

F(H2O/HClO4) / % 5.4 2.2 11.0 2.1 
t(H2O/HClO4) / µs 2800 780 898 177 
tr(H2O/HClO4) / ms 51.9 35.5 8.2 8.4 

F(D2O/DClO4) / % 8.2 4.1 14.2 2.0 
t(D2O/DClO4) / µs 4500 890 1164 150 
tr(D2O/DClO4) / ms 54.9 21.7 8.2 7.5 

F(CH3CN/HClO4) / % 6.1 3.4 12.1 0.60 
t(CH3CN/HClO4) / µs 2900 320 899 44 
tr(CH3CN/HClO4) / 
ms 

47.5 9.4 7.4 7.3 

F(CD3CN/DClO4) / % 7.7 4.5 11.7 0.60 
t(CD3CN/DClO4) / µs 3300 360 810 24 
tr(CD3CN/DClO4) / 
ms 

42.9 8.0 6.9 4.0 

F(H2O/NaClO4) / % 4.2 2.1   
t(H2O/NaClO4) / µs 2500 760   
tr(H2O/NaClO4) / ms 59.5 36.2   

F(D2O/NaClO4) / % 6.3 4.1   
t(D2O/NaClO4) / µs 3900 880   
tr(D2O/NaClO4) / ms 61.9 21.5   
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Figure S14. Emission spectra of [Cr(tpe)2][BF4]3 as KBr disk at 290 K with different excitation 
wavelengths. 

 

 

 

Figure S15. Room temperature emission band of [Cr(tpe)2][BF4]3 in CH3CN (lexc = 436 nm) and a fit 

of the band envelope by five Gaussians (12653, 13026, 13372, 13744, 14120 cm–1; R2 = 0.99684). The 

energies of vibrational C-H(ligand), C-H(CH3CN) and C-D(CD3CN) overtones relevant for 

multiphonon relaxation are indicated by blue and green bars. 
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Figure S16. Emission spectra of crystals of [Cr(tpe)2][BF4]3 at different temperatures (lexc = 488 nm).  
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Figure S17. Emission spectra of crystals of [Cr(tpe)2][PF6]3 at different temperatures (lexc = 488 nm).  
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Figure S18. Step-scan FT-IR spectrum (red) and ground state IR spectrum (black) of [Cr(tpe)2][BF4]3 
as KBr disk at 290 K and DFT calculated IR absorption bands (blue, scaled by 0.98) and DFT calculated 
IR spectrum (green, pseudo-Voigt functions with FWHM = 15 cm–1). 
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Table S3. Excited state lifetimes of [Cr(tpe)2][BF4]3 as obtained from KBr disk or from a neat film. 

For the measurements at 290 K both the results of the tri- and tetraexponential fits are given. 

method medium T / K τ1 / ns 

(fraction / %) 

τ2 / ns 

(fraction / 

%) 

τ3 / µs 

(fraction / 

%) 

τ4 / µs 

(fraction / 

%) 

step-scan KBr 290 - - 0.71 ± 0.07 

(35) 

10 ± 2 (65) 

step-scan KBr 20 - - 2.2 ± 0.2 

(18) 

66 ± 7 (82) 

TCSPC 

lexc = 389 nm 

lem = 745 nm 

KBr 290 - 88 ± 2 (8) 0.71 ± 0.01 

(21) 

10.9 ± 0.1 

(71) 

TCSPC 

lexc = 389 nm 

lem = 745 nm 

KBr 290 38 ± 3 (2) 276 ± 8 (10) 1.49 ± 0.05 

(17) 

14.4 ± 0.3 

(71) 

TCSPC 

lexc = 389 nm 

lem = 733 nm 

KBr 290 - 96 ± 1 (8) 0.72 ± 0.01 

(22) 

9.5 ± 0.1 

(70) 

TCSPC 

lexc = 389 nm 

lem = 733 nm 

KBr 290 47 ± 2 (3) 305 ± 8 (12) 1.57 ± 0.05 

(19) 

13.7 ± 0.3 

(67) 

TCSPC 

lexc = 389 nm 

lem = 722 nm 

KBr 290 - 105 ± 2 (8) 0.83 ± 0.02 

(21) 

12.2 ± 0.3 

(72) 

TCSPC 

lexc = 389 nm 

lem = 722 nm 

KBr 290 58 ± 4 (3) 310 ± 20 (9) 1.5 ± 0.1 

(17) 

15.3 ± 0.5 

(70) 

TCSPC 

lexc = 389 nm 

lem = 759 nm 

KBr 20 - - 0.5 ± 0.1 (2) 55 ± 13 (98) 

TCSPC 

lexc = 389 nm 

lem = 740 nm 

KBr 20 - - 0.60 ± 0.07 

(5) 

50 ± 10 (95) 

TCSPC 

lexc = 389 nm 

lem = 740 nm 

Neat 

film 

290 - 190 ± 5 (8) 1.30 ± 0.05 

(21) 

12.0 ± 0.4 

(71) 

TCSPC 

lexc = 389 nm 

lem = 740 nm 

Neat 

film 

290 47 ± 7 (1) 290 ± 20 (9) 1.5 ± 0.1 

(19) 

13.5 ± 0.5 

(72) 

TCSPC 

lexc = 389 nm 

lem = 717 nm 

Neat 

film 

290  172 ± 6 (5) 0.94 ± 0.03 

(21) 

10.6 ± 0.2 

(74) 

TCSPC 

lexc = 389 nm 

lem = 717 nm 

Neat 

film 

290 120 ± 20 (2) 400 ± 50 (10) 1.7 ± 0.1 

(19) 

12.5 ± 0.2 

(69) 
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a) 

 
b) 

 
c) 
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d) 

 
e) 

 
f) 

 
Figure S19. Decay curves and global fits obtained from step-scan FT-IR data at a) 290 K and b) 20 K 
including residuals. c) – f) Fits of the transition around 1465 cm–1 at 290 K and 20 K (positive band that 
belongs to the excited state) and transition around 1470 cm–1 at 290 K and 20 K (negative band that 
belongs to the electronic ground state) including residuals. 
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Figure S20. Decay curves as well as a) tri- and b) tetraexponential fits obtained from TCSPC data at 

290 K (lobs = 722 nm, KBr). The offset results from the dark current. 

a) b) 

 

 

Figure S21. Decay curves as well as a) tri- and b) tetraexponential fits obtained from TCSPC data at 

290 K (lobs = 733 nm, KBr). The offset results from the dark current. 

a) b)  

 

 

Figure S22. Decay curves as well as a) tri- and b) tetraexponential fits obtained from TCSPC data at 

290 K (lobs = 745 nm, KBr). The offset results from the dark current. 

a) b) 
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a) 

 
b) 

 
c) 

 
d) 
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e) 

  
Figure S23. a) Emission spectra of [Cr(tpe)2][BF4]3 as neat film at 290 K with different excitation 

wavelengths, decay curves as well as b) tri- and c) tetraexponential fits obtained from TCSPC data at 

290 K (lobs = 717 nm), decay curves as well as d) tri- and e) tetraexponential fits obtained from TCSPC 

data at 290 K (lobs = 740 nm). 

 

 

 

Figure S24. Decay curves and biexponential fits obtained from TCSPC data at 20 K (lobs = 740 nm, 
KBr). 

 

 

Figure S25. Decay curves and biexponential fits obtained from TCSPC data at 20 K (lobs = 759 nm, 
KBr). 
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Spectral overlap integral (SOI) calculations for [Cr(tpe)2]3+ / CH3CN and CD3CN: 

The C-H overtone bands of CH3CN in solution (Figures S26 and S27) were measured in the relevant 

spectral region (11500 to 16000 cm–1 º fourth C-H stretch overtone and third combination region) 

corresponding to the spectral region of the doublet emission of [Cr(tpe)2]3+. The obtained data are 

consistent with previous measurements in liquid CH3CN and show that the band intensities are largely 

dominated by C-H stretching overtones without significant participation of CºN vibrations.S28 The 

measured bands were fitted by a series of Gaussian functions in order to extract a coherent expression 

of the band shape for the SOI calculation (vide infra). 

 

Figure S26. Near-IR absorption spectrum of neat CH3CN (black, c = 19.15 M, d = 5 cm) in the third C-

H combination region. Gaussian fit functions for the analytical extraction of the band shape (grey: 

individual Gaussians; red: sum of the Gaussians). 

 

 

Figure S27. Near-IR absorption spectrum of neat CH3CN (black, c = 19.15 M, d = 5 cm) in the fourth 

C-H overtone region (vibrational quantum number n = 5). Gaussian fit functions for the analytical 

extraction of the band shape (grey: individual Gaussians; red: sum of the Gaussians). 
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The C-D absorption bands in the same region as for the C-H overtones (11500 to 16000 cm–1) could not 

be reliably measured due to the extremely small molar extinction values associated with these overtones. 

In order to be able to calculate the corresponding SOI with the chromium emission, the spectral 

characteristics of the required higher overtones C-D (in particular the overtones n = 6 and 7) were 

extrapolated from the systematic changes seen in the lower overtones (n = 3 – 5) that could be measured. 

For this purpose, each measured overtone band was fitted with a single Gaussian function of the form 

y(x) = A × exp(–0.5*((x–xc)/s)2) defined by amplitude A, center wavenumber xc, and Gaussian width s. 

As can be seen from Figures S28–S30, this is a rather crude approximation for the lower overtone bands 

(especially seen in Figure S28) but improves with increasing vibrational quantum number as the 

vibrations gain more local-mode character and coupling between oscillators is diminishing. 

 

Figure S28. Near-IR absorption spectrum of neat CD3CN (black, c = 19.15 M, d = 5 cm) in the third C-

D combination region. Single Gaussian fit function (red) for the extrapolation procedure to higher 

overtones (see text). 

 

Figure S29. Near-IR absorption spectrum of neat CD3CN (black, c = 19.15 M, d = 5 cm) in the fourth 

C-D combination region. Single Gaussian fit function (red) for the extrapolation procedure to higher 

overtones (see text). 
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Figure S30. Near-IR absorption spectrum of neat CD3CN (black, c = 19.15 M, d = 5 cm) in the fifth C-

D combination region. Single Gaussian fit function (red) for the extrapolation procedure to higher 

overtones (see text).

Due to the high degree of coupling in the overtones, the only Gaussian parameter that turned out to be 

reliable for the extrapolation was the amplitude A. As already successfully shown in previous work,S29

the semilogarithmic plot of log(A) vs. vibrational quantum number n could be fitted well by a linear 

relationship (Figure S31). 

Figure S31. Semi-logarithmic plot of the amplitudes A of the Gaussians describing the C-D oscillators 

vs. the vibrational quantum number n in CD3CN and linear fit (solid red).

The other two Gaussian parameters (xc and s) necessary for the construction of the higher C-D overtone 

bands were estimated using the published data. The xc values were calculated using the known Morse 

parameters for liquid CD3CN (fundamental 
0n 0n = 2175 cm–1 and anharmonicity x = 30.5 cm–1),S30

whereas the Gaussian widths for the required overtones s were estimated to be equal to the 

corresponding C-D overtone band widths for aromatic C-D oscillators.S29,S31 The properties of the 



S28

measured and extrapolated Gaussians are summarized in Table S4 and were used for the SOI 

calculations (vide infra).

Table S4. Parameters of the Gaussians (xc: wavenumber of the maximum; s: Gaussian width; A: 

amplitude) describing the C-D-oscillators in CD3CN.

n maximum xc / cm–1 s / cm–1
A / M–1cm–1

3[a] - - 5.01 × 10–3

4[a] - - 3.11 × 10–4

5 - - 3.15 × 10–5

6 12369[b] 129.05[c] 2.29 × 10–6 [d]

7 14217[b] 154.35[c] 1.82 × 10–7 [d]

[a] Based on Gaussian fits of measured data.
[b] Calculated using xc = n × 2175 cm–1

– n(n+1)×30.5 cm–1 from ref. S30.
[c] Calculated using s = n × 25 cm–1 - 22.8 cm–1 from ref. S29.
[d] Extrapolated using the equation log(A/(M–1cm–1)) = 0.9667 - n × 1.101, 

obtained by linear fitting of log(A) vs. vibrational quantum number n
(obtained by Gaussian fitting for the overtones n = 3 to 5, see Figures 
S28–S30).

The integrand functions for the SOIs between the chromium complex emission and C-(H/D) overtones 

in the isotopologic bulk acetonitriles were constructed according to the mathematical definition of the 

SOIs:

( ) ( ) -4

normSOI = I dn e n n n× ×ò ) ( ) -4d) ( ) -4n n) ( )) ( ) dd) ( ) -4( )( )

with Inorm being the chromium emission spectrum normalized to unit area and e the decimal molar 

vibrational absorption coefficient (see extracted and extrapolated absorption spectra above), both 

expressed in the wavenumber scale nn . The integrand functions were generated with a set of data points 

with a step size of 1 cm–1 (Figures S32 and S33). Numerical integration of the integrand functions 

(OriginPro 9.0) gave the corresponding values for the SOIs.
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Figure S32. Integrand function of the spectral overlap integral (SOI) for chromium emission band in 
[Cr(tpe)2]3+ and the measured fourth overtone C-H (n = 5) and the measured third combination region 
of bulk CH3CN. 

 

 

 

Figure S33. Integrand function of the spectral overlap integral (SOI) for chromium emission band in 
[Cr(tpe)2]3+ and the extrapolated fifth and sixth overtone C-D (n = 6 and n = 7) of bulk CD3CN. 
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Based on the obtained SOIs, the ratio of the non-radiative deactivation rates of chromium excited states 
in [Cr(tpe)2]3+ in the acetonitrile isotopologues is estimated as:S31 

-21 -1 3
3nr 3 3

-25 -1 3

nr 3 3

k (CH CN) SOI(CH CN) 1.24  10  M cm
 =  =  = 1.97  10

k (CD CN) SOI(CD CN) 6.28  10  M cm

×
×

×
  

This ratio would suggest a massive reduction in multiphonon relaxation rates and a concomitant increase 

in luminescence intensity and lifetimes by exchanging CH3CN versus CD3CN. Yet, this is not observed. 

For a discussion, see main text. 

 

 

Figure S34. Cyclic voltammogram of [Cr(tpe)2][BF4]3 (CH3CN, [NnBu4][BF4], T = 293 K). 

 

 

Figure S35. Square wave voltammogram of [Cr(tpe)2][BF4]3 (CH3CN, [NnBu4][BF4], T = 293 K). 
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Figure S36. UV/Vis/NIR absorption spectra (CH3CN, [NnBu4][BF4], T = 293 K) of [Cr(tpe)2][BF4]3 
(black), after the first reduction (red) and approximately after the second reduction (blue) in an OTTLE 
cell. 
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a) 

 
b) 

 
Figure S37. a) UV/Vis/NIR spectrum of [Cr(tpe)2][BF4]3 after the first reduction in an OTTLE cell 
(CH3CN, [NnBu4][BF4], T = 293 K) and TD-DFT calculated 50 vertical transitions of geometry 
optimized [Cr(tpe)2]2+ (S = 1). Stick spectrum was approximated by Gaussian bands with FWHM of 
1500 cm–1. b) UV/Vis/NIR spectrum of [Cr(tpe)2][BF4]3 approximately after the second reduction in an 
OTTLE cell (CH3CN, [NnBu4][BF4], T = 293 K) and TD-DFT calculated 50 vertical transitions of 
geometry optimized [Cr(tpe)2]+ (S = ½). The stick spectrum was approximated by Gaussian bands with 
FWHM of 1500 cm–1). 
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Figure S38. a) Emission spectra of [Cr(tpe)2][BF4]3 in CH3CN during titration with azulene and b) 
corresponding Stern-Volmer analysis; KSV = 41.7´103 M–1; R2 = 0.9887. 

a) 

 
 

b) 
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Figure S39. a) Emission spectra of [Cr(tpe)2][BF4]3 in CH3CN during titration with tri(n-butyl)amine 
and b) corresponding UV/Vis/NIR spectra showing the formation of [Cr(tpe)2]2+. 

a) 

 
 

b) 
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Cartesian coordinates of geometry optimized [Cr(tpe)2]3+ (quartet) 

24       1.762771000      1.606228000      7.381007000 

7        2.830770000     -0.144294000      7.240533000 

7        3.574703000      2.576281000      7.360545000 

7        1.999852000      1.450063000      9.414141000 

6        2.282182000      1.228497000     12.141658000 

1        2.407825000      1.137064000     13.211060000 

6        4.347961000      0.830627000      8.934733000 

6        4.925456000      4.374585000      6.567885000 

1        5.009734000      5.258080000      5.953904000 

6        5.818187000      2.759259000      8.095045000 

1        6.641381000      2.392373000      8.681911000 

6        5.985648000      3.902130000      7.325487000 

1        6.937537000      4.413672000      7.322873000 

6        3.734575000      3.682390000      6.612350000 

1        2.880694000      4.010291000      6.041053000 

6        3.195355000      1.095685000      9.924119000 

6        1.059404000      1.593406000     11.600656000 

1        0.198357000      1.797327000     12.218341000 

6        0.958789000      1.693926000     10.229930000 

1        0.029109000      1.973827000      9.760494000 

6        3.355162000      0.979524000     11.297150000 

1        4.303831000      0.698371000     11.718436000 

6        5.617490000      0.450082000      9.700725000 

1        5.454435000     -0.447613000     10.290063000 

1        5.912650000      1.250249000     10.373200000 

1        6.438000000      0.262482000      9.014423000 

6        3.940119000     -0.313864000      7.985653000 

6        4.672431000     -1.487289000      7.880572000 

1        5.561553000     -1.634504000      8.467456000 

6        4.258268000     -2.484912000      7.009139000 

1        4.829710000     -3.398427000      6.927396000 

6        3.113048000     -2.295775000      6.251873000 

1        2.753137000     -3.043865000      5.562343000 

6        2.426108000     -1.109847000      6.396155000 

1        1.530843000     -0.913869000      5.827767000 

6        4.595929000      2.103517000      8.101120000 

7        0.696087000      3.357379000      7.521995000 

7       -0.049255000      0.636280000      7.401840000 

7        1.523873000      1.761864000      5.347984000 

6        1.237859000      1.979350000      2.620485000 

1        1.110769000      2.069156000      1.551117000 

6       -0.823540000      2.382905000      5.829598000 

6       -1.400067000     -1.161356000      8.195807000 

1       -1.483852000     -2.045396000      8.809077000 

6       -2.294516000      0.456196000      6.672047000 

1       -3.118584000      0.824433000      6.087263000 

6       -2.461529000     -0.687034000      7.441181000 

1       -3.413989000     -1.197502000      7.445598000 

6       -0.208554000     -0.470337000      8.149390000 

1        0.646375000     -0.799644000      8.718321000 

6        0.327725000      2.115777000      4.839094000 

6        2.461322000      1.615108000      3.160374000 

1        3.321517000      1.410118000      2.541856000 

6        2.563695000      1.516592000      4.531110000 

1        3.493936000      1.237063000      4.999662000 
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6        0.166097000      2.229852000      3.466096000 

1       -0.783092000      2.510543000      3.045661000 

6       -2.093597000      2.764279000      5.064868000 

1       -1.930302000      3.661405000      4.474741000 

1       -2.390443000      1.963945000      4.393344000 

1       -2.913124000      2.953188000      5.752049000 

6       -0.414013000      3.527356000      6.778089000 

6       -1.145703000      4.701108000      6.883898000 

1       -2.035236000      4.848806000      6.297773000 

6       -0.730106000      5.698635000      7.754757000 

1       -1.301065000      6.612402000      7.837066000 

6        0.415789000      5.508997000      8.510876000 

1        0.776788000      6.257006000      9.199928000 

6        1.102166000      4.322831000      8.365854000 

1        1.998506000      4.127165000      8.932734000 

6       -1.071558000      1.110548000      6.663726000 
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Cartesian coordinates of geometry optimized [Cr(tpe)2]2+ (triplet) 

24       1.762401000      1.606268000      7.381618000 

7        2.822961000     -0.118886000      7.246885000 

7        3.580216000      2.587258000      7.359208000 

7        2.000140000      1.453165000      9.414812000 

6        2.278355000      1.185517000     12.150257000 

1        2.402419000      1.079833000     13.218706000 

6        4.350078000      0.844738000      8.937164000 

6        4.944986000      4.370987000      6.547859000 

1        5.032580000      5.251609000      5.929500000 

6        5.833203000      2.758446000      8.078059000 

1        6.657104000      2.389794000      8.663185000 

6        6.008026000      3.894138000      7.299974000 

1        6.964002000      4.398479000      7.289250000 

6        3.747213000      3.689660000      6.609901000 

1        2.886739000      4.021380000      6.050191000 

6        3.195477000      1.097469000      9.928105000 

6        1.056784000      1.558276000     11.608680000 

1        0.194010000      1.753150000     12.227783000 

6        0.962480000      1.687256000     10.239109000 

1        0.037291000      1.982751000      9.769728000 

6        3.352260000      0.955997000     11.301502000 

1        4.301872000      0.672893000     11.720185000 

6        5.621502000      0.468616000      9.703175000 

1        5.463034000     -0.428380000     10.294866000 

1        5.916572000      1.270402000     10.374611000 

1        6.442682000      0.279876000      9.017491000 

6        3.938609000     -0.301741000      7.992349000 

6        4.666410000     -1.480389000      7.896904000 

1        5.553710000     -1.623685000      8.488537000 

6        4.257092000     -2.487228000      7.033121000 

1        4.825534000     -3.403062000      6.957912000 

6        3.111868000     -2.290116000      6.272769000 

1        2.749403000     -3.039698000      5.584922000 

6        2.429088000     -1.101179000      6.405807000 

1        1.537284000     -0.908070000      5.830717000 

6        4.602107000      2.113577000      8.096955000 

7        0.702123000      3.331533000      7.516586000 

7       -0.055403000      0.625265000      7.404141000 

7        1.524240000      1.759277000      5.348418000 

6        1.245436000      2.026866000      2.613021000 

1        1.121155000      2.132566000      1.544599000 

6       -0.825482000      2.368029000      5.826602000 

6       -1.420024000     -1.158680000      8.215271000 

1       -1.507512000     -2.039445000      8.833442000 

6       -2.308497000      0.454192000      6.685583000 

1       -3.132469000      0.823004000      6.100656000 

6       -2.483190000     -0.681674000      7.463435000 

1       -3.439157000     -1.186032000      7.474197000 

6       -0.222283000     -0.477299000      8.153229000 

1        0.638258000     -0.809091000      8.712779000 

6        0.328869000      2.115194000      4.835394000 

6        2.467028000      1.653791000      3.154322000 

1        3.329615000      1.458660000      2.535043000 

6        2.561571000      1.524840000      4.523877000 

1        3.486823000      1.229178000      4.993021000 
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6        0.171788000      2.256661000      3.462022000 

1       -0.777878000      2.539972000      3.043603000 

6       -2.097035000      2.744322000      5.060881000 

1       -1.938613000      3.641410000      4.469317000 

1       -2.392211000      1.942666000      4.389336000 

1       -2.918098000      2.932924000      5.746738000 

6       -0.413788000      3.514383000      6.771513000 

6       -1.141706000      4.692926000      6.867403000 

1       -2.029200000      4.836211000      6.276062000 

6       -0.732228000      5.699701000      7.731182000 

1       -1.300767000      6.615446000      7.806728000 

6        0.413327000      5.502650000      8.491048000 

1        0.776004000      6.252203000      9.178817000 

6        1.096196000      4.313821000      8.357564000 

1        1.988402000      4.121056000      8.932183000 

6       -1.077403000      1.099070000      6.666644000 
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Cartesian coordinates of geometry optimized [Cr(tpe)2]+ (doublet) 

24       1.762423000      1.606357000      7.381618000 

7        2.807608000     -0.121602000      7.231621000 

7        3.542356000      2.571934000      7.354993000 

7        1.983413000      1.453542000      9.386812000 

6        2.274256000      1.236047000     12.145636000 

1        2.400994000      1.148099000     13.215267000 

6        4.334773000      0.834002000      8.926777000 

6        4.911342000      4.376345000      6.561578000 

1        4.992564000      5.260842000      5.946344000 

6        5.805289000      2.762513000      8.082882000 

1        6.628232000      2.391243000      8.669101000 

6        5.983295000      3.908177000      7.315142000 

1        6.935914000      4.418429000      7.309628000 

6        3.720293000      3.687325000      6.608163000 

1        2.864114000      4.015384000      6.040177000 

6        3.183570000      1.099987000      9.915421000 

6        1.049692000      1.597838000     11.592868000 

1        0.186384000      1.802645000     12.209372000 

6        0.946469000      1.695105000     10.223487000 

1        0.016537000      1.972263000      9.752677000 

6        3.342122000      0.988165000     11.290169000 

1        4.293917000      0.708879000     11.708073000 

6        5.605044000      0.452851000      9.691889000 

1        5.443900000     -0.444084000     10.283724000 

1        5.904098000      1.252525000     10.363968000 

1        6.426274000      0.262817000      9.006216000 

6        3.925852000     -0.309250000      7.978949000 

6        4.654062000     -1.486695000      7.873917000 

1        5.541272000     -1.633168000      8.465577000 

6        4.247986000     -2.491496000      7.002876000 

1        4.817127000     -3.406657000      6.922733000 

6        3.099812000     -2.288981000      6.243699000 

1        2.737538000     -3.035330000      5.551491000 

6        2.414736000     -1.103338000      6.385728000 

1        1.520683000     -0.904326000      5.816293000 

6        4.582276000      2.105685000      8.093766000 

7        0.717281000      3.334326000      7.531654000 

7       -0.017446000      0.640580000      7.408405000 

7        1.541141000      1.759176000      5.376496000 

6        1.249706000      1.976393000      2.617682000 

1        1.122738000      2.064237000      1.548071000 

6       -0.810240000      2.378531000      5.836908000 

6       -1.386133000     -1.163954000      8.201994000 

1       -1.467192000     -2.048514000      8.817165000 

6       -2.280556000      0.449979000      6.681079000 

1       -3.103661000      0.821274000      6.095103000 

6       -2.458312000     -0.695742000      7.448780000 

1       -3.410918000     -1.206018000      7.454525000 

6       -0.195087000     -0.474912000      8.155199000 

1        0.661307000     -0.802982000      8.722877000 

6        0.340819000      2.112563000      4.848082000 

6        2.474429000      1.614790000      3.170240000 

1        3.337642000      1.410024000      2.553588000 

6        2.577919000      1.517653000      4.539597000 

1        3.508006000      1.240710000      5.010228000 
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6        0.181997000      2.224246000      3.473357000 

1       -0.769910000      2.503401000      3.055616000 

6       -2.080640000      2.759638000      5.071987000 

1       -1.919631000      3.656603000      4.480158000 

1       -2.379746000      1.959961000      4.399935000 

1       -2.901787000      2.949597000      5.757778000 

6       -0.401248000      3.521791000      6.784708000 

6       -1.129700000      4.699057000      6.890096000 

1       -2.017158000      4.845366000      6.298769000 

6       -0.723559000      5.703873000      7.761092000 

1       -1.292914000      6.618874000      7.841548000 

6        0.424984000      5.501594000      8.519776000 

1        0.787388000      6.248025000      9.211831000 

6        1.110313000      4.316139000      8.377402000 

1        2.004885000      4.117514000      8.946171000 

6       -1.057554000      1.106832000      6.669929000 
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7 Strongly Red-Emissive Molecular Ruby [Cr(bpmp)2]
3+

 Surpasses 

[Ru(bpy)3]
2+ 

 

7.1 Preamble 

My contribution to this publication was step-scan FTIR spectroscopy and luminescence spectroscopy 

in the solid state (KBr matrix/thin films) at different temperatures on [Cr(bpmp)2][BF4]3. I contributed 

to the refinement of the manuscript and was supervised by Markus Gerhards and Gereon Niedner-

Schatteburg.  

Florian Reichenauer performed the synthesis and analytical characterization, DFT as well as complete 

active space self-consistent field (CASSCF) calculations on [Cr(bpmp)2]
3+

. Christoph Förster performed 

DFT and CASSCF calculations on the reference complexes and solved the X-ray structures. Florian 

Reichenauer and Christoph Förster worked under the supervision of Katja Heinze. Ciu Wang 

measured luminescence quantum yields and lifetimes in solution as well as bulk materials and was 

supervised by Ute Resch-Genger. Naz Ugur and Ricardo Báez-Cruz conducted femtosecond transient 

absorption spectroscopy, supervised by Charusheela Ramanan. The NIR overtone spectroscopy was 

performed by Jens Kalmbach, supervised by Michael Seitz. Luca Carrella performed the magnetic 

measurements under the supervision of Eva Rentschler. Katja Heinze designed the concept and 

wrote the manuscript. Manuscript refinement was done by contributions from all coauthors.   
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ABSTRACT: Gaining chemical control over the thermodynamics
and kinetics of photoexcited states is paramount to an efficient and
sustainable utilization of photoactive transition metal complexes in
a plethora of technologies. In contrast to energies of charge transfer
states described by spatially separated orbitals, the energies of spin-
flip states cannot straightforwardly be predicted as Pauli repulsion
and the nephelauxetic effect play key roles. Guided by multi-
reference quantum chemical calculations, we report a novel highly
luminescent spin-flip emitter with a quantum chemically predicted
blue-shifted luminescence. The spin-flip emission band of the
chromium complex [Cr(bpmp)2]

3+ (bpmp = 2,6-bis(2-pyridyl-
methyl)pyridine) shifted to higher energy from ca. 780 nm
observed for known highly emissive chromium(III) complexes to
709 nm. The photoluminescence quantum yields climb to 20%, and very long excited state lifetimes in the millisecond range are
achieved at room temperature in acidic D2O solution. Partial ligand deuteration increases the quantum yield to 25%. The high
excited state energy of [Cr(bpmp)2]

3+ and its facile reduction to [Cr(bpmp)2]
2+ result in a high excited state redox potential. The

ligand’s methylene bridge acts as a Brønsted acid quenching the luminescence at high pH. Combined with a pH-insensitive
chromium(III) emitter, ratiometric optical pH sensing is achieved with single wavelength excitation. The photophysical and ground
state properties (quantum yield, lifetime, redox potential, and acid/base) of this spin-flip complex incorporating an earth-abundant
metal surpass those of the classical precious metal [Ru(α-diimine)3]

2+ charge transfer complexes, which are commonly employed in
optical sensing and photo(redox) catalysis, underlining the bright future of these molecular ruby analogues.

■ INTRODUCTION

In optical sensing, imaging, and photo(redox) chemistry,
complexes with d6 (e.g., RuII, IrIII, OsII, or ReI and recently
Mo0),1−13 d8 (PtII, AuIII),14 or d10 (CuI)15−22 electron
configuration and electron deficient ligands are typically
employed. Complexes of these metal ions with suitable electron
accepting ligands such as 2,2′-bipyridine (bpy) or 2,2′:6′,2″-
terpyridine (tpy) can possess favorable long-lived, luminescent,
and/or redox active triplet metal-to-ligand charge transfer
(3MLCT) states. Such complexes are hence ubiquitous in
photosensitized reactions, OLEDs, bioimaging probes, optical
sensors, photodrugs, and dye-sensitized solar cells.1−10 In the
past few years, the substitution of precious metals by earth-
abundant basemetals has become a vivid and important research
area aiming at sustainable photochemistry and photophysical
applications.23−40 Luminescent ligand-to-metal (LMCT) states
of earth-abundant FeIII and CoIII complexes have emerged very
recently as alternative useful excited states of 3d transition metal
complexes.38−40 The highest quantum yields achieved so far
with charge transfer (CT) emitters of MLCT or LMCT

character based on earth-abundant 3d metals (except from the
special case of copper(I)) are 0.001% (Cr0),33 0.7% (CoIII),40

and 2.1% (FeIII).38

Fundamentally different from charge transfer states, which
involve spatially separated metal and ligand frontier orbitals,41

are metal-centered spin-flip states.26,42−48 Such localized spin-
flip states can be phosphorescent, in particular in the near-
infrared spectral region.26,44,49 These excited states could be
useful for optical applications (sensing, imaging, and lasing) as
well as excited state electron and energy transfer reactions.
However, most transition metal complexes with a d2 or d3

electron configuration suitable for a spin-flip luminescence50 are
only weakly emissive (Φ≪ 0.15%).44,49 With the development
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of the so-called molecular ruby [Cr(ddpd)2]
3+ (ddpd = N,N′-

dimethyl-N,N′-dipyridine-2-ylpyridine-2,6-diamine51,52), we
achieved record photoluminescence quantum yields of Φ =
11% (Φ = 30% with a partially deuterated ddpd ligand) of the
NIR luminescence (λem = 775 nm).53,54 Several applications in
the fields of sensing, photocatalysis, upconversion, and circularly
polarized luminescence already emerged in the past few
years.55−64 Variations of the ligand and the complex symmetry
increased the lifetime of the luminescent excited spin-flip state
up to the current record value of 4500 μs.65 However, all these
highly emissive chromium(III) complexes based on the
molecular ruby motif emit in the near-infrared spectral region
(≫700 nm; ≪1.77 eV) up to now (Scheme 1).53−65

Red, long-lived emission (i.e., <≈700 nm) has been achieved
by using europium(III)66,67 and ruthenium(II) complexes
(Scheme 1). Consequently, complexes of these metals are
heavily exploited for example in biosensing.68−70,48 However,
these metals are dramatically less abundant than chromium by
factors of ca. 100 and 10000. This scarcity is also reflected by the
prices of ca. 30, 7300, and 16250 € mol−1 for CrCl3, EuCl3, and
RuCl3, respectively (based on the hydrated chlorides;
commercial supplier, May 2021). Bright red emission from
spin-flip excited states has only been realized in solid CrIII

materials such as ruby Al2O3:Cr
3+ itself (695 nm)71−74 and in

MnIV-doped solids, e.g., K2SiF6:Mn4+ (630 nm),75 but remained
elusive for molecular chromium(III) complexes. Either the spin-
flip states of previously reported molecular CrIII complexes are at
a too low energy as in the molecular rubies (Scheme 1),53,57,64,65

or the quantum yields are extremely poor (0.024%−
0.000005%).49

Unlike the straightforward and well-founded correlations
elucidated for charge transfer complexes withMLCT, LMCT, or
LL′CT excited states and organic emitters with donor−acceptor
character, shifting of the excited doublet state levels of such spin-
flip emitters and hence the emission color by chemical measures,
such as donor atom variation or substitution patterns of the
ligands, is extremely difficult to predict. A clear-cut correlation
with ligand types for chromium(III) spin-flip emitters49 remains
elusive beyond the classical ligand field parameters of the
covalently reduced d−d interelectronic repulsion (B and C
ligand field parameters), that is, the nephelauxetic series of
simple classical ligands such as halides.76−78 The accurate
description79−82 of the relevant excited quartet and doublet
states83−86,58 is challenging due to the required consideration of
interelectronic repulsion.81 The localized spin-flip character
instead of the charge transfer nature of the classical CT
luminophores with separately addressable spatially distinct wave
functions has furthermore precluded reliable predictions for
spin-flip levels so far. However, recent method developments in
quantum chemistry and coding suitable for open-shell
complexes of realistic size in general and chromium(III) in
particular conceptually tackled this challenge.79−87

In this study, we address the challenge to increase the energy
of the spin-flip state in molecular chromium(III) complexes,
while concomitantly maintaining a high quantum yield by
providing a large enough energy gap between the detrimental
metal centered quartet states and the emissive spin-flip level(s)
using high-level quantum chemical calculations and the
translation to synthesis, spectroscopy, and first applications of
the resulting complex.

■ RESULTS AND DISCUSSION

Quantum Chemical Screening. To identify a ligand
modification, which shifts the energy of the emissive spin-flip
state(s) (2E and 2T1) of chromium(III) complexes to higher
energy while maintaining a large enough quartet state energy
(4T2), we screened six-coordinate chromium(III) complexes
with several monodentate and chelate ligands (NH3, CN

−,
acac−) and in particular pyridine-based ligands (py, bpy, tpy,
ddpd) by high-level quantum chemical methods. As density
functional theory (DFT) methods failed to give the correct
ordering of doublet (2E, 2T1) and quartet excited states (

4T2),
81

an ab initio multireference method was selected.83−86Complete
active space self-consistent field (CASSCF) calculations
combined with N-electron valence state perturbation theory
(NEVPT2) to account for dynamic electron correlation based
on a fully internally contracted (FIC) wave function have been
successfully used for open-shell metal complexes.83−86,58,44 This
method was employed in the following for the complexes
selected.
First, DFT calculations on the CPCM(acetonitrile)-UB3LYP-

D3BJ-ZORA/def2-TZVPP level deliver the optimized geo-
metries of the chromium(III) complexes in their respective 4A2

ground states. Subsequently, CASSCF-FIC-NEVPT2 calcula-
tions with an active space comprising the five 3d orbitals and the
three d electrons CAS(3,5) estimate the required excited state
energies (Table S1, Supporting Information). These calcu-

Scheme 1. NIR-Emissive Chromium(III) Complexes and
Classical Red-Emissive Complexes Based on Ruthenium(II)
and Europium(III)
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lations were followed by an ab initio ligand field theory (AILFT)
analysis to yield the Racah parameters B and C and the ligand
field splitting Δ0 (Table S2).

83,84

This initial screening of DFT-optimized chromium(III)
complexes coordinated by monodentate and chelate ligands
Cr(acac)3, [Cr(NH3)6]

3+, [Cr(py)6]
3+, [Cr(tpy)2]

3+, [Cr-
(bpy)3]

3+, [Cr(ddpd)2]
3+, and [Cr(CN)6]

3− yielded ligand
field splittingsΔ0 (

4T2 energies) increasing in the order of acac
−

< py < tpy < ddpd < NH3 < bpy < CN− (Table S1). The
experimental spectrochemical series acac− < tpy < ddpd < bpy <
CN−, that is, the experimentally observed ligand field transitions
4A2→

4T2, confirms this approach. As the ligand field splitting
Δ0 of all these complexes is large enough to enable luminescence
from doublet states, the decisive parameter is the Racah
parameter B, which determines the energy of the doublet states.
The calculated B values increase in the order CN− (888 cm−1) <
tpy < ddpd < py < acac− ≈ bpy < NH3 (988 cm

−1) (Table S2).
Clearly, this nephelauxetic series is difficult to explain or even to
predict based on simple guidelines. As the tridentate ddpd ligand
performed well in previous luminescence studies of its
chromium(III) complex due to its large enough Δ0 and relative
rigidity,26,53,54 we attempted simple modifications of ddpd
maintaining the tridentate ligation and the six-membered
chelate rings.
Replacing the NMe groups of the ddpd ligand by CH2 bridges

provided a hit structure based on the two conditions of high
energy doublet and high energy excited quartet levels. The
chromium(III) complex [Cr(bpmp)2]

3+ with the ligand 2,6-
bis(2-pyridylmethyl)pyridine (bpmp) shows the highest calcu-
lated B = 1003 cm−1 in the series, while maintaining a large
enough Δ0 = 20882 cm−1 (Tables S1 and S2).
For [Cr(bpmp)2]

3+ and its parent complex [Cr(ddpd)2]
3+ the

active space was then expanded to CAS(7,12) with the two filled
Cr−N σ-bonding orbitals and a second d shell.86,87 This
methodology had proven to be sufficiently accurate to predict
the relative energies of excited quartet and doublet states and
even the energy gap between the two lowest doublet states for
[Cr(ddpd)2]

3+.58

The refined calculation of the doublet and quartet excited
states of [Cr(bpmp)2]

3+ using CASSCF(7,12)-FIC-NEVPT2
confirmed the relative doublet and quartet energies (Figure 1;
Tables S1 and S3). Interestingly, one doublet microstate of 2T1

parentage drops below the lowest energy doublet microstate of
2E parentage in the CASSCF(7,12)-FIC-NEVPT2 calculation,
similar to the doublet state ordering of the parent complex
[Cr(ddpd)2]

3+ (Figure 1 and Table S3).58 The energy gap
between the lowest doublet state and the lowest excited quartet
level (from the 4T2 set) in [Cr(bpmp)2]

3+ amounts to 6010
cm−1 (>70 kJ mol−1) on this level of theory. After excitation,
intersystem crossing (ISC), and vibrational cooling (VC), this
large gap prohibits back-intersystem crossing (back-ISC) at
room temperature. Consequently, the detrimental nonradiative
relaxation via the 4T2 state is eliminated. Importantly, the
calculated energy of the lowest emissive doublet level of
[Cr(bpmp)2]

3+ exceeds that calculated for [Cr(ddpd)2]
3+ by

766 cm−1 at the same level of theory as desired (Figure 1 and
Table S3).
Synthesis, Structure, and Ground State Reactivity of

[Cr(bpmp)2]
3+. Encouraged by the quantum chemical

predictions and the facile synthesis of the proposed suitable
ligand bpmp,88 the corresponding chromium(III) complex
[Cr(bpmp)2]

3+ was prepared. However, unlike the straightfor-
ward synthesis of [Cr(ddpd)2]

3+,53 simple mixing of bpmp and

CrCl2 resulted in redox reactions instead of the desired
complexation. Consequently, a stepwise route starting from
chromium(III) chloride89,90 instead of chromium(II) chloride
was applied (Figure 2a).
Refluxing the inexpensive starting material CrCl3·6H2O with

1 equiv of the ligand bpmp in isopropanol gives the green
chlorido complex Cr(bpmp)Cl3 in nearly quantitative yield
(Figure 2a). The heteroleptic complex Cr(bpmp)Cl3 was
characterized by IR spectroscopy, mass spectrometry, and
elemental analysis (Figures S1 and S2). Quantitative sub-
stitution of the three coordinated chlorido ligands of Cr-
(bpmp)Cl3 by more labile triflates with triflic acid yields the red-
brown complex Cr(bpmp)(OTf)3 under release of gaseous HCl
(Figure 2a). An analogous procedure starts from CrBr3·6H2O
but gives no further advantage (Figures S3 and S4). The
constitution of Cr(bpmp)(OTf)3 is confirmed by IR spectros-
copy, mass spectrometry, and single crystal X-ray diffraction
(Figure 2b, Figures S5 and S6).
XRD analysis of a single crystal of Cr(bpmp)-

(OTf)3·
1/4CH3CN confirms the meridional configuration of

the cation (Figure 2b). Interestingly, the triflato ligands form
intra- and intermolecular CH···O hydrogen bonds to the
methylene bridges of the bpmp ligand, indicating a significant

Figure 1. DFT-optimized geometries and Jablonski diagrams derived
from CASSCF(7,12)-FIC-NEVPT2 calculations of [Cr(ddpd)2]

3+

(left)58 and [Cr(bpmp)2]
3+ (right). The energy difference between

the two lowest doublet levels of the complexes is indicated by arrows
and highlighted in yellow. ISC = intersystem crossing, IC = internal
conversion, and VC = vibrational cooling. Decay cascades starting from
4LMCT and 4T2 states are indicated with dotted purple and green
arrows, respectively. The experimentally employed excitation and
observed emission wavelengths are given in parentheses.
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CH acidity of the coordinated ligand (d(C···Ointra) = 3.00−3.36
Å; d(C···Ointer) = 3.52−3.56 Å). Ligand exchange by a further
equivalent of bpmp furnishes the cationic paramagnetic orange
complex as triflate salt [Cr(bpmp)2][OTf]3 (Figure 2a)
substantiated by IR spectroscopy, mass spectrometry, elemental
analysis, and SQUID magnetometry (Figures S7−S9). Its
constitution and meridional configuration was confirmed by
single crystal X-ray diffraction of [Cr(bpmp)2][OTf]3·
CH3CH2OH (Figure 2b and Table S6).
The experimental structure of the cation fits to the geometry

calculated by DFT (Figures 1 and 2b, Table S6). Notably, the
[CrN6] core is highly octahedral with balanced Cr−N distances
and N−Cr−N angles close to 90°. This ensures a large Cr/N
orbital overlap and consequently a large ligand field splitting and
high energy excited quartet levels.
In the solid state, the methylene bridges of the bpmp ligands

form CH···O hydrogen bonds with the triflate counterions
(d(C···O) = 3.12−3.49 Å; Figure 2b) similar to Cr(bpmp)-
(OTf)3. Exchange of the triflates could be achieved with
[nBu4N][BF4], [

nBu4N][PF6], or [
nBu4N][ClO4] as shown by

IR spectroscopy, mass spectrometry, elemental analysis, and
single crystal XRD analysis of the tetrafluoroborate salt (Figures
S10−S14). Hydrogen bonds of the ligand’s CH2 bridges to BF4

−

counterions are present with C···F distances between 2.90 and
3.70 Å in the solid state (Figure S14).
At pH above 7−8, [Cr(bpmp)2]

3+ converts to a dark yellow to
brown complex in solution (Video S1). Even a solid sample

reacts with gaseous ammonia to the brown complex and back to
starting material with gaseous HCl (Video S2). UV/vis
spectroscopy in H2O reveals intense broad bands at ca. 350,
455, 540, 615, and 730 nm tailing up to 950 nm (Figure S15).
This reactivity is associated with the acidity of the bridging CH2

units in the cationic complex, which is already reflected in the
hydrogen bonding of the triflates to the CH2 groups in the solid
state (Figure 2b). Comparing the experimental UV/vis
spectrum with the time-dependent (TD-)DFT calculated
transitions for the corresponding base [Cr(bpmp)(bpmp-
H)]2+ supports this acid/base chemistry (Figure S15 and
Table S7). Photometric titration yields a pKa value of 8.6 (Figure
S16). [Cr(bpmp)2]

3+ is similarly acidic as the NH analogue
[Cr(H2tpda)2]

3+with NH bridging units (pKa 8.8; Scheme 1).57

The methylene bridge can be reversibly de- and reprotonated by
NaOH and HClaq or HOTf, respectively, several times as
demonstrated optically and photometrically (Figure S17).
However, above ca. pH 10 further processes set in which are
partially irreversible, as suggested by the optical spectra (Figure
S17). ESI mass spectra of [Cr(bpmp)2][OTf]3 display peaks at
mass-to-charge ratios of 191.4 (7%), 286.6 (13%), and 572.2
(100%), corresponding to {[Cr(bpmp)2]}

3+, {[Cr(bpmp)2]-
H}2+, and {[Cr(bpmp)2]-2H}

+, respectively (Figure S7). The
BF4

− and PF6
− salts exhibits similar mass spectroscopic patterns

(Figures S10 and S12). This further underscores the high acidity
of [Cr(bpmp)2]

3+. To ensure full protonation of the bridge and
prohibit any decomposition, pertinent optical measurements
were performed in the presence of aqueous perchloric acid.
A reversible [Cr(bpmp)2]

3+/2+ reduction wave appears at
−0.81 V vs ferrocene in the cyclic voltammogram followed by
the waves for the [Cr(bpmp)2]

2+/+, [Cr(bpmp)2]
+/0, and

[Cr(bpmp)2]
0/1− couples at −1.80, −2.13, and −2.31 V,

respectively (Figures S18 and S19). The [Cr(bpmp)2]
3+/2+

wave is shifted anodically by 0.3 V compared to that of the
[Cr(ddpd)2]

3+/2+ couple.53 The more electron-deficient nature
of the bpmp ligand as compared to ddpd accounts for this redox
potential shift. Indeed, DFT calculations of [Cr(bpmp)2]

2+

suggest an electronic structure of a low-spin chromium(II) ion
admixed with a chromium(III) ion antiferromagnetically
coupled to a ligand-centered radical (Figure S20). With this
assignment, the electronic structure of [Cr(bpmp)2]

2+ is
between a genuine chromium(II) ion as found for [Cr-
(ddpd)2]

2+ 53,93 and a ligand-centered radical found for
[Cr(bpy)3]

2+/[Cr(tpy)2]
2+ 91,92 and [Cr(tpe)2]

2+ 65 complexes
(Figure 1, tpe = 1,1,1-tris(pyrid-2-yl)ethane).

Excited State Properties and Dynamics. The absorption
spectrum of [Cr(bpmp)2]

3+ in solution (H2O or CH3CN) can
be divided into three spectral regions (Figure 3a). According to
TD-DFT calculations (Figure S21), bands at 239 and 270 nm
are assigned to π−π* transitions of the ligand, the band at 340
nm to 4LMCT transitions, and the weak band at 465 nm (ε = 60
M−1 cm−1, Figure 3a) to Laporte-forbidden 4A2 →

4T2

transitions.
The latter absorption band reflects the ligand field splitting

(Δ0,exp ≈ 21500 cm−1). This splitting is somewhat smaller than
that of [Cr(ddpd)2]

3+ with Δ0,exp ≈ 22990 cm−1.53 The
CASSCF-NEVPT2 calculations confirm this smaller ligand
field splitting (Figure 1). The splitting is still sufficiently large to
prevent nonradiative decay via back-ISC. Yet, this lower energy
for excitation might be beneficial for future applications.
Excitation with 462 nm light gives rise to a very sharp emission
band (FWHM280 cm−1) peaking at 709 nm (Figure 3a). This is
at the lower energy side of the visible spectral region giving a

Figure 2. (a) Synthesis of [Cr(bpmp)2][OTf]3 via Cr(bpmp)Cl3 and
Cr(bpmp)(OTf)3 and (b) molecular structures of the complexes in the
solid state. Hydrogen bonding of triflate ions to the CH2 groups is
illustrated in [Cr(bpmp)2][OTf]3 by dashed lines. Hydrogen atoms
(except for the CH2 groups) are omitted.
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deep red emission with CIE coordinates of x = 0.7326 and y =
0.2674 at the utmost corner of the CIE 1931 diagram (Figure 3b
and Figure S22).94

The excitation spectrum (λobs = 709 nm) closely follows the
absorption spectrum in the region of 300−600 nm. This
confirms that the emission arises from the [Cr(bpmp)2]

3+

chromophore. Furthermore, higher energy 4LMCT states
around 350 nm efficiently evolve to the luminescent state as
well bypassing further loss channels (Figure 3a).
Gratifyingly, this emission band is higher in energy than that

of [Cr(ddpd)2]
3+ 53 by 1200 cm−1, in agreement with the

predicted trend of the CASSCF-NEVPT2 calculations (Figure
1). The experimentally determined excited state energies
(lowest excited quartet and doublet states) reflect the quantum
chemically predicted trends and confirm the validity of our
screening strategy. The most important aspect is the red
emission of [Cr(bpmp)2]

3+ which is readily detected with
conventional detectors. Although only a fraction of the sharp
emission band tails into the visible red region (Figure 3a), the
red emission under illumination in solution can even be
observed by the naked eye (Figure 3b).

Upon cooling, the emission band sharpens further with a
FWHM = 230 cm−1 at 130 K in frozen butyronitrile solution.
Fine structure appears at the lower energy side of the emission
band at lower temperature. The pattern can be fitted by five
Voigt functions centered at 14140, 14017, 13788, 13483, and
13099 cm−1 (Figure S23). At lower temperature, the intensity of
the three lower energy bands increases relative to the prominent
709 nm band at room temperature. This behavior is similar to
that of [Cr(ddpd)2]

3+ describing a Boltzmann distribution
between two equilibrating emissive states.53,55 The higher
energy state is more emissive, that is, less prone to thermally
activated nonradiative decay. This is confirmed by the
luminescence spectra of a KBr pellet of [Cr(bpmp)2][BF4]3
cooled to 10 K. Below ca. 130 K the low-energy emission (719.5
nm; 13900 cm−1) dramatically increases in intensity, suggesting
less efficient nonradiative decay pathways for this state at low
temperature (Figure 4). Concomitantly, the high-energy

emission (709 nm; 14105 cm−1) vanishes. The energy difference
is in the range predicted by the CASSCF(7,12)-NEVPT2
calculations for the two lowest doublet states (ΔEexp = 245 cm

−1;
ΔECASSCF = 154 cm−1). The thermally activated nonradiative
decay could be enabled by a surface crossing with the ground
state, similar to the effects observed for [Cr(tpe)2]

3+.65 For this
path to be operative, the lowest emissive state should be
distorted relative to the ground state. This fits to a slightly
distorted microstate of 2T1 parentage which has been predicted
by CASSCF(7,12)-NEVPT2 as the lowest doublet state. The
presence of a vibrational fine structure of the low energy band
confirms the distortion of this excited doublet state. Tentatively,

Figure 3. (a) UV/vis absorption spectrum (black), excitation spectrum
(λobs = 709 nm, green), and emission spectrum (λexc = 462 nm, red) of
[Cr(bpmp)2][OTf]3 in deaerated H2O (0.1 M HClO4) at room
temperature; the inset shows the emission decay curves of
[Cr(bpmp)2][OTf]3 in D2O (0.1 M DClO4) deaerated (red) and
saturated with O2 (black). b) Photographs of the red/orange emitters
[Ru(bpy)3]

2+, [Eu(H2O)(OTf)2(tpy)2]
+, and the deep red emitter

[Cr(bpmp)2]
3+ in H2O under irradiation with λexc = 340 nm.

Figure 4. (a) Temperature-dependent luminescence spectra of
[Cr(bpmp)2][BF4]3 in a KBr matrix recorded between 10 K (purple)
and 290 K (red) with λexc = 355 nm. The inset shows the
spectra between 130 and 290 K. (b) Photographs of crystalline
[Cr(bpmp)2][OTf]3 under ambient light and under irradiation with
λexc = 340 nm.
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the vibrational progression of ca. 290 cm−1 could correspond to
a Cr−Nvibration (in the xy-plane) of the ground state according
to the DFT calculations (308 cm−1, scaled by 0.98:302 cm−1;
Figure S24). For [Cr(NH3)6]

3+, vibrations of odd symmetry
δ(T1u, N−Cr−N) and ν(T1u, Cr−N) have been found at 267
and 458 cm−1, respectively.95

Themuch higher integrated emission intensity upon cooling a
sample of [Cr(bpmp)2][BF4]3 in a KBr pellet from 290 to 10 K
parallels an increase of the average photoluminescence lifetime
from 38.0 to 1900 μs, respectively (Figure S25 and Table S8).
The observed temperature dependence supports the model of
reduced thermally available nonradiative decay pathways below
ca. 130 K.
The photoluminescence quantum yield of [Cr(bpmp)2]-

[OTf]3 reaches 12.3% at room temperature in deaerated H2O
solution (Table 1). This is similar to the quantum yield of the

NIR emissive molecular ruby [Cr(ddpd)2]
3+ and larger by

several orders of magnitude compared to other reported
chromium(III) emitters with emission in the red spectral
region.49 In pure and dry CH3CN as well as in phosphate-
buffered saline (PBS) buffer (0.1 M) the quantum yield drops
below 2%, likely due to the deprotonation of the coordinated
bpmp ligand in the ground state. Preventing CH2 bridge
deprotonation by adding HClO4 increases the quantum yield to
15.8%. In the deuterated environments CD3CN (DClO4) and
D2O(DClO4) the quantum yields increase to record numbers of
15.5% and 19.6%, respectively (Table 1). Other salts of
[Cr(bpmp)2]

3+ (ClO4
−, PF6

−, BF4
−) show a similar behavior

under acidic conditions (Table S9). The PF6
− salt even reaches a

quantum yield of 20% in D2O/DClO4 solution (Table S9). The
acid/base chemistry and consequently the luminescence depend
on the counterion in neutral to basic environments (Table S9).
In line with the above-mentioned acid/base chemistry, the

CH acidic protons of the CH2 bridges readily exchange with
deuterium in D2O (Figures S26 and S27). Replacement of CH
by CD oscillators reduces the nonradiative excited state decay
via multiphonon relaxation54,57,96 involving the aliphatic CH/

CD oscillators with Cr···H distances of 3.1−4.3 Å. Indeed, the
quantum yield of [Cr(bpmp)2][OTf]3 increases from 15.8 to
19.6% by replacing H2O/HClO4 by D2O/DClO4 (Table 1).
This gain results from the combined effect of the CH/CD
replacement in the ligand methylene bridges and the OH/OD
replacement in the aqueous solution. As the bridges rapidly
exchange H/D in H2O or D2O, these first- and second-sphere
isotope effects cannot be disentangled.
[Cr(ddpd)2]

3+ with a lower emission energy has some
spectral overlap with the third aromaticCH vibrational overtone
ν4CH at ≈11493 cm−1 with a comparably high extinction
coeffic i en t . 5 4 Deute r a t i on o f [Cr(ddpd) 2 ]

3 + t o
[Cr([Dx]-ddpd)2]

3+ (>95% D at the pyridine α-positions
which are closest to the metal center) increased the quantum
yield to 30% in CD3CN.

54 The spectral overlap integral of the
sharp [Cr(bpmp)2]

3+ emission band at 14124 cm−1 with
overtones of aromatic CH oscillators is rather small as the
accepting energy level derives from the fourth vibrational
overtone ν5CH at≈14065 cm

−1.54This high overtone possesses a
very small extinction coefficient.54 To ascertain whether a
further boost of the quantum yield could be achieved by
deuteration of aromatic ligand protons, the ligand [D2]-bpmp
with the pyridine’s α-positions deuterated and its chromium
complex [Cr([D2]-bpmp)2]

3+ were synthesized as detailed in
the Supporting Information (Figures S28−S37). This deutera-
tion at the α-position increases the luminescence quantum yield
from Φ = 19.6% to Φ = 24.6% in D2O/DClO4 (Table 1).
Concomitantly, the lifetime increases from 1800 to 2500 μs
(Table 1). This substantial increase in luminescence efficiency
can be traced back to the comparison of spectral overlap of the
relevant isotopologic C−(H/D) overtones with the doublet
emission of chromium (Figures S38−S43). The fourth CH
overtone (ν5CH) shows good spectral overlap (Figure S42),
leading to a substantial nonradiative relaxation, while CD
oscillators have a much smaller spectral overlap (Figure S43), in
addition to the generally decreased oscillator strength compared
to CH oscillators.
The photophysical properties of [Cr(bpmp)2]

3+ and
[Cr([D2]-bpmp)2]

3+ outperform the record NIR photolumi-
nescence data of the molecular ruby [Cr(ddpd)2]

3+ 54 and the
standard red-orange emitter [Ru(bpy)3]

2+ (Φ(CH3CN) =
9.5%; τ(CH3CN) = 1.1 μs; Φ(H2O) = 6.3%; τ(H2O) = 0.65
μs; Scheme 1).97−99

In the solid state, the details of the photoluminescence
quantum yield and lifetime depend on the counterion. The
quantum yield increases in the series BF4

−, ClO4
−, PF6

−, and
OTf− (Φ = 0.5, 1.7, 2.0, and 7.1%) under aerated conditions.
The luminescence decay was fitted mono-, bi-, or triexponen-
tially and follows the same increasing trend with 36 μs, 89/230
μs (52:48), 530/250/110 μs (13:66:21), and 1100/520/190 μs
(54:41:5), respectively. Clearly, the different packing and
possible counterion association modify the solid state
luminescence. Counterion effects on solid state and solution
luminescence and photoreactivity have been reported previously
for MLCT emitters,100,101 yet a clear structure−activity
relationship of counterion and luminescence in general, and
spin-flip luminescence in particular,102 is still elusive and more
data are required.
The very long lifetime of the emissive state(s) allowed

recording step-scan FT-IR spectra44,65,103−105 after excitation of
[Cr(bpmp)2][BF4]3 in a KBr pellet with 355 nm excitation at
290 and 20 K (Figure 5a and Figures S44−S49). This high
energy pulse likely populates allowed 4LMCT states with

Table 1. Quantum YieldsΦ and Luminescence Lifetimes τ of
[Cr(bpmp)2][OTf]3 and [Cr([D2]-bpmp)2][OTf]3 in
Various Environments at RoomTemperature (λexc = 462 nm)

solvent acida O2
c

Φ (%) τ (μs)

[Cr(bpmp)2]
3+

H2O − 12.3 1360

H2O HClO4 − 15.8 1550

H2O HClO4 + 9.8 880

D2O DClO4
b

− 19.6 1800

D2O DClO4
b + 9.8 840

CH3CN − 0.8 840

CH3CN HClO4 − 11.4 1290

CH3CN HClO4 + 4.6 390

CD3CN DClO4
b

− 15.5 1340

CD3CN DClO4
b + 4.3 380

PBS (pH 6.6) − 1.4 600

PBS (pH 6.4) + 1.4 470

[Cr([D2]-bpmp)2]
3+

D2O DClO4 − 24.6 2500

D2O DClO4 + 9.5 990
aFinal HClO4 (DClO4) concentration c = 0.1 M. bUnder these
conditions, H→ D exchange at the methylene bridge is expected. c“+”
refers to atmospheric conditions and “−” to inert conditions.
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pyridine→ t2g CT character according to TD-DFT calculations
(Figure 1 and Figure S21). The absorption and emission spectra
are hardly affected by the matrix (solution, KBr pellet, thin film;
Figures S50 and S51). The ground state FT-IR spectra are
essentially superimposable at 290 and 20 K (Figure S44). On the
other hand, the normalized excited state spectra show significant
differences around 1600 cm−1, 1550 cm−1, and between 1400
and 1450 cm−1 at 290 and 20 K (Figure 5b). This is an indication
for a temperature-dependent population of the contributing
long-lived excited doublet states. With an estimated energy
difference of the two lowest doublet microstates of 2T1 and

2E
parentage of 245 cm−1 from the luminescence spectra (155 cm−1

from the CASSCF-NEVPT2 calculations), the derived
Boltzmann population ratio amounts to 77:23 (CASSCF:
68:32) and 100:0 (CASSCF: 100:0) at 290 and 20 K,
respectively. Consequently, only the lowest energy excited
state is populated at 20 K. At 290 K, the rise and decay of the
most prominent IR bands at 1612, 1603, 1588, and 1451 cm−1

were considered in a global fit to yield biexponential decays of 37
and 2.5 μs with contributions of 77% and 23%, respectively
(Figure S48). This ratio matches the population ratio estimated
from the luminescence energies. At 20 K, the higher doublet
state is hardly populated. Indeed, the global fit of the IR bands

yields a major time constant of 372 μs (96%) and a minor one of
13 μs (4%) (Figure S49). As thermal equilibration is not feasible
at 20 K, the minor component might arise from the branching
dynamics along the decay cascade after 4LMCT excitation to the
final excited 2E/2T1 states (Figure 1, purple arrows).
To experimentally probe the initial dynamics after excitation,

subpicosecond transient absorption (TA) spectra of
[Cr(bpmp)2][OTf]3 in CH3CN (HClO4) were recorded with
excitation at 515 nm (4T2), 460 nm (4T2), and 350 nm
(4LMCT) (Figure 6 and Figures S52−S54). The TA spectra of

the 515 and 460 nm excitation are very similar apart from the
lower pump laser power at 460 nm, confirming that the same
initial states are populated (Figure 6a and Figure S54). The TA
spectra after 4T2 excitation with 515 nm (Figure 6a) were fitted
with three time constants τ5151,2,3 of <200 fs, 300 ps, and a
nondecaying component within the 8 ns time window,
respectively. The fast decaying component τ5151 is attributed
to a coherent artifact necessary for the fit. The slow decaying
component τ5153 is straightforwardly assigned to the long-lived
2E/2T1 states. As the evolution-associated difference spectra
(EADS) relating to τ2 and τ3 are similar lacking significant
spectral shifts (Figure S52), they correspond to states of similar
nature. A kinetic model assigns τ5152 = 300 ps to internal
conversion (IC) and vibrational cooling (VC) within doublet
states k(IC1+VC1) (Figure 1) while intersystem crossing (ISC)
is faster than the instrument’s time resolution (τ5151(ISC1) < 200
fs). The combined ISC1, IC1, and VC1 processes are slower than
observed for [Cr(ddpd)2]

3+ with 3.5 ps,56 Cr(acac)3 with 1.1 ps

Figure 5. (a) Ground state (bottom) and step-scan FT-IR spectra (top,
λexc = 355 nm; 0−1 μs) of [Cr(bpmp)2][BF4]3 in a KBr pellet at 20 K
(blue) and 290 K (red) and (b) excited state FT-IR spectra of
[Cr(bpmp)2][BF4]3 in a KBr pellet obtained from step-scan FT-IR
spectra (λexc = 355 nm; 0−1 μs) (small contributions of 2% and 0.8%
added to the respective ground state spectrum) at 20 K (blue) and 290
K (red). At 20 K, essentially the lowest doublet state is populated.

Figure 6. Transient absorption spectra of [Cr(bpmp)2][OTf]3 in
CH3CN (HClO4) excited with femtosecond laser pulses (a) at 515 nm
(4T2 states) and (b) at 350 nm (4LMCT states).
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(τ(ISC) < 100 fs),107 Cr(tBuacac)3 with 1.6 ps,108 and
[Cr(CN)6]

3− in a CrIII−VIII Prussian blue analogue with τ(ISC)
= 250 fs and τ(VC) = 1.1 ps109 after 4T2 excitation, while ISC
occurs in the ultrafast time regime within hundreds of
femtoseconds. The density of doublet states in the 4T2 energy
region and spin−orbit coupling (SOC) determine the ISC rates.
For Cr(acac)3 with nearly isoenergetic 4T2 and

2E/2T1 states,
SOC matrix elements between the 4T2 and the 2E/2T1 states at
geometries close to potential energy crossing points were
calculated as 21−371 cm−1 (at the SOC-CASSCF(3,5) level of
theory).106 SOC-CASSCF(7,12)-NEVPT2 calculations for
[Cr(bpmp)2]

3+ (in the ground state geometry) deliver SOCs
between the lowest quartet state 4T2(1) and the lowest doublet
states derived from 2E and 2T1 states ranging from 6 to 97 cm−1

accounting for an ISC pathway from 4T2(1) to the doublet
states, in particular the 2E(1) state (Table S4). These values
closelymatch those obtained for [Cr(ddpd)2]

3+ (Table S4). The
different SOCs for states of 2E and 2T1 parentage might account
for the population of both 2E(1) and states 2T1(1) at very low
temperature without equilibration of these states.
The TA spectra after 4LMCT excitation at 350 nm excitation

(∼Figure 6b) were fitted with three time constants τ3501,2,3 of
540 fs, 75 ps, and a nondecaying component within the 8 ns time
window. Again, τ3503 is assigned to the lifetime of the 2E/2T1

states. The first EADS comprises a broad excited state
absorption (ESA), with peaks at 560 and 740 nm (Figure
S53). This decays in 540 fs to yield the second EADS, which
shows an ESA at 525 nm. This evolves in 75 ps to the final EADS
with a broad ESA, spanning 500−750 nm. The ESAs of the
second and third EADS are rather similar and distinct from the
first EADS. A plausible kinetic model assigns the fast component
τ3501 to ISC (and possibly electron redistribution) from 4LMCT
states to the metal-centered or charge-transfer doublet manifold
[Figure 1; τ(ISC2) = 540 fs] and the picosecond component
τ3502 to IC and VC within the doublets (Figure 1; τ(IC2+VC2) =
75 ps). 4LMCT excitation of Cr(acac)3 yielded a process of∼50
fs which had been tentatively assigned to the 4LMCT to 2E
population transfer.107 With these assignments, the conversion
from the LMCT to the ligand field manifold is∼10 times slower
in [Cr(bpmp)2]

3+ than in Cr(acac)3 which might be ascribed to
a different density of (electronic and associated vibrational)
doublet states in the respective CT energy regions and the very
different ligand types.
Irrespective of the excitation energy and the decay pathway,

the relaxed long-lived doublet state(s) of [Cr(bpmp)2]
3+ are

characterized by an ESA around 500−750 nm (Figure 6 and
Figure S54), similar to the excited doublet states of
[Cr(ddpd)2]

3+ (530 nm)56 and Cr(acac)3 (510 nm).108

Singlet Oxygen Generation, Photoredox Chemistry,
and Optical pH Sensing. The excited state reactivity of the
long-lived doublet states of [Cr(bpmp)2][OTf]3 was probed by
excited state quenching with oxygen in H2O/HClO4 and
CH3CN/HClO4 (Table 1). In air-saturated solutions, the
luminescence quantum yields were diminished by factors of
1.6 and 2.0, respectively. This is considerably less than observed
for [Cr(ddpd)2][BF4]3with factors of 5.2 and 17, respectively.

53

The product of this reaction is singlet oxygen 1O2 as confirmed
by the observation of its characteristic emission at 1275 nm
(Figure S55). Steady-state and time-resolved Stern−Volmer
analyses yield Stern−Volmer constants KSV = 0.44 × 104 and
0.46 × 104 M−1, respectively (Figures S56 and S57),
demonstrating the dynamic character of the Dexter-type energy
transfer quenching without significant static contributions.110

With τ = 1550 μs, the bimolecular quenching rate constant kq
amounts to 0.29 × 107 M−1 s−1. The longer lifetime of
[Cr(bpmp)2]

3+ and the lower KSV as compared to those of
[Cr(ddpd)2]

3+ 53 yield a lower bimolecular quenching rate
constant kq. The Stern−Volmer constants of the tetrafluor-
oborate salt are even lower than those of the triflate with KSV =
0.35 × 104 and 0.36 × 104 M−1 (intensity and lifetime based;
Figures S58 and S59). The quenching rate constant was
calculated to kq = 0.25 × 107 M−1 s−1 (τ = 1400 μs). The singlet
oxygen quantum yields of [Cr(bpmp)2][X]3 were determined
by using the comparative method as 55, 44, and 39% in DMF/
HClO4 for X− = OTf−, PF6

−, and BF4
−, respectively. These

values are smaller than those of [Cr(ddpd)2][BF4]3 in DMF
(61%)56 and inDMF/HClO4 (86%) (Figure S55 andTable S5).
Although the driving force for energy transfer to oxygen is

larger for [Cr(bpmp)2]
3+ by 1200 cm−1 than for [Cr(ddpd)2]

3+,
and although the chromium center is somewhat less shielded by
the CH2 bridges than by the larger NCH3 bridges of the ligands,
[Cr(bpmp)2]

3+ is less sensitive to oxygen than [Cr(ddpd)2]
3+. A

hypothesis for explaining this surprising result might be the
dynamic association with the X− counterions at the C−H acidic
methylene bridges of the ligands, fully analogous to the
coordination of triflates and tetrafluoroborates in the solid
state structure (Figure 2b and Figure S14). Possibly, this
dynamic coordination of the anions to the bridges in solution
shields the chromium center in [Cr(bpmp)2]

3+ from successful
quenching encounters with O2 more efficiently than the larger
NCH3 bridges which cannot hydrogen-bond to counterions.
Consequently, the pockets spanned by the tridentate ligands are
on average more often filled by counterions in the bpmp
complex. These results might pave the way to successfully design
oxygen-insensitive and anion-sensitive spin-flip emitters in the
future.
Apart from excited state energy transfer, photoinduced single

electron transfer could occur from suitable substrates to the
excited chromium(III) complex. The favorable redox and
excited state properties suggest the use of [Cr(bpmp)2][OTf]3
as photoredox sensitizer. The excited state is strongly oxidizing
(0.94 V vs ferrocene), slightly more oxidizing than
*[Cr(tpe)2]

3+/[Cr(tpe)2]
2+ (0.87 V vs ferrocene)65 and

significantly more oxidizing than *[Ru(bpy)3]
2+/[Ru(bpy)3]

+

(0.41 V vs ferrocene) or classical ground state ruthenium(III)
oxidants [Ru(bpy)3]

3+ (0.84 V vs ferrocene) and [Ru(phen)3]
3+

(0.87 V vs ferrocene).111

In fact, azulene (E1/2 = 0.50 V vs ferrocene)112 quenches the
emission of [Cr(bpmp)2]

3+ (KSV = 3.73 × 104 M−1; kq = 4.4 ×
107 M−1 s−1 in CH3CN; τ = 840 μs; Figure S60) slightly more
efficiently than that of [Cr(tpe)2]

3+ (KSV = 4.17 × 104M−1; kq =
1.4 × 107 M−1 s−1). The larger driving force and hence a smaller
activation barrier for the electron transfer between
*[Cr(bpmp)2]

3+ and azulene might account for this small
difference. The small quenching rate constants of both
complexes might be associated with a weak electronic coupling
in the collision complex as a result of the metal-localized excited
state and the formation of contact ion pairs with the counterions
shielding the sensitizer. Unfortunately, photoinduced oxidation
of amines as useful redox partners is not feasible due to the
deprotonation of the CH2 bridge of the coordinated ligand by
amines already in the ground state (Figure 7). Yet, this intriguing
feature can be turned into an advantage for sensing applications.
The reversible ground state acid/base chemistry forms

dearomatized/rearomatized pyridine ligands.113 Deprotonation
at the methylene bridge leads to a coordinated nitrogen donor
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atom with enamide character dramatically changing the donor
properties (Figure 7a). As a result, the luminescence of
[Cr(bpmp)2]

3+ at 709 nm is completely quenched at higher
pH and reinstalled at lower pH (Figure 7b). As the emission of
[Cr(ddpd)2]

3+ at 777 nm is pH-insensitive, the combination of
these two emitters gives a ratiometric optical pH sensor
operating in the red to near-infrared spectral region with
single-wavelength excitation in the blue (Figure 7c). The sharp

emission bands of both complexes in the red/near-IR spectral
region and the excitation with blue light would even allow
combination with further luminophores utilizing the visible part
of the spectral region.60 Consequently, this luminophore
combination will be further developed towards multicolor
multianalyte optical probes in the future.60

■ CONCLUSIONS

On the basis of high-level computer-aided design, we developed
the first molecular highly luminescent chromium(III) complex
emitting in the red spectral region. After excitation of the
[Cr(bpmp)2]

3+ luminophore, ultrafast and efficient population
transfer by intersystem crossing and vibrational cooling to the
long-lived doublet states of *[Cr(bpmp)2]

3+ occurs. These
doublet states emit in the deep red spectral region with
photoluminescence quantum yields up to 20% and excited state
lifetimes up to 1800 μs. Deuteration of the α-positions of the
terminal pyridines increases the quantum yield to 25% and the
lifetime to 2500 μs. The key photophysical properties of the
purely red-emissive molecular ruby [Cr(bpmp)2]

3+ (emission
color, photoluminescence quantum yield, excited state lifetime,
and excited state redox potential) outperform those of the
classical ruthenium(II) sensitizers and the often-used europium-
(III)-based red-emissive complexes. Furthermore, the reversible
ground state (de)protonation of [Cr(bpmp)2]

3+ coupled with
an off/on luminescence enables ratiometric optical pH sensing.
Future work will further exploit this novel red emitter with an
earth-abundant chromium center in bioimaging, multicolor
sensing (e.g., pH, O2, and anions), photocatalysis, molecular
upconversion,61,114 and circularly polarized lumines-
cence.63,64,115−117
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(12) Büldt, L. A.; Wenger, O. S. Chromium(0), Molybdenum(0), and
Tungsten(0) Isocyanide Complexes as Luminophores and Photo-
sensitizers with Long-Lived Excited States. Angew. Chem., Int. Ed. 2017,
56, 5676−5682.
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Quantum Chemical Screening and Refinement 

Static unrestricted Kohn-Sham orbitals DFT (UKS): All calculations were performed using the quantum 

computing suite ORCA 4.0.1.1 Geometry optimization was performed using unrestricted Kohn-Sham orbitals 

DFT (UKS) and the B3LYP functional2 in combination with Ahlrichs’ split-valence triple-z basis set def2-TZVPP 

for all atoms.3,4 Tight convergence criteria were chosen for DFT-UKS calculations (keywords tightscf and 

tightopt). All DFT-UKS calculations make use of the resolution of identity (Split-RI-J) approach for the Coulomb 

term in combination with the chain-of-spheres approximation for the exchange term (COSX).5,6 The zero 

order relativistic approximation was used to describe relativistic effects in all calculations (keyword ZORA).7,8 

Grimme’s empirical dispersion correction D3(BJ) was employed (keyword D3BJ).9,10 To account for solvent 

effects, a conductor-like screening model (keyword CPCM acetonitrile) modeling acetonitrile was used in all 

calculations.11 Explicit counter ions and/or solvent molecules were neglected. 

SOC-CASSCF(x,y)-FIC-NEVPT2: Calculations of ground and excited state properties with respect to metal-

centered (MC) states were performed using the complete-active-space self-consistent field method including 

spin-orbit coupling (SOC-CASSCF)12,13 in conjunction with the fully internally contracted N-electron valence 

perturbation theory to second order (FIC-NEVPT2)14,15 in order to recover missing dynamic electron 

correlation. All electronic states are classified by irreducible representations of the O point group, in spite of 

the lower actual symmetries of the considered complexes. In the screening procedure, a small active space 

of the three d electrons and five d orbitals was selected CAS(3,5) (Table S1). In order to accurately model the 

ligand field of the hit structure and the reference structure, the active space was expanded to encompass 

the dominant bonding/antibonding orbitals formed between chromium and the ligand. In addition to the 

minimal active space of (3,5), two occupied Cr–N s bonding orbitals and a second d shell16 were included in 

these calculations giving an active space of (7,12) (Table S3). 7 quartet and 9 doublet roots were calculated 

with this active space. 10 quartet and 40 doublet roots were calculated to invoke an ab initio ligand field 

theory (AILFT)17,18 analysis from CASSCF(3,5)-NEVPT results (keyword actorbs dorbs) (Table S2). SOC was 

treated through the mean-field (SOMF) approximation19,20, and the effective Hamiltonian approach21-23 was 

used to compute the spin-Hamiltonian parameters (Table S4). From these SOC matrix elements, we obtain 

an approximate guess of conceivable ISC processes at the Franck-Condon geometry, i.e. before vibrational 

cooling in the excited quartet state.  
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Table S1. CASSCF(3,5)-NEVPT results; energies in cm–1 (bold values indicate the lowest state of each 

multiplicity). 

 2E(1) 2E(2) 2T1(1) 2T1(2) 2T1(3) 2T2(1) 2T2(2) 2T2(3) 4T2(1) 4T2(2) 4T2(3) 
Cr(acac)3 16577 16630 17290 17564 17598 24793 24874 25479 19006 19427 19526 
[Cr(NH3)6]3+ 16784 16786 17554 17605 17698 25608 25841 25953 22731 22789 22823 
[Cr(py)6]3+ 16589 16589 17428 17432 17445 25159 25192 25202 20213 20245 2026 
[Cr(tpy)2]3+ 16021 16087 16819 16820 16911 24694 24738 24739 20386 23113 23119 
[Cr(bpy)3]3+ 16278 16288 16817 17210 17233 24810 24864 25762 23300 23440 23539 
[Cr(ddpd)2]3+ 15605 16269 16804 16919 17089 25069 25423 25781 22448 22767 23907 
[Cr(bpmp)2]3+ 16299 16515 17096 17354 17391 25246 25440 25488 20882 21203 22186 
[Cr(CN)6]3– 15623 15624 16332 16333 16333 24651 24653 24653 28470 28483 28484 

 

 

Table S2. LFT parameters from CASSCF(3,5)-NEVPT results; B, C in cm–1. 

 B C C/B 

Cr(acac)3 982 3116 3.17 
[Cr(NH3)6]3+ 988 3053 3.09 
[Cr(py)6]3+ 976 3011 3.08 
[Cr(tpy)2]3+ 947 2962 3.13 
[Cr(bpy)3]3+ 982 2942 2.99 
[Cr(ddpd)2]3+ 964 2972 3.08 
[Cr(bpmp)2]3+ 1003 2937 2.93 
[Cr(CN)6]3– 888 2939 3.31 

 

 

Table S3. CASSCF(7,12)-NEVPT results of [Cr(ddpd)2]3+ and [Cr(bpmp)2]3+; energies in cm–1 (bold values 

indicate the lowest state of each multiplicity). 

 2E(1) 2E(2) 2T1(1) 2T1(2) 2T1(3) 2T2(1) 2T2(2) 2T3(3) 4T2(1) 4T2(2) 4T2(3) 
[Cr(ddpd)2]3+ 15355 15916 14769 15647 15719 23328 23600 24033 22899 23230 24174 
[Cr(bpmp)2]3+ 15689 16225 15535 16000 16245 23649 23670 23848 21546 21822 22733 

 

 

Table S4. Root-mean-squared spin-orbit coupling (SOC)a matrix elements / cm–1 between the lowest 

excited quartet 4T2(1) and the 8 lowest doublet states of [Cr(ddpd)2]3+ and [Cr(bpmp)2]3+ at their ground 

state geometry (the Franck-Condon point) from SOC-CASSCF(7,12)-NEVPT results. 

 2E(1) 2E(2) 2T1(1) 2T1(2) 2T1(3) 2T2(1) 2T2(2) 2T3(3) 
[Cr(ddpd)2]3+ 97 10 1 45 36 32 42 3 
[Cr(bpmp)2]3+ 98 12 6 46 40 32 38 4 

a The listed SOC values are root-mean-square values for SOC matrix elements over all possible MS states. 
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Methods and Synthetic Procedures 

General procedures 

Acetonitrile was distilled over calcium hydride and butyronitrile over Na2CO3/KMnO4. Ethanol, isopropanol, 

tetrahydrofuran, diethyl ether, CrCl3×6H2O and CrBr3×6H2O (Alfa Aesar), D2O (99.9 % D, Deutero or Sigma 

Aldrich), CD3CN (99 % D, abcr), triflic acid (Alfa Aesar), deuterated triflic acid (98 % D, Sigma Aldrich), 

tetrafluoroboric acid diethyl ether complex (Sigma Aldrich), tetra-n-butylammonium hexafluorophosphate 

(TCI), tetra-n-butylammonium tetrafluoroborate (Acros), tetra-n-butylammonium perchlorate (Aldrich), 

HClO4 (70 %, Merck), DClO4 (99 % D, Bernd Kraft), 2-bromo-6-methylpyridine (abcr) and 2,6-difluoropyridine 

(abcr) were used as received. The ligand bpmp24 and [Cr(ddpd)2][BF4]3
25 were prepared according to reported 

procedures. NMR spectroscopic and mass spectrometric data match the literature values. Column 

chromatography was performed using aluminum oxide (neutral, Brockmann I). Analytical thin layer 

chromatography (TLC) was done on aluminum oxide F254 (Macherey-Nagel, coated on polyester sheets). A 

glovebox (UniLab/MBraun, Ar 4.8, O2 < 1 ppm, H2O < 0.1 ppm) was used for storage and weighing of sensitive 

compounds. 

NMR spectra were recorded on a Bruker Avance DRX 400 or AVII+400 NMR spectrometer at 400.31 MHz 

(1H). All resonances are reported in ppm versus the solvent signal as internal standard.26  

IR spectra were recorded with a Bruker Alpha FTIR spectrometer with an ATR unit containing a diamond 

crystal.  

ESI+ mass spectra were recorded on a Micromass Q-TOF-Ultima spectrometer by the central analytical facility 

of the Department of Chemistry (University of Mainz). 

APCI mass spectra were recorded on an Advion expressIon-L CMS spectrometer by the central analytical 

facility of the Department of Chemistry (University of Mainz). 

DC magnetic studies were performed with a Quantum Design MPMS-XL-7 SQUID magnetometer on 

powdered microcrystalline samples. Experimental susceptibility data were corrected for the underlying 

diamagnetism using Pascal’s constants. The temperature dependent magnetic contribution of the holder and 

of the embedding eicosane matrix was experimentally determined and subtracted from the measured 

susceptibility data. Variable temperature susceptibility data were collected in a temperature range of 2 – 300 

K under an applied field of 0.1 Tesla. 

Electrochemical experiments were carried out on a BioLogic SP-200 voltammetric analyzer using platinum 

wires as counter and working electrodes and a 0.01 M Ag/Ag[NO3] electrode as reference electrode. Cyclic 

voltammetry and square wave measurements were carried out at scan rates of 50–200 mV s–1 using 0.1 M 

[nBu4N][PF6] in CH3CN as supporting electrolyte. Potentials are referenced against the ferrocene/ferrocenium 

couple.  

UV/Vis/NIR spectra were recorded on a Varian Cary 5000 spectrometer using 1.0 cm cells.  

Luminescence experiments. Luminescence emission spectra and luminescence decay kinetics in solution 

were obtained with a calibrated spectrofluorometer FSP 920 from Edinburgh Instruments. For the 

measurement of the emission spectra, a CW xenon lamp was applied as excitation light source, while the 

time-resolved luminescence measurements were performed with a µs xenon flashlamp and single photon 

counting detection in a multi-channel scaling mode. Emission spectra of singlet oxygen were obtained with 

the FSP 920 spectrometer as well, yet with a cooled NIR-detector (R5509P PMT). All measurements were 

performed at magic angle conditions using polarizers in the excitation and emission channel set to 0° and 

54.7°, respectively. The luminescence decays in solution were analyzed by fitting the obtained decay curves 

with the program FAST (Fluorescence Analysis Software Technology, Edinburgh Instruments Ltd.). The 

luminescence quantum yields in solution were determined absolutely using an Ulbricht integrating sphere 
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setup (Quantaurus-QY C11347-11, Hamamatsu). Relative uncertainties are estimated to be ±5 %. pH- and T-

dependent emission spectra in solution and Stern-Volmer analyses with azulene were recorded on a Varian 

Cary Eclipse fluorescence spectrometer. 

Stern-Volmer studies with oxygen were carried out by measuring the luminescence response (emission 

intensity and lifetime) of complex solutions to oxygen at different oxygen concentrations. The general 

procedure was achieved by following the measuring order: oxygen concentration determination of the 

sample – luminescence emission spectra and lifetimes measurements – control the oxygen concentration in 

the sample. The oxygen concentration was taken from the average value of the oxygen concentrations before 

and after the luminescent measurements cycle to minimize the effect of oxygen diffusion during the 

measurements. Determination of the oxygen partial pressure p(O2) in solution was completed with a 

commercial fiber-optic oxygen meter Firesting O2 from PyroScience and a solvent-resistant oxygen probe tip 

(OXSOLVPT) from the manufacturer. 

Luminescence emission spectra and decays in KBr pellets at variable temperature (20 ─ 290 K at the sample) 

were recorded in the solid state with a FluoroMax-2 (Horiba Jobin-Yvon) spectrometer using a closed cycle 

helium cryostat (ARS Model DE-202A). The cryo cooler was equipped with a copper pellet holder and CaF2 

windows. KBr pellets of [Cr(bpmp)2][BF4]3 (ca. 0.7 mg) were prepared by mixing with dry KBr (ca. 200 mg, 

stored in a compartment dryer at 80 °C, purchased from Merck) and grinding to a homogeneous mixture. 

Neat films were prepared by spraying a solution of the compound in CH3CN on a CaF2 substrate (13 mm 

diameter, 1 mm thick), followed by evaporation of the solvent. The luminescence lifetimes were determined 

with the time-correlated single photon counting technique (TCSPC). Data were recorded with a DeltaFlex 

(Horiba Scientific) spectrometer. The sample was excited with short light pulses of a SpectraLED (390 nm) 

and the emission monochromator was set to 707 – 720 nm. The emitted light was detected with a picosecond 

photon counting (PPT) detection module. In all the static and time-resolved luminescence experiments, a 

long pass filter (600 nm) was mounted between the sample and the emission monochromator to prevent 

scattered excitation light from reaching the detector. 

Time-resolved FTIR experiments were performed with an FTIR spectrometer Bruker Vertex 80v, operated in 

the step-scan mode. Temperature dependent measurements were performed at 290 K and 20 K by the use 

of KBr pellets and the cryostat described above. The strongest peak in the ground state spectrum at  

1610 cm–1 showed an absorption of about 0.6 OD with the mentioned concentration. A liquid-nitrogen-

cooled mercury cadmium telluride (MCT) detector (Kolmar Tech., Model KV100-1-B-7/190) with a rise time 

of 25 ns, connected to a fast preamplifier and a 14-bit transient recorder board (Spectrum Germany, 

M3I4142, 400 MS s−1), was used for signal detection and processing. The laser setup includes a Q-switched 

Nd:YAG laser (Innolas SpitLight Evo I) generating pulses with a band-width of 6 ns at a repetition rate of 

100 Hz. The third harmonic (355 nm) of the Nd:YAG laser was used for sample excitation. The UV pump beam 

was attenuated to about 2.0 mJ per shot at a diameter of 9 mm. The beam was directed onto the sample and 

adjusted to have a maximal overlap with the IR beam of the spectrometer. The sample chamber was 

equipped with anti-reflection-coated germanium filters to prevent the entrance of laser radiation into the 

detector and interferometer compartments. The time delay between the start of the experiment and the UV 

laser pulse was controlled with a Stanford Research Systems DG535 delay generator and the time where the 

laser pulse reached the sample was set as zero point in all spectra. The temporal resolution was set to 50 ns 

at 290 K and 100 ns at 20 K. A total of 4000 and 4400 coadditions were recorded at each interferogram point 

at 290 K and 20 K, respectively. The spectral region was limited by undersampling to 988 – 1975 cm−1 with a 

spectral resolution of 4 cm−1 resulting in 555 interferogram points. An IR broad band filter (850 – 1750 cm−1) 

and the CaF2 windows (no IR transmission < 1000 cm−1) of the cryostat prevented problems when performing 

a Fourier transformation (i.e. no IR intensity outside the measured region should be observed). FTIR ground 

state spectra were recorded systematically to check for sample degradation. A more detailed description of 

the step-scan setup is given here.27-29 
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Transient absorption spectra were measured using a Helios-Fire pump-probe setup (Ultrafast systems) 

paired with a regeneratively amplified 1030 nm laser (Pharos, Light Conversion, 1030 nm, 200 fs, 200 µJ). The 

effective laser repetition rate of 1 kHz was set via an internal pulse picker. A small portion of the 1030 nm 

fundamental is directed to the optical delay line and is subsequently used to generate broadband probe light 

by focusing onto a sapphire crystal. The pump pulse is generated with an optical parametric amplifier 

(Orpheus-F, Light Conversion). The pump fluence at the sample was 0.9–2 µJ/pulse, as noted in the respective 

experiments. The experiments were run with 5 seconds of averaging at each time delay. Samples were 

measured in 2 mm path length cuvettes, with an OD of ~1 at 500 nm. Global analysis of the TA data was done 

using the R-package TIMP software30 with the graphical interface Glotaran 1.5.1.31 

Singlet oxygen quantum yields were determined optically using the reference [Cr(ddpd)2][BF4]3 with a known 
1O2 quantum yield (0.61 in DMF).32 Samples and reference were excited at the same wavelength (462 nm) 

and measured under the same conditions, i.e. using the same fluorimeter settings. F[1O2] was calculated 

using the following equation: 

 !" #$
% & =   ()*" #$

% & ∗
,!

,()*
∗

-()*

-!
 

Here  ()*" #$
% &, ,()* and -()* are assigned to the singlet oxygen quantum yield, the integrated emission 

intensity (l = 1240 – 1360 nm) and the absorbance of the reference compound in DMF solution, respectively; 

,! and -! denote the integrated emission intensity and absorbance of the sample, respectively. As the 

[Cr(bpmp)2]3+ complexes tend to deprotonate in pure DMF, an acidic environment was provided by adding 2 

µL HClO4 (70 – 72 %) to 3 mL DMF solution, achieving a final HClO4 concentration of ca. 0.01 M. The singlet 

oxygen quantum yield of [Cr(ddpd)2][BF4]3 was determined in DMF/HClO4 (0.01 M), which was then used as 

a reference for the [Cr(bpmp)2]3+ complexes in DMF/HClO4 (0.01 M).  

Table S5. 1O2 quantum yields. 

 solvent F / % 

[Cr(ddpd)3][BF4]3 DMF 61 
[Cr(ddpd)3][BF4]3 DMF/HClO4 86 
[Cr(bpmp)3][OTf]3 DMF/HClO4 55 
[Cr(bpmp)3][PF6]3 DMF/HClO4 44 
[Cr(bpmp)3][BF4]3 DMF/HClO4 39 

 

Elemental analyses were conducted by the microanalytical laboratory of the department of chemistry of the 

University of Mainz.  

Caution! Although we have not experienced any problems in handling the perchlorate solutions, all materials 

should be handled with extreme care. Especially, we avoided isolation of dried perchlorate salts. 
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Crystal structure determinations. Intensity data were collected with a STOE STADIVARI diffractometer with 

an Oxford cooling using Mo-Ka radiation (l = 0.71073 Å). The diffraction frames were integrated using the 

STOE X-Area software package33 and most were corrected for absorption with MULABS34 of the PLATON 

software package35 or with STOE LANA36,37. The structures were solved by direct methods and refined by the 

full-matrix method based on F2 using the SHELX software package38 using the ShelXle graphical interface39. 

All non-hydrogen atoms were refined anisotropically while the positions of all hydrogen atoms were 

generated with appropriate geometric constraints and allowed to ride on their respective parent atoms with 

fixed isotropic thermal parameters. CCDC 1989536 (Cr(bpmp)(OTf)3), 1989537 

([Cr(bpmp)2][OTf]3´CH3CH2OH) and 2083757 ([Cr(bpmp)2][BF4]3´5/3CH3CN) contain the supplementary 

crystallographic data for this paper. These data are provided free of charge by The Cambridge 

Crystallographic Data Centre. 

Crystallographic Data of mer-Cr(bpmp)(OTf)3×0.25CH3CN. C20H15CrF9N3O9S3×0.25CH3CN (770.79); triclinic;  

P1 ; a = 9.872(2) Å, b = 10.578(2) Å, c = 15.838(3) Å, a = 70.84(3)°, b = 86.05(3)°, g = 66.13(3)°; V = 1424.7(7) 

Å3; Z = 2; density, calcd. = 1.797 g cm–3, T = 120(2) K, m = 0.736 mm–1; F(000) = 773; crystal size 0.240 ´ 0.214 

´ 0.200 mm; q = 2.198 to 30.701 deg.; –14£h£13, –14£k£13, –22£l£21; rfln collected = 28517; rfln unique = 

7881 [R(int) = 0.0349]; completeness to q = 25.242 deg. = 99.9 %; semi empirical absorption correction from 

equivalents; max. and min. transmission 1.07582 and 0.94806; data 7881; restraints 24, parameters 434; 

goodness-of-fit on F2 = 1.031; final indices [I > 2s(I)] R1 = 0.0313, wR2 = 0.0854; R indices (all data) R1 = 0.0391, 

wR2 = 0.0882; largest diff. peak and hole 0.562 and –0.656 e Å–3. 

Crystallographic Data of mer-[Cr(bpmp)2][OTf]3´CH3CH2OH. C37H30CrF3N6O3S×CH3CH2OH (1067.92); triclinic;  

P1 ; a = 10.550(2) Å, b = 12.178(2) Å, c = 16.714(3) Å, a = 81.77(3)°, b = 78.79(3)°, g = 85.55(3)°; V = 2082.0(7) 

Å3; Z = 2; density, calcd. = 1.465 g cm–3, T = 120(2) K, m = 0.533 mm–1; F(000) = 1090; crystal size 0.370 ´ 0.250 

´ 0.120 mm; q = 1.969 to 30.985 deg.; –15£h£15, –17£k£17, –23£l£24; rfln collected = 42354; rfln unique = 

11665 [R(int) = 0.0486]; completeness to q = 25.242 deg. = 100.0 %; semi empirical absorption correction 

from equivalents; max. and min. transmission 1.16976 and 0.90213; data 11665; restraints 774, parameters 

689; goodness-of-fit on F2 = 1.018; final indices [I > 2s(I)] R1 = 0.0340, wR2 = 0.0908; R indices (all data) R1 = 

0.0430, wR2 = 0.0937; largest diff. peak and hole 0.637 and –0.806 e Å–3. 

Crystallographic Data of mer-[Cr(bpmp)2][BF4]3´5/3CH3CN. C34H30B3CrF12N6×5/3CH3CN (903.49); trigonal;  

P-3c1; a = b = 19.2795(3) Å, c = 38.1826(8) Å, a = b = 90°, g = 120°; V = 12291.0(5) Å3; Z = 12; density, calcd. = 

1.704 g cm–3, T = 173(2) K, m = 0.373 mm–1; F(000) = 5516; crystal size 0.480 ´ 0.245 ´ 0.056 mm; q = 2.113 

to 24.992 deg.; –20£h£21, –20£k£21, –42£l£37; rfln collected = 54247; rfln unique = 6527 [R(int) = 0.0283]; 

completeness to q = 24.992 deg. = 90.3 %; semi empirical absorption correction from equivalents; max. and 

min. transmission 0.9949 and 0.2028; data 6527; restraints 276, parameters 688; goodness-of-fit on F2 = 

1.111; final indices [I > 2s(I)] R1 = 0.0463, wR2 = 0.0685; R indices (all data) R1 = 0.1339, wR2 = 0.1395; largest 

diff. peak and hole 1.553 and –0.711 e Å–3. 

  



S9 
 

Synthesis of Cr(bpmp)Cl3 (procedure adapted from ref. 40). A pale yellow solution of bpmp (2.07 g, 7.92 

mmol) in isopropanol (50 mL) was added to a green solution of chromium(III) chloride hexahydrate (2.11 g, 

7.92 mmol) in isopropanol (150 mL). The green mixture was heated to 82 °C for 15 hours yielding a dark green 

precipitate. After cooling, the suspension was filtered and the solid was washed with warm ethanol (2 x 50 

mL) and diethyl ether (2 x 70 mL). The dark green product was dried under reduced pressure. Yield: 3.22 g 

(7.67 mmol, 97 %). MS (ESI+, CH3CN): m/z (%) = 383.00 (100) [Cr(bpmp)Cl3–Cl]+. IR (ATR): n/  = 2890 (w), 1604 

(s), 1577 (m), 1566 (w), 1483 (m), 1459 (s), 1432 (s), 1416 (m), 1292 (m), 1238 (vw), 1221 (vw), 1172 (w), 

1156 (vw), 1131 (vw), 1107 (w), 1060 (m), 1025 (m), 1004 (vw), 977 (vw), 930 (m), 913 (vw), 887 (vw), 849 

(m), 792 (m), 771 (vs), 739 (m), 724 (vw), 667 (vw), 651 (m), 621 (s), 604 (w), 594 (w), 554 (vw), 474 (m), 458 

(w), 443 (s), 413 (m) cm–1. Elemental analysis calcd. (%) for C17H15Cl3CrN3 (419.68): C 48.65 H 3.60, N 10.01; 

found C 48.45, H 3.31 N 9.31. 

Synthesis of Cr(bpmp)Br3 (procedure adapted from ref. 40). A pale yellow solution of bpmp (2.52 g, 

9.64 mmol) in isopropanol (50 mL) was added to a green solution of chromium(III) bromide hexahydrate 

(3.85 g, 9.64 mmol) in isopropanol (200 mL). The green mixture was heated to 82 °C for 15 hours yielding a 

green precipitate. After cooling, the suspension was filtered and the solid was washed with warm ethanol 

(2 x 50 mL) and diethyl ether (2 x 70 mL). The green product was dried under reduced pressure. Yield: 5.01 g 

(9.06 mmol, 94 %). MS (ESI+, CH3CN): m/z (%) = 450.01 (100) [Cr(bpmp)Br3–2Br+OH+CH3CN]+, 472.90 (51) 

[Cr(bpmp)Br3–Br]+, 513.93 (28) [Cr(bpmp)Br3–Br+CH3CN]+. IR (ATR): n/  = 2873 (w), 1604 (s), 1576 (m), 1565 

(w), 1483 (m), 1458 (s), 1431 (m), 1412 (m), 1292 (m), 1276 (vw), 1237 (vw), 1219 (vw), 1172 (w), 1157 (vw), 

1131 (vw), 1107 (w), 1062 (m), 1023 (m), 1001 (vw), 974 (vw), 927 (m), 885 (vw), 849 (m), 789 (m), 769 (vs), 

737 (m), 649 (m), 621 (s), 604 (w), 594 (w), 553 (vw), 517 (vw), 472 (m), 454 (w), 441 (s), 421 (vw), 408 (m) 

cm–1. Elemental analysis calcd. (%) for C17H15Br3CrN3 (553.03): C 36.92 H 2.73, N 7.60; found C 36.38, H 2.81 

N 7.13. 

Synthesis of Cr(bpmp)(OTf)3 (procedure adapted from ref. 41). Anhydrous triflic acid (6.0 mL, 68.4 mmol) 

was added under argon atmosphere to Cr(bpmp)Cl3 (2.15 g, 5.12 mmol) or [Cr(bpmp)Br3] (2.83 g, 5.12 mmol), 

respectively. The reaction mixture turned dark red immediately together with gas evolution. The HCl (HBr) 

was detected by bubbling the gas into an aqueous solution of silver nitrate. After stirring at room 

temperature for four hours, the solution was cooled with ice and dry diethylether (400 mL) was added. The 

precipitate was collected by filtration, washed with dry diethyl ether (2 x 80 mL) and dried under reduced 

pressure. Yield: 3.82 g (5.02 mmol, 98 %) (from Cr(bpmp)Cl3) and 3.67 g (4.8 mmol, 94 %) (from Cr(bpmp)Br3). 

Cooling a concentrated solution of Cr(bpmp)(OTf)3 in acetonitrile yielded dichroic green/purple single crystals 

of Cr(bpmp)(OTf)3×1/4CH3CN suitable for single crystal XRD. MS (APCI, CH3CN): m/z (%) = 610.97 (100) 

[Cr(bpmp)(OTf)3–OTf]+, 628.98 (14) [Cr(bpmp)(OTf)3–OTf+H2O]+, 652.00 (66) [Cr(bpmp)(OTf)3–OTf+CH3CN]+. 

IR (ATR): n/  = 3094 (vw), 2936 (vw), 1613 (m), 1580 (w), 1496 (w), 1465 (m), 1441 (m), 1347 (s), 1260 (m), 

1236 (s), 1201 (vs), 1114 (w), 1073 (w), 1031 (s), 986 (s), 931 (w), 850 (w), 769 (m), 738 (vw), 660 (w), 634 (s), 

594 (w), 572 (w), 513 (m), 458 (w), 441 (m), 416 (w) cm–1.  

Synthesis of [Cr(bpmp)2][OTf]3. A pale yellow solution of bpmp (1.38 g, 5.28 mmol) in dry acetonitrile (20 mL) 

was added to a dark green solution of Cr(bpmp)(OTf)3 (2.01 g, 2.64 mmol) in dry acetonitrile (80 mL). The 

solution was heated at 60 °C for 20 hours. The solvent of the resulting dark yellow/brown solution was 

removed under reduced pressure. The residue was heated in tetrahydrofuran (200 mL) and the insoluble 

yellow solid was collected by filtration, washed with THF (50 mL) and diethyl ether (50 mL) und dried under 

reduced pressure. Diffusion of diethyl ether into a concentrated solution of [Cr(bpmp)2](OTf)3 in 

ethanol/anhydrous triflic acid (100:1) yielded orange diffraction quality crystals of 

[Cr(bpmp)2](OTf)3×C2H5OH. Yield: 1.11 g (1.09 mmol, 41 %). MS (ESI+, CH3CN): m/z (%) = 191.73 (4) 

[Cr(bpmp)2]3+, 286.59 (13) [Cr(bpmp)2–H]2+, 572.18 (100) [Cr(bpmp)2–2H]+. IR (ATR): n/  = 3554 (w), 3091 (vw), 

1610 (s), 1578 (m), 1491 (m), 1466 (m), 1442 (m), 1259 (vs), 1225 (s), 1157 (s), 1112 (w), 1073 (w), 1029 (vs), 

929 (vw), 847 (w), 776 (m), 737 (vw), 657 (m), 637 (s), 592 (w), 574 (m), 518 (m), 445 (m) cm–1. Elemental 

analysis calcd. (%) for C37H30CrN6O9F9S3 (1021.85): C 43.49 H 2.96, N 8.22; found C 43.68, H 2.47 N 7.84. 
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Synthesis of [Cr(bpmp)2][PF6]3. A dark yellow solution of [Cr(bpmp)2](O3SCF3)3 (0.50 g, 0.489 mmol) in 

ethanol (200 mL) was acidified with two drops of triflic acid resulting in a pale yellow solution. A solution of 

tetra-n-butylammonium hexafluorophosphate (1.14 g, 2.94 mmol) in ethanol (80 mL) was added while 

stirring. A yellow solid precipitated immediately. After stirring for one hour, the suspension was filtered. The 

collected solid was washed with ethanol (3 × 20 ml) and diethyl ether (3 × 20 ml) and dried under reduced 

pressure. Yield: 0.29 g (0.287 mmol, 59 %). MS (ESI+, CH3CN): m/z (%) = 191.40 (1) [Cr(bpmp)2]3+, 286.59 (10) 

[Cr(bpmp)2–H]2+, 572.18 (100) [Cr(bpmp)2–2H]+, 718.15 (41) [Cr(bpmp)2–H+PF6]+. IR (ATR): n/  = 3103 (vw), 

1608 (s), 1576 (m), 1490 (m), 1463 (m), 1444 (m), 1410 (m), 1296 (m), 1243 (w), 1220 (w), 1173 (m), 1124 

(w), 1112 (w), 1074 (m), 1028 (s), 928 (w), 888 (m), 824 (vs, PF), 771 (s), 656 (m), 620 (m), 593 (w), 554 (vs, 

PF), 471 (m), 440 (s) cm–1. Elemental analysis calcd. (%) for C34H30CrN6F18P3 (1009.53): C 40.45 H 3.00, N 8.32; 

found C 40.12, H 2.93 N 8.16. 

Synthesis of [Cr(bpmp)2][BF4]3. A dark yellow solution of [Cr(bpmp)2](O3SCF3)3 (0.50 g, 0.489 mmol) in 

ethanol (200 mL) was acidified with two drops of tetrafluoroboric acid diethyl ether complex resulting in a 

pale yellow solution. A solution of tetra-n-butylammonium tetrafluoroborate (0.97 g, 2.94 mmol) in ethanol 

(20 ml) was added while stirring. A yellow solid precipitated immediately. After stirring for one hour, the 

suspension was filtered. The collected solid was washed with ethanol (3 × 20 ml) and diethyl ether (3 × 20 

ml) and dried under reduced pressure. Diffusion of diethyl ether into a concentrated solution of the complex 

in acetonitrile/tetrafluoroboric acid diethyl ether complex (100:1) yielded orange diffraction quality crystals 

of [Cr(bpmp)2](BF4)3×3CH3CN. Yield: 0.28 g (0.335 mmol, 69 %). MS (ESI+, CH3CN): m/z (%) = 191.40 (1) 

[Cr(bpmp)2]3+, 286.59 (8) [Cr(bpmp)2–H]2+, 572.18 (100) [Cr(bpmp)2–2H]+, 660.19 (15) [Cr(bpmp)2–H+BF4]+. IR 

(ATR): n/  = 1610 (s), 1578 (m), 1491 (m), 1464 (m), 1438 (m), 1422 (m), 1296 (m), 1171 (w), 1054 (vs, B-F), 

1026 (vs, B-F), 928 (m), 845 (m), 773 (s, -B-F), 695 (w), 657 (m), 637 (m), 619 (m), 594 (m), 543 (w), 564 (w), 

519 (s), 474 (m), 456 (s), 440 (s), 430 (m), 412 (s) cm–1. Elemental analysis calcd. (%) for C34H30CrN6F12B3 

(835.05)×3H2O: C 45.93 H 4.08, N 9.45; found C 46.02, H 3.25 N 9.46.  

Synthesis of [Cr(bpmp)2][ClO4]3. The synthesis of this salt is in principle analogous to the preparation of the 

PF6
– and BF4

– salts. However, the dried perchlorate salt can be explosive and we do not wish to report its 

isolation and full characterization as dried material. Instead, we merely report some photophysical data in 

solution obtained from the non-dried complex.  

Synthesis of [Cr([D4]-bpmp)2][PF6]3. [Cr(bpmp)2](PF6)3 (200 mg, 0.20 mmol) was suspended in D2O (8 mL, 

NMR grade, 99.9 % D) and stirred under argon for 10 h. The solvent was removed under reduced pressure. 

This procedure was repeated twice. Diffusion of diethyl ether into a solution of the complex in CH3OD yielded 

crystals of [Cr([D4]-bpmp)2][PF6]3 (142 mg, 0.14 mmol, 70 %) as orange needles. MS (ESI+, CH3CN): m/z (%) = 

193.07 (5), 289.11 (21), 576.20 (100), 723.18 (88) (partial H/D exchange at the methylene groups occurs in 

the mass spectrometer). IR (ATR): n/  = 1611 (s), 1577 (m), 1491 (m), 1464 (m), 1438 (m), 1266 (m), 1171 (m), 

1113 (w), 1074 (w), 1029 (s), 836 (vs, PF), 765 (s), 740 (m), 656 (m), 639 (s), 621 (w), 556 (vs, PF), 518 (m), 

457 (m), 437 (s) cm–1.  

Synthesis of 6-deutero-2-methylpyridine: A solution of n-butyllithium in hexane (56 mL, 2.5 M) was added 

dropwise within half an hour to a solution of 2-bromo-6-methylpyridine (15.9 mL, 140 mmol) in dry diethyl 

ether (600 mL) while cooling to -70 °C (ethanol/dry ice). The orange reaction mixture was stirred for three 

hours at -70 °C and then warmed to -10 °C. Deuterium oxide (100 mL, 99.9 % D) was added dropwise within 

half an hour. After phase separation, the aqueous phase was extracted with diethylether (3 × 100 mL). The 

combined organic phases were dried with sodium sulfate and the solvent was removed under reduced 

pressure. The colorless to yellow product was isolated by distillation (128°C, ambient pressure). Yield: 11.49 g 

(122 mmol, 87 %). C5H6DNBr (162.03). 1H NMR (400 MHz, CDCl3): d = 7.50 (t, 3JHH = 7.7 Hz, 1H, H4), 7.09 (d, 
3JHH = 7.8 Hz, 1H, H5), 7.02 (d, 3JHH = 7.5 Hz, 1H, H3), 2.50 (s, 3H, CH3). 
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Synthesis of [D2]-bpmp (analogous to the synthesis of the non-deuterated ligand, ref. 24): A solution of 

n-butyllithium in hexane (48 mL, 2.5 M) was added dropwise within half an hour to a pale yellow solution of 

6-deutero-2-methylpyridine (11.33 g, 120 mmol) in dried tetrahydrofuran (80 mL) while cooling to -70 °C 

(ethanol/dry ice). The orange mixture was stirred at -70 °C for two hours and then warmed to -20 °C. 2,6-

Difluoropyridine (1.09 mL, 12.0 mmol) was added and the mixture was heated to reflux at 60 °C for 24 hours. 

After cooling to room temperature, water (50 mL) was added dropwise and the phases were separated. The 

aqueous phase was extracted with dichloromethane (3 × 50 mL), the combined organic layers were dried 

with sodium sulfate and the solvents were removed under reduced pressure. The product was purified by 

column chromatography (Alox, 1:1 cyclohexane/ethyl acetate) yielding a yellow oil (Rf = 0.32). Yield: 0.80 g 

(3.04 mmol, 25 %). C17H13D2N3 (263.33). 1H NMR (400 MHz, CD2Cl2): d = 7.59 (t, 3JHH = 7.6 Hz, 2H, H7), 7.52 (t, 
3JHH = 7.7 Hz, 1H, H1), 7.23 (d, 3JHH = 7.8 Hz, 2H, H6), 7.12 (d, 3JHH = 7.5 Hz, 2H, H8), 7.06 (d, 3JHH = 7.7 Hz, 2H, 

H2), 4.27 (s, 4H, H4). MS (ESI+, CH3CN): m/z (%) = 264.1 (100) [[D2]-bpmp+H]+, 286.1 (41) [[D2]-bpmp+Na]+, 

326.1 (21) [[D2]-bpmp+Cu]+, 550.3 (43) [2x[D2]-bpmp+Na]+.  

 

 

Synthesis of Cr([D2]-bpmp)Cl3: A pale yellow solution of [D2]-bpmp (0.30 g, 1.14 mmol) in isopropanol (8 mL) 

was added to a green solution of chromium(III) chloride hexahydrate (0.30 g, 1.14 mmol) in 

isopropanol (25 mL). The reaction mixture was heated for 15 hours to 82 °C yielding a dark green precipitate. 

After cooling to room temperature, the solution was decanted and the solid was washed with warm ethanol 

(2 × 10 mL) and diethyl ether (2 × 10 mL). The dark green product was dried under reduced pressure. Yield: 

0.47 g (1.11 mmol, 98 %). MS (ESI+, CH3CN): m/z (%) = 385.0 (33) [Cr([D2]-bpmp)Cl3-Cl]+, 426.0 (100) [Cr([D2]-

bpmp)Cl3-Cl+CH3CN]+, 445.0 (24) [Cr([D2]-bpmp)Cl3+Na]+, 867.0 (56) [2x Cr([D2]-bpmp)Cl3+Na]+. MS (APCI, 

CH3CN): m/z (%) = 385.0 (100) [Cr([D2]-bpmp)Cl3-Cl]+. IR (ATR): n/  = 3088 (w), 2975 (vw), 2982 (m), 1597 (s), 

1577 (m), 1562 (m), 1461 (s), 1447 (s), 1420 (s), 1286 (vw), 1237 (m), 1167 (m), 1132 (w), 1099 (m), 1061 (w), 

1026 (m), 938 (m), 915 (m), 876 (w), 865 (w), 838 (m), 825 (m), 794 (m), 774 (m), 757 (s), 701 (m), 605 (s), 

555 (w), 458 (m), 443 (m), 424 (vs), 410 (m) cm–1. 
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Synthesis of Cr([D2]-bpmp)(O3SCF3)3: Anhydrous deuterated triflic acid (0.76 mL, 8.54 mmol, 98 % D) was 

added under inert conditions to Cr([D2]-bpmp)Cl3 (0.24 g, 0.569 mmol). The reaction mixture turned dark red 

immediately together with evolution of hydrogen chloride gas. After stirring at room temperature for two 

hours, dry diethylether (10 mL) was added giving a red brown solid. After decanting, the product was washed 

with dried diethyl ether (2 × 10 mL) and dried under reduced pressure. Yield: 0.42 g (0.551 mmol, 97 %). MS 

(ESI+, CH3CN): m/z (%) = 613.0 (4) [Cr([D2]-bpmp)(OTf)3-OTf]+, 654.0 (2) [Cr([D2]-bpmp)(OTf)3-OTf+CH3CN]+. 

MS (APCI, CH3CN): m/z (%) = 613.0 (100) [Cr([D2]-bpmp)(OTf)3-OTf]+, 631.0 (10) [Cr([D2]-

bpmp)(OTf)3-OTf+H2O]+, 654.0 (49) [Cr([D2]-bpmp)(OTf)3-OTf+CH3CN]+. IR (ATR): n/  = 3107 (w), 2939 (w), 

1633 (m), 1609 (m), 1536 (vw), 1464 (vw), 1345 (s), 1286 (m), 1235 (vs), 1199 (vs), 1028 (s), 997 (s), 843 (vw), 

764 (w), 634 (vs), 574 (m), 516 (m), 426 (m) cm–1. 

 

Synthesis of [Cr([D2/D6]-bpmp)2](O3SCF3)3: A pale yellow solution of [D2]-bpmp (0.28 g, 1.05 mmol) in dry 

acetonitrile (4 mL) was added dropwise to a green solution of Cr([D2]-bpmp)(O3SCF3)3 (0.40 g, 0.525 mmol) 

in dry acetonitrile (16 mL). The initially dark green solution was heated for 20 hours to 60 °C, resulting in a 

dark yellow to brown mixture. The solvent was removed under reduced pressure and the residue was heated 

in tetrahydrofuran (50 mL). After cooling to room temperature, the solvent was decanted and the yellow 

solid was washed with tetrahydrofuran (20 mL) and diethyl ether (20 mL) and dried under reduced pressure. 

Yield: 0.23 g (0.224 mmol, 43 %). MS (ESI+, CH3CN): m/z (%) = 193.1 (5) [Cr([D2]-bpmp)2]3+, 289.1 (12) [[Cr([D2]-

bpmp)2]-H]2+, 577.2 (100) [[Cr([D2]-bpmp)2]-2H]+. MS (APCI, CH3CN): m/z (%) = 576.2 (100) [[Cr([D2]-

bpmp)2]-2H]+, 617.2 (3) [[Cr([D2]-bpmp)2]-2H+CH3CN]+. Partial H/D exchange at the methylene groups 

occurs in the mass spectrometer. IR (ATR): n/  = 3091 (vw), 2998 (vw), 1604 (s), 1577 (m), 1465 (m), 1432 (m), 

1258 (vs), 1224 (s), 1155 (s), 1107 (m), 1029 (vs), 934 (vw), 917 (w), 839 (m), 785 (m), 755 (m), 700 (vw), 636 

(vs), 606 (m), 573 (m), 517 (m), 455 (m), 430 (m) cm–1. 

 

pH sensing with [Cr(bpmp)2][O3SCF3]3 and [Cr(ddpd)2][BF4]3. An aqueous solution of [Cr(bpmp)2][O3SCF3]3 

and [Cr(ddpd)2][BF4]3 (25:2 molar ratio) was set to various pH values under ambient conditions. Luminescence 

spectra were obtained using lexc = 452 nm and normalized to the emission band at ca. 777 nm.  
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Figure S1. ESI+ mass spectrum of Cr(bpmp)Cl3 in CH3CN. The insets depict the experimental (blue) and 

calculated (red) isotopic pattern of the peak at m/z 383 ([Cr(bpmp)Cl3–Cl]+). 

 

 

Figure S2. ATR-IR spectrum of Cr(bpmp)Cl3. 
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Figure S3. ESI+ mass spectrum of Cr(bpmp)Br3 in CH3CN. The insets depict the experimental (blue) and 

calculated (red) isotopic pattern of the peak at m/z 473 ([Cr(bpmp)Br3–Br]+). 

 

 

Figure S4. ATR-IR spectrum of Cr(bpmp)Br3. 

 

 



S15 
 

 

Figure S5. APCI mass spectrum of Cr(bpmp)(OTf)3. The insets depict the experimental (blue) and calculated 

(red) isotopic pattern of the peak at m/z 611 ([Cr(bpmp)(OTf)3–OTf]+). 

 

 

Figure S6. ATR-IR spectrum of Cr(bpmp)(OTf)3. 
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Figure S7. ESI+ mass spectrum of [Cr(bpmp)2][OTf]3 in CH3CN. The insets depict the experimental (blue) and 

calculated (red) isotopic pattern of the peak at m/z 572 ([Cr(bpmp)2–2H]+). 

 

 

Figure S8. ATR-IR spectrum of [Cr(bpmp)2][OTf]3. 
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Figure S9. Temperature-dependence of cMT of [Cr(bpmp)2][BF4]3 (black circles) with fit (red line, g = 1.972). 

 

Table S6. Bond lengths [Å] and angles [deg] of [Cr(bpmp)2]3+ from XRD measurements of 

[Cr(bpmp)2][OTf]3 and [Cr(bpmp)2][BF4]3 and DFT calculations of [Cr(bpmp)2]3+. 

 [Cr(bpmp)2][OTf]3 [Cr(bpmp)2][BF4]3 DFT 
Cr1–N1 2.0755(13) 2.069(2) 2.1233 
Cr1–N2 2.0599(13) 2.083(2) 2.1183 
Cr1–N3 2.0691(13) 2.061(2) 2.1174 
Cr1–N4 2.0703(13) 2.073(2) 2.1089 
Cr1–N5 2.0771(13) 2.078(3) 2.0996 
Cr1–N6 2.0886(13) 2.084(2) 2.1075 
N1–Cr1–N2 89.55(5) 88.72(9) 88.46 
N1–Cr1–N3 177.65(4) 176.71(10) 176.85 
N1–Cr1–N4 93.04(5) 94.93(9) 96.50 
N1–Cr1–N5 89.11(5) 92.85(9) 91.39 
N1–Cr1–N6 85.08(5) 84.85(9) 84.14 
N2–Cr1–N3 90.11(5) 88.01(10) 88.53 
N2–Cr1–N4 91.00(5) 91.97(9) 90.81 
N2–Cr1–N5 178.58(4) 178.42(9) 179.41 
N2–Cr1–N6 90.68(5) 92.05(10) 91.77 
N3–Cr1–N4 84.63(5) 85.54(9) 84.45 
N3–Cr1–N5 91.20(5) 90.42(10) 91.64 
N3–Cr1–N6 97.25(5) 94.91(9) 95.05 
N4–Cr1–N5 88.59(5) 87.72(10) 88.64 
N4–Cr1–N6 177.47(4) 175.97(10) 177.35 
N5–Cr1–N6 89.69(5) 88.27(10) 88.78 
S(OC-6)42 0.16 0.20 0.21 
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Figure S10. ESI+ mass spectrum of [Cr(bpmp)2][BF4]3 in CH3CN. The insets depict the experimental (blue) and 

calculated (red) isotopic pattern of the peak at m/z 660 ([Cr(bpmp)2–H+BF4]+). 

 

 

Figure S11. ATR-IR spectrum of [Cr(bpmp)2][BF4]3. 
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Figure S12. ESI+ mass spectrum of [Cr(bpmp)2][PF6]3 in CH3CN. The insets depict the experimental (blue) and 

calculated (red) isotopic pattern of the peak at m/z 718 ([Cr(bpmp)2–H+PF6]+). 

 

 

Figure S13. ATR-IR spectrum of [Cr(bpmp)2][PF6]3. 
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Figure S14. Molecular structure of [Cr(bpmp)2][BF4]3 in the solid state. Hydrogen bonding of the 

tetrafluoroborate ions to the CH2 groups is illustrated by dashed lines. Hydrogen atoms (except for the CH2 

groups) are omitted. 

 

 

 

Figure S15. Absorption spectrum of [Cr(bpmp)2][OTf]3 in H2O at pH 9.9 and TD-DFT calculated oscillator 

strengths of [Cr(bpmp)(bpmp-H)]2+. 
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Table S7. TD-DFT calculated transitions of [Cr(bpmp-H)(bpmp)]2+. 

# l / nm oscillator 
strength 

character from to difference electron 
density (purple = 
electron loss; orange 
= electron gain) 

1 908.3           0.004200695     LMCT + LL'CT p (CH) + p (py) t2g (dxz) + p (py) 

 

2 759.5           0.004813556     LMCT + LL'CT p (CH) + p (py) t2g (dxz+dyz) + p 
(py) 

 

3 683.4           0.006631138     LMCT p (CH) + p (py) t2g (dxy) + eg (dz2) 

 

4 672.2           0.010283469     LMCT p (CH) + p (py) eg (dz2) 

 

5 624.3           0.008371426     LMCT + MC p (CH) + p (py) 
+ t2g (dxy) 

eg (dx2-y2) 

 

6 599.3           0.000772506     LL'CT + LMCT 
+ MC 

p (CH) + p (py) 
+ t2g (dxy) 

p (py) + eg (dx2-y2) 

 

7 556.3           0.000436185     LMCT + LL'CT 
+ MC 

p (CH) + p (py) 
+ t2g (dxy) 

eg (dx2-y2) + p (py) 
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8 554 0.003206402     LL'CT + MC p (CH) + p (py)+ 
t2g (dxz+dyz) 

p (py) + eg (dx2-

y2+dz2) 

 

9 545.4           0.016762453     ILCT + LL'CT p (CH) + p (py) p (py) 

 

10 528.9           0.011456804     LL'CT p (CH) + p (py) p (py) 

 

11 507.4           0.003737418     ILCT p (CH) + p (py) p (py) 

 

12 499.2           0.00234963      ILCT + MC p (CH) + p (py) 
+ t2g (dyz) 

p (py) + eg (dx2-

y2+dz2) 

 

13 476.8           0.005313119     LL'CT + MC p (CH) + p (py) 
+ t2g (dxy) 

p (py) + t2g (dyz) 

 

14 445.2           0.000607987     LL'CT p (CH) + p (py) p (py) 

 

15 440.8           0.000222206     MC t2g (dxz) eg (dz2) 
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16 431.7           0.05277057      ILCT + MC p (CH) + p (py) 
+ t2g (dxy) 

p (py) + t2g 
(dxy+dxz) 

 

17 431.3           0.015787377     LMCT + LL'CT p (CH) + p (py) t2g (dxy+dxz+dyz) + 
p (py) 

 

18 430 0.000617098     MC + LMCT t2g (dyz) + p (CH) eg (dx2-y2+dz2) 

 

19 426.4           0.003518558     ILCT p (CH) + p (py) p (py) 

 

20 422.4           0.003935425     ILCT + LL'CT + 
LMCT 

p (CH) + p (py) p (py) + t2g 
(dxy+dyz) 

 

21 412.1           0.018123465     LL'CT + MC p (CH) + p (py) 
+ t2g (dxy) 

p (py) + eg (dx2-y2) 

 

22 405.1           0.005534688     LL'CT + MC p (CH) + p (py) 
+ t2g (dxy) 

p (py) + eg (dx2-

y2+dz2) 

 

23 397.7           0.008474711     MC + LMCT t2g (dxy) + p (CH) eg (dx2-y2) 
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24 396.7           0.002528534     ILCT + LL'CT + 
MC 

p (CH) + p (py) 
+ t2g (dxy) 

p (py) + eg (dx2-

y2+dz2) 

 

25 390.3           0.019580503     ILCT + MC p (CH) + p (py) 
+ t2g (dxy) 

p (py) + eg (dx2-

y2+dz2) 

 

26 384.3           0.008136465     LL'CT + ILCT + 
MC 

p (CH) + p (py) 
+ t2g (dxy) 

p (py) + eg (dx2-

y2+dz2) 

 

27 380.5           0.024575727     LL'CT + MC p (CH) + p (py) 
+ t2g (dxy) 

p (py) + eg (dx2-

y2+dz2) 

 

28 371.4           0.008661558     LL'CT + MC p (CH) + p (py) 
+ t2g (dxy) 

p (py) + eg (dx2-

y2+dz2) 

 

29 359.2           0.062219373     ILCT + MC p (CH) + p (py) 
+ t2g 
(dxy+dxz+dyz) 

p (py) + eg (dx2-

y2+dz2) 

 

30 350.7           0.000959514     MC t2g (dxz) eg (dx2-y2) 

 

31 350.7           0.01803702      LMCT + ILCT p (CH) + p (py) eg (dx2-y2+dz2) + p 
(py) 
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32 345.1           0.027927026     LL'CT + LMCT p (CH) + p (py) p (py) + eg (dx2-

y2+dz2) 

 

33 343.9           0.030471736     MC + LMCT t2g (dyz) + p (CH) eg (dx2-y2+dz2) 

 

34 326.7           0.006043994     LMCT p (CH) + p (py) eg (dx2-y2) 

 

35 322.2           0.006409311     LMCT + ILCT p (py) t2g (dxz) + p (py) 

 

36 317.3           0.004341205     ILCT + LMCT p (py) p (py) + t2g 
(dxy+dxz+dyz) 

 

37 315.5           0.000239335     ILCT + LMCT p (py) p (py) + t2g (dxz) 

 

38 313.9           0.002920282     ILCT + LMCT p (py) p (py) + t2g (dxz) 

 

39 312.9           0.000853879     ILCT + LMCT p (py) p (py) + t2g (dyz) 
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40 310.4           0.127030531     ILCT + LMCT p (py) + p (CH) p (py) + t2g 
(dxy+dyz) 

 

41 299.9           0.003619984     LMCT p (py) t2g (dxz) 

 

42 293.3           0.015512516     LMCT + LL'CT p (py) t2g (dxz+dyz) + p 
(py) 

 

43 293 0.02365423      ILCT + LMCT p (py) p (py) + t2g 
(dxy+dxz+dyz) 

 

44 290.3           0.002589746     ILCT + LMCT p (py) p (py) + t2g (dxy) 

 

45 290.1           0.021949923     LMCT p (py) t2g (dxy) 

 

46 289.8           0.001517601     ILCT + LMCT p (py) p (py) + t2g (dxy) 

 

47 288.4           0.000490673     ILCT p (py) p (py) 
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48 287.6           0.005138237     LMCT + ILCT p (py) t2g (dxy+dxz+dyz) + 
p (py) 

 

49 285.1           0.007037636     LMCT p (CH) + p (py) t2g (dxy+dyz) 

 

50 279.2           0.005036221     LMCT + ILCT p (py) t2g (dxy+dxz) + p 
(py) 
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Figure S16. Photometric titration of [Cr(bpmp)2][OTf]3 in H2O a) pH 0 – 9.9; b) pH 9.9 – 12.9 and c) pKa 

determination at 445 nm. 
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Figure S17. Absorption spectra of [Cr(bpmp)2][OTf]3 in H2O cycling between pH » 1.5 and pH > 12. pH > 12 

causes some degradation. 
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Figure S18. Cyclic voltammogram of [Cr(bpmp)2][PF6]3 in CH3CN/[nBu4N][PF6]. 

 

 

 

Figure S19. Square wave voltammogram of [Cr(bpmp)2][PF6]3 in CH3CN/[nBu4N][PF6]. 
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Figure S20. DFT optimized geometries of a) [Cr(bpmp)2]3+ (quartet state) and b) [Cr(bpmp)2]2+ (triplet state), 

and corresponding Mulliken spin densities plotted at 0.006 a.u. with the a spin in orange and the b spin in 

purple. 

 

 

Figure S21. Experimental (red) and TD-DFT calculated absorption spectrum (black) of [Cr(bpmp)2]3+ and 

difference electron densities of the major transitions of 4LMCT and 4T2 character calculated by TD-DFT. 
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Figure S22. a) CIE 1931 diagram and CIE coordinates of [Cr(bpmp)2]3+ (0.7326, 0.2674) and b) emission 

spectrum plotted with a background colored with the visible spectral region. 
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Figure S23. a) Normalized emission spectra of [Cr(bpmp)2][OTf]3 in butyronitrile at 300 – 80 K and b) 

emission spectrum of [Cr(bpmp)2][OTf]3 in butyronitrile at 100 K (black) fitted with five Voigt functions 

(green; peak centers at 14140, 14017, 13788, 13483 and 13099 cm–1). 
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Figure S24. Illustration of the 308 cm–1 vibrational mode of [Cr(bpmp)2]3+ calculated by DFT. Scaled 

displacement vectors are shown as blue arrows. 

 

 

 

Figure S25. Plot of the average luminescence lifetime tav of [Cr(bpmp)2][BF4]3 and the integrated 

luminescence (normalized to 290 K) versus temperature. 
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Table S8. Temperature-dependent luminescence lifetimes of [Cr(bpmp)2][BF4]3 measured by TCSPC (KBr 

pellet, lexc = 390 nm) 

T / K lem / nm t1 / µs t2 / µs tav / µs a 
290 707 5.17 ± 0.07 (20%) 46.0 ± 0.3 (80%) 38.0 ± 0.3 

716 5.37 ± 0.09 (19%) 46.6 ± 0.3 (81%) 38.6 ± 0.3 
250 707 6.00 ± 0.08 (19%) 55.4 ± 0.4 (81%) 45.8 ± 0.4 

717 7.6 ± 0.2 (14%) 63.4 ± 0.7 (86%) 55.3 ± 0.6 
210 707 11.1 ± 0.1 (25%) 80.0 ± 0.5 (75%) 62.5 ± 0.4 

717 12.5 ± 0.1 (24%) 90.0 ± 0.7 (76%) 71.2 ± 0.5 
170 707 21.7 ± 0.2 (21%) 160 ± 1 (79%) 131 ± 1 

718 29.5 ± 0.2 (24%) 200 ± 2 (76%) 159 ± 1 
130 708 55.0 ± 0.5 (68%) 339 ± 13 (32%) 145 ± 4 

718 41.9 ± 0.3 (56%) 225 ± 3 (44%) 122 ± 2 
90 718 120 ± 2 (79%) 600 ± 50 (21%) 220 ± 10 
70 718 160 ± 2 (66%) 770 ± 40 (34%) 365 ± 1 
50 719 300 ± 6 (60%) 1100 ± 60 (40%) 620 ± 30 
40 719 273 ± 3 (49%) 1300 ± 20 (51%) 800 ± 10 
30 720 420 ± 30 (33%) 1700 ± 100 (67%) 1300 ± 80 
20 720 640 ± 200 (28%) 2000 ± 400 (72%) 1600 ± 400 
10 720 680 ± 20 (28%) 2150 ± 20 (72%) 1900 ± 20 
5 720 550 ± 60 (15%) 2050 ± 50 (85%) 1900 ± 300 

a The average lifetime was calculated by considering the relative contributions of the time constants t1 and 

t2 to get an impression of the sharp increase of the emission lifetimes at low temperatures (especially 

below 70 K). However, one should be aware of the fact that tav is indicated here for illustration and does 

not correspond directly to the decay of an excited state. The biexponential decay of the luminescence over 

the whole temperature range of 290 – 5 K is assigned to contributions of at least two different emissive 

doublet microstates. Additionally, different microenvironments in the KBr matrix (e.g. [Cr(bpmp)2]3+ with 

differently close contacts to counter ions or co-crystallized solvent molecules in the microcrystalline state) 

might contribute to the multiexponential decay. 

 

  



S36 
 

Table S9. Quantum yields F and luminescence lifetimes t of [Cr(bpmp)2][ClO4]3, [Cr(bpmp)2][PF6]3, 

[Cr(bpmp)2][BF4]3 in various environments at room temperature (lexc = 462 nm). 

X solvent acida oxygen F / % t / µs 

ClO4 H2O – – 12.9 1500 

ClO4 H2O HClO4 – 12.0 1500 

ClO4 H2O HClO4 + 6.2 820 

ClO4 D2O DClO4 – 15.7 1800 

ClO4 D2O DClO4 + 8.0 810 

ClO4 CH3CN – – 9.1 1000 

ClO4 CH3CN HClO4 – 10.6 1200 

ClO4 CH3CN HClO4 + 3.7 380 

ClO4 CD3CN DClO4 – 9.7 1200 

ClO4 CD3CN DClO4 + 2.8 370 

ClO4 PBS (pH 6.9)b – – 0.9 310 

ClO4 PBS (pH 6.5)b – – 1.7 570 

PF6 H2O – – 0.3 220 

PF6 H2O HClO4 – 16.0 1500 

PF6 H2O HClO4 + 9.2 870 

PF6 D2O DClO4 – 20.0 1800 

PF6 D2O DClO4 + 9.2 860 

PF6 CH3CN – – 0.5 550 

PF6 CH3CN HClO4 – 11.1 1000 

PF6 CH3CN HClO4 + 4.0 380 

PF6 CD3CN DClO4 – 15.6 1300 

PF6 CD3CN DClO4 + 4.8 410 

PF6 PBS (pH 6.9)b – – 0.5 310 

PF6 PBS (pH 6.5)b – – 3.2 800 

BF4 H2O – – 0.4 480 

BF4 H2O HClO4 – 12.0 1400 

BF4 H2O HClO4 + 7.6 840 

BF4 D2O DClO4 – 13.4 1500 

BF4 D2O DClO4 + 7.4 840 

BF4 CH3CN – – 0.6 950 

BF4 CH3CN HClO4 – 10.4 1100 

BF4 CH3CN HClO4 + 3.8 390 

BF4 CD3CN DClO4 – 11.2 1200 

BF4 CD3CN DClO4 + 4.2 400 

BF4 PBS (pH 6.9)b – – 0.4 480 

BF4 PBS (pH 6.5)b – – 3.2 860 
a final HClO4 (DClO4) concentration c = 0.1 M. b PBS = phosphate buffered saline (0.1 M). 
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Figure S26. ESI+ mass spectrum of [Cr([D4]-bpmp)2][PF6]3 in CH3CN. The insets depict the experimental 

(blue) isotopic pattern of the peak at m/z 723 and calculated isotopic patterns of the D6 (red) and D8 (black) 

isotopologues for illustration. 

 

 

Figure S27. ATR-IR spectra of [Cr([D4]-bpmp)2][PF6]3 with deuterated methylene bridges (red) and 

[Cr(bpmp)2][PF6]3 (black). 
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Figure S28. 1H NMR spectrum of 6-deutero-2-methylpyridine in CDCl3. 

 

 

Figure S29. Zoom into the aromatic region of the 1H NMR spectrum of 6-deutero-2-methylpyridine in CDCl3. 
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Figure S30. 1H NMR spectra of [D2/4]-bpmp (green) and bpmp (red) in CD2Cl2. 

 

 

 

Figure S31. ESI+ mass spectrum of [D2]-bpmp in CH3CN. The insets depict the experimental (blue) and 

calculated (red) isotopic pattern of the peak at m/z 264. 
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a) 

 

b) 

 

Figure S32. a) ESI+ mass spectrum of Cr([D2]-bpmp)Cl3 in CH3CN. The insets depict the experimental (blue) 

and calculated (red) isotopic pattern of the peak at m/z 385. b) APCI mass spectrum of Cr([D2]-bpmp)Cl3. 

The insets depict the experimental (blue) and calculated (red) isotopic pattern of the peak at m/z 385. 
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Figure S33. ATR-IR spectrum of Cr([D2]-bpmp)Cl3. 
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a) 

 

b) 

 

Figure S34. a) ESI+ mass spectrum of Cr([D2]-bpmp)(OTf)3 in CH3CN. The insets depict the experimental 

(blue) and calculated (red) isotopic pattern of the peak at m/z 613. b) APCI mass spectrum of Cr([D2]-

bpmp)(OTf)3. The insets depict the experimental (blue) and calculated (red) isotopic pattern of the peak at 

m/z 613. 
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Figure S35. ATR-IR spectrum of Cr([D2]-bpmp)(OTf)3.  
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a)

 

b) 

 

Figure S36. a) ESI+ mass spectrum of [Cr([D2]-bpmp)2][OTf]3 in CH3CN. The insets depict the experimental 

(blue) and calculated (red) isotopic pattern of the peak at m/z 576. b) APCI mass spectrum of [Cr([D2]-

bpmp)2][OTf]3. The insets depict the experimental (blue) and calculated (red) isotopic pattern of the peak at 

m/z 576. 
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Figure S37. ATR-IR spectrum of [Cr([D2]-bpmp)2][OTf]3.  
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NIR Absorption Spectroscopy / Vibrational Overtone Analysis 

Since the isotopologic chromium(III) complexes were not available in sufficient quantities, the analysis of the 

position and intensity of the C-H and C-D vibrational overtones for the chromium complexes was carried 

out on simpler pyridine-containing model compounds. The vibrational signatures of the methylene groups in 

bpmp were not investigated. Previously, the vibrational overtone data from the isotopologues of 6,6'-

dimethyl-2,2'-bipyridine (Me2-bpy and [D12]-Me2-bpy, Figure Sx) proved to be a successful model system for 

the very similar ddpd ligand (Figure S38).43 

 

 

Figure S38. Top row: pyridine-based ligands in luminescent chromium complexes. Bottom row: model 

compounds used for the analysis of vibrational CH and CD overtones. 

In order to verify if Me2-bpy and [D12]-Me2-bpy are also good model compounds for the isotopologues of 

bpmp, we measured the aromatic C-H overtone energies of bpmp up to the third overtone (n = 4) and 

compared them to the previously obtained overtone data from Me2-bpy (Figure S39). The C-H overtones of 

bpmp showed a well-behaved Morse progression and could reasonably well be fitted with Gaussian functions 

of the form y(x) = A * exp(–0.5*((x-xc)/s)2), defined by amplitude A, center wavenumber xc, and Gaussian 

width s. Despite the structural differences of Me2-bpy and bpmp the Gaussian functions of the aromatic C–

H vibrational overtones were very similar and confirmed the validity of Me2-bpy as our model system. 
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Figure S39. NIR absorption bands of the aromatic C-H vibrational overtones of Me2bpy (black) and bpmp 

(red) in CDCl3 in the region n = 2 (left), n = 3 (middle), and n = 4 (right). Due to the smaller number of 

aromatic C-H oscillators in Me2bpy (6) compared to bpmp (11) the Gaussians of Me2bpy have been scaled 

by a factor of 11/6. 

Hence, we exploited the earlier calculated Gaussians of the aromatic C-(H/D) overtones43 of Me2-bpy and 

[D12]-Me2-bpy for the SOI calculations. The integrand functions for the SOIs between the chromium complex 

emission and the relevant C-(H/D) overtones were constructed according to the mathematical definition of 

the SOIs: 

SOI = ∫ , norm(2/) ∙ 5vib(2/) ∙ 2/6782/ 

with Inorm being the chromium emission spectrum (normalized to unit area) and e the molar vibrational 

extinction coefficient (extracted and extrapolated absorption spectra of the relevant overtones), both 

expressed in the wavenumber scale 2/. The integrand functions were generated with a set of data points with 

a step size of 1 cm-1. Numerical integration (OriginPro 9.0) gave the corresponding values for SOI. 

 

Figure S40. Integrand function of the spectral overlap integral (SOI) for the chromium emission band in 

[Cr(bpmp)2]3+ and the fourth aromatic C-H (n = 5) oscillators in Me2-bpy. 
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Figure S41. Integrand function of the spectral overlap integral (SOI) for the chromium emission band in 

[Cr(bpmp)2]3+ and the fifth (n = 6) and sixth (n = 7) aromatic C-D oscillators in [D12]-Me2-bpy. 

Based on the obtained SOIs, the ratio of the non-radiative deactivation rates of chromium excited states 

from [Cr(bpmp)2]3+ and fully deuterated [Cr(bpmp)2]3+ is estimated as: 

knr(C-H)

knr(C-D) 
=

SOI(C-H)

SOI(C-D) 
=

4.21 ∙ 106$% M6%cm?

6.24 ∙ 106$A M6%cm? = 6.75 ∙ 10? 

 

Figure S42. Normalized spectra for the chromium 2E emission of [Cr(bpmp)2]3+ (red) and the relevant 

vibrational aromatic C-H overtone absorption band (dashed black). 
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Figure S43. Spectra for the chromium 2E emission of [Cr(bpmp)2]3+ (red) and the relevant vibrational 

aromatic C-D overtone absorption bands (dashed black). The overtone intensities are shown with their 

actual intensity ratios. 
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Figure S44. FTIR spectra of [Cr(bpmp)2][BF4]3 as KBr pellets at 290 K (red) and 20 K (blue). 

 

 

Figure S45. Ground state FTIR spectrum of [Cr(bpmp)2][BF4]3 (KBr pellet, 20 K) (black) and calculated IR 

frequencies (blue sticks) and calculated IR spectrum (green) of [Cr(bpmp)2]3+ (scaled by 0.98, FWHM =  

8 cm–1, pseudo-Voigt profile) (DFT/B3LYP/def2-TZVP/D3-BJ). 
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Figure S46. FTIR ground state spectrum (bottom) and step-scan spectra difference spectrum (top) of 

[Cr(bpmp)2][BF4]3 (KBr pellet) recorded 0 ─ 1 μs after laser excitation at 355 nm (T = 290 K). 

 

 

Figure S47. FTIR ground state spectrum (bottom) and step-scan spectra difference spectrum (top) of 

[Cr(bpmp)2][BF4]3 (KBr pellet) recorded 0 ─ 1 μs after laser excitation at 355 nm (T = 20 K). 
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Figure S48. Global biexponential fit and residuals of [Cr(bpmp)2][BF4]3 (KBr pellet) at 290 K. 

 

 

 

Figure S49. Global biexponential fit and residuals of [Cr(bpmp)2][BF4]3 (KBr pellet) at 20 K. 
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Figure S50. UV/Vis absorption spectrum of [Cr(bpmp)2][BF4]3 (thin film) at 290 K. 

 

 

 

Figure S51. Luminescence spectrum of [Cr(bpmp)2][BF4]3 (thin film and KBr pellet) at 290 K, lexc = 340 nm. 
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Figure S52. EADS of [Cr(bpmp)2][OTf]3 in CH3CN/HClO4 excited with lexc = 515 nm at 290 K. The inset 

displays the EADS of the very short component included in the fit, which is probably a coherent artefact.  

 

 

 

Figure S53. EADS of [Cr(bpmp)2][OTf]3 in CH3CN/HClO4 excited with lexc = 350 nm at 290 K. The inset 

displays the EADS of the longer components for better comparison. 
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Figure S54. Transient absorption spectra of [Cr(bpmp)2][OTf]3 in CH3CN (HClO4) excited with fs laser pulses 

at 460 nm (4T2 states). The TA spectra are very similar to the ones obtained with 515 nm excitation shown 

in Fig. 6a (4T2 states), only the pump laser power is lower. 

 

 

 

Figure S55. 1O2 emission sensitized by [Cr(ddpd)2][BF4]3 in DMF (black), [Cr(ddpd)2][BF4]3 in DMF/HClO4 

(red), [Cr(bpmp)2][BF4]3 in DMF/HClO4 (green), [Cr(bpmp)2][PF6]3 in DMF/HClO4 (blue) and [Cr(bpmp)2][OTf]3 

in DMF/HClO4 (purple). 
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Figure S56. A) Emission spectra of [Cr(bpmp)2][OTf]3 with O2 in H2O/HClO4 and b) corresponding steady-

state Stern-Volmer plot. Steady-state implies that the emission intensities at different oxygen 

concentration/partial pressure were exploited for the Stern-Volmer plot.  

 

 

 

Figure S57. A) Luminescence decays of [Cr(bpmp)2][OTf]3 with O2 in H2O/HClO4 and b) corresponding time-

resolved Stern-Volmer plot. Time-resolved implies that the oxygen concentration/partial pressure-

dependent luminescence lifetimes were utilized for the Stern-Volmer plot. 
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Figure S58. A) Emission spectra of [Cr(bpmp)2][BF4]3 with O2 in H2O/HClO4 and b) corresponding steady-

state Stern-Volmer plot. 

 

 

 

Figure S59. A) Luminescence decays of of [Cr(bpmp)2][BF4]3 with O2 in H2O/HClO4 and b) corresponding 

time-resolved Stern-Volmer plot. 
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Figure S60. a) Emission spectra of [Cr(bpmp)2][OTf]3 with azulene in CH3CN (undried) and b) corresponding 

steady-state Stern-Volmer plot. 
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Table S10. Cartesian Coordinates of Cr(acac)3. 

Cr       0.000000000      0.000000000      0.000000000 
O       -0.022906000     -1.969601000     -0.066881000 
O       -1.971782000      0.056768000     -0.002074000 
O        0.011129000      0.052367000     -1.969159000 
O       -0.005106000      1.966505000      0.081395000 
O        1.966312000     -0.057809000     -0.013742000 
O       -0.010053000     -0.066892000      1.975939000 
C       -1.051048000     -2.724883000     -0.079372000 
C       -2.376728000     -2.278140000     -0.085234000 
C       -2.770453000     -0.936376000     -0.047183000 
C       -0.765137000     -4.198436000     -0.091748000 
C       -4.231243000     -0.588549000     -0.059373000 
C       -0.063182000      1.084986000     -2.713430000 
C       -0.141584000      2.401685000     -2.246987000 
C       -0.125870000      2.774644000     -0.899266000 
C       -0.060632000      0.816813000     -4.190593000 
C       -0.258150000      4.222767000     -0.527713000 
C        2.738957000     -0.263327000      0.982412000 
C        2.320424000     -0.355348000      2.310252000 
C        0.995437000     -0.227544000      2.742092000 
C        4.197337000     -0.394310000      0.654941000 
C        0.716124000     -0.248095000      4.216787000 
H       -3.154083000     -3.025199000     -0.108143000 
H       -0.259288000     -4.456022000     -1.025142000 
H       -1.669226000     -4.794112000      0.004008000 
H       -0.080774000     -4.439653000      0.722425000 
H       -4.470502000     -0.094166000     -1.004380000 
H       -4.442706000      0.123083000      0.738760000 
H       -4.862982000     -1.465668000      0.056289000 
H       -0.225569000      3.186994000     -2.981303000 
H       -0.805246000      0.055568000     -4.424322000 
H        0.914170000      0.413550000     -4.475920000 
H       -0.261766000      1.714041000     -4.770565000 
H        0.641720000      4.544244000      0.000677000 
H       -1.095036000      4.338584000      0.162882000 
H       -0.415980000      4.857717000     -1.395687000 
H        3.074145000     -0.516258000      3.064868000 
H        4.327671000     -1.139188000     -0.130812000 
H        4.786518000     -0.676116000      1.524144000 
H        4.562961000      0.557746000      0.263648000 
H       -0.296773000     -0.598801000      4.407357000 
H        0.810193000      0.769648000      4.605286000 
H        1.431805000     -0.871080000      4.748294000 

 

Table S11. Cartesian Coordinates of [Cr(NH3)6]3+. 

Cr       0.000000000      0.000000000      0.000000000 
N        2.084661000     -0.001066000      0.088882000 
N       -0.126719000     -2.082829000     -0.000893000 
N        0.015485000     -0.018989000      2.087142000 
N        0.005971000      2.088989000      0.009490000 
N       -2.082726000      0.119048000     -0.106566000 
N        0.109070000     -0.109220000     -2.081182000 
H        2.479028000     -0.909872000      0.318912000 
H        2.515444000      0.280562000     -0.788707000 
H        2.446079000      0.637492000      0.792248000 
H        0.762272000     -2.540808000     -0.185501000 
H       -0.457776000     -2.456845000      0.885271000 
H       -0.766331000     -2.436450000     -0.707662000 
H        0.672545000     -0.701032000      2.457898000 
H       -0.885179000     -0.247722000      2.500335000 
H        0.290883000      0.874962000      2.486888000 
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H        0.915772000      2.494086000      0.214334000 
H       -0.280992000      2.486218000     -0.882097000 
H       -0.633674000      2.476835000      0.698455000 
H       -2.533743000     -0.773598000     -0.289232000 
H       -2.501852000      0.472458000      0.750337000 
H       -2.397187000      0.746622000     -0.842460000 
H        0.755324000     -0.829633000     -2.394150000 
H       -0.784967000     -0.334458000     -2.510740000 
H        0.423193000      0.753526000     -2.518408000 

 

Table S12. Cartesian Coordinates of [Cr(py)6]3+. 

Cr       0.000000000      0.000000000      0.000000000 
N       -2.128157000     -0.000639000      0.006060000 
N        2.127862000      0.000000000     -0.006692000 
N        0.000000000      0.000000000     -2.128537000 
N        0.000032000      0.000498000      2.127814000 
N        0.004339000     -2.127702000     -0.002536000 
N       -0.004570000      2.127760000      0.003554000 
C        0.016073000     -2.827904000      1.151995000 
C       -2.826117000     -1.156555000     -0.005645000 
C       -1.151369000     -0.026928000      2.832796000 
C       -0.012058000      2.827726000     -1.151180000 
C        1.151656000     -0.017657000     -2.833418000 
C        2.825580000      1.155856000     -0.031102000 
C       -2.831111000      1.152082000      0.026873000 
C       -1.156952000      0.014097000     -2.824792000 
C       -0.002975000      2.828678000      1.157713000 
C        1.156781000      0.028974000      2.823806000 
C        2.830987000     -1.152691000      0.009183000 
C       -0.002586000     -2.828424000     -1.156805000 
C       -4.211623000      1.185456000      0.037962000 
C       -4.206385000     -1.196599000      0.004417000 
C       -1.182330000     -0.026877000      4.213392000 
C        1.199194000      0.029965000      4.204023000 
C       -0.008649000      4.209160000      1.193596000 
C       -0.018699000      4.208089000     -1.188626000 
C        4.205860000      1.195831000     -0.041216000 
C        4.211491000     -1.186118000      0.000259000 
C       -1.199245000      0.009604000     -4.204979000 
C        1.182739000     -0.021906000     -4.214023000 
C        0.002200000     -4.208868000     -1.193105000 
C        0.020981000     -4.208322000      1.189034000 
C       -0.011016000     -0.008749000     -4.920873000 
C       -4.920321000     -0.007270000      0.027196000 
C       -0.016803000      4.919998000      0.002144000 
C        0.011304000      0.001523000      4.920036000 
C        0.014068000     -4.919979000     -0.001845000 
C        4.919986000      0.006471000     -0.025669000 
H       -4.712325000      2.141860000      0.055463000 
H       -2.277234000      2.071867000      0.035017000 
H       -2.268184000     -2.073729000     -0.023990000 
H       -4.702792000     -2.155284000     -0.006396000 
H       -6.001018000     -0.009685000      0.035644000 
H        0.023382000     -2.272160000      2.070720000 
H        0.029673000     -4.706701000      2.146722000 
H        0.017446000     -6.000708000     -0.001769000 
H       -0.003653000     -4.707745000     -2.150596000 
H       -0.013340000     -2.272856000     -2.075603000 
H       -2.073311000      0.031530000     -2.265510000 
H        2.072731000     -0.030969000     -2.281481000 
H        2.138408000     -0.036915000     -4.716196000 
H       -0.014996000     -0.012243000     -6.001643000 
H       -2.158745000      0.021830000     -4.699837000 
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H        2.277157000     -2.072333000      0.030261000 
H        4.712364000     -2.142495000      0.014216000 
H        6.000688000      0.008791000     -0.033090000 
H        4.702103000      2.154454000     -0.061328000 
H        2.267418000      2.072984000     -0.043458000 
H        2.072936000      0.054163000      2.264491000 
H        2.158540000      0.053357000      4.698788000 
H        0.015402000      0.001395000      6.000817000 
H       -2.137753000     -0.050347000      4.715709000 
H       -2.072241000     -0.051267000      2.280869000 
H        0.001180000      2.273418000      2.076769000 
H       -0.007336000      4.708258000      2.150991000 
H       -0.021287000      6.000721000      0.001831000 
H       -0.023856000      4.706225000     -2.146464000 
H       -0.011904000      2.271439000     -2.069540000 

 

Table S13. Cartesian Coordinates of [Cr(tpy)2]3+. 

Cr       0.000000000      0.000000000      0.000000000 
N        2.028840000     -0.000772000     -0.385480000 
N       -2.020130000      0.000000000     -0.429392000 
N        0.021555000      0.000000000     -1.991949000 
N       -0.023487000      0.000225000      1.991915000 
N       -0.004933000      2.024790000      0.407330000 
N       -0.005317000     -2.024705000      0.407594000 
C       -0.022593000      2.337991000      1.731200000 
C        2.995918000     -0.001775000      0.535806000 
C       -0.031204000      1.179762000      2.635961000 
C       -0.022151000     -2.337718000      1.731524000 
C       -1.150982000      0.000259000     -2.648866000 
C       -3.006834000     -0.000227000      0.470826000 
C        2.356330000     -0.000683000     -1.705998000 
C        1.207967000      0.000124000     -2.623272000 
C        0.003893000     -3.001819000     -0.503000000 
C       -0.030990000     -1.179302000      2.636121000 
C       -2.318969000     -0.000202000     -1.756654000 
C        0.004493000      3.001780000     -0.503401000 
C        3.678707000     -0.001635000     -2.114408000 
C        4.337335000     -0.002778000      0.189683000 
C       -0.046491000      1.208758000      4.023086000 
C       -0.046220000     -1.208220000      4.023189000 
C       -0.004103000     -4.339347000     -0.142249000 
C       -0.031404000     -3.655538000      2.154347000 
C       -4.340457000     -0.001035000      0.095835000 
C       -3.632204000     -0.000885000     -2.193511000 
C        1.251800000      0.000870000     -4.010076000 
C       -1.165053000      0.000959000     -4.036263000 
C       -0.004021000      4.339366000     -0.142880000 
C       -0.032206000      3.655879000      2.153793000 
C        0.050843000      0.001357000     -4.710610000 
C        4.681832000     -0.002690000     -1.153438000 
C       -0.022422000     -4.669130000      1.204458000 
C       -0.053933000      0.000318000      4.710550000 
C       -0.023004000      4.669340000      1.203761000 
C       -4.655857000     -0.001398000     -1.254447000 
H        3.926582000     -0.001632000     -3.164632000 
H        2.688054000     -0.001626000      1.571038000 
H        5.087287000     -0.003609000      0.965580000 
H        5.719046000     -0.003484000     -1.455865000 
H       -0.047218000      3.892256000      3.206526000 
H       -0.031251000      5.703242000      1.517286000 
H        0.003621000      5.097585000     -0.910634000 
H        0.018165000      2.705186000     -1.541730000 
H       -2.094204000      0.001264000     -4.583341000 
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H        0.062663000      0.001994000     -5.791022000 
H        2.192537000      0.001087000     -4.537181000 
H       -3.857173000     -0.001089000     -3.248913000 
H       -5.686315000     -0.002038000     -1.579183000 
H       -5.107104000     -0.001322000      0.855227000 
H       -2.721046000      0.000401000      1.512212000 
H       -0.051752000     -2.143210000      4.560194000 
H       -0.066391000      0.000349000      5.790958000 
H       -0.052454000      2.143782000      4.560064000 
H        0.017518000     -2.705258000     -1.541309000 
H        0.003387000     -5.097728000     -0.909850000 
H       -0.030316000     -5.702989000      1.518130000 
H       -0.046089000     -3.891729000      3.207143000 

 

Table S14. Cartesian Coordinates of [Cr(bpy)3]3+. 

Cr       0.000000000      0.000000000      0.000000000 
N       -0.001798000     -0.044487000      2.056062000 
N       -0.223854000      0.178612000     -2.033802000 
N       -2.016505000     -0.183910000      0.367197000 
N        2.043434000      0.043541000     -0.195510000 
N        0.415985000     -2.011844000     -0.027069000 
N       -0.217731000      2.032906000     -0.167822000 
C        1.733579000     -2.320624000     -0.117371000 
C        1.088377000      0.000762000      2.833332000 
C        2.783879000      1.154797000     -0.304360000 
C       -0.395965000      2.483714000     -1.433034000 
C       -2.975838000     -0.197317000     -0.567352000 
C       -0.414761000      1.446386000     -2.474100000 
C       -1.224711000     -0.203483000      2.619399000 
C       -2.353286000     -0.237774000      1.678457000 
C       -0.177754000      2.901378000      0.850799000 
C        2.640805000     -1.171685000     -0.243039000 
C       -0.223407000     -0.837458000     -2.906317000 
C       -0.492185000     -2.989809000      0.085497000 
C       -1.363568000     -0.321197000      3.994184000 
C        1.013334000     -0.112148000      4.208817000 
C        4.156725000      1.109689000     -0.460602000 
C        4.014798000     -1.281173000     -0.400919000 
C       -0.301771000      4.264371000      0.656443000 
C       -0.535004000      3.839488000     -1.689850000 
C       -0.617777000      1.706388000     -3.821345000 
C       -0.431142000     -0.642084000     -4.259242000 
C       -3.682892000     -0.311001000      2.067793000 
C       -4.317348000     -0.270127000     -0.242109000 
C       -0.130235000     -4.324078000      0.115362000 
C        2.157117000     -3.640778000     -0.087966000 
C       -4.674547000     -0.327719000      1.096973000 
C       -0.232531000     -0.278005000      4.796667000 
C       -0.482460000      4.739059000     -0.634633000 
C        4.780213000     -0.128307000     -0.509592000 
C        1.215003000     -4.652497000      0.029935000 
C       -0.633918000      0.650440000     -4.721484000 
H       -2.338228000     -0.450839000      4.436170000 
H        2.037673000      0.133716000      2.339739000 
H        1.917547000     -0.071696000      4.796249000 
H       -0.327318000     -0.373981000      5.868756000 
H        3.206280000     -3.881137000     -0.152976000 
H        1.532499000     -5.684949000      0.054412000 
H       -0.893657000     -5.081334000      0.205324000 
H       -1.527273000     -2.692532000      0.146981000 
H       -2.659400000     -0.149186000     -1.596505000 
H       -5.056149000     -0.280352000     -1.028483000 
H       -5.713761000     -0.383851000      1.387983000 
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H       -3.945470000     -0.350349000      3.112785000 
H       -0.060012000     -1.825342000     -2.506980000 
H       -0.432633000     -1.490730000     -4.925695000 
H       -0.802605000      0.839193000     -5.772021000 
H       -0.770641000      2.716290000     -4.166771000 
H        4.485978000     -2.250103000     -0.441053000 
H        5.851361000     -0.201115000     -0.632487000 
H        4.714214000      2.030073000     -0.541860000 
H        2.263726000      2.097650000     -0.260671000 
H       -0.034497000      2.492042000      1.838067000 
H       -0.257278000      4.929321000      1.505072000 
H       -0.582651000      5.798306000     -0.823042000 
H       -0.674496000      4.192383000     -2.698831000 

 

Table S15. Cartesian Coordinates of [Cr(ddpd)2]3+. 

Cr       0.000000000      0.000000000      0.000000000 
N       -0.063391000     -0.002063000     -2.040076000 
N        0.056068000     -0.000994000      2.038359000 
N        0.064332000     -2.053516000     -0.125516000 
N       -0.071070000      2.051921000     -0.126429000 
N       -2.047138000     -0.015009000      0.187929000 
N        2.054912000      0.018135000      0.066023000 
C       -0.735201000     -0.977917000     -2.697787000 
C       -0.791085000     -1.002697000     -4.084742000 
C       -0.154503000     -0.002615000     -4.797532000 
C        0.526743000      0.998473000     -4.128816000 
C        0.561329000      0.974650000     -2.741247000 
H       -1.298855000     -1.803721000     -4.594691000 
H        1.001586000      1.798527000     -4.671143000 
C        0.747183000     -2.758791000      0.803969000 
C        0.540327000     -4.097421000      1.015670000 
C       -0.407385000     -4.748227000      0.225803000 
C       -1.065763000     -4.052616000     -0.766696000 
C       -0.788549000     -2.691905000     -0.948813000 
H       -0.620473000     -5.797416000      0.375083000 
H        1.447927000     -2.200083000      1.403603000 
H        1.092680000     -4.613868000      1.785038000 
H       -1.762206000     -4.559507000     -1.412479000 
C        0.735855000      2.686747000     -0.997181000 
C        1.039765000      4.043142000     -0.822327000 
C        0.454724000      4.736329000      0.216761000 
C       -0.451178000      4.090750000      1.058474000 
C       -0.685946000      2.756496000      0.849851000 
H        0.689534000      5.781495000      0.361338000 
H        1.700565000      4.547933000     -1.506013000 
H       -0.949287000      4.607438000      1.863740000 
H       -1.355041000      2.199876000      1.486294000 
C       -0.875782000     -0.687987000      2.743373000 
C       -0.865985000     -0.693405000      4.131454000 
C        0.122631000      0.009893000      4.796334000 
C        1.076681000      0.708922000      4.079242000 
C        1.020883000      0.690875000      2.692169000 
H       -1.632110000     -1.216777000      4.678044000 
H        1.867638000      1.236123000      4.584955000 
C       -2.801365000      0.604412000     -0.747257000 
C       -4.124725000      0.306810000     -0.944237000 
C       -4.702333000     -0.674120000     -0.138079000 
C       -3.960557000     -1.265375000      0.863117000 
C       -2.620815000     -0.890693000      1.034620000 
H       -5.733896000     -0.963598000     -0.280687000 
H       -2.291678000      1.327427000     -1.363457000 
H       -4.682502000      0.810589000     -1.717938000 
H       -4.416257000     -1.986125000      1.520025000 
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C        2.681739000      0.870214000      0.898936000 
C        4.024275000      1.209565000      0.686192000 
C        4.715225000      0.612709000     -0.347854000 
C        4.080598000     -0.335597000     -1.149640000 
C        2.758275000     -0.603861000     -0.906574000 
H        5.750347000      0.872480000     -0.519171000 
H        4.522993000      1.905019000      1.339234000 
H        4.596123000     -0.842135000     -1.950375000 
H        2.209945000     -1.307182000     -1.512568000 
N       -1.852228000     -1.426352000      2.058636000 
C       -2.345035000     -2.646295000      2.718646000 
H       -3.160065000     -2.446771000      3.414351000 
H       -2.684548000     -3.336134000      1.952013000 
H       -1.517735000     -3.102620000      3.251073000 
N        1.963881000      1.420574000      1.953716000 
C        2.502594000      2.635170000      2.586193000 
H        3.335913000      2.426638000      3.257387000 
H        2.830835000      3.311243000      1.802696000 
H        1.702267000      3.112556000      3.141118000 
N       -1.403815000     -1.966791000     -1.961860000 
N        1.276591000      1.964143000     -2.052445000 
C       -2.613215000     -2.539223000     -2.573577000 
H       -2.389962000     -3.339101000     -3.279253000 
H       -3.247451000     -2.924060000     -1.780923000 
H       -3.143418000     -1.742928000     -3.084565000 
C        2.451206000      2.527552000     -2.735704000 
H        2.192694000      3.339239000     -3.415511000 
H        3.141866000      2.893365000     -1.981626000 
H        2.935799000      1.731051000     -3.290315000 
H       -0.189922000     -0.003594000     -5.877783000 
H        0.149669000      0.013581000      5.876821000 

 

Table S16. Cartesian Coordinates of [Cr(bpmp)2]3+. 

Cr       0.0000000000      0.0000000000      0.0000000000                  
N       -0.2392231150     -2.1091667910     -0.0513686530                  
N        2.1082842930      0.0000000000      0.0499894260                  
N        0.0000000000      0.0000000000      2.0996350620                  
N       -2.1069259780      0.0212638970      0.0450142550                  
N        0.2063853300      2.1064869570     -0.0604850260                  
C       -2.7913533870     -0.6749825610     -0.8873822620                  
C       -2.7834471940      0.6672820620      1.0141205650                  
C       -4.1662740780     -0.7375001930     -0.9034745460                  
C       -4.1719785930      0.6345219000      1.0536648770                  
C       -4.8737485900     -0.0666915060      0.0874396440                  
N        0.0201332680     -0.0081525660     -2.1181372370                  
C       -0.9527232910      0.6773031080      2.7849439450                  
C        0.9722827730     -0.6584638400      2.7774931060                  
C       -0.9503471600      0.7082687700      4.1698782490                  
C        1.0197583430     -0.6333371500      4.1609687800                  
C        0.0499852550      0.0552595590      4.8686549340                  
C        2.7863310940     -0.6619628030      1.0073501620                  
C        2.7918381000      0.7174001540     -0.8665231350                  
C        4.1745144010     -0.6295498400      1.0489474310                  
C        4.1668980980      0.7850116810     -0.8773936150                  
C        4.8756268060      0.0933443900      0.0979595550                  
C       -0.5266830220      1.0191819110     -2.8114667000                  
C        0.5857662100     -1.0377685650     -2.7930259750                  
C       -0.5051752450      1.0431914230     -4.1956300990                  
C        0.6083548660     -1.0637791970     -4.1770181680                  
C        0.0637676360     -0.0099867610     -4.8907552180                  
C        0.2531851980     -2.8410746360     -1.0696000460                  
C       -1.0665160750     -2.6954509720      0.8393386210                  
C       -0.1042445890     -4.1727895350     -1.2299554840                  
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C       -1.4493884940     -4.0144732890      0.7385237060                  
C       -0.9707074110     -4.7667653800     -0.3269955960                  
C       -0.3113948450      2.8341824500     -1.0700356540                  
C        0.9874342950      2.7172098220      0.8551550510                  
C        1.2829682200      4.0608589770      0.8011335900                  
C       -0.0427696380      4.1913284600     -1.1811850640                  
C        0.7636226970      4.8146329920     -0.2440894000                  
H        1.3857612200      2.1007930270      1.6441661350                  
H       -0.4668693550      4.7430091350     -2.0065858600                  
H       -4.6876897650      1.1567406070      1.8456970550                  
H       -2.2090897110     -1.1875904110     -1.6354346450                  
H        2.2110828090      1.2423933270     -1.6066756760                  
H        4.6895758750     -1.1682267760      1.8302272190                  
H        0.2989510310     -4.7273103670     -2.0639726010                  
H       -1.4343117740     -2.0786872400      1.6428336160                  
H        0.0743190890      0.0826250500      5.9486312630                  
H       -1.7275472780      1.2512583650      4.6856502690                  
H        1.8156804510     -1.1549496100      4.6699689960                  
H       -0.9442542810      1.8823638640     -4.7128771720                  
H        1.0577064660     -1.9064255110     -4.6795756660                  
H        0.0788456730     -0.0118507470     -5.9713888320                  
C       -1.1912027560      2.1471192680     -2.0711314390                  
H       -1.5311318230      2.8766166080     -2.7981808610                  
H       -2.0837308350      1.7781968650     -1.5672104070                  
C        1.1981278680     -2.1798420600     -2.0282246760                  
H        2.0748207900     -1.8326056730     -1.4834787620                  
H        1.5517757440     -2.9165823950     -2.7414554490                  
C        2.0114992390     -1.4463028840      2.0256325920                  
H        2.7100331780     -1.8570091780      2.7459896290                  
H        1.5405343030     -2.3000632400      1.5370549470                  
C       -2.0160501290      1.4438707110      2.0438777230                  
H       -1.5664733800      2.3161886430      1.5668196700                  
H       -2.7195365140      1.8303277720      2.7731175500                  
H       -2.1186362280     -4.4313591760      1.4752787580                  
H       -1.2660559490     -5.7986159990     -0.4518416570                  
H       -4.6650010010     -1.3023014470     -1.6763548640                  
H       -5.9540480990     -0.0960103720      0.1098276680                  
H        4.6650790790      1.3674743680     -1.6374875930                  
H        5.9559241870      0.1230833800      0.1200063550                  
H        0.9853253720      5.8687323310     -0.3297031160                  
H        1.9148958170      4.4976615750      1.5588958720                  

 

Table S17. Cartesian Coordinates of [Cr(CN)6]3–. 

Cr       0.000000000      0.000000000      0.000000000 
C       -0.000058000     -2.084352000     -0.000015000 
C       -2.084493000      0.000004000     -0.000212000 
C       -0.000053000      2.084346000     -0.000005000 
C        2.084479000      0.000007000      0.000233000 
C        0.000078000     -0.000030000      2.084189000 
C       -0.000216000     -0.000033000     -2.084186000 
N        3.245160000      0.000011000      0.000206000 
N       -0.000119000     -3.245041000     -0.000026000 
N        0.000112000     -0.000050000      3.244873000 
N       -3.245173000      0.000005000     -0.000165000 
N       -0.000114000      3.245036000     -0.000011000 
N       -0.000357000     -0.000070000     -3.244871000 
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8 Spin Crossover and Long-Lived Excited States in a Reduced 

Molecular Ruby 
 

8.1 Preamble 

My contribution to this publication was static and time-resolved step-scan FTIR spectroscopy in the 

solid state (KBr matrix) at different temperatures. I contributed to the refinement of the manuscript 

and was supervised by Markus Gerhards.  

Patrick M. Becker performed the synthesis, the analytical characterization, temperature-dependent 

UV/VIS spectroscopy as well as DFT and CASSCF calculations. Christoph Förster solved the X-ray 

structures and performed further DFT calculations. Patrick M. Becker and Christoph Förster worked 

under the supervision of Katja Heinze. Luca Carrella performed the magnetic susceptibility 

measurements under the supervision of Eva Rentschler. David Hunger conducted high-frequency 

electron paramagnetic resonance spectroscopy, supervised by Joris van Slageren. Katja Heinze 

designed the concept and wrote the manuscript. Manuscript refinement was done by contributions 

from all coauthors.   
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Spin Crossover and Long-Lived Excited States in a Reduced
Molecular Ruby

Patrick M. Becker,[a] Christoph Fçrster,[a] Luca M. Carrella,[a] Pit Boden,[b] David Hunger,[c]

Joris van Slageren,[c] Markus Gerhards,[b] Eva Rentschler,[a] and Katja Heinze*[a]

Dedicated to Professor Doctor Philipp Gütlich for his outstanding contributions to the spin crossover phenomenon

Abstract: The chromium(III) complex [CrIII(ddpd)2]
3+ (mo-

lecular ruby; ddpd=N,N’-dimethyl-N,N’-dipyridine-2-yl-pyr-

idine-2,6-diamine) is reduced to the genuine chromium(II)

complex [CrII(ddpd)2]
2+ with d4 electron configuration.

This reduced molecular ruby represents one of the very

few chromium(II) complexes showing spin crossover

(SCO). The reversible SCO is gradual with T1=2
around room

temperature. The low-spin and high-spin chromium(II) iso-

mers exhibit distinct spectroscopic and structural proper-

ties (UV/Vis/NIR, IR, EPR spectroscopies, single-crystal

XRD). Excitation of [CrII(ddpd)2]
2+ with UV light at 20 and

290 K generates electronically excited states with micro-

second lifetimes. This initial study on the unique reduced

molecular ruby paves the way for thermally and photo-

chemically switchable magnetic systems based on chromi-

um complexes complementing the well-established

iron(II) SCO systems.

Spin crossover (SCO) in octahedral transition metal complexes

can occur in the d4–d7 electron configurations.[1] While systems

with d5–d7 electron configurations (FeIII, FeII, CoII) have been ex-

tensively studied and already matured towards applications,[2–7]

the d4 SCO case (CrII, MnIII) is only rarely observed and is under-

developed.[8–14] While several manganese(III) SCO complexes

with d4 electron configuration have been reported,[15–20] the

only three reported chromium(II) complexes close to the SCO

point are trans-CrI2(depe)2 (T1=2
= 170 K, depe = 1,2-bis(diethyl-

phosphano)ethane),[8–12] CpiPr4CrCpiPr4 (T1=2 � 190 K, CpiPr4
=

tetraisopropylcyclopentadienide),[13] and Cp*Cr(h5-P5)CrCp*

with (T1=2
< 190 K, Cp* = pentamethylcyclopentadienide)

(Scheme 1).[14] Significantly, strong-field ligands, such as phos-

phanes or cyclopentadienyl ligands coordinate to the CrII ion

to allow for SCO. The very strong cyanido ligand yields the

salts M4[Cr
II(CN)6] (M=Na, K), which exhibit room temperature

magnetic moments close to the expected spin-only value for a

low-spin d4 complex.[21,22]

The molecular ruby [CrIII(ddpd)2]
3+ (d3 electron configuration,

ddpd=N,N’-dimethyl-N,N’-dipyridine-2-yl-pyridine-2,6-diamine)

shows exceptional photophysical properties, such as high pho-

toluminescence quantum yield up to 30% (as deuterated de-

rivative) and high luminescence lifetimes of the 2T1/
2E states

(notation in octahedral symmetry).[23,24] These features led to

applications in optical temperature and pressure sensing, circu-

larly polarized luminescence, singlet oxygen formation and

Scheme 1. Molecular ruby and reduced molecular ruby [Cr(ddpd)2]
n+ and

the three chromium(II) SCO complexes reported so far.
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photocatalysis.[25–31] Furthermore, the large ground state spin

(S= 3/2 ;
4A2) of the chromium(III) complex enables the utiliza-

tion as molecular quantum bit with phase memory times of

4.25 and 8.4 ms in protio and deuterio solvents at 7 K.[32]

One key to these properties lies in the strong-field ligand

ddpd forming six-membered chelate rings. Photophysical and

redox properties contrast those of the chromium(III) complexes

[Cr(bpy)3]
3+ , [Cr(phen)3]

3+ , [Cr(tpy)2]
3+ and [Cr(tpe)2]

3+ featur-

ing electron-poor pyridine ligands (bpy=2,2’-bipyridine,

phen=1,10-phenanthroline, tpy=2,2’:6’,2’’-terpyridine, tpe=

1,1,1-tris(pyrid-2-yl)ethane).[33–39] Consequently, the latter com-

plexes show ligand-centered redox chemistry yielding for ex-

ample, [CrIII(tpy·ÿ)(tpy)]2+ , but no low-spin chromium(II).[33,34]

This ligand-based redox chemistry also enables a rich photo-

redox chemistry.[35–39] On the other hand, [Cr(ddpd)2]
3+ gives

the genuine chromium(II) complex [Cr(ddpd)2]
2+ upon reduc-

tion.[40] The magnetic susceptibility at room temperature (cT=

2.67 cm3Kmolÿ1) is somewhat below that expected for a pure

high-spin complex (cT=3.00 cm3Kmolÿ1). In the solid state at

263 K the [CrN6] coordination polyhedron of [Cr(ddpd)2]

[BF4]2·2CH3CN shows a Jahn–Teller distortion[41,42] towards an

elongated octahedron, similar to the Jahn–Teller ion

[Cu(ddpd)2]
2+ .[40,43] Yet, the CrÿN distances are not very distinct

at this temperature. All these data are consistent with a pre-

vailing high-spin electron configuration of the d4-CrIII ion at

these high temperatures. On the other hand, the ddpd ligand

is a strong-field ligand, so we surmised that a low-spin chro-

mium(II) configuration, similar to [Cr(CN)6]
3ÿ,[21,22] could be ac-

cessible with this complex.

The cT product of a solid sample of [Cr(ddpd)2][BF4]2 gradu-

ally drops from 2.37 cm3Kmolÿ1 at 350 K to 1.01 cm3Kmolÿ1 at

50 K (Figure 1). We attribute this observation to SCO from

high-spin to low-spin CrII. Below ca. 20 K, cT further decreases

due to zero-field splitting (zfs). The low-temperature data can

be simulated with g=2.000(3) and a zfs of D= +5.95(12) cmÿ1

(Supporting Information, Figure S4a). A negative D value failed

to give a satisfactory simulation.

To substantiate the zero-field splitting of the low-spin (trip-

let) state, high-field EPR spectra of [Cr(ddpd)2][BF4]2 were re-

corded at 5 K between 180 and 375 GHz (Supporting Informa-

tion, Figure S5).[32,44] The simulation[45] yielded the following

spin Hamiltonian parameters gx=2.08(5), gy=2.10(5), gz=

2.15(5), D= +7.7(1) cmÿ1 and E/D= +0.026 (Figure S5) in rea-

sonable agreement with the magnetic susceptibility results. Ac-

cording to high-field EPR spectroscopy, low-spin manganese(III)

complexes with N4O2 donor or two N3 scorpionato ligands ex-

hibit a larger zero-field splitting with D= +19.6/+17.97/

+15.89 cmÿ1 and E/D= +0.103/+0.023/+0.003.[19h, 46,47]

With cT of the low- and high-spin complexes set to the spin-

only values 1.00 and 3.00 cm3Kmolÿ1, respectively, the experi-

mental magnetic data can be fit to a Boltzmann distribution

between the low-spin and high-spin complexes without taking

into account any cooperativity[48] with DH=10.49(4) kJmolÿ1

and DS=36.4(1) Jmolÿ1Kÿ1 (Supporting Information, Fig-

ure S4b). The critical temperature is close to room temperature

(T1=2 =288 K, 50% high-spin). The SCO is incomplete up to

350 K (ca. 68% high-spin). As the entropy change resulting

from the different spin multiplicity amounts to only DS(spin)=

R ln((2Shigh-spin+1)/(2Slow-spin+1))=R ln(5/3)=4.25 Jmolÿ1Kÿ1,

the remaining entropic part of ca. 30 Jmolÿ1Kÿ1 (88%) must be

attributed to additional vibrational degrees of freedom in the

Jahn–Teller distorted high-spin state. Interestingly, the entropy

change DS=39.4 Jmolÿ1Kÿ1 for trans-CrI2(depe)2 is very similar

to that of [Cr(ddpd)2][BF4]2.
[10]

Temperature-dependent IR spectra of KBr pellets of

[Cr(ddpd)2][BF4]2 recorded between 10 and 290 K display non-

linear shifts of the IR absorption bands consistent with the

gradual SCO obtained from the magnetic data (Supporting In-

formation, Figures S6–S9, Table S1). Furthermore, the tempera-

ture-dependent IR band shifts are fully reversible (Figure S10).

[Cr(ddpd)2]
2+ is one of the very rare chromium(II) spin cross-

over compounds reported so far and to the best of our knowl-

edge the only one with nearly octahedral symmetry and T1=2 @

200 K (Scheme 1). Consequently, the reduced molecular ruby

[Cr(ddpd)2]
2+ represents a textbook example of SCO in the d4

electron configuration.

DFT calculations (CPCM(acetonitrile)-RIJCOSX-B3LYP-D3BJ-

ZORA/def2-TZVPP) of [Cr(ddpd)2]
2+ confirm similar energies for

both low- and high-spin complexes in their respective opti-

mized geometries as required for an SCO situation (DG298(low-

spin–high-spin)=6 kJmolÿ1). The high-spin isomer (5E term in

octahedral symmetry) exhibits elongated CrÿN bonds due to

the population of antibonding orbitals and depopulation of

weakly bonding orbitals but, most importantly, strongly differ-

ing CrÿN bond lengths due to the Jahn–Teller distortion to-

wards an elongated octahedron (Figure 1b).[40–42] In addition to

the simple CrÿN distance elongation by 0.227 �, the two termi-

nal pyridine rings of one ddpd ligand tilt with Cr-N-Cpara angles

Figure 1. a) cT vs. T plot of [Cr(ddpd)2][BF4]2 at 0.1 T. b) Molecular geometries

of the cations of [Cr(ddpd)2][BF4]2�2CH3CN at 120 K (low-spin) and 263 K

(low-spin+high spin) and DFT calculated high-spin structure; relevant dis-

tances in �, Jahn–Teller axis indicated in red.
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of 1448, further reducing the CrÿN interaction (Figure 1b). The

calculated distortion of the high-spin complex is larger than

the distortion observed at 263 K by XRD (Figure 1b; Support-

ing Information, Figure S11, Table S2). This is consistent with

the estimation that only a fraction of the complexes (ca. 40%)

has undergone SCO to the high-spin configuration at this tem-

perature according to the magnetic data.

In the low-spin case, all DFT calculated CrÿN distances are

shorter and very similar (Figure 1b). The Mulliken spin densities

at chromium of 2.28 and 3.94 for the low- and high-spin com-

plexes, respectively, further substantiate the metal-centered

SCO without significantly shifting electron/spin density to the

ddpd ligand(s) (Supporting Information, Figure S12).

A temperature-dependent single-crystal diffraction study

fully confirms the geometric changes during the SCO with a

higher symmetry at low temperature (120 K) and a beginning

Jahn–Teller elongation at higher temperature (263 K) (Figure 1).

The metrics determined at 120 K are fully consistent with a

low-spin chromium(II) ion and incompatible with a ligand radi-

cal coordinated to CrIII (Figure 1a; Supporting Information,

Table S2).[33,34]

The SCO transition of [Cr(ddpd)2][BF4]2 is accompanied by a

reversible color change from pale-green (>60% high-spin) at

343 K to deep green (low-spin) at 203 K) in solution (Figure 2).

The UV/Vis/NIR spectra recorded at different temperatures in
nPrCN display isosbestic points confirming the clean transfor-

mation between the spin isomers. Time-dependent DFT calcu-

lations of the high- and low-spin complexes reproduce the

spectra at high and low temperature, respectively (Supporting

Information, Figures S13 and S14). The characteristic absorp-

tion band pattern of the low-spin state between 600–900 nm

comprises three allowed metal-to-ligand charge transfer transi-

tions according to the calculations (calcd 678, 755, 831 nm,

Figure S13b). This agreement between experimental and TD-

DFT derived electronic transitions substantiates the description

of the electronic nature of [Cr(ddpd)2]
2+ as a low-spin chromi-

um(II) ion (3T1) at low temperature.

The thermodynamic quantities in nPrCN as obtained from fit-

ting the low-spin and high-spin fractions are estimated as

DH=24.2(4) kJmolÿ1 and DS=95(1) Jmolÿ1Kÿ1 (Supporting In-

formation, Figure S15). Differences of the thermodynamic SCO

data in solution and the solid state have been noted before for

iron(II) and cobalt(II) SCO complexes.[49,50]

The ligand-centered photoredox chemistry of [Cr(bpy)3]
3+ ,

[Cr(phen)3]
3+ , [Cr(tpy)2]

3+ and [Cr(tpe)2]
3+ contrasts the metal-

centered redox and photoredox chemistry of [Cr-

(ddpd)2]
3+ .[33–39] This implies different electronic couplings of

the various chromium(III) complexes and a reducing agent and

consequently different kinetic barriers to the electron transfer.

Furthermore, electron transfer to the chromium center in

[Cr(ddpd)2]
3+ is affected by the resulting magnetic state of the

chromium(II) ion. The thermal SCO of the chromium(II) com-

plex [Cr(ddpd)2]
2+ (3T1/

5E) and the ground and lowest excited

states of [Cr(ddpd)2]
3+ (4A2 ground state; 2T1 excited state) can

be combined in the square scheme shown in Figure 3. SCO of

the CrII complexes connects the low-spin and high-spin iso-

mers. Excitation with light and luminescence links the 4A2 and
2T1 states of the CrIII complex.[23,28] Finally, single-electron trans-

fer processes complete the square scheme from these two

spin-inversion reactions. The reduction potential of

[Cr(ddpd)2]
3+ in its 4A2 ground state and the 2T1 excited state

energy are experimentally accessible.[23,28] Because the Gibbs

free energy change of the SCO reaction is close to zero at

room temperature, the equilibrium constant is close to unity,

and equal populations of both spin states are expected. How-

ever, the required large reorganization of the high-spin state

(5E) along the Jahn–Teller axis will kinetically hamper the direct

formation of this state from the excited 2T1 state of chromi-

um(III). Reduction of the 2T1 state to the low-spin chromium(II)

complex (3T1), however, is not associated with large reorganiza-

tion barriers as the CrÿN distances remain essentially con-

stant.[23, 40] These thermodynamic and kinetic considerations on

redox and photoredox chemistry of [Cr(ddpd)2]
3+ explain its re-

luctant ground and excited state redox reactivity (in the high-

spin state) and the favored energy transfer reactions in its elec-

tronically excited states.[25]

Finally, to probe conceivable long-lived excited states of

[Cr(ddpd)2]
2+ at low and high temperature, step-scan FT-

IR[39,41,52] spectra of KBr pellets of [Cr(ddpd)2][BF4]2 were record-

ed at 290 K (ca. 50% low-spin) and at 20 K (>98% low-spin)

Figure 2. Temperature-dependent UV/Vis/NIR spectra of [Cr(ddpd)2][BF4]2 in
nPrCN and photographs of the CH3CN solution at 203, 293 and 343 K.

Figure 3. Square scheme of chromium(II) and chromium(III) complexes in

their respective low- and high-spin configurations.
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between 0–750 ns after excitation with a 355 nm pulse

(Figure 4, Supporting Information, Figure S16). Step-scan FT-IR

spectra were indeed observed for the chromium(II) complexes

for the first time, suggestive of long-lived excited states. From

the time-resolved IR data at low and high temperature, biexpo-

nential decays are extracted as 213�12 ms (97%)/2.0�0.1 ms

(3%) at 20 K and as 8.7�0.3 ms (82%)/0.52�0.02 ms (18%) at

290 K (Figure S17). As an unknown amount of the excited spe-

cies might relax to the ground states at time scales below

50 ns (instrumental time resolution), especially at room tem-

perature, quantum yields cannot be given. However, the long

lifetimes of the spectroscopically observed excited states sug-

gest a different multiplicity with respect to the initial states.

Charge transfer states or ligand field excited states are con-

ceivable candidates. The exact nature of these long-lived excit-

ed states is not yet fully established and further time-resolved

techniques (pump-probe UV/Vis, XAS, XES) are required, yet

application of these probe methods is beyond this initial study.

If the long-lived states would have ligand field character

with different multiplicity than the ground state (triplet vs.

quintet), this photoinduced transformation parallels the

famous light-induced excited spin state trapping (LIESST/re-

verse LIESST) effect of certain iron(II) spin crossover complexes,

yet with comparably short lifetime.[2–4,53] The presumably faster

relaxation of chromium(II) than iron(II) SCO systems is very

likely associated with the smaller change in multiplicity (CrII :

DS=1; FeII : DS=2) and the corresponding smaller overall

structural reorganization. Additionally, the low-spin isomer pos-

sesses several singlet excited states around 8000–10000 cmÿ1

(1E, 1T2) as obtained from CASSCF(8,12)/NEVPT2 calculations.

These also qualify as long-lived candidate states. The ligand

field excited states of low- and high-spin isomers of

[Cr(ddpd)2]
2+ are depicted in Figure 5 (Supporting Information,

Tables S3–S6).

In summary, we reported a six-coordinate polypyridine chro-

mium(II) complex displaying gradual thermal spin crossover in

the solid state and in solution. The low-spin complex is highly

symmetric, while the high-spin complex shows a Jahn–Teller

distortion towards an elongated octahedron. UV/Vis/NIR and IR

spectroscopic patterns parallel the change of the magnetic

susceptibility with temperature. Irradiation of the complexes at

20 and 290 K with 355 nm pulses yields electronically excited

states of chromium(II) with ms lifetimes.

Future investigations target the tuning of the transition tem-

perature, the potential cooperativity and completeness (e.g. ,

by modification of counter ions and ligands) and the pressure

dependence of the thermal SCO as well as a deeper study of

the suggested photoinduced SCO of chromium(II) in addition

to expanding the emerging class of SCO complexes based on

chromium(II).

Experimental Section

Experimental synthetic and spectroscopic details can be found in

the Supporting Information.

Deposition Number 1958093 ([Cr(ddpd)2][BF4]2·2CH3CN) contains

the supplementary crystallographic data for this paper. These data

are provided free of charge by the joint Cambridge Crystallograph-

ic Data Centre and Fachinformationszentrum Karlsruhe Access

Structures service www.ccdc.cam.ac.uk/structures.

Figure 5. CASSCF(8,12)-FIC-NEVPT2 calculated states of [Cr(ddpd)2]
2+ with

S=2 (5E ground state) and S=1 (3T1 ground state) based on DFT optimized

geometries of high- and low-spin states, respectively.

Figure 4. Step-scan FT-IR spectra of [Cr(ddpd)2][BF4]2 from 0–750 ns after ex-

citation at lexc=355 nm at 20 K (black) and 290 K (red) (top) and corre-

sponding ground state FT-IR spectra (bottom). At 20 K, essentially the low-

spin state is populated, while at 290 K low- and high-spin states are populat-

ed (Supporting Information, Figures S7–S10).

Chem. Eur. J. 2020, 26, 7199 – 7204 www.chemeurj.org � 2020 The Authors. Published by Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim7202

Chemistry—A European Journal
Communication

doi.org/10.1002/chem.202001237



Acknowledgements

This work was supported by the Deutsche Forschungsgemein-

schaft (Priority Program SPP 2102, “Light-controlled reactivity

of metal complexes” HE 2778/15-1, GE 961/10-1) and SL 104/

10-1, the internal university research funds of the Johannes Gu-

tenberg University, Mainz (Germany) and the Center for INno-

vative and Emerging MAterials (CINEMA). Parts of this research

were conducted using the supercomputer MOGON and adviso-

ry services offered by Johannes Gutenberg University of Mainz

(www.hpc.uni-mainz.de), which is a member of the AHRP and

the Gauss Alliance e.V. We are grateful to Dr. Dieter Schollmey-

er for the X-ray data collection.

Conflict of interest

The authors declare no conflict of interest.

Keywords: chromium · excited states · magnetic properties ·

spin crossover · step-scan IR spectroscopy

[1] S. Alvarez, J. Cirera, Angew. Chem. Int. Ed. 2006, 45, 3012–3020; Angew.

Chem. 2006, 118, 3078–3087.

[2] P. Gütlich, H. A. Goodwin, Spin Crossover in Transition Metal Compounds

I (Topics in Current Chemistry, Vol. 233), Springer, Berlin, 2004.

[3] P. Gütlich, H. A. Goodwin, Spin Crossover in Transition Metal Compound-

s II (Topics in Current Chemistry, Vol. 234), Springer, Berlin, 2004.

[4] “Spin Crossover Phenomenon in Coordination Compounds”: B. Weber,

A. B. Gaspar in Molecular Magnetic Materials: Concepts and Applications

(Eds. : B. Sieklucka, D. Pinkowicz), Wiley-VCH, Weinheim, 2017, 231–252.

[5] Y. Komatsu, K. Kato, Y. Yamamoto, H. Kamihata, Y. H. Lee, A. Fuyuhiro, S.

Kawata, S. Hayami, Eur. J. Inorg. Chem. 2012, 2769–2775.

[6] S. Hayami, Y. Shigeyoshi, M. Akita, K. Inoue, K. Kato, K. Osaka, M. Takata,

R. Kawajiri, T. Mitani, Y. Maeda, Angew. Chem. Int. Ed. 2005, 44, 4899–

4903; Angew. Chem. 2005, 117, 4977–4981.

[7] C. A. Kilner, M. A. Halcrow, Dalton Trans. 2010, 39, 9008–9012.

[8] D. M. Halepoto, D. G. L. Holt, L. F. Larkworthy, G. J. Leigh, D. C. Povey,

G. W. Smith, J. Chem. Soc. Chem. Commun. 1989, 1322–1323.

[9] D. M. Halepoto, D. G. L. Holt, L. F. Larkworthy, D. C. Povey, G. W. Smith,

Polyhedron 1989, 8, 1821–1822.

[10] M. Sorai, Y. Yumoto, D. M. Halepoto, L. F. Larkworthy, J. Phys. Chem.

Solids 1993, 54, 421–430.

[11] V. Ksenofontov, A. B. Caspar, G. Levchenko, B. Fitzsimmons, P. Gütlich, J.

Phys. Chem. B 2004, 108, 7723–7727.

[12] P. Gütlich, A. B. Caspar, V. Ksenofontov, Y. Garcia, J. Phys. Condens. Matter

2004, 16, S1087–S1108.

[13] H. Sitzmann, M. Schär, E. Dormann, M. Kelemen, Z. Anorg. Allg. Chem.

1997, 623, 1850–1852.

[14] A. K. Hughes, V. J. Murphy, D. O’Hare, J. Chem. Soc. Chem. Commun.

1994, 163–164.

[15] P. G. Sim, E. Sinn, J. Am. Chem. Soc. 1981, 103, 241–243.

[16] Y. Garcia, O. Kahn, J.-P. Ader, A. Buzdin, Y. Meurdesoif, M. Guillot, Phys.

Lett. 2000, 271, 145–154.

[17] M. Nakano, G. Matsubayashi, T. Matsuo, Phys. Rev. B 2002, 66, 212412.

[18] S. Kimura, Y. Narumi, K. Kindo, M. Nakano, G. Matsubayashi, Phys. Rev. B

2005, 72, 064448.

[19] a) G. G. Morgan, K. D. Murnaghan, H. Müller-Bunz, V. McKee, C. J. Har-

ding, Angew. Chem. Int. Ed. 2006, 45, 7192–7195; Angew. Chem. 2006,

118, 7350–7353; b) P. N. Martinho, B. Gildea, M. M. Harris, T. Lemma,

A. D. Naik, H. Müller-Bunz, T. E. Keyes, Y. Garcia, G. G. Morgan, Angew.

Chem. Int. Ed. 2012, 51, 12597–12601; Angew. Chem. 2012, 124, 12765–

12769; c) B. Gildea, L. C. Gavin, C. A. Murray, H. Müller-Bunz, C. J. Har-

ding, G. G. Morgan, Supramol. Chem. 2012, 24, 641–653; d) B. Gildea,

M. M. Harris, L. C. Gavin, C. A. Murray, Y. Ortin, H. Müller-Bunz, C. J. Har-

ding, Y. Lan, A. K. Powell, G. G. Morgan, Inorg. Chem. 2014, 53, 6022–

6033; e) A. J. Fitzpatrick, E. Trzop, H. Müller-Bunz, M. M. Dîrtu, Y. Garcia,

E. Collet, G. G. Morgan, Chem. Commun. 2015, 51, 17540–17543; f) S.

Wang, W.-T. Xu, W.-R. He, S. Takaishi, Y.-H. Li, M. Yamashita, W. Huang,

Dalton Trans. 2016, 45, 5676–5688; g) V. B. Jakobsen, L. O’Brien, G. Nov-

itchi, H. Müller-Bunz, A.-L. Barra, G. G. Morgan, Eur. J. Inorg. Chem. 2019,

4405–4411; h) A. Barker, C. T. Kelly, I. A. Kühne, S. Hill, J. Krzystek, P. Wix,

K. Esien, S. Felton, H. Müller-Bunz, G. G. Morgan, Dalton Trans. 2019, 48,

15560–15566; i) A. V. Kazakova, A. V. Tiunova, D. V. Korchagin, G. V.

Shilov, E. B. Yagubskii, V. N. Zverev, S. C. Yang, J.-Y. Lin, J.-F. Lee, O. V.

Maximova, A. N. Vasiliev, Chem. Eur. J. 2019, 25, 10204–10213.

[20] S. I. Klokishner, M. A. Roman, O. S. Reu, Inorg. Chem. 2011, 50, 11394–

11402.

[21] J. P. Eaton, D. Nicholls, Transition Met. Chem. 1981, 6, 203–206.

[22] K. J. Nelson, I. D. Giles, W. W. Shum, A. M. Arif, J. S. Miller, Angew. Chem.

Int. Ed. 2005, 44, 3129–3132; Angew. Chem. 2005, 117, 3189–3192.

[23] S. Otto, M. Grabolle, C. Fçrster, C. Kreitner, U. Resch-Genger, K. Heinze,

Angew. Chem. Int. Ed. 2015, 54, 11572–11576; Angew. Chem. 2015, 127,

11735–11739.

[24] C. Wang, S. Otto, M. Dorn, E. Kreidt, J. Lebon, L. Sršan, P. Di Martino-
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General Procedures. Diethyl ether was distilled under argon over sodium, acetonitrile over calcium 

hydride. Butyronitrile was purified according to a published procedure.S1 The ligand ddpd and 

[Cr(NCCH3)4][BF4]2 were prepared according to reported procedures.S2,S3 A glovebox (UniLab/MBraun, 

Ar 4.8, O2 < 10 ppm, H2O < 1 ppm) was used for storage and weighing of sensitive compounds. 

Reagents were received from usual suppliers (ABCR, Acros Organics, Alfa Aesar, Fischer Scientific, 

Fluka and Sigma Aldrich). IR spectra were recorded with a Bruker Alpha FT-IR spectrometer with ATR 

unit containing a diamond crystal. DC magnetic studies were performed with a Quantum Design 

MPMS-XL-7 SQUID magnetometer on powdered microcrystalline samples. Experimental 

susceptibility data were corrected for the underlying diamagnetism using Pascal’s constants. The 

temperature dependent magnetic contribution of the holder and of the embedding eicosane matrix 

was experimentally determined and subtracted from the measured susceptibility data. Variable 

temperature susceptibility data were collected in a temperature range of 6 – 300 K under an applied 

field of 0.1 Tesla. UV/Vis/NIR spectra were recorded on a Varian Cary 5000 spectrometer using 1.00 

cm cells. High-frequency electron paramagnetic resonance (HFEPR) spectra of pressed powder 

pellets of [Cr(ddpd)2][BF4]2 (7 mg) sealed with Teflon were recorded by means of a homebuilt 

spectrometer that has been described in the literature.S4 Simulations were carried by using the 

Easyspin tool.S5 The resonances of the [Cr(ddpd)2]3+ impurity were modelled as reported in the 

literature.S4b All time-resolved FT-IR experiments were performed with an FT-IR spectrometer Bruker 

Vertex 80v, operated in the step-scan mode. KBr pellets of [Cr(ddpd)2][BF4]2 (ca. 0.75 mg) were 

prepared by mixing with dry KBr (ca. 200 mg, stored at 80 °C) and grinding to a homogeneous 

mixture. The strongest peak in the ground state spectrum showed an absorption of about 0.6 OD 

with the mentioned concentration. Measurements with cryogenically cooled KBr pellets (20 K and 

290 K at the sample) were performed with a closed cycle helium cryostat (ARS Model DE-202A). The 

cryo cooler was equipped with a homebuilt pellet holder and CaF2 windows. A liquid-nitrogen-cooled 

mercury cadmium telluride (MCT) detector (Kolmar Tech., Model KV100-1-B-7/190) with a rise time 

of 25 ns, connected to a fast preamplifier and a 14-bit transient recorder board (Spectrum Germany, 

M3I4142, 400 MS s−1), was used for signal detection and processing. The laser setup includes a Q-

switched Nd:YAG laser (Innolas SpitLight Evo I) generating pulses with a band-width of 6 ─ 9 ns at a 

repetition rate of 100 Hz. The third harmonic (355 nm) of the Nd:YAG laser was used for sample 

excitation. The UV pump beam was attenuated to about 2.0 mJ per shot at a diameter of 9 mm. The 

beam was directed onto the sample and adjusted to have a maximal overlap with the IR beam of the 

spectrometer. The sample chamber was equipped with anti-reflection-coated germanium filters to 

prevent the entrance of laser radiation into the detector and interferometer compartments. The 

time delay between the start of the experiment and the UV laser pulse was controlled with a 

Stanford Research Systems DG535 delay generator. A total number of 5000 (20 K) and 5200 (290 K) 

coadditions were recorded at each interferogram point. The time resolution was set to 50 ns (20 K) 

or 10 ns (290 K) and the spectral region was limited by undersampling to 988 – 1975 cm−1 with a 

spectral resolution of 4 cm−1 resulting in 555 interferogram points. An IR broad band filter (850 – 

1750 cm−1) and the CaF2 windows (no IR transmission <  1000 cm−1) of the cryostat prevented 

problems when performing a Fourier transformation (i.e. no IR intensity outside the measured 

region should be observed). FT-IR ground state spectra were recorded systematically to check for 

sample degradation. A more detailed description of the step-scan setup is given here.S6-S8
 

Crystal structure determinations. Diffusion of diethyl ether into concentrated solutions 

of [Cr(ddpd)2][BF4]2 in CH3CN yielded diffraction quality crystals. Intensity data were collected with a 

STOE IPDS-2T diffractometer with an Oxford cooling using Mo K  radiation (  = 0.71073 Å). The 

diffraction frames were integrated using the STOE X-Area software packageS9 and most were 

corrected for 
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absorption with MULABSS10 of the PLATON software packageS11. The structures were solved by direct 

methods and refined by the full-matrix method based on F2 using the SHELXL software packageS12 using 

the ShelXle graphical interfaceS13. All non-hydrogen atoms were refined anisotropically, while the 

positions of all hydrogen atoms were generated with appropriate geometric constraints and allowed 

to ride on their respective parent atoms with fixed isotropic thermal parameters. 

CCDC 1958093 ([Cr(ddpd)2][BF4]2´2CH3CN) contains the supplementary crystallographic data for this 

paper. These data are provided free of charge by The Cambridge Crystallographic Data Centre. 

Crystallographic Data of mer-[Cr(ddpd)2][BF4]2´2CH3CN: C38H40B2F8CrN12 (890.44); T = 120 K; 

orthorhombic; Fddd; a = 14.066(3) Å, b = 21.221(4) Å, c = 25.985(5) Å, V = 7756(3) Å3; Z = 8; density, 

calcd. = 1.525 g cm–3, m = 0.382 mm–1; F(000) = 3664; crystal size 0.480 ´ 0.380 ´ 0.300 mm; q = 2.924 

to 28.218 deg.; –17£h£18, –25£k£28, –34£l£39; rfln collected = 10114; rfln unique = 2392 [R(int) = 

0.0302]; completeness to q = 25.242 deg. = 99.8 %; semi empirical absorption correction from 

equivalents; max. and min. transmission 1.148 and 0.884; data 2392; restraints 73, parameters 224; 

goodness-of-fit on F2 = 1.162; final indices [I > 2s(I)] R1 = 0.0429, wR2 = 0.1241; R indices (all data) R1 = 

0.0469, wR2 = 0.1266; largest diff. peak and hole 0.358 and –0.585 e Å–3. 

Density functional theoretical calculations on the chromium complex cations [Cr(ddpd)2]2+ were 

carried out using the ORCA program package (version 4.0.1).S14 Tight convergence criteria were chosen 

for all calculations (keywords tightscf and tightopt). All calculations make use of the resolution of 

identity (Split-RI-J) approach for the Coulomb term in combination with the chain-of-spheres 

approximation for the exchange term (COSX).S15,S16 Geometry optimization was performed using the 

B3LYP functionalS17 in combination with Ahlrichs’ split-valence triple-z basis set def2-TZVPP for all 

atoms.S18,S19 The optimized geometries were confirmed to be local minima on the respective potential 

energy surface by subsequent numerical frequency analysis (Nimag = 0). TD-DFT calculations were 

performed at the same level of theory. Fifty vertical spin-allowed transitions were calculated. The zero 

order relativistic approximation was used to describe relativistic effects in all calculations (keyword 

ZORA).S20,S21 Grimme’s empirical dispersion correction D3(BJ) was employed (keyword D3BJ).S22,S23 To 

account for solvent effects, a conductor-like screening model (keyword CPCM) modeling acetonitrile 

was used in all calculations.S24 Explicit counterions and/or solvent molecules were neglected. 

Complete-active-space self-consistent field calculations in conjunction with N-electron valence 

perturbation theory to second order (NEVPT2)S25,S26 in order to recover missing dynamic electron 

correlation were performed on DFT optimized low- and high-spin geometries of [Cr(ddpd)2]2+. In order 

to accurately model the ligandfield, active spaces were chosen to encompass the dominant s-bonding 

(eg in Oh symmetry) and ligand-field (t2g and eg*) orbitals formed between chromium and the ligand. A 

second d shell27 was employed in these calculations. An active space of (8,12) along with 5 quintet 

roots, 11 triplet roots and 11 singlet roots was selected. Without FIC-NEVPT2 correction for electron 

correlation, the electronic ground state of [Cr(ddpd)2]2+ in the DFT optimized low-spin geometry was 

incorrectly described as a quintet state. This effect was even more pronounced for small active spaces 

such as (4,5) (t2g, eg*) and (8,7) (eg, t2g, eg*) lacking the second d shell. Inclusion of metal ligand p-

antibonding orbitals (t2g*) or ligand centered p* orbitals failed to better describe the electronic ground 

state or these orbitals were exchanged by 4d orbitals as active orbitals during CASSCF calculations. 

Finally, the CASSCF(8,12)-FIC-NEVPT2 calculations were performed using Ahlrichs’ split-valence triple-

z basis set def2-TZVPP for all atoms, except for Cr, which has been described with a quadruple-z basis 

set def2-QZVPP.S18,S19  
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Synthesis of [Cr(ddpd)2][BF4]2: Under oxygen-free conditions, ddpd (200 mg, 0.679 mmol) dissolved in 

acetonitrile (4 ml) was added dropwise to a pale blue solution of [Cr(CH3CN)4][BF4]2 (135 mg, 0.346 

mmol) in acetonitrile (20 ml). The reaction mixture turned dark green. After stirring for four hours, the 

solution was concentrated to about 7 ml under reduced pressure. Diffusion of diethyl ether into the 

solution gave dark green crystals. Yield: 215 mg (0.266 mmol, 78 %). 

UV/Vis (CH3CN, 295 K): l(e) = 399 (1590, sh), 628 (908, sh), 747 (2080), 885 (1870 M-1 cm-1) nm. UV/Vis 

(nPrCN, 295 K): l(e) = 399 (1700, sh), 628 (1020, sh), 740 (2270), 880 (2030 M-1 cm-1) nm. UV/Vis 

(nPrCN, 170 K): l = 408, 628 (sh), 741 nm. IR (ATR, 295 K): n   = 3102 (w br, CH), 1594 (s, sh), 1581 (s), 

1487 (s), 1447 (w), 1429 (vs), 1361 (m), 1331 (s), 1284 (w), 1258 (vw), 1235 (w), 1169 (vw), 1134 (w), 

1045 (vs, BF), 1033 (vs, BF), 944 (m), 864 (w), 810 (w), 777 (s), 750 (s), 660 (vw), 637 (w), 616 (w), 579 

(m), 519 (s), 454 (vw), 437 (w), 410 (w) cm–1. Magnetism: cT = 2.06 cm3 K mol–1 (295 K); 1.01 (50 K), 

0.75 cm3 K mol–1 (4 K) (solvate-free sample). Fit of low temperature data with g = 2.000(3), D = 

+5.95(12) cm–1. HF-EPR (pellet): gx,y,z = 2.08, 2.10, 2.15, D = +7.7 cm–1 and E/D = +0.026 cm–1 (5 K). 

 

 

Figure S1. CH3CN solution of [Cr(CH3CN)4][BF4]2 a) before and b) after addition of ddpd. 
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a) 

 

b) 

 

Figure S2. a) ATR-IR spectrum of [Cr(ddpd)2][BF4]2 (solvent-free sample) at 295 K and b) ground state 

FT-IR spectrum of [Cr(ddpd)2][BF4]2 (black) (KBr pellet, 20 K), UDFT calculated IR absorption transitions 

(blue) (scaled by 0.98), and UDFT calculated IR spectrum (green) of [V(ddpd)2]3+ (scaled by 0.98, FWHM 

= 8 cm–1, gaussian profile 
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Figure S3. ATR-IR spectra of [Cr(ddpd)2][BF4]3 (black) and [Cr(ddpd)2][BF4]2 (red) normalized to the 

strong absorption of the BF stretching vibration at 295 K. 

 

 

Figure S4. a) cT vs. T plot of [Cr(ddpd)2][BF4]2 (solvent-free sample) from 2 to 100 K; fit with g 
= 2.000 and D = +5.95 cm–1 shown in red. The following spin Hamiltonian was employed:  

H = "#$% ⋅ ' ⋅ ( + )*%, . b) cT vs. T plot of [Cr(ddpd)2][BF4]2 (solvent-free sample) from 2 to 350 

K; fit of the data 10 – 350 K to a Boltzmann distribution function with DH = 10.49(0.04) kJ mol–
1 and DS = 36.4(0.1) J mol–1 K–1 (cT(low-spin) = 1.000 cm3 K mol–1 and cT(high-spin) = 3.001 cm3 
K mol–1) shown in red. 
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Figure S5. a) HFEPR spectra of a pressed powder pellet of [Cr(ddpd)2][BF4]2 (blue) at 5 K and different 

frequencies as indicated on the vertical axis. The sharp resonance at higher fields corresponds to a 

[Cr(ddpd)2]3+ impurity.[S4b] b) Simulations of the high frequency spectra of the CrII region (dotted black) 

based on the spin Hamiltonian and parameters given below.  

H = "#$% ⋅ ' ⋅ ( + )*-.
, + /0*-1

, − *-3
,4 

S = 1; gx, gy, gz = 2.08, 2.10, 2.15; D = 7.7 cm–1; E = 0.2 cm–1  
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Table S1. Experimental bands of [Cr(ddpd)2][BF4]2 in a KBr pellet and IR transitions (scaled by 0.98) 

calculated by DFT for [Cr(ddpd)2]2+ (triplet) and assignments. 

5 exp / cm−1 

at 20 K 

5 calcd.,scaled / cm−1 

(triplet state) 
character of the vibration 

1609 1599 aromatic C−C stretching  

1586 1583 aromatic C−C and C−N stretching 

1572 1571 aromatic C−C and C−N stretching 

1500 1498 aromatic C−H bending coupled with aliphatic C−H bending 

1492 1490 aromatic C−H bending coupled with aliphatic C−H bending 

1451 1458 aromatic C−H bending coupled with aliphatic C−H bending 

1435 1440 aromatic C−H bending coupled with aliphatic C−H bending 

1370 1362 C−H bending coupled with C−N stretching 

1347 1333 C−H bending coupled with C−N stretching 

1284 1306 C−H in plane 

1258 1299 C−H in plane 

1240 1238 C−H in plane 

1170 1165 aromatic and aliphatic C−H bending 

1143 1143 aromatic and aliphatic C−H bending 

1121 1120 aromatic and aliphatic C−H bending 

overlap 
with BF4

− 

1102 aromatic C−H bending 

overlap 
with BF4

− 
1004 pyridine breathing 

950 948 C−H bending coupled with C=N and C=C stretching 
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Figure S6. Variable-temperature FT-IR spectra of [Cr(ddpd)2][BF4]2 in a KBr pellet. The regions 

indicated by boxes are displayed in Figures S7 and S8. 

 

 

 

Figure S7. Zoom (1400 – 1300 cm–1) into the variable-temperature FT-IR spectra of [Cr(ddpd)2][BF4]2 

in a KBr pellet. 
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Figure S8. Zoom (1000 – 900 cm–1) into the variable-temperature FT-IR spectra of [Cr(ddpd)2][BF4]2 in 

a KBr pellet. 
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a) b) 

  

c) d) 

  

Figure S9. Temperature-dependent shift of selected IR bands at a) ca. 1500 cm–1, b) ca. 1370 cm–1, c) 

ca. 1345 cm–1 and d) ca. 950 cm–1. The red lines are a guide to the eye. 

 

 

Figure S10. Temperature-dependent shift of the IR band at ca. 1370 cm–1 during warming (black) and 

cooling (red).  
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               a) b)

    

Figure S11. Plots of the cations of [Cr(ddpd)2][BF4]2´2CH3CN with thermal ellipsoids set at 30 % 

probability at a) 120 K with N1,N3, N4, N6 and N2, N5 equivalent by symmetry) and b) at 263 K with 

N1,N3 and N4, N6 equivalent by symmetry.

Figure S12. DFT optimized geometries of a) [Cr(ddpd)2]2+ (triplet state; low spin), b) [Cr(ddpd)2]2+

(quintet state; high spin) and corresponding Mulliken spin densities plotted at 0.006 a.u. with the a

spin in red and the b spin in yellow.
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Table S2. Selected distances (Å) and angles (°) for [Cr(ddpd)2][BF4]2´2CH3CN at 120 K and 263 K and 

low-spin and high-spin [Cr(ddpd)2]2+ (DFT). Atom numbering according to Fig. S11. 

 XRD DFT 

 at 120 K at 263 K low-spin 

[Cr(ddpd)2]2+ 

high-spin 

[Cr(ddpd)2]2+ 

Cr1-N1 2.0422(15) 2.117(7) 2.109 2.337 

Cr1-N2 2.041(2) 2.070(11) 2.111 2.140 

Cr1-N3     

Cr1-N4  2.089(6)  2.107 

Cr1-N5  2.064(9)  2.060 

Cr1-N6     

ddpd (intraligand)     

N1-Cr1-N2 85.54(4) 83.4(2) 85.3 79.0 

N1-Cr1-N3 171.07(9) 166.7(4) 170.7 158.0 

N2-Cr1-N3     

N4-Cr1-N5  84.8(2)  85.4 

N4-Cr1-N6  169.7(4)  170.7 

N5-Cr1-N6     

ddpd (interligand)     

N1-Cr1-N4 89.79(9) 88.73(13) 89.7 87.2 

N1-Cr1-N5 94.46(4) 96.6(2) 94.7 101.0 

N1-Cr1-N6 90.91(9) 92.47(13) 91.0 94.6 

N2-Cr1-N4  95.2(2)  94.7 

N2-Cr1-N5 180.0 180.0 180.0 180.0 

N2-Cr1-N6     
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Figure S13. a) TD-DFT calculated 50 vertical transitions and stick spectrum approximated by Gaussian 

bands with FWHM of 1250 cm–1 of geometry optimized high-spin [Cr(ddpd)2]2+ (S = 2) and b) low-spin 

[Cr(ddpd)2]2+ (S = 1). Difference electron densities of transitions with significant oscillator strength 

plotted with an isosurface value of 0.005 a.u.; purple = depletion; orange = gain. Hydrogen atoms 

omitted. c) UV/Vis/NIR spectrum of [Cr(ddpd)2][BF4]2 (CH3CN, T = 295 K). Shaded area omitted due to 

insufficient baseline correction.
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Figure S14. UV/Vis/NIR spectra of [Cr(ddpd)2][BF4]2 (nPrCN) at a) T = 295 K and b) T = 170 K (shaded 

areas omitted due to insufficient baseline correction).
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Figure S15. a) High-spin fraction versus temperature and b) fit of the equilibrium constant K versus T

as estimated from the UV/Vis/NIR data at 740 nm in nPrCN solution with DH = 24.2(0.4) kJ mol–1 and 

DS = 95(1) J mol–1 K–1.
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a) 

 

b) 

 

Figure S16. Step-scan FT-IR spectra (red) and ground state FT-IR spectra (black) of [Cr(ddpd)2][BF4]2 in 

a KBr pellet (lexc = 355 nm; 0 – 750 ns) a) at T = 290 K and b) at T = 20 K. 
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Figure S17. Decay curves, global fits and residuals obtained from step-scan FT-IR data of 

[Cr(ddpd)2][BF4]2 in a KBr pellet a) at 290 K and b) at 20 K.  
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Table S3. Energies/Hartree and active orbitals used in the CASSCF(8,12)-FIC-NEVPT2 calculations at a 

contour value of 0.05 a.u. (hydrogen atoms omitted for clarity) of geometry optimized [Cr(ddpd)2]2+ (S 

= 2). 

E / H orbital E / H orbital 

–0.5228 

 

0.2440 

 
dx2–y2 

–0.5410 

 

1.1388 

 
–0.0707 

 
dxy 

1.1335 
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–0.0446 

 
dxz 

1.1586 

 

–0.0287 

 
dyz 

1.3821 

 

0.1205 

 
dz2 

1.7770 
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Table S4. Energies/Hartree and active orbitals used in the CASSCF(8,12)-FIC-NEVPT2 calculations at a 

contour value of 0.05 a.u. (hydrogen atoms omitted for clarity) of geometry optimized [Cr(ddpd)2]2+ (S 

= 1). 

E / H orbital E / H orbital 

–0.5375 

 

0.2236 

 
dz2 

–0.5369 

 

1.0137 

 
–0.0480 

 
dxz / dyz 

1.1190 
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–0.0326 

 
dxy 

1.0470 

 

–0.0178 

 
dxz / dyz 

1.6061 

 

0.2122 

 
dx2–y2 

1.7641 
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Table S5. Energies of ligand-field states with dominantly contributing orbital populations of 

[Cr(ddpd)2]2+ with S = 2 ground state obtained from CASSCF(8,12)-FIC-NEVPT2 calculations. 

E / cm–1
 multiplicity orbital populations 

dxy/dxz/dyz/dz2/dx2–y2 (weight) 

0 5 11110 (0.98) 
7411.6 3 12100 (0.93) 
7491.8 3 21100 (0.63) 
8732.3 3 11200 (0.63) 
9415.3 5 11101 (0.98) 

15533.9 1 12100 (0.64) 
15689.2 1 21100 (0.59) 
15871.3 3 11110 (0.80) 
16706.8 3 21010(0.70) 
16734.4 1 11200 (0.59) 
16735.1 1 22000 (0.33) 

02200 (0.31) 
16753.9 3 20110 (0.57) 
17466.2 3 12010 (0.37) 

20110 (0.25) 
10210 (0.24) 

17588.6 1 20200 (0.49) 
02200 (0.16) 
11110 (0.13) 

17721.0 5 11011 (0.57) 
01111 (0.41) 

18012.8 3 11110 (0.88) 
19576.2 3 11110 (0.86) 
19785.2 5 10111 (0.99) 
20019.3 5 01111 (0.57) 

11011 (0.41) 
22179.2 1 11110 (0.34) 

02200 (0.30) 
22389.9 3 10210 (0.33) 

10201 (0.22) 
12001 (0.21) 

23654.1 1 21010 (0.74) 
24161.6 3 02101 (0.69) 
24181.0 1 20110 (0.79) 
25387.0 1 11110 (0.70) 
27036.2 1 12010 (0.44) 

10210 (0.29) 
29973.5 1 10201 (0.31) 

12001 (0.25) 
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Table S6. Energies of ligand-field states with dominantly contributing orbital populations of 

[Cr(ddpd)2]2+ with S = 1 ground state obtained from CASSCF(8,12)-FIC-NEVPT2 calculations. 

energy / cm–1
 multiplicity orbital populations 

(dxz/dyz)/dxy/(dxz/dyz)/dx2–y2/dz2 (weight) 

0 3 12100 (0.94) 
218.4 3 21100 (0.94) 

1046.4 3 11200 (0.94) 
1070.9 5 11110 (0.98) 
1932.8 5 11101 (0.98) 
8089.9 1 22000 (0.64) 
8237.6 1 21100 (0.89) 
9195.2 1 11200 (0.88) 
9492.2 1 12100 (0.88) 

10172.3 1 20200 (0.55) 
15836.7 3 11110 (0.79) 
16229.4 3 20110 (0.55) 
16502.1 3 11101 (0.66) 
16605.3 1 02200 (0.26) 

20200 (0.20) 
11110 (0.19) 

16931.3 3 10210 (0.48) 
20110 (0.35) 

17093.0 3 12001 (0.55) 
17099.9 3 11101 (0.80) 
17242.2 3 11110 (0.72) 
17997.0 3 02101 (0.48) 

20110 (0.42) 
18633.4 5 11011 (0.99) 
19741.7 5 10111 (0.99) 
20261.1 5 01111 (0.99) 
23528.7 1 11110 (0.80) 
23640.4 1 12001 (0.45) 

20110 (0.35) 
23735.5 1 21010 (0.43) 

11101 (0.38) 
24355.9 1 02101 (0.42) 

10210 (0.34) 
25173.0 1 12001 (0.43) 

20110 (0.42) 
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Table S7. Cartesian coordinates of geometry optimized [Cr(ddpd)2]2+ (S = 2) 

Cr       0.000000000      0.000000000      0.000000000 

C        0.973797000      0.641472000      2.825511000 

C        1.003457000      0.650228000      4.217180000 

C       -0.000250000      0.004190000      4.914222000 

C       -1.003045000     -0.644255000      4.218057000 

C       -0.971766000     -0.639847000      2.826484000 

N        0.001269000     -0.000082000      2.139938000 

H        1.808316000      1.142148000      4.738454000 

H       -1.808337000     -1.134934000      4.739871000 

C        3.039371000     -0.780218000     -0.509945000 

C        4.296198000     -0.323840000     -0.845964000 

C        4.792289000      0.774552000     -0.146627000 

C        4.032854000      1.356840000      0.851141000 

C        2.766416000      0.821065000      1.135144000 

N        2.282708000     -0.218635000      0.444573000 

H        5.771912000      1.173493000     -0.371731000 

H        2.591367000     -1.617592000     -1.029569000 

H        4.863999000     -0.803325000     -1.629210000 

H        4.428021000      2.188295000      1.409538000 

C       -2.763358000     -0.825730000      1.136018000 

C       -4.026622000     -1.367243000      0.848413000 

C       -4.787005000     -0.786415000     -0.149495000 

C       -4.294996000      0.315814000     -0.845698000 

C       -3.040607000      0.776992000     -0.507115000 

N       -2.282961000      0.217073000      0.447675000 

H       -5.764199000     -1.189728000     -0.377374000 

H       -4.418302000     -2.202765000      1.403226000 

H       -4.863877000      0.794325000     -1.628759000 

H       -2.595300000      1.617215000     -1.024507000 

C        0.733927000      0.908145000     -2.737182000 

C        0.759466000      0.927542000     -4.127370000 

C        0.001346000      0.000496000     -4.819653000 

C       -0.757690000     -0.926562000     -4.128423000 

C       -0.734052000     -0.907181000     -2.738181000 

N       -0.000525000      0.000503000     -2.060000000 

H        1.332891000      1.670726000     -4.654919000 

H       -1.330220000     -1.669921000     -4.656690000 

C       -0.549983000      2.869729000      0.750273000 

C       -0.295401000      4.215222000      0.884214000 

C        0.633781000      4.792773000      0.022237000 

C        1.243191000      4.018616000     -0.945701000 

C        0.919632000      2.658680000     -1.033370000 

N        0.059453000      2.099296000     -0.169146000 

H        0.870106000      5.845509000      0.091693000 

H       -1.244444000      2.356414000      1.397758000 

H       -0.798847000      4.790315000      1.646333000 

H        1.934514000      4.466400000     -1.639328000 
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C       -0.921258000     -2.657964000     -1.034973000 

C       -1.246078000     -4.017539000     -0.946740000 

C       -0.636556000     -4.792157000      0.020727000 

C        0.293923000     -4.215434000      0.881829000 

C        0.549245000     -2.870111000      0.747830000 

N       -0.060270000     -2.099154000     -0.171146000 

H       -0.873947000     -5.844632000      0.090569000 

H       -1.939259000     -4.464295000     -1.639077000 

H        0.797602000     -4.790926000      1.643489000 

H        1.244778000     -2.357420000      1.394606000 

N        1.494868000      1.845153000     -2.014173000 

C        2.702333000      2.351799000     -2.673647000 

H        2.492945000      3.141777000     -3.396980000 

H        3.375550000      2.734209000     -1.912620000 

H        3.191627000      1.524135000     -3.176630000 

N       -1.495626000     -1.844593000     -2.016427000 

C       -2.700954000     -2.352696000     -2.678914000 

H       -2.488827000     -3.142037000     -3.402134000 

H       -3.375363000     -2.736646000     -1.919729000 

H       -3.190216000     -1.525487000     -3.182688000 

N        1.962921000      1.366480000      2.133987000 

N       -1.959461000     -1.367994000      2.136020000 

C        2.408327000      2.616570000      2.755344000 

H        3.266606000      2.476366000      3.415025000 

H        2.673160000      3.323668000      1.973317000 

H        1.585119000      3.034895000      3.323800000 

C       -2.402996000     -2.617331000      2.760109000 

H       -3.261444000     -2.476830000      3.419592000 

H       -2.666770000     -3.326542000      1.979781000 

H       -1.579226000     -3.033045000      3.329587000 

H       -0.000870000      0.005943000      5.995257000 

H        0.002120000      0.000458000     -5.900620000 
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Table S6. Cartesian coordinates of geometry optimized [Cr(ddpd)2]2+ (S = 1) 

Cr       0.000000000      0.000000000      0.000000000 

C        0.955267000      0.673265000      2.790410000 

C        0.972258000      0.698867000      4.181419000 

C       -0.001557000      0.001813000      4.873342000 

C       -0.974738000     -0.696240000      4.181446000 

C       -0.956510000     -0.672398000      2.790475000 

N       -0.000401000      0.000125000      2.110916000 

H        1.751704000      1.223479000      4.708027000 

H       -1.754577000     -1.220280000      4.708056000 

C        2.855550000     -0.648287000     -0.750315000 

C        4.215416000     -0.470058000     -0.865184000 

C        4.845632000      0.382391000      0.037137000 

C        4.095814000      0.994952000      1.024688000 

C        2.717359000      0.768874000      1.080001000 

N        2.102098000     -0.011966000      0.171937000 

H        5.912546000      0.549642000     -0.010180000 

H        2.318258000     -1.294367000     -1.427682000 

H        4.763554000     -0.984772000     -1.639962000 

H        4.575624000      1.621720000      1.757864000 

C       -2.717363000     -0.771320000      1.078724000 

C       -4.095232000     -1.000421000      1.020505000 

C       -4.844406000     -0.388559000      0.032043000 

C       -4.214461000      0.466063000     -0.868368000 

C       -2.855164000      0.646954000     -0.750994000 

N       -2.102246000      0.011303000      0.172129000 

H       -5.910853000     -0.558187000     -0.017426000 

H       -4.575524000     -1.629130000      1.751690000 

H       -4.762337000      0.980213000     -1.643697000 

H       -2.317666000      1.294500000     -1.426824000 

C        0.671111000      0.956670000     -2.790418000 

C        0.694541000      0.975167000     -4.181462000 

C       -0.001259000      0.000144000     -4.873182000 

C       -0.696637000     -0.975047000     -4.181363000 

C       -0.672070000     -0.956998000     -2.790254000 

N       -0.000147000     -0.000324000     -2.110833000 

H        1.216545000      1.756614000     -4.707943000 

H       -1.219245000     -1.756231000     -4.707820000 

C       -0.649203000      2.854748000      0.751033000 

C       -0.468156000      4.213984000      0.868943000 

C        0.387257000      4.844019000     -0.030693000 

C        0.999207000      4.095094000     -1.019324000 

C        0.769372000      2.717383000     -1.078363000 

N       -0.013147000      2.101907000     -0.171888000 

H        0.557675000      5.910327000      0.019666000 

H       -1.297021000      2.317224000      1.426522000 

H       -0.982782000      4.761578000      1.644143000 

H        1.628156000      4.574815000     -1.750706000 
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C       -0.770807000     -2.717348000     -1.077632000 

C       -1.001972000     -4.094833000     -1.017551000 

C       -0.390412000     -4.843565000     -0.028605000 

C        0.465644000     -4.213703000      0.870566000 

C        0.647963000     -2.854722000      0.751737000 

N        0.012612000     -2.102063000     -0.171850000 

H       -0.561718000     -5.909701000      0.022461000 

H       -1.631550000     -4.574489000     -1.748423000 

H        0.979740000     -4.761258000      1.646147000 

H        1.295873000     -2.317150000      1.427137000 

N        1.371329000      1.939126000     -2.074328000 

C        2.571805000      2.485199000     -2.713489000 

H        2.353821000      3.269204000     -3.440892000 

H        3.219040000      2.889005000     -1.939498000 

H        3.095492000      1.674543000     -3.210924000 

N       -1.372157000     -1.939380000     -2.074043000 

C       -2.573383000     -2.484580000     -2.712491000 

H       -2.356227000     -3.268801000     -3.439915000 

H       -3.220385000     -2.888035000     -1.938124000 

H       -3.096843000     -1.673457000     -3.209358000 

N        1.937989000      1.372799000      2.074158000 

N       -1.938599000     -1.373284000      2.074366000 

C        2.482834000      2.574946000      2.711114000 

H        3.266300000      2.359092000      3.439927000 

H        2.887387000      3.220581000      1.936136000 

H        1.671528000      3.099657000      3.206368000 

C       -2.482443000     -2.575503000      2.712056000 

H       -3.265571000     -2.360244000      3.441418000 

H       -2.886882000     -3.221787000      1.937621000 

H       -1.670668000     -3.099439000      3.207387000 

H       -0.002068000      0.002531000      5.954449000 

H       -0.001655000      0.000362000     -5.954292000 
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9 A Vanadium(III) Complex with Blue and NIR-II Spin-Flip 

Luminescence in Solution 
 

9.1 Preamble 
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the refinement of the manuscript and was supervised by Markus Gerhards.  

Matthias Dorn performed the synthesis and analytical characterization as well as DFT and CASSCF 

calculations. Jens Kalmbach and Laura A. Büldt conducted luminescence spectroscopy in liquid and 

frozen solution, including luminescence quantum yields. Furthermore, they performed NIR overtone 

spectroscopy. Jens Kalmbach and Laura A. Büldt were supervised by Michael Seitz. Ayla Päpcke 

performed femtosecond transient absorption spectroscopy under the supervision of Stefan 

Lochbrunner. Sandra Gómez conducted molecular dynamics calculations, supervised by Leticia 

González. Christoph Förster contributed to the design of the project. Matthias Dorn and Christoph 

Förster were supervised by Katja Heinze. Felix Kuczelinis performed the mass spectrometrical 

analysis of the starting materials and was supervised by Nicolas H. Bings. Katja Heinze designed the 

concept and wrote the manuscript. Manuscript refinement was done by contributions from all 

coauthors.   
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ABSTRACT: Luminescence from Earth-abundant metal ions in solution at
room temperature is a very challenging objective due to the intrinsically weak
ligand field splitting of first-row transition metal ions, which leads to efficient
nonradiative deactivation via metal-centered states. Only a handful of 3dn

metal complexes (n ≠ 10) show sizable luminescence at room temperature.
Luminescence in the near-infrared spectral region is even more difficult to
achieve as further nonradiative pathways come into play. No Earth-abundant
first-row transition metal complexes have displayed emission >1000 nm at
room temperature in solution up to now. Here, we report the vanadium(III)
complex mer-[V(ddpd)2][PF6]3 yielding phosphorescence around 1100 nm
in valeronitrile glass at 77 K as well as at room temperature in acetonitrile
with 1.8 × 10−4% quantum yield (ddpd = N,N′-dimethyl-N,N′-dipyridine-2-ylpyridine-2,6-diamine). In addition, mer-
[V(ddpd)2][PF6]3 shows very strong blue fluorescence with 2% quantum yield in acetonitrile at room temperature. Our
comprehensive study demonstrates that vanadium(III) complexes with d2 electron configuration constitute a new class of blue and
NIR-II luminophores, which complement the classical established complexes of expensive precious metals and rare-earth elements.

■ INTRODUCTION

Luminescent complexes of Earth-abundant metal ions started
to emerge only in the past few years.1−4 Typically, the
abundant first-row transition metal ions are prone to
subpicosecond nonradiative relaxation via low-energy metal-
centered (MC) states, which precluded any useful emission
until recently.4−6 The majority of the very few reported room-
temperature luminescent complexes possess rather long-lived
charge transfer (CT) states thanks to a high energy or the
absence of the detrimental MC states. A d6-chromium(0)
complex with isocyanide ligands shows 3MLCT (metal-to-
ligand CT) emission at 630 nm (τ = 2.2 ns, Φ = 0.001%).7 d6-
Cobalt(III) complexes with tridentate strong field ligands
display blue emission from 3LMCT (ligand-to-metal) states
(440/412 nm, τ = 5.1/3.2 + 8.7 ns, Φ = 0.7/0.4%).8

Fluorescence from 2LMCT states is induced in d5-iron(III)
complexes using carbene ligands (655 nm, τ = 1.96 ns, Φ =
2.1%).9,10 Copper(I) complexes can exhibit quantum yields up
to 100%; for example, two-coordinate d10-copper(I) complexes
of cyclic (alkyl)(amino)carbene and amide ligands emit from
ligand-to-ligand charge transfer (LLCT) states between 492−
580 nm (τ = 280−2500 ns, Φ = 11−100%).11 Clearly, the
visible spectral region started to be covered by 3d CT emitters;
room-temperature near-infrared (NIR-I, 780−1000 nm; NIR-
II, 1000−1700 nm) emission in solution has not yet been
reported with CT complexes of Earth-abundant metal ions. On

the other hand, strong NIR luminescence has been achieved by
exploiting the spin-flip emission of d3-chromium(III) com-
plexes using tridentate strong field ligands, leading to the so-
called molecular rubies [Cr(L)2]

3+ (L = ddpd, tpe; ddpd =
N,N′-dimethyl-N,N′-dipyridine-2-ylpyridine-2,6-diamine; tpe
= 1,1,1-tris(pyrid-2-yl)ethane; 782−724 nm, τ = 670−4500
μs, Φ = 5.2−30%, CH3CN).

12−17 However, emission above
900 nm or even above 1000 nm (NIR-II) at room temperature
remains elusive with 3d metal complexes in solution.
In principle, near-infrared (NIR) luminescence enables

exciting applications in telecommunications, laser, and LED/
OLED or LEC technologies (OLED, organic light-emitting
diode; LEC, light-emitting electrochemical cell) as well as in
bioanalysis and bioimaging.18−22 NIR-II luminescence can be
particularly beneficial for in vivo imaging with respect to tissue
penetration as well as reduced autofluorescence of the
background and scattering losses.18,19 Current materials are
based on rare-earth elements, precious metals, and organic
dyes often in conjunction with precious metals.23−28 The rare-
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earth ions typically display comparably sharp emission bands,
and yet they are split by electron−electron repulsion, spin−
orbit coupling, and the crystal field.29 Organic emitters often
show broad emission bands, which typically merely tail into the
NIR spectral region; hence, some emission still occurs in the
visible spectral region.
A fundamental problem of low-energy emission derives from

the energy-gap law especially for distorted excited states. The
rate constant for nonradiative decay that reduces the
luminescence quantum yield Φ increases with decreasing
energy difference between the emitting and the ground
states.30,31 Nested, that is, weakly distorted, states (such as
f−f and d−d spin-flip transitions) are hence better suited for
NIR emission. Furthermore, high-energy oscillators, for
example, OH from water or CH from coordinating ligands,
can increase nonradiative decay via energy transfer to suitable
OH/CH vibrational overtones.32,33 Lanthanide compounds,
for example, Nd, Sm, Dy, or Yb, very often embedded in
nanoparticles that lack detrimental CH oscillators, achieve

NIR-II luminescence due to their favorable excited-state levels
originating from f−f transitions and the absence of high-energy
oscillators.18,19,29 The quantum yields for molecular NIR
emissive lanthanide complexes are rather small, although
deuterated cage and fluorinated porphyrin complexes of Yb3+

showing emission around 1000 nm recently achieved excep-
tionally high quantum yields.34−36 However, rare-earth
elements and precious metals are difficult and expensive to
mine and purify, so that a huge interest arose in replacing these
elements with Earth-abundant metals in luminescence
applications.1−4

Analogous to the d3 electron configuration of the abundant
metal chromium(III),2,12−17 an excited-state ordering with
low-energy spin-flip states (1Eg/

1T2g) emerges from a d2

electron configuration in an octahedral ligand field (3T1g

ground state), provided that a strong ligand field is imposed
to increase the energy gap between the interconfigurational
triplet state (3T2g) and the intraconfigurational singlet states
(1Eg/

1T2g < 3T2g at Δo > 17.3 B in the standard Tanabe−

Figure 1. Synthesis, molecular structure, absorption spectrum of [V(ddpd)2][PF6]3, and Jablonski diagram of [V(ddpd)2]
3+. (a) Preparation of

[V(ddpd)2][PF6]3. (b) Molecular structure of the cation of [V(ddpd)2][PF6]3×3CH3CN. Thermal ellipsoids are shown at 50% probability.
Hydrogen atoms, counterions, and CH3CN molecules are omitted for clarity. (c) Absorption spectrum and photograph of [V(ddpd)2][PF6]3 in
CH3CN. The vertical green bars correspond to spin-allowed transitions calculated by TD-DFT-UKS calculations (unshifted). (d) Jablonski
diagram constructed from TD-DFT-UKS (3LMCT states in green) and CASSCF-NEVPT2 calculations (3MC states in blue; 1MC states in red);
notation of MC states according to Oh symmetry; ISC, intersystem crossing; IC, internal conversion; VC, vibrational cooling; NIR, NIR emission;
VIS, emission in the visible spectral region; CH overtones, multiphonon relaxation (experimental overtone energies from ref 13). (e)
Representative microstates of the most relevant metal-centered triplet and singlet states.
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Sugano diagram; see Figure S1; Δo and B are the ligand field
parameters). We hypothesized that this situation can be
realized by octahedral vanadium(III) complexes in a strong
ligand field. The energy of potentially emissive singlet states of
vanadium(III) has been determined by absorption spectros-
copy on classical vanadium(III) compounds with O-donor
ligands, such as V3+:Al2O3, [V(H2O)6]

3+, [V(urea)6]
3+, and

[V(ox)3]
3−,37−41 and by 2p3d resonant inelastic X-ray

scattering on V(acac)3 as ∼10 000 cm−1 (∼1000 nm) (urea
= OC(NH2)2, ox = [C2O4]

2−, acac = [CH3(CO)CH(CO)-
CH3]

−).42 This energy excellently matches the targeted
window for luminescence applications in the NIR-II region.
However, the known vanadium(III) compounds display after
excitation and intersystem crossing (ISC) only very weak
phosphorescence at low temperature, if phosphorescence is
observed at all.37−41 For example, the phosphorescence
intensity of V3+:Al2O3 is 3−4 orders of magnitude smaller
than that of the R lines of ruby (Cr3+:Al2O3), and the
vanadium(III) spin-flip emission has been only detected in the
solid state at low temperatures so far.37,38 Instead, (delayed)
fluorescence from vanadium centered 3T2g states occurs in
compounds with ligand field strengths close to 17.3 B.43,44

Consequently, back-ISC from 1Eg/
1T2g to

3T2g states must be
suppressed. This can in principle be achieved by further
increasing the ligand field strength, thus shifting the 3T2g states
to higher energy relative to the singlet states. On the other
hand, to promote ISC from the triplets to the singlet manifold
besides large spin−orbit coupling, a high density of singlet
states in the energy region of the 3T2g states is beneficial.45

According to ligand field theory, an additional singlet term
(1A1g) crosses the

3T2g term at very high ligand field strengths
(Δo > 36.6 B in the standard Tanabe−Sugano diagram; Figure
S1). Consequently, an even larger ligand field splitting than Δo

≫ 17.3 B, Δo ≈ 36.6 B, could be advantageous to promote ISC
to the singlet states via the high-energy 1A1g state in
vanadium(III) complexes. In this study, such a large ligand
field splitting will be targeted.
The strong-field ligand ddpd already enabled spectacular

room-temperature quantum yields above 10% and micro-
second-lifetimes in solution in the prototypical molecular ruby
[Cr(ddpd)2]

3+.12 Ligand and solvent deuteration even boosted
the quantum yield to 30% and the lifetime to 2300 μs.13

However, an analogous coordination chemistry of vanadium-
(III) and oligopyridine ligands is underdeveloped.46,47 cis-fac-
[V(ddpd)2][PF6]3×3CH3CN is the first reported stable
homoleptic polypyridine vanadium(III) complex.46 Yet, the
bond lengths in cis-fac-[M(ddpd)2]

n+ isomers are typically
longer than those in mer-isomers due to the ligand
deformation, which reduces the actual ligand field strength.46

Here, we demonstrate that the strong field ligand ddpd
promotes ISC in a novel close-to-octahedral vanadium(III)
complex mer-[V(ddpd)2][PF6]3. Consequently, the complex
shows NIR-II phosphorescence at low as well as at room
temperature in solution. In addition, a strong blue fluorescence
is observed. To deeper elucidate the key challenges for
luminescent vanadium(III) complexes, we recorded fs-
transient absorption spectra and ns-step-scan FTIR spectra
for mer-[V(ddpd)2][PF6]3. To judge the influence of multi-
phonon relaxation via CH overtones, we prepared and studied
the deuterated analogue [V([D17]-ddpd)2][PF6]3. Static
quantum chemical and nonadiabatic molecular dynamics
simulations provide a comprehensive insight into the electronic

excited-state properties and ultrafast dynamics of mer-[V-
(ddpd)2]

3+.

■ RESULTS

Synthesis, X-ray Structure, and Characterization of
[VIII(ddpd)2]

3+. The dark green complex mer-[VIII(ddpd)2]-
[PF6]3 was efficiently synthesized from [V(CH3CN)6][BPh4]2
and ddpd46 followed by oxidation with ferrocenium hexa-
fluorophosphate (Figure 1a). Full characterization is collected
in Figures S2−S5. The starting vanadium material
VCl3(CH3CN)3 was checked for chromium trace impurities
by ICP-MS yielding (4.01 ± 0.31) μg g−1 Cr, assuring that
emission from conceivable luminescent chromium(III) species
will not interfere. The deuterated complex [V([D17]-ddpd)2]-
[PF6]3 was prepared from [D17]-ddpd in an analogous manner
with a total degree of deuteration of 93.6%D in the ligand and
in the complex according to ESI+ mass spectrometry (Figures
S6−S9). Importantly, the α-protons, closest to the vanadium
center, are almost quantitatively substituted by deuterium
(99% by 1H NMR spectroscopy).
The vanadium(III) oxidation state in mer-[V(ddpd)2][PF6]3

was confirmed by elemental analysis, mass spectrometry,
magnetometry, cyclic voltammetry, and single-crystal X-ray
diffraction analysis (Figures 1b, S4, S5 and Table S1). The
magnetic moment of [V(ddpd)2][PF6]3 between 300 and 50 K
amounts to χT ≈ 1.0 cm3 K mol−1 as expected for an S = 1
ground state. Below 50 K, the magnetic moment decreases due
to zero-field splitting. The low-temperature part was modeled
with g = 1.946 and a zero-field splitting of Dexp = +2.87(11)
cm−1 (Figure S4).47,48 The vanadium(III) complex is
reversibly reduced at −0.275 V vs ferrocene (Figure S5). In
the solid state, the central ion in [V(ddpd)2]

3+ is coordinated
by six pyridine donors. The [VN6] coordination geometry is
nearly octahedral as shown by the octahedral shape parameter
being quite close to zero (S(OC-6) = 0.63; Tables S1 and S2).
The [VN6] symmetry is, however, less perfect than in
[CrIII(ddpd)2]

3+ complexes (S(OC-6) = 0.29−0.4346), as a
consequence of the Jahn−Teller active partially filled t2g shell.
As compared to the metrics of the cis-fac-[V(ddpd)2]

3+ isomer,
the V−N bond lengths to the four terminal pyridines in mer-
[V(ddpd)2]

3+ decreased by 0.025−0.053(9) Å, while V−N
distances to the central pyridines increased only slightly by
0.008/0.022(8) Å.46 The overall smaller [VN6] coordination
cage of mer-[V(ddpd)2]

3+ and its close-to-octahedral symmetry
impose the desired large ligand field splitting Δo.
The electronic absorption spectrum of mer-[V(ddpd)2]-

[PF6]3 in CH3CN reveals a broad absorption band around 597
nm (Gaussian deconvolution: 616, 570 nm), a shoulder at
∼475 nm, an asymmetric band at 422 nm (Gaussian
deconvolution: 429, 412 nm), and very intense bands at 301
nm (Figures 1c and S10). All bands are quite intense (ε ≫

1000 M−1 cm−1) as compared to typical metal-centered
transitions, suggesting significant CT character. These intense
CT bands conceal the weaker Laporte-forbidden d−d
transitions, preventing their observation and hence exper-
imental determination of Δo. To assign the absorption bands
and to obtain the excited-state level ordering including the MC
states, quantum chemical calculations were performed (Tables
S1−S4).

Static Quantum Chemical Calculations. The overall
geometry of [V(ddpd)2]

3+ is well reproduced by unrestricted
Kohn−Sham Density Functional Theory (DFT-UKS) calcu-
lations (CPCM(acetonitrile)-RIJCOSX-UB3LYP-D3BJ-
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ZORA/def2-TZVPP) with a maximum deviation in V−N
bond lengths of 0.028 Å and N−V−N bond angles of 1.3°
(Table S1; octahedral shape parameter S(OC-6) = 0.68).
Mulliken spin population analysis yields 2.07 at the vanadium
center, similar to that calculated for [V(bpy)3]

3+ (2.11),47

accounting for the two unpaired electrons.
To assign the intense CT bands, time-dependent DFT-UKS

calculations at the same level of theory were employed (Tables
S3 and S4; Figure 1c). The absorption band at 597 nm
corresponds to 3LMCT transitions from the bridging nitrogen
atoms to vanadium (calcd 631/616 nm; Figure 1c,d). The
shoulder and bands between 500 and 390 nm originate from
3LMCT transitions as well (calcd 503, 453, 444 nm; Figure
1c,d). The 3T1g →

3T2g ligand field transition (in octahedral
symmetry) is split due to the lower symmetry (calcd 441 and
413 nm) and superimposed onto the stronger 3LMCT bands

in this spectral region (Figure 1c). As compared to
vanadium(III) complexes with oxygen donor ligands, for
example, V(acac)3,

37−41,48 the ligand field splitting of [V-
(ddpd)2]

3+ (Δo ≈ 23 440 cm−1) is larger by more than 2500
cm−1, confirming our conceptual approach of using ddpd as a
strong ligand to prevent back-ISC.46

Expectedly, the 3T1g ground state splits as well, and yet the
TD-DFT-UKS calculated energy gaps are unreasonably large
(Table S3). To better describe the MC triplet and singlet
states (Figure 1e) and the ground-state splitting, complete-
active-space self-consistent field (CASSCF) calculations
including spin−orbit coupling (SOC for estimation of the
zero-field splitting D) in conjunction with fully internally
contracted N-electron valence perturbation theory to second-
order (FIC-NEVPT2) CASSCF(6,12)-FIC-NEVPT2 on opti-
mized [V(ddpd)2]

3+ were performed (Tables S5, S6 and
Figure S11).39,48 Figure 1d depicts the calculated order of

Figure 2. (a) Normalized luminescence spectra of [V(ddpd)2][PF6]3 (black) and [V([D17]-ddpd)2][PF6]3 (red) (λexc = 306 nm, nBuCN, 77 K).
Intensities in the different spectral regions are not to scale due to different detectors and gratings used. GG455 and RG850 long pass filters were
employed for the low-energy spectra, respectively. (b) Normalized luminescence spectra of [V(ddpd)2][PF6]3 (λexc = 306 nm, CD3CN, 298 K).
Intensities in the different spectral regions are not to scale due to different detectors and gratings used. The integral ratio of the two bands amounts
to I(VIS):I(NIR) = 2.1:1.8 × 10−4. Purple vertical bars indicate relevant CH and CD overtones. Their length approximately illustrates the
ν3CH:ν

4
CD intensity ratio.13 The photograph illustrates the blue fluorescence of [V(ddpd)2][PF6]3 (λexc = 350 nm, CH3CN, 298 K). (c)

Luminescence spectra of [V(ddpd)2][PF6]3 (λexc = 306−450 nm, butyronitrile glass, 20 K). (d) Ground-state FTIR (black) and step-scan FTIR
spectra (red) of [V(ddpd)2][PF6]3 at 20 K (λexc = 355 nm, KBr pellet, 0−300 ns).
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these MC triplet and singlet states derived from CASSCF-
NEVPT2 and the 3LMCT states derived from TD-DFT-UKS
calculations. The 3T1g ground state splits with ΔE = 1873 and
2687 cm−1, while the lowest excited triplet state 3T2g splits into
20 844, 22 706, and 22 803 cm−1. The zero-field splitting was
calculated as Dcalcd = +6.8 cm−1, larger than the experimental
value Dexp = +2.87(11) cm−1, yet similar to the experimental
and calculated data of V(acac)3 (Dexp = +6.9 cm−1; Dcalcd =
+9.6 cm−1).48

A series of five singlet states originating from the 1T2g and
1Eg terms is located between the triplet ground and excited
states. This excited-state ordering confirms the large ligand
field splitting with Δo > 17.3 B. The two lowest singlet states
centered at 9612 and 9736 cm−1 (Figure S11) are only weakly
split by ΔE = 124 cm−1. A sixth (isolated) singlet state (1A1g) is
predicted at 23 283 cm−1, slightly above the highest level of the
3T2g states by 480 cm−1. This calculation suggests that Δo is
slightly smaller than 36.6 B (in a standard Tanabe−Sugano
diagram with C/B = 4.42, Figure S1). The combined TD-
DFT-UKS and CASSCF-NEVPT2 calculations indicate that
several states (3LMCT, 3T2g, and

1A1g) lie in the 3.1−2.6 eV
(400−480 nm) region.
Steady-State and Time-Resolved Spectroscopy.

Steady-state emission spectra with excitation at 306 nm
(4.05 eV) at 77 K in a valeronitrile glass matrix show rich
spectral features between 370 and 1150 nm (Figure 2a).
Obviously, several states are emissive upon high-energy
excitation. The NIR-II emission is also observed in
butyronitrile glass at 10 K with excitation wavelengths between
306 and 450 nm. The highest intensity occurs at an excitation
wavelength of 360 nm, where the luminescence is twice as
strong as that at 306 nm excitation, while the luminescence
almost vanishes when exciting with 450 nm (Figure 2c).
Tuning the excitation wavelength populates different electroni-
cally excited triplet states, which might exhibit different ISC
efficiencies as sketched in Figure 1d and consequently lead to
different phosphorescence intensities. In the solid state (KBr
pellet; Figure S14a,b), the NIR-II emission is not observed,
probably resulting from self-quenching. The emission in
solution is sensitive to the presence of oxygen. A biexponential
lifetime of several hundred nanoseconds is associated with the
sharp NIR emission bands at 1100 nm (790 ns (93%), 8800 ns
(7%), Table S7 and Figure S12). The long lifetime is in a
similar range as compared to the excited singlet state lifetime
reported for V3+ doped in NaMgAl(ox)3 at 11 K (τ < 500
ns).41 All emission bands show vibrational progression, while
the ground-state splitting might also account for the observed
pattern.
On the basis of the quantum chemical calculations (Figure

1d), the emission energies, and the lifetimes (Figures S12, S13
and Table S7), we assign the high-energy emission bands (374,
447, and 660 nm) and the NIR-I/NIR-II emission bands (982
and 1088/1109 nm) to fluorescence and phosphorescence,
respectively. The NIR-I and NIR-II phosphorescence origi-
nates from the two almost degenerate lowest excited singlet
states (with 1Eg and

1T2g parentage) decaying radiatively to the
split ground-state levels (Figure 1d). From these NIR-I/NIR-II
phosphorescence bands, the experimental ground-state split-
ting is estimated as 1080 cm−1 (averaged 1088/1109 nm),
which is somewhat smaller than that obtained by the CASSCF-
NEVPT2 calculations (1873 cm−1; Figure 1d). As a reference,
a splitting of 880 cm−1 was calculated for V(acac)3 by SOC-
CASSCF(12,10)-NEVPT2,48 while a value of 1400 cm−1 was

experimentally determined for [V(urea)6][ClO4]3.
40 Excitation

of 3LMCT states at lower energy (600 nm) does not lead to
the NIR-II luminescence, demonstrating that these 3LMCT
states do not efficiently evolve to the emissive singlet states
(Figure 1d).
In diluted deaerated CD3CN solution, dual emission at 396

and 1109/1123 nm occurs even at 298 K upon excitation at
306 nm (Figure 2b). The high-energy blue emission is even
observable by the naked eye at room temperature in solution
and in a KBr pellet (Figures 2b and S14c). The quantum yield
of the high energy fluorescence is very high with Φ = 2.1% and
surpasses the quantum yield of the blue emission of the
recently reported blue emissive cobalt(III) complexes (Φ =
0.7/0.4%).8 The emission decay at 396 nm is biexponential
with τ396 of 3.2 (56%) and 8.2 (44%) ns and 1.7 (51%) and 6.3
(49%) ns at 298 and 77 K, respectively. We assign this
fluorescence to 3T1g(P) →

3T1g or to 3LMCT transitions
(Figure 1d). Indeed, two 3LMCT states are calculated around
3 eV by TD-DFT calculations and 3T2g(P) states around 3.46
eV by CASSCF-NEVPT2 calculations, which could account
for the biexponential decay as sketched in Figure 1d with blue
vertical arrows (Tables S3 and S6).
Beyond the intense blue emission of [V(ddpd)2][PF6]3, the

observed room-temperature NIR-II phosphorescence of [V-
(ddpd)2][PF6]3 in solution is unique. The NIR quantum yield
of Φ = 1.8 × 10−4% is not very high, but the rather sharp
emission band (fwhm ca. 325 cm−1) is clearly observable. To
the best of our knowledge, no other complexes with Earth-
abundant metal ions display NIR-II luminescence in frozen
and in fluid solution (Figure 2a−c). The ground-state splitting
of the 3T1g levels (Figure 1d) rather than vibrational
progression likely accounts for the asymmetric band shape.
This differs from NIR emission bands of chromium(III)
complexes, which possess an orbitally nondegenerate ground
state (4A2) and consequently deliver sharp phosphorescence
bands.12−17

To obtain information on the long-lived excited singlet
states, the complex (in a KBr pellet) was excited with 355 nm
at 20 K and probed by step-scan FT-IR spectroscopy. The
measured FTIR ground-state spectrum is in excellent agree-
ment with the DFT-UKS calculated spectrum of [V(ddpd)2]

3+

(Figure S15). The recorded step-scan difference spectrum
collected between 0 and 300 ns after the pulse shows the
ground-state bleach (negative bands) and excited-state
absorption (positive bands) (Figure 2d). The latter vibrational
bands correspond to the lowest energy long-lived singlet state.
A monoexponential lifetime of about 290 ns was determined
by performing a global exponential fit for the most prominent
positive and negative peaks in the step-scan difference
spectrum (Figure S16). The observation of step-scan FTIR
spectra further confirms the presence of long-lived excited
states.
The lifetime of this emissive excited state depends on the

efficiency of nonradiative decay processes. Especially, NIR
luminescence is prone to multiphonon relaxation via CH
overtones, which could be diminished by deuteration.13,32,33

Indeed, the second aromatic CH overtone (ν3CH = 8972 cm−1

as estimated from CH overtone IR spectroscopy of 6,6′-
dimethyl-2,2′-bipyridine)13 has a significant spectral overlap
with the NIR-II emission bands of [V(ddpd)2][PF6]3 (Figure
2b). For the deuterated derivative, the third CD overtone at
ν4CD = 8755 cm−1 is the most relevant one (Figure 2b).13

Because of the lower energy and lower extinction coefficient of
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the third CD overtone ν4CD, the spectral overlap with the
vanadium NIR-II emission band should be smaller. Con-
sequently, the nonradiative rate constant for the deuterated
complex should be smaller than that for the protio derivative.
As long as this multiphonon pathway dominates the decay of
the singlet states, the NIR quantum yield and lifetime of
[V([D17]-ddpd)2]

3+ should be larger than those of [V-
(ddpd)2]

3+. However, within experimental uncertainty, we
cannot observe significant differences between the NIR
emission intensities and lifetimes of [V([D17]-ddpd)2]

3+ and
[V(ddpd)2]

3+ at 298 and 77 K (Figures S12, S13, S17, S18 and
Table S7). This suggests that other nonradiative pathways
dominate the decay of the lowest energy singlet states in
[V(ddpd)2]

3+. Presumably, the split ground-state levels favor
ISC to the ground state (Figure 1d).
The dual emission of [V(ddpd)2][PF6]3 in the blue and

NIR-II spectral region demonstrates the huge energy difference
of ca. 2 eV between these two luminescent states. The
observed intense fluorescence of [V(ddpd)2]

3+ suggests that
the ISC rates from the triplets to the singlets are not
particularly large. This slow ISC then opens other pathways
(fluorescence, nonradiative decay from the triplets) before the
singlet states are populated to higher extents.
The initial dynamics was then probed by fs-transient

absorption (TA) spectroscopy. TA spectra of [V(ddpd)2]-
[PF6]3 in CH3CN recorded after excitation with femtosecond
laser pulses at 620 nm (∼2 eV) show excited-state absorptions

(ESA) at around 500 and 670 nm (Figure S19). With a time
constant of 6.3 ps, the ground state is essentially recovered.
Hence, the 3LMCT states do not significantly evolve to the
emissive singlets as was already demonstrated by the steady-
state luminescence data. This is consistent with the assumption
that efficient ISC requires a high density of final states in the
energy region of interest.45 Around 2 eV, such singlet states are
unavailable for [VIII(ddpd)2]

3+ (Figure 1d). However, a singlet
state is present at higher energy (1A1g, 2.89 eV from the
CASSCF-NEVPT2 calculation; Figure 1d).
TA spectra recorded after excitation at 400 nm (3.1 eV;

3LMCT and 3T2g states) exhibit a dominant ultrafast decay to
the ground state with a time constant of 4.9 ps and a second
weaker time constant of 74 ps (Figures 3 and S20). On the
nanosecond time scale, a small component persists showing an
excited-state absorption around 460 nm (Figure 3c and d). We
assign this component to the long-lived singlet state(s), similar
to the analogous amplitude spectrum of [Cr(ddpd)2]

3+,
representing its emissive doublet states, at longer times scales
(Figure 3d).49 These results agree with the observation that a
small fraction of the triplet population evolves to the singlet
states via ISC. Obviously, the low-energy 3LMCT states are
less competent to feed the spin-flip singlet states than the 3T2g

and higher energy 3LMCT states. Conceptually, the energy
tuning of 3LMCT and 3T2g states as well as identification of
suitable antenna systems should enable an even more efficient

Figure 3. Femtosecond-transient absorption spectroscopy of [V(ddpd)2][PF6]3. (a) Transient absorption spectra of [V(ddpd)2][PF6]3 in CH3CN
excited with 400 nm laser pulses. (b) Bleach (blue) and decay associated amplitude spectra labeled with the corresponding time constants: τ1 = 4.9
ps (∼70%, black), τ2 = 74 ps (∼20%, gray), and long-living component with a time constant τ3 > 2 ns (∼10%, green). (c) Transient signals as a
function of the pump−probe delay time observed at 670 nm (black), 550 nm (blue), and 500 nm (red). The fits to the experimental data
correspond to triexponential decays with τ1,2 = 4.9, 74 ps and a time constant τ3 > 2 ns. (d) Scaled amplitude spectra of the long-lived components
of [V(ddpd)2][PF6]3 (green) and [Cr(ddpd)2][BF4]3 (orange) (chromium(III) data from ref 49).
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population of the emissive singlet states of vanadium(III)
complexes.
Molecular Dynamics Calculations. To gain deeper

insight into the complex spin-flip dynamics of [V(ddpd)2]
3+

after excitation, dynamics simulations starting from the
3LMCT manifold in acetonitrile were performed. Specifically,
nonadiabatic surface hopping including arbitrary couplings
(SHARC) dynamics simulations with a linear vibronic
coupling (LVC) model were employed.50 Initially, 100 fs was
propagated from the four lowest 3LMCT states located at 3.5−
3.7 eV (354−333 nm) (Table S3 and Figures S21, S22), where
we found one 3LMCT state with a significant amount of
trapped population. Subsequently and starting from this state
(23LMCT) located at 3.59 eV (345 nm), we propagated
during 50 000 fs and observed IC to the 3MC states (3T2g and
3T1g ground states) and ISC to a singlet state 21MC (Figures
1d and 4).

The singlet 1LMCT manifold acts as a mere spectator during
the dynamics. The most populated metal-centered singlet state
21MC was then optimized within the LVC method. The
optimized geometry (Table S8) lies 1.10 eV (1127 nm) above
the 3T1g ground state, in very good agreement with the
experimental emission energy, thus validating the dynamical
approach. The dynamics calculations confirm that the
23LMCT state at high energy (3.59 eV) undergoes ISC to a
singlet state of MC character, while no lower energy 1LMCT
states around 2 eV are involved in the excited-state evolution
toward the emissive 1MC state, as was already suggested by the
steady-state and time-resolved experimental data.

■ CONCLUSION

Our study extends the very series of luminescent metal
complexes with Earth-abundant 3d metal ions (Cr, Fe, Co,
Cu) to the early 3d transition metal vanadium. The
vanadium(III) complex mer-[V(ddpd)2]

3+ with a tuned large
ligand field splitting exhibits a deep-blue emission at room
temperature in solution and a long-lived phosphorescence
above 1000 nm. This expands the spectral region previously
accessible with 3d metal complexes (vis and NIR-I) to the

NIR-II region for the first time. Conceptual design principles
for NIR-II luminescent vanadium(III) complexes evolved,
highlighting the distinct roles of ligand-to-metal charge transfer
states, intersystem crossing, and multiphonon relaxation. This
first success in designing blue and NIR-II emissive complexes
of the Earth-abundant metal vanadium raises the prospect of
employing luminescent vanadium complexes in the future.
Especially, dual emissive complexes could find applications as
optical probes with a built-in internal reference for chemical or
physical perturbations. Work in this direction is currently in
progress.
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General Procedures. Diethyl ether and petroleum ether (40/60) were distilled over sodium, acetonitrile over 

calcium hydride and butyronitrile over Na2CO3. VCl3 (anhydrous, 95 %; ABCR), 10% Pd/C (dry, unreduced; 

Acros Organics), CD3I (>99.5 %D, stabilized with copper, Sigma-Aldrich) and 2,6-diaminopyridine (Sigma-

Aldrich) were used as received. For NMR spectroscopy and synthesis, deuterated solvents with a deuteration 

level of at least 99.8 % were used. Column chromatography was performed using silica gel 60 (Merck, 0.04-

0.063 mm). Analytical thin layer chromatography (TLC) was done on silica gel 60 F254 plates (Merck, coated 

on aluminum sheets). The ligand ddpd1 and [V(NCCH3)6][BPh4]2 2 were prepared according to reported 

procedures. NMR spectroscopic and mass spectrometric data match the literature values. A glovebox 

(UniLab/MBraun, Ar 4.8, O2 < 100 ppm, H2O < 1 ppm) was used for storage and weighing of sensitive 

compounds.  

NMR spectra were recorded on a Bruker Avance DRX 400 or AVII+400 NMR spectrometer at 400.31 MHz 

(1H). All resonances are reported in ppm versus the solvent signal as internal standard.3  

IR spectra were recorded with a Bruker Alpha FTIR spectrometer with an ATR unit containing a diamond 

crystal.  

ESI+ mass spectra were recorded on a Micromass Q-TOF-Ultima spectrometer by the central analytical facility 

of the Department of Chemistry (University of Mainz) or on a Bruker Daltonics Esquire 3000 plus mass 

spectrometer by the central analytical facility of the Department of Chemistry (University of Tübingen). 

DC magnetic studies were performed with a Quantum Design MPMS-XL-7 SQUID magnetometer on 

powdered microcrystalline samples. Experimental susceptibility data were corrected for the underlying 

diamagnetism using Pascal’s constants. The temperature dependent magnetic contribution of the holder and 

of the embedding eicosane matrix was experimentally determined and subtracted from the measured 

susceptibility data. Variable temperature susceptibility data were collected in a temperature range of 2 – 300 

K under an applied field of 0.1 Tesla.  

Electrochemical experiments were carried out on a BioLogic SP-200 voltammetric analyzer using platinum 

wires as counter and working electrodes and a 0.01 M Ag/Ag[NO3] electrode as reference electrode. Cyclic 

voltammetry and square wave measurements were carried out at scan rates of 50–200 mV s–1 using 0.1 M 

[nBu4N][PF6] in CH3CN as supporting electrolyte. Potentials are referenced against the ferrocene/ferrocenium 

couple. UV/Vis/NIR spectra were recorded on a Varian Cary 5000 spectrometer using 1.0 cm cells.  

Luminescence experiments. For luminescence experiments, CD3CN (99.8 %D, NMR grade) or 

spectrophotometric grade toluene as well as H2O were used. Prior to use, all solvents were deoxygenated by 

three freeze-pump-thaw cycles and eventually sealed under dry, dioxygen-free argon atmosphere. 

Luminescence measurements at room temperature and at 77 K were performed on the following 

instruments: 

a) The first instrument was a Horiba Fluorolog-3 spectrofluorimeter equipped with a 450 W Xenon lamp for 

steady-state measurements. Emitted light was detected either by a Hamamatsu R2658P PMT detector (200 

nm < lem < 1010 nm) or by a Hamamatsu H10330-75 PMT detector (950 nm < lem < 1700 nm). Spectral 

selection in the excitation path was accomplished by a DFX monochromator (double gratings: 1200 

grooves/mm, 330 nm blaze) and in the emission paths in the visible/NIR spectral region (lem < 1010 nm) by 

a spectrograph iHR550 (single gratings: either 1200 grooves/mm, 500 nm blaze or 950 grooves/mm, 900 nm 

blaze) and in the NIR spectral region (lem > 950 nm) by a spectrograph iHR320 (single grating: 600 

grooves/mm, 1000 nm blaze). Luminescence lifetimes of the visible emission around 390 nm was determined 

at 298 K in standard fluorescence cuvettes (1 cm path length, quartz suprasil) with a pulsed LED (DeltaDiode-

310, lexc = 306 nm ± 10 nm, pulse width ca. 1.0 ns, Pavg = 5 µW). Lifetime data analysis (deconvolution, 

statistical parameters, etc.) was performed using the software package DAS from Horiba. Lifetimes were 



S3 
 

determined by deconvolution of the decay profiles with the instrument response function, which was 

determined using a dilute aqueous dispersion of colloidal silica (Ludox® AM-30). 

b) The second instrument was a PTI Quantamaster QM4 spectrofluorimeter equipped with a 75 W continuous 

xenon short arc lamp as excitation source. Emission was monitored using a PTI P1.7R detector module 

(Hamamatsu PMT R5509-72 with a Hamamatsu C9525 power supply operated at 1500 V and a Hamamatsu 

liquid N2 cooling unit C9940 set to –80°C). For the measurements between 600 nm and 900 nm, a long-pass 

filter GG-455 (Schott, 3.0 mm thickness, transmission 98 – 95 % in the spectral region mentioned) was used 

in the emission channel in order to avoid higher order excitation light. The same approach was taken for NIR 

measurements above 1000 nm with a long-pass filter RG-850 (Schott, 3.0 mm thickness, transmission > 98 % 

above 970 nm). Spectral selection was achieved by single grating monochromators (excitation: 1200 

grooves/mm, 300 nm blaze; vis emission: 1200 grooves/mm, 500 nm blaze; near-IR emission: 600 

grooves/mm, 1200 nm blaze). Near-IR luminescence lifetimes of the phosphorescent transition 1Eg/1T2g ® 
3T1g were determined at 77 K (liquid N2 cuvette, sample dissolved in deoxygenated nBuCN in standard NMR 

tubes under argon) with a xenon flash lamp as excitation source (Hamamatsu L4633: pulse width ca. 1.5 µs 

FWHM). Lifetime data analysis (deconvolution, statistical parameters, etc.) was performed using the software 

package FeliX32 from PTI. Lifetimes were determined by deconvolution of the decay profiles with the 

instrument response function, which was determined using an empty NMR tube as scatterer. 

Partial quantum yields in the visible and the NIR spectral regions were determined using the following 

equation: 

Fx = Fr * (Gradx / Gradr) * (hx
2 / hr

2) 

where h is the refractive index and Grad is the linearly fitted slope from the plot of the integrated 

luminescence intensity (corrected for instrument response) versus the absorbance at the excitation 

wavelength. The subscripts ‘x’ and ‘r’ refer to the sample and reference, respectively. The vanadium samples 

were prepared in deoxygenated CD3CN (hx = 1.341) at 298 K under argon (vide supra). For the emission 

around 390 nm, quinine sulfate in 0.1 M aqueous H2SO4 (hr = 1.33) was used after excitation at lexc = 308 nm 

as a reference material with a fluorescence quantum yield of Fr = 54.6 %.4 For the NIR emission band (1Eg/1T2g 

® 3T1g), Yb(tta)3(phen) in toluene (hr = 1.496) was used after excitation at lexc = 308 nm with a quantum yield 

of Fr = 1.1%.5 For the measurement of the ytterbium standard emission, the signal had to be attenuated by 

a neutral density filter (Newport, neutral density filter FSQ-ND10, transmission around 1000 nm ca. 11.0±0.2 

%) in the emission. The attenuation factor was taken into account mathematically during the integration of 

the emission bands for the quantum yield calculations. 

c) Steady state luminescence measurements in frozen butyronitrile solution down to 20 K were recorded on 

a Horiba Jobin Yvon Fluorolog 3-22 t spectrometer equipped with a 450 W xenon lamp and a DSS ─ IGA020L 

NIR detector (900 nm < lem < 1500 nm). Spectral selection was realized with double and single grating 

monochromators in the excitation and emission paths, respectively (excitation: 1200 grooves/mm; near-IR 

emission 600 grooves/mm). A long-pass filter RG-850 (Edmund Optics, transmission > 98 % above 970 nm) 

was used in the emission channel to avoid higher order excitation light. The butyronitrile solution was cooled 

down to 20 K with a closed cycle helium cryostat (ARS Model  DE-202A). The cryo cooler was equipped with 

a cuvette holder and CaF2 windows. Measurements were performed in fluorescence cuvettes (1 cm path 

length, quartz suprasil). 

d) Steady state luminescence measurements by using KBr pellets were performed on a Horiba Jobin Yvon 

FluoroMax-2 using the described cryostat. A 150 W xenon lamp was used for sample excitation and detection 

was realized with a R928 photomultiplier detector. Spectral selection was achieved with single grating 

monochromators in the excitation and emission paths, respectively (excitation: 1200 grooves/mm, 330 nm 

blaze; emission: 1200 grooves/mm, 500 nm blaze). Long-pass filters with cut-off wavelengths of 420 nm or 
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600 nm were used depending on the measurement. KBr pellets of [V(ddpd)2][PF6]3 (ca. 0.5 mg) were prepared 

by mixing with dry KBr (ca. 200 mg), grinding to a homogeneous mixture and pressing into a pellet. 

Time-resolved FTIR experiments were performed with an FTIR spectrometer Bruker Vertex 80v, operated in 

the step-scan mode. KBr pellets of [V(ddpd)2][PF6]3 (ca. 0.5 mg) were prepared by mixing with dry KBr (ca. 

200 mg, stored at 80 °C) and grinding to a homogeneous mixture. This mixture was filled in an evacuable 

pellet die with a diameter of 13 mm and sintered at a pressure of 0.75 GPa. The strongest peak in the ground 

state spectrum showed an absorption of about 0.6 OD with the mentioned concentration. Measurements 

with cryogenically cooled KBr pellets (20 K and 290 K at the sample) were performed with a closed cycle 

helium cryostat (ARS Model DE-202A). The cryo cooler was equipped with a homebuilt pellet holder and CaF2 

windows. A liquid-nitrogen-cooled mercury cadmium telluride (MCT) detector (Kolmar Tech., Model KV100-

1-B-7/190) with a rise time of 25 ns, connected to a fast preamplifier and a 14-bit transient recorder board 

(Spectrum Germany, M3I4142, 400 MS s−1), was used for signal detection and processing. The laser setup 

includes a Q-switched Nd:YAG laser (Innolas SpitLight Evo I) generating pulses with a band-width of 6 ─ 9 ns 

at a repetition rate of 100 Hz. The third harmonic (355 nm) of the Nd:YAG laser was used for sample 

excitation. The UV pump beam was attenuated to about 2.0 mJ per shot at a diameter of 9 mm. The beam 

was directed onto the sample and adjusted to have a maximal overlap with the IR beam of the spectrometer. 

The sample chamber was equipped with anti-reflection-coated germanium filters to prevent the entrance of 

laser radiation into the detector and interferometer compartments. The time delay between the start of the 

experiment and the UV laser pulse was controlled with a Stanford Research Systems DG535 delay generator. 

A total of 10400 coadditions were recorded at each interferogram point. The spectral region was limited by 

undersampling to 988 – 1975 cm−1 with a spectral resolution of 4 cm−1 resulting in 555 interferogram points. 

An IR broad band filter (850 – 1750 cm−1) and the CaF2 windows (no IR transmission <  1000 cm−1) of the 

cryostat prevented problems when performing a Fourier transformation (i.e. no IR intensity outside the 

measured region should be observed). FTIR ground state spectra were recorded systematically to check for 

sample degradation. A more detailed description of the step-scan setup is given here.6  

Transient absorption spectra were recorded applying a pump-probe setup with a time resolution of 100 fs. 

A noncollinear optical parametric amplifier (NOPA) tuned to a center wavelength of 620 nm was used for 

excitation and a white light continuum, generated with a CaF2 crystal, for probing. Both the white light 

generation and the NOPA were pumped by a regenerative Ti:sapphire laser system operating at 775 nm with 

a repetition rate of 1 kHz. The polarizations of the pump and probe pulses were set to magic angle with 

respect to each other to avoid effects due to orientational relaxation. Pump and probe beam were focused 

onto the sample resulting in overlapping spots with diameters of approximately 270 µm and 110 µm, 

respectively. The sample was dissolved in acetonitrile and filled into a 1 mm fused silica cuvette. The optical 

density was set at 600 nm to 0.3 – 0.5 to obtain transient spectra with a good signal to noise ratio. This 

corresponds to concentrations of 1.8 – 2.5´10–3 M for the complex. The solutions were perfused with argon 

for approximately two minutes. For the measurements with an excitation wavelength of 400 nm a second 

pump-probe setup was used based on a Ti:Sapphire laser system (Spectra-Physics, Spitfire Pro) with a center 

wavelength of 800 nm and a repetition rate of 1 kHz. By frequency doubling applying a BBO crystal pump 

pulses at 400 nm with a pulse duration of 200 fs were obtained. The white light continuum for the probe was 

again generated with a CaF2 crystal. Both beams with polarizations arranged in magic angle were focused 

onto the sample leading to spots with diameters of 170 µm for the pump and 80 µm for the probe. The 

sample was dissolved in CH3CN and filled into a 1 mm fused silica cuvette. The optical density was set to 0.7 

at 400 nm which corresponds to an optical density of 0.4 at 600 nm and to a concentration of 2.5x10–3 M. The 

same sample was used as in the aforementioned measurement with an excitation at 620 nm. 
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Elemental analyses were conducted by the microanalytical laboratory of the department of chemistry of the 

University of Mainz.  

Trace determination of chromium in the presence of vanadium. Mass spectrometrical analysis of the 

starting materials for traces of Cr were performed by the Laboratory for Inorganic Trace Analysis and Plasma 

Spectrometry, University of Mainz. The chromium concentrations in VCl3(THF)3, and and VCl3(CH3CN)3 were 

determined by microwave assisted acid digestion and subsequent SN-ICP-MS (solution nebulization-

inductively coupled plasma-mass spectrometry) measurement. Initially, the approximate chromium 

concentrations were determined via digestion and subsequent ICP-MS measurement of ~10 mg of the 

respective compound using a three point external calibration with concentrations between 0.5 ng ml–1 and 

50 ng ml–1. Based on these results, the procedure to achieve valid quantitative results was as follows: An 

amount of (40–130) mg per sample was weighted and digested in 6 mL nitric acid (70 % p.a. grade, Fisher 

Chemical, Fisher Scientific GmbH, Germany) and 2 ml hydrogen peroxide solution (30 % p.a. grade, 

ROTIPURAN®, Carl Roth, Germany) using an Ethos 2000plus microwave assisted digestion system (Milestone 

Inc, Shelton, CT, USA). The first step of the heating program was a temperature ramp to 140 °C within 7.5 

min followed by a second ramp to 200 °C within 5 min. This temperature was held for 10 min and afterwards 

increased to 220 °C within 5 min before holding this temperature for 20 mins. Prior to digestion, 100 µl of a 

10 µg ml–1 Y-solution were added to compensate for analyte loss during the digestion and subsequent sample 

preparation steps. The obtained solutions were diluted to 25 ml with ultrapure water (Millipore, Milli-Q 

System, USA) from which five aliquots of 1 ml were diluted to 10 ml each. For quantification via standard 

addition, Cr and Y were added at concentrations between 0 and 5 ng ml–1, and 0 and 8 ng ml–1, respectively. 

Sc was added at a concentration of 4 ng ml–1 as internal standard. For ICP-MS measurements, a sample 

introduction system consisting of a concentric MicroMistTM nebulizer (Agilent Technologies, Santa Clara, CA, 

USA) and a double pass spray chamber (Agilent Technologies, Santa Clara, CA, USA) were coupled to a 

quadrupole ICP-MS instrument 7800 (Agilent Technologies, Santa Clara, CA, USA). The signal intensities of 
45Sc+, 52Cr+, 53Cr+ and 89Y+ were measured for data evaluation. The optimum instrumental parameters of the 

developed ICP-MS method are as follows: plasma power: 1550 W, plasma gas flow rate: 15 l min–1, auxiliary 

gas flow rate: 0.9 l min–1, nebulizer gas flow rate: 0.99–1.05 l min–1, sampler and skimmer cone: Ni, He gas 

flow rate (cell gas): 2 ml min–1, data acquisition: 0.3 s integration time, 30 sweeps per replicate, 6 replicates. 

VCl3(NCMe)3: (4.01±0.31) µg/g (U; k=2); VCl3(THF)3: (3.45±0.10) µg/g (U; k=2). 

Crystal structure determination. Intensity data were collected with a STOE IPDS-2T diffractometer and an 

Oxford cooling system and corrected for absorption and other effects using Mo Ka radiation (l = 0.71073 Å). 

The diffraction frames were integrated using the STOE X-Area software package7, and most were corrected 

for absorption with MULABS8 of the PLATON package.9 The structure was solved by direct methods and 

refined by the full-matrix method based on F2 using the SHELXTL software package.10,11 All non-hydrogen 

atoms were refined anisotropically, while the positions of all hydrogen atoms were generated with 

appropriate geometric constraints and allowed to ride on their respective parent carbon atoms with fixed 

isotropic thermal parameters. CCDC 1958562 ([V(ddpd)2][PF6]3´3CH3CN) contains the supplementary 

crystallographic data for this paper. These data are provided free of charge by The Cambridge 

Crystallographic Data Centre. 

Crystallographic Data of mer-[V(ddpd)2][PF6]3´3CH3CN. C40H43F18N13P3V (1191.72); triclinic; P1 ; a = 11.483(2) 

Å, b = 11.901(2) Å, c = 18.093(4) Å, a = 90.88(3)°, b = 96.38(3)°, g = 91.60(3)°; V = 2456.0(9) Å3; Z = 2; density, 

calcd. = 1.612 g cm–3, T = 193(2) K, m = 0.415 mm–1; F(000) = 1208; crystal size 0.620 ´ 0.520 ´ 0.460 mm; q = 

2.437 to 28.426 deg.; –15£h£15, –15£k£14, –24£l£24; rfln collected = 25922; rfln unique = 12253 [R(int) = 

0.0416]; completeness to q = 25.242 deg. = 99.8 %; semi empirical absorption correction from equivalents; 

max. and min. transmission 1.11737 and 0.90264; data 12253; restraints 84, parameters 747; goodness-of-

fit on F2 = 1.028; final indices [I > 2s(I)] R1 = 0.0409, wR2 = 0.1060; R indices (all data) R1 = 0.0548, wR2 = 

0.11126; largest diff. peak and hole 0.391 and –0.489 e Å–3.  
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Computational Details.  

The characterization of the absorption spectrum was done employing two types of quantum chemical 

calculations: i) density functional theory in its unrestricted form, as for open shell species unrestricted 

orbitals are expected to deliver best geometries and energy values in comparison to restricted orbitals, and 

ii) multiconfigurational theory with an active space tailored to predict accurately the MC states. The first 

method is labelled below as “Unrestricted Kohn-Sham orbitals DFT (UKS), the second as “SOC-CASSCF(6,12)-

FIC-NEVPT2”. These two methods are complementary to each other, as the first gives the best energetics for 

the LMCT states, while the second provides accurately the position of the MC states. The simulation of the 

excited state molecular dynamics states related to the spin-flip was done using surface hopping, below 

labeled as “non-adiabatic spin-flip dynamics calculations”. As explained in more detailed here, the electronic 

structure theory calculations underlying the molecular dynamics were done with the same computational 

protocol as the DFT calculations, but using restricted orbitals, in order to obtain pure spin states. 

Static unrestricted Kohn-Sham orbitals DFT (UKS): All calculations were performed using the quantum 

computing suite ORCA 4.0.1.12 Geometry optimization (Tables S1 – S2) was performed using unrestricted 

Kohn-Sham orbitals DFT (UKS) and the B3LYP functional13 in combination with Ahlrichs’ split-valence triple-z 

basis set def2-TZVPP for all atoms.14,15 Tight convergence criteria were chosen for DFT-UKS calculations 

(keywords tightscf and tightopt). All DFT-UKS calculations make use of the resolution of identity (Split-RI-J) 

approach for the Coulomb term in combination with the chain-of-spheres approximation for the exchange 

term (COSX).16,17 The zero order relativistic approximation was used to describe relativistic effects in all 

calculations (keyword ZORA).18,19 Grimme’s empirical dispersion correction D3(BJ) was employed (keyword 

D3BJ).20,21 To account for solvent effects, a conductor-like screening model (keyword CPCM) modeling 

acetonitrile was used in all calculations.22 Explicit counterions and/or solvent molecules were neglected. TD-

DFT-UKS calculations were performed at the same level of theory using unrestricted Kohn-Sham orbitals 

(UKS). Fifty vertical spin-allowed transitions were calculated (Tables S3 – S4). 

SOC-CASSCF(6,12)-FIC-NEVPT2: Calculations of ground- and excited-state properties with respect to metal-

centered (MC) states were performed using the complete-active-space self-consistent field method 

(including spin−orbit coupling (SOC-CASSCF)23,24 for calculation of the zero-field splitting D) in conjunction 

with the fully internally contracted N-electron valence perturbation theory to second order (FIC-NEVPT2)25,26 

in order to recover missing dynamic electron correlation. SOC was treated through the mean-field (SOMF) 

approximation27,28, and the effective Hamiltonian approach29-31 was used to compute the spin-Hamiltonian 

parameters. In order to accurately model the ligandfield, active spaces were chosen to encompass the 

dominate bonding/antibonding orbitals formed between vanadium and the ligand. An active space of (6,12) 

along with 10 triplet roots and 12 singlet roots was selected (Tables S5 – S6). In addition to the minimal active 

space of (2,5), two occupied V-N s bonding orbitals and a second d shell32 were included in these calculations 

(Table S5).  

Non-adiabatic spin-flip dynamic calculations were accomplished using the SHARC (Surface Hopping 

including ARbitrary Couplings)33-36 molecular dynamics program suite with the pySHARC driver. The electronic 

Hamiltonian was approximated using a linear vibronic coupling (LVC) method37 based on TDDFT vertical 

excitations calculated using the methodological details described above with one essential difference. The 

open-shell (UKS) ground state electronic wave function used as a reference for the previous TDDFT 

calculations delivers electronic states that cannot be labelled according to their spin multiplicity (i.e., they 

are not eigenfunctions of the spin operator). As we need explicit couplings between pure singlet and pure 

triplet states, a RKS approach, where the two unpaired electrons are forced to be paired in one restricted 

orbital, is used to do single point calculations on the UKS optimized geometry and obtain pure triplet states 

as a linear response of a pure singlet state. The obtained RKS energies are also listed in Table S3. Since there 

is only one reference closed-shell orbital instead of two – as one would have in an open-shell triplet state – 

some electronic states are missing in the RKS approach with respect to the UKS calculation. In the RKS 



S7 
 

approach, the assignment of the state characters has been done dividing the molecule into three fragments 

(metal center and two ddpd ligands) and calculating charge transfer (CT) numbers, as implemented in the 

TheoDore software package.38 The quantitative wave function analysis is presented in Fig. S21 and the largest 

contribution is used to state the main state character in Table S3. 

A total of 48 coupled diabatic electronic states (12x3 triplets and 12 singlets, listed in Table S8) were included 

in the SHARC-LVC calculations. For the 100 fs simulations (Fig. S22), 4 sets of 54, 69, 60, 59 trajectories were 

excited 100 % to the lowest 13LMCT, 23LMCT, 33LMCT and 43LMCT states, respectively. In the 50 ps simulation 

(Figure 4), 294 trajectories were included, starting from the 23LMCT state, which was identified as the 

longest-lived state during the previous 100 fs. The nuclear motion was propagated with a 0.5 fs step, and the 

electronic wave function was integrated with a 0.02 fs step, using the local diabatization scheme.39 During a 

hop, the full momentum vector was rescaled to conserve total energy. The energy-based decoherence 

correction40 with the standard parameter of 0.1 a.u. was used. 1000 initial geometries were sampled from a 

harmonic Wigner distribution of the UKS ground state; from the 231 available normal modes, one imaginary 

mode (–30 cm–1) and the highest 33 (from 3047 to 3279 cm–1) were excluded due to anharmonicities. These 

modes correspond to the large amplitude torsions of the methyl groups, which cannot be described by a 

linear model potential. For each of the remaining 196 normal modes, 4415 intrastate and 18827 interstate 

vibronic couplings were calculated using a numerical differentiation scheme and the computation of wave 

function overlaps between the states at the reference geometry and the displaced geometries. We note that 

the optimized geometry of the singlet reference state and that of the triplet ground state are very similar 

(RMSD = 0.584), justifying the use of the UKS frequencies as seed for the initial conditions.  

Using the LVC framework, the optimization of the longest-lived singlet state (21MC) leads to the structure 

given in Table S9. This state lays 1.1 eV above the triplet ground state and it is assigned as the NIR emissive 

state. 
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Figure S1. Tanabe Sugano diagram for octahedral transition metal complexes with d2 electron configuration 

(C / B = 4.42). Relevant excited triplet states in blue, relevant singlet states in red, important crossing points 

highlighted in yellow.42 

 

 

Figure S2. ATR IR spectrum of mer-[VIII(ddpd)2][PF6]3. 
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Figure S3. ESI+ mass spectrum of mer-[VIII(ddpd)2][PF6]3 in CH3CN. The insets show the experimental and 

calculated isotopic pattern of the largest peak. 

 

Figure S4. Temperature-dependence of cMT of mer-[V(ddpd)2][PF6]3 (black circles) with fit (red line, g = 

1.946(2), D = +2.87(11) cm–1; TIP = 566´10–6 cm3 K mol–1). Simulation with a negative D value gave a slightly 

poorer fit to the experimental data. As obtained by HF-EPR spectroscopy, reported vanadium(III) complexes 

exhibit positive D values.43 Only two oxalates of vanadium(III) are reported to possess negative D values based 

on inelastic neutron scattering and single crystal high-resolution FT absorption spectroscopy.44 

 

 

Figure S5. Cyclic voltammogram of mer-[VIII(ddpd)2][PF6]3 in [nBu4N][PF6] in CH3CN; E vs. ferrocene. 
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Synthesis and characterization of [D17]-ddpd 

[D4]-2-Chloropyridine45 

 

To a stirred solution of [D5]-pyridine-N-oxide46 (8.1 g, 81 mmol, 1.0 eq.) and triethylamine (13.4 ml, 9.8 g, 97 

mmol, 1.2 eq.) in dichlormethane (80 ml) was slowly added a solution of POCl3 (8.8 ml, 14.9 g, 97 mmol, 1.2 

eq.) in dichlormethane (50 ml) at 10 °C. After stirring for 30 minutes at room temperature, the reaction 

mixture was refluxed for 1 h. The solution was cooled to room temperature and ice was slowly added until 

all excess phosphoroxychloride was hydrolysed. After addition of water (30 ml), the solution pH was adjusted 

to 10 with aq. NaOH (2 M). The organic layer was separated and the aqueous layer was extracted with CH2Cl2 

(5 ´ 30 ml). The combined organic layers were washed with a saturated NaCl solution, dried (MgSO4) and 

concentrated at reduced pressure. The resulting red oil was subjected to column chromatography (SiO2, 

CH2Cl2, preloading onto SiO2, detection: UV). The product was obtained as a colorless oil (3.8 g, 40 %, >99.5 

%D).  

13C{1H} NMR (101 MHz, CDCl3): d = 151.4 (s), 149.3 (t, J = 28.0 Hz), 138.3 (t, J = 25.0 Hz), 124.0 (t, J = 26.2 Hz), 

121.7 (t, J = 25.6 Hz) ppm. MS (ESI+): m/z (%) = 118.04 (100, [M+H]+). 

[D3]-2,6-Diaminopyridine 

 

In analogy to a published procedure,47 a mixture of 2,6-diaminopyridine (500 mg, 4.6 mmol, 1.0 eq.) and 10 

% Pd/C (10 wt-%, 50 mg) in D2O (20 ml, NMR grade, 99.9 %D) in a steel autoclave was set under an 

atmosphere of H2 (1 bar) and stirred at 180°C (bath temperature) for 24 h. After cooling to room temperature, 

methanol (20 ml) was added and the dark green reaction mixture was filtered through celite. The filter cake 

was washed with additional methanol (3 ́  10 ml) and the combined filtrate was concentrated under reduced 

pressure. The product was obtained as dark green solid (510 mg, 99 %, H3/5: 87 %D, H4: 97 %D, overall: 90.5 

%D). 

1H NMR (400 MHz, CD3OD): d = 7.18 (0.03 H, non-deuterated residual signal), 5.84 (0.25 H, non-deuterated 

residual signal), 4.84 (s, 4 H) ppm. MS (ESI+): m/z (%) = 113.1 (100, [M+H]+). 

 

[D11]-N,N'-Bis(2-pyridyl)-2,6-diaminopyridine 

 

In analogy to a published procedure,48 under an argon atmosphere a mixture of [D3]-2,6-diaminopyridine (0.5 

g, 4.4 mmol, 1 eq.) and NaH (60 wt% dispersion in mineral oil, 1.2 g, 29 mmol, 6.8 eq.) was stirred for 5 min 
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at room temperature. [D4]-2-Chloropyridine (1.2 ml, 1.5 g, 13 mmol, 3 eq.) and pyridine (2.5 ml) were added, 

followed by stirring for 5 min at room temperature. The reaction mixture was immersed in a preheated oil 

bath at 150 °C resulting in immediate, strong gas evolution. A few minutes later, just before the red brown 

suspension became a solid mass, dry toluene (15 ml) was added. The mixture was stirred at 150°C (bath 

temperature) for 4 h. After cooling to room temperature, the solvent was removed under reduced pressure. 

Cautiously, ice-cold water (30 ml) was added dropwise. After stirring for 10 minutes, the brown precipitate 

was collected on a sintered-glass frit (porosity 3), washed extensively with water (3 ´ 20 ml) and n-hexane (3 

´ 10 ml). The light brown solid was dissolved in THF (60 ml) and filtered through a short plug of silica. The 

plug was washed with additional THF (3 x 10 ml) and the combined THF filtrates were concentrated under 

reduced pressure resulting in a brown solid. The crude product was transferred into a 25 ml round bottom 

flask and MeOH (3 ml), CH2Cl2 (3 ml) and Et2O (3 ml) were added. After stirring for 3 h at room temperature, 

the mixture was cooled in an ice bath. The beige solid was collected on a filter, washed with Et2O (3 ´ 5 ml) 

and dried under vacuum. The product was obtained as beige solid (0.36 g, 29 %, 90.3 %D). 

1H NMR (400 MHz, [D6]-DMSO): d = 9.36 (s, 2 H), 7.12 (0.9 H, non-deuterated residual signal) ppm. 

 

[D17]-ddpd49 

 

Under an argon atmosphere, powdered KOH (99 mg, 1.8 mmol, 4.0 eq.) was added to a yellow solution of 

[D11]-N,N'-bis(2-pyridyl)-2,6-diaminopyridine (120 mg, 0.4 mmol, 1.0 eq.) in [D6]-DMSO (10 ml, NMR grade, 

99.8 %D). The mixture was stirred at room temperature for 30 min. CD3I (60 µl, 140 mg, 0.97 mmol, 2.2 eq.) 

was added to the red reaction solution and stirring was continued overnight (16 h). Water (40 ml) was added 

and the yellow aqueous suspension was extracted with a 1:1 (v/v) mixture of Et2O/THF (3 ´ 30 ml). The 

combined organic phases were washed with aqueous sat. Na2CO3 (25 ml), dried (MgSO4) and concentrated 

under reduced pressure. The resulting yellow oil was subjected to column chromatography (SiO2, n-

hexane/EtOAc, 12:1) to obtain the product as a pale-yellow oil (75 mg, 55 %, >93.6 %D). 

1H NMR (400 MHz, CDCl3): d = 6.76 (non-deuterated residual signal) ppm (Fig. S6). MS (ESI+): m/z (%) = 308.3 

(100, [M+H]+) (Fig. S7 – S8). 
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Figure S6. 1H NMR spectrum (400 MHz) of [D17]-ddpd in CDCl3 showing the only major residual proton 

resonance due to incomplete deuteration at the position indicated in bold red. The asterisk marks residual 

solvent resonance.  

 

 

 

Figure S7. ESI+ mass spectrum of [D17]-ddpd. 
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Figure S8. Detailed deuteration pattern of [D17]-ddpd from combined 1H NMR and mass spectrometry data. 

 

 

 

 

Figure S9. ESI+ mass spectrum of mer-[VIII([D17]-ddpd)2][PF6]3 in CH3CN. The insets show the experimental and 

calculated isotopic pattern of the [M-3PF6]2+ peak. 
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Synthesis of [V(ddpd)2][PF6]3: [V(NCMe)6][BPh4]2 (42.0 mg, 0.05 mmol, 1.0 eq) was dissolved in acetonitrile 

(4 ml) and [nBu4N][PF6] (52.2 mg, 0.14 mmol, 2.8 eq.), dissolved in acetonitrile (2 ml), was added under 

stirring. The ligand ddpd (27.7 mg, 0.09 mmol, 1.8 eq.), dissolved in acetonitrile (2 ml), was added. The 

turquoise solution was stirred for 18 h and turned dark red within the first several hours. Upon addition of 

ferrocenium hexafluorophosphate (15.0 mg, 0.05 mmol, 1.0 eq.), dissolved in acetonitrile (4 ml), the red 

solution turned green. The solvent was removed under reduced pressure and the dark green residue was 

washed with 2 ml aliquots of petroleum ether (40/60) until the washing solution remained colorless. After 

dissolving the green product in acetonitrile (4 ml), black crystals were obtained from slow diffusion of diethyl 

ether into the solution. Yield: 18.2 mg (0.02 mmol, 44 %). C34H34F18N10P3V: calcd. C 38.22; H 3.21; N 13.11 %; 

found: C 38.22; H 3.43; N 13.56 %. IR (ATR):  ! = 1607 (m), 1581 (w), 1568 (w), 1494 (m), 1449 (w), 1432 (m), 

1364 (w), 1341 (w), 1319 (w), 1240 (w), 1201 (w), 1175 (w), 1138 (w), 1093 (w), 1065 (w), 1052 (w, sh), 1020 

(w), 1011 (w), 949 (w), 876 (w), 832 (s), 807 (s), 775 (s), 750 (m), 716 (w), 656 (w), 633 (w), 582 (w), 556 (s) 

523 (w), 507 (w), 480 (w), 467 (w), 449 (w), 436 (w) cm–1. MS (ESI+, CH3CN): m/z (%) = 316.6 (35) [M–3PF6]3+, 

326.1 (5) [M–3PF6+F]+, 778.2 (100) [M–2PF6]+. UV/VIS/NIR (CH3CN): l (e / M–1cm–1) = 207 (25015), 241 

(26040), 301 (23585), 422 (3775) 597 (1945) nm. CV ([nBu4N][PF6]/CH3CN, vs. ferrocene): E½ = –2.53 (qrev.), 

–2.31 (qrev.), –0.275 (rev.) V; Ep = 1.74 (irrev.), 1.86 (irrev.) V. 

 

Synthesis of [V([D17]-ddpd)2][PF6]3: The deuterated complex was prepared analogously, starting from [D17]-

ddpd (27.7 mg, 0.09 mmol, 2.0 eq.). Yield: 8.6 mg (0.008 mmol, 13 %). The degree of deuteration was fully 

retained according to ESI+ mass spectrometry. 
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Table S1. Bond distances / Å and angles / ° of mer-[VIII(ddpd)2][PF6]3´3CH3CN (XRD) and mer-[VIII(ddpd)2]3+ 

(DFT-UKS).  

 ddpd(A) ddpd(B)  
 V-N1 /  

V-N2 /  

V-N3 

N1-V-N2 / 

N1-V-N3 / 

N2-V-N3 

V-N4 /  

V-N5 /  

V-N6 

N4-V-N5 / 

N4-V-N6 / 

N5-V-N6 

shape 
parameter 
S(OC-6)47 

XRD 2.079(2)/ 
2.062(1)/ 
2.068(2) 

84.14(6)/ 
168.23(6)/ 
84.13(6) 

2.074(2)/ 
2.058(1)/ 
2.081(2) 

85.12(6)/ 
169.73(6)/ 
84.69(6) 

0.63 

DFT-UKS 2.095 
2.078 
2.097 

84.24 
168.56 
84.32 

2.092 
2.077 
2.096 

84.16 
168.40 
84.25 

0.68 

 

Table S2. Cartesian Coordinates of the DFT-UKS calculated ground state geometry of mer-[VIII(ddpd)2]3+. 

23      -0.436272000      4.887622000      1.498586000 

7        0.057762000      4.359394000      3.465344000 

7        0.566002000      2.182490000      2.743718000 

7        1.171885000      3.674479000      0.990576000 

7        1.735378000      5.193304000     -0.753156000 

7       -0.608309000      5.160298000     -0.568481000 

7       -1.881315000      3.370031000      1.418202000 

7       -2.967475000      4.322157000      3.270756000 

7       -2.043433000      6.107196000      1.995698000 

7       -1.078209000      7.861890000      0.710978000 

7        0.685217000      6.647703000      1.684615000 

6       -0.136059000      5.257662000      4.457962000 

1       -0.259546000      6.284304000      4.150607000 

6       -0.211793000      4.895243000      5.778999000 

1       -0.382655000      5.644256000      6.536428000 

6       -0.081057000      3.543448000      6.097041000 

1       -0.146249000      3.212495000      7.123799000 

6        0.163009000      2.623064000      5.098671000 

1        0.313028000      1.585384000      5.342659000 

6        0.261183000      3.065063000      3.774103000 

6        0.413147000      0.745847000      3.014200000 

1       -0.540605000      0.588956000      3.509025000 

1        1.213525000      0.349688000      3.639044000 

1        0.400412000      0.219756000      2.065843000 

6        1.420814000      2.536984000      1.690707000 

6        2.497005000      1.718823000      1.381436000 

1        2.690014000      0.831463000      1.959805000 

6        3.346353000      2.091812000      0.355262000 

1        4.198093000      1.474345000      0.108427000 

6        3.106104000      3.253067000     -0.356363000 

1        3.743171000      3.535313000     -1.177084000 

6        2.000162000      4.024811000     -0.028203000 

6        2.891430000      5.883199000     -1.344184000 

1        2.632379000      6.928522000     -1.483488000 

1        3.191768000      5.454711000     -2.300306000 

1        3.718554000      5.823470000     -0.645115000 

6        0.483182000      5.466337000     -1.293928000 

6        0.357628000      6.053399000     -2.558570000 

1        1.231585000      6.307009000     -3.133546000 

6       -0.902124000      6.260699000     -3.081259000 

1       -1.006918000      6.701378000     -4.062468000 

6       -2.027893000      5.874740000     -2.353587000 

1       -3.027361000      6.005690000     -2.738081000 

6       -1.836368000      5.328887000     -1.109826000 

1       -2.670761000      5.035170000     -0.492501000 

6       -1.729583000      2.362329000      0.528906000 

1       -1.035394000      2.541877000     -0.277137000 

6       -2.384217000      1.162843000      0.651400000 

1       -2.220705000      0.380897000     -0.073714000 

6       -3.239090000      0.990094000      1.739795000 

1       -3.767402000      0.057720000      1.879655000 

6       -3.435458000      2.025466000      2.630370000 

1       -4.127804000      1.914655000      3.447243000 

6       -2.758753000      3.234073000      2.429724000 

6       -3.604148000      4.064075000      4.570470000 

1       -3.131234000      3.195145000      5.018379000 

1       -4.676344000      3.887573000      4.485973000 

1       -3.427930000      4.921238000      5.211336000 

6       -3.045409000      5.633621000      2.781636000 

6       -4.137792000      6.421152000      3.112467000 

1       -4.931914000      6.021879000      3.720181000 

6       -4.214122000      7.705453000      2.603668000 

1       -5.063960000      8.329648000      2.839898000 
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6       -3.204065000      8.191998000      1.793981000 

1       -3.239019000      9.200534000      1.418905000 

6       -2.117001000      7.375772000      1.514158000 

6       -1.433285000      8.883518000     -0.284577000 

1       -0.691772000      8.861308000     -1.077409000 

1       -1.478835000      9.886173000      0.140329000 

1       -2.398162000      8.626338000     -0.708437000 

6        0.257173000      7.779071000      1.094684000 

6        1.137328000      8.843198000      0.867841000 

1        0.793923000      9.744769000      0.390211000 

6        1.954271000      6.577639000      2.147616000 

6        2.440965000      8.742728000      1.308045000 

6        2.860348000      7.594130000      1.978984000 

1        2.229881000      5.657694000      2.639060000 

1        3.867457000      7.488226000      2.351171000 

1        3.123251000      9.565649000      1.149268000 

 

 

 

 

 

Figure S10. UV/Vis spectrum of mer-[VIII(ddpd)2][PF6]3 in CH3CN (red) including Gaussian deconvolution 

(black). 
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Table S3. TD-DFT calculated spin-allowed transitions (UKS) and triplet states (RKS). The assignment of the 

UKS states was accomplished by visual inspection of difference electron densities (Table S4). The assignment 

of the RKS states corresponds to the largest contribution to the charge transfer number (Fig. S21). 

TD-DFT-UKS TD-DFT-RKS 

state  ! / cm–1 l / nm E / eV ¦osc assignment  ! / cm–1 l / nm E / eV assignment 

1 3589 2786 0.445 7.71E-04 3MC 2084 4800 0.258 3MC 

2 5077 1970 0.629 7.41E-06 3MC     

3 15858 631 1.966 1.31E-02 3LMCT(NMe®V)     

4 16237 616 2.013 9.71E-04 3LMCT(NMe®V)     

5 19875 503 2.464 3.64E-03 3LMCT(NMe®V)     

6 20343 492 2.522 3.32E-06 3LMCT(NMe®V)     

7 22097 453 2.740 2.93E-02 3LMCT(NMe®V)     

8 22543 444 2.795 1.20E-03 3LMCT(NMe®V)     

9 22675 441 2.811 2.66E-04 3MC 22529 444 2.793 3MC 

10 24203 413 3.001 2.42E-06 3MC 24786 404 3.073 3MC 

11 24582 407 3.048 1.62E-04 3LMCT(NMe®V) 26901 372 3.335 3LMCT 

12 24875 402 3.084 1.12E-02 3LMCT(NMe®V) 27316 366 3.387 3LMCT 

13 26190 382 3.247 7.63E-04 3LMCT(NMe®V)/3MC 27616 362 3.424 3LMCT 

14 26214 382 3.250 3.31E-04 3MC/LMCT(NMe®V)     

15 26329 380 3.264 1.01E-04 3LMCT(NMe®V)     

16 26661 375 3.306 4.13E-04 3MC/3LMCT(NMe®V) 28058 356 3.479 3LMCT 

17 26932 371 3.339 3.68E-04 3MC/3LMCT(NMe®V) 30461 328 3.777 3LMCT 

18 27056 370 3.355 8.04E-07 3MC/3LMCT(NMe®V) 30586 327 3.792 3LMCT 

19 27374 365 3.394 2.14E-03 3MC 31428 318 3.897 3LMCT 

20 27914 358 3.461 2.08E-04 3LMCT(NMe®V) 31650 316 3.924 3LMCT 

21 28340 353 3.514 3.22E-04 3LMCT(NMe®V)     

22 28285 354 3.507 6.86E-03 3LMCT(NMe®V)/3ILCT     

23 28368 353 3.517 2.12E-03 3LMCT(NMe®V)/3ILCT     

24 29010 345 3.597 1.71E-02 3LMCT(NMe®V)/3ILCT     

25 29431 340 3.649 2.62E-02 3LMCT(NMe®V)/3ILCT     

26 30068 333 3.728 4.04E-03 3MC     

27 30568 327 3.790 1.51E-04 3LMCT(NMe®V)     

28 30709 326 3.807 9.10E-05 3LMCT(NMe®V)/3ILCT     

29 30659 326 3.801 3.28E-04 3LMCT(NMe®V)/3ILCT     

30 30835 324 3.823 1.10E-02 3LMCT(NMe®V)/3ILCT     

31 30814 325 3.820 2.33E-04 3LMCT(NMe®V)/3ILCT     

32 31164 321 3.864 3.39E-02 3LMCT(NMe®V)/3ILCT     

33 31585 317 3.916 1.27E-04 3LMCT(NMe®V)     

34 31725 315 3.933 1.19E-04 3LMCT(NMe®V)/3ILCT     

35 31708 315 3.931 5.79E-03 3LMCT(NMe®V)/3ILCT     

36 31789 315 3.941 4.03E-03 3LMCT(NMe®V)     

37 31794 315 3.942 2.68E-03 3LMCT(NMe®V)     

38 31985 313 3.966 2.60E-02 3LMCT(NMe®V)/3ILCT     

39 32267 310 4.001 7.96E-04 3LMCT(NMe®V)     

40 32293 310 4.004 5.48E-02 3LMCT(NMe®V)/3ILCT     

41 32487 308 4.028 1.44E-02 3LMCT(NMe®V)     

42 32451 308 4.023 1.53E-03 3LMCT(NMe®V)     

43 32912 304 4.081 3.15E-02 3LMCT(NMe®V)     

44 32947 304 4.085 7.00E-03 3LMCT(NMe®V)/3ILCT     

45 32928 304 4.083 7.16E-02 3LMCT(NMe®V)     

46 33231 301 4.120 3.10E-04 3LMCT(NMe®V)     

47 33292 300 4.128 1.29E-02 3LMCT(NMe®V)/3ILCT     

48 33381 300 4.139 3.82E-05 3LMCT(NMe®V)     

49 33701 297 4.178 2.04E-03 3MC     

50 33750 296 4.185 1.87E-02 3LMCT(NMe®V)/3ILCT     



S18 
 

Table S4. Difference electron densities of the 50 lowest-lying TD-DFT-UKS calculated states. (isosurface value 

at 0.007 a.u.; purple = electron depletion; orange = electron gain; hydrogen atoms omitted). 

#1 

 

#2 

 

#3 

 

#4
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#6 
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#8 

 
#9 
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#19 

 

#20 
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Table S5. Orbital energies/Hartree of the canonical orbitals used in the active space of the CASSCF(6,12)-FIC-

NEVPT2 calculation, depicted at a contour value of 0.05 a.u. (hydrogen atoms omitted for clarity). 

# E / H orbital # E / H orbital 

161 –0.59153 

 

167 +0.12076 

 
162 –0.59466 

 

168 +0.8329 

 
163 –0.00153 

 

169 +0.85194 

 
164 +0.00038 

 

170 +0.89659 

 
165 +0.00753 

 

171 +1.31242 

 
166 +0.11194 

 

172 +1.49528 
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Figure S11. Energy diagram of the electronic states of mer-[VIII(ddpd)2]3+ constructed from CASSCF(6,12)-FIC-

NEVPT2 energies with spin densities in orange (0.05 a.u. isosurface value, hydrogen atoms omitted for clarity, 

triplet states in black, singlet states in red; a coordinate system referring to the displayed structures and d 

orbital labels is shown in the orange box).



S23 
 

Table S6. CASSCF(6,12)-FIC-NEVPT2 state compositions (the configurations are the occupation numbers for 

the individual active orbitals in rising energy (in eV and cm–1). The first two numbers of the configuration 

represent the ligand-metal s-bonding orbitals, the next five the metal 3d orbitals and the last five the 4d 

orbitals (Table S6). Singlet states shown in red, triplet states shown in black. 

state root mult configuration weight DE/eV "# / cm–1 l/nm 

0 0 3 221100000000 0.94971 0   
1 1 3 221010000000 0.94790 0.232 1873 5344 
2 2 3 220110000000 0.95301 0.333 2687 3723 
3 0 1 222000000000 0.65408 1.192 9612 1040 
4 1 1 221100000000 0.96124 1.207 9736 1027 
5 2 1 221010000000 0.97424 1.459 11769 850 
6 3 1 220110000000 0.95454 1.529 12333 811 
7 4 1 220020000000 0.48695 1.541 12431 805 
8 3 3 221001000000 0.83676 2.584 20844 480 
9 4 3 220011000000 0.70074 2.815 22706 440 

10 5 3 220100100000 0.42279 2.827 22803 439 
11 5 1 220020000000 0.98358 2.887 23283 429 
12 6 3 220101000000 0.94490 3.475 28026 357 
13 7 3 221000100000 0.67288 3.618 29183 343 
14 6 1 221001000000 0.91877 3.809 30720 326 
15 8 3 220010100000 0.81832 3.878 31278 320 
16 7 1 220011000000 0.57938 4.059 32735 305 
17 8 1 220100100000 0.96151 4.095 33028 303 
18 9 1 220101000000 0.97839 4.112 33163 302 
19 10 1 221000100000 0.58977 4.303 34708 288 
20 11 1 220010100000 0.93700 4.567 36835 271 
21 9 3 220001100000 0.99098 5.518 44503 225 

 

 

Table S7. Partial quantum yields F and luminescence lifetimes t for [V(ddpd)2][PF6]3 and  

[V([D17]-ddpd)2][PF6]3 in deoxygenated solutions. 

compound F F / % a tF / ns (fraction) b FP / % c 
tP / ns  

(fraction) d 

tF / ns  

(fraction) 

 in CD3CN, 298 K in nBuCN, 77 K in nPrCN, 77 K 

[V(ddpd)2][PF6]3 2.1 
3.2 (56 %) 

8.2 (44 %) 
1.8´10-4 

790 (93 %) 

8800 (7 %) 

1.7 (51 %) 

6.3 (49 %) 

[V([D17]-ddpd)2][PF6]3 1.2 
3.3 (88 %) 

7.2 (12 %) 
1.6´10-4 

800 (91 %) 

8300 (9 %) 

– 

a lexc = 308 nm, lem » 340 – 580 nm, measured relative to the quantum yield standard quinine in 0.1 M 

aqueous H2SO4, estimated uncertainties ±40 %; b lexc = 306 nm, lem 390, biexponential fitting, estimated 

uncertainties ±10 %; c lexc = 308 nm, lem » 1050 – 1200 nm, measured relative to the quantum yield standard 

[Yb(tta)3(phen)] in toluene, estimated uncertainties ±50 %; d lexc = 300 nm, lem 1110 nm, biexponential fitting, 

estimated uncertainties ±20 %. 
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Figure S12. Luminescence decay (black scatter) for mer-[V(ddpd)2][PF6]3 in deoxygenated nBuCN at 77 K  

(lexc = 300 nm, lem = 1110 nm, emission path: long pass filter RG850) with biexponential fit function (red) 

and instrument response function (gray).   
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Figure S13. a) Luminescence decay (black scatter) for mer-[V(ddpd)2][PF6]3 in deoxygenated nPrCN at 77 K 

(lexc = 306 nm, lem = 416 nm) with biexponential fit function (red) and instrument response function (gray) 

and b) luminescence decay (black scatter) for mer-[V(ddpd)2][PF6]3 in deoxygenated CD3CN at 298 K  

(lexc = 306 nm, lem = 390 nm) with biexponential fit function (red) and instrument response function (gray). 
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Figure S14. Emission spectra of mer-[V(ddpd)2][PF6]3 in a KBr pellet at different temperatures using  

a. 420 and b. 600 nm longpass filters; lexc = 400 nm. The quite surprising decrease of the intensity of blue 

fluorescence upon cooling the sample may be explained by a more favorable ISC to the singlet manifold at 

low temperature, compared to other radiative and non-radiative processes. c. Photograph of mer-

[V(ddpd)2][PF6]3 in a KBr pellet under excitation with lexc = 350 nm (290 K).  
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Figure S15. Step-scan FTIR spectrum of [V(ddpd)2][PF6]3 (KBr pellet, 20 K) 0 to 300 ns after laser excitation at 

lexc = 355 nm (red) and ground state FTIR spectrum (black) (KBr pellet, 20 K), DFT-UKS calculated IR absorption 

transitions (blue) (scaled by 0.98), and DFT-UKS calculated IR spectrum (green) of [V(ddpd)2]3+ (scaled by 0.98, 

FWHM = 8 cm–1, gaussian profile). 

 

 

 

 

Figure S16. Global monoexponential fit and residuals performed for the most prominent positive and 

negative peaks in the step-scan spectrum of [V(ddpd)2][PF6]3 (KBr pellet, 20 K). 
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Figure S17. Luminescence decay (black scatter) for mer-[V([D17]-ddpd)2][PF6]3 in deoxygenated nBuCN at  

77 K (lexc = 300 nm, lem = 1110 nm, emission path: long pass filter RG850) with biexponential fit function 

(red) and instrument response function (gray). 

 

 

 

 

Figure S18. Luminescence decay (black scatter) for mer-[V([D17]-ddpd)2][PF6]3 in deoxygenated CD3CN at 298 

K (lexc = 306 nm, lem = 390 nm) with biexponential fit function (red) and instrument response function (gray). 
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Figure S19. a. Transient absorption spectra of [VIII(ddpd)2][PF6]3 in CH3CN excited with 620 nm laser pulses. 

b. Decay associated amplitude spectra labelled by the corresponding time constants and compared to the 

bleach. c. Transient signals as a function of the pump–probe delay time observed at 500 nm (black), 550 nm 

(red) and 670 nm (blue). 

 

 

 

 

Figure S20. a. Transient absorption spectra of [VIII(ddpd)2][PF6]3 in CH3CN excited with 400 nm laser pulses. 

b. Decay associated amplitude spectra labelled by the corresponding time constants and compared to the 

bleach. c. Transient signals as a function of the pump–probe delay time observed at 500 nm (black), 550 nm 

(red) and 670 nm (blue). 
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Table S8. TD-DFT-RKS relative energies (eV) with respect to the triplet ground state 3T1g and corresponding 

assignment based on the largest contribution of the charge transfer numbers (Fig. S21) of the electronic 

states used to parameterize the potential energy surfaces employed in the SHARC-LVC simulations. 

Irreducible representations labels correspond to an idealized octahedral geometry (Fig. S1).  

State Triplets DE /eV Singlets DE /eV 

1 13MC (3T1g) 0 11MC (1Eg) 1.16 
2 23MC (3T1g) 0.26 21MC (1T2g) 1.36 
3 33MC (3T2g) 2.79 31MC 1.47 
4 43MC (3T2g) 3.07 11LMCT 3.44 
5 13LMCT 3.33 21LMCT 3.50 
6 23LMCT 3.39 31LMCT 3.59 
7 33LMCT 3.42 41LMCT 3.64 
8 43LMCT 3.48 41MC 3.72 
9 53LMCT 3.78 51MC 3.79 
10 63LMCT 3.79 51LMCT 3.94 
11 73LMCT 3.90 61LMCT 3.96 
12 83LMCT 3.92 71LMCT 4.08 

 

 

 

 

Figure S21. TD-DFT-RKS charge transfer (CT) numbers defined from 0 to 1 of the lowest-lying 12 singlets (a) 

and 12 triplets (b) states, calculated with respect to the closed-shell reference 31MC (1A1g). The reference 

state is 100 % closed-shell and serves as a reference for the CT numbers calculated.  
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Figure S22. Time-evolution of the population on the excited states during the first 100 fs, after starting the 

dynamics on a) 43LMCT, b) 33LMCT, c) 23LMCT, d) 13LMCT triplet states. Population in any other singlet state 

other than 21MC is negligible and not plotted. 
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Table S9. Cartesian coordinates of the minimum energy geometry of the 21MC singlet state, optimized within 

the LVC method. 

 V   -0.66530157968787      4.73327191559267      1.15414806626787  

 N   -0.33031990692470      4.49554366729562      3.24011128941319  

 N   0.41830831745261      2.21830701812423      2.87578640975785  

 N   0.97362870509963      3.50540643057365      0.94630448773096  

 N   1.61181540473234      5.06453779574661     -0.70547438832152  

 N   -0.72354413669044      4.76766598674381     -0.90727949908829  

 N   -1.96074838838531      3.16994764007497      1.08780284944625  

 N   -3.22330616437540      4.11306267448654      2.85863757136509  

 N   -2.21011674159465      5.95501601848848      1.67409350682190  

 N   -1.11064559695091      7.76960212804624      0.59882839517929  

 N   0.58976681646651      6.42517020550181      1.45105292787956  

 C   -0.51902350304275      5.56679860144001      4.08464141971885  

 H   -0.99699684623169      6.48213429825880      3.63165367747580  

 C   -0.16320443140994      5.50958067229945      5.48352260559947  

 H   -0.35556178466572      6.39299189250326      6.10453377228770  

 C   0.51176234304264      4.31800507016179      6.06408638013690  

 H   0.89902833180966      4.22851529398475      7.15602764374424  

 C   0.75868681650198      3.25593348824104      5.19995115897545  

 H   1.34566669070994      2.36340268708133      5.61351377319930  

 C   0.27580951908176      3.34952219944841      3.77455144119524  

 C   0.42018420640678      0.85020353375555      3.57052585170090  

 H   -0.39584601781559      0.77755344403761      4.32684050305551  

 H   1.37894137222654      0.67430009465801      4.11198294918403  

 H   0.26254884577769      0.07566127797111      2.76831582681121  

 C   1.15439748411093      2.36476309861683      1.67101644509280  

 C   2.10641939261553      1.42356718411031      1.25941935733429  

 H   2.25574519220159      0.51061526752509      1.81405784265292  

 C   2.97403726640090      1.76629990326041      0.23081403718095  

 H   3.76278574276453      1.08027705090921     -0.05494221860542  

 C   2.86302853677891      2.99025708861967     -0.42628638110484  

 H   3.49707496006560      3.31985076379143     -1.23583990510299  

 C   1.81763156898550      3.82320791161327     -0.07354996768462  

 C   2.83029928965059      5.97887585408924     -0.90011021511064  

 H   2.41554656988593      6.99646409452291     -0.96780825332937  

 H   3.55087333703551      5.67230931017101     -1.75596654545864  

 H   3.42879715613805      5.96338504169185      0.08606352508797  

 C   0.44216636160675      5.38973471048780     -1.36280251430980  

 C   0.46573486730863      6.34793466226565     -2.45814903615440  

 H   1.41703906901873      6.78735923738471     -2.81081756219200  

 C   -0.73262762177129      6.65128543688819     -3.09104037879572  

 H   -0.74238450534174      7.40302113893741     -3.93830763666378  

 C   -1.92899150285652      5.92906992859351     -2.67105828474415  

 H   -2.87962140492781      6.11776359400517     -3.16034885436779  

 C   -1.89273795903647      5.00037101855265     -1.58049928373020  

 H   -2.81901711234949      4.50676085023559     -1.17595517763402  

 C   -1.67220076396436      2.11464319120735      0.26628263347842  

 H   -0.98933712529239      2.32687239570611     -0.54156214987688  

 C   -2.15687315540798      0.84205131370184      0.48371391037265  

 H   -1.86512504601290      0.01176335787152     -0.15931420609855  

 C   -3.01035880731720      0.65100071089963      1.57491682377841  

 H   -3.40025978996045     -0.34014703517561      1.79390915664606  

 C   -3.38350807185125      1.73340937704325      2.36839128304000  

 H   -4.08062037759673      1.60134843901535      3.18276761788482  

 C   -2.86067965063365      3.01531348345467      2.07944393277739  

 C   -3.70493630437212      3.82438704648768      4.23523611756562  

 H   -3.04190831110575      3.05752658744568      4.66273815789241  

 H   -4.75507503727469      3.49933672866476      4.27620673752258  

 H   -3.58814105987102      4.72646958234386      4.82478436598885  

 C   -3.17180039490112      5.50367725461328      2.53685243927383  

 C   -4.11306109280554      6.48231054318854      3.21399326932164  

 H   -4.91248388501292      6.10384131769645      3.83079600124229  

 C   -3.97406588955119      8.00933775827573      3.19294090222228  

 H   -4.65613641102556      8.81979055084680      3.86077222364849  

 C   -2.98017046603333      8.45680858404359      2.32222283020250  

 H   -2.83517191274696      9.63489712391607      2.30759569178623  

 C   -2.12851454730312      7.37398690254809      1.52735339577138  

 C   -1.45842223194776      8.99550642510190     -0.17258183971986  

 H   -0.81466042114834      8.96943559455970     -1.08741231606597  

 H   -1.27972973059534      9.94759527925353      0.44055814387018  

 H   -2.56663951869531      8.97082259954718     -0.49474886031302  

 C   0.22495910042885      7.63515938090614      0.99965310256870  

 C   1.12055930549567      8.71230282173515      0.98126581737906  

 H   0.81802530346211      9.67679693582683      0.60260621904721  

 C   1.83052754324382      6.25881473429048      1.95615033551378  

 C   2.38955024184869      8.53412485803401      1.50832530143104  

 C   2.75514231091441      7.28051998723144      2.00643290806222  

 H   2.07673153270343      5.26299380217903      2.30093049901599  

 H   3.73629512792687      7.09459911151002      2.42034138169754  

 H   3.08593957658572      9.36744507524232      1.54281956117543 
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10 Ultrafast and long-time excited state kinetics of an NIR-emissive 

vanadium(III) complex I: synthesis, spectroscopy and static 

quantum chemistry 
 

10.1 Preamble 

My contribution to this publication was temperature-dependent step-scan FTIR spectroscopy and 

static near-infrared luminescence spectroscopy in the solid state (KBr matrix and neat powder). I 

contributed to the refinement of the manuscript and was supervised by Markus Gerhards and 

Gereon Niedner-Schatteburg. 

Matthias Dorn performed the synthesis and analytical characterization, quantum chemical 

calculations as well as photolysis experiments. Matthias Dorn worked under the supervision of Katja 

Heinze. Jens Kalmbach conducted static and time-resolved luminescence spectroscopy on the neat 

powders of the complexes at room temperature and 77 K. Furthermore, he performed NIR overtone 

spectroscopy and was supervised by Michael Seitz. Chahinez Dab measured Raman spectra and 

luminescence spectra under pressure, supervised by Christian Reber. Ayla Kruse performed 

femtosecond transient absorption spectroscopy under the supervision of Stefan Lochbrunner. 

Michael Seitz and Katja Heinze designed the project. The manuscript was written by Katja Heinze and 

refined by contributions from all coauthors.   
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Ultrafast and long-time excited state kinetics of an
NIR-emissive vanadium(III) complex I: synthesis,
spectroscopy and static quantum chemistry†‡

Matthias Dorn,a Jens Kalmbach,b Pit Boden,c Ayla Kruse,d Chahinez Dab, e

Christian Reber, e Gereon Niedner-Schatteburg, c Stefan Lochbrunner, d

Markus Gerhards, c Michael Seitz *b and Katja Heinze *a

In spite of intense, recent research efforts, luminescent transition metal complexes with Earth-abundant

metals are still very rare owing to the small ligand field splitting of 3d transition metal complexes and the

resulting non-emissive low-energy metal-centered states. Low-energy excited states decay efficiently

non-radiatively, so that near-infrared emissive transition metal complexes with 3d transition metals are

even more challenging. We report that the heteroleptic pseudo-octahedral d2-vanadium(III) complex

VCl3(ddpd) (ddpd ¼ N,N0
-dimethyl-N,N0

-dipyridine-2-yl-pyridine-2,6-diamine) shows near-infrared singlet

/ triplet spin–flip phosphorescence maxima at 1102, 1219 and 1256 nm with a lifetime of 0.5 ms at

room temperature. Band splitting, ligand deuteration, excitation energy and temperature effects on the

excited state dynamics will be discussed on slow and fast timescales using Raman, static and time-

resolved photoluminescence, step-scan FTIR and fs-UV pump-vis probe spectroscopy as well as

photolysis experiments in combination with static quantum chemical calculations. These results inform

future design strategies for molecular materials of Earth-abundant metal ions exhibiting spin–flip

luminescence and photoinduced metal–ligand bond homolysis.

Introduction

The control of photophysical properties of transition metal

complexes by chemical means, especially for applications in

lighting, imaging, sensing, photonics, dye sensitised solar cells,

phototherapy or photocatalysis, is a very active research eld.1–8

However, most applications rely on noble metal complexes with

d6 or d8 electron congurations such as ruthenium(II),

iridium(III) or platinum(II).9 The success of these precious

metals in photophysics and photochemistry can be ascribed,

among other benecial features, to their intrinsically large

ligand eld splitting10 and their large spin–orbit coupling (SOC)

constants z[ 1000 cm#1.11 Finally, these properties enable the

efficient population of the photoactive and luminescent long-

lived triplet metal-to-ligand charge transfer (3MLCT) states as

lowest excited states aer intersystem crossing (ISC).12

Aiming at a sustainable future photochemistry less depen-

dent on rare and precious metals, Earth-abundant metals are

currently heavily explored and novel concepts have been put

forward13–18 including some second row metals,19–22 but in

particular the rst row transition metals.13–18 The 3d transition

metals possess a weaker ligand eld splitting10 and smaller

SOCs11 posing severe challenges to the design of the excited

state landscape,14 yet several recent breakthroughs have been

reported, e.g. on copper(I),23,24 nickel(0,II),25,26 cobalt(III),27

iron(II,III),28–31 chromium(0/III)32–35 and vanadium(III).36 Beyond

the conventionally exploited MLCT excited states,12 LMCT states

of the low-spin d5 electron conguration of iron(III)18 and spin–

ip states of the d3 electron conguration of chromium(III)15 are

emerging as novel paradigmatic excited states useful for

photoapplications.

The currently most successful spin–ip emitters are based on

the so-called molecular ruby motif, e.g. in [Cr(ddpd)2]
3+, with

tridentate pyridine-type ligands forming six-membered chelate

rings (ddpd ¼ N,N0
-dimethyl-N,N0

-dipyridine-2-yl-pyridine-2,6-

diamine).33,34,37 Applications already emerged in the areas of

sensing,38–40 photocatalysis,37 photodynamic therapy,41 photon
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† During manuscript nalisation, Prof. Markus Gerhards unexpectedly passed

away on Dec. 28th 2020.

‡ Electronic supplementary information (ESI) available: Details the quantum

chemical calculations, luminescence spectra, Raman spectra, luminescence

decay, vibrational overtone analysis, step-scan FTIR spectra, IR spectral decay,

photostability, cyclic voltammogram. See DOI: 10.1039/d1sc02137k

Cite this: Chem. Sci., 2021, 12, 10780

All publication charges for this article

have been paid for by the Royal Society

of Chemistry

Received 16th April 2021

Accepted 7th July 2021

DOI: 10.1039/d1sc02137k

rsc.li/chemical-science

10780 | Chem. Sci., 2021, 12, 10780–10790 © 2021 The Author(s). Published by the Royal Society of Chemistry

Chemical
Science

EDGE ARTICLE

O
p

en
 A

cc
es

s 
A

rt
ic

le
. 
P

u
b

li
sh

ed
 o

n
 1

5
 J

u
ly

 2
0
2
1
. 
D

o
w

n
lo

ad
ed

 o
n
 1

1
/2

4
/2

0
2
1
 1

0
:1

5
:0

0
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b

u
ti

o
n
 3

.0
 U

n
p

o
rt

ed
 L

ic
en

ce
.

View Article Online
View Journal  | View Issue



upconversion42 and the generation of circularly polarised

emission.43–45

Very recently, vanadium started to spark interest as potential

novel near-infrared (NIR) luminophore46 motivated by its high

natural abundance and complementary properties to the

chromium(III) spin–ip luminophores and sensitisers.36,47

Rappé and Damrauer demonstrated, that the d3-vanadium(II)

electron conguration in the well-known [V(bpy)3]
2+ and

[V(phen)3]
2+ complexes48 (Chart 1, bpy¼ 2,20-bipyridine, phen¼

1,10-phenanthroline) leads to the population of non-

luminescent excited doublet states with mixed 2MC/2MLCT

character within 2.5–3 ps aer excitation.47 The lifetimes of the

mixed excited states of [V(bpy)3]
2+ and [V(phen)3]

2+ are 0.43 ns

and 1.6 ns, respectively.47,49 Yet, emission from these vanadiu-

m(II) complexes has not been observed at wavelengths shorter

than 1600 nm even at low temperature.47

Analogous to the intra- and intercongurational electronic

transitions derived from the d3 electron conguration (4T2 and
2E/2T1), the d

2 electron conguration with a 3T1 ground state in

octahedral symmetry provides low-energy spin–ip singlet

states (1E/1T2) and triplet states (3T2) with respective intra- and

intercongurational transitions.50 This electron conguration is

realised, for example, in octahedral vanadium(III) complexes

and solid state materials with vanadium(III) in octahedral

sites.51–53 The electronic structure of basic d2-vanadium(III)

complexes, e.g. [V(H2O)6]
3+ and [V(urea)6]

3+, including the

ground state splitting of the orbitally degenerate 3T1 ground

state and the zero-eld splitting, has been obtained from

Raman, luminescence, and high-frequency high-eld electron

paramagnetic resonance spectroscopies.51–53 A particularly

interesting application of d2-luminescent materials is upcon-

version based on sequential ground state and excited state

absorption,54 as has been shown for example with

d2-titanium(II) solid state materials such as MgCl2:Ti.
54

Upconversion with molecular complexes has been demon-

strated utilizing d3-chromium(III) complexes.42,55 The ve-

coordinate d2-vanadium(III) complex V((C6F5)3tren)(CN
tBu)

emits at 1240 nm in the solid state and frozen solution and was

suggested as optically addressable molecular quantum bit

candidate ((C6F5)3tren ¼ 2,20,200-tris[(pentauorphenyl)amino]

triethylamine).56 Consequently, the advancement of emissive

molecular materials exploiting the d2 electronic conguration

would be very valuable for diverse photonic applications such as

NIR emission, upconversion and quantum technology.

The d2-vanadium(III) polypyridine complex [V(ddpd)2]
3+

emits in the NIR (1100 nm), observed for the rst time even at

room temperature in solution (Chart 1).36 Its phosphorescent

singlet state with a lifetime of 0.79 ms/8.8 ms (93%/7%; 77 K in

butyronitrile glass) is populated within picoseconds aer exci-

tation. Yet, the efficiency of the population transfer to the

singlet states by ISC is rather small as conrmed by non-

adiabatic molecular dynamics calculations.36 Unexpectedly,

and in contrast to the analogous chromium(III) spin–ip emit-

ters, the decay of the phosphorescent spin–ip states of

[V(ddpd)2]
3+ is insensitive to ligand deuteration, in spite of the

signicant spectral overlap of the NIR emission with the second

aromatic C–H overtone n
3
CH of the ligand. This suggests that

other non-radiative decay pathways are more relevant than the

multiphonon relaxation involving high-energy C–H oscillators57

in this particular case.36

A profound understanding of the decisive excited states and

the excited state dynamics of these polypyridine vanadium(III)

chromophores on ultrafast (population of emissive states) and

slow timescales (depopulation of emissive states) is lacking. To

better understand the novel class of d2-spin–ip luminophores

based on vanadium(III) with respect to the population and decay

of the emissive spin–ip states, we selected the chlorido vana-

dium(III) complex VCl3(ddpd) (Chart 1)
58 for a detailed study of

the photodynamics at ultrashort (sub-picosecond) to micro-

second timescales (Chart 1).

Spin–orbit effects are weak in vanadium(III) complexes based

on the lower intensity of the singlet transitions compared to the

triplet bands by more than three orders of magnitude.59 Our

choice of molecular system is guided by two considerations: (i)

the slow ISC rate dened by the small SOC constant of vana-

dium(III) (z z 210/206/220 cm#1)11,60,61 can increase due to the

inuence of the coordinated chlorido ligands with their higher

SOC constant (z z 547 cm#1)61 as compared to nitrogen

(z z 76 cm#1).61 (ii) The symmetry reduction by using different

ligand types can relax Laporte's rule62 and increase the radiative

rate from metal-centred spin–ip states.35

We report here that the heteroleptic VCl3(ddpd)
58 complex is

NIR-emissive at room temperature (Chart 1). We undertook

a detailed photophysical study using Raman spectroscopy,

variable temperature and variable pressure steady-state photo-

luminescence spectroscopy, fs-transient absorption spectros-

copy, time-resolved photoluminescence and variable

temperature step-scan FTIR spectroscopy to cover the ground

state splitting, as well as the ultrafast and slow time regimes of

the excited state kinetics. To elucidate whether non-radiative

relaxation of the luminescent singlet states via aromatic
Chart 1 Structures of vanadium(II) and luminescent vanadium(III)

polypyridine complexes.

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 10780–10790 | 10781
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C–H overtones (C–Har) plays a signicant role for the non-

radiative relaxation in this particular case, the deuterated

complex VCl3(ddpd-[D17]) was prepared and studied for

comparison. The electronic structures of ground and excited

states at the ground state geometry were described utilizing

relativistic two-component time-dependent density functional

theory (TDDFT) and CASSCF-NEVPT2 calculations (NEVPT2 ¼

N-electron valence state perturbation theory to second-order). A

detailed kinetic model of the excited state dynamics will be

derived by trajectory surface hopping simulations within

a linear vibronic coupling model in the accompanying paper.63

Results and discussion

The vanadium(III) complex VCl3(ddpd-[D0]) has been prepared

as reported from VCl3(solv)3 (solv ¼ CH3CN or THF)64 and the

ligand ddpd-[D0]
65 as poorly soluble orange coloured complex.58

Its structure and magnetic properties in the solid state have

been reported.58 Yet, luminescence, ultrafast and slow excited-

state dynamics as well as temperature and pressure effects on

the decisive ground and excited states and the excited state

kinetics remained unexplored.

The electronic absorption spectrum of VCl3(ddpd-[D0]) in

acetonitrile reveals prominent absorption bands around 320 and

463 nm (31 250 and 21 598 cm#1) as well as a very weak band at

702 nm (14 245 cm#1; 3 < 100 M#1 cm#1; Fig. 1a). TDDFT

calculations on the geometry optimised triplet ground state

(CPCM(acetonitrile)-RIJCOSX-UB3LYP-D3BJ-ZORA/def2-TZVPP;

for details see Experimental section) were performed to assign

the optical transitions (Fig. 1a, S1, S2 and Tables S1–S4, ESI‡). To

better match the experiment the calculated transition energies

were shied hypsochromically by 3400 cm#1 (Fig. 1a). Parti-

tioning of the density-matrix into ddpd, Cl and V fragments for

charge transfer number analysis using the TheoDore package66,67

indicates the major character of the transitions as ddpd /

V 3LMCT (light green), Cl / V 3LMCT (petrol green), ILCT

(orange) and V / ddpd 3MLCT (purple) (Fig. 1a). CASSCF

calculations reported in the accompanying paper63 suggest some

double excitation character of the ILCT transitions which might

well lower the energy of these states. The very weak low-energy

band at 702 nm (3 < 100 M#1 cm#1) corresponds to metal-

centred (MC) transitions from t2g to eg orbitals (
3T2).

To better describe the split 3T1 ground state and the intra-

and intercongurational metal-centred transitions of the

vanadium(III) ion, we resorted to CASSCF(6,12)-FIC-NEVPT2

calculations on the CPCM(acetonitrile)-RIJCOSX-UB3LYP-

D3BJ-ZORA/def2-TZVPP optimised triplet ground state geom-

etry (for details see Experimental section). The active space

included ve 3d and ve 4d orbitals as well as two occupied V–

N/Cl s-bonding orbitals occupied with six electrons (Table S5

and Fig. S3, ESI‡).68 Without including the dynamic correlation

with NEVPT2, the 1E/1T2 and
3T2 states are quite close in energy

(Table S6, ESI‡). Inclusion of the dynamic correlation with

NEVPT2 lowers the energy of the 1E/1T2 states by ca. 2550 cm#1

and raises the energy of the 3T2 states by ca. 1200 cm#1. On this

level of theory, the energy gap between the lowest singlet and

triplet excited states amounts to ca. 3750 cm#1 (Fig. 1b). These

calculations place the lowest excited triplet states of 3T2

parentage at 14 968/16 464/17 393 cm#1 above the split 3T1

ground state (0/755/1076 cm#1) (Fig. 1b). The lowest energy

spin-allowed transition is calculated at 14 968 cm#1 in reason-

able agreement with the experimental band maximum

(14 245 cm#1, Fig. 1a inset). The calculated splitting of all

Fig. 1 (a) Absorption spectrum including a zoom into the red spectral

region (black) and photograph of VCl3(ddpd-[D0]) in CH3CN. The

vertical bars correspond to spin-allowed CT transitions calculated by

TDDFT-UKS (hypsochromically shifted by 3400 cm#1). The colour

code of the vertical bars indicates the major character of the transition

as ddpd / V 3LMCT (light green), Cl / V 3LMCT (petrol green), ILCT

(orange) and V / ddpd 3MLCT (purple). (b) Jablonski diagram con-

structed from TDDFT-UKS (ddpd / V 3LMCT (light green), Cl / V
3LMCT (petrol green) and ILCT (orange)) and CASSCF-NEVPT2

calculations (3MC states in blue; 1MC states in red). Notation of MC

states is according to octahedral symmetry. ISC ¼ intersystem

crossing; diss ¼ V–Cl homolysis; NIR ¼ NIR emission; C–H and C–D

overtones in purple ¼ multiphonon relaxation (experimental overtone

energies from ref. 34).
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3T states is substantial reecting the low symmetry of the

complex. The ve lowest excited singlet states of 1E/1T2

parentage are calculated at 10 086/10 161/10 949/11 068/

11 309 cm#1. These spread over 1200 cm#1 (Fig. 1b). As the

energy of the lowest singlet state is signicantly lower than the

lowest excited triplet state by ca. 4900 cm#1, NIR phosphores-

cence from the singlet state to the split ground state is

conceivable (Fig. 1b). Extended calculations using an even

larger active space will be presented in the accompanying

paper.63

Excitation of solid VCl3(ddpd-[D0]) with 350 nm (ILCT) at

298 K results in the appearance of two NIR emission bands

(Fig. 2a). At 77 K, the emission bands increase in intensity and

develop a characteristic ne structure (Fig. 2a). Discernible

peaks occur at 1102, 1219 and 1256 nm (9074, 8203, 7962 cm#1).

Considering the calculated ground state splitting, we assign

these clearly visible band maxima to radiative transitions from

the lowest excited singlet state(s) to the split ground state

(Fig. 1b). The resulting experimental ground state splitting of

ca. 800 and 1100 cm#1 excellently agrees with the CASSCF-

NEVPT2 calculated splitting (755 and 1076 cm#1). The experi-

mental ground state splitting refers to the geometry minimum

of the singlet state, while the CASSCF-NEVPT2 calculated

splitting refers to the ground state geometry. As spin–ip states

are rather nested, the geometry differences should be marginal.

Raman spectra of [V(H2O)6]
3+ and [V(urea)6]

3+ show broad

electronic Raman transitions around 1900–2900 cm#1 and

1400 cm#1, respectively,51,52 due to the trigonal ground-state

splitting. For VCl3(ddpd-[D0]), we observe two broad electronic

Raman transitions around 500 and 900 cm#1 in its Raman

spectrum in accordance with its lower symmetry (Fig. 2b). These

energies t well to the splitting assigned by luminescence

spectroscopy (Fig. 2a) and obtained from the CASSCF-NEVPT2

calculations.

The ner details of the NIR luminescence band structure can

be tentatively assigned to population of the close-lying singlet

states with the difference between the two lowest singlet states

calculated as 75 cm#1 and to enabling vibrations around

120 cm#1. Indeed, Cl–V–Cl deformation vibrations (125, 136,

159 cm#1; unscaled) appear in this energy region according to

the DFT calculations (ESI, Fig. S4‡).

Upon pressurizing solid VCl3(ddpd-[D0]) to 7 kbar, two very

weak NIR emission bands at approximately 9100 and 9280 cm#1

(lowest energy detectable with the employed detector) shi to

higher energy by z10 cm#1 kbar#1. (Fig. S5, ESI‡). This

hypsochromic shi of the emission bands differs from the

bathochromic behaviour encountered by the d3 complex

[Cr(ddpd)2]
3+ at increasing pressure.39 This unusual pressure-

sensitivity is probably a combined effect of energy changes of

the emissive singlet states and of the ground state splitting

under increasing pressure. The broad, electronic Raman bands

assigned to transitions within the split 3T1g ground state expe-

rience variations in intensity and broaden strongly with

increasing pressure (Fig. S6, ESI‡). At pressures higher than

30 kbar the broadening, most likely due to effects of non-

hydrostatic pressure, dominates and the bands can no longer

be observed. These observations illustrate that luminescence

shis different from those for spin–ip transitions with

nondegenerate ground states are expected for vanadium(III)

complexes.

Fig. 2 (a) Luminescence spectra of VCl3(ddpd-[D0]) at 298 K (red) and

77 K (green) (lexc ¼ 350 nm), (b) solid state Raman spectrum of neat

VCl3(ddpd-[D0]) at 298 K (lexc ¼ 785 nm). Electronic Raman transitions

between the 3T1 ground state components are highlighted. (c) Lumi-

nescence spectra of neat VCl3(ddpd-[D0]) (green dotted line) and

VCl3(ddpd-[D17]) (green solid line) at 77 K (lexc ¼ 350 nm). Purple bars

indicate the positions of the n
3
CH and n

4
CD overtones. (d) Luminescence

spectra of VCl3(ddpd-[D17]) as KBr pellet at 5–290 K (lexc ¼ 350 nm).

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 10780–10790 | 10783
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The NIR luminescence of VCl3(ddpd-[D17]) at 298 K in the

solid state under inert conditions (lexc ¼ 350 nm) decays

monoexponentially with s
H
298 ¼ 0.5 ms (ESI, Fig. S7‡). This

long lifetime conrms the assignment as phosphorescence.

With the fully deuterated ligand ddpd-[D17]
36 installed

in VCl3(ddpd-[D17]), the NIR luminescence intensity

strongly increases compared to that of the non-deuterated

complex (Fig. 2c). Concomitantly, the luminescence life-

time at 298 K increases to s
D
298 ¼ 3.3 ms (lobs ¼ 1106 nm) and

3.4 ms (lobs ¼ 1222 nm) (Fig. S8 and S9, ESI‡). The deuteration

effect conrms that multiphonon relaxation (Fig. 1b) is

substantial in VCl3(ddpd-[D0]). The estimated spectral over-

lap integral (SOI) of the second C–Har overtone n
3
CH(ref. 34) of

the ligand at 8972 cm#1 is signicant, while the relevant third

CDar overtone n
4
CD (ref. 34) at 8755 cm#1 has a much lower SOI

due to its lower extinction coefficient (ESI, Fig. S10–S12‡).

Based on the vibrational overtone analysis and SOI calcula-

tion, the rate constant for this overtone-mediated non-

radiative decay mechanism should diminish by a factor of

36 (ESI, Fig. S10–S16‡). This qualitatively matches the

observed intensity enhancement upon deuteration. The

observation of an isotope effect conrms that multiphonon

relaxation is a major non-radiative decay path of the singlet

states in this complex dominating other non-radiative

decays. This nding contrasts the observations for the

homoleptic complex [V(ddpd)2][PF6]3 and its deuterated iso-

topologue where other decay pathways appear to dominate

the non-radiative decay of the NIR-emissive states.36

Cooling solid VCl3(ddpd-[Dn]) both as neat powder and as

KBr pellet increases the luminescence intensity (Fig. 2a, d; and

S17–S19, ESI‡). For example, cooling VCl3(ddpd-[D17]) from 290

to 200 K yields a 1.5-fold increased integrated NIR intensity,

while further cooling to 5 K only has a minor effect (Fig. 2d; and

S17–S19, ESI‡). This suggests the presence of a thermally acti-

vated non-radiative pathway accessible at temperatures above

200 K.

To probe the structure, the vibrational signature and possible

distortions of the long-lived excited singlet states at high and low

temperature, step-scan FTIR spectra of VCl3(ddpd-[D0]) and

VCl3(ddpd-[D17]) were recorded in KBr pellets (Fig. 3; and

S20–S23, ESI‡). The ground state FTIR spectra of VCl3(ddpd-[D0])

and VCl3(ddpd-[D17]) in KBr pellets at 290 K are well reproduced

by DFT calculated frequencies scaled by 0.98 (Fig. 3a and S21,

ESI‡). The characteristic nCC, nCN and dCH modes of the terminal

and central pyridine rings around 1599, 1495 and 1442 cm#1

shi to lower energy by approximately 35–75 cm#1 upon

deuteration of the ligand in VCl3(ddpd-[D17]).

Step-scan FTIR spectra recorded for VCl3(ddpd-[D0]) and

VCl3(ddpd-[D17]) in a KBr pellet with lexc ¼ 355 nm collected over

0–500 ns at 290 and 20 K are depicted in Fig. 3a, S20, S21 and S23

(ESI‡). The long-lived excited singlet states give rise to positive and

negative bands corresponding to the population of the excited

singlet states and ground state bleach, respectively. The excited

state spectra of VCl3(ddpd-[D0]) and VCl3(ddpd-[D17]) at 290 and

20 K are derived from the respective step-scan and the ground

state spectra (Fig. 3b; and S22, ESI‡). Temperature has only

a minor inuence on the excited state spectra of VCl3(ddpd-[D0])

(Fig. 3b), but modies the relative excited state IR intensities of

the deuterated derivative VCl3(ddpd-[D0]) (Fig. S22, ESI‡).

The evolution of prominent IR bands aer excitation of

VCl3(ddpd-[D0]) over time was tted in a global analysis giving

a monoexponential decay with s
H
290K ¼ 0.6 ms at 290 K (Fig. S24,

ESI‡) excellently tting to the decay observed by photo-

luminescence spectroscopy at 298 K. Cooling to 20 K approxi-

mately doubles the excited state lifetime to s
H
20K ¼ 1.3 ms

(Fig. S25, ESI‡). This conrms that thermally activated non-

radiative pathways are operative at room temperature in addi-

tion to the multiphonon relaxation via C–H oscillators,57 which

takes place at all temperatures. Surprisingly, the step-scan data

of the deuterated complex VCl3(ddpd-[D17]) deliver excited state

lifetimes of sD290K ¼ 0.6 ms and s
H
20K ¼ 1.2 ms at 290 and 20 K,

respectively (Fig. S26 and S27, ESI‡), similar to VCl3(ddpd-[D0]).

This differs from the higher room temperature lifetime of

VCl3(ddpd-[D17]) s
D
298 ¼ 3.3/3.4 ms obtained by time-correlated

single photon counting (Fig. S8 and S9, ESI;‡ see above).

Possibly, the step-scan FTIR experiment mainly detects one of

Fig. 3 (a) Experimental (black), DFT-calculated ground state (green)

and step-scan FTIR spectra (top, lexc ¼ 355 nm; 0–500 ns) of

VCl3(ddpd-[D0]) in a KBr pellet at 290 K (red) and (b) excited state FTIR

spectra of VCl3(ddpd-[D0]) in a KBr pellet obtained from step-scan

FTIR spectra (lexc ¼ 355 nm; 0–500 ns) (small contributions of 3% of

the respective ground state spectrum added to the step-scan spec-

trum) at 20 K (blue) and 290 K (red).

10784 | Chem. Sci., 2021, 12, 10780–10790 © 2021 The Author(s). Published by the Royal Society of Chemistry
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the emissive singlet states but fails to probe the second emissive

singlet state. According to the CASSCF-NEVPT2 calculations, the

two lowest singlet states derive from terms with essentially 1E

and 1T2 character, respectively, with a very small energy differ-

ence of only 75 cm#1 (Table S6, ESI‡). As the orbital population

of the 1T2-derived term matches that of the lowest term of the

split 3T2 ground state (Fig. S3, ESI‡), this excited state possesses

the same equilibrium nuclear conguration as the ground state

(nested state). Consequently, step-scan FTIR spectroscopy

would not be able to detect this excited state. Clearly, a model of

the excited state decay of the two lowest energy singlet excited

states to the split ground state requires at least ve electronic

states. For a kinetic model of the non-radiative decay via high-

and low-frequency modes57 these comparably close-lying elec-

tronic states (Fig. 1b) would have to be combined with the

different anharmonic vibrational C–H/C–Dmodes as well as the

pyridine ring vibrational ladders. The latter modes are also

affected by deuteration according to the ground state FTIR

spectra of VCl3(ddpd-[D0]) and VCl3(ddpd-[D17]) (Fig. 3a and

S21, ESI‡).

As VCl3(ddpd) is only poorly soluble in typical solvents,

a detailed reliable study of its weak NIR luminescence in solu-

tion is unfortunately impeded, especially when exciting at the

very weak 3MC band. Furthermore, we noted a follow-up reac-

tion upon irradiating VCl3(ddpd-[D0]) at 350 $ 5 nm (ILCT) in

acetonitrile solution. The absorption spectrum changes and an

emission band at ca. 400 nm grows in over time (Fig. S28 and

S29, ESI‡). The photostability is much higher under irradiation

at 400 $ 5 nm including consideration for absorption and light

intensity of the light source. (Fig. S30–S32, ESI‡). This suggests

that the low energy 3T2,
1T2/

1E and ddpd / V 3LMCT states are

not responsible for the photoreactivity (Fig. 1b). At the higher

excitation energy and with the assumption that LMCT states are

likely involved (Fig. 1), we speculate that V–Cl homolysis could

occur in solution. The well-known fact, that M–Cl bonds of

reducible metal ions are prone to photoinduced homolysis has

regained considerable interest in organic photoredox catalysis

in particular for copper69–71 and nickel.72–75 VCl3 itself is photo-

reduced to vanadium(II) in alcoholic solutions via excitation

into LMCT states (chloride-to-vanadium or alkoxide-to-

vanadium charge transfer).76 A 3LMCT state with chloride-to-

vanadium character was found by TDDFT at 324 nm (state 14

shied hypsochromically by 3400 cm#1, Tables S3, S4, and

Fig. S2, ESI‡). This 3LMCT state could qualify as excited state

with V–Cl dissociative character. To probe the conceivable VIII/II

reduction process, a cyclic voltammogram of VCl3(ddpd-[D0])

was recorded in CH3CN. The cathodic scan reveals an irrevers-

ible reduction wave at Ep ¼ #1.11 V versus ferrocene/

ferrocenium with an oxidative follow-up wave at Ep ¼ #0.25 V

and a reductive wave at #0.83 V (Fig. S33, ESI‡). This behaviour

can be associated with chloride loss upon electron capture,

similar to the reported preparation of VCl2(py)4 from VCl3,

pyridine and zinc dust as reductant.77 Consequently, we

consider V–Cl bond homolysis as a viable reaction path under

UV light photolysis in uid solution. In contrast to this photo-

reactivity of the chlorido complex, the homoleptic complex

[V(ddpd)2][PF6]3 appears comparably photostable in solution,

which can be ascribed to the absence of suitable dissociative

LMCT states.36

Finally we explored the reaction path from the Franck–

Condon excited triplet state to the long-lived singlet states by

ultrafast transient absorption spectroscopy in CH3CN. To

diminish the dissociative processes assigned to high-energy
3LMCT states with Cl / V character, 400 nm pulses were

employed populating essentially 3LMCT states with NMe(ddpd)

/ V character (Tables S3, S4 and Fig. S2, ESI‡). Aer excitation,

a broad excited state absorption (ESA) from 470–700 nm

appears in addition to an ESA around 410 nm (Fig. 4a). The

ground state bleach ts to the dip in the transient absorption

spectrum around 463 nm (Fig. 1a and 4b).

The broad ESA evolves with s1 ¼ 1.5 ps to a long-lived state

with a maximum at 543 nm (Fig. 4b). This state persists much

longer than the time window of 1.4 ns of the pump-probe

experiment, which is given by the length of the motorized

delay stage in the setup. Since electronic relaxation between

electronically excited states of the same spin multiplicity is

typically rather fast, one of the lowest excited states of the

different spin multiplicities should be responsible for the long-

Fig. 4 (a) Transient absorption spectra of VCl3(ddpd-[D0]) in CH3CN

excited with fs laser pulses at 400 nm (298 K) and (b) decay associated

amplitude spectra (red, green) with indicated lifetimes and the ground

state bleach (grey).

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 10780–10790 | 10785
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lived state, i.e. the 3T2 state or the 1E/1T2 states (Fig. 1). Signif-

icant population in a long living electronically excited triplet

state should result in uorescence, since the radiative transition

to the ground state would be spin allowed and Laporte's rule is

relaxed in the complex. However, no luminescence is observed

at wavelengths below 1050 nm as would be expected for triplet

states (Fig. 1). This excludes that a signicant excited state

population is trapped in any triplet state. A partitioning of

excited state population in triplet and singlet states, as it was

observed in [V(ddpd)2]
3+ (ref. 36) does not occur with

VCl3(dppd). The persistent TA component is therefore assigned

to the long-lived 1E/1T2 states. Clearly, ISC to the singlet mani-

fold and vibrational cooling proceed to completion within a few

ps. The rate constant for ISC kISC is at least 1/s1 ¼ 6.7% 1011 s#1.

Trajectory surface hopping simulations within a linear vibronic

coupling model will derive a detailed kinetic model of the initial

dynamics and the efficiency of the ISC processes

(sISC,simulation ¼ 1.7 $ 0.3 ps) in the accompanying paper.63

Experimental

Synthesis. VCl3(ddpd-D0) was prepared according to ref. 58. The

deuterated complex VCl3(ddpd-[D17]) was prepared analogously

using the deuterated ligand ddpd-[D17] prepared according to

ref. 36.

Electrochemical experiments were carried out on a BioLogic

SP-200 voltammetric analyser using platinum wires as counter

and working electrodes and a 0.01 M Ag/Ag[NO3] electrode as

reference electrode. Cyclic voltammetry and square wave

measurements were carried out at scan rates of 50–200 mV s#1

using 0.1 M [nBu4N][PF6] in CH3CN as supporting electrolyte.

Potentials are referenced against the ferrocene/ferrocenium

couple.

Photolysis experiments were carried out in CH3CN using an

Asahi Spectra Max-303 Xenon Light Source (300 W, Fig. S32,

ESI‡), together with 350 $ 5 nm and 400 $ 5 nm lters,

respectively.

UV/Vis photoluminescence spectra during photolysis exper-

iments were collected on a Varian Cary Eclipse spectrometer.

UV/Vis/NIR spectra were recorded on a Varian Cary 5000

spectrometer using 1.0 cm cells.

Raman and luminescence spectra under pressure at wave-

lengths up to 1050 nm were measured with a Renishaw InVia

microscope (488 and 785 nm laser wavelengths) and a HPDO

diamond anvil cell.

Temperature-dependent steady-state NIR luminescence

experiments down to 5 K were conducted on a Horiba Jobin

Yvon Fluorolog 3-22 s spectrometer equipped with a 450 W

xenon lamp and a DSS – IGA020L NIR detector (850 nm

< lem < 1550 nm). Spectral selection was realized with double

and single grating monochromators in the excitation and

emission paths, respectively (excitation: 1200 grooves per mm;

near-IR emission 600 grooves per mm). A combination of two

long-pass lters (FELH0500 Thorlabs, transmission $92%

above 500 nm and FELH0850 Thorlabs, transmission $98%

above 1000 nm) was used in the emission channel to avoid

higher order excitation light. For the preparation of KBr pellets,

the compounds (ca. 1.0 mg for VCl3(ddpd-[D0]) and 0.5 mg for

VCl3(ddpd-[D17])) were mixed with dry KBr (ca. 200mg, stored in

a compartment dryer at 80 &C, purchased from Merck) and

ground to a homogenous mixture. This mixture was lled into

an evacuable pellet die with a diameter of 13 mm and sintered

at a pressure of 0.75 GPa. Measurements on neat powders were

conducted by homogenous spreading of the neat sample

between two CaF2 windows (13 mm diameter, 1 mm thick).

Experiments at temperatures between 5 K and 290 K were per-

formed using a closed-cycle helium cryostat (ColdEdge, 101J

cryocooler). The cryocooler was equipped with a pellet holder

(copper) and CaF2 windows.

Steady-state NIR luminescence experiments on neat samples

down to 77 K were conducted on a Horiba Fluorolog-3 spec-

trouorimeter equipped with a 450 W xenon lamp for steady-

state measurements. Emitted light was detected either by

a Hamamatsu R2658P PMT detector (200 nm < lem < 1010 nm)

or by a Hamamatsu H10330-75 PMT detector (950 nm

< lem < 1700 nm). Spectral selection in the excitation path was

accomplished by a DFX monochromator (double gratings: 1200

grooves per mm, 330 nm blaze) and in the emission paths in the

visible/NIR spectral region (lem < 1010 nm) by a spectrograph

iHR550 (single gratings: either 1200 grooves per mm, 500 nm

blaze or 950 grooves per mm, 900 nm blaze) and in the NIR

spectral region (lem > 950 nm) by a spectrograph iHR320 (single

grating: 600 grooves per mm, 1000 nm blaze).

Near-IR luminescence lifetimes of the phosphorescent

transitions were determined at 298 K (solid samples in stan-

dard NMR tubes under argon) with a PTI Quantamaster QM4

spectrouorimeter equipped with a 75 W continuous xenon

short arc lamp as excitation source (Hamamatsu L4633: pulse

width ca. 1.5 ms FWHM). Emission was monitored using a PTI

P1.7R detector module (Hamamatsu PMT R5509-72 with

a Hamamatsu C9525 power supply operated at 1500 V and

a Hamamatsu liquid N2 cooling unit C9940 set to #80 &C). For

the measurements above 1000 nm, a long-pass lter RG-850

(Schott, 3.0 mm thickness, transmission >98% above 970

nm) was used in the emission channel in order to avoid higher

order excitation light. Spectral selection was achieved by single

grating monochromators (excitation: 1200 grooves per mm,

300 nm blaze; Vis emission: 1200 grooves per mm, 500 nm

blaze; near-IR emission: 600 grooves per mm, 1200 nm blaze)

and an additional UG11 bandpass lter (Schott, 3.0 mm

thickness) in the excitation channel. Lifetime data analysis

(deconvolution, statistical parameters, etc.) was performed

using the soware package FeliX32 from PTI. Lifetimes were

determined by deconvolution of the decay proles with the

instrument response function, which was determined using an

empty NMR tube as scatterer. Estimated uncertainties for the

lifetimes of the near-IR emission determined with this setup

are 20%.

Time-resolved FTIR experiments were performed with the

FTIR spectrometer Bruker Vertex 80v, operated in the step-scan

mode. A liquid-nitrogen-cooled mercury cadmium telluride

(MCT) detector (Kolmar Tech., Model KV100-1-B-7/190) with

a rise time of 25 ns, connected to a fast preamplier and a 14 bit

transient recorder board (Spectrum Germany, M3I4142, 400 MS

10786 | Chem. Sci., 2021, 12, 10780–10790 © 2021 The Author(s). Published by the Royal Society of Chemistry

Chemical Science Edge Article

O
p

en
 A

cc
es

s 
A

rt
ic

le
. 
P

u
b

li
sh

ed
 o

n
 1

5
 J

u
ly

 2
0
2
1
. 
D

o
w

n
lo

ad
ed

 o
n
 1

1
/2

4
/2

0
2
1
 1

0
:1

5
:0

0
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b

u
ti

o
n
 3

.0
 U

n
p

o
rt

ed
 L

ic
en

ce
.

View Article Online



s#1), was used for signal detection and processing. The laser

setup used for the measurements includes a Q-switched

Nd:YAG laser (Innolas SpitLight Evo I) generating pulses with

a pulse duration of about 6 ns at a repetition rate of 100 Hz. The

third harmonic (355 nm) of the Nd:YAG laser was used directly

for sample excitation. The UV pump beam was attenuated to

about 1.8 mJ per shot at a diameter of 9 mm. The beam was

directed onto the sample and adjusted to have a maximal

overlap with the IR beam of the spectrometer. The sample

chamber was equipped with anti-reection-coated germanium

lters to prevent the entrance of laser radiation into the detector

and interferometer compartments. The KBr pellets were

prepared as described in the section on luminescence spec-

troscopy, however, with a smaller amount of sample of ca.

0.2 mg and ca. 200 mg KBr. The strongest peak in the ground

state spectrum showed an absorption of about 0.4 OD with the

mentioned concentration. T-dependent measurements were

performed using a closed-cycle helium cryostat (ARS Model

DE-202A) reaching a temperature of about 20 K at the sample.

The cryocooler was equipped with a pellet holder and CaF2
windows. The temporal resolution of the 14 bit transient

recorder board was chosen to 5 ns for VCl3(ddpd-[D0]) and 10 ns

for VCl3(ddpd-[D17]). The time where the laser pulse reached the

sample was set as zero point in all spectra. The time delay

between the start of the experiment and the laser pulse was

controlled with a Stanford Research Systems DG535 delay

generator. The spectral region was limited by undersampling to

1975 to 0 cm#1 for VCl3(ddpd-[D0]) and 988–1975 cm#1 for

VCl3(ddpd-[D17]) with a spectral resolution of 4 cm#1 resulting

in 1110 and 555 interferogram points, respectively. An IR

broadband lter (850–1750 cm#1) and CaF2 windows (no IR

transmission <1000 cm#1) prevented problems when perform-

ing a Fourier transformation (i.e. no IR intensity outside the

measured region should be observed). FTIR ground state

spectra were recorded systematically to check if there is no

sample degradation. Estimated uncertainties for the excited

state lifetimes are on the order of 10%.

Transient absorption spectra of VCl3(ddpd-[D0]) were

recorded applying a pump-probe setup with an excitation

wavelength of 400 nm. The setup is pumped by a Ti:sapphire

laser system (Spectra-Physics, Spitre Pro) which provides

ultrashort laser pulses centred at 800 nm with a repetition rate

of 1 kHz. By frequency doubling its output with a BBO-crystal

pump pulses with a centre wavelength of 400 nm and a pulse

duration of 200 fs were obtained. For probing, a white light

continuum generated with a CaF2 crystal was used. Both

beams, with polarizations arranged in magic angle, were

focused onto the sample leading to pump and probe spots

with diameters of 170 mm and 80 mm, respectively. Transient

absorption spectra were recorded by dispersing the probe

beam aer the sample with a prism and detecting its spectral

intensity distribution with a CCD array. The metal complex

was dissolved in acetonitrile under argon atmosphere and the

obtained sample was lled into a 1 mm fused silica cuvette.

The concentration was 1.5 % 10#3 M resulting in an optical

density of 0.18 at 400 nm. Signicantly higher concentrations

were not accessible because of the moderate solubility of the

compound in acetonitrile.

Quantum chemical calculations. The characterization of the

absorption spectrumwas done employing two types of quantum

chemical calculations: (i) density functional theory in its unre-

stricted form and (ii) multicongurational theory with an active

space tailored to predict the MC states. The rst method is

labelled as “Unrestricted Kohn–Sham” orbitals DFT (UKS), the

second as “SOC-CASSCF(6,12)-FIC-NEVPT2”. These two

methods are complementary to each other, as the rst gives

energies of the CT states, while the second one provides the

energies of the MC states and the ground state splitting.78

Unrestricted Kohn–Sham orbitals DFT (UKS): All calcula-

tions were performed using the quantum computing suite

ORCA 4.0.1.12.79 Geometry optimization (Tables S1 and S2‡)

was performed using unrestricted Kohn–Sham orbitals DFT

(UKS) and the B3LYP functional80–82 in combination with Ahl-

richs' split-valence triple-z basis set def2-TZVPP for all

atoms.83,84 Tight convergence criteria were chosen for DFT-UKS

calculations (keywords tightscf and tightopt). All DFT-UKS

calculations make use of the resolution of identity RIJ (Split-

RI-J) approach for the Coulomb term in combination with the

chain-of-spheres approximation for the exchange term

(COSX).85,86 The zero order relativistic approximation was used

to describe relativistic effects in all calculations (keyword

ZORA).87 Grimme's empirical dispersion correction D3(BJ) was

employed (keyword D3BJ).88,89 To account for solvent effects,

a conductor-like screening model (keyword CPCM) modelling

acetonitrile was used in all calculations.90,91 TDDFT-UKS calcu-

lations were performed at the same level of theory using unre-

stricted Kohn–Sham orbitals (UKS). Fiy vertical spin-allowed

transitions were calculated (Tables S3 and S4‡).

Harmonic frequency calculations for the IR assignments

were performed using Turbomole 7.4 (ref. 92 and 93) on the

optimized geometry (RIJCOSX-UB3LYP-D3BJ/def2-TZVP). The

vibrational frequencies were scaled by a factor of 0.98, which is

typical for the chosen method and basis set, to minimize the

differences between the experimental and calculated frequen-

cies. A Gaussian convolution with a full-width at half-maximum

of 15 cm#1 was applied to the calculated vibrational transitions.

SOC-CASSCF(6,12)-FIC-NEVPT2: calculations of ground- and

excited-state properties with respect to metal-centered (MC)

states were performed using the complete-active-space self-

consistent eld method in conjunction with the fully inter-

nally contracted N-electron valence perturbation theory to

second order based on a fully internally contracted (FIC) wave

function (FIC-NEVPT2)94,95 in order to recover missing dynamic

electron correlation. In order to accurately model the ligand

eld, active spaces were chosen to encompass the dominating

bonding/antibonding orbitals formed between vanadium and

the ligand. An active space of (6,12) along with 10 triplet roots

and 9 singlet roots was selected (Tables S5 and S6‡). In addition

to the minimal active space of (2,5) comprising the 3d orbitals,

two occupied V–N s bonding orbitals and a second d shell96

were included in these calculations.

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 10780–10790 | 10787
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Conclusions

The pseudo-octahedral vanadium(III) complex VCl3(ddpd) with

the strong-eld ligand ddpd shows spin–ip phosphorescence

at room temperature at 1102, 1219 and 1256 nm aer excitation

into charge-transfer bands. Several factors are relevant for this

emission from a 3d transition metal complex to occur:

(i) The ligand eld splitting in VCl3(ddpd) is large enough to

place the emissive singlet states 1E/1T2 below the distorted

metal-centred triplet excited states 3T2.

(ii) Lower temperature disables thermally activated non-

radiative pathways increasing the photoluminescence, yet

even at room temperature a weak emission is still observed.

(iii) Deuteration of the ddpd ligand reduces non-radiative

energy transfer to C–H overtones increasing the

photoluminescence.

(iv) The radiative rate might be higher in non-

centrosymmetric pseudo-octahedral vanadium complexes,

although this effect of Laporte's parity rule was not experi-

mentally conrmed in this particular case.

(v) The ISC rate constant from the triplet to the singlet

manifold is high (kISC > 6.7 % 1011 s#1) as conrmed by the

molecular dynamics simulations in the accompanying paper.63

This high rate could be an effect of the heavier chloride atoms

(heavy atom effect), efficient vibronic coupling and/or enhanced

SOC due to large differences in orbital type between the two

states (3LMCT /
1MC),97 although other ultrafast pathways

might still compete with ISC.

Challenges with the emission from excited states of

d2-VCl3(ddpd) arise from the large ground state splitting which

spreads the emission bands over ca. 2400 cm#1. This range is

larger by almost two orders of magnitude than the corre-

sponding spin–ip emission of d3-metal complexes with orbi-

tally non-degenerate ground states, a very signicant difference

for transitions involving essentially nested states. The consid-

erable ground state splitting further reduces the already small

energy gap between the emissive state and the ground state

enabling a higher non-radiative decay according to the energy

gap law. A second aspect of VCl3(ddpd) as phosphorescent

emitter concerns the excited state reactivity of LMCT states with

chloride / vanadium charge-transfer character in solution. As

these states can lead to V–Cl homolysis in solution reducing the

photoluminescence and nally decomposing the complex,

solution photostability is a particularly important aspect for

future applications of vanadium(III) complexes in solution.

This study emphasises that design strategies toward efficient

d2-NIR emitters require a particular attention to the ISC effi-

ciency from the triplets to the singlet states and potential

dissociative unimolecular reactions at ultrafast timescales as

well as on the radiative and non-radiative relaxation of the

singlets at longer times. Details of the ultrafast excited state

dynamics of VCl3(ddpd) up to 10 ps are discussed in the

accompanying paper.63
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Figure S1. Geometry of VCl3(ddpd) calculated by DFT-UKS [CPCM(acetonitrile)-RIJCOSX-B3LYP-D3BJ-

ZORA/def2-TZVPP]. 
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Figure S2. TD-DFT-UKS charge transfer (CT) numbers of VCl3(ddpd) defined from 0 to 1 of the lowest-

lying 50 triplet states. 

 

 

Table S1 Bond distances / Å and angles / ° of mer-VCl3(ddpd)S1 (XRD and DFT-UKS). 

 V-N1/ 
V-N2/ 
V-N3 

N1-V-N2/ 
N1-V-N3 
N2-V-N3 

V-Cl1 
V-Cl2 
V-Cl3 

Cl1-V-Cl2 
Cl1-V-Cl3 
Cl2-V-Cl3 

Shape 
parameter 
S(OC-6) 

XRD 2.123(3) 
2.119(3) 
2.109(3) 

84.68(12) 
170.41(12) 
85.85(12) 

2.354(12) 
2.325(13) 
2.335(12) 

90.42(4) 
178.75(5) 
90.72(4) 

0.48 

DFT-UKS 2.123 
2.114 
2.123 

84.25 
168.53 
84.28 

2.387 
2.375 
2.386 

90.19 
179.66 
90.08 

0.64 
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Table S2. Cartesian Coordinates of the DFT-UKS calculated ground state geometry of mer-VCl3(ddpd). 

atomic          x                            y                           z 
number 
23       0.002946000     -0.007579000      0.104116000 
7        0.004059000     -0.004113000     -2.010521000 
7       -0.150783000     -2.114360000     -0.112225000 
7        0.165427000      2.099835000     -0.104000000 
6       -0.723824000     -0.918934000     -2.699791000 
6       -0.737837000     -0.939401000     -4.091568000 
6        0.000253000     -0.000559000     -4.786831000 
6        0.740112000      0.936459000     -4.090917000 
6        0.729983000      0.912705000     -2.699013000 
1       -1.292363000     -1.701307000     -4.613717000 
1        1.294128000      1.698627000     -4.613101000 
6        0.410027000     -2.897831000      0.830558000 
6        0.053717000     -4.212499000      1.014748000 
6       -0.929873000     -4.745971000      0.182300000 
6       -1.466786000     -3.972585000     -0.825731000 
6       -1.029273000     -2.646721000     -0.976471000 
1       -1.258101000     -5.768867000      0.305373000 
1        1.139025000     -2.414357000      1.459686000 
1        0.518604000     -4.795997000      1.794537000 
1       -2.188579000     -4.392248000     -1.506323000 
6        1.040352000      2.634690000     -0.970096000 
6        1.477613000      3.960305000     -0.817174000 
6        0.945395000      4.730647000      0.195745000 
6       -0.033838000      4.194365000      1.031140000 
6       -0.390784000      2.880151000      0.844004000 
1        1.274108000      5.753222000      0.320160000 
1        2.196282000      4.382386000     -1.499379000 
1       -0.494924000      4.775114000      1.815197000 
1       -1.116559000      2.394818000      1.475435000 
7       -1.495888000     -1.869126000     -2.024261000 
6       -2.778623000     -2.243367000     -2.633240000 
1       -2.695669000     -3.084717000     -3.323231000 
1       -3.470609000     -2.499142000     -1.835582000 
1       -3.169494000     -1.382583000     -3.165664000 
7        1.503910000      1.860572000     -2.022411000 
6        2.781091000      2.242294000     -2.638419000 
1        2.689775000      3.085259000     -3.325620000 
1        3.477050000      2.499441000     -1.844655000 
1        3.172865000      1.384873000     -3.175646000 
1       -0.000860000      0.000776000     -5.868145000 
17      -0.007942000     -0.016751000      2.479265000 
17      -2.374490000      0.195152000      0.090701000 
17       2.382361000     -0.201957000      0.106198000 
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Table S3. TD-DFT calculated spin-allowed transitions (UKS, unshifted). The assignment of the UKS 

states corresponds to the largest contribution to the charge transfer number (Fig. S2). 

state  ̃ / cm–1 l / nm E / eV ¦osc assignment 

1 2431 4114 0.301 7.24E-05 3MC 
2 3593 2783 0.445 4.10E-08 3MC 
3 17221 581 2.135 1.11E-05 3MC 
4 17358 576 2.152 6.54E-05 3MC 
5 18198 550 2.256 1.14E-02 3LMCT(ddpd®V) 
6 21692 461 2.689 1.35E-05 3MC 
7 22346 448 2.771 1.15E-04 3MC 
8 22681 441 2.812 2.01E-03 3LMCT(ddpd®V) 
9 24096 415 2.988 1.18E-03 3LMCT(Cl®V) 

10 24734 404 3.067 2.80E-02 3LMCT(ddpd®V) 
11 26178 382 3.246 2.11E-03 3ILCT(ddpd) 
12 26983 371 3.346 1.16E-03 3LMCT(Cl®V) 
13 27255 367 3.379 1.89E-03 3ILCT(ddpd) 
14 27465 364 3.405 1.03E-02 3LMCT(Cl®V) 
15 28474 351 3.530 1.54E-02 3LMCT(Cl®V),3ILCT (ddpd) 
16 28777 348 3.568 9.71E-04 3LMCT(ddpd®V), 3ILCT (ddpd) 
17 29334 341 3.637 1.42E-02 3LMCT(ddpd,Cl®V) 
18 29878 335 3.704 7.47E-03 3LMCT(ddpd,Cl®V), 3ILCT(ddpd) 

19 29940 334 3.712 3.17E-02 3LMCT(ddpd,Cl®V) 

20 30211 331 3.746 5.13E-03 3LMCT(ddpd®V),3ILCT(ddpd) 
21 30469 328 3.778 1.46E-02 3ILCT(ddpd) 
22 30562 327 3.789 6.74E-03 3ILCT(ddpd) 
23 30931 323 3.835 4.33E-04 3LMCT(Cl®V) 

24 30979 323 3.841 6.18E-05 3LMCT(Cl®V) 

25 31037 322 3.848 1.24E-02 3MLCT(V®ddpd) 
26 31397 319 3.893 1.42E-02 3MLCT(V®ddpd) 
27 31666 316 3.926 8.54E-03 3MLCT(V®ddpd) 
28 31726 315 3.934 3.99E-02 3ILCT(ddpd) 
29 32248 310 3.998 1.74E-04 3MLCT(V®ddpd) 
30 32468 308 4.025 2.51E-02 3LMCT(ddpd®V) 
31 32489 308 4.028 2.70E-03 3ILCT(ddpd) 
32 32765 305 4.062 3.27E-05 3LMCT(ddpd®V) 
33 32819 305 4.069 2.86E-03 3LMCT(ddpd®V), 3ILCT(ddpd) 
34 33478 299 4.151 6.89E-06 3LMCT(Cl®V) 
35 33557 298 4.161 7.23E-02 3ILCT(ddpd) 
36 33795 296 4.190 8.51E-04 3LMCT(Cl®V) 
37 34118 293 4.230 7.47E-03 3ILCT(ddpd) 
38 34423 291 4.268 9.86E-03 3LLCT(Cl®ddpd) 
39 34530 290 4.281 1.32E-02 3LMCT(ddpd,Cl®V), 3ILCT(ddpd) 
40 34674 288 4.299 2.53E-02 3LMCT(ddpd,Cl®V) 

41 34953 286 4.334 1.29E-03 3LMCT(ddpd,Cl®V) 

42 35026 286 4.343 4.10E-03 3LMCT(ddpd,Cl®V), 3ILCT(ddpd) 

43 35063 285 4.347 7.91E-04 3LMCT(ddpd,Cl®V), 3ILCT(ddpd) 

44 35162 284 4.360 1.23E-02 3LMCT(ddpd,Cl®V), 3ILCT(ddpd) 
45 35386 283 4.387 2.20E-03 3LMCT(ddpd®V) 
46 35549 281 4.408 1.64E-03 3LMCT(Cl®V) 
47 35791 279 4.438 5.90E-02 3ILCT(ddpd) 
48 36062 277 4.471 9.19E-04 3MLCT(V®ddpd) 
49 36377 275 4.510 1.06E-05 3ILCT(ddpd) 
50 36670 273 4.547 4.40E-03 3LMCT(ddpd®V) 
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Table S4. Difference electron densities of the 50 lowest-lying TD-DFT-UKS calculated states (isosurface 

value at 0.007 a.u.; purple = electron depletion; orange = electron gain; hydrogen atoms omitted).

#1 #2 #3 #4

#5 #6 #7 #8

#9 #10 #11 #12

#13 #14 #15 #16

#17 #18 #19 #20

#21 #22 #23 #24

#25 #26 #27 #28
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#29 #30 #31 #32

#33 #34 #35 #36

#37 #38 #39 #40

#41 #42 #43 #44

#45 #46 #47 #48

#49 #50
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Table S5. Orbital energies/Hartree of the canonical orbitals used in the active space of the 

CASSCF(6,12)-FICNEVPT2 calculation, depicted at a contour value of 0.05 a.u. (hydrogen atoms omitted 

for clarity). 

MO # E / H orbital MO # E / H orbital 

111 –0.53269 

 

117 +0.15634 

 
112 –0.48346 

 

118 +0.87582 

 
113 +0.02254 

 

119 +0.90233 

 
114 +0.02553 

 

120 +0.91763 

 
115 +0.02877 

 

121 +1.13585 

 
116 +0.10787 

 

122 +1.27999 
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Figure S3. Energy diagram of the electronic states of VCl3(ddpd) constructed from CASSCF(6,12)-FIC-

NEVPT2 energies with spin densities in orange (0.007 a.u. isosurface value, hydrogen atoms omitted 

for clarity, triplet states in blue, singlet states in red; a coordinate system referring to the displayed 

structures and d orbital labels is shown in the grey box).



S9 
 

Table S6. Energies of triplet and singlet states/cm–1 from the CASSCF(6,12) calculations without and 

with NEVPT2 (assignments according to the dominant contribution). 

state E / cm–1 without NEVPT2 E / cm–1 with NEVPT2 DE / cm–1 

GS (3T1) 574.7 755.4 180.7 

GS (3T1) 874.1 1076.3 202.2 
1E 12658.8 10085.9 –2572.9 

1T2 12804.9 10160.5 –2644.4 
1E/1T2 13456.4 10949.1 –2507.3 
1E/1T2 13580.0 11068.3 –2511.7 
1E/1T2 13837.7 11309.1 –2528.6 

3T2 13857.6 14967.5 1109.9 
3T2 15252.7 16463.5 1210.8 
3T2 16114.6 17393.1 1278.5 
1A1 26337.3 22141.7 –4195.6 

3T1(P) 25522.4 23253.9 –2268.5 
3T1(P) 25841.4 23318.7 –2522.7 
3T1(P) 27384.5 24890.9 –2493.6 
1T2(G) 27538.6 25238.5 –2300.1 
1T2(G) 28592.3 26376.7 –2215.6 
1T2(G) 29508.1 27339.6 –2168.5 

 

 

 

Figure S4. Displacement vectors of Cl–V–Cl deformation vibrations calculated by DFT at 125, 136, 159 

cm–1 (unscaled). 
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Figure S5. (a) NIR emission bands (peak 1 and 2) of solid VCl3(D0-ddpd) under hydrostatic pressure 

and (b) corresponding peak shift (peak 1 and 2) versus pressure plots. 
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Figure S6. Raman spectra of solid VCl3(D0-ddpd) under hydrostatic pressure (lexc = 785.0 nm). 
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At 44 kbar, the highest pressure achieved for this study, only the vibrational peaks at approximately 

665 cm–1 are observed, documenting that the electronic Raman signals, dominant at lower pressure, 

are broadened out to the extreme so that they are no longer clearly identifiable. 
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Figure S7. Luminescence decay (black scatter) for VCl3(ddpd-[D0]) in the solid state under a dry and 

deoxygenated argon atmosphere (lexc = 350 nm, lem = 1106 nm, excitation path: band pass filter 

UG11, emission path: long pass filter RG850) with monoexponential fit function (red) and instrument 

response function (grey). 

 

 

 

Figure S8. Luminescence decay (black scatter) for VCl3(ddpd-[D17]) in the solid state under a dry and 

deoxygenated argon atmosphere (lexc = 350 nm, lem = 1106 nm, excitation path: band pass filter 

UG11, emission path: long pass filter RG850) with monoexponential fit function (red) and instrument 

response function (grey). 
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Figure S9. Luminescence decay (black scatter) for VCl3(ddpd-[D17]) in the solid state under a dry and 

deoxygenated argon atmosphere (lexc = 350 nm, lem = 1222 nm, excitation path: band pass filter 

UG11, emission path: long pass filter RG850) with monoexponential fit function (red) and instrument 

response function (grey). 

 

 

 

NIR Absorption Spectroscopy / Vibrational Overtone Analysis 

Since the isotopologic vanadium(III) complexes were not available in sufficient quantities, the analysis 

of the position and intensity of the C-H and C-D vibrational overtones for the vanadium complexes 

was carried out on simpler pyridine-containing model compounds. The vibrational signatures of the 

protiated and deuterated methyl protons in ddpd were not investigated due to insufficient quantities 

and because deuteration did not show an effect on the non-radiative deactivation of the metal 

centered emission of [Cr(ddpd)2]3+.S3 Previously, the vibrational overtone data of the isotopologues of 

6,6’-dimethyl-2,2’-bipyridine (Me2-bpy and [D12]-Me2-bpy, Figure S11)S2 proved to be a successful 

model system for the analysis of the vibrational overtone structure of ddpd.S3 For the present analysis, 

we used the previously obtained aromatic C-(H/D) overtone bands (Gaussians)S2 of Me2-bpy and [D12]-

Me2-bpy for the calculations of the spectral overlap integral (SOI) between these oscillators and the 

vanadium emission. 

 

Figure S10. Comparison of ddpd with the model compounds Me2-bpy and [D12]-Me2-bpy used for the 

analysis of the vibrational C-H and C-D overtones. 
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Figure S11. Reconstructed vibrational overtone absorption bands (n = 2, 3, and 4) for the aromatic C–

H oscillators of Me2-bpy (black) with single Gaussian fits (dashed red).S3 

 

 

Figure S12. Reconstructed vibrational overtone absorption bands (n = 3 and 4) for the aromatic CD 

oscillators of Me2-bpy (black) with single Gaussian fits (dashed red).S3 

 

The integrand functions for the SOIs between the vanadium emission and the relevant C-(H/D) 

overtones were constructed according to the mathematical definition of the SOIs:  

SOI = ∫ " norm(#$) ∙ &vib(#$) ∙ #$'*+#$ 

with Inorm being the vanadium emission spectrum (normalized to unit area) and e  the molar vibrational 

extinction coefficient (extracted and extrapolated absorption spectra of the relevant overtones), both 

expressed in the wavenumber scale #$. The integrand functions were generated with a set of data points 

with a step size of 1 cm–1. Numerical integration gave the corresponding values for SOI. 
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Figure S13. Integrand function of the spectral overlap integral (SOI) for the vanadium emission band 

in VCl3(ddpd) and the second aromatic C-H (n = 3) oscillators in Me2-bpy. 

 

 

 

Figure S14. Integrand function of the spectral overlap integral (SOI) for the vanadium emission band 

in VCl3(ddpd) and the second (n = 3) and third (n = 4) aromatic C-D oscillators in [D12]-Me2-bpy. 
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Based on the obtained SOIs, the ratio of the non-radiative deactivation rates of vanadium excited 

states from VCl3(ddpd-[D0]) and VCl3(ddpd-[D17]) is estimated as: 

knr(C-H)

knr(C-D) 
=

SOI(C-H)

SOI(C-D) 
=

1.55 ∙ 10',- M',cm2

4.25 ∙ 10'67 M',cm2 = 3.63 ∙ 10, 

 

Figure S15. Normalized spectra for the vanadium 1E emission of VCl3(ddpd) (red) and the relevant 

vibrational aromatic C-H overtone absorption band (dashed black). 

 

 

Figure S16. Spectra for the vanadium 1E emission of VCl3(ddpd) (red) and the relevant vibrational 

aromatic C-D overtone absorption bands (dashed black). The overtone intensities are shown with their 

actual intensity ratios. 
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Figure S17. Luminescence spectra of VCl3(ddpd-[D0]) as neat powder at 5–290 K (lexc = 350 nm).

Figure S18. Luminescence spectra of VCl3(ddpd-[D0]) as KBr pellet at 5–290 K (lexc = 350 nm).

Figure S19. Plot of the integrated luminescence versus temperature for VCl3(ddpd-[D0]) and VCl3(ddpd-

[D17]).
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Figure S20. Ground state (black) and step-scan FTIR spectrum (red, lexc = 355 nm; 0–500 ns) of 

VCl3(ddpd-[D0]) in a KBr pellet at 20 K.

Figure S21. Experimental (black), DFT-calculated ground state (green) and step-scan FTIR spectrum

(red, lexc = 355 nm; 0–500 ns) of VCl3(ddpd-[D17]) in a KBr pellet at 290 K (red).

Figure S22. Excited state FTIR spectra of VCl3(ddpd-[D17]) in a KBr pellet obtained from step-scan FTIR 

spectra (lexc = 355 nm; 0–500 ns) (and small contributions of the respective ground state spectrum of 

3 %) at 20 K (blue) and 290 K (red).
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Figure S23. Ground state (black) and step-scan FTIR spectrum (red, lexc = 355 nm; 0–500 ns) of 

VCl3(ddpd-[D17]) in a KBr pellet at 20 K.  

 

 

Figure S24. Global monoexponential fit and residuals performed for the most prominent positive and 

negative peaks in the step-scan spectrum of VCl3(ddpd-[D0]) in a KBr pellet at 290 K. 

 

 

Figure S25. Global monoexponential fit and residuals performed for the most prominent positive and 

negative peaks in the step-scan spectrum of VCl3(ddpd-[D0]) in a KBr pellet at 20 K. 
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Figure S26. Global monoexponential fit and residuals performed for the most prominent positive and 

negative peaks in the step-scan spectrum of VCl3(ddpd-[D17]) in a KBr pellet at 290 K. 

 

 

Figure S27. Global monoexponential fit and residuals performed for the most prominent positive and 

negative peaks in the step-scan spectrum of VCl3(ddpd-[D17]) in a KBr pellet at 20 K. 
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Figure S28. Changes of the UV/Vis absorption spectra of VCl3(ddpd-[D0]) in CH3CN under irradiation 

with a Xe lamp at 350±5 nm.

Figure S29. Changes of the emission spectra of VCl3(ddpd-[D0]) in CH3CN under irradiation with a Xe 

lamp at 350±5 nm.
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Figure S30. Changes of the UV/Vis absorption spectra of VCl3(ddpd-[D0]) in CH3CN under irradiation 

with a Xe lamp at 400±5 nm.

Figure S31. Changes of the emission spectra of VCl3(ddpd-[D0]) in CH3CN under irradiation with a Xe 

lamp at 400±5 nm.
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Figure S32. Spectral irradiance of the employed light source Asahi Spectra Max-303 Xenon Light 

Source (300 W).

Figure S33 Cyclic voltammograms of VCl3(ddpd) at 298 K in [nBu4N][PF6]/CH3CN. Potentials given vs. 

ferrocene/ferrocenium.
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11 NIR Emissive Chromium(0), Molybdenum(0) and Tungsten(0) 

Complexes in the Solid State at Room Temperature  
 

11.1 Preamble 

Static UV/VIS absorption spectroscopy, step-scan FTIR spectroscopy and luminescence spectroscopy 

were performed by Sophie Steiger and myself. The manuscript was written by myself and revised by 

contributions from all coauthors. The project was designed by Markus Gerhards, Biprajit Sarkar and 

myself. Patrick Di Martino-Fumo performed the theoretical calculations. Sophie Steiger, Patrick Di 

Martino-Fumo and myself were supervised by Markus Gerhards and Gereon Niedner-Schatteburg.  

Tobias Bens synthesized the compounds and performed the analytical characterization of the 

tungsten complex, supervised by Biprajit Sarkar. Uta Albold solved the X-ray structure of the 

tungsten complex. The manuscript was refined by contributions from all coauthors.  
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NIR-Emissive Chromium(0), Molybdenum(0), and Tungsten
(0) Complexes in the Solid State at Room Temperature

Pit Boden,[a] Patrick Di Martino-Fumo,[a] Tobias Bens,[b] Sophie Steiger,[a] Uta Albold,[c]

Gereon Niedner-Schatteburg,[a] Markus Gerhards+,*[a] and Biprajit Sarkar*[b]

In memory of Markus Gerhards.

Abstract: The development of NIR emitters based on earth-
abundant elements is an important goal in contemporary
science. We present here Cr(0), Mo(0), and W(0) carbonyl
complexes with a pyridyl-mesoionic carbene (MIC) based
ligand. A detailed photophysical investigation shows that
all the complexes exhibit dual emissions in the VIS and in
the NIR region. The emissive excited states are assigned to
two distinct triplet states by time-resolved emission and
step-scan FTIR spectroscopy at variable temperature, sup-
ported by density functional theory. In particular, the NIR
emissive triplet state exhibits unprecedented lifetimes of up
to 600�10 ns and quantum yields reaching 1.7 · 10 4 at
room temperature. These are the first examples of Cr(0),
Mo(0) and W(0) complexes that emit in the NIR II region.

The development of noble metal free highly luminescent
molecular systems that do not contain precious rare earth
elements like for example iridium(III), platinum(II) and lantha-
nides is an important and rapidly growing research field.[1] Most
of the systems based on earth-abundant metals reported so far

feature a visible emission.[2] In this context, copper(I) systems
have already turned out as suitable luminophores in noble
metal free organic light emitting diodes (OLEDs).[3] However,
there is only a very limited number of near-infrared (NIR)
emissive systems based on earth-abundant metals.[4,5] The
design and synthesis of such molecular NIR emitters is a rapidly
growing research field due to the broad area of applications
covering the fields of telecommunication[6], OLED[7] and LEC[8]

devices as well as bioanalysis and bioimaging.[9]

More than four decades ago Mann et al. reported lumines-
cent octahedral chromium(0), molybdenum(0) and tungsten(0)
complexes with arylisocyanide ligands (M(CNR)6, R=phenyl or
2,6-diisopropylphenyl) showing a visible emission in solution at
room temperature.[10] In the last years, the group of Gray
published W(0) systems with microsecond lifetimes by tuning
the arylisocyanide ligands and in particular pushed the
luminescence decay time to 3.83 s in toluene at room temper-
ature by extending the p-system.[11,12] Furthermore, the lumines-
cence of the W(0) complexes with expanded ligands reaches
into the NIR I region (lem=780–1000 nm).[11,12] In the last years
the Wenger group developed related complexes with sterically
demanding bidentate isocyanide ligands.[13,14,15] A long lifetime
of 1.1 s was achieved with a Mo(0) complex in toluene at room
temperature.[14] Very recently, the emission was red-shifted by
tuning the chelating isocyanide ligands with luminescence
spectra tailing into the NIR I region.[15] Next to the design of
Cr(0), Mo(0) and W(0) isocyanide complexes, Lees et al. reported
in 1982 on Mo(0) and W(0) carbonyl complexes with substituted
pyridine ligands (M(CO)5L with M=Mo, W; L= substituted
pyridine), which are emissive in solution at room
temperature.[16] At the same time heteroleptic M(CO)4 -diimine
complexes were synthesized, which show a room temperature
emission reaching into the NIR I region.[17–19] Furthermore,
phosphorescent W(0) carbonyl pyridyl-imidazole complexes
with luminescence lifetimes of up to 350 ns[20] as well as
luminescent polynuclear cluster complexes like for example
(Bu4N)2[Mo6I8(NO3)6]

[21] have been reported.
The reports on molecular Cr, Mo and W systems with an

emission in the NIR II region (lem=1000–1700 nm) are still very
rare. In 1988, an NIR emission in solution was reported for the
anions MoCl6

3 and Mo(NCS)6
3 for the first time.[22] Ten years

later Mohammed et al. reported the complexes (Me3[9]aneN3)
Mo(III)X3 (X=Cl, Br, I) (Me3[9]aneN3=1,4,7-trimethyl-1,4,7-triaza-
cyclononane) with an NIR emission in solution at room temper-
ature with emission maxima at 1120–1160 nm and quantum
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yields of 10 5–10 4.[5] The longest luminescence wavelengths
were, however, achieved for the solid samples of MoCl3(py)3
and (Me3[9]aneN3)W(III)Cl3 with emission maxima around
1400 nm.[5] There are, up to now, no NIR II emissive complexes
of Cr(0), Mo(0) and W(0) to the best of our knowledge. In recent
years, mesoionic carbene (MIC) complexes of the 1,2,3-triazol-5-
ylidene type were established as privileged ligands for generat-
ing emissive transition metal complexes, such as MIC complexes
of Fe(II/III),[23] Cu(I),[24,25] Ru(II),[26,27] Pd(II),[28] Re(I),[29] Os(II),[27]

Ir(III),[30] Pt(II)/Pt(IV)[31] and Au(I).[24,32]

Here, we present the first Cr(0), Mo(0) and W(0) complexes
with an NIR II emission in the solid state at room temperature.
These complexes exhibit a second emission in the visible
region. The slightly distorted octahedral systems contain the
bidentate pyridyl-MIC ligand (PyC-NMIC-dipp) (L1) and CO
coligands (Figure 1). This work deals with the investigation of
the photophysical properties of the three complexes, with a
focus on the dual emission, and in particular the NIR II emission.

The synthesis of the studied systems
[Cr(PyC-NMIC-dipp)(CO)4] (Cr) and [Mo(PyC-NMIC-dipp)(CO)4]
(Mo) was presented before.[33] The new complex [W(PyC-NMIC-
dipp)(CO)4] (W) was synthesized according to related proce-
dures activating W(CO)6 under UV-irradiation in acetonitrile
(CH3CN, Figure 1) for two hours. The pyridyltriazolium salt [HL1]
OTf[33] of the corresponding pyridyl-MIC ligand was added to
the in situ generated solvato complex in presence of NEt3 as a
base. W was isolated in good yields (Figure 1) after extraction
and further purification via column chromatography.[33,34] The
crystal structure (Figure 1) shows W C and W N bond lengths
of 2.186(3) and 2.259(2) Å. These bonds of the metal center to

the L1 donor atoms of the MIC and pyridyl moiety are in
between of those observed for Cr and Mo in the order Cr<W<

Mo as a consequence of the ionic radii of the metal centers. The
W C and C O bond lengths of the carbonyl coligands (for
selected bond lengths, see Supporting Information) follow the
same trend as described earlier for Cr and Mo.[33] Deposition
Number 2064469 contains the supplementary crystallographic
data for this paper. These data are provided free of charge by
the joint Cambridge Crystallographic Data Centre and Fachin-
formationszentrum Karlsruhe Access Structures service.

The UV/VIS absorption spectra in solution (toluene, dichloro-
methane and acetonitrile) at room temperature show two low
energy bands in the spectral region of 350–600 nm (Figures S4–
S6, Supporting Information), which could be assigned to metal
to ligand charge transfer transitions according to time-depend-
ent density functional theory (TDDFT) calculations (see explan-
ations in the Supporting Information, Figures S7–S9, S37–S39,
Tables S6–S8). The position of these low energy bands is
dependent on the metal center and the solvent (Figures S4–S6,
Supporting Information). The lowest energy absorption is
observed for Cr, the highest for Mo, and W is lying in between,
this trend being independent of the solvent. Furthermore, large
blue-shifts of up to about 70 nm are observed for these low
energy transitions by increasing solvent polarity from toluene
over dichloromethane to acetonitrile. This is an experimental
proof that these transitions show charge transfer character, in
accordance with the abovementioned TDDFT calculations.
Additionally, these TDDFT calculations confirm the spectral
shifts observed upon exchange of the metal center and
variation of the solvent polarity. Solvent effects were considered
by using the conductor-like screening model (COSMO). The
large impact of solvent polarity was observed for related
M(CO)4L (M=Cr, Mo, W, L=diimine) complexes before.[19,20,35]

Furthermore, the UV/VIS absorption spectra in the solid state
(KBr pellets) are even further red-shifted with onsets between
633 and 686 nm following the trend Mo<W<Cr observed
already in solution (Figure 2). This red absorption led us to
thorough photoluminescence investigations, especially with
respect to a potential NIR emission.

The visible (VIS) emission spectra of KBr pellets of the three
complexes reveal clear emission bands for Mo and W, the

Figure 1. Molecular structure and synthesis of the investigated complexes
[M(PyC-NMIC-dipp)(CO)4] with M=Cr(0), Mo(0)[33] and W(0) (top) as well as
ORTEP representation of W (bottom). Ellipsoids are drawn with 50%
probability. Hydrogen atoms are omitted for clarity. A: 1) hn, THF, r.t., 2 h; 2)
[HL1]OTf, NEt3, reflux, overnight; B: 1) hn, THF, r.t., 2 h; 2) norbornadiene,
reflux, 2 d; 3) [HL1]OTf, NEt3, r.t., overnight; C: 1) hn, CH3CN, r.t., 2 h; 2) [HL1]
OTf, NEt3, reflux, 3 d.

Figure 2. Solid state UV/VIS absorption spectra (KBr pellets) of Cr, Mo and W.
The absorption onsets were approximated tangentially.
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maxima being localized at 666 and 673 nm (290 K), respectively
(Figure 3). A weak but still detectable luminescence was
observed for Cr around 700 nm. Hence, the spectral maxima
follow the order Cr<W<Mo, as in the absorption spectra. The
emission pattern of Mo shows a shoulder at 643 nm (290 K)
beside the maximum at 666 nm, where the latter probably
results from excitation of a low frequency vibration (~500 cm 1)
in the electronic ground state. At temperatures down to 5 K the
emission maxima and shoulders shift to the blue by about
200 cm 1 for all three complexes (Figure 3). This may result
from an inhibited excited state relaxation in the rigid matrix at
very low temperature. Such effects are known in literature as
rigidochromism[36] and were observed for example for Re(I)
carbonyl complexes before.[37] Next, it is important to consider
that the integrated emission intensity increases linearly by up
to a factor of 4 upon cooling from 290 K to 5 K in the case of
Mo (Figure S10, Supporting Information). An according increase
stagnates below 100 K in the case of W, so that the total rise is
limited in this case to a factor of 2.7. The higher luminescence
at low temperature is explained by the inhibition of non-
radiative deactivation channels (e.g. vibrational relaxation),
which arises as a consequence of an enhanced rigid environ-
ment. The quantum yields of the visible luminescence in the
solid state at room temperature were determined to 1 ·10 4 and

2 ·10 4 for Mo and W, respectively (Table 1) (see Supporting
Information for more details). These values are in the region of
the quantum yields reported for other Mo(0) and W(0) carbonyl
complexes.[20,37] The VIS luminescence lifetimes in the solid state
were determined to 8.1(1) ns (91% contribution) and 2.04(6) ns
(99% contribution) by time-correlated single photon counting
(TCSPC) for Mo and W at 290 K, respectively (Table 1,
Figures S12–S13, Tables S3–S4, Supporting Information). Upon
cooling to 5 K the time constants increase to the respective
values of 180(1) ns (88% contribution) and 355(1) ns (81%
contribution), assigning the visible emission consequently to a
triplet state (Figures S11, S14–S15, Tables S3–S4, Supporting
Information). The shorter minor component (contribution of
�19%) might result from a second isomer or slightly different
microenvironments and should not be explicitly assigned to a
second VIS emissive excited state (see also discussion on static
IR spectra, chapter 6 in the Supporting Information).

Interestingly, all the three complexes show a second
emission band, which reaches into the NIR II region. The Cr

system shows a very weak luminescence around 950 nm, while
the NIR luminescence is much stronger for the Mo and W

derivatives with maxima at 926 nm and 918 nm, respectively
(Figure 3). It should be highlighted that the broad emission
reaches to 1350 nm, hence far into the NIR II region. The NIR

Figure 3. VIS (left) and NIR (right) emission spectra of Cr, Mo and W in the solid state (KBr pellets) at temperatures of 5–290 K measured at lex=420 nm.

Table 1. Emission maxima (lmax), luminescence quantum yields ( ) and excited state lifetimes (t) of Cr, Mo and W in the solid state (KBr pellet) at 290 K.

Complex lmax(VIS) [nm] (VIS)[a] t(VIS)[b] [ns] lmax(NIR) [nm] (NIR)[a] t(step-scan) [ns]

Cr �695 – – �965 – 380�10
Mo 666 1.1 · 10 4 8.1�0.1 (91%) 926 9 ·10 4 600�10
W 673 1.7 · 10 4 2.04�0.06 (99%) 918 1.4 · 10 3 370�10

[a] The error bars for the photoluminescence quantum yields are estimated to �25% according to the literature. [b] For the main component (relative
contribution in brackets).[38]
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and VIS emission spectra obtained with KBr pellets and neat
powders of Mo are almost identical, so that any matrix effects
are insignificant (Figure S17, Supporting Information). Further-
more, the very similar VIS and NIR excitation spectra confirm
the assignment of both emission bands to one single species
(Figure S18, see also discussion on the static IR spectra in the
Supporting Information at the beginning of chapter 6). These
are the first Cr(0), Mo(0) and W(0) complexes showing an NIR II
emission, to the best of our knowledge. The quantum yield at
290 K even reaches very high values of 9 · 10 4 for Mo and
1.4 ·10 3 for W (Table 1). The emission maxima and the band-
shape with a shoulder around 1000 nm are not influenced by
temperature, but the intensity increases by a factor of 1.3 and
1.8 upon cooling from 290 K to 100 K for Mo and W,
respectively (Figure S16, Supporting Information). Similar to the
VIS emission, the NIR luminescence intensity stagnates below
100 K.

Time-resolved step-scan FTIR spectroscopy was subse-
quently applied to analyze long-lived electronically excited
states and to obtain further information on the origin of the
dual phosphorescence. The ground state FTIR spectra of Cr, Mo

and W are very well described by the calculated S0 spectra
(Figures 4, S26 and S29, Supporting Information). The solid
samples (KBr pellets) were electronically excited at 532 nm and
step-scan difference spectra were recorded at 20 K and 290 K
(Figures S20–S25, Supporting Information). The pure IR spectra
of the long-lived excited states were extracted by addition of a
small contribution of the ground state spectrum to the
corresponding step-scan difference spectrum (see Supporting
Information for more details). Interestingly, the excited state
spectra at 20 K of Mo and W, averaged over the first 500 ns
after laser excitation, strongly differ from the excited state
absorption at longer time scales (>1 s) (Figures 4 and S29,

Supporting Information). At short time scales after the laser
pulse, excited state specific vibrations are observed between
2000 and 1900 cm 1, which are very well described by a relaxed
triplet state (labelled Tn in the following) optimized by
unrestricted density functional theory (UDFT) (Figures 4 and
S29, Supporting Information). The weak vibration predicted
above 2050 cm 1 for both Mo and W is probably below the
detection limit. The mentioned signals at 1900–2000 cm 1

decay monoexponentially with a sub-microsecond lifetime
(Figures S33 and S35, Table S5, Supporting) and are in good
agreement with the luminescence lifetimes obtained by TCSPC
(Tables 1, S3–S4, Supporting Information) for the VIS emission
(see Supporting Information for the determination of excited
state lifetimes by step-scan FTIR).

Hence, the mentioned short-lived excited state IR absorp-
tion features are assigned to the triplet state with a VIS
luminescence. This triplet state is of 3MLCT character with a
charge transfer from the metal center to the bidentate pyridyl-
MIC ligand according to the calculated spin densities of these
triplet states of Mo and W (Figures S40 and S41, Supporting
Information). The calculated C O bond lengths are slightly
shorter in this triplet state than in the electronic ground state,
while the M CO bonds are elongated. These small structural
changes can be explained by the weaker p-backbonding from
the metal center to the CO ligands in the excited state
(Figures S42–S44, Tables S9–S11, Supporting Information). The
other step-scan FTIR signals, apart from those assigned to the
abovementioned triplet state (2000–1900 cm 1), are still ob-
served at much longer time scales, and the deduced excited
state spectra are similar to the IR absorption in the electronic
ground state (Figures 4, S26–S30, Supporting Information).
These excited state absorption features, which are close to the
ground state IR spectrum, indicate that there are only small
geometrical distortions with respect to the electronic ground
state.

The mentioned transient IR signals show very long lifetimes
above 100 s at 20 K (Figures S31, S33, S35, Table S5, Support-
ing Information) strongly pointing towards a triplet state. This
long-lived triplet state is assigned to the observed NIR emission.
The electronic character and structure of this NIR emissive
excited state are currently investigated by further high-level
quantum chemical calculations. Analogous long-lived transient
IR signals were observed for Cr, apart from Mo and W, but no
short-lived excited state (Figures S26–S27, Supporting Informa-
tion). The absence of these signals in the excited state IR
spectrum may result from a small population of the underlying
excited state, which would also explain the very weak VIS
emission in this case. Simultaneously, the absence of these
transient IR signals could result from a very short excited state
lifetime (�50 ns).

At 290 K the vibrations that are specific for the short-lived
excited state are hardly visible for Mo and completely absent
for W, which probably results from the shorter excited state
lifetimes at higher temperature (Figures S21, S23, S25, Support-
ing Information). Hence, the second excited state with a longer
decay time almost exclusively contributes to the step-scan
spectrum, independent of the metal center. Even at room

Figure 4. Ground state FTIR spectrum of Mo at 20 K (KBr pellet) and
calculated S0 spectrum in KBr (top), excited state absorption spectra
obtained from the step-scan spectra at 0–0.5 s and 5–6 s after laser
excitation (middle) as well as calculated triplet (Tn) spectrum in KBr (bottom).
The sticks represent the calculated IR absorption frequencies. Calculations:
DFT/B3LYP-D3(BJ)/def2-TZVP/COSMO, IR absorption frequencies scaled by
0.975, convolution with Gaussian profile, FWHM=8 cm 1.
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temperature the long-lived triplet state still shows an excited
state lifetime of several hundred nanoseconds (Table 1, Figur-
es S32, S34, S36, Table S5, Supporting Information).

In summary, we presented Cr(0), Mo(0) and W(0) complexes
with an NIR II emission. These systems contain the bidentate
1,2,3-triazol-5-ylidene based mesoionic carbene ligand (PyC-
NMIC-dipp) and CO coligands. The highest NIR quantum yield
of 1.4 · 10 3 was achieved for W(0) in the solid state at room
temperature. All the complexes show visible luminescence. The
dual emission was assigned to two clearly separated phosphor-
escent triplet states (Figure 5) according to the lifetimes of at
least hundreds of nanoseconds at low temperature, depending
on the respective metal center and emission bands (VIS or NIR).
The VIS emission was assigned to a 3MLCT state according to
step-scan FTIR spectroscopy and theoretical calculations, while
the character of the NIR luminescent triplet state is currently
analyzed by further high-level quantum chemical calculations.
Related dual emissive M(CO)4L complexes (M=Cr, Mo, W and
L=N,N-donor ligand) reported in the literature[18,37] and the
presented TDDFT calculations with several 1MLCT excitations
indicate that also the NIR emissive triplet state might be of
3MLCT character. Furthermore, the large energy separation of
about 5400 cm 1 between the two lowest energy 1MLCT
excitations could in analogy explain the large energy separation
between two emissive 3MLCT states (comparable S-T gaps).

This work represents an important milestone for the design
and synthesis of further efficient NIR emitters based on earth-
abundant metals.

Acknowledgements

We gratefully acknowledge the financial support by the
Deutsche Forschungsgemeinschaft (DFG, Priority Program SPP
2102 “Light-controlled reactivity of metal complexes”, SA
1840/7-1, GE 961/10-01). Open access funding enabled and
organized by Projekt DEAL.

Conflict of Interest

The authors declare no conflict of interest.

Keywords: carbonyl ligands · mesoionic carbenes · NIR II
emitters · step-scan FTIR spectroscopy · X-ray diffraction

[1] a) C. Förster, K. Heinze, Chem. Soc. Rev. 2020, 49, 1057–1070; b) O. S.
Wenger, J. Am. Chem. Soc. 2018, 140, 13522–13533.

[2] a) A. Y. Baranov, A. S. Berezin, D. G. Samsonenko, A. S. Mazur, P. M.
Tolstoy, V. F. Plyusnin, I. E. Kolesnikov, A. V. Artem’ev, Dalton Trans.

2020, 49, 3155–3163; b) L. G. T. A. Duarte, J. C. Germino, R. A. Mendes,
J. F. Berbigier, K. S. Moreira, M. M. Faleiros, J. N. de Freitas, T. A. L. Burgo,
F. S. Rodembusch, T. D. Z. Atvars, J. Phys. Chem. C 2020, 124, 21036–
21046; c) J. Föller, C. Ganter, A. Steffen, C. M. Marian, Inorg. Chem. 2019,
58, 5446–5456; d) R. Hamze, J. L. Peltier, D. Sylvinson, M. Jung, J.
Cardenas, R. Haiges, M. Soleilhavoup, R. Jazzar, P. I. Djurovich, G.
Bertrand et al., Science 2019, 363, 601–606; e) S. Shi, M. C. Jung, C.
Coburn, A. Tadle, D. Sylvinson, M. R. P. I. Djurovich, S. R. Forrest, M. E.
Thompson, J. Am. Chem. Soc. 2019, 141, 3576–3588; f) Y. Zhang, T. S.
Lee, J. M. Favale, D. C. Leary, J. L. Petersen, G. D. Scholes, F. N.
Castellano, C. Milsmann, Nat. Chem. 2020, 12, 345–352; g) D. M. Zink, M.
Bächle, T. Baumann, M. Nieger, M. Kühn, C. Wang, W. Klopper, U.
Monkowius, T. Hofbeck, H. Yersin et al., Inorg. Chem. 2013, 52, 2292–
2305.

[3] a) F. Wei, J. Qiu, X. Liu, J. Wang, H. Wei, Z. Wang, Z. Liu, Z. Bian, Z. Lu, Y.
Zhao et al., J. Mater. Chem. C 2014, 2, 6333–6341; b) M. Klein, N. Rau, M.
Wende, J. Sundermeyer, G. Cheng, C.-M. Che, A. Schinabeck, H. Yersin,
Chem. Mater. 2020, 32, 10365–10382; c) G. Smolentsev, C. J. Milne, A.
Guda, K. Haldrup, J. Szlachetko, N. Azzaroli, C. Cirelli, G. Knopp, R.
Bohinc, S. Menzi et al., Nat. Commun. 2020, 11, 2131.

[4] a) B. Hupp, C. Schiller, C. Lenczyk, M. Stanoppi, K. Edkins, A. Lorbach, A.
Steffen, Inorg. Chem. 2017, 56, 8996–9008; b) M. Dorn, J. Kalmbach, P.
Boden, A. Päpcke, S. Gómez, C. Förster, F. Kuczelinis, L. M. Carrella, L. A.
Büldt, N. H. Bings et al., J. Am. Chem. Soc. 2020, 142, 7947–7955; c) S.
Otto, M. Grabolle, C. Förster, C. Kreitner, U. Resch-Genger, K. Heinze,
Angew. Chem. Int. Ed. 2015, 54, 11572–11576; Angew. Chem. 2015, 127,
11735–11739; d) E. Lanthier, J. Bendix, C. Reber, Dalton Trans. 2010, 39,
3695–3705; e) M. Kühn, S. Lebedkin, F. Weigend, A. Eichhöfer, Dalton
Trans. 2017, 46, 1502–1509; f) Y. Trolez, A. D. Finke, F. Silvestri, F. Monti,
B. Ventura, C. Boudon, J.-P. Gisselbrecht, W. B. Schweizer, J.-P. Sauvage,
N. Armaroli et al., Chem. Eur. J. 2018, 24, 10422–10433.

[5] A. K. Mohammed, R. A. Isovitsch, A. W. Maverick, Inorg. Chem. 1998, 37,
2779–2785.

[6] A. Minotto, P. A. Haigh, Ł. G. Łukasiewicz, E. Lunedei, D. T. Gryko, I.
Darwazeh, F. Cacialli, Light-Sci. Appl. 2020, 9, 70.

[7] A. Zampetti, A. Minotto, F. Cacialli, Adv. Funct. Mater. 2019, 29, 1807623.
[8] S. Tang, P. Murto, X. Xu, C. Larsen, E. Wang, L. Edman, Chem. Mater.

2017, 29, 7750–7759.
[9] a) L. Chen, H. Han, Microchim. Acta 2014, 181, 1485–1495; b) J. Xu, A.

Gulzar, P. Yang, H. Bi, D. Yang, S. Gai, F. He, J. Lin, B. Xing, D. Jin, Coord.
Chem. Rev. 2019, 381, 104–134.

[10] K. R. Mann, H. B. Gray, G. S. Hammond, J. Am. Chem. Soc. 1977, 99, 306–
307.

[11] W. Sattler, L. M. Henling, J. R. Winkler, H. B. Gray, J. Am. Chem. Soc. 2015,
137, 1198–1205.

[12] J. Fajardo, J. Schwan, W. W. Kramer, M. K. Takase, J. R. Winkler, H. B.
Gray, Inorg. Chem. 2021, 60, 3481–3491.

[13] a) L. A. Büldt, X. Guo, A. Prescimone, O. S. Wenger, Angew. Chem. Int. Ed.

2016, 55, 11247–11250; Angew. Chem. 2016, 128, 11413–11417; b) L. A.
Büldt, X. Guo, R. Vogel, A. Prescimone, O. S. Wenger, J. Am. Chem. Soc.

2017, 139, 985–992; c) L. A. Büldt, O. S. Wenger, Angew. Chem. Int. Ed.

2017, 56, 5676–5682; Angew. Chem. 2017, 129, 5770–5776.
[14] P. Herr, F. Glaser, L. A. Büldt, C. B. Larsen, O. S. Wenger, J. Am. Chem. Soc.

2019, 141, 14394–14402.
[15] J. B. Bilger, C. Kerzig, C. B. Larsen, O. S. Wenger, J. Am. Chem. Soc. 2021,

143, 1651–1663.
[16] a) A. J. Lees, A. W. Adamson, J. Am. Chem. Soc. 1982, 104, 3804–3812;

b) A. J. Lees, J. Am. Chem. Soc. 1982, 104, 2038–2039.
[17] I. R. Farrell, J. van Slageren, S. Záliš, A. Vlček, Inorg. Chim. Acta 2001, 315,

44–52.
[18] A. Vlček Jr., Coord. Chem. Rev. 2002, 230, 225–242.

Figure 5. Simplified Jablonski diagram summarizing the photophysics of Cr,
Mo and W. (IVR: intravibrational relaxation, IC: internal conversion, ISC:
intersystem crossing)

Chemistry—A European Journal 
Communication

doi.org/10.1002/chem.202102208

12963Chem. Eur. J. 2021, 27, 12959–12964 www.chemeurj.org © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH



[19] D. M. Manuta, A. J. Lees, Inorg. Chem. 1986, 25, 1354–1359.
[20] J. J. Lee, C. P. Yap, T. S. Chwee, W. Y. Fan, Dalton Trans. 2017, 46, 11008–

11012.
[21] O. A. Efremova, M. A. Shestopalov, N. A. Chirtsova, A. I. Smolentsev, Y. V.

Mironov, N. Kitamura, K. A. Brylev, A. J. Sutherland, Dalton Trans. 2014,
43, 6021–6025.

[22] Q. Yao, A. W. Maverick, Inorg. Chem. 1988, 27, 1669–1670.
[23] a) P. Chábera, Y. Liu, O. Prakash, E. Thyrhaug, A. E. Nahhas, A. Honarfar,

S. Essén, L. A. Fredin, T. C. B. Harlang, K. S. Kjær et al., Nature 2017, 543,
695–699; b) Y. Liu, K. S. Kjaer, L. A. Fredin, P. Chábera, T. Harlang, S. E.
Canton, S. Lidin, J. Zhang, R. Lomoth, K.-E. Bergquist et al., Chem. Eur. J.

2015, 21, 3628–3639.
[24] L. Cao, S. Huang, W. Liu, H. Zhao, X.-G. Xiong, J.-P. Zhang, L.-M. Fu, X.

Yan, Chem. Eur. J. 2020, 26, 17222–17229.
[25] G. Kleinhans, A. K.-W. Chan, M.-Y. Leung, D. C. Liles, M. A. Fernandes,

V. W.-W. Yam, I. Fernández, D. I. Bezuidenhout, Chem. Eur. J. 2020, 26,
6993–6998.

[26] a) S. Sinn, B. Schulze, C. Friebe, D. G. Brown, M. Jäger, E. Altuntaş, J.
Kübel, O. Guntner, C. P. Berlinguette, B. Dietzek et al., Inorg. Chem. 2014,
53, 2083–2095; b) D. G. Brown, N. Sanguantrakun, B. Schulze, U. S.
Schubert, C. P. Berlinguette, J. Am. Chem. Soc. 2012, 134, 12354–12357;
c) B. Schulze, D. Escudero, C. Friebe, R. Siebert, H. Görls, U. Köhn, E.
Altuntas, A. Baumgaertel, M. D. Hager, A. Winter et al., Chem. Eur. J.

2011, 17, 5494–5498; d) V. Leigh, W. Ghattas, R. Lalrempuia, H. Müller-
Bunz, M. T. Pryce, M. Albrecht, Inorg. Chem. 2013, 52, 5395–5402; e) J.
Soellner, I. Císařová, T. Strassner, Organometallics 2018, 37, 4619–4629.

[27] L. Suntrup, F. Stein, G. Hermann, M. Kleoff, M. Kuss-Petermann, J. Klein,
O. S. Wenger, J. C. Tremblay, B. Sarkar, Inorg. Chem. 2018, 57, 13973–
13984.

[28] S. K. Verma, P. Kumari, S. N. Ansari, M. O. Ansari, D. Deori, S. M. Mobin,
Dalton Trans. 2018, 47, 15646–15650.

[29] L. Suntrup, F. Stein, J. Klein, A. Wilting, F. G. L. Parlane, C. M. Brown, J.
Fiedler, C. P. Berlinguette, I. Siewert, B. Sarkar, Inorg. Chem. 2020, 59,
4215–4227.

[30] a) A. Baschieri, F. Monti, E. Matteucci, A. Mazzanti, A. Barbieri, N.
Armaroli, L. Sambri, Inorg. Chem. 2016, 55, 7912–7919; b) S. Urinda, G.

Das, A. Pramanik, P. Sarkar, J. Phys. Chem. A 2018, 122, 7532–7539; c) E.
Matteucci, F. Monti, R. Mazzoni, A. Baschieri, C. Bizzarri, L. Sambri, Inorg.
Chem. 2018, 57, 11673–11686; d) R. E. Karmis, S. Carrara, A. A. Baxter,
C. F. Hogan, M. D. Hulett, P. J. Barnard, Dalton Trans. 2019, 48, 9998–
10010; e) M. A. Topchiy, P. B. Dzhevakov, N. Y. Kirilenko, S. A. Rzhevskiy,
A. A. Ageshina, V. N. Khrustalev, D. Y. Paraschuk, M. V. Bermeshev, M. S.
Nechaev, A. F. Asachenko, Mendeleev Commun. 2019, 29, 128–131;
f) M. A. Topchiy, S. A. Rzhevskiy, A. A. Ageshina, N. Y. Kirilenko, G. K.
Sterligov, D. Y. Mladentsev, D. Y. Paraschuk, S. N. Osipov, M. S. Nechaev,
A. F. Asachenko, Mendeleev Commun. 2020, 30, 717–718.

[31] a) J. Soellner, T. Strassner, Chem. Eur. J. 2018, 24, 5584–5590; b) J.
Soellner, M. Tenne, G. Wagenblast, T. Strassner, Chem. Eur. J. 2016, 22,
9914–9918; c) J. Soellner, T. Strassner, ChemPhotoChem 2019, 3, 554–
558; d) A. R. Naziruddin, C.-S. Lee, W.-J. Lin, B.-J. Sun, K.-H. Chao, A. H. H.
Chang, W.-S. Hwang, Dalton Trans. 2016, 45, 5848–5859; e) Á. Vivancos,
D. Bautista, P. González-Herrero, Chem. Eur. J. 2019, 25, 6014–6025.

[32] a) L. Hettmanczyk, S. J. P. Spall, S. Klenk, M. van der Meer, S. Hohloch,
J. A. Weinstein, B. Sarkar, Eur. J. Inorg. Chem. 2017, 2017, 2112–2121;
b) M. Monticelli, M. Baron, C. Tubaro, S. Bellemin-Laponnaz, C. Graiff, G.
Bottaro, L. Armelao, L. Orian, ACS Omega 2019, 4, 4192–4205.

[33] T. Bens, P. Boden, P. Di Martino-Fumo, J. Beerhues, U. Albold, S.
Sobottka, N. I. Neuman, M. Gerhards, B. Sarkar, Inorg. Chem. 2020, 59,
15504–15513.

[34] a) I. de Krom, M. Lutz, C. Müller, Dalton Trans. 2015, 44, 10304–10314;
b) M. Rigo, J. A. W. Sklorz, N. Hatje, F. Noack, M. Weber, J. Wiecko, C.
Müller, Dalton Trans. 2016, 45, 2218–2226.

[35] K. J. Moore, J. D. Petersen, Polyhedron 1983, 2, 279–284.
[36] A. J. Lees, Comments Inorg. Chem. 1995, 17, 319–346.
[37] A. J. Lees, Chem. Rev. 1987, 87, 711–743.
[38] M. Wrighton, D. L. Morse, J. Am. Chem. Soc. 1974, 96, 998–1003.

Manuscript received: June 21, 2021
Accepted manuscript online: July 8, 2021
Version of record online: August 4, 2021

Chemistry—A European Journal 
Communication

doi.org/10.1002/chem.202102208

12964Chem. Eur. J. 2021, 27, 12959–12964 www.chemeurj.org © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH



Chemistry—A European
Journal

Supporting Information

NIR-Emissive Chromium(0), Molybdenum(0), and Tungsten
(0) Complexes in the Solid State at Room Temperature

Pit Boden, Patrick Di Martino-Fumo, Tobias Bens, Sophie Steiger, Uta Albold,
Gereon Niedner-Schatteburg, Markus Gerhards+,* and Biprajit Sarkar*



1 

 

 

 

Supporting Information 

 

 

Table of contents 

 

1. Experimental details .................................................................................................................... 2 

2. Theoretical Methods ................................................................................................................... 4 

3. Additional data on W................................................................................................................... 5 

4. Experimental and calculated UV/VIS absorption spectra ......................................................... 11 

5. Luminescence data .................................................................................................................... 16 

6. Static and transient step-scan FTIR spectroscopy ..................................................................... 22 

7. Additional calculated data ......................................................................................................... 37 

8. References ................................................................................................................................. 51 

 

 

 

 

 

 

 

 

 

  



2 

 

1. Experimental details 

Preparation of KBr pellets 
KBr pellets were prepared by mixing neat powder of the compound (0.4 mg − 1.8 mg, 
depending on the complex and the experiment) with dry KBr (200 – 300 mg, stored in a 
compartment dryer at 80 °C, purchased from Merck) and grinding to a homogenous mixture. 
This mixture was filled in an evacuable pellet die with a diameter of 13 mm and sintered at a 
pressure of 0.75 GPa. Please consider the respective sections for more details on the 
specific sample preparations.  
 
 
UV/VIS absorption spectroscopy 
UV/VIS absorption experiments in solution were performed with a Lambda 900 UV/VIS 
spectrometer in different solvents (CH3CN, CH2Cl2 and toluene) using 10 mm path length 
quartz cells at 25°C. The solutions were prepared using the common Schlenk technique with 
concentrations in the range of 2 ∙ 10−5 M. The spectra were recorded relative to the pure 
solvent. 
UV/VIS reflectance spectra were recorded with the same spectrometer by incorporation of a 
diffuse reflectance accessory (Harrick Praying Mantis) into the sample compartment. The 
KBr pellets were prepared by applying the procedure described above with 1.4 mg, 1.5 mg 
and 1.8 mg of sample for Cr, Mo and W, respectively, as well as 300 mg of KBr.      
 
 
Temperature-dependent static UV/VIS emission spectroscopy 
Temperature-dependent steady state luminescence measurements in the UV/VIS region 
were performed using a Horiba Jobin Yvon Fluorolog 3-22 ! spectrometer equipped with a 
450 W xenon lamp and a R928 P photomultiplier detector (240 nm < "#$ < 850 nm). 
Spectral selection was achieved with double grating monochromators in the excitation and 
emission paths with 1200 grooves/mm (300 nm and 500 nm blaze in the excitation and 
emission paths, respectively). All the presented emission spectra are shown as obtained 
from the response of the instrument. Calibration of the excitation monochromator was 
performed according to the peak at 467 nm in the emission spectrum of the used xenon 
lamp. The UV/VIS and NIR emission monochromators were calibrated according to a water 
Raman spectrum and the 1064 nm peak of a Nd:YAG rod, respectively. Long-pass filters 
(cut-on wavelength of 600 nm for Cr, 540 nm for Mo and 500 nm for W) were used in the 
emission channel to avoid higher order excitation light. KBr pellets were prepared as 
described in the section on the preparation of KBr pellets using 1.5 mg, 1.0 mg and 1.2 mg of 
sample for Cr, Mo and W, respectively, as well as 200 mg of KBr. Measurements with neat 
powders of Mo were performed by homogenous spreading of the neat sample between two 
CaF2 windows (13 mm diameter, 1 mm thick). Temperature-dependent experiments between 
5 K and 290 K were performed using a closed-cycle helium cryostat (ColdEdge, 101J 
cryocooler) to cool down the sample. The cryocooler was equipped with a pellet holder 
(copper) and CaF2 windows.   
 
 
Temperature-dependent static NIR emission spectroscopy 
Temperature-dependent steady state NIR luminescence measurements were conducted on 
a Horiba Jobin Yvon Fluorolog 3-22 ! spectrometer equipped with a 450 W xenon lamp and 
a DSS ─ IGA020L NIR detector (850 nm % "#$ % 1550 nm). Spectral selection was realized 
with double and single grating monochromators in the excitation and emission paths, 
respectively (excitation: 1200 grooves/mm; near-IR emission 600 grooves/mm). A 
combination of two long-pass filters (FELH0500 Thorlabs, transmission & 92% above 
500 nm and FELH0850 Thorlabs, transmission & 90% above 860 nm) was used in the 
emission channel to avoid higher order excitation light. 
KBr pellets and powders were prepared as described for the UV/VIS emission spectroscopy. 
Experiments on Cr and W at temperatures between 5 K and 290 K were performed using the 



3 

 

cryostat described above. Measurements on Mo were conducted at temperatures down to 
about 10 K by using an analogous closed-cycle helium cryostat (ARS Model DE-202A).   
 
 
Temperature-dependent time-correlated single photon counting (TCSPC) for UV/VIS 
luminescence  
UV/VIS luminescence lifetimes were determined by time-correlated single photon counting 
(TCSPC) using a DeltaFlex (Horiba Scientific) spectrometer. The sample was excited with 
short light pulses of a NanoLED 390 (peak wavelength: 389 nm, pulse duration: 1.3 ns). A 
long-pass filter (cut-on wavelength of 600 nm) was placed in the emission channel to 
suppress the influence of scattered excitation light. The emission monochromator was set to 
the respective emission band of the investigated compound. Precision photon counting was 
carried out with a PPT (picosecond photon counting) detection module, including a fast-rise 
photomultiplier with an integral GHz timing preamplifier, a constant fraction discriminator and 
a regulated HV supply. Decay curves were analyzed by multiexponential fits with the 
software ORIGIN®. KBr pellets were prepared as described for the static luminescence 
measurements. The low-temperature measurements were performed using the cryostat 
presented in the section on static UV/VIS emission spectroscopy.    
 
 
Determination of luminescence quantum yields 
Absolute UV/VIS photoluminescence quantum yields of solid samples (KBr pellets) were 
measured in analogy to the procedures described by Wrighton et al. and latter Liu et al., who 
measured fluorescence quantum yields with a conventional fluorescence spectrometer.[1,2]  
All spectra were recorded at room temperature on the Horiba Jobin Yvon Fluorolog 3-22 ! 
spectrometer described above with the KBr pellets being mounted in a solid state sample 
holder. The pellets were prepared as described for solid state UV/VIS absorption 
spectroscopy.   
The absorption of the complex was measured by considering the difference in area between 
the excitation light ("ex = 380 nm) scattered by a neat KBr pellet ('() and a pellet containing 
the complex ('). For the luminescence the area ') under the emission curve was considered. 
The photoluminescence quantum yield ɸ was then calculated according to the following 
formula: 
 
 

ɸVIS = 
*+

*,-.-*
 

(1) 

 
We tested the procedure on our setup by determination of the literature known quantum yield 
of the luminescent copper complex [(2-(Diphenylphosphino)pyridine)(tris(4-
fluorophenyl)phosphine)2Cu2I2] to 70%, in accordance with the literature-known values of 
59 – 74% in different host matrices (10wt%).[3] 

 
Similar methods were applied for the determination of NIR photoluminescence quantum 
yields. The main difference compared to the procedures described above for the VIS 
emission is that the quantum yields were measured relative to the standard Yb(tta)3(H2O)2 
with ɸr(Yb) = 0.55% as PMMA film.[4] This relative determination was applied as the scattered 
excitation ("ex = 350 nm) and NIR emission light could not be recorded with the same 
detector (see the sections on static luminescence spectroscopy for more details on the used 
spectrometer Fluorolog 3-22 !). The NIR photoluminescence quantum yield was calculated 
according to the following equation, where the abbreviation / stands for the investigated 
sample with unknown quantum yield and 01 represents the reference Yb(tta)3(H2O)2: 
 
 

ɸNIR = 
*,-.-*2345

*,-.-*265
 ∙ 

*+265

*+2345
 ∙ ɸr(Yb) (2) 
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The error bars for the photoluminescence quantum yields are estimated to ± 25% for the 
applied procedures according to literature.[1]     
 
 
Time-resolved step-scan FTIR spectroscopy 
All the time-resolved FTIR experiments were performed with the FTIR spectrometer Bruker 
Vertex 80v, operated in the step-scan mode. A liquid-nitrogen-cooled mercury cadmium 
telluride (MCT) detector (Kolmar Tech., Model KV100-1-B-7/190) with a rise time of 25 ns, 
connected to a fast preamplifier and a 14-bit transient recorder board (Spectrum Germany, 
M3I4142, 400 MS/s), was used for signal detection and processing. The laser setup used for 
the measurements includes a Q-switched Nd:YAG laser (Innolas SpitLight Evo I) generating 
pulses with a duration of about 6 ns at a repetition rate of 100 Hz. The second harmonic 
(532 nm) of the Nd:YAG laser was used directly for sample excitation. The UV pump beam 
was attenuated to about 2.0 mJ per shot at a diameter of 9 mm. The beam was directed onto 
the sample and adjusted to have a maximal overlap with the IR beam of the spectrometer. 
The sample chamber was equipped with anti-reflection-coated germanium filters to prevent 
the entrance of laser radiation into the detector and interferometer compartments.  
 
The KBr pellets were prepared as described in the section on luminescence spectroscopy, 
however, with a smaller amount of sample of ca. 0.4 mg and ca. 200 mg KBr. The strongest 
peak in the ground state spectrum showed an absorption of about 0.6 OD with the mentioned 
concentration. The measurements were performed at a constant temperature of 290 K or 
20 K using a closed-cycle helium cryostat (ARS Model DE-202A). The cryocooler was 
equipped with a pellet holder and CaF2 windows.  
 
The temporal resolution of the 14-bit transient recorder board was chosen to 50 ns and 
10000 time slices were recorded to cover a time range of 500 µs. The time when the laser 
pulse reached the sample was set as zero point in all spectra. The time delay between the 
start of the experiment and the laser pulse was controlled with a Stanford Research Systems 
DG535 delay generator and set to 1.3 µs before the laser excitation of the sample. The 
spectral region was limited by undersampling to 2634 – 0 cm−1 with a spectral resolution of 
4 cm−1 resulting in 1481 interferogram points. An IR long pass filter (no IR transmission < 
2400 cm−1) prevented problems when performing a Fourier transformation (i.e. no IR 
intensity outside the measured region should be observed). FTIR ground state spectra were 
recorded systematically to check if there is no sample degradation. 
 
 

2. Theoretical Methods 

The crystal structures were used as input structures and geometry optimizations were 
performed with the Berny algorithm of Gaussian 09[5] by using energies and gradients 
computed by Turbomole 7.4.[6,7] All calculations were performed with the DFT functional 
B3LYP with dispersion correction (no three-body interaction) (D3(BJ))[8] as implemented in 
Turbomole using the resolution of identity (RI) approximation and the def2-TZVP basis set. 
Turbomole 7.4[6,7] was used for computing the first hundred electronic excitations in the 
singlet manifold with TDDFT and simulate the UV/VIS spectra using the same functional and 
basis set as described above. For convolution Gaussian broadening with a full-width at half 
maximum of 1500 cm−1 was used. The influence of the medium (CH3CN, CH2Cl2, KBr) was 
modulated by using the conductor-like screening model (COSMO).   
Harmonic frequency calculations were performed for the optimized minimum structures. The 
influence of the KBr matrix was modulated by using the conductor-like screening model 
(COSMO). The vibrational frequencies are scaled by a factor of 0.975 to minimize the 
differences between the experimental and calculated frequencies. A gaussian convolution 
with a full-width at half-maximum of 8 cm−1 was applied to the calculated vibrational 
transitions.  
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3. Additional data on W 

General Procedures, Materials and Instrumentation 

Caution! Compounds containing azides are potentially explosive. Although we never 
experienced any problems during synthesis or analysis, all compounds should be 
synthesized only in small quantities and handled with great care! 

Unless otherwise noted, all reactions were carried out using standard Schlenk-line-
techniques under an inert atmosphere of argon (Linde Argon 4.8, purity 99.998%). 

Commercially available chemicals were used without further purification. The solvents used 
for metal complex synthesis and catalysis were available from Glovebox Systemtechnik 
solvent System and degassed by standard techniques prior to use. The identity and purity of 
compounds were established via 1H NMR and IR spectroscopy, elemental analysis and mass 
spectrometry. 

Column chromatography was performed over silica 60 M (0.04 − 0.063 mm). 

UV-Irradiation for synthesis was performed with a LSN150/2 (LOT Quantum Design GmbH) 
at 150 W. 

1H and 13C{1H} NMR spectra were recorded on a Bruker Avance 700 spectrometer at 19 –
 22 °C. Chemical shifts are reported in ppm referenced to the residual solvent peaks.[9] 

The following abbreviations are used to represent the multiplicity of the signals: s (singlet), d 
(doublet), t (triplet), q (quartet), p (pentet), sept (septet).  

Mass spectrometry was performed on an Agilent 6210 ESI-TOF.  

The IR spectra were recorded with a BRUKER Vertex 70 FT-IR spectrometer. 

Elemental analyses were performed with an Elementar Micro Cube elemental analyser. 

 

 

X-ray Diffraction 

X-ray data were collected on a BRUKER D8 Venture system. Data were collected at 
103(2) K, using graphite-monochromated Mo K7 radiation ("8 = 0.71073 Å). The strategy for 
the data collection was evaluated by using the APEX2 or Smart software. The data were 
collected by standard “9 scan techniques” or “9-� -: scan techniques” and were scaled and 
reduced using APEX2, SAINT+, and SADABS software. The structures were solved by direct 
methods using SHELXL-97 or intrinsic phasing using SHELXL-2014/7 and refined by full 
matrix least-squares with SHELXL-2014/7, refining on ;>. Non-hydrogen atoms were refined 
anisotropically.  

 

 

 

 

 



6 

 

Preparation of W 

 

 

 

A suspension of [W(CO)6] (45 mg, 0.128 mmol) in 20 mL CH3CN was stirred for 2 hours 
under UV light. The CO overpressure was released at least 3 times during this period. 
[HL1]OTf (60 mg, 0.128 mmol) and an excess of NEt3 (1.0 mL) were added. The mixture 
was refluxed with an equipped reflux condenser and a gas bubbler for 3 days. After cooling 
to room temperature, the solvent was evaporated and the remaining residue was dissolved in 
CH2Cl2 and extracted two times with H2O. The organic phases were collected and dried over 
Na2SO4. The solvent was removed and the crude product was purified by column 
chromatography (SiO2, 100% CH2Cl2). Analytically pure product was isolated after 
recrystallization from CH2Cl2 and n-hexane yielding red crystals (47 mg, 60%). 
1H NMR (700 MHz, CDCl3) ?-2ppm5 = 9.15 (dq, J = 5.6 Hz, 0.8 Hz, 1H), 8.19 (d, J = 8.3 Hz, 
1H), 8.04 (td, J = 7.9 Hz, 1.6 Hz, 1H), 7.55 (t, J = 7.9 Hz, 1H), 7.37-7.30 (m, 3H), 3.93 (s, N-
CH3, 3H), 2.60 (sept, J = 6.8 Hz, dipp-H, 2H), 1.30 (d, J = 6.8 Hz, dipp-CH3, 6H), 1.14 (d, 
J = 6.8 Hz, dipp-CH3, 6H); MS (ESI): @ AB  found: 588.1370, calcd: 588.1358 
[C23H24N4O3W

+], 611.1233, calcd: 611.1250 [C23H24N4NaO3W
+], 627.0969, calcd: 627.09689 

[C23H24N4KO3W
+], 321.2074, cacld: 321.2079 [C20H25N4

+]; IR (C(CO), CH3CN) = 
2000 cm.D (s), 1882 cm.D (s), 1870 cm.D (sh), 1827 cm.D (s); Anal. calcd. for 
C24H24WN4O4: C, 46.77, H, 3.93, N, 9.09; found: C, 46.66, H, 3.94, N, 9.00. 
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NMR Spectrum of W

 

Figure S1. 1H NMR (700 MHz, CDCl3) spectrum of W. 

 

 

IR Spectrum of W

 

Figure S2. IR spectrum of W in CH3CN. 
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Single Crystal X-Ray Diffraction Data & Crystal Structure 

 

 

Figure S3. ORTEP representation of W (hydrogen atoms are omitted for clarity). Ellipsoids 
are drawn with 50% probability. 

 

Accession Codes 

CCDC 2064469 contain the supplementary crystallographic data for this paper. These data 

can be obtained free of charge viawww.ccdc.ca-m.ac.uk/data_request/cif, or by 

emailingdata_request@ccdc.cam.ac.uk, or by contacting The Cambridge Crystallographic 

Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033. 
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Table S1. Selected bond lengths and angles of W. 
 

         Atoms           W 

 

            Bond lengths 

/ EF  

W1-C1 2.186(3) 

W1-N1 2.259(2) 

W1-C100 1.990(3) 

W1-C200 1.974(3) 

W1-C300 2.039(3) 

W1-C400 2.028(3) 

C100-O100 1.164(4) 

C200-O200 1.160(4) 

C300-O300 1.150(4) 

C400-O400 1.155(4) 

C1-C2 1.398(4) 

C2-N4 1.366(4) 

N4-N3 1.327(3) 

N3-N2 1.349(3) 

C1-N2 1.374(4) 

N2-C3 1.414(3) 

C3-N1 1.341(4) 

N1-C7 1.357(4) 

C7-C6 1.367(4) 

C6-C5 1.393(4) 

C5-C4 1.384(4) 

C4-C3 1.381(4) 

 Bond angles / ° 

C400-W1-C300 171.2(1) 

C100-W1-C1 167.2(1) 

C200-W1-N1 169.7(1) 

N1-W1-C1 72.7(1) 

C2-C9 76.1(1) 
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Table S2. Crystollographic data for W 
 

 W 

Chemical formula C48H48N8O8W2 

Mr 1232.64 

Crystal system 
 

Space group 

Monoclinic 
 

P2(1)/c 

a (Å) 
 

b (Å) 
 

c (Å) 
 

G (°) 
 

β (°) 
 

γ (°) 

11.8022(9) 
 

16.0693(13) 
 

13.1197(10) 
 

90 
 

111.641(3) 
 

90 
V (Å3) 2312.8(3) 

Z 2 

Densitiy (g cm-3) 1.770 

F(000) 1208 

Radiation Type MoKG 

μ (mm-1) 5.033 

Crystal size 0.38 x 0.33 x 0.2 

Meas. Refl. 49464 

Indep. Refl. 6995 

Obsvd. [I > 2σ(I)] refl. 5638 

Rint 0.0629 

R [F2 > 2σ(F2)], wR(F2), S 0.0294, 0.0545, 0.995 

Δρmax, Δρmin (e Å-3) 0.679, H1.153 
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4. Experimental and calculated UV/VIS absorption spectra 

Figure S4. UV/VIS absorption spectra of Cr in CH3CN, CH2Cl2 and toluene. 

Figure S5. UV/VIS absorption spectra of Mo in CH3CN, CH2Cl2 and toluene. 
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Figure S6. UV/VIS absorption spectra of W in CH3CN, CH2Cl2 and toluene. 
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Comparison with calculated UV/VIS absorption spectra 
The pronounced solvatochromism of the low energy absorption bands of Cr, Mo and W was 
confirmed by TDDFT calculations in CH3CN and CH2Cl2. Additionally, calculations were 
performed in KBr. The calculated spectra of Cr and Mo are in very good agreement with the 
experiment. The larger deviations between the measured and theoretical spectra in the case 
of W probably result from a less accurate description by using an effective core potential for 
tungsten as implemented in turbomole.  

The UV/VIS absorption spectra of Cr, Mo and W have very similar patterns and also similar 
absorption maxima. Furthermore, the character of the underlying electronic transitions is not 
significantly affected by the metal center and the medium according to theory. Hence, the 
assignment of these transitions is given exemplary in the last chapter for Mo in CH3CN, 
CH2Cl2 and KBr. At this point it should also be mentioned that the medium has only a very 
small impact on the shape of the molecular orbitals, which are also presented in the last 
section.      

Figure S7. Experimental UV/VIS absorption spectra of Cr in CH3CN, CH2Cl2 and as KBr 
pellet (top). UV/VIS absorption spectra were calculated in CH3CN, CH2Cl2 and KBr for 

comparison (bottom). Calculations: TDDFT/B3LYP-D3(BJ)/def2-TZVP/COSMO. 
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Figure S8. Experimental UV/VIS absorption spectra of Mo in CH3CN, CH2Cl2 and as KBr 
pellet (top). UV/VIS absorption spectra were calculated in CH3CN, CH2Cl2 and KBr for 

comparison (bottom). Calculations: TDDFT/B3LYP-D3(BJ)/def2-TZVP/COSMO. 
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Figure S9. Experimental UV/VIS absorption spectra of W in CH3CN, CH2Cl2 and as KBr 
pellet (top). UV/VIS absoprtion spectra were calculated in CH3CN, CH2Cl2 and KBr for 

comparison (bottom). Calculations: TDDFT/B3LYP-D3(BJ)/def2-TZVP/COSMO. 
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5. Luminescence data 

 

Figure S10. Integrated visible luminescence intensity (spectral region of 575 ─800 nm) 
relative to 290 K for Mo and W (KBr pellet, T = 290 ─ 5 K, "ex = 355, 420 nm). 
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Table S3. Temperature-dependent luminescence lifetimes of Mo measured by time-
correlated single photon counting (TCSPC, KBr pellet, Iex = 345 nm).  

Complex  Mo 

T / K λem / nm t1 / ns A1 /% t2 / ns A2 /% 

290 666 8.1 ±-0.1 91 24.0 ±-0.4 9 
 643 7.8 ±-J 89 29.0 ±-0.5 11 

210 664 6.4 ±-0.2 14 21.1 ±-0.1 86 
 641 7.0 ±-0.1 21 23.7 ±-0.2 79 

90 659 6.3 ±-0.1 4 55.8 ±-0.1 96 
 641 6.6 ±-0.1 9 56.2 ±-0.2 91 

50 657 13.6 ±-0.5 16 79.2 ±-0.4 84 
 640 7.6 ±-0.2 18 74.2 ±-0.3 82 

25 655 22 ± 1 18 100 ± 1 82 
 637 19.8 ±-0.5 22 102 ± 1 78 

5 655 24.7 ± 0.4 7 170 ± 1 93 
 637 22.3 ±-0.3 12 180 ± 1 88 

 

 

Table S4. Temperature-dependent luminescence lifetimes of W measured by time-correlated 
single photon counting (TCSPC, KBr pellet, Iex = 345 nm).  

Complex  W 

T / K λem / nm t1 / ns A1 /% t2 / ns A2 /% 

290 673 2.04 ±-0.06 99 10.8 ±-0.1 1 
210 668 3.4 ±-0.1 9 17.5 ±-0.1 91 
90 663 7.1 ±-0.2 4 42.0 ±-0.1 96 
50 662 9.1 ±-0.2 15 73.0 ±-0.2 85 
25 662 40 ± 1 14 160 ± 1 86 
5 662 18.1 ±-0.3 19 355 ± 1 81 
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Figure S11. Plot of the luminescence lifetime of Mo and W against temperature (dominating 
time constant t2, see tables S3 and S4 for Mo and W, respectively). Error bars were deduced 

from the fit, but are smaller than the dots.  

 

 

Figure S12. Measured luminescence decay curve (blue dots) of the visible emission band of 
Mo at 290 K ("ex = 345 nm; "em = 666 nm). The red curve shows the biexponential fit 
(including an offset) and the green, orange and grey lines represent the underlying 

monoexponential components and the offset, respectively. The grey dots represent the 
excitation pulse, which is not considered in the fit. The lower trace shows the residuals of the 

fit.  
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Figure S13. Measured luminescence decay curve (blue dots) of the visible emission band of 
W at 290 K ("ex = 345 nm; "em = 673 nm). The red curve shows the biexponential fit 
(including an offset) and the green, orange and grey lines represent the underlying 

monoexponential components and the offset, respectively. The grey dots represent the 
excitation pulse, which is not considered in the fit. The lower trace shows the residuals of the 

fit. 

 

 

Figure S14. Measured luminescence decay curve (blue dots) of the visible emission band of 
Mo at 5 K ("ex = 345 nm; "em = 655 nm). The red curve shows the biexponential fit (including 
an offset) and the green, orange and grey lines represent the underlying monoexponential 

components and the offset, respectively. The grey dots represent the excitation pulse, which 
is not considered in the fit. The lower trace shows the residuals of the fit. 
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Figure S15. Measured luminescence decay curve (blue dots) of the visible emission band of 
W at 5 K ("ex = 345 nm; "em = 662 nm). The red curve shows the biexponential fit (including 
an offset) and the green, orange and grey lines represent the underlying monoexponential 

components and the offset, respectively. The grey dots represent the excitation pulse, which 
is not considered in the fit. The lower trace shows the residuals of the fit. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S16. Integrated NIR luminescence intensity (spectral region of 800 ─ 1400 nm) 
relative to 290 K for Mo and W (KBr pellet, T = 290 ─ 5 K, "ex = 420 nm).  
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Figure S17. Emission spectra of Mo in the VIS (left) and NIR (right) regions, measured as 
KBr pellet (black) and neat powder (red) at room temperature ("ex = 420 nm).   

 

 

 

 

 

  

  

 

  

  

 

 

 

  

 

 

  

 

 

Figure S18. VIS and NIR excitation spectra of Cr (top,left), Mo (top, right) and W (bottom), 
measured as KBr pellets at room temperature. 
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6. Static and transient step-scan FTIR spectroscopy 

 

Static FTIR spectra of the solid samples 

Figure S19. Static solid state IR spectra of Cr (top, left), Mo (top, right) and W (bottom) 
measured as KBr pellets (black) and neat powders (ATR) (red). The shoulders marked with 

asterisks are discussed below.   

 

Static IR spectra of solid samples of Cr, Mo and W were recorded as KBr pellets and neat 
powders (ATR) (Figure S18). The dominating absorption bands in the spectral region of 1700 
– 2050 cm−1 are assigned to the four CO stretching vibrations. The maxima of these strong 
peaks are almost identical in the KBr and ATR spectra, so that the influence of the KBr 
matrix on the CO stretching vibrations is insignificant. The shoulders marked with asterisks in 
Figure S18 might result from a minor contribution of a second isomer in the solid sample. 
However, the IR spectrum shows no hint of clearly distinct structures such as dimers or 
clusters[10], [11], because different structural motifs would probably strongly affect the very 
sensitive carbonyl stretching vibrations.  
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General description of step-scan difference spectra 

The step-scan difference spectra represent the transient changes of the IR absorption 
observed after electronic excitation with a laser pulse ("ex = 532 nm). The negative bands 
correlate with the vibrational bands in the electronic ground state and result from the 
depopulation of the electronic ground state. The small deviations between the minima of the 
negative peaks in the difference spectrum and the absorption maxima in the ground state IR 
spectrum are explained by the superposition of positive and negative bands in the step-scan 
difference spectrum. The positive peaks result from the excited state absorption in the 
populated long-lived electronically excited state(s). The intensity of the step-scan difference 
spectrum decreases over time due to the repopulation of the electronic ground state. Excited 
state lifetimes can be obtained from the decay of the transient IR signals (see respective 
section).  

 

 

Step-scan difference spectra of Cr at 20 K and 290 K 

The step-scan difference spectra are averaged over the time range of 0 – 1 µs after laser 

excitation. 

Figure S20. Ground state FTIR spectrum and step-scan difference spectrum averaged over 
0 – 1 µs after laser excitation ("ex = 532 nm) of Cr (KBr pellet) at 20 K. 
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Figure S21. Ground state FTIR spectrum and step-scan difference spectra averaged over 
0 – 1 µs after laser excitation ("ex = 532 nm) of Cr (KBr pellet) at 290 K. 

 

 

Step-scan difference spectra of Mo and W at 20 K and 290 K 
A more remarkable situation is observed when considering the step-scan difference spectra 
of Mo and W at 20 K at different times after laser excitation. For these two complexes, the 
step-scan difference spectra averaged over the first 0.5 µs after laser excitation show strong 
positive peaks (1977, 1954 and 1934 cm−1 for Mo and 1943 cm−1 for W) (Figures S21 and 
S23), which are not observed at all in the spectra averaged over 5 – 6 µs after excitation. 
Simultaneously, the other positive and negative features remain clearly recognizable, 
meaning that two different excited states contribute to the step-scan difference spectrum at 
short time scales.  

At 290 K the positive peaks around 1950 cm─1 cited above are hardly visible (Mo) or even 
completely absent (W), resulting probably from the shorter excited state lifetimes. 

Pure excited state absorption spectra were generated from the presented step-scan 
difference spectra for a deeper interpretation and comparison with theory (see following 
section).    
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Figure S22. Ground state FTIR spectrum and step-scan difference spectra averaged over 
0 – 0.5 µs and 5 ─ 6 μs after laser excitation ("ex = 532 nm) of Mo (KBr pellet) at 20 K.  

Figure S23. Ground state FTIR spectrum and step-scan difference spectrum averaged over 
0 – 0.5 µs after laser excitation ("ex = 532 nm) of Mo (KBr pellet) at 290 K. 
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Figure S24. Ground state FTIR spectrum and step-scan difference spectra averaged over 
0 – 0.5 µs and 5 ─ 6 μs after laser excitation ("ex = 532 nm) of W (KBr pellet) at 20 K. 

 

Figure S25. Ground state FTIR spectrum and step-scan difference spectrum averaged over 
0 – 0.5 µs after laser excitation ("ex = 532 nm) of W (KBr pellet) at 290 K. 
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Generation of pure excited state absorption spectra and comparison with theory         

The pure IR spectra of the excited states are obtained by addition of a certain contribution of 
the ground state spectrum to the corresponding step-scan difference spectrum to 
compensate the negative bands. Contributions of 1.0 – 4.0% of the ground state spectrum 
were added here, depending on the intensity of the negative bands. The small contribution is 
explained by the fact that only a small part of the molecules in the pellet is excited by each 
laser shot.    

 

Excited state absorption spectra of Cr 

The observation of a weak fifth band beside the four main bands in the excited state 
absorption spectra of Cr at 20 K and 290 K might result from a small contribution of a second 
isomer to the step-scan difference spectra. Please consider also the discussion on the 
presence of two isomers in the section on the IR ground state spectra.  

 

Figure S26. Excited state absorption spectrum obtained from the step-scan spectrum at 0 – 
1 µs after laser excitation (top) and ground state FTIR spectrum of Cr at 20 K (KBr pellet) 

(middle) as well as calculated ground state spectrum (S0) in a KBr matrix (bottom). The sticks 
represent the calculated IR absorption frequencies. Calculation: DFT/B3LYP-D3(BJ)/def2-

TZVP/COSMO, IR absorption frequencies scaled by 0.975, convolution with Gaussian 
profile, FWHM = 8 cm−1.    
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Figure S27. Excited state absorption spectra of Cr at 20 K and 290 K (KBr pellet) by 
considering the step-scan spectra averaged over 0 – 1 µs after laser excitation 
("ex = 532 nm). A contribution of 1.5% of the ground state spectra was added to the step-
scan difference spectra.   

 

Excited state absorption spectra of Mo 

Figure S28. Excited state absorption spectra of Mo at 20 K and 290 K (KBr pellet) by 
considering the step-scan spectra averaged over 0 – 0.5 µs after laser excitation 

("ex = 532 nm). A contribution of 1.0% and 4.0% of the ground state spectrum was added to 
the step-scan difference spectrum at 20 K and 290 K, respectively.   
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Excited state absorption spectra of W 

 

Figure S29. Ground state FTIR spectrum of W at 20 K (KBr pellet) and calculated S0 
spectrum in KBr (top), excited state absorption spectra obtained from the step-scan spectra 

at 0 – 0.5 µs and 5 – 6 µs after laser excitation (middle) as well as calculated triplet (Tn) 
spectrum in KBr (bottom). The sticks represent the calculated IR absorption frequencies. 

Calculations: DFT/B3LYP-D3(BJ)/def2-TZVP/COSMO, IR absorption frequencies scaled by 
0.975, convolution with Gaussian profile, FWHM = 8 cm−1.    
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Figure S30. Excited state absorption spectra of W at 20 K and 290 K (KBr pellet) by 
considering the step-scan spectra averaged over 0 – 0.5 µs after laser excitation 

("ex = 532 nm). A contribution of 1.50% and 1.75% of the ground state spectrum was added 
to the step-scan difference spectrum at 20 K and 290 K, respectively.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



31 

 

Determination of excited state lifetimes by step-scan FTIR spectroscopy 

Excited state lifetimes can be obtained from the step-scan data by analysis of the decay of 
the signals in the step-scan difference spectrum. For this purpose, the most intense bands 
with the best signal to noise ratio were considered.  

Excited state lifetimes of Cr 

A biexponential decay with two long-lived components on microsecond time scale is 
observed for Cr at 20 K. The shorter time constant with a very small contribution of only 2% 
might be explained by the presence of traces of a second isomer. Please consider also the 
discussion on the presence of two isomers in the section on the IR ground state spectra. 

Figure S31. Global biexponential fit performed for the pronounced positive and negative 
bands in the step-scan spectrum of Cr at 20 K. 

Figure S32. Global monoexponential fit performed for the pronounced positive and negative 
bands in the step-scan spectrum of Cr at 290 K. 
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Excited state lifetimes of Mo and W 
At 20 K a biexponential fit was performed for the strong negative peaks in the step-scan 
difference spectrum. This biexponential decay may be explained by the repopulation of the 
electronic ground state from two distinct excited triplet states (see above and also main text). 
However, a small contribution of a second isomer cannot be completely excluded, as in the 
case of Cr. Furthermore, a monoexponential fit was performed for the positive peaks 
between 2000 and 1900 cm−1, assigned to a short-lived excited state. Hence, the lifetime of 
the short-lived excited state was obtained by averaging the respective time constants from 
the mentioned mono- and biexponential fits. At the same time, the long-lived component of 
the biexponential fit is attributed to the excited state with a longer lifetime.  

At 290 K a global monoexponential fit was performed by considering all the pronounced 
positive and negative bands. The obtained time constant is assigned to the NIR emissive 
triplet state (see main text and above). A reliable determination of the time constants of the 
short-lived excited state by the step-scan technique was not possible at 290 K due to the 
weak (Mo) or even completely absent features (W) of this excited state in the step-scan 
spectrum at 290 K.   
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Figure S33. Global biexponential fit performed for the pronounced negative bands in the 
step-scan spectrum of Mo at 20 K (top) and zoom of the time region of 0 ─ 100 μs (middle). 

Monoexponential fit for the positive band at 1954 cm−1 (bottom). 
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Figure S34. Global monoexponential fit performed for the pronounced positive and negative 
bands in the step-scan spectrum of Mo at 290 K. 
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Figure S35. Global biexponential fit performed for the pronounced negative bands in the 
step-scan spectrum of W at 20 K (top) and zoom of the time region of 0 ─ 100 μs (middle). 

Monoexponential fit for the positive band at 1943 cm−1 (bottom).
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Figure S36. Global monoexponential fit performed for the pronounced positive and negative 
bands in the step-scan spectrum of W at 290 K. 

 
 
 
 
 
Table S5. Excited state lifetimes of Cr, Mo and W determined by step-scan FTIR 
spectroscopy.  
 

Complex 290 K 20 K 

 t / ns t1 / µs t2 / µs 
Cr 380 ± 10 (100%) 1.53 ± 0.06 (2%) 135 ± 2 (98%) 
Mo 600 ± 10 (100%) 0.14 ± 0.03 (3%) 150 ± 10 (97%) 
W 370 ± 10 (100%) 0.17 ± 0.01 (2%) 116 ± 5 (98%) 
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7. Additional calculated data 

Table S6. Assignment of the calculated electronic excitations in the singlet manifold for Mo in 
CH3CN (TDDFT/B3LYP-D3(BJ)/def2-TZVP/COSMO: CH3CN).  

transition LM / cm-1 " / nm % donor orbital acceptor orbital 
3 21442 

466 
59 
40 

HOMO-1 
HOMO-2 

LUMO 
LUMO 

9 26846 372 91 HOMO-2 LUMO+1 
14 33367 

300 

41 
17 
7 

HOMO-1 
HOMO-4 
HOMO-1 

LUMO+4 
LUMO 
LUMO+3 

15 33434 299 78 HOMO-4 LUMO 
18 33950 

295 

37 
13 
12 

HOMO 
HOMO-2 
HOMO-2 

LUMO+5 
LUMO+7 
LUMO+4 

30 38308 261 82 HOMO-5 LUMO 
33 39769 

251 

38 
12 
8 

HOMO-1 
HOMO-1 
HOMO 

LUMO+10 
LUMO+7 
LUMO+9 

34 40273 

248 

21 
15 
11 
11 

HOMO-6 
HOMO-1 
HOMO-2 
HOMO-4 

LUMO 
LUMO+3 
LUMO+8 
LUMO+1 

35 40344 

248 

39 
19 
8 

HOMO-6 
HOMO-4 
HOMO-1 

LUMO 
LUMO+1 
LUMO+3 
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Table S7. Assignment of the calculated electronic excitations in the singlet manifold for Mo in 
CH2Cl2 (TDDFT/B3LYP-D3(BJ)/def2-TZVP/COSMO: CH2Cl2). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

Table S8. Assignment of the calculated electronic excitations in the singlet manifold for Mo in 
KBr (TDDFT/B3LYP-D3(BJ)/def2-TZVP/COSMO: KBr).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

transition LM / cm-1 " / nm % donor orbital acceptor orbital 
3 20562 486 63 

36 
HOMO-1 
HOMO-2 

LUMO 
LUMO 

8 25885 386 89 
5 

HOMO-2 
HOMO-1 

LUMO+1 
LUMO+1 

19 33895 295 26 
15 
14 

HOMO-2 
HOMO-1 
HOMO 

LUMO+8 
LUMO+3 
LUMO+6 

30 38351 261 80 
6 

HOMO-5 
HOMO-6 

LUMO 
LUMO 

33 39772 251 27 
17 
16 

HOMO-1 
HOMO 
HOMO-1 

LUMO+10 
LUMO+9 
LUMO+7 

34 40068 250 62 
21 

HOMO-6 
HOMO-4 

LUMO 
LUMO+1 

35 40198 249 21 
18 
11 

HOMO-2 
HOMO-1 
HOMO-2 

LUMO+8 
LUMO+3 
LUMO+2 

transition LM / cm-1 " / nm % donor orbital acceptor orbital 
3 19814 505 65 

33 
HOMO-1 
HOMO-2 

LUMO 
LUMO 

6 24482 408 80 
17 

HOMO 
HOMO-2 

LUMO+2 
LUMO+1 

7 25103 398 75 
16 

HOMO-2 
HOMO 

LUMO+1 
LUMO+2 

20 33930 295 24 
21 
15 
12 

HOMO-2 
HOMO 
HOMO-2 
HOMO-1 

LUMO+8 
LUMO+7 
LUMO+5 
LUMO+4 

31 38401 260 72 
11 

HOMO-5 
HOMO-7 

LUMO 
LUMO 

33 39637 252 47 
13 
9 

HOMO 
HOMO 
HOMO-1 

LUMO+9 
LUMO+11 
LUMO+7 

34 39866 251 65 
17 

HOMO-6 
HOMO-4 

LUMO 
LUMO+1 

35 40024 250 21 
16 
13 

HOMO-2 
HOMO-1 
HOMO-1 

LUMO+8 
LUMO+4 
LUMO+9 

36 40193 249 33 
29 
10 

HOMO-1 
HOMO 
HOMO-1 

LUMO+10 
LUMO+9 
LUMO+7 



39 

 

Calculated molecular orbitals 

                                      HOMO                                                          LUMO 

                                     HOMO-1                                                        LUMO+1 

                                      HOMO-2                                                      LUMO+2 

                                      HOMO-3                                                      LUMO+3 

Figure S37. Calculated molecular orbitals of Mo in CH3CN in the electronic ground state S0 
(isovalue: 0.05 a.u.) (DFT/B3LYP-D3(BJ)/def2-TZVP/COSMO: CH3CN).  
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                                      HOMO-4                                                    LUMO+4 

                                      HOMO-5                                                      LUMO+5 

                                       HOMO-6                                                      LUMO+6 

                                      LUMO+7                                                       LUMO+8 

Figure S36. Calculated molecular orbitals of Mo in CH3CN in the electronic ground state S0 
(isovalue: 0.05 a.u.) (DFT/B3LYP-D3(BJ)/def2-TZVP/COSMO: CH3CN) (continued). 
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                               LUMO+9                                                           LUMO+10 

Figure S36. Calculated molecular orbitals of Mo in CH3CN in the electronic ground state S0 
(isovalue: 0.05 a.u.) (DFT/B3LYP-D3(BJ)/def2-TZVP/COSMO: CH3CN) (continued). 

 

 

 

                                  HOMO                                                              LUMO 

                                HOMO-1                                                             LUMO+1 

 

Figure S38. Calculated molecular orbitals of Mo in CH2Cl2 in the electronic ground state S0 
(isovalue: 0.05 a.u.) (DFT/B3LYP-D3(BJ)/def2-TZVP/COSMO: CH2Cl2).  
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                                 HOMO-2                                                             LUMO+2 

                                    HOMO-3                                                           LUMO+3 

                                   HOMO-4                                                             LUMO+4 

                                   HOMO-5                                                               LUMO+5 

Figure S37. Calculated molecular orbitals of Mo in CH2Cl2 in the electronic ground state S0 
(isovalue: 0.05 a.u.) (DFT/B3LYP-D3(BJ)/def2-TZVP/COSMO: CH2Cl2) (continued).  
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                                   HOMO-6                                                            LUMO+6 

                                   LUMO+7                                                           LUMO+8 

                                  LUMO+9                                                             LUMO+10 

Figure S37. Calculated molecular orbitals of Mo in CH2Cl2 in the electronic ground state S0 
(isovalue: 0.05 a.u.) (DFT/B3LYP-D3(BJ)/def2-TZVP/COSMO: CH2Cl2) (continued).  
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                                          HOMO                                                            LUMO 

                                            HOMO-1                                                          LUMO+1 

                                             HOMO-2                                                          LUMO+2 

                                             HOMO-3                                                           LUMO+3 

Figure S39. Calculated molecular orbitals of Mo in KBr in the electronic ground state S0 
(isovalue: 0.05 a.u.) (DFT/B3LYP-D3(BJ)/def2-TZVP/COSMO: KBr).  
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                                            HOMO-4                                                           LUMO+4 

                                            HOMO-5                                                           LUMO+5 

                                           HOMO-6                                                            LUMO+6 

                                            HOMO-7                                                           LUMO+7 

 

Figure S38. Calculated molecular orbitals of Mo in KBr in the electronic ground state S0 
(isovalue: 0.05 a.u.) (DFT/B3LYP-D3(BJ)/def2-TZVP/COSMO: KBr) (continued). 
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                                           LUMO+8                                                        LUMO+9 

                                           LUMO+10                                                       LUMO+11 

Figure S38. Calculated molecular orbitals of Mo in KBr in the electronic ground state S0 
(isovalue: 0.05 a.u.) (DFT/B3LYP-D3(BJ)/def2-TZVP/COSMO: KBr) (continued). 
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Spin densities in the triplet state Tn 

 

Figure S40. Spin density plot of Mo in the triplet state Tn (UDFT/B3LYP-D3(BJ)/def2-TZVP) 
(isovalue: 0.01 a.u.). 

 

 

Figure S41. Spin density plot of W in the triplet state Tn (UDFT/B3LYP-D3(BJ)/def2-TZVP) 
(isovalue 0.01 a.u.). 
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Calculated S0 and Tn geometries

Table S9. Selected calculated bond lengths [Å] and angles [°] in the ground state (S0) of Cr
(DFT/B3LYP-D3(BJ)/def2-TZVP/COSMO: KBr). 

Cr S0

d(C−O)1 1.160
d(C−O)2 1.159
d(C−O)3 1.151
d(C−O)4 1.151
d(M−CO)1 1.853
d(M−CO)2 1.839
d(M−CO)3 1.894
d(M−CO)4 1.894
d(M−C) 2.264
d(M−N) 2.178
:[(CO)1−M−(CO)2] 93.4
:[(CO)3−M−(CO)4] 176.3
:[CMIC−M−N] 76.0

Figure S42. Calculated electronic ground state (S0) structure of Cr in KBr (DFT/B3LYP-
D3(BJ)/def2-TZVP/COSMO: KBr).
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Table S10. Selected calculated bond lengths [Å] and angles [°] in the electronic ground (S0)
and triplet (Tn) states of Mo ((U)DFT/B3LYP-D3(BJ)/def2-TZVP/COSMO: KBr).

Mo S0 Tn ∆(T1 – S0)

d(C−O)1 1.160 1.143 -0.017
d(C−O)2 1.161 1.143 -0.018
d(C−O)3 1.151 1.142 -0.009
d(C−O)4 1.151 1.142 -0.009
d(M−CO)1 1.997 2.088 +0.091
d(M−CO)2 1.966 2.047 +0.081
d(M−CO)3 2.044 2.052 +0.008
d(M−CO)4 2.043 2.052 +0.009
d(M−C) 2.207 2.191 -0.016
d(M−N) 2.307 2.237 -0.070
:[(CO)1−M−(CO)2] 92.9 94.9 +2.0
:[(CO)3−M−(CO)4] 172.5 184.8 +12.3
:[CMIC−M−N] 72.3 74.3 +2.0

                                               S0                                                        Tn

Figure S43. Calculated electronic ground (S0) and triplet (Tn) structures of Mo in KBr 
(DFT/B3LYP-D3(BJ)/def2-TZVP/COSMO: KBr).   



50

Table S11. Selected calculated bond lengths [Å] and angles [°] in the electronic ground (S0)
and triplet states (Tn) of W ((U)DFT/B3LYP-D3(BJ)/def2-TZVP/COSMO: KBr). 

W S0 T1 ∆(T1 – S0)

d(C−O)1 1.163 1.146 -0.017
d(C−O)2 1.163 1.145 -0.018
d(C−O)3 1.153 1.144 -0.009
d(C−O)4 1.153 1.144 -0.009
d(M−CO)1 2.009 2.082 +0.073
d(M−CO)2 1.981 2.048 +0.067
d(M−CO)3 2.052 2.061 +0.009
d(M−CO)4 2.052 2.062 +0.010
d(M−C) 2.206 2.195 -0.011
d(M−N) 2.303 2.243 -0.060
:[(CO)1−M−(CO)2] 93.5 94.9 +1.4
:[(CO)3−M−(CO)4] 171.9 183.3 +11.4
:[CMIC−M−N] 71.9 73.8 +1.9

                                          S0                                                         T1

Figure S44. Calculated electronic ground (S0) and triplet (Tn) structures of W in KBr 
(DFT/B3LYP-D3(BJ)/def2-TZVP/COSMO: KBr). 
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ABSTRACT: This work reports on the synthesis and in-depth
electrochemical and photochemical characterization of two
chromium(0) and molydenum(0) metal complexes with bidentate
pyridyl-mesoionic carbene (MIC) ligands of the 1,2,3-triazol-5-
ylidene type and carbonyl coligands. Metal complexes with MIC
ligands have turned out to have very promising electrocatalytic and
photochemical properties, but examples of MIC-containing
complexes with early-transition-metal centers remain extremely
rare. The electrochemistry of these new MIC complexes was studied
by cyclic voltammetry and especially spectroelectrochemistry in the
IR region consistent with a mainly metal-centered oxidation, which
is fully reversible in the case of the chromium(0) complex. At the
same time, the two reduction steps are predominantly ligand-
centered according to the observed near-IR absorbance, with the first reduction step being reversible for both systems. The results of
the electron paramagnetic resonance studies on the oxidized and reduced species confirm the IR spectroelectrochemistry
experiments. The photochemical reactivity of the complexes with a series of organic ligands was investigated by time-resolved (step-
scan) Fourier transform infrared (FTIR) spectroscopy. Interestingly, the photoreactions in pyridine and acetonitrile are fully
reversible with a slow dark reverse reaction back to the educt species over minutes and even hours, depending on the metal center
and reagent. This reversible behavior is in contrast to the expected loss of one or several CO ligands known from related homoleptic
as well as heteroleptic M(CO)4L2 α-diimine transition-metal complexes.

■ INTRODUCTION

Mesoionic carbenes (MICs) of the 1,2,3-triazol-5-ylidene type
have established themselves as prominent ligands in organo-
metallic chemistry.1−6 While in the majority of cases these
ligands have been used in homogeneous catalysis,3−6 they have
also found applications in small-molecule activation7−11 and as
parts of redox-active metal complexes.12,13 Furthermore, such
ligands have also been used in the field of photochemistry14−23

and in redox-induced and redox-switchable catalysis.24−28

Metal complexes of bidentate ligands containing one MIC
and one pyridyl donor have displayed excellent photo-
chemical9,19,23 and electrocatalytic properties.10 Most of the
aforementioned metal complexes are predominantly based on
late transition metals.3−6 Examples of early transition metals
with MIC ligands remain extremely rare.29 As part of our
continued interest in the transition-metal chemistry of
bidentate pyridyl-MIC-type ligands, we have now turned our
attention to the group 6 metals chromium and molybdenum.
The carbonyl coligands on the Cr0 and Mo0 centers make
them ideal platforms for a number of electrochemical and
spectroscopic (including photochemical and photophysical)

investigations.30−33 In particular, the CO ligands are powerful
markers for IR spectroscopy and can be very conveniently used
for following excited-state dynamics and reactivity in these
metal complexes. In this context, time-resolved step-scan
Fourier transform infrared (FTIR) spectroscopy turned out to
be an ideal tool to characterize the long-lived electronically
excited states of transition-metal complexes on time scales of
nanoseconds and microseconds.34−39 At the same time, the
step-scan technique has been successfully applied in the
analysis of the photoinduced reactions35,40,41 also involving
transition metals.42−44

In the following, we present the synthesis and character-
ization of the chromium(0) and molydenum(0) complexes 1
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and 2 that contain the bidentate MIC-containing ligand L and
additional CO coligands. The electronic structures were
investigated by UV−vis−near-IR (NIR), IR, and electron
paramagnetic resonance (EPR) spectroelectrochemical meas-
urements for both complexes, in combination with density
functional theory (DFT) calculations. Furthermore, the
photochemical reactivity was studied by time-resolved FTIR
spectroscopy to probe the dynamics and ligand-exchange
reactions of these complexes in the excited state. The choice of
ligand L for these investigations is interesting because L has
certain similarities to the α-diimine ligands mentioned above.
However, L possesses two different donors, and one of them is
the strongly donating MIC, which is expected to have a
profound influence on the properties of the resulting metal
complexes. To the best of our knowledge, these are the first
thorough investigations of transition-metal-bound radicals that
are based on MIC ligands of the 1,2,3-triazol-5-ylidene type.
Additionally, these are also the first spectroscopic inves-

tigations using time-resolved FTIR spectroscopy on the light-
induced ligand substitution reactions in transition-metal
complexes containing MIC ligands.

■ RESULTS AND DISCUSSION

Synthesis and Characterization. The pyridyltriazolium
salt [HL1]OTf was synthesized by using a five-step synthetic
route in reasonable yield (see Scheme 1 and the Supporting
Information). Despite the presence of an additional pyridyl N
atom in E6, methylation of this compound with MeOTf was
fairly selective.

For the synthesis of complex 1, Cr(CO)6 was irradiated with
UV light in tetrahydrofuran (THF; Scheme 2). The in situ
formed solvato complex was further reacted with [HL1]OTf in
the presence of NEt3 as a base. Extractions and further
chromatographic purification delivered complex 1 in good
yield. A similar strategy was also used for the synthesis of
complex 2, except that in this case the prior formation of the
norbornadiene complex from Mo(CO)6 was necessary to get
better product yield (Scheme 2). The identity and purity of the
complexes were ascertained by NMR spectroscopy, elemental
analysis, and electrospray ionization mass spectrometry.
We were able to obtain suitable single crystals for

performing single-crystal X-ray diffraction studies. A look at
the molecular structure in the crystal for both complexes
(Figure 1) shows that the metal centers are coordinated in a
distorted octahedral environment, with the distortion being
imposed by the chelating nature of the L1 ligand.
The Cr−C and Cr−N bond lengths to the MIC and pyridyl

donors of L1 are 2.065(2) and 2.147(2) Å. The corresponding
Mo−C and Mo−N bond lengths in 2 are 2.202(1) and
2.275(1) Å. These differences in the bond lengths are a result
of the different sizes of the two metal centers. The M−C bond
lengths to the CO ligands that are trans to each other are
longer than the M−C bond lengths to the CO ligands that are
trans to L1. Accordingly, the C−O bond distances within the
CO ligands that are trans to each other are shorter compared
the same distances within the CO ligands that are trans to L1
(Table S1). Both of these effects are likely related to the better
trans influence of L1 compared to that of the CO ligands. The
C−C and C−N bond lengths within the L1 ligand in both
complexes 1 and 2 are all in the expected range.3−6 The Dipp
substituent on the 1,2,3-triazol-5-ylidene ligand in both 1 and 2
is twisted out-of-plane, with the dihedral angles between the
two planes being 79.1(1)° and 79.5(1)°.

Electrochemistry and Spectroelectrochemistry. Both
complexes 1 and 2 display oxidation steps at −0.17 and
+0.08 V (Figure 2; all measurements were carried out in
CH3CN/0.1 M Bu4NPF6 and referenced against the FcH/
FcH+ couple).
These data show that both of these complexes are easy to

oxidize, a fact that is a reflection of the low oxidation state of
the metal centers combined with the strongly donating nature
of the MIC-containing ligand.
The oxidation step for the chromium complex 1 is

reversible, whereas that for the molybdenum complex 2 is
irreversible. As reported previously,45,46 we attribute this
behavior to a more facile labilization of the M−CO bond
upon oxidation for the molybdenum complex compared to the
chromium complex. Notably, with the ligand L1, the oxidation
step in complex 1 is reversible at ambient temperatures at
normal scan rates (100 mV/s). For related α-diimine-
containing [Cr(CO)4] complexes, usually lower temperatures,
higher scan rates, or both are necessary to obtain
reversibility.47 We attribute the higher reversibility in our
case to the presence of the strongly donating MIC unit in L1,
which is likely able to compensate for the electron loss at the
Cr center that is induced through oxidation.
Both complexes also display two reduction steps each

(Figure 3). The first reduction steps, which are observed for 1
and 2 at −2.16 and −2.10 V, are reversible. The second
reduction steps for these complexes appear at −2.79 and
−2.68 V. This step is electrochemically and chemically
irreversible for both complexes (Figure 3) because the second

Scheme 1. Synthetic Strategy for [HL1]OTf
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reduction step leads to the appearance of at least two
reoxidation peaks that are shifted far to the positive side,
indicating the irreversible nature of that reduction step.

As can be seen from above, the oxidation potentials for the
two complexes differ substantially from each other, whereas the
reduction potentials are fairly similar. These data are a first
indication of a predominantly metal-centered oxidation and a

Scheme 2. Synthetic Strategy for 1 and 2

Figure 1. ORTEP representations of 1 (left) and 2 (right). H atoms are omitted for clarity. Ellipsoids are drawn with 50% probability.

Figure 2. Cyclic voltammograms of 1 (left) and 2 (right) in CH3CN/
0.1 M Bu4NPF6 with a glassy carbon working electrode at a scan rate
of 100 mV/s.

Figure 3. Cyclic voltammograms of 1 (left) and 2 (right) in CH3CN/
0.1 M Bu4NPF6 with a glassy carbon working electrode at a scan rate
of 100 mV/s (red, first reduction; black, first and second reduction).
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predominantly ligand-centered reduction. A more direct proof
of these assignments comes from spectroelectrochemical
studies and DFT calculations as discussed below.
The IR spectra of 1 and 2 in CH3CN both display a four-

band pattern in the region of 1830−2010 cm−1 typical for the
stretching vibrations of CO ligands (Figures 4 and S19 and

Tables S6 and S8), with the two middle bands being almost
degenerate. This pattern is characteristic for group 6
[M(CO)4] complexes containing an additional bidentate
ligand and is similar to what has been observed previously
for such complexes with α-diimine ligands.30−33 The oxidation
of 1 to 1+ leads to a strong shift of all of the CO bands to
higher energies (Figure 4 and Table S6). For example, the
band at 1998 cm−1 for 1 is shifted to 2089 cm−1 for 1+, which
is a change of 91 cm−1. The other bands are also shifted
accordingly to higher energies. Additionally, the bands at lower
energies become more degenerate for 1+, and the intensities of
all the bands are more equal in the oxidized complex compared
to the neutral form (Figure 4). The large shift (ca. 90 cm−1) to
higher energies of the CO bands is an indication of a metal-
centered oxidation step. When the potential was returned to
the starting potential after a full oxidation cycle was run, the
spectrum of the starting complex was recovered quantitatively,
thus displaying the reversibility of the oxidation step in 1, also
on the IR spectroelectrochemistry time scale (Figure S14).
Even though the oxidation step of complex 2 is not reversible,
the spectral shifts and intensities and the pattern observed in
the IR spectrum of the oxidized species as well as a comparison
of the spectrum with that of 1+ indicate a metal-centered
oxidation also for 2 (Figure S18 and Table S8).
In contrast to the oxidation step, the first reduction leads to

a shift of all the CO bands to lower energies (Figures 4 and
S19 and Tables S6 and S8). The extent of the band shifts is
much smaller for the reduction step compared to the oxidation
step. For example, the high energy band at 1998 cm−1 in 1 is
only shifted to 1978 cm−1 in 1•−, which is just a difference of
20 cm−1. A similar pattern is also observed for the conversion
of 2 to 2•−. The small shift of the CO bands upon one-electron
reduction is an indication of a predominantly L1-centered
reduction step (see below). For both complexes 1 and 2,
running a complete first reduction and reoxidation back to the
starting potential led to an almost quantitative regeneration of
the starting spectrum, thus displaying the reversible nature of
the first reduction step for both complexes (Figures S15 and
S19).
The in situ generated one-electron-oxidized species 1+ did

not display any EPR signal in a fluid solution at ambient
temperatures. In a frozen solution at −130 °C, 1+ displays a
signal with axial anisotropy with g|| = 1.980 and g⊥ = 2.062,

with Δ = 0.082. The simulated spectrum, including hyperfine
coupling to the 53Cr nucleus (I = 3/2; natural abundance =
9.5%), fits nicely with the experimental spectrum (Figure 5).
The absence of a signal in a fluid solution at room temperature
and the substantial g anisotropy observed in a frozen solution
indicate a predominantly metal-centered spin.

The in situ generated reduced forms 1•− and 2•− display
line-rich spectra in a fluid solution at ambient temperatures,
centered at g = 2.003 and 2.004 (Figure 6). Both spectra could

be simulated with good accuracy by considering a very small
hyperfine coupling to the respective metal centers and
predominant hyperfine couplings to four different 14N nuclei
and three or four different 1H nuclei. These results suggest that
the spin in the reduced complexes is predominantly localized
on the MIC and pyridyl parts of the L1 ligand (Tables S29 and
S31).
Spin-density calculations (see below) support these results

and also indicate spin densities on only three of the C atoms of
the pyridyl rings. The EPR data on the oxidized and reduced
complexes thus nicely complement the results from IR
spectroelectrochemistry that were discussed above. To the
best of our knowledge, this is the first thorough and
unambiguous EPR spectroscopic characterization of a metal-
bound MIC-containing radical.
Both complexes display two main absorbance bands in the

visible region in their native state (Figures 7 and S22 and
Tables S10 and S11). These bands have a predominantly
metal-to-ligand charge-transfer (MLCT) character [a detailed
assignment of the absorption bands observed in the UV−vis−
NIR spectra will be made in the (TD-)DFT Calculations
section]. The oxidation of complex 1 only leads to a decrease
in the intensity of the bands in the visible region, with no other
significant changes (Figure S21). In the case of 2, a new

Figure 4. Changes in the IR spectra of 1 in CH3CN/0.1 M Bu4NPF6
with a gold working electrode during the first oxidation (left) and first
reduction (right).

Figure 5. EPR spectrum of in situ generated 1+ at −130 °C in
CH3CN/0.1 M Bu4NPF6.

Figure 6. EPR spectra of 1•− (left) and 2•− (right) at room
temperature in CH3CN/0.1 M Bu4NPF6.
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absorbance band is observed at about 325 nm upon oxidation,
while all of the other bands decrease in intensity (Figure S23).
The changes in the visible and NIR regions upon reduction in
both complexes are, however, very prominent and interesting.
Both 1•− and 2•− display two low-energy bands in the visible

region, as well as a relatively broad band in the NIR region
(Figures 7 and S22 and Tables S10 and S11). Such low-energy
bands in the visible and NIR regions are often an indication of
a metal-bound ligand radical.48 In view of the results from IR
and EPR spectroscopy on the reduced complexes, such an
assignment of these long-wavelength bands seems reasonable.
A thorough discussion of these assignments will be presented
in the (TD-)DFT Calculations section.
Time-Resolved FTIR Spectroscopy. The photochemical

reactivity of 1 and 2 with a series of potential organic ligands,
namely, CH3CN, pyridine, 2,2′-bipyridine, and CH2Cl2, was
analyzed by time-resolved FTIR spectroscopy.
At first, step-scan FTIR investigations were performed on 2

in a CH3CN solution, where the sample was excited with a
355 nm laser pulse. The negative bleach bands in the step-scan
difference spectrum correlate with the educt vibrations and
result from a decrease of the educt concentration. The positive
bands are assigned to the photoproduct, which is formed upon
excitation. The educt vibration at 1831 cm−1 is red-shifted to
1785 cm−1 in the photoproduct, whereas the initial band at
1894 cm−1 is blue-shifted to 1902 cm−1.

The transition observed at 2006 cm−1 for the educt is not
observed at all upon excitation because only the corresponding
bleach without any positive feature is observed (Figure 8).
The pattern and intensities of the step-scan difference

spectrum do not change significantly over the entire time range
of the experiment (approximately 500 μs after laser excitation),
indicating the formation of a long-lived photoproduct (Figure
S47). The presented spectra were averaged over 200 μs to
obtain smooth spectra with a very good signal-to-noise ratio.
The persistence of the step-scan spectrum over the complete

time range of almost 500 μs prompted us to follow the light-
induced reaction pathways over longer time scales up to
minutes. For this purpose, the sample was irradiated over 5
min at a repetition rate of 100 Hz, which leads to an almost
complete disappearance of the educt CO absorption bands.
Nevertheless, the remaining weak educt features show that 2 is
photochemically quite stable and only reacts under harsh
conditions. Interestingly, the new bands observed upon 5 min
of irradiation agree perfectly with the positive features seen in
the step-scan difference spectrum, so that the same photo-
product is observed independently of the experiment (Figure
9). After the period of irradiation (5 min), the reaction was
followed without further UV excitation to analyze potential
dark reactions after formation of the mentioned photoproduct.
Surprisingly, a slow dark reverse reaction was observed, with
complete reformation of the educt after about 30 min and an
IR spectrum that is identical with the educt spectrum.
A second period of irradiation (5 min) again leads to the

formation of the same changes in the IR spectrum, which
underlines the reversibility of the reaction. Hence, the
observations definitely do not agree with the mechanism
reported for the related homoleptic complex W(CO)6, which
was studied by transient IR spectroscopy by Schultz and Krav-
Ami.49 The expected loss of one or several CO ligands, known
from homoleptic M(CO)6

50,51 and the related M(CO)4L2 α-
diimine32,52−54 transition-metal complexes, is not observed
here and rather corresponds to cleavage of a coordinative bond
of the bidentate MIC ligand to the Mo center and occupation
of the free coordination site by a CH3CN molecule. It is
suggested that coordination of the pyridyl moiety of the MIC
ligand to the metal center breaks up because the carbene

Figure 7. Changes in the UV−vis−NIR spectra of 2 in CH3CN/0.1
M Bu4NPF6 during the first reduction with a gold working electrode
(the inset shows the region from 800 to 2000 nm).

Figure 8. Ground-state FTIR and step-scan difference spectra (λex = 355 nm, 0−200 μs) of 2 in CH3CN.
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would be protonated to the triazolium salt, which would
definitely inhibit the observed reverse reaction. At the same
time, dimerization, as described in the literature for the related
species [M(bpy)(CO)3(Cl)] (M = Mn,55 Re56), cannot be
completely excluded. A large series of different potential
photoproducts, including aggregates with the solvent, CO-
bridged dimers, and dimers with metal−metal bonds as well as
intermediate binding of free CO ligands by solvent molecules,
were considered in the quantum-chemical calculations but did
not lead to a good description of the measured IR spectrum.
The chromium complex 1 showed similar spectra, with the

only difference being that the reactivity is lower and that one
additional weak CO absorption band appears at 1928 cm−1

upon irradiation (Figure S48). This feature might result from
the formation of a second isomer to a small extent. In addition,
it should be mentioned that the dark reverse reaction is
completed already after about 15 min and is thus twice as fast
as that in the case of 2, so that the metal center has an
influence on the reaction dynamics. The step-scan data are
analogous to the results obtained for 1 (Figures S49 and S50).
After the studies in CH3CN, the better N-donating ligand

pyridine was considered, where it should be mentioned that 1
and 2 are both stable in a pyridine solution in the dark. The full
conversion of the educt species to the respective photoproduct
is completed for both complexes after 5 min of irradiation
(Figures 10 and S51).
The observation that almost no educt is left after this period

of irradiation is explained by the better σ donation of pyridine
compared to CH3CN. Interestingly, the measured IR spectra
are all analogous to the observations in CH3CN, so that the
reaction dynamics may be identical. The reverse reactions from
the photoproducts back to the educts are completed after
about 35 min for 1 and 10 h for 2, so they are much slower
compared to CH3CN. This demonstrates that stable photo-

products are formed in a pyridine solution upon UV
irradiation, in particular for the molybdenum(0) species.
The interesting photochemical reactivity toward pyridine

incentivized us to analyze the reactivity under the presence of
the bidentate ligand 2,2′-bipyridine, using CH2Cl2 as the
solvent. For a solution of 2 saturated with 2,2′-bipyridine, a
dark reaction is already observed in the first FTIR spectrum
recorded immediately after preparation of the reaction mixture,
which corresponds to a few tenths of seconds.
Three new weak CO bands are observed between 1925 and

2000 cm−1, which do, however, not increase over time neither
in the dark nor upon light excitation (Figure S52). The
bleaching of the educt bands is assigned to a photochemical
reaction with the solvent. Hence, the reaction with 2,2′-
bipyridine is definitely incomplete with a low turnover. The
observation of three CO bands might result from a loss of one
CO ligand, lifting of one coordinative bond of the MIC ligand
to the metal center, and coordination of the bidentate 2,2′-
bipyridine ligand. However, a superimposition of additional
product vibrations by the educt peaks and/or the formation of
different isomers (three new peaks) cannot be excluded.
Because investigations with 2,2′-bipyridine in a CH2Cl2

solution gave first indications for a reaction with solvent
molecules, we performed step-scan measurements for 1 and 2
in a CH2Cl2 solution. The obtained step-scan difference
spectra are very similar to the results in CH3CN, with the
lowest-energy CO vibration being red-shifted by about
40 cm−1, the energetically highest educt band showing only a
bleach band without any positive peak, and the third CO
motion being blue-shifted by approximately 20 cm−1 in the
photoproduct (Figures S53−S56). This indicates that the
reaction mechanism under the presence of CH2Cl2 may be
analogous to the suggested dynamics in a CH3CN solution
with cleavage of a coordinative bond of the bidentate MIC
ligand to the metal and occupation of the free coordination site

Figure 9. FTIR spectrum of a fresh solution of 2 in CH3CN (black),
immediately after the first irradiation (red), at 30 min in the dark after
the first irradiation (green), and immediately after the second
irradiation (blue).

Figure 10. FTIR spectrum of a fresh solution of 2 in pyridine (black),
immediately after the first irradiation (red), at 580 min in the dark
after the first irradiation (green), and immediately after the second
irradiation (blue).
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by a solvent molecule. Again, the features and intensities of the
difference spectrum do not change significantly over the whole
step-scan experiment, so that investigations were performed on
longer times scales for 2.
An irradiation over 5 min leads to a significant decrease of

the educt bands and the appearance of a new CO vibration at
about 1930 cm−1. Different CO bands are observed
temporarily around 1925 and 1980 cm−1 over the next 7 h
after irradiation, indicating the formation of different
intermediates with a series of coordination motifs (Figure
S57).
Time-Dependent [(TD-)DFT] Calculations. DFT calcu-

lations at the B3LYP/RIJCOSX/D3/def2-TZVP level of
theory were carried out on 1 and 2, as well as on their
oxidized and reduced forms. The calculated bond lengths
(Tables S17 and S25) from the optimized structures of both
complexes are in good agreement with the experimental bond
lengths obtained from single-crystal X-ray diffraction data.
The highest occupied molecular orbital (HOMO) is largely

localized on the central metal atom and the two equatorial CO
ligands for 1 and 2, whereas the lowest occupied molecular
orbitals (LUMOs) in both the complexes are almost
exclusively localized on the chelating pyridyl-MIC ligand L1
(Tables S12 and S21 and Figures 11 and S25).

Because both the first oxidation and first reduction steps of 1
are reversible on the electrochemical and spectroelectrochem-
ical time scales, we briefly comment here on the calculated
structural parameters of 1+ and 1•−. In comparison to 1, all of
the calculated Cr−CO bond distances in 1+ are strongly
elongated, whereas the changes in these bond distances in 1•−

are only marginal (Table S17). Accordingly, the C−O bond
distances in 1+ are much shorter compared to those in 1, and
those in 1•− display only marginal changes compared to those
in 1. The changes in the calculated bond lengths within the L1
ligand in the three redox forms provide some further
interesting trends. In 1 and 1+, the changes in the bond

distances within L1 are marginal. However, when the same
distances are compared between 1 and 1•−, some systematic
changes are apparent. Within the 1,2,3-triazol-5-ylidene part of
L1, the C1−C2 bond is shortened in 1•− compared to 1,
whereas all of the other four bonds are elongated in the
reduced complex in comparison to the neutral one. These
observations fit nicely with the bonding/antibonding inter-
actions between the atoms, as seen in the α-HOMO of 1•−

(Figure S28).
The C3−N2 bond that connects the pyridyl and MIC units

in L1 is significantly shorter in 1•− than in 1. Within the
pyridyl ring, the most significant changes are in the C3−N1
and C3−C4 bond distances, both of which become longer
upon moving from 1 to 1•−. With these optimized structures,
we calculated the IR, EPR, and UV−vis−NIR spectroscopic
features for the various redox forms of both complexes. In the
following, we will restrict the discussion on the ground-state
spectroscopic properties to the chromium complex 1 because
the properties of the molybdenum complex 2 are very similar
to those of 1.
The calculated IR spectrum of 1 nicely reproduces the

experimentally observed four-band pattern in the CO region
(Figures 4 and 12). The calculated absolute values of the CO
stretching frequencies are, however, shifted to higher energies
compared to the experimentally observed ones, which can be
explained by the applied harmonic approximation (Figure S13
and Table S5). Additionally, the shift of the CO bands for the
reduced form of 1 in comparison to the native form is also
nicely reproduced by the calculations (Figure 12 and Table
S7). The calculated spectrum of 1+ (Figure S16) differs
significantly from the experimental spectrum. The reasons for
this discrepancy are not very clear at this moment and may
result from ion pairing. Further high-level quantum-chemical
calculations will be required to clarify this point.
TD-DFT calculations on 1 show that the experimentally

observed absorption band at 485 nm (see above) is a mixture
of transitions of HOMO−2 → LUMO (23%) and HOMO−1
→ LUMO (71%) (Figures S25 and S30 and Table S13). This
band can thus be assigned to a mixture of d(Cr) → π*(L1)
MLCT and CO → L1 ligand-to-ligand charge-transfer
(LLCT) transitions. The other prominent band in the visible
region at 394 nm arises from transition HOMO−2 →
LUMO+1. This band can thus be assigned to predominantly
d(Cr) → π*(pyridyl) MLCT and CO → pyridyl LLCT
transitions (Figure S30 and Table S13). As discussed above,
upon oxidation of 1 to 1+, the original bands of 1 basically
decrease in intensity, with no new prominent features
appearing. Thus, the bands of 1+ will not be discussed further

Figure 11. HOMO (left) and LUMO (right) of complex 2 (isovalue
= 0.052).

Figure 12. Calculated IR spectra of 1, 1+ (left), and 1•− (right) in CH3CN (B3LYP/RIJCOSX/D3 def2-TZVP).
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here. The reduced species 1•−, on the other hand, displays
multiple prominent bands in the low-energy visible and NIR
regions. The origin of all of these bands is in the α-HOMO of
1•−, which is delocalized over the ligand L1 (Table S15 and
Figure S28). Thus, for the reduced species, the transitions in
the lower-energy visible and NIR regions can all be assigned to
ligand-centered transitions. In particular, the broad NIR band
centered at around 1180 nm can be assigned to a α-HOMO→
α-LUMO transition, which is an intraligand-charge-transfer-
type transition from the MIC to pyridyl part of L1.
Additionally, spin-density distributions were calculated for 1+

and 1•−. In keeping with the results from EPR spectroscopy,
for 1+, the spin density is almost exclusively centered on
chromium, and for 1•−, the spin density is almost exclusively
centered on the L1 ligand (Figure 13 and Table S28).

■ CONCLUSIONS

In summary, we have presented here the synthesis and
characterization of the first examples of chromium(0) and
molydenum(0) complexes with a MIC-containing ligand of the
1,2,3-triazol-5-ylidene type (together with an additional pyridyl
donor).
A combination of IR, EPR, and UV−vis−NIR spectroelec-

trochemical measurements shows that the oxidation step is
metal-centered and completely reversible for the chromium(0)
complex.45,46 This result is a confirmation that the MIC ligands
can support reversible redox processes at metal centers by
compensating for the electron loss through their strong
donating power. The first reduction step for both complexes
is reversible for both complexes and almost exclusively
centered on the pyridyl-MIC ligand. This is also the first
report on a thorough characterization of a transition-metal-
bound MIC radical. DFT and TD-DFT calculations were
performed to further understand and support the aforemen-
tioned spectroscopic data.
The photochemical reactivity under the presence of different

organic ligands was investigated by time-resolved (step-scan)
FTIR spectroscopy, with the formation of metastable photo-
products reacting back to the educt species in slow reverse
reactions. The reaction mechanism will be further elucidated
by high-level quantum-chemical calculations, but the presented
results already show that the irreversible loss of a CO ligand
and occupation of a free coordination site by a solvent
molecule, which are typically observed for homoleptic
M(CO)6 and heteroleptic M(CO)4L2 transition-metal com-
plexes, are definitely not observed for the MIC-containing

systems presented in this work because of the unexpected
reversibility.
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1. Experimental Section  

1.10 General Procedures, Materials and Instrumentation 

Caution! Compounds containing azides are potentially explosive. Although we never 

experienced any problems during synthesis or analysis, all compounds should be synthesized 

only in small quantities and handled with great care! 

Unless otherwise noted, all reactions were carried out using standard Schlenk-line-techniques 

under an inert atmosphere of argon (Linde Argon 4.8, purity 99.998%). 

Commercially available chemicals were used without further purification. The solvents used 

for metal complex synthesis and catalysis were available from MBRAUN MB-SPS-800 solvent 

System and degassed by standard techniques prior to use. The identity and purity of 

compounds were established via 1H and 13C NMR spectroscopy, IR spectroscopy and mass 

spectrometry. 

Solvents for cyclic voltammetry and UV/vis- and IR-spectroelectrochemical measurements 

were dried and distilled under argon and degassed by common techniques prior to use. 

Column chromatography was performed over silica 60 M (0.04 − 0.063 mm). 

1H and 13C{1H} NMR spectra were recorded on a JEOL ECZ 400R spectrometer at 19 – 22 °C. 

Chemical shifts are reported in ppm referenced to the residual solvent peaks.[1] 

The following abbreviations are used to represent the multiplicity of the signals: s (singlet), d 

(doublet), t (triplet), q (quartet), p (pentet), sept (septet). Mass spectrometry was performed 

on an Agilent 6210 ESI-TOF.  
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1.20 X-ray Diffraction 

X-ray data were collected on a BRUKER Smart AXS or BRUKER D8 Venture system. Data were 

collected at 100(2) or 140(2) K, respectively, using graphite-monochromated Mo K# radiation 

($% = 0.71073 Å). The strategy for the data collection was evaluated by using the APEX2 or 

Smart software. The data were collected by standard “& scan techniques” or “&'� '( scan 

techniques” and were scaled and reduced using APEX2, SAINT+, and SADABS software. The 

structures were solved by direct methods using SHELXL-97 or intrinsic phasing using SHELXL-

2014/7 and refined by full matrix least-squares with SHELXL-2014/7, refining on )*.  

Non-hydrogen atoms were refined anisotropically. If it is noted, bond length and angles were 

measured with Diamond Crystal and Molecular Structure Visualization, version 3.1.[2] 

1.30 Electrochemistry 

Cyclic voltammograms were recorded with a PAR VersaStat 4 potentiostat (Ametek) with a 

conventional three-electrode configuration consisting of a glassy carbon working electrode, a 

platinum auxiliary electrode, and a coiled silver wire as a pseudoreference electrode. The 

(decamethyl)ferrocene/(decamethyl)ferrocenium couple was used as internal reference. All 

measurements were performed at room temperature with a scan rate between 25 and 

1000 mVs+,. The experiments were carried out in absolute Acetonitrile containing 0.1 M 

Bu4NPF6 (Fluka, ≥ 99.0%, electrochemical grade) as the supporting electrolyte.  

1.40 Spectroelectrochemistry 

UV/vis spectra were recorded with an Avantes spectrometer consisting of a light source 

(AvaLight-DH-S-Bal), a UV/vis detector (AvaSpec-ULS2048), and an NIR detector (AvaSpec-

NIR256-TEC). IR spectra were recorded with a BRUKER Vertex 70 FT-IR spectrometer or Nicolet 

6700 FT-IR respectively, and the program used was OPUS Version 7.5. UV/vis- and 

IR-spectroelectrochemical measurements were carried out in an optically transparent thin-

layerelectrochemical (OTTLE)[3] cell (CaF2 windows) with a gold-mesh working electrode, a 

platinum-mesh counter electrode, and a silver-foil pseudoreference. The experiments were 

carried out in absolute Acetonitrile containing 0.1 M Bu4NPF6 as the supporting electrolyte. 

The same solvents as for the CV measurements were used for each compound. 
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1.50 Electron Paramagnetic Resonance 

EPR spectra at the X-band frequency (ca. 9.5 GHz) were obtained with a Magnettech MS-5000 

benchtop EPR spectrometer equipped with a rectangular TE 102 cavity and a TC HO4 

temperature controller. The measurements were carried out in synthetic quartz glass tubes. 

For EPR spectroelectrochemistry, a three-electrode setup was employed using two Teflon-

coated gold wires (0.005 in. bare and 0.008 in. coated) as the working and counter electrodes 

and a Teflon-coated silver wire (0.005 in. bare and 0.007 in coated) as the pseudoreference 

electrode. The low temperature EPR-spectrum were performed at -130 °C and the chemical 

oxidant FcBArF (= ferrocemium tetrafluoroborate). 

1.60 DFT  

The program package ORCA 4.1. was used for all DFT calculations.[4] Starting from the 

molecular structure obtained from X-ray diffraction geometry optimizations were carried out 

using the B3LYP[5] functional and no symmetry restrictions were imposed during the 

optimization. All calculations were performed with empirical Van der Waals correction (D3).[6] 

The restricted and unrestricted DFT methods were employed for closed and open shell 

molecules respectively unless stated otherwise. Convergence criteria were set to default for 

geometry-optimization (OPT), and tight for SCF calculations (TIGHTSCF). Triple- ζ –valence 

basis sets (def2-TZVP)[7] were employed for all atoms. Calculations were performed using 

resolution of the identity approximation[8] with matching auxiliary basis sets[9] for geometry 

optimizations and numerical frequency calculations and the RIJCOSX (combination of the 

resolution of the identity and chain of spheres algorithms) approximation for single point 

calculations using the B3LYP functional.[8] Low-lying excitation energies were calculated with 

time-dependent DFT (TD-DFT). Solvent effects were taken into account with the conductor-

like polarizable continuum model, CPCM.[10] Spin densities were calculated according to the 

Mulliken population analysis.[11] The absence of imaginary frequency Spin densities, molecular 

orbitals and difference densities were visualized with the modified Chemcraft 1.8 program.[12] 

All molecular orbitals are illustrated with an iso value of 0.052. All calculated IR- and TD-DFT 

spectra are Gaussian broadened with a band width of 25 at half height.  
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1.70 General setup for time-resolved FTIR experiments  

All time-resolved FTIR experiments were performed with the FTIR spectrometer Bruker 

Vertex 80v. A liquid-nitrogen-cooled mercury cadmium telluride (MCT) detector 

(Kolmar Tech., Model KV100-1-B-7/190) with a rise time of 25 ns, connected to a fast 

preamplifier and a 14-bit transient recorder board (Spectrum Germany, M3I4142, 

400 MS/s), was used for signal detection and processing. The laser setup includes a Q-

switched Nd:YAG laser (Innolas SpitLight Evo I) generating pulses with a band-width of 

6 ─ 8 ns at a repetition rate of 100 Hz. The frequency tripled radiation of the Nd:YAG 

laser (355 nm) was used directly for sample excitation, the UV pump beam being 

adjusted to have a maximal overlap with the spectrometer´s IR probe beam in the liquid 

optical cell. The laser power was attenuated to about 3.0 mJ/shot at a diameter of 

about 9 mm. The sample chamber was purged with argon and was equipped with anti-

reflection-coated germanium filters to prevent the entrance of laser radiation into the 

detector and interferometer compartments. The spectral region was limited by 

undersampling to 0 – 2633.5 cm−1 with a spectral resolution of 4 or 8 cm−1 resulting in 

1481 (or 888) interferogram points. For the prevention of problems when performing 

a Fourier transformation an IR longpass filter (no transmission > 2400 cm─1) was used 

(i.e. no IR intensity outside the measured region should be observed). The used optical 

cell can be operated either in static or in continuous flow mode and was composed of 

housing and CaF2 windows, separated by two Mylar® spacers of 250 μm thickness.       

1.71 Step-scan FTIR  

The experimental setup for step-scan measurements on solutions has been described 

in detail before, so that only a short description of the step-scan setup is given here.[19] 

In the step-scan experiments the temporal resolution of the 14-bit transient recorder 

board was set to 50 ns. The step-scan measurement was started 19.8 μs before the Q-

Switch of the Nd:YAG laser was triggered, which means that the experiment was 

initiated about 20 μs before the Laser pulse reached the sample. This time was set as 

zero point in all spectra and the time delay between the start of the experiment and 

the Laser pulse was controlled with a Stanford Research Systems DG535 delay 

generator. Up to 1200 coadditions were recorded at each interferogram point, 

depending on the spectrum.  
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The solution was pumped by a peristaltic pump (Masterflex Easy-Load II, variable flow 

rate) through the abovementioned optical cell that is part of a closed-cycle continuous 

flow tubing system including a sample reservoir.     

1.72 Time-resolved FTIR on time scales of minutes to hours 

FTIR spectra were recorded at regular intervals of 60 s during and after irradiation. The 

optical cell was used in the static operation mode and the samples were irradiated over 

5 min at 100 Hz.        

1.73 Solutions  

Solutions of [1] and [2] were prepared at concentrations of ca. 6 mM or 3.5 mM (for step-scan 

measurements). Acetonitrile was purchased from Merck (Uvasol Grade), dichloromethane 

from Aldrich (anhydrous, - 99.8 %) and pyridine from Acros Organics (anhydrous, - 99.5 %). 

Solvents for step-scan experiments were degassed prior to usage. 2,2´-bipyridine was 

purchased from Sigma-Aldrich. Reactions with 2,2´-bipyridine were performed in 

dichloromethane under saturated conditions. 
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2. Synthesis and Characterization 

2.10 Synthetic Strategy for [HL1]OTf 

 

 

 

Scheme S1. Synthetic strategy for [HL1]OTf. 
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2.20 Preparation of 2-(4-(2,6-diisopropylphenyl)-1H-1,2,3-triazole-1-yl)pyridine (E6) 

 

 

 

To a suspension of E2 (662 mg, 3.56 mmol) and E5 (427 mg, 3.56 mmol) in 20 mL toluene 

(CuOTf)2 . ½ C6H6 (5mol-%) was added. The mixture was stirred for 2 days under reflux, 

whereupon a dark brown oil was formed. The solvent was evaporated with the help of EtOH 

and the crude residue was subjected to column chromatography on SiO2 using CH2Cl2/MeOH 

(50:1) as eluent. The crude product was dissolved in pentane and cooled in liquid nitrogen 

under vigorous stirring to precipitated the pure product as white-off solid (347 mg, 32%).[13]  

 

1H NMR (400 MHz, CDCl3) /'0ppm1 = 8.54 (dq, J = 0.8 Hz, 4.8 Hz, 1H), 8.50 (s, Trz-H, 1H), 8.31 

(d, J = 8.4 Hz, 1H), 7.97 (ddd, J = 2.0 Hz, 7.6 Hz, 8,4 Hz, 1H), 7.42 (dt, J = 0.8 Hz, 7.6 Hz, 1H), 

7.38 (ddd, J = 0.8 Hz, 4.8 Hz, 7.6 Hz, 1H), 7.27 (s, 1H), 7.25 (s,1H), 2.72 (sept, J = 6.8 Hz, dipp-

H, 2H), 1.15 (d, J = 7.2 Hz, dipp-CH3, 12H); 13C{1H} NMR (400 MHz, CDCl3) /'0ppm1 = 149.04, 

148.71, 145.68, 139.32, 129.60, 127.62, 125.86, 123.63, 122.78, 120.13, 114,00, 30.65, 24.25; 

MS (ESI): 2 34  found: 345.1472, cacld: 345.1476 [C19H22N4K+], 329.1731, cacld: 329.1737 

[C19H22N4Na+], 279.1857, cacld: 279.1604 [C17H19N4
+]. 
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2.21 NMR Spectra of E6 

 

Figure S1 1H NMR (400 MHz, CDCl3) spectrum of E6. 

 

 

Figure S2. 13C{1H} NMR (400 MHz, CDCl3) spectrum of E6. 
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2.30 Preparation of 4-(2,6-diisopropylphenyl)-3-methyl-1-(pyridin-2-yl)-1H-1,2,3-triazol-

3-ium Tetrafluoroborate [HL1]OTf 

 

 

 

Pyridyl-triazole E6 (739 mg, 2.41 mmol) was dissolved in CH2Cl2 (20 mL) and cooled to 0 °C. To 

the reaction mixture MeOTf (0.29 mL, 2.53 mmol) was added and the reaction mixture was 

stirred for 1 h at 0 °C, followed by 24 h at room temperature. The solvent was evaporated and 

the residue was purified by column chromatography on SiO2 using CH2Cl2/MeOH (10:1) as 

eluent. The crude product was dissolved in acetone and precipitated in a hexane/Et2O mixture 

(1:1) to obtain the pure product as white crystalline solid (1.03 g, 91%).[14] 

 

1H NMR (400 MHz, CDCl3) /'0ppm1 = 8.97 (s, Trz-H, 1H), 8.60 (ddd, J = 0.8 Hz, 2.0 Hz, 4.8 Hz, 

1H), 8.55 (dt, J = 0.8 Hz, 8.4 Hz, 1H), 8.17 (ddd, J = 2.0 Hz, 7.6 Hz, 8.4 Hz, 1H), 7.63 (m, 2H); 7.40 

(s, 1H), 7.38 (s, 1H) 4.24 (s, N-CH3, 3H), 2.49 (sept, J = 6.8 Hz, DIPP-H, 2H), 1.25 (d, J = 6.8 Hz, 

dipp-CH3, 6H), 1.15 (d, J = 6.8 Hz, dipp-CH3, 6H); 13C{1H} NMR (400 MHz, CDCl3) /'0ppm1 = 

149.93, 149.01, 146.85, 142.42, 140.95, 133.30, 127.38, 125.26, 124.43, 117.56, 116.77, 38.81, 

31.39, 25.21, 23.44; MS (ESI): 2 34  found: 321.2084, cacld: 321.2074 [C20H25N4
+]. 
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2.31 NMR Spectra of [HL1]OTf 

 

Figure S3. 1H NMR (400 MHz, CDCl3) spectrum of [HL1]OTf. 

 

Figure S4. 13C{1H} NMR (400 MHz, CDCl3) spectrum of [HL1]OTf. 

 

 



Supporting Information

S14

2.40 Synthetic Strategy for [1] and [2]

Scheme S2. Synthetic strategy for [1] and [2].
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2.50 Preparation of [1] 

 

 

A suspension of [Cr(CO)6] (11.7 mg, 0.053 mmol) in 6 mL THF was stirred for 2 hours under UV 

light. The CO overpressure was released at least 3 times during this period. To the yellow 

solution [HL1]OTf (25.0 mg, 0.053 mmol) and an excess of NEt3 (0.6 mL) were added. The 

mixture was refluxed with an equipped reflux condenser and a gas bubbler overnight. After 

cooling to room temperature, the solvent was evaporated, and the residue was dissolved in 

20 mL CH2Cl2 and extracted three times with 20 mL H2O. The organic phases were collected 

and dried over Na2SO4. The solvent was reduced, and the crude product was purified by 

column chromatography (SiO2, 100% CH2Cl2). Analytically pure product was isolated after 

recrystallization from CH2Cl2 and n-hexane yielding red crystals (15.6 mg, 65%).[15-17] 

1H NMR (400 MHz, CDCl3) /'0ppm1 = 9.07 (d, J = 4.8, 1H), 8.06 (d, J = 8.2 Hz, 1H), 7.93 (t, J = 

7.4 Hz, 1H), 7.55 (t, J = 7.9 Hz, 1H), 7.35 (d, J = 7.8 Hz, 1H), 7.30 (t, J = 6.6 Hz, 1H), 3.90 (s, N-

CH3, 3H), 2.69 (sept, J = 6.8 Hz, dipp-H, 2H), 1.32 (d, J = 6.8 Hz, dipp-CH3, 6H), 1.15 (d, J = 6.8 

Hz, dipp-CH3, 6H); MS (ESI): 2 34  found: 484.1234, cacld: 484.1203 [C24H24CrN4O4
+], 507.1110, 

cacld: 507.1095 [C24H24CrN4O4Na+], 523.0850, cacld: 523.0834 [C24H24CrN4O4K+], 321.2102, 

cacld: 321.2074 [C20H25N4
+]; IR (5(CO), CH2Cl2) = 1998 cm+, (s), 1890 cm+, (s), 1878 cm+, 

(sh), 1830 cm+, (s); Anal. calcd. for C24H24CrN4O4: C, 59.50, H, 4.99, N, 11.56; found: C, 59.96, 

H, 4.91, N, 11.46. 

 

 

 

 

 

 

 



Supporting Information 

S16 
 

2.51 NMR Spectra of [1]  

 

 

Figure S5. 1H NMR (400 MHz, CDCl3) spectrum of [1]. 

 

2.60 Preparation of [2] 

 

 

[Mo(CO)4(nbd)] (11.7 mg, 0.037 mmol) and [HL1]OTf (15.0 mg, 0.037 mmol) were dissolved in 

6 mL THF. Excess of NEt3 (0,6 mL) was added and the reaction mixture was stirred overnight. 

The solvent was evaporated, and the residue was dissolved in 20 mL CH2Cl2 and extracted 

three times with 20 mL H2O. The organic phases were collected and dried over Na2SO4. The 

solvent was reduced and the crude product was purified by column chromatography (SiO2, 

100% CH2Cl2). Analytically pure product was isolated after recrystallization from CH2Cl2 and 

n-pentane yielding red crystals (16.9 mg, 87%).[15-18]  
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1H NMR (400 MHz, CDCl3) /'0ppm1 ='9.00 (dq, J = 0.8 Hz, 5.6 Hz; 1H), 8.18 (dt, J = 0.8 Hz, 8.4 

Hz; 1H), 8.01 (dq, J = 1.6 Hz, 7.6 Hz; 1H), 7.54 (t, J = 7.6 Hz, 1H), 7.36 (dquint, J = 1.2 Hz, 7.6 Hz, 

1H), 7.35 (s, 1H), 7.33 (s, 1H) 3.91 (s, N-CH3, 3H), 2.63 (sept, J = 6.8 Hz, 2H), 1.30 (d,   J = 6.8 Hz, 

dipp-CH3, 6H), 1.14 (d, J = 6.8 Hz, dipp-CH3, 6H); MS (ESI): 2 34  found: 482.0861, calcd: 

482.1210 [C21H28MoN4O3], 502.0903, cacld: 502.0897 [C23H24MoN4O3
+], 530.0860, cacld: 

530.0848 [C24H24MoN4O4
+], 541.1167, calcd: 541.0534 [C23H24N4KO3Mo+], 543.1176, cacld: 

543.1162 [C25H27MoN5O3
+], 569.0488 cacld: 569.0483 [C24H24MoN4O4K+], 321.2102, cacld: 

321.2079 [C20H25N4
+]; IR (5(CO), CH2Cl2) = 2006 cm+, (s), 1896'cm+,'0s), 1876 cm+, (sh), 1830 

cm+, (s); Anal. calcd. for C24H24MoN4O4: C, 54.55, H, 4.58, N, 10.60; found: C, 54.49, H, 4.83, 

N, 10.55. 

 

2.61 NMR Spectra of [2] 

 

Figure S6. 1H NMR (400 MHz, CDCl3) spectrum of [2]. 
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3.  Single-Crystal X-Ray Diffraction Data & Crystal Structures 

 

 

 

 

 

 

 

 

 

Figure S7. ORTEP representation of [1] (hydrogen atoms are omitted for clarity). 

Ellipsoids are drawn with 50% probability. 

 

 

 

 

 

 

 

 

 

Figure S8. ORTEP representation of [2] (hydrogen atoms are omitted for clarity). 

Ellipsoids are drawn with 50% probability. 
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Table S1. Selected bond lengths and angles of [1] and [2]. 

         Atoms           [1]         Atoms         [2] 

            Bond lengths / 67  

Cr1-C1 2.065(2) Mo01-C1 2.202(1) 

Cr1-N1 2.147(2) Mo01-N1 2.275(1) 

Cr1-C100 1.855(2) Mo01-C100 1.997(2) 

Cr1-C200 1.847(2) Mo01-C200 1.973(1) 

Cr1-C300 1.894(2) Mo01-C300 2.051(2) 

Cr1-C400 1.903(2) Mo01-C400 2.040(2) 

C100-O100 1.162(3) C100-O100 1.158(2) 

C200-O200 1.158(3) C200-O200 1.156(2) 

C300-O300 1.151(3) C300-O300 1.146(2) 

C400-O400 1.152(3) C400-O400 1.149(2) 

C1-C2 1.403(3) C1-C2 1.397(2) 

C2-N4 1.370(3) C2-N4 1.370(2) 

N4-N3 1.324(2) N4-N3 1.324(2) 

N3-N2 1.344(2) N3-N2 1.347(2) 

C1-N2 1.371(3) C1-N2 1.379(2) 

N2-C3 1.414(2) N2-C3 1.417(2) 

C3-N1 1.340(3) C3-N1 1.342(2) 

N1-C7 1.350(3) N1-C7 1.355(2) 

C7-C6 1.377(3) C7-C6 1.383(2) 

C6-C5 1.387(3) C6-C5 1.387(2) 

C5-C4 1.389(3) C5-C4 1.389(2) 

C4-C3 1.380(3) C4-C3 1.387(2) 

Bond angles / ° 

C400-Cr1-C300 171.3(1) C400-Mo01-C300 171.8(1) 

C100-Cr1-C1 170.2(1) C100-Mo01-C1 168.2(1) 

C200-Cr1-N1 170.9(1) C200-Mo01-N1 169.2(1) 

N1-Cr1-C1 76.2(1) N1-Mo01-C1 72.8(1) 

C2-C9 79.1(1) C2-C9 79.5(1) 
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Table S2. Crystollographic data for [1] and [2]. 

 [1] [2] 

Chemical formula C24H24N4O4Cr C48H48N8O8Mo2 

Mr 484.47 1056.82 

Crystal system 
 

Space group 

Monoclinic 
 

P2(1)/c 

Monoclinic 
 

P2(1)/c 

a (Å) 
 

b (Å) 
 

c (Å) 
 

8 (°) 
 

β (°) 
 

γ (°) 

11.7822(17) 
 

15.906(3) 
 

13.1446(17) 
 

90 
 

111.331(5) 
 

90 
 

11.825(2) 
 

16.133(4) 
 

13.163(3) 
 

90 
 

111.599(7) 
 

90 

V (Å3) 2294.6(6) 2334.8(9) 

Z 4 2 

Densitiy (g cm-3) 1.402 1.503 

F(000) 1008 1080 

Radiation Type MoK8 MoK8 

μ (mm-1) 0.537 0.600 

Crystal size 0.27 x 0.24 x 0.02 0.40 x 0.38 x 0.2 

Meas. Refl. 33650 62686 

Indep. Refl. 4210 7082 

Obsvd. [I > 2σ(I)] refl. 3407 6248 

Rint 0.0824 0.0358 

R [F2 > 2σ(F2)], wR(F2), S 0.0350, 0859, 1.001 0.0250, 0.0612, 1.022 

Δρmax, Δρmin (e Å-3) 0.332, -0.465 0.438, -0.681 
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4. Cyclic Voltammetry

Figure S9. Cyclic voltammogram of [1] in CH3CN and 0.1 M Bu4NPF6 with a scan 

rate of 100 mV/s.

Figure S10. Cyclic voltammogram of [2] in CH3CN and 0.1 M Bu4NPF6 with a scan 

rate of 100 mV/s.

Table S3. Redox potentials of [1] and [2] in CH3CN and 0.1 M NBu4PF6 at 100 mV/s.

1. Red. / V

  E1/2       ΔEp

2. Red. / V

Ep

1. Ox. / V

E1/2 Ep ΔEp

[1] 92.16 0.07     92.79 90.17 0.07

[2] 92.10 0.08 92.68 0.08
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Figure S11. Scan rate dependency in cyclic voltammetry of complex [1] (left) and [2]

(right) in CH3CN and 0.1 M NBu4PF6.

5. IR-Spectroelectrochemistry

5.10 IR Spectra of [1] and [2]

Figure S12. IR spectra of [1] (blue) and [2] (red) in CH2Cl2.
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Table S4. CO frequencies of [1] and [2] in CH2Cl2.

Figure S13. Calculated (red) and experimental (grey) IR spectra of [1] (left) and [2] (right) 

in CH3CN (B3LYP/RIJCOSX D3/def2-TZVP).

Table S5: Calculated CO frequencies of [1] and [2] in CH3CN (B3LYP/RIJCOSX/D3/def2-
TZVP).

5 (CO) / :;+< 5?@AB?CA (CO) / :;+<

[1] 1998 1890 1878 (sh) 1830 1899

[2] 2006 1896 1876 (sh) 1830 1902

5 (CO) / :;+< 5?@AB?CA (CO) / :;+<

[1] 2043 1911 1901 1855 1928

[2] 2047 1899 1894 1837 1919
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5.20 IR-SEC of [1]

Figure S14. Changes in the IR spectra of [1] in CH3CN/0.1 M Bu4NPF6 with a Au working 

electrode during the first oxidation (left) and after IR-SEC (right).

Figure S15. Changes in the IR spectra of [1] in CH3CN/0.1 M Bu4NPF6 with a Au working 

electrode during the first reduction (left) and after IR-SEC (right).

Table S6. Changes in the CO frequencies of [1] in CH3CN/0.1 M Bu4NPF6 with a Au 

working electrode during the oxidation and first reduction.

5 (CO) / :;+<

[1] 1998 1886 1876 (sh) 1828

[1]+ 2089 2017 1971

[1]- 1978 1861 1846 1794
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5.21 Calculated IR-Spectra of [1]- and [1]+

Figure S16. Calculated (red) and experimental (grey) IR spectra of [1]+ (left) and overlay 

of calculated [1] and [1]+ IR Spectra (right) in CH3CN (B3LYP/RIJCOSX/D3/def2-TZVP).

Figure S17. Calculated (red) and experimental (grey) IR spectra of [1]- (left) and overlay 

of calculated [1] and [1]- (right) in CH3CN (B3LYP/RIJCOSX/D3/def2-TZVP).

Table S7. Calculated CO frequencies of [1], [1]+ and [1]- in CH3CN

(B3LYP/RIJCOSX/D3/def2-TZVP).

5 (CO) / :;+<

[1] 2043 1911 1901 1855

[1]+ 2148 2078 2052 2009

[1]- 2023 1879 1869 1813
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5.30 IR-SEC of [2]

Figure S18. Changes in the IR spectra of [2] in CH3CN/0.1 M Bu4NPF6 with a Au working 

electrode during the first oxidation (left) and after IR-SEC (right).

Figure S19. Changes in the IR spectra of [2] in CH3CN/0.1 M Bu4NPF6 with a Au working 

electrode during the first reduction (left) and after IR-SEC (right).

Table S8. Changes in the CO frequencies of [2] in CH3CN/0.1 M Bu4NPF6 with a Au 

working electrode during the oxidation and first reduction.

5 (CO) / :;+<

[2] 2006 1892 1876 (sh) 1830

[2]after oxidation 2081 2008 1981

[2]- 1986 1865 1844 1797
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5.31 Calculated IR-Spectra of [2]-

Figure S20. Calculated (red) and experimental (grey) IR spectra of [2]- (left) and overlay 

of calculated [2] and [2]- (right) in CH3CN (B3LYP/RIJCOSX/D3/def2-TZVP).

Table S9. Calculated CO frequencies of [2] and [2]- in CH3CN (B3LYP/RIJCOSX/D3/def2-

TZVP).

5 (CO) / :;+<

[2] 2047 1899 1894 1837

[2]- 2028 1868 1859 1795
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6. UV/vis/NIR-Spectroelectrochemistry

6.10 UV/vis/NIR-SEC of [1]

Figure S21. Changes in the UV/vis/NIR spectra of [1] in CH3CN/0.1 M Bu4NPF6 during the 

first oxidation with a Au working electrode.

Figure S22. Changes in the UV/vis/NIR spectra of [1] in CH3CN/0.1 M Bu4NPF6 during the 

first reduction with a Au working electrode (Inset shows region from 850 – 1800 nm).

Table S10. Changes in the UV/vis/NIR spectra of [1] in CH3CN/0.1 M Bu4NPF6 with 

a Au working electrode during the first reduction and first oxidation.

[1] [1]+ [1]-

$ / nm D / 104 M-1cm-1 $ / nm D / 104 M-1cm-1 $ / nm D / 104 M-1cm-1

219 1.79 217 1.45 219 1.63

235 2.26 239 1.48 230 2.04

256 2.01 266 1.35 258 1.59

311 0.24 311 (sh) 0.36 325 1.26

394 0.30 380 (sh) 0.14 391 0.38

485 0.24 446 (sh) 0.07 581 (sh) 0.29

629 0.38

680 0.33

~ 1179 0.06

 Au working electrode.
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6.20 UV/vis/NIR-SEC of [2]

Figure S23. Changes in the UV/vis/NIR spectra of [2] in CH3CN/0.1 M Bu4NPF6 during the 

first oxidation with a Au working electrode.

Figure S24. Changes in the UV/vis/NIR spectra of [1] in CH3CN/0.1 M Bu4NPF6 during the 

first reduction with a Au working electrode (Inset shows region from 800 – 2000 nm).

Table S11. Changes in the UV/vis/NIR spectra of [2] in CH3CN/0.1 M Bu4NPF6 with a Au 

working electrode during the first reduction and first oxidation.

[2] [2]after oxidation [2]-

$ / nm D / 104 M-1cm-1 $ / nm D / 104 M-1cm-1 $ / nm D / 104 M-1cm-1

219 1.63 219 2.00 219 1.87

236 2.53 236 2.55 234 2.50

265 2.73 253 (sh) 2.23 265 2.59

302 (sh) 0.88 279 (sh) 2.00 315 1.67

351 0.37 331 0.48 339 (sh) 1.36

383 0.42 385 0.42 413 0.50

445 0.45 583 (sh) 0.37

626 0.48

677 0.44

~ 1178 0.14
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7. (TD)-DFT Calculations of [1] and [2]

7.10 (TD)-DFT Calculations of [1]

Figure S25. HOMO (left) and LUMO (right) of complex [1].

Figure S26. α-HOMO (left) and α-LUMO (right) of complex [1]+.

Figure S27. β-HOMO (left) and β-LUMO (right) of complex [1]+.
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Figure S28. α-HOMO (left) and α-LUMO (right) of complex [1]-. 

 

 

 

 

 

 

 

 

 

Figure S29. β-HOMO (left) and β-LUMO (right) of complex [1]-. 
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Table S12. Energies and compositions of selected orbitals. 

MO Energy / eV Composition (%) 

  Cr L CO 

[<]EFGF 95.1973 60.1 3.7 36.2 

[<]HIGF 92.0548 1.1 88.3 10.6 

[<]J+EFGF
L  96.8368 50.9 27.0 22.3 

[<]J+HIGF
L  92.5703 0.7 96.6 2.7 

[<]M+EFGF
L  96.5050 51.5 16.2 32.3 

[<]M+HIGF
L  94.3907 46.9 5.5 47.6 

[<]J+EFGF
+  92.3826 1.2 95.7 3.1 

[<]J+HIGF
+  90.7168 0.9 97.2 1.7 

[<]M+EFGF
+  94.6032 57.9 5.5 36.6 

[<]M+HIGF
+  90.6790 0.6 94.9 4.5 

 

Table S13. Selected experimental UV-vis data of [1] together with selected TD-DFT 

calculations. 

State NAOP(NQRS) / nm D / 104 M-1cm-1(f) Main contributing excitation (%) 

3 485 (524) 0.243 (0.053) HOMO-2 T LUMO (23) 
HOMO-1 T LUMO (71) 

8 394 (415) 0.296 (0.071) HOMO-2 T LUMO+1 (80) 
9 311 (365) 0.431 (0.016) HOMO-2 T LUMO+2 (65) 

HOMO-1 T LUMO+5 (18) 
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Figure S30. Involved TD-DFT orbitals of complex [1]. 
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Figure S31. Calculated TD-DFT spectrum with discrete transitions of [1]. 

 

Table S14. Selected experimental UV-vis data of [1]+ together with selected TD-DFT 

calculations. 

State NAOP(NQRS) / nm D / 104 M-1cm-1(f) Main contributing excitation (%) 

4 446 (582) 0.065 (0.001) β-HOMO-3 T β-LUMO (96) 
5 446 (484) 0.065 (0.004) α-HOMO T α-LUMO (13) 

β-HOMO T β-LUMO+1 (77) 
6 446 (470) 0.065 (0.007) β-HOMO-1 T β-LUMO+1 (88) 

10 380 (400) 0.143 (0.020) α-HOMO T α-LUMO (60) 
β-HOMO T β-LUMO+1 (14) 

19 311 (346) 0.357 (0.011) α-HOMO-5 T α-LUMO (15) 
β-HOMO-4 T β-LUMO+1 (11) 
β-HOMO-1 T β-LUMO+2 (35) 

20 311 (345) 0.357 (0.017) α-HOMO-5 T α-LUMO (11) 
α-HOMO-2 T α-LUMO (19) 
β-HOMO-4 T β-LUMO+1 (13) 
β-HOMO-1 T β-LUMO+2 (35) 

 

 

 

 

 

 

 

 

                          α-HOMO-5                                                                        α-HOMO-2 

λ / nm

 600 500 400 300 200
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Figure S32. Involved TD-DFT orbitals of complex [1]+. 
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Figure S33. Calculated TD-DFT spectrum with discrete transitions of [1]+. 

Table S15. Selected experimental UV-vis data of [1]- together with selected TD-DFT 

calculations. 

State NAOP(NQRS) / nm D / 104 M-1cm-1(f) Main contributing excitation (%) 

1 1179 (1273) 0.064 (0.010) α-HOMO T α-LUMO (97) 
3 1179 (824) 0.064 (0.003) α-HOMO T α-LUMO+2 (96) 
5 680 (776) 0.331 (0.011) α-HOMO T α-LUMO+3 (92) 
4 629 (693) 0.337 (0.002) α-HOMO T α-LUMO+4 (89) 
6 581 (519) 0.292 (0.158)  α-HOMO T α-LUMO+5 (88) 

12 391 (438) 0.384 (0.012) β-HOMO-1 T β-LUMO (72) 
15 391 (414) 0.384 (0.017) α-HOMO-1 T α-LUMO+1 (14) 

β-HOMO-2 T β-LUMO (52) 
 β-HOMO T β-LUMO+2 (16) 

34 325 (370) 1.256 (0.061) α-HOMO-3 T α-LUMO (29) 
β-HOMO-2 T β-LUMO+1 (55) 
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λ / nm
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Figure S34. Involved TD-DFT orbitals of complex [1]-. 
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Figure S35. Calculated TD-DFT spectrum with discrete transitions of [1]-. 

 

Table S16. Selected MO energies of [1], [1]+ and [1]-. 

[1] [1]+ [1]- 

MO Energy / eV MO Energy / eV MO Energy / eV 

HOMO-2 95.3236 α-HOMO-5 97.8880 α-HOMO-3 94.8308 

HOMO-1 95.2571 α-HOMO-2 97.1650 α-HOMO-1 94.6010 

LUMO+1 91.3973 β-HOMO-4 97.7407 β-HOMO-2 94.8122 

LUMO+2 90.7261 β-HOMO-3 97.1975 β-HOMO-1 94.6303 

LUMO+5 90.2583 β-HOMO-1 96.6978 α-LUMO+1 90.2782 

  β-LUMO+1 92.5785 α-LUMO+2 90.1569 

  β-LUMO+2 91.8365 α-LUMO+3 90.0778 

    α-LUMO+4 0.1813 

    α-LUMO+5 0.3666 

    β -LUMO+1 90.5666 

    β -LUMO+2 90.2662 

 

 

 

 

 

 

λ / nm

1 2001 000 800 600 400
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Table S17. Selected calculated bond lengths and angles of'[<]CAU'UPV, [<]CAU'UPV
L  and  

[<]CAU'UPV
+  from geometry optimized [<]O+B?W in CH3CN (B3LYP/RIJCOSX/D3/def2-TZVP). 

All atoms are assigned to the corresponding crystal structure of [1] (Figure S7). 

Atoms [<]O+B?W [<]CAU'UPV [<]CAU'UPV
L  [<]CAU'UPV

+  

            Bond lengths / 67  

Cr1-C1 2.065(2) 2.0674 2.0679 2.0902 

Cr1-N1 2.147(2) 2.1702 2.1359 2.1635 

Cr1-C100 1.855(2) 1.8455 1.9655 1.8329 

Cr1-C200 1.847(2) 1.8324 1.9416 1.8269 

Cr1-C300 1.894(2) 1.8937 1.9149 1.8886 

Cr1-C400 1.903(2) 1.8825 1.9209 1.8836 

C100-O100 1.162(3) 1.1627 1.1344 1.1696 

C200-O200 1.158(3) 1.1603 1.1351 1.1634 

C300-O300 1.151(3) 1.1522 1.1401 1.1558 

C400-O400 1.152(3) 1.1522 1.1394 1.1559 

C1-C2 1.403(3) 1.3918 1.3859 1.3637 

C2-N4 1.370(3) 1.3689 1.3719 1.3916 

N4-N3 1.324(2) 1.3118 1.3079 1.3634 

N3-N2 1.344(2) 1.3338 1.3281 1.3729 

C1-N2 1.371(3) 1.3701 1.3681 1.4023 

N2-C3 1.414(2) 1.4048 1.4074 1.3579 

C3-N1 1.340(3) 1.3389 1.3394 1.3656 

N1-C7 1.350(3) 1.3409 1.3411 1.3358 

C7-C6 1.377(3) 1.3843 1.3836 1.3856 

C6-C5 1.387(3) 1.3912 1.3899 1.4061 

C5-C4 1.389(3) 1.3863 1.3869 1.371 

C4-C3 1.380(3) 1.3845 1.3815 1.4203 

Bond angles / ° 

C400-Cr1-C300 171.3(1) 174.21 175.86 175.48 

C100-Cr1-C1 170.2(1) 172.45 174.72 172.82 

C200-Cr1-N1 170.9(1) 169.52 170.77 169.16 

N1-Cr1-C1 76.2(1) 76.07 77.67 76.78 
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Table S18.  XYZ coordinates of optimized [1]. 

 x y z 

Cr -2.062229888181 6.405222853897 9.689452937936 
N -2.967361603429 8.340901974674 10.068806377376 
C -0.553879713132 7.752593462389 9.261039576304 
C -3.528281685329 5.391213196572 10.167246865595 
C -1.035906203875 4.948937954534 9.260971175166 
C -1.464845995855 6.252618676362 11.479943873404 
C -2.730862733925 6.382144050499 7.923698586741 
C -2.170250378752 9.408992558937 9.940520427106 
C -4.244050441814 8.561769160364 10.414056264359 
C 0.758106652754 7.870792300170 8.811795519979 
N -0.875378157035 9.058276667204 9.523573780160 
O -4.434613925468 4.725148575685 10.461674057838 
O -0.373515426995 4.038649513086 8.980026488561 
O -1.119910058667 6.076380095068 12.565069505437 
O -3.171252977517 6.273318168774 6.864597634398 
C -2.570345768531 10.715349758369 10.164816748818 
C -4.744980236977 9.832456661262 10.639161829432 
H -4.870662155575 7.687340461527 10.506131594862 
N 1.072647306878 9.202198653145 8.861811143388 
C 1.661979199936 6.828628563559 8.281809165610 
N 0.088061086649 9.952234798848 9.296343479905 
H -1.869393234040 11.528158158370 10.050243398049 
C -3.892851712972 10.925932090639 10.523022884063 
H -5.784290530401 9.955788089536 10.908429504917 
C 2.349472757556 9.827752779218 8.535639706551 
C 2.648302555456 6.257604395060 9.102139950095 
C 1.488115658600 6.400975769191 6.949824013522 
H -4.254594788689 11.928648580832 10.704548422452 
H 2.961598267700 9.093374472602 8.022809486923 
H 2.838433517282 10.143109106210 9.454803508754 
H 2.170598508439 10.686354935959 7.894608374909 
C 3.456000108541 5.250204429317 8.573504075483 
C 2.860969517614 6.705517351758 10.536086956049 
C 2.321662252121 5.398956841735 6.460313569904 
C 0.459399958843 7.047839708435 6.040370809494 
H 4.216590580657 4.794823441343 9.194149892276 
C 3.297378604214 4.824602281496 7.263940443178 
H 2.126556690243 7.479621436789 10.763490930657 
C 4.258584818549 7.313409301352 10.722186017398 
C 2.634862877925 5.562677666127 11.532330868308 
H 2.210030947454 5.059303998065 5.439371361937 
H -0.281544869870 7.540218921329 6.670970109435 
C -0.287129401428 6.040085498375 5.162718707486 
C 1.122228864459 8.133759108546 5.180556154250 
H 3.934129308740 4.043958950829 6.866190745097 
H 5.032498101101 6.561067964366 10.555299474619 
H 4.374693264545 7.697948868739 11.737608743660 
H 4.433015552158 8.132399190509 10.022877580236 
H 1.622639634357 5.162616244813 11.451013747125 
H 2.784582810686 5.926601362973 12.551328323941 
H 3.336385969590 4.744162644452 11.359449717647 
H -1.081639812763 6.548651452544 4.613709629346 
H -0.739907066836 5.251765994832 5.764284652459 
H 0.375194601680 5.574180013024 4.430715883715 
H 1.863730962706 7.690607531793 4.511747195268 
H 1.630910625408 8.875841669386 5.798689485412 
H 0.374687205213 8.649621644530 4.573348643013 
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Table S19. XYZ coordinates of optimized [1]+. 

 x y z 

Cr -2.140961991557 6.429712439039 9.570181162644 
N -3.002240775600 8.322959331312 10.055755758533 
C -0.567285939871 7.729213401704 9.237226434266 
C -3.669915738388 5.287031887777 10.038750555343 
C -1.116744582918 4.874769598665 9.019899806240 
C -1.517582390504 6.271318298558 11.373800051768 
C -2.729710760698 6.722510011406 7.765381395556 
C -2.185481480536 9.380454989761 9.963162774049 
C -4.272461564077 8.542372532215 10.425563604361 
C 0.749409800485 7.841236630327 8.819632088231 
N -0.893193424516 9.024130855648 9.534573720567 
O -4.515315546786 4.596122017530 10.346621666812 
O -0.522790474003 3.963110104900 8.696858611867 
O -1.132761618281 6.176072922366 12.442649515088 
O -3.080470156300 6.930376232671 6.701462781111 
C -2.564059139346 10.680008209066 10.239641390321 
C -4.747792020911 9.811142435953 10.705860255614 
H -4.915632448246 7.677781887200 10.492798956931 
N 1.063875001237 9.174011117495 8.903946570182 
C 1.661564662182 6.800803616538 8.304704697008 
N 0.076194328047 9.911231376288 9.341745619763 
H -1.851834375273 11.486025872772 10.150829276327 
C -3.880862772314 10.894139201080 10.618702722006 
H -5.780670321739 9.939442792038 10.994906808185 
C 2.338200954819 9.810278136911 8.582653164022 
C 2.664201806117 6.262085038234 9.130366664675 
C 1.481038944601 6.346970955331 6.981960286173 
H -4.225114636830 11.894330265633 10.841965763552 
H 2.956596689733 9.080695619603 8.071109197014 
H 2.818751812539 10.130525580379 9.504056644053 
H 2.150147610856 10.666110260160 7.940807066208 
C 3.469448354038 5.245205868239 8.617012128155 
C 2.906897525900 6.762150300943 10.543232997414 
C 2.312508501763 5.334974324174 6.510855993962 
C 0.458921792453 6.984017629437 6.058933887418 
H 4.242924595962 4.812805718267 9.237832300862 
C 3.296060741318 4.784080937562 7.320963699815 
H 2.164399792051 7.528923286544 10.769685030130 
C 4.296891192533 7.403937460197 10.665536084628 
C 2.744768979257 5.651613481744 11.587888126762 
H 2.196009808368 4.973760604905 5.498099723284 
H -0.261680463150 7.521573505280 6.674640418329 
C -0.321343846051 5.966700752146 5.223646550183 
C 1.138479710491 8.026579344396 5.159318087507 
H 3.931526475821 3.995671137899 6.937391586008 
H 5.079442793999 6.658280429693 10.510034720022 
H 4.430166939514 7.832091560469 11.660859482234 
H 4.440583290842 8.195407988121 9.929454904297 
H 1.736883539420 5.231848640105 11.573226664424 
H 2.938316215236 6.054511689258 12.584398414466 
H 3.450437422594 4.838134364653 11.410578737796 
H -1.097852618334 6.479182583051 4.653887466156 
H -0.800321210668 5.214862391294 5.852528072440 
H 0.325388064015 5.449372772136 4.513316764979 
H 1.860302894550 7.545637183469 4.495585999374 
H 1.672682046804 8.772493757796 5.751111318122 
H 0.395428009350 8.542518669658 4.547275832763 
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Table S20. XYZ coordinates of optimized [1]-. 

 x y z 

Cr -2.052440334159 6.396133096071 9.721147520294 
N -2.978616783222 8.317856985125 10.081665177075 
C -0.527099262022 7.753369264079 9.273587397066 
C -3.500055580666 5.383273655491 10.209402928190 
C -1.009111747455 4.959712709565 9.290013003890 
C -1.443330856071 6.288925146789 11.505606272422 
C -2.727787457632 6.372616005159 7.963194729745 
C -2.155633395083 9.397075767951 9.930810846133 
C -4.252543582131 8.545536205037 10.412893316468 
C 0.749616463651 7.875962511872 8.810197262058 
N -0.895389928827 9.080693371895 9.536324409709 
O -4.408054242139 4.712387167303 10.514989851424 
O -0.335089886790 4.055885584530 8.999349695612 
O -1.093659522697 6.137573756639 12.596747447274 
O -3.189637233812 6.258421791812 6.909717504758 
C -2.600108187101 10.717730353328 10.147957299883 
C -4.777574917932 9.811195030781 10.618438446292 
H -4.874031092248 7.666007459175 10.515008080644 
N 1.085612368077 9.226303622837 8.793921752996 
C 1.652932390819 6.832811458026 8.274234017490 
N 0.082900148740 10.009988367892 9.282989292167 
H -1.908366309581 11.538513883333 10.031295773094 
C -3.916956041542 10.915819673476 10.490834027853 
H -5.818744721971 9.928950850942 10.882333192355 
C 2.377451840907 9.825809973408 8.574428091041 
C 2.645878265912 6.260005361418 9.086522447282 
C 1.496344651404 6.411924153313 6.938004136942 
H -4.288135695229 11.918987728278 10.658773367392 
H 3.019034276012 9.092802123181 8.092743165812 
H 2.834870735706 10.135468619518 9.519020850994 
H 2.281524596342 10.698518666918 7.927189476801 
C 3.462104329269 5.259375166471 8.556924287614 
C 2.853162134170 6.702417155404 10.522627553736 
C 2.337030851073 5.417557541131 6.442069142567 
C 0.466827479720 7.056889865801 6.028784801667 
H 4.223233327037 4.804894579003 9.178628666020 
C 3.312481979515 4.840033465577 7.243746549146 
H 2.130082527636 7.491266405744 10.733021429143 
C 4.260678885935 7.278755970406 10.730449030618 
C 2.583687281267 5.564553453217 11.513463351439 
H 2.230298832983 5.085893695911 5.417267889104 
H -0.253753501529 7.567051728754 6.667925978380 
C -0.304786200955 6.043074539430 5.180312226578 
C 1.132409989228 8.119009397941 5.142553377827 
H 3.955005458673 4.065001100431 6.843250325054 
H 5.023103623958 6.512080370050 10.574617151574 
H 4.371490565223 7.661032986390 11.747900049248 
H 4.460049328478 8.095057484905 10.034505943628 
H 1.564699399533 5.188224250070 11.409121546791 
H 2.719211352159 5.922573294031 12.537060850330 
H 3.270982892566 4.730805175546 11.353128007186 
H -1.095973428052 6.550712003373 4.624802213561 
H -0.766367117085 5.278441009260 5.805310907562 
H 0.343205918152 5.546572929873 4.454769521014 
H 1.860116212025 7.657676306802 4.469988474927 
H 1.656540883888 8.861360997986 5.747611649696 
H 0.385048035873 8.636738781354 4.535688294433 
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7.20 (TD)-DFT Calculations of [2]

Figure S36. HOMO (left) and LUMO (right) of complex [2].

Figure S37. α-HOMO (left) and α-LUMO (right) of complex [2]-.

Figure S38. β-HOMO (left) and β-LUMO (right) of complex [2]-.
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Table S21. Energies and compositions of selected orbitals.

MO Energy / eV Composition (%)

Mo L CO

[X]EFGF 95.1521 53.4 4.7 41.9

[X]HIGF 92.1518 0.7 94.9 4.4

[X]J+EFGF
+ 92.5010 0.8 94.7 4.5

[X]J+HIGF
+ 90.8445 0.6 95.9 3.5

[X]M+EFGF
+ 94.6784 51.4 6.5 42.1

[X]M+HIGF
+ 90.8315 0.8 90.3 8.9

Table S22. Selected experimental UV-vis data of [2] together with selected TD-DFT 

calculations.

State NAOP(NQRS) / nm D / 104 M-1cm-1(f) Main contributing excitation (%)

3 445 (518) 0.450 (0.066) HOMO-2 T LUMO (22)
HOMO-1 T LUMO (93)

9 383 (407) 0.419 (0.060) HOMO-2 T LUMO+1 (68)
HOMO-2 T LUMO+2 (10)

8 351 (373) 0.374 (0.013) HOMO-2 T LUMO+2 (48)
HOMO-1 T LUMO+1 (10)
HOMO-1 T LUMO+3 (32)

                         HOMO-2                                                                   HOMO-1
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                              LUMO+1                                                             LUMO+2

                                        LUMO+3

Figure S39. Involved TD-DFT orbitals of complex [2].

Figure S40. Calculated TD-DFT spectrum with discrete transitions of [2].

λ / nm
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Table S23. Selected experimental UV-vis data of [2]- together with selected TD-DFT 

calculations. 

State NAOP(NQRS) / nm D / 104 M-1cm-1(f) Main contributing excitation (%) 

1 1178 (1260) 0.135 (0.013) α-HOMO T α-LUMO (94) 
3 1178 (1196) 0.135 (0.001) α-HOMO T α-LUMO+2 (99) 
4 677 (783) 0.439 (0.026) α-HOMO T α-LUMO+3 (96) 
5 626 (753) 0.478 (0.011) α-HOMO T α-LUMO+4 (99) 
8 583 (510) 0.371 (0.014) α-HOMO T α-LUMO+7 (81) 
6 583 (506) 0.371 (0.098) α-HOMO T α-LUMO+5 (88) 
7 583 (505) 0.371 (0.022) α-HOMO T α-LUMO+5 (77) 

14 413 (411) 0.503 (0.058) α-HOMO T α-LUMO+8 (31) 
β-HOMO-1 T β-LUMO (37) 

15 413 (409) 0.503 (0.013) α-HOMO T α-LUMO+8 (46) 
β-HOMO-1 T β-LUMO (27) 

18 339 (364) 1.356 (0.012) α-HOMO-2 T α-LUMO+2 (15) 
β-HOMO-2 T β-LUMO (25) 
β-HOMO-1 T β-LUMO+3 (26) 

34 315 (358) 1.666 (0.031) α-HOMO-3 T α-LUMO (17) 
β-HOMO-2 T β-LUMO+2 (46) 

 

 

                     α-HOMO-3                                                                   α-HOMO-2 

 

        β-HOMO-2                                                                     β-HOMO-1 
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             α-LUMO+2                                                               α-LUMO+3   

 

              α-LUMO+4                                                             α-LUMO+5 

 

          

              α-LUMO+7                                                              α-LUMO+8 
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                 β-LUMO+2                                                          β-LUMO+3 

 

Figure S41. Involved TD-DFT orbitals of complex [2]-. 

 

 

 

 

 

 

 

 

 

Figure S42. Calculated TD-DFT spectrum with discrete transitions of [2]-. 
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Table S24. Selected MO energies of [2] and [2]-. 

[2] [2]- 

MO Energy / eV MO Energy / eV 

HOMO-2 95.4110 α-HOMO-3 94.8745 

HOMO-1 95.3451 α-HOMO-2 94.6831 

LUMO+1 91.4932 β-HOMO-2 94.9426 

LUMO+2 91.0532 β-HOMO-1 94.7706 

LUMO+3 90.6821 α-LUMO+2 90.2987 

  α-LUMO+3 90.2639 

  α-LUMO+4 90.0848 

  α-LUMO+5 0.3606 

  α-LUMO+7 0.5324 

  α -LUMO+8 0.8247 

  β-LUMO+2 90.6441 

  β-LUMO+3 90.2820 
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Table S25. Selected calculated bond lengths and angles of'[X]CAU'UPV and  [X]CAU'UPV
+  from 

geometry optimized [X]O+B?W in CH3CN (B3LYP/RIJCOSX/D3/def2-TZVP). All atoms are 

assigned to the corresponding crystal structure of [2] (Figure S8). 

Atoms    [X]O+B?W [X]CAU'UPV [X]CAU'UPV
+  

            Bond lengths / 67  

Mo01-C1 2.202(1) 2.2185 2.2317 

Mo01-N1 2.275(1) 2.3166 2.3032 

Mo01-C100 1.997(2) 1.9957 1.9879 

Mo01-C200 1.973(1) 1.9613 1.9588 

Mo01-C300 2.051(2) 2.0428 2.0401 

Mo01-C400 2.040(2) 2.0404 2.0366 

C100-O100 1.158(2) 1.1624 1.1685 

C200-O200 1.156(2) 1.1641 1.1689 

C300-O300 1.146(2) 1.1509 1.1541 

C400-O400 1.149(2) 1.1521 1.1556 

C1-C2 1.397(2) 1.3923 1.3671 

C2-N4 1.370(2) 1.3683 1.3849 

N4-N3 1.324(2) 1.3104 1.3594 

N3-N2 1.347(2) 1.3327 1.3721 

C1-N2 1.379(2) 1.3726 1.4053 

N2-C3 1.417(2) 1.4075 1.3594 

C3-N1 1.342(2) 1.3388 1.3679 

N1-C7 1.355(2) 1.3431 1.3405 

C7-C6 1.383(2) 1.3832 1.3823 

C6-C5 1.387(2) 1.3912 1.4082 

C5-C4 1.389(2) 1.3856 1.3734 

C4-C3 1.387(2) 1.3855 1.4114 

Bond angles / ° 

C400-Mo01-C300 171.8(1) 171.62 171.43 

C100-Mo01-C1 168.2(1) 166.13 166.23 

C200-Mo01-N1 169.2(1) 172.28 172.81 

N1-Mo01-C1 72.8(1) 72.12 72.84 
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Table S26. XYZ coordinates of optimized [2]. 

 x y z 

Mo 9.276413374869 9.721421086215 2.903026235331 
C 7.588615554707 8.288241899620 3.040554506819 
N 10.020365426219 7.669558953685 2.126423181011 
C 11.023264015518 10.632841280874 2.585926717045 
C 9.917163224772 9.242248607261 4.782633879573 
C 8.465488961762 11.321716246951 3.695694258557 
C 8.512861506098 10.439834219276 1.152523551601 
C 6.258282587120 8.157542004065 3.429937401337 
N 7.900308580414 6.999485453444 2.685736107858 
C 9.173266697036 6.636028049257 2.207634978395 
C 11.267314940428 7.412577106410 1.698688568919 
O 12.066832704840 11.104417019093 2.386501605933 
O 10.275455638507 9.054774491832 5.860173282221 
O 7.976259391400 12.266087008424 4.169025478434 
O 8.030893585349 10.945321139448 0.236276640598 
N 5.937891474499 6.833342846125 3.303526259142 
C 5.333171453221 9.208572918115 3.893986339831 
N 6.924048912850 6.105561077804 2.839986310554 
C 9.500304643414 5.331275677039 1.875696762887 
H 11.933353987367 8.259871632509 1.638026038404 
C 11.692116465344 6.141136082822 1.357823432623 
C 4.677036813966 6.178198594288 3.632790660777 
C 5.547560690291 9.783576083299 5.163824104907 
C 4.302272457794 9.666647882773 3.052995613691 
H 8.765132880287 4.546196694894 1.964815806045 
C 10.793797487666 5.082502643744 1.445582401407 
H 12.708742973658 5.988325425053 1.024969717115 
H 4.200419707300 5.831169651353 2.719269387617 
H 4.044478819508 6.902106495329 4.134619693591 
H 4.880615993182 5.336964198785 4.289884287959 
C 4.731210387330 10.837674786934 5.560638549711 
C 6.580541983770 9.205802413403 6.113618192822 
C 3.507071805730 10.725426673750 3.494019453967 
C 4.019397921850 9.047784168341 1.694088809023 
H 11.096466920039 4.078245298470 1.182127685879 
H 4.880771436296 11.295594912617 6.528472395600 
C 3.721006441096 11.310307779110 4.732537222451 
H 7.355306345196 8.734328823628 5.511102564047 
C 7.263298030197 10.247130392089 7.000727009723 
C 5.932049952899 8.105090183620 6.966003692364 
H 2.714024140137 11.096225146604 2.857646177709 
H 4.759004601485 8.268722560298 1.508387435936 
C 2.630056842482 8.394385228395 1.663503281633 
C 4.143669312759 10.064729769277 0.552789353623 
H 3.098520583043 12.134889810563 5.057378399603 
H 7.706734056211 11.044231790616 6.405650820295 
H 8.056930991746 9.768564176190 7.576672662017 
H 6.566085964829 10.696849240647 7.710320703883 
H 5.463095569074 7.342393791391 6.341525672125 
H 5.160847480911 8.531069083873 7.611990790565 
H 6.681161425526 7.618828192390 7.595359682823 
H 2.477117532226 7.874544703345 0.715549516181 
H 1.848106890725 9.150081362626 1.764379482313 
H 2.502735741931 7.675065469612 2.472367178814 
H 3.913735689652 9.578886667955 -0.398507183202 
H 5.151224163570 10.480665654541 0.496315991000 
H 3.443106839907 10.890959449925 0.685461248911 
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Table S27. XYZ coordinates of optimized [2]-. 

 x y z 

Mo 9.279989063870 9.719847690906 2.897715858059 
C 7.572734824049 8.288568708043 3.029596460521 
N 10.032289158833 7.690274270974 2.110561703322 
C 11.023808343725 10.621609290501 2.585145310392 
C 9.904257955905 9.219539406493 4.774343921088 
C 8.475444838978 11.317352806749 3.696150918122 
C 8.491843084962 10.435318933504 1.161448691237 
C 6.265821125229 8.160574550017 3.409888965942 
N 7.917430249268 6.977306933632 2.659817193357 
C 9.153086141912 6.646216592087 2.199982359267 
C 11.276136428101 7.418963794613 1.690841252132 
O 12.073440440965 11.096649899790 2.390508640661 
O 10.257741321192 9.025126950205 5.855686212808 
O 7.993067069885 12.269499668029 4.172611108323 
O 7.985921441033 10.945431229773 0.256328319944 
N 5.895767721709 6.832182403167 3.280999099319 
C 5.345007406323 9.214538124563 3.882662642223 
N 6.908154001085 6.059359576204 2.805973900481 
C 9.514371439047 5.327127257320 1.851481476635 
H 11.944760364123 8.266965712699 1.633553008023 
C 11.714954976982 6.153109733798 1.350375265592 
C 4.675986374840 6.182778074709 3.689814353745 
C 5.541636866859 9.778433779620 5.160564049013 
C 4.306911324585 9.674413164445 3.050135056900 
H 8.782018529824 4.538120297689 1.934101816108 
C 10.799887075618 5.085904546359 1.432710840896 
H 12.733451040229 6.002194840822 1.022801368375 
H 4.196445890877 5.692261156904 2.840599783366 
H 4.006195792646 6.934874827504 4.095640935226 
H 4.881501956425 5.434665738656 4.458894239201 
C 4.713101730397 10.820790281409 5.567952560739 
C 6.573744152739 9.202584080725 6.113566832197 
C 3.496233173151 10.718226396682 3.499164450310 
C 4.038226998908 9.065978117325 1.683175381158 
H 11.105539311010 4.081490161878 1.167694000983 
H 4.855857348010 11.268419648061 6.542269779796 
C 3.699066470999 11.293388479227 4.744976022447 
H 7.338468037694 8.722385905839 5.506721585135 
C 7.266358955476 10.247431432970 6.988965648543 
C 5.921128250495 8.115052509289 6.979184415472 
H 2.699683672686 11.086300616507 2.864765965123 
H 4.792938535383 8.301524174537 1.501022285134 
C 2.661178153448 8.388381896120 1.635876257309 
C 4.150383854797 10.096318074893 0.552881230552 
H 3.066074893550 12.107107543193 5.077893291640 
H 7.717093104097 11.032105670448 6.383021677503 
H 8.056425703374 9.768883450083 7.570474497795 
H 6.574378087942 10.713581892625 7.693931636764 
H 5.447902735671 7.350197069925 6.360727918749 
H 5.153437232631 8.550357900681 7.624067892023 
H 6.668258984060 7.629932398382 7.612754718416 
H 2.517481189042 7.886565264772 0.676344238533 
H 1.863464137939 9.125524323498 1.753388184999 
H 2.549758004912 7.647456058046 2.427229194815 
H 3.930688423210 9.618394406972 -0.405304996435 
H 5.152397950816 10.526451882005 0.505349200396 
H 3.437678658485 10.911980404136 0.689651379625 
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8. EPR-Spectroelectrochemistry and Spin Density Calculations of [1] and [2]

8.10 EPR-Spectroelectrochemistry and Spin Density Calculations of [1]

Figure S43. Spin density plot of complex [1]+ (left) and [1]- (right) (iso value = 0.003).

Table S28. Composition of [1]+/- Loewdin spin density.

Composition (%)

Cr L

Y | 9

COax 

Y | 9

COeq

Y | 9

[<]L 99.4   0.3 | 91.0    0.0 | 99.4   0.0 | 10.7

[<]+ 90.4 99.3 | 91.0 0.9 | 0.0 1.2 | 0.0

Figure S44. EPR-spectrum of [1]+ (left, 9130Z) and [1]- (right, room temperature) in

CH3CN/0.1 M Bu4NPF6.
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Table S29. EPR simulation data of complex [1]+ and [1]-. 

[<]L  

\|| 1.980 

\^ 2.062 

A(Cr) [100] 

Line width for isotropic broadening / mT [0 0.800] 

[<]+  

g 2.0033 

A(Cr) 4.10 

A(N1) 11.00 

A(N2) 9.20 

A(N3) 19.60 

A(N4) 10.50 

A(H1) 18.00 

A(H2) 15.00 

A(H3) 5.00 

A(H4) 4.80 

Line width for isotropic broadening / mT [0 0.125] 
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8.20 EPR-Spectroelectrochemistry and Spin Density Calculations of [2] 

 

 

 

 

 

 

 

 

Figure S45. Spin density plot of complex [2]- (iso value = 0.003). 

 

Table S30. Composition of [2]- in Loewdin spin density. 

Composition (%) 

 
Mo L  

  Y'| '9 

COax 

 Y'| '9 

COeq 

 Y'| '9 

[X]+  90.7 98.5 | 91.0 1.1 | 0.0 2.1 | 0.0 

 

 

 

 

 

 

 

 

Figure S46. EPR-spectrum of [2]- at room temperature in CH3CN/0.1 M Bu4NPF6. 
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Table S31. EPR simulation data of complex [2]-. 

[X]+  

g 2.0038 

A(Mo) 3.66 

A(N1) 21.04 

A(N2) 20.26 

A(N3) 11.76 

A(N4) 3.63 

A(H1) 20.17 

A(H2) 17.72 

A(H3) 4.00 

Line width for isotropic broadening / mT [0 0.123] 

 

9. Photochemical Studies by Time-Resolved FTIR Spectroscopy 

 

 

 

 

 

 

 

 

 

Figure S47. Step-scan difference spectra of [2] in CH3CN covering the complete time 

range after laser excitation (0 – 479.8 µs).  
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Figure S48. FTIR spectrum of a fresh solution of [1] in CH3CN (black), immediately after 

the 1st irradiation (red), at 15 min in the dark after the 1st irradiation (green) and 

immediately after the 2nd irradiation (blue). 
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Figure S49. Ground state FTIR spectrum and step-scan difference spectrum  

(λex = 355 nm, 0 – 200 µs) of [1] in CH3CN.  

 

 

 

 

 

 

 

 

 

 

 

Figure S50. Step-scan difference spectra of [1] in CH3CN covering the complete time 

range after laser excitation (0 – 479.8 µs).  
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Figure S51. FTIR spectrum of [1] in pyridine (black), immediately after the 1st irradiation (red), 

at 35 min in the dark after the 1st irradiation (green) and immediately after the 2nd irradiation 

(blue). 
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Figure S52. FTIR spectra of fresh solutions of [2] in CH2Cl2 saturated with 2,2’-bipyridine 

(red) and in pure CH2Cl2 (black). The new spectral features observed under presence of 

2,2’-bipyridine are marked with asterisks. 

 

 

 

 

 

 

 

 

 

 

 

Figure S53. Ground state FTIR spectrum and step-scan difference spectrum  

(λex = 355 nm, 0 – 200 µs) of [1] in CH2Cl2.  
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Figure S54. Step-scan difference spectra of [1] in CH2 Cl2 covering the complete time 

range after laser excitation (0 – 479.8 µs).  

 

 

 

 

 

 

 

 

 

 

 

Figure S55. Ground state FTIR spectrum and step-scan difference spectrum  

(λex = 355 nm, 0 – 200 µs) of [2] in CH2Cl2.  
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Figure S56. Step-scan difference spectra of [2] in CH2 Cl2 covering the complete time 

range after laser excitation (0 – 479.8 µs).  

 

 

 

 

 

 

 

 

 

 

 

Figure S57. FTIR spectrum of [2] (educt) in dichloromethane (black), at different times 

after irradiation (75 min (green), 295 min (blue), 433 min (turquoise)) and immediately 

after the 2nd irradiation (pink). 
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13 Highly soluble fluorine containing Cu(I) AlkylPyrPhos TADF 

complexes 

 

13.1 Preamble 

Luminescence spectroscopy and step-scan FTIR spectroscopy in the solid state at different 

temperatures were performed by Sophie Steiger and myself. Furthermore, we conducted 

luminescence spectroscopy in solution, including photochemical studies. Patrick Di Martino 

performed DFT calculations. Sophie Steiger, Patrick Di Martino-Fumo and myself were supervised by 

Markus Gerhards.  

Jasmin M. Busch and Daniel Zink synthesized the complexes and performed the analytical 

characterization. Furthermore, they performed luminescence spectroscopy on the complexes as neat 

powders and films as well as UV/VIS absorption spectroscopy. Jasmin M. Busch and Daniel Zink 

worked under the supervision of Stefan Bräse. Florian Rehak performed Bethe-Salpeter and further 

DFT calculations, supervised by Willem Klopper. Olaf Fuhr and Martin Nieger solved the X-ray 

structures. The manuscript was written by contributions from all coauthors.         
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Highly soluble fluorine containing Cu(I)
AlkylPyrPhos TADF complexes†
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Florian R. Rehak,c Pit Boden,b Sophie Steiger,b Olaf Fuhr, d Martin Nieger, e

Wim Klopper, *c Markus Gerhards *b and Stefan Bräse *a,f

Luminescent Cu(I) AlkylPyrPhos complexes with a butterfly-shaped Cu2I2 core and halogen containing

ancillary ligands, with a special focus on fluorine, have been investigated in this study. These complexes

show extremely high solubilities and a remarkable (photo)chemical stability in a series of solvents. A

tunable emission resulting from thermally activated delayed fluorescence with high quantum yields was

determined by luminescence and lifetime investigations in solvents and solids. Structures of the electronic

ground states were analyzed by single crystal X-ray analysis. The structure of the lowest excited triplet

state was determined by transient FTIR spectroscopy, in combination with quantum chemical calcu-

lations. With the obtained range of compounds we address the key requirement for the production of

organic light emitting diodes based on solution processing.

Introduction

Organic light emitting diodes (OLEDs) are nowadays a very hot
topic for the display and lighting technology, because of their
energy efficiency, colour richness and brightness.1,2

Considering the process of OLED production, solution pro-
cessed techniques are very appealing because of reduced pro-
duction costs in comparison to the expensive vacuum tech-
niques.3 Therefore the solubility of the materials is one of the
most important aspects. Focusing on the emissive layer, lumi-
nescent organic compounds often have poor solubilities com-
pared to metal-based emitters, which are in many cases
smaller and more flexible in solution. Besides the examples of

iridium4 and platinum5,6 complexes as phosphorescent emit-
ters, many highly luminescent complexes with earth-abundant
copper have been described in the literature.7–9 Several Cu(I)
complexes possess the widely investigated thermally activated
delayed fluorescence (TADF), harvesting almost all excitons via
the singlet state already at room temperature through reverse
intersystem crossing to reach quantum efficiencies of up to
100%.10–18 After the early stages of this technology, including
the copper complexes bearing phenanthroline (phen)19 and
bis(pyrazol-1-yl)biphenylborate,20 a large class of dinuclear
Cu(I) complexes bridged by a N,P-unit, expanded to two ancil-
lary phosphine ligands, came up. A broad range of copper
complexes with 2-(diphenylphosphino)pyridine and its deriva-
tives as bridging ligands (Cu(I) PyrPhos complexes) have been
described already in the literature.21–28 Especially the com-
plexes with a methylated bridging ligand (MePyrPhos) have
been investigated extensively due to higher solubility and a
blue-shifted emission of the corresponding complexes.
Another approach was to use alkyl-, alkoxy-, mixed or substi-
tuted arylphosphines as ancillary ligands to tune the solubility
of the Cu(I) complexes.21 Related to these studies the influence
of halide containing arylphosphines as ancillary phosphines
was investigated in the present study to benefit of the solubi-
lity enhancement of especially trifluoromethyl groups and
fluorine atoms.29 The corresponding phosphines have only
been rarely described for emitting materials based on copper
so far.30–36 Often the fluorine based ligands are described for
pharmaceutical applications37–41 or in catalysis.42–44 Recently
tris(4-trifluoromethylphenyl)phosphine has been reported in a
luminescent tetra- and heptanuclear copper iodide cluster.45,46

†Electronic supplementary information (ESI) available. CCDC 1919266–1919270,
1918364 and 1919271–1919273. For ESI and crystallographic data in CIF or other
electronic format see DOI: 10.1039/c9dt02447f
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This work presents Cu(I) AlkylPyrPhos TADF complexes
including tris(4-fluorophenyl)- (b), tris(4-trifluoromethyl-
phenyl)- (c) and tris(4-chlorophenyl)phosphine (d) as ancillary
ligands in combination with a selection of alkylated pyridine
bridging ligands, including the novel 2-(diphenylphosphino)-
4-tert-butylpyridine (3) as well as the previously described
(4-methyl-2-(diphenylphosphino)pyridine47 (2), 4-(cyclopentyl-
methyl)-2-(diphenylphosphino)pyridine23 (4), and the commer-
cially available 2-(diphenylphosphino)pyridine (1) (Fig. 1).

Results and discussion
Synthesis

The copper complexes of this work are named according to
their corresponding ligands, Cu-LP. Hereby, the number for L
indicates the type of bridging ligand and the letter P the ancil-
lary ligand as marked in Fig. 1. The complexes Cu-1a 22 and
Cu-2a 21,22,24 have already been reported earlier.

The synthesis of the Cu(I) complexes in this study were per-
formed by stoichiometrically controlled reactions according to
literature known procedures (Scheme 1).21,47

Even ancillary ligands bearing the strong electron-withdraw-
ing fluorine substituent lead to the corresponding Cu(I) com-
plexes of the ratio [Cu2I2LP2]. The synthesis only failed for tris-
(pentafluorophenyl)phosphine as ancillary ligand. Probably
the donor properties of the lone pair of the phosphine are
reduced due to the strong electron-withdrawing properties of
the fluorines, leading to the tetranuclear structure, a Cu4I4

unit bridged two times by the PyrPhos ligand, described
already by Chen et al.48

Crystallography

Molecular structures of almost every complex of this work were
obtained. For the crystallisation the layering method with di-
chloromethane (DCM) and n-pentane was used. The structures
of the dinuclear copper complexes bearing tris(4-fluorophenyl)
phosphine (b) as ancillary ligands and the whole range of
AlkylPyrPhos as bridging ligand (R′ = H (1), Me (2), tertBu (3),
cyclopentylmethyl (4)), Cu-1b, Cu-2b, Cu-3b and Cu-4b, are
shown in Fig. 3. A structure with tris(4-trifluoromethylphenyl)
phosphine as monodentate ligand (c) was obtained for Cu-2c.
The trifluoromethyl groups in this molecular structure are dis-
ordered as expected. For clarity only one isomer of complex
Cu-2c is shown in Fig. 2. In 4-position chloro substituted tri-
phenylphosphines serve as ancillary ligands in the structures
Cu-1d and Cu-2d (Fig. 4).

The most important bond lengths and angles (I–Cu–I,
P–Cu–P) of the Cu(I) complexes are listed in Table 1. In all
complexes the copper halide core Cu2I2 is butterfly shaped and
the copper centres are coordinated in a tetrahedral geometry
as already described previously for dinuclear PyrPhos Cu(I)
complexes.21,49–51 The average distance between the two
copper atoms is 2.70 Å over all obtained structures of the com-
plexes. The shortest Cu⋯Cu distance was found in complex
Cu-2c with 2.66 Å and is slightly shorter than described for the
known PyrPhos complexes.21

Figures of the molecular structure of complex Cu-4a and
the tertBuPyrPhos ligand 3 are provided in the ESI† of this
study (Fig. S18 and S16†). Exact parameters of the single
crystal X-ray analysis are given in the ESI.† The full data sets
for the following CCDC-numbers are available at the
Cambridge Crystallographic Data Centre and can be downloaded
for free. CCDC 1919266 (ligand 3), 1919267 (complex Cu-1b),

Fig. 1 Structures of the highly soluble halide containing Cu(I)
AlkylPyrPhos complexes.

Scheme 1 Synthesis of Cu(I) AlkylPyrPhos complexes.

Fig. 2 Molecular structure of complex Cu-2c bearing trifluoromethyl
containing ancillary ligands. Hydrogen atoms and the disorder of the
trifluoromethyl groups were omitted for clarity.
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Fig. 3 Molecular structures of complexes Cu-1b, Cu-2b (top), Cu-3b and Cu-4b (bottom) bearing tris(4-fluorophenyl)phosphine as ancillary
ligands. Hydrogen atoms and solvent molecules were omitted for clarity.

Fig. 4 Molecular structures of complexes Cu-1d and Cu-2d bearing tris(4-chlorophenyl)phosphine as ancillary ligands. Hydrogen atoms and
solvent molecules were omitted for clarity.
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1919268 (complex Cu-1d), 1919269 (complex Cu-2b), 1919270
(complex Cu-2c), 1918364 (complex Cu-2d), 1919271
(complex Cu-3b), 1919272 (complex Cu-4a) and 1919273
(complex Cu-4b).†

Solubility study

The solubility of the luminescent copper complexes plays an
essential role for the solution processing of OLEDs. Therefore,
the solubility was tested in n-hexane, toluene, ethanol (EtOH),
chlorobenzene and dichloromethane (Table 2). The whole
range of complexes showed extremely high solubilities (at least
20 mg mL−1) in for OLED production established solvents,
chlorobenzene and toluene, besides dichloromethane, which
was used for the synthesis of the complexes. The solubility of
complex Cu-2c was outstanding in comparison to the other
complexes. This complex was dissolvable in every of the tested
solvents. The trifluoromethyl groups on the ancillary ligands
showed to mediate and increase the solubility (to some extent
Cu-1c as well). These are therefore very interesting candidates
for an orthogonal deposition strategy on the OLED substrate
because most of the common materials used in the other
layers are not soluble in n-hexane or ethanol.

19F NMR and 31P NMR measurements

Comparing the shifts of the Cu(I) complexes Cu-1b, Cu-2b,
Cu-3b and Cu-4b in the 19F NMR spectra with the 19F NMR
shift for tris(4-fluorophenyl)phosphine b, the difference was
only 1.5 ppm (Table 3). Measuring an average value of
−114.8 ppm the 19F NMR resonance of the copper complex is
slightly shifted to the downfield. In contrast, for the trifluoro-
methyl compounds Cu-1c, Cu-2c and ligand c, which are
located further in the downfield, a shift to the highfield was
observed, −65.9 to −66.1 ppm. No influence of the bridging
ligands was found in the 19F NMR spectra.

The comparison of the 31P NMR shifts of the copper com-
plexes and their corresponding ancillary ligand showed a high-
field shift. Depending on the electron-donating strength of the
group on the bridging ligand in the complex, this effect on the
31P NMR shift was stronger.

Absorption spectra

Of all copper complexes Cu-1b–Cu-4b absorption spectra were
recorded in dichloromethane at ambient temperature with
concentrations of 7 × 10−6 mol L−1. The plot of the corres-
ponding molar extinction coefficients is shown in Fig. 5. All
spectra are very broad and have no defined structure, only
some are showing visibly broad maxima (Cu-1c, Cu-2c). The

Table 1 Selected molecular structural parameters of the bond lengths [Å] and angles [°] of the complexes Cu-1b, Cu-1d, Cu-2b, Cu-2c, Cu-2d,
Cu-3b, Cu-4a and Cu-4b

Cu-1b Cu-1d Cu-2b Cu-2c Cu-2d Cu-3b Cu-4a Cu-4b

Lengths
Cu–Cu 2.7158(5) 2.709(2) 2.7219(18) 2.6609(9) 2.6797(4) 2.7435(8) 2.6854(5) 2.6824(14)
CuP–I 2.6865(4) 2.677(2) 2.6722(14) 2.6661(7) 2.6603(3) 2.6644(7) 2.7071(4) 2.6800(12)

2.6821(4) 2.6732(16) 2.6880(15) 2.6798(7) 2.6582(3) 2.6989(6) 2.6827(4) 2.6740(11)
CuP–PNP 2.2447(8) 2.246(3) 2.247(3) 2.2531(13) 2.2556(6) 2.2439(11) 2.2511(7) 2.242(2)
CuN–N 2.094(2) 2.103(9) 2.091(7) 2.088(4) 2.0832(17) 2.098(3) 2.094(2) 2.088(6)
CuN–PP 2.2530(8) 2.231(3) 2.249(3) 2.2375(13) 2.2384(6) 2.2542(12) 2.2373(7) 2.245(2)
CuP–PP 2.2482(8) 2.260(3) 2.247(3) 2.2428(13) 2.2469(6) 2.2557(11) 2.2493(8) 2.244(2)

Angles
Cu–I–Cu 59.856(13) 61.05(5) 61.08(4) 59.51(2) 60.384(8) 61.200(19) 59.759(12) 59.84(3)

59.531(13) 60.12(5) 60.58(4) 59.44(2) 60.555(8) 61.590(19) 60.410(12) 60.22(3)
P–Cu–P 120.32(3) 121.61(12) 120.21(10) 118.12(5) 118.70(2) 125.18(4) 126.94(3) 122.15(8)

Table 2 Solubility of the Cu(I) AlkylPyrPhos complexes in n-hexane,
toluene, ethanol, chlorobenzene and dichloromethane determined at
room temperaturea

n-Hexane Toluene EtOH Chlorobenzene DCM

Cu-1b − − − − − − − − +
Cu-1c − ++ − ++ ++
Cu-1d − − ++ − − ++ ++
Cu-2b − − ++ − − ++ ++
Cu-2c ++ ++ ++ ++ ++
Cu-2d − − ++ − − ++ ++
Cu-3a − − ++ − − ++ ++
Cu-3b − − ++ − − ++ ++
Cu-4a − − ++ − − ++ ++
Cu-4b − − ++ − − ++ ++

a The solubility of the Cu(I) complexes was classified as follows: ++
(20 mg mL−1), +(10 mg mL−1), −(1 mg mL−1) and − − for lower
solubility.

Table 3 19F and 31P NMR shifts of the Cu(I) complexes Cu-1b, Cu-2b,
Cu-3b, Cu-4b, Cu-1c and Cu-2c in comparison with the corresponding
ancillary ligands tris(4-fluorophenyl)phosphine (b) and tris(4-trifluoro-
methylphenyl)phosphine (c). NMR-measurements were performed in
DMSO-d6 on a 400 MHz spectrometer at room temperature. If not
noted otherwise the resonances correspond to singlets

Compound 19F NMR δ [ppm] 31P NMR δ [ppm]

(F–Ph)3P −116.35 (d) −10.40 (q)
Cu-1b −114.83 −12.43 (bs)
Cu-2b −114.87 −14.13 (bs)
Cu-3b −114.82 −14.47 (bs)
Cu-4b −114.79 −12.90 (bs)
(CF3–Ph)3P −65.87 −6.68
Cu-1c −66.08 −12.65 (bs)
Cu-2c −66.07 −12.71 (bs)
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pattern of the absorption spectra corresponds to the one pre-
viously described for Cu(I) PyrPhos systems.21,23,47

Individual plots of the absorption spectra of the copper
complexes Cu-1b–Cu-4b and their corresponding bridging
and ancillary ligands are given in the ESI† of this study
(Fig. S25–S29†) as well as the UV/Vis spectra recorded of the
complexes Cu-1b, Cu-2b and Cu-2c in ethanol (Fig. S30†) and
neat films of PMMA, DPEPO and mCBP (Fig. S31†).

Quantum chemical calculations

All calculations were performed with the TURBOMOLE
program package.52,53 The ground and excited state structures
were obtained with PBE54/def2-TZVP for copper and iodine,
and def2-SV(P) for the ligands. UV/Vis spectra were computed
at the level of eigenvalue-only self-consistent GW55 (evGW)
with the correlation-kernel-augmented Bethe–Salpeter
equation56,57 (cBSE) using the def2-TZVP basis set (and def2-
SV(P) for hydrogen atoms) and PBE058 as density functional.
Additionally, def2-ecp pseudopotentials were applied for
iodine. The resolution of identity was used within evGW with
the contour deformation technique to compute the HOMO–
LUMO gap.59 For all computed spectra, Gaussian broadening
with a full width at half maximum of 2500 cm−1 was used. The
length representation was chosen for calculating the oscillator
strength. See ESI† for more computational details. The com-
puted UV/Vis spectra (Fig. 6) can reproduce some of the experi-
mental observations. The complexes Cu-1d and Cu-2d (chlori-
nated ancillary ligands) are shifted towards longer wavelengths
with respect to experiment (where they are presumably located
below 250 nm) and show the strongest absorptions.

The previously mentioned broad maxima of Cu-1c and
Cu-2c are not reproduced but instead Cu-2b, Cu-3b and Cu-4b are
showing maxima around 260 nm. The UV/Vis spectra were also
computed with the same computational setting using evGW/
BSE57,59 using PBE0 with Kohn–Sham orbitals on the one hand
and CAM-B3LYP60 on the other (see ESI Fig. S32†). Compared to
evGW/cBSE the evGW/BSE approach gives qualitatively the same
result which is slightly red-shifted while CAM-B3LYP predicts
most of the maxima around 230 nm – blue-shifted compared to

the experiment. The evGW/cBSE approach shows qualitatively
the best agreement with the experimental spectra and to gain
further insight into the UV/Vis spectra, the natural transition
orbitals of Cu-2b for the lowest singlet and triplet excitation at
the T1 structure were calculated, see Fig. 7. For both the hole
mainly lies at the copper–iodine centre while the electron is
located on the pyridine group of the bridging ligand.

The vertical singlet–triplet energy gap (ΔEvST) shown in
Table 4 was determined as the difference of the first singlet
and triplet excitation based on the singlet ground state
(ΔEvST(S0)), first triplet excited state (ΔEvST(T1)) or between the
first singlet and triplet excited state electronic structures
(ΔEvST(S1/T1)), respectively. For ΔEvST(S0) of Cu-1b–Cu-2c, and
Cu-4a and Cu-4b a clear trend is observed, ancillary ligands
with electron-withdrawing groups such as fluorine or trifluoro-
methyl are strongly increasing ΔEvST. However, Cu-2d with
chlorine containing ancillary ligands falls out of this trend as
it has a higher ΔEvST(S0) compared to its fluorinated counter-
part Cu-2b. The first triplet excitation of Cu-2c at the S0 struc-
ture (ESI, Fig. S24,† top) does however not correspond to an

Fig. 6 UV/Vis spectra computed using evGW/cBSE with the def2-TZVP
basis (def2-SV(P) for hydrogen) and the PBE0 functional.

Fig. 7 Natural transition orbitals of Cu-2b for the lowest singlet (left)
and triplet (right) excitation at the T1 structure. The colours green/
orange indicate the hole while red/white correspond to the electron.
(Isovalue: ±0.03a!3=2

0 , Cu = blue, P = orange, I = purple, N = cyan, F =
green, C = grey, H = white).

Fig. 5 Absorption spectra of all copper complexes Cu-1b–Cu-4b

measured in DCM (7 × 10−6 M) at room temperature.
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excitation from the copper–iodine centre to the pyridine part
of the bridging ligand – in contrast to the other complexes –

but rather to an excitation to one of the ancillary ligands.
Hence, the second triplet excitation was analysed and the elec-
tron was mainly found at the pyridine part of the bridging
ligand (ESI, Fig. S24,† bottom) and ΔEvST(S0) decreased from
0.149 to 0.089 eV. The previously discussed trend has less
impact but is still present for ΔEvST(T1), ΔEvST increases from
Cu-2b to Cu-2c and Cu-4a to Cu-4b, and again Cu-2d falls
out of the trend. For ΔEvST(S1/T1) a different result is
found, ΔEvST remains constant for Cu-2b to Cu-2c with 0.047 eV
while increasing for Cu-4a to Cu-4b from 0.046 to 0.049 eV.
Additionally, the predicted gap for Cu-2d of 0.050 eV is higher
compared to the fluorinated counterpart Cu-2b with 0.047 eV.
The values for ΔEvST(T1) and ΔEvST(S1/T1) can be understood as
upper and lower limits for the energy barrier of the reverse inter-
system crossing. The experimental gaps of Cu-2b and Cu-1b with
0.019 and 0.027 eV (see next section) are in accordance with the
calculated values. Based on ΔEvST(T1) and ΔEvST(S1/T1) the prelimi-
nary conclusion can be made that the ancillary ligands with elec-
tron-withdrawing groups have no significant impact on ΔEvST.

Photophysical properties

For all Cu(I) AlkylPyrPhos complexes emission spectra (Fig. 8)
and photoluminescence quantum yields were measured and
the excited state lifetimes were determined of the powder
samples (Table 5) as well as in films by time-correlated single-
photon counting (TCSPC) (Fig. 10 and Table 6).

The maxima of emission wavelengths range from 519 nm
for the fluorinated copper complexes (Cu-2b and Cu-4b) to
549 nm for complex Cu-3a with triphenylphosphine as ancil-
lary ligands. The complexes Cu-3b and Cu-4b bearing fluori-
nated ancillary phosphine ligands possess a blue-shifted emis-
sion in comparison to their analogues with triphenyl-
phosphine ligands (Cu-3a and Cu-4a), probably due to packing
effects in the powder.

In comparison with the literature known complexes Cu-1a and
Cu-2a this trend could not be confirmed. An emission wavelength
of 514 nm 22 was reported for complex Cu-1a and 515 nm 22 and
510 nm 24 were found for complex Cu-2a in powder measurements

previously, which points in the direction of packing effects influ-
encing the emission wavelengths slightly. The corresponding
CIE X and Y coordinates of the Cu(I) complexes Cu-1b–Cu-4b

measured in powder are shown in the CIE-diagram (1931) in Fig. 9
and are all located in the yellow greenish (Cu-3a, Cu-4a) to tur-
quoise area (Cu-2b, Cu-4b).

The highest photoluminescence quantum yield (PLQY) for
this series of copper complexes was determined for complex
Cu-1b with 93% and is located in the top range of Cu(I)
PyrPhos complexes described previously in literature. 86%22

PLQY was reported for complex Cu-1a and 88%22 PLQY were

Table 4 Calculated vertical singlet–triplet energy gap obtained as
difference of first singlet and triplet excitation at different electronic
structures (ΔEv

ST(S0): difference calculated with an optimized S0 geome-
try, ΔEv

ST(T1): an optimized T1 geometry, ΔEvST(S1/T1): optimized S1 and T1
geometries)

ΔEvST (S0) [eV] ΔEvST (T1) [eV] ΔEvST (S1/T1) [eV]

Cu-1b 0.038 0.026 0.050
Cu-2b 0.054 0.023 0.047
Cu-2c (0.149)a 0.089 0.027 0.047
Cu-2d 0.061 0.024 0.050
Cu-4a 0.041 0.023 0.046
Cu-4b 0.061 0.024 0.049

a First triplet excitation to an ancillary ligand in parentheses. Fig. 8 Emission spectra of the series of Cu(I) AlkylPyrPhos complexes,
measured of the powder samples at room temperature with 350 nm
excitation wavelength.

Table 5 Photophysical data of all the Cu(I) AlkylPyrPhos complexes,
measured of the powder samples at room temperature with 350 nm
excitation wavelength

Complex λPL [nm] ΦPL [%] τ [µs] CIE X CIE Y

Cu-1b 524 93 5.8 0.33 0.54
Cu-1c 541 70 5.5 0.37 0.53
Cu-1d 528 80 10.2 0.34 0.53
Cu-2b 519 89 5.5 0.30 0.52
Cu-2c 524 90 5.5 0.32 0.53
Cu-2d 524 76 6.8 0.32 0.53
Cu-3a 549 73 5.1 0.40 0.53
Cu-3b 539 73 7.3 0.37 0.53
Cu-4a 547 79 5.5 0.40 0.53
Cu-4b 519 88 6.3 0.30 0.51

Table 6 Photophysical data of 10 wt% Cu-1b, Cu-2b and Cu-2c in
PMMA, DPEPO and mCBP films, respectively, measured at room temp-
erature with 350 nm excitation wavelength

Complex Host λPL [nm] ΦPL [%] τ [µs] CIE X CIE Y

Cu-1b PMMA 542 59 9.5 0.39 0.53
DPEPO 532 64 7.2 0.36 0.51
mCBP 544 54 7.3 0.38 0.52

Cu-2b PMMA 529 78 7.8 0.35 0.52
DPEPO 526 65 6.9 0.32 0.52
mCBP 529 60 6.7 0.36 0.53

Cu-2c PMMA 505 77 10 0.27 0.44
DPEPO 526 69 8.3 0.32 0.52
mCBP 526 60 8.4 0.32 0.52
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described for Cu-2a. Comparing the values for the PLQYs of
the fluorine bearing Cu(I) complexes in this study with their
standards with triphenylphosphine, PLQYs were equal or
slightly higher in most cases (88% PLQY for Cu-4b, 79% PLQY
for Cu-4a).

Regarding the excited state lifetimes of the powder measure-
ments (Table 5), all values were found in the microsecond range
(5.1–10.2 µs). No significant difference was observed for the com-
plexes with halide bearing ligands (Cu-1b, Cu-1c, Cu-1d, Cu-2b, Cu-
2c, Cu-2d, Cu-3b and Cu-4b) compared to the complexes with tri-
phenylphosphine (Cu-3a and Cu-4a) and the previously described
compounds (2.8 µs 22 for Cu-1a and 3.8 µs 22 and 1.9 µs 24 for Cu-
2a). All copper complexes described in this work (Cu-1b–Cu-4b)
possess TADF. The microsecond lifetimes indicate an emission
only via the singlet state as TADF.

Besides photophysical measurements of the powder,
selected copper complexes Cu-1b, Cu-2b and Cu-2c (all bearing
fluorinated ancillary ligands) were studied in neat films of
10 wt% in PMMA, DPEPO and mCBP as host materials. The
corresponding emission spectra are shown in Fig. 10 and the

photophysical data are given in Table 6. The matrix of the film
has almost no influence on the photophysical properties, the
emission spectra of the films are in general only slightly red
shifted compared to the powder measurements (542/532/
544 nm (PMMA/DPEPO/mCBP) compared to 524 nm (powder)
for complex Cu-1b, 529/526/529 nm (PMMA/DPEPO/mCBP)
compared to 519 nm (powder) for complex Cu-2b).

As expected, the quantum yields of the films were lower
than in powder, because of the quenching effects with the
host material. For example, complex Cu-1b had 64% PLQY in
DPEPO and 54% PLQY in mCBP, while the quantum yield was
93% in powder. In general, the quantum yields of the DPEPO
films with copper complexes were higher than in the mCBP
films.

Temperature dependent luminescence spectra were
recorded of KBr pellets (Cu-1b, Cu-2b) at 290 and 20 K (Fig. 11,
Table S4†). The emission maxima at 290 K are similar to the
values obtained from powder samples (Fig. 8) and neat films
(Fig. 10), which is also valid for the measured lifetimes. Upon
cooling to 20 K the emission is red-shifted by about 150 cm−1

(0.019 eV) (Cu-2b) and 215 cm−1 (0.027 eV) (Cu-1b), respectively,
compared to the emission at 290 K. This results from the inhi-
bition of the TADF mechanism at 20 K so that emission occurs
only via the T1 state. The red-shifts correspond to the singlet–
triplet energy gaps (Table S5†) and are in accordance with
the calculated range for the energy gaps from ΔEvST(T1) and
ΔEvST(S1/T1) (Table 4), obtained by applying the Bethe–Salpeter
equation. It should further be mentioned that by application of
the TD-DFT method (B3LYP-D3(BJ)/def2-TZVP) similar energy
gaps of 161 and 222 cm−1 were calculated which are in excellent
agreement with the experimental values. Both theoretical
methods predict a slightly larger energy gap for Cu-1b. The
almost exclusive observation of phosphorescence at 20 K is con-
firmed by the luminescence lifetimes which are at 20 K about
six times higher compared to the values at 290 K. All excited
state lifetimes obtained from TCSPC measurements at 290 and
20 K are listed in the ESI (Table S4†).

Photoluminescence investigations in solution were con-
ducted for the three chosen complexes Cu-1b, Cu-2b and
Cu-2c to evaluate their (photo)chemical stability in a series of
solvents. In the chlorinated solvents dichloromethane and

Fig. 11 Emission spectra of Cu-1b and Cu-2b measured in the KBr
matrix at 290 K and 20 K with 380 nm excitation wavelength.

Fig. 9 CIE-diagram (1931) showing the x,y-coordinates of the photo-
luminescence measured in powder at room temperature for the com-
plexes Cu-1b–Cu-4b, cf. Table 5.

Fig. 10 Emission spectra of PMMA, DPEPO and mCBP films with
10 wt% of the complexes Cu-1b, Cu-2b and Cu-2c respectively,
measured at room temperature with 350 nm excitation wavelength.
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chlorobenzene the complexes Cu-1b and Cu-2b exhibit two
emission bands (Fig. 12 and Fig. S37†). A broad emission peak
was observed at 554–577 nm with a lifetime of 0.2–0.4 µs, indi-
cating delayed fluorescence and thus TADF in solution, and a
short-lived (≤2 ns) fluorescence band around 388 nm similar
to the emission spectrum of the free tris(4-fluorophenyl)phos-
phine ligand b. Thus, degradation of Cu-1b and Cu-2b occurs
at least on a minute time scale in dichloromethane and
chlorobenzene.

In the case of a solution of Cu-2c in chlorobenzene the rela-
tive intensity of the ligand-shaped fluorescence is much
smaller compared to the TADF emission on the same time
regime (Fig. S37†), which is a hint for an increased stability.
Interestingly, only one emission band (540 nm) was observed
for Cu-2c in dichloromethane. The absence of any blue-shifted
fluorescence illustrates the stability of the complex. The
luminescence spectrum remains unchanged after 24 h when
stored in the dark, so decomposition can be excluded even on
larger time scales for Cu-2c. Hence, the ancillary tris(4-
trifluoromethylphenyl)phosphine ligand c not only assures a
high solubility but also allows a high stability in chlorinated
solvents. However, solutions of Cu-2b and Cu-2c in dichloro-
methane and chlorobenzene showed a decrease of lumine-
scence by about 50% of the integrated TADF emission after 3
to 4 min of UV irradiation (300 nm). Further stability studies
were performed in ethanol, where complex Cu-2b showed a
poor stability with a strong fluorescence band resembling the
emission of the free tris(4-fluorophenyl)phosphine ligand b.
However, only a minor degradation was observed on a minute
time scale for a solution of Cu-1b, whereas Cu-2c again turned
out as the most stable complex, showing no decomposition
(Fig. S37†).

An important difference between the behaviour in chlori-
nated solvents and in ethanol is that complexes Cu-2b and
Cu-2c are photochemically much more stable in the latter case
with a 50% drop of the TADF emission after 45 and 60 min of
irradiation (300 nm), respectively. Only poor (photo)chemical
stabilities were observed for Cu-1b, Cu-2b and Cu-2c in hexane
and toluene. The results of the stability studies are summar-
ized in Table 7.

The emission maxima in solution are mainly red-shifted
compared to the results obtained from solid state measure-
ments, as described in earlier works on Cu(I) AlkylPyrPhos
complexes.21,22,24 This behaviour results from a higher degree
of freedom in solution affecting the structural relaxation.21,22,24

Only very few lifetime studies in solution have been reported on
this type of Cu(I) complexes up to now.27,28 TCSPC measure-
ments were performed in dichloromethane, chlorobenzene and
ethanol for the complexes Cu-1b, Cu-2b and Cu-2c. Almost all
lifetimes were located in the sub-microsecond regime
(0.2–0.4 µs, cf. Table S6†) and are significantly higher than the
values of a few nanoseconds reported in an earlier work.27 The
increased values for the investigated complexes with fluorinated
ancillary ligands may be explained by weaker interactions with
solvent molecules leading to a smaller contribution of ultrafast
non-radiative deactivation processes.

Most surprising is the lifetime of the compound Cu-1b in
ethanol with a very long lifetime of 4.9 µs assigned to phos-
phorescence. The latter one might result from an increased
energy gap between T1 and S1 in EtOH, which would suppress
reversed intersystem crossing at room temperature.

Step-scan FTIR spectroscopy

For further characterization step-scan (transient) FTIR spec-
troscopy was applied to the complexes Cu-1b and Cu-2b to
yield further information on the nature of the long-lived elec-
tronically excited states. The FTIR ground state spectrum of
Cu-2b (Fig. 13), measured as a KBr pellet at 20 K, agrees well

Fig. 12 Emission spectra of Cu-1b, Cu-2b, Cu-2c and (F–Ph)3P (b) in
dichloromethane, measured at room temperature with 320 nm exci-
tation wavelength.

Table 7 (Photo)chemical stability of Cu-1b, Cu-2b and Cu-2c in
n-hexane, toluene, ethanol, chlorobenzene and dichloromethanea

a The stability of the Cu(I) complexes was classified as follows: ++ (very
high) to − − (very low). Black: chemical stability, red: photochemical
stability according to fluorescence spectra.

Fig. 13 FTIR ground state spectrum at 20 K (black), calculated S0 spec-
trum (B3LYP-D3(BJ)/def2-TZVP, FWHM = 8 cm−1, Gaussian profile,
scaled by 0.975) (blue) and step-scan difference spectrum 0 to 2 µs after
excitation (λEX = 355 nm) (red) of Cu-2b.
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with the theoretical S0 spectrum, calculated by B3LYP-D3(BJ)/
def2-TZVP. The only significant discrepancy is the overestima-
tion of the intensity of the band at 1231 cm−1. The sample was
then excited with a 355 nm laser pulse leading to metal-to-
ligand (MLCT) and halide-to-ligand (XLCT) charge transfer
transitions from the copper(I) iodide core to the π systems of
the AlkylPyrPhos ligand. A step-scan difference spectrum with
positive and negative bands was obtained after electronic exci-
tation (Fig. 13). The negative peaks are bleach bands that cor-
relate with the vibrations in the ground state and result from
the depopulation of the electronic ground state. The positive
bands are assigned to the IR absorption of the populated long-
lived electronically excited states. It has to be mentioned that
some vibrations in the electronic ground state (cf. positions at
1589, 1231 and 1160 cm−1) show deviations from the corres-
ponding bleach band in the step-scan spectrum. This results
from a spectral overlap of the negative and positive bands in
the difference spectrum. Most positive peaks are red-shifted as the
respective bonds are elongated in the electronically excited states.
However, the ground state vibration at 1231 cm−1, assigned to the
C–F stretching vibration, is blue-shifted and thus strengthened
in the excited state. Interestingly, three pronounced new bands
appear at 1574, 1339 and 1063 cm−1 in the difference spectrum,
which are not present in the ground state and are very important
for the assignment of the electronically excited state (cf. following
paragraph).

The peaks in the step-scan difference spectrum decrease
with ongoing time after laser excitation, resulting from the
repopulation of the electronic ground state. The time traces of
the eleven most significant positive and negative bands with a
global biexponential decay fit are shown in the ESI (Fig. S40†).
Two time constants of 1053 ± 49 ns (contribution 11%) and
15 447 ± 494 ns (contribution 89%) were obtained. The two
decay times may be described by a relaxation in the triplet
manifold and the phosphorescence lifetime respectively.27 The
significantly increased lifetime compared to room temperature
results from the suppression of the TADF mechanism at 20 K,
confirming the TCSPC results. The discrepancies between the
time constants obtained by the TCSPC and step-scan tech-
niques may be explained by the contribution of non-radiative
processes in the latter case.

The excited state spectrum shown in Fig. 14 was generated
by adding 1.5% of the intensity of the ground state spectrum
to the step-scan difference spectrum, so that the negative
bands disappear and only the excited state absorption peaks are
seen in the spectrum. The bands at 1063, 1339 and 1574 cm−1

are not observed in the electronic ground state and are
important for the identification of the excited state. The
vibration at 1574 cm−1 is assigned to CvC stretching vibrations
in the phenyl rings, whereas the peaks at 1339 and 1063 cm−1

result from C–H bending motions. For further assignments of,
in general, not localized vibrations, see Table S9.† The excited
state spectrum matches very well with the calculated spectrum
of the T1 state. All the three abovementioned characteristic
excited state vibrations are observed in the theoretical spectrum,
so that the excited state can be assigned to the T1 state. The

observed phosphorescence lifetime is another evidence for the
T1 state.27,28 A description of the most important geometrical
parameters of the calculated S0 and T1 states (B3LYP-D3(BJ)/
def2-TZVP) is given in the ESI (Fig. S42 and Table S8†).

For comparison, step-scan measurements were performed
at 290 K. The measured excited state spectra at 290 K and at
20 K are compared in Fig. S38.† These are very similar, so that
temperature has no significant influence on the structure of
the electronically excited state. Thus, the T1 state should
mainly contribute to the step-scan FTIR spectrum at 290 K, as
reported earlier for similar MePyrPhos Cu(I) complexes.27,28

The time traces of six pronounced bands where considered
in a global biexponential decay fit, where the time constants of
139 ± 16 ns (contribution 13%) and 3083 ± 209 ns (contri-
bution 87%) were obtained. These lifetimes can be assigned to
internal conversion in the triplet regime and TADF respectively
(Table S7†). The TADF time constant is in accordance with the
rate constant obtained by TCSPC for the KBr sample at 290 K.

Additionally, step-scan FTIR investigations were performed
on the complex Cu-1b. The corresponding excited state spec-
trum is shown in Fig. 15, additional spectra are depicted in
the ESI (Fig. S43–S45†). The complexes Cu-1b and Cu-2b show

Fig. 14 Excited state spectrum (black) and calculated T1 spectrum
(orange) (B3LYP-D3(BJ)/def2-TZVP, FWHM = 8 cm−1, Gaussian profile,
scaled by 0.975) of Cu-2b. The T1 specific bands are marked with
asterisks.

Fig. 15 Excited state spectrum (black) and calculated T1 spectrum
(B3LYP-D3(BJ)/def2-TZVP, FWHM = 8 cm−1, Gaussian profile, scaled by
0.975) (orange) of Cu-1b. The T1 specific bands are marked with
asterisks.
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almost identical ground state spectra, but an additional band
is observed in the excited state spectrum of Cu-2b (Fig. S47†).
This difference is confirmed by the calculations for the T1

state, so that the band could be assigned to an in-plane C–H
bending vibration of the pyridine moiety. Finally, it should be
mentioned that in contrast to investigations in solution no
degradation of the investigated complexes is observed in the
solid state (KBr pellets).

Conclusions

In this work we presented a new class of halide bearing Cu(I)
AlkylPyrPhos complexes, which showed remarkable high solubi-
lity in many solvents, especially the complexes Cu-1c and Cu-2c

with trifluoromethyl groups. The molecular structures of almost
all AlkylPyrPhos copper complexes in this study were confirmed
by X-ray analysis and showed the same butterfly shaped struc-
ture as described for previous Cu(I) PyrPhos complexes.

Absorption spectra in dichloromethane were recorded for
all copper complexes (Cu-1b–Cu4b) and were compared with
the computed UV/Vis spectra using evGW/cBSE with the def2-
TZVP (def2-SV(P) for hydrogen) basis. A good reproduction of
the experimental observations was achieved. An extensive
photophysical characterisation of all Cu(I) complexes was done
by powder measurements and measurements in neat films of
10 wt% Cu(I) complex in PMMA, DPEPO and mCBP as host
materials. Further detailed photophysical studies especially of
the selected fluorinated compounds Cu-1b and Cu-2b were per-
formed in KBr and in solution. The complexes possessed very
high luminescence quantum yields in powder, up to 93% and
64% in the DPEPO film (Cu-1b), while emitting in the yellow
greenish (Cu-3a, Cu-4a) to turquoise area (Cu-2b, Cu-4b). In
addition, stability studies in solution of complex Cu-2c revealed
a high (photo)chemical stability in a variety of solvents. The cal-
culations demonstrated that all the presented complexes,
showing TADF in the solid state and in solution, have similar
vertical singlet–triplet energy gaps (ΔEvST), independently of the
ancillary ligands. However, the medium (e.g. film, solution, KBr
pellet) turned out to have a significant influence on the emis-
sion wavelength. The lowest lying T1 state could be character-
ised by time-resolved step-scan FTIR spectroscopy.

Combining extremely high solubility and high quantum
yields also in neat films, the Cu(I) AlkylPyrPhos TADF com-
plexes are excellent candidates for solution-processed OLEDs.

Experimental

All experiments were performed under Schlenk conditions.
Solvents were purchased from Fisher in p.a. quality for general
use and unstabilized in HPLC grade for drying them in the
solvent purification system MB-SPS-800 from MBraun with
special drying columns. Tetrahydrofuran of the SPS system was
degassed for 20 min with argon before usage. Copper iodide
was purchased in 99.999% trace metals basis quality from

Sigma Aldrich and was used without any further purification as
well as all the other precursors and ancillary ligands, which
were purchased also partly from Fisher and abcr. DMSO-d6 for
NMR measurements was purchased in a 10 mL vial with
septum and was also degassed before usage.

The experimental set-ups for the photophysical investi-
gations are described in detail in the ESI.†

Synthesis of the ligands

While 2-(diphenylphosphino)pyridine (1) was purchased from
abcr, 4-methyl-2-(diphenylphosphino)pyridine (2) and (4-(cyclo-
pentylmethyl)-2-(diphenylphosphino)pyridine (4) were syn-
thesized according to the literature known procedures.23,47 The
experimental data of ligand 3 is given in the ESI.†

General procedure for the synthesis of the Cu(I) complexes

Cu-1b–Cu-4b

For the synthesis of the Cu(I) AlkylPyrPhos complexes a 20 mL
crimp vial was charged with the corresponding bridging
ligand (0.70 mmol, 1.00 eq.), ancillary ligand (1.40 mmol, 2.00
eq.) and copper iodide (1.40 mmol, 2.00 eq.). The material was
dissolved in 15 mL dry dichloromethane under argon and the
suspension was degassed with argon for five minutes. After
stirring for 12 h at room temperature in the dark the solvent of
the reaction mixture was reduced to 5 mL and the mixture was
poured in 100 mL of n-pentane. The precipitate was filtered
off, washed with n-pentane and diethyl ether and was dried in
vacuum. Crystals were grown in 5 mL Vials via the layering
approach, using dichloromethane to dissolve the compound
and n-pentane was applied on top.

The experimental data for the complexes Cu-1b, Cu-2b and
Cu-2c is given below and the experimental data for all other
copper complexes can be found in the ESI.†

[(2-(Diphenylphosphino)pyridine)(tris(4-fluorophenyl)phos-

phine)2Cu2I2] (Cu-1b). The complex Cu-1b was synthesized
according to the general procedure. Pale yellow powder
(89% yield).

1H NMR (400 MHz, DMSO-d6) δ [ppm] = 8.70 (bs, 1H, HPyr),
7.91 (t, 3JHH = 7.8 Hz, 1H, HPyr), 7.57 (bs, 1H, HPyr), 7.53–7.15
(m, 35H). – 13C NMR (101 MHz, DMSO-d6) δ [ppm] = 164.5 (s),
162.0 (s), 135.9 (q, J = 15.6 Hz, J = 8.6 Hz), 133.4 (d, J = 13.0
Hz), 130.1 (s), 129.0 (d, J = 28.2 Hz), 128.6 (d, J = 7.8 Hz), 115.9
(dd, J = 21.2 Hz, J = 8.8 Hz). – 31P NMR (162 MHz, DMSO-d6)
δ [ppm] = −5.29 (bs, 1P, PPyrPhos), −12.43 (bs, 2P, P(F–Ph)3P). –
19F NMR (376 MHz, DMSO-d6) δ [ppm] = −114.83 (s, 6F,
F(F–Ph)3P). – MS (FAB, 3-NBA) m/z [%] = 1337 (4) [M + Cu]+, 1021
(5) [Cu3I2LP]

+, 884 (19) [Cu2IP2]
+, 831 (16) [Cu2ILP]

+, 705 (43)
[Cu3I2L]

+, 695 (100) [CuP2]
+, 642 (52) [CuLP]+, 589 (27) [CuL2]

+,
568 (23) [Cu2IP]

+, 515 (76) [Cu2IL]
+. – IR (ATR) ν̃ [cm−1] =

3043 (vw), 1585 (m), 1494 (m), 1451 (w), 1433 (w), 1393 (w),
1301 (vw), 1224 (m), 1157 (m), 1093 (w), 1013 (w), 826 (m),
759 (w), 742 (w), 693 (m), 634 (w), 518 (m), 508 (m), 488 (w),
470 (m), 442 (m), 430 (m). – Anal. calcd for C53H38Cu2F6I2NP3
(1274.8): C 49.86, H 3.00, N 1.10; found: C 49.91, H 3.09, N
1.17. A molecular structure of the complex was obtained.
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[(4-Methyl-2-(diphenylphosphino)pyridine)(tris(4-fluorophenyl)

phosphine)2Cu2I2] (Cu-2b). The title complex was obtained via

the general procedure. Pale yellow powder (70% yield).
1H NMR (400 MHz, DMSO-d6) δ [ppm] = 8.51 (bs, 1H, HPyr),

7.47–7.20 (m, 36H), 2.27 (s, 3H, HMe). –
13C NMR (400 MHz,

DMSO-d6) δ [ppm] = 164.4 (s), 162.0 (s), 136.0 (q, J = 15.7 Hz, J =
8.4 Hz), 133.4 (d, J = 13.3 Hz), 130.0 (s), 129.0 (d, J = 28.3 Hz),
128.6 (d, J = 7.6 Hz), 115.9 (dd, J = 21.2 Hz, J = 9.4 Hz), 20.6 (s,
1C, CMe). –

31P NMR (162 MHz, DMSO-d6) δ [ppm] = −4.98 (bs,
1P, PMePyrPhos), −14.13 (bs, 2P, P(F–Ph)3P). –

19F NMR (376 MHz,
DMSO-d6) δ [ppm] = −114.87 (s, 6F, F(F–Ph)3P). – MS (FAB, 3-NBA)
m/z [%] = 1351 (4) [M + Cu]+, 1161 (2) [M − I]+, 1074 (1)
[Cu3I2P2]

+, 1035 (2) [Cu3I2LP]
+, 996 (6) [Cu3I2L2]

+, 884 (8)
[Cu2IP2]

+, 845 (13) [Cu2ILP]
+, 719 (19) [Cu3I2L]

+, 695 (23) [CuP2]
+,

568 (5) [Cu2IP]
+, 529 (35) [Cu2IL]

+, 378 (4) [CuP]+, 340 (38) [CuL]+,
278 (13) [L + H]+. – IR (ATR) ν̃ [cm−1] = 3053 (vw), 2958 (vw), 2923
(vw), 2856 (vw), 1585 (m), 1494 (m), 1433 (w), 1393 (w), 1300 (w),
1225 (w), 1158 (m), 1093 (w), 1013 (w), 825 (m), 742 (w), 693 (w),
635 (vw), 518 (m), 494 (w), 463 (w), 442 (w), 430 (w). – Anal. calcd
for C54H40Cu2F6I2NP3 (1288.9): C 50.25, H 3.12, N 1.09; found: C
50.59, H 3.21, N 1.27. A molecular structure of the complex
including one molecule of n-pentane was obtained.

[(4-Methyl-2-(diphenylphosphino)pyridine)(tris(4-trifluoro-

methylphenyl)phosphine)2Cu2I2] (Cu-2c). The title complex
was synthesized according to the general procedure and purification
was done according to complex Cu-1c. Yellow powder (97% yield).

1H NMR (400 MHz, DMSO-d6) δ [ppm] = 8.51 (bs, 1H), 7.72
(bs, 24H), 7.50 (bs, 1H), 7.43–7.26 (m, 11H), 2.27 (s, 3H, HMe). –
13C-NMR (101 MHz, DMSO-d6) δ [ppm] = 137.1 (d, J = 23.6 Hz),
134.5 (d, J = 14.1 Hz), 133.3 (d, J = 13.2 Hz), 131.0 (s), 130.5 (d,
J = 30.1 Hz), 130.1 (s), 130.0 (d, J = 5.0 Hz), 128.6 (d, J = 7.7 Hz),
127.9 (s), 125.5 (bs), 125.2 (s), 122.4 (s), 119.7 (s), 20.6 (s, 1C,
CMe). –

31P NMR (162 MHz, DMSO-d6) δ [ppm] = −4.40 (bs, 1P,
PMePyrPhos), −12.71 (bs, 2P, P(CF3−Ph)3P). –

19F NMR (376 MHz,
DMSO-d6) δ [ppm] = −66.07 (s, 24F, F(CF3−Ph)3P). – MS (FAB,
3-NBA) m/z [%] = 1651 (2) [M + Cu]+, 1461 (1) [M − I]+, 1374 (3)
[Cu3I2P2]

+, 1184 (4) [Cu2IP2]
+, 995 (5) [Cu2ILP]

+, 806 (8) [CuLP]+,
718 (9) [Cu2IP]

+, 528 (11) [CuP]+, 467 (10) [P + H]+, 340 (100)
[CuL]+, 278 (17) [L + H]+. – IR (ATR) ν̃ [cm−1] = 3049 (vw), 1606
(w), 1437 (vw), 1397 (w), 1319 (s), 1163 (m), 1120 (m), 1059 (m),
1015 (m), 831 (m), 742 (w), 694 (m), 634 (vw), 597 (m), 517 (m),
496 (w), 463 (w), 413 (w). – Anal. calcd for C60H40Cu2F18I2NP3
(1590.7): C 45.30, H 2.53, N 0.88; found: C 45.39, H 2.38, N 1.00.
A molecular structure of the complex was obtained.
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1. General Information 
 
Column Chromatography. The phosphine ligands described in this study were purified via column 
chromatography. For the stationary phase of the column silica gel 60 (SiO2, 0.040 × 0.063 mm, 260 – 400 
mesh ASTM) and sea sand (annealed and purified with hydrochloric acid), purchased from Merck respec-
tively, were used. The solvents used for the column chromatography were purchased from Fisher in 
HPLC-grade and the described mixtures were prepared of the corresponding volumes of the solvents. 
Fractions were collected manually. Product control was performed via thin layer chromatography. 
 
Thin Layer Chromatography (TLC). TLC aluminum plates with a fluorescence indicator, purchased from 
Merck (art. number 105554, silica gel 60 F254, thickness 0.2 mm), were used for the analytical thin layer 
chromatography. The detection on the TLC plates was carried out via fluorescence quenching under UV 
light (λ = 254 nm) with a UV-lamp from VWR. 
 
Nuclear Magnetic Resonance Spectroscopy (NMR). All NMR spectra of the AlkylPyrPhos ligands and 
corresponding copper complexes, described in this study, were recorded on a Bruker Avance 400 NMR 
instrument with 400 MHz for 1H NMR, 101 MHz for 13C NMR, 162 MHz for 31P NMR and 376 MHz for 
19F NMR spectra. The NMR spectra were measured at room temperature in deuterated solvents 
commercially acquired from Eurisotop. The chemical shift δ is displayed in parts per million [ppm] and 
the 1H NMR and 13C NMR resonances of the solvents themselves were used as references: chloroform-d1 
(CDCl3): 7.26 ppm for the 1H NMR and 77.2 ppm for the 13C NMR and dimethyl sulfoxide-d6 (DMSO-d6): 
2.50 ppm for the 1H NMR and 39.5 ppm for the 13C NMR. Evaluation of the resonances was done 
according to first order spectra. For the characterization of centrosymmetrical signals, the signal’s 

median point was chosen, for multiplets the signal range. For the description of couplings, the following 
abbreviations were used: d = doublet, t = triplet, dd = doublet of doublet and m = multiplet. Coupling 
constants ’J’ are given in Hertz [Hz], starting with the largest value. Coupling constants are given with 
their respective number of bindings and binding partners, as far as they could be determined, written as 
index of the coupling constants (xJHH and xJCP). Resonances of the 1H NMR and 13C NMR spectra were 
assigned with H-C-Heteronuclear Single Quantum Coherence HSQC NMR spectra and H-C-heteronuclear 

multiple bond correlation NMR spectra HMBC and the help of distortionless polarization by polarization 

transfer NMR spectra DEPT90 and DEPT135.  
 
Mass Spectrometry (MS). The mass spectrometrical identifications were performed either with the 
electron ionization (EI) or with the fast atom bombardment (FAB) mass spectrometry. An instrument by 
Finnigan, model MAT 95 (70 eV), was used. For FAB measurements 3-nitrobenzyl alcohol (3-NBA) served 
as internal standard. For the interpretation of the spectra the molecular peak [M]+, the protonated 
molecular peak [M+H]+ and characteristic fragment peaks are indicated with their mass to charge ratio 
(m/z) and their intensity in percent, relative to the base peak (100%). For the high resolution mass spec-
trometry the following abbreviation was used: calcd = calculated. 
 
Infrared Spectroscopy (IR). Infrared spectra were recorded on a Bruker, model IFS 88. The powders 
were measured by the attenuated total reflection (ATR) method. The absorption is given in wave 
numbers ῡ [cm‒1] and was measured in the range from 3600 cm‒1 to 400 cm‒1. The characterization of 
absorption bands was done according to the transmission strength T with the following abbreviations: vs 
= very strong (0−10% T), s = strong (11−40% T), m = medium (41−70% T), w = weak (71−90% T) and vw = 

very weak (91−100 % T). 
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Elemental analysis. The ratio of carbon (C), hydrogen (H) and nitrogen (N) in mass percentage of the 
synthesized compounds in this work were determined with an Elementar, model vario MICRO cube. The 
weight of the samples taken was measured with the balance Sartorius M2P. Acetanilide served as 
standard. The values for the elemental analysis were given with the following designations: Anal. calcd = 
calculated and found = actual values for the mass percentages of the CHN-analysis. 
 
Melting point (mp). The melting curves of the compounds, synthesized in this study, were measured on 
a Laboratory Devices Inc., model Mel-Temp II and were not corrected.  
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2. Experimental 
 

Ligands  

 
(2-(Diphenylphosphino)-4-tert-butylpyridine (3).  

The title ligand 3 was synthesized according to the same literature procedure as 
ligand 2.1 Colorless, microcrystalline solid (69% yield). The complete numeration for 
the exact NMR classification of ligand 3 is given on the left. 
Rf (CH/EE 4/1) = 0.57; Rf (CH/EE 6/1) = 0.39; Rf (CH/EE 10/1) = 0.34. – 
1H NMR (400 MHz, DMSO-d6) δ [ppm] = 8.58 (d, 3JHH = 5.2 Hz, 1H, H5), 7.42 – 7.39 (m, 
6H, H10, H11), 7.36 – 7.30 (m, 5H, H4, H9), 7.08 – 7.07 (m, 1H, H2), 1.13 (s, 9H, H7). – 

13C NMR (101 MHz, DMSO-d6) δ [ppm] = 162.2 (d, 1JCP = 3.9 Hz, 1C, Cq1), 159.1 (d, 3JCP = 3.5 Hz, 1C, Cq3), 
150.1 (d, 3JCP = 11.9 Hz, 1C, C5), 136.2 (d, 1JCP = 10.9 Hz, 2C, C8), 133.7 (d, 2JCP = 19.7 Hz, 4C, C9), 129.1 (s, 
2C, C11), 128.6 (d, 3JCP = 7.1 Hz, 4C, C10), 124.6 (d, 2JCP = 21.0 Hz, 1C, C2), 119.7 (s, 1C, C4), 34.4 (s, 1C, Cq6), 
29.9 (s, 3C, C7). – 31P NMR (162 MHz, DMSO-d6) δ [ppm] = −4.61 (s, 1P). – MS (EI, 70 eV) 
m/z [%] = 320/319/318 (14/68/62) [M]+, 211 (50), 196 (100). – HRMS (C21H22NP) calcd: 319.1490; found: 
319.1491. – IR (ATR) !̃ [cm-1] = 3065 (vw), 3044 (vw), 2964 (w), 2930 (w), 2866 (w), 1578 (m), 1530 (w), 
1477 (w), 1454 (w), 1434 (m), 1377 (m), 1309 (w), 1266 (w), 1152 (w), 1092 (w), 1068 (w), 1028 (w), 988 
(w), 846 (m), 743 (m), 696 (s), 633 (w), 495 (m), 469 (m), 429 (w), 401 (w). – Anal. calcd for 
C21H22NP (319.2): C 78.97, H 6.94, N 4.39; found: C 79.06, H 6.92, N 4.39. – mp = 111-113 °C. A molecular 
structure of the ligand was obtained. 
 
 
 

Cu(I) Complexes 

 
[(2-(Diphenylphosphino)pyridine)(tris(4-trifluoromethylphenyl)phosphine)2Cu2I2] (Cu-1c).  
The title compound was synthesized according to the general procedure. Complex Cu-1c could not be 
precipitated due to the high solubility in every kind of solvent. Therefore the solvent was removed 
completely and the obtained solid was washed with very small amounts of n-pentane and diethyl ether. 
Yellow powder (96% yield).  
1H NMR (400 MHz, DMSO-d6) δ [ppm] = 8.73 (bs, 1H, HPyr), 7.96 (bs, 1H, HPyr), 7.84 – 7.27 (m, 36H). – 
13C NMR (101 MHz, DMSO-d6) δ [ppm] = 137.1 (d, J = 24.0 Hz), 134.5 (d, J = 14.0 Hz), 133.3 (d, J = 
13.3 Hz), 131.8 (d, J = 26.1 Hz), 131.0 (s), 130.5 (d, J = 32.1 Hz), 130.1 (d, J = 7.4 Hz), 128.6 (d, J = 8.0 Hz), 
127.9 (s), 125.5 (bd, J = 4.3 Hz), 125.1 (s), 122.4 (s), 119.7 (s). – 31P NMR (162 MHz, CDCl3) δ [ppm] 
= −4.71 (bs, 1P, PPyrPhos), −12.65 (bs, 2P, P(CF3-Ph)3P). – 19F NMR (376 MHz, DMSO-d6) δ [ppm] = −66.08 (s, 

18F, F(CF3-Ph)3P). – MS (FAB, 3-NBA) m/z [%] = 1637 (1) [M+Cu]+, 1374 (1) [Cu3I2P2]+, 1184 (3) [Cu2IP2]+, 792 
(17) [CuLP]+, 705 (75) [Cu3I2L]+, 589 (21) [CuL2]+, 515 (80) [Cu2IL]+, 467 (16) [P+H]+, 326 (100) [CuL]+, 264 
(19) [L+H]+, 185 (14) [PPh2]+. – IR (ATR) !̃ [cm-1] = 3055 (vw), 1607 (vw), 1436 (vw), 1397 (w), 1319 (m), 
1166 (w), 1122 (m), 1059 (m), 1014 (w), 829 (w), 764 (vw), 742 (w), 702 (w), 693 (w), 634 (vw), 597 (w), 
518 (w), 411 (w). – Anal. Calcd for C59H38Cu2F18I2NP3 (1574.8): C 44.94, H 2.43, N 0.89; found: C 44.81, 
H 2.16, N 0.95. 
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[(2-(Diphenylphosphino)pyridine)(tris(4-chlorophenyl)phosphine)2Cu2I2] (Cu-1d).  
Complex Cu-1d was synthesized according to the general procedure. Pale yellow powder (66% yield). 
1H NMR (400 MHz, DMSO-d6) δ [ppm] = 8.70 (bs, 1H, HPyr), 7.92 (t, 3JHH = 8.0 Hz, 1H, HPyr), 7.66 – 7.30 (m, 
36H). – 13C NMR (101 MHz, DMSO-d6) δ [ppm] = 135.3 (d, JCP = 16.8 Hz), 133.4 (d, JCP = 11.5 Hz), 131.4 (d, 
JCP = 27.3 Hz), 130.1 (s), 128.8 (d, JCP = 8.6 Hz), 128.6 (d, JCP = 7.5 Hz). – 31P NMR (162 MHz, DMSO-d6) 
δ [ppm] = −5.06 (bs, 1P, PPyrPhos), −13.06 (bs, 2P, P(Cl-Ph)3P). – MS (FAB, 3-NBA) m/z [%] = 1433 (5) [M+Cu]+, 
1371 (4) [M+H]+, 1243 (7) [M-I]+, 1069 (16) [Cu3I2LP]+, 980 (13) [Cu2IP2]+, 968 (63) [Cu3I2L2]+,879 (43) 
[Cu2ILP]+, 806 (20) [Cu3I2P]+, 790 (29) [CuP2]+. – IR (ATR) !̃ [cm-1] = 1573 (vw), 1557 (vw), 1478 (w), 1454 
(vw), 1433 (vw), 1384 (w), 1183 (vw), 1079 (w), 1012 (w), 817 (w), 767 (vw), 743 (m), 694 (w), 631 (vw), 
554 (w), 541 (w), 519 (w), 494 (m), 438 (w), 425 (w), 384 (w). – Anal. calcd for C53H38Cl6Cu2I2NP3 (1370.7): 
C 46.28, H 2.78, N 1.02; found: C 46.75, H 2.80 N 1.16. A molecular structure of the complex was obtai-
ned. 
 
 
[(4-Methyl-2-(diphenylphosphino)pyridine)(tris(4-chlorophenyl)phosphine)2Cu2I2] (Cu-2d).  
The complex was obtained according to the general procedure. Pale yellow powder (55% yield).  
1H NMR (400 MHz, DMSO-d6) δ [ppm] = 8.66 (bs, 1H, HPyr), 7.44 – 7.31 (m, 36H), 2.28 (s, 3H, HMe). – 
13C NMR (101 MHz, DMSO-d6) δ [ppm] = 135.3 (d, JCP = 15.6 Hz), 133.3 (m), 131.4 (d, JCP = 27.6 Hz), 130.1 
(s) 128.8 (d, JCP = 8.8 Hz), 128.6 (d, JCP = 7.8 Hz), 21.8 (s, 1C, CMe). – 31P NMR (162 MHz, DMSO-d6) δ [ppm] 
= −4.73 (bs, 1P, PMePyrPhos), −12.98 (bs, 2P, P(Cl-Ph)3P). – MS (FAB, 3-NBA) m/z [%] = 1447 (2) [M+Cu]+, 1275 
(1) [M-I]+, 1083 (2) [Cu3I2LP]+, 893 (8) [Cu2ILP]+, 790 (5) [CuP2]+, 719 (28) [Cu3I2L]+, 704 (10) [CuLP]+, 529 
(56) [Cu2IL]+, 426 (7) [CuP]+, 340 (66) [CuL]+, 278 (21) [L+H]+. – IR (ATR) !̃ [cm-1] = 2950 (vw), 1573 (w), 
1478 (m), 1436 (w), 1385 (w), 1183 (vw), 1097 (w), 1079 (m), 1013 (m), 816 (m), 743 (m), 692 (w), 631 
(vw), 556 (w), 541 (m), 519 (m), 493 (m), 464 (w), 436 (w), 383 (w). – Anal. calcd for 
C54H40Cl6Cu2I2NP3 (1384.7): C 46.68, H 2.90, N 1.01; found: C 46.78, H 3.09, N 1.12. A molecular structure 
of the complex with two molecules of dichloromethane was obtained. 
 
 
[(2-(Diphenylphosphino)-4-tert-butylpyridine)(triphenylphosphine)2Cu2I2] (Cu-3a).  

Compound Cu-3a was synthesized according to the general procedure. Pale yellow powder (83% yield).  
1H NMR (400 MHz, DMSO-d6) δ [ppm] = 8.53 (bs, 1H, HPyr), 7.62 (m, 1H, HPyr), 7.45 – 7.27 (m, 41H), 1.10 
(s, 9H, HtertBu). – 13C-NMR (101 MHz, DMSO-d6) δ [ppm] = 133.7 (d, JCP = 13.8 Hz), 133.1 (d, JCP = 27.9 Hz), 
129.8 (bs), 128.5 (d, JCP = 8.1 Hz), 34.8 (s, CtertBu), 29.7 (s, CtertBu). – 31P NMR (162 MHz, DMSO-d6) δ [ppm] 
= −5.04 (bs, 1P, PtertBuPyrPhos), −9.98 (bs, 2P, PPPh3). – MS (FAB, 3-NBA) m/z [%] = 1285 (2) [M+Cu]+, 1096 (2) 
[M-I]+, 1023 (4) [Cu3I2LP]+, 834 (15) [Cu2ILP]+, 761 (26) [Cu3I2L]+, 644 (56) [CuLP]+, 571 (72) [Cu2IL]+, 382 
(100) [CuL]+, 325 (28) [CuP]+, 320 (22) [L+H]+, 263 (16) [P+H]+. – IR (ATR) !̃ [cm-1] = 2961 (vw), 1585 (vw), 
1479 (w), 1434 (w), 1382 (vw), 1156 (vw), 1093 (w), 1027 (vw), 998 (vw), 844 (vw), 741 (w), 692 (m), 518 
(m), 504 (m), 427 (vw). – Anal. calcd for C57H52Cu2I2NP3 (1223.0): C 55.89, H 4.28, N 1.14; found: C 55.51, 
H 4.27, N 1.17. 
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[(2-(Diphenylphosphino)-4-tert-butylpyridine)(tris(4-fluorophenyl)phosphine)2Cu2I2] (Cu-3b).  
The complex Cu-3b was synthesized according to the general procedure. Pale yellow, microcrystalline 
solid (57% yield).  
1H NMR (400 MHz, DMSO-d6) δ [ppm] = 8.50 (bs, 1H, HPyr), 7.62 (bs, 1H, HPyr), 7.57 – 7.00 (m, 35H), 1.11 
(s, 9H, HtertBu). – 13C-NMR (101 MHz, DMSO-d6) δ [ppm] = 164.4 (s), 162.0 (s), 136.0 (q, J = 15.5 Hz, J = 
8.3 Hz), 133.3 (bd, J = 13.0 Hz), 130.0 (s), 129.0 (d, J = 27.9 Hz), 128.5 (d, J = 7.7 Hz), 115.9 (dd, J = 
21.2 Hz, J = 9.3 Hz), 34.9 (s, CtertBu), 29.7 (s, CtertBu). – 31P NMR (162 MHz, DMSO-d6) δ [ppm] = −4.76 (bs, 

1P, PtertBuPyrPhos), −14.47 (bs, 2P, P(F-Ph)3P). – 19F NMR (376 MHz, DMSO-d6) δ [ppm] = −114.82 (s, 6F, F(F-

Ph)3P). – MS (FAB, 3-NBA) m/z [%] = 1393 (1) [M+Cu]+, 1077 (3) [Cu3I2LP]+, 887 (7) [Cu2ILP]+, 884 (2) 
[Cu2IP2]+, 761 (32) [Cu3I2L]+, 698 (25) [CuLP]+, 695 (6) [CuP2]+, 571 (74) [Cu2IL]+, 382 (100) [CuL]+, 320 (22) 
[L+H]+, 317 (14) [P+H]+. – IR (ATR) !̃ [cm-1] = 2962 (vw), 1586 (m), 1493 (m), 1434 (w), 1393 (w), 1225 
(m), 1158 (m), 1092 (w), 1013 (w), 824 (m), 742 (w), 693 (w), 634 (w), 520 (m), 467 (w), 432 (m). – Anal. 
calcd for C57H46Cu2F6I2NP3 (1330.9): C 51.37, H 3.48, N 1.05; found: C 51.26, H 3.48, N 1.13. A molecular 
structure of the complex was obtained. 
 
 
[(4-(Cyclopentylmethyl)-2-(diphenylphosphino)pyridine)(triphenylphosphine)2Cu2I2] (Cu-4a).  
Complex Cu-4a was obtained according to the general procedure. Pale yellow powder (99% yield).  
1H NMR (400 MHz, DMSO-d6) δ [ppm] = 8.45 (bs, 1H, HPyr), 7.45 – 7.22 (m, 43H), 2.52 (bs, 1H, HCH2), 1.88 
(sept, 3JHH = 7.6 Hz, 1H, HCH), 1.52 – 1.41 (m, 4H, HAlkyl), 1.40 – 1.36 (m, 2H, HAlkyl), 1.01 – 0.93 (m, 2H, 
HAlkyl). – 13C NMR (101 MHz, DMSO-d6) δ [ppm] = 133.7 (d, JCP = 13.8 Hz), 133.1 (d, JCP = 27.8 Hz), 129.8 
(s), 128.4 (d, JCP = 8.4 Hz), 31.6 (s), 24.3 (s). – 31P NMR (162 MHz, DMSO-d6) δ [ppm] = −5.35 (bs, 1P, 

PCyclopentPyrPhos), −11.10 (bs, 2P, PPPh3). – MS (FAB, 3-NBA) m/z [%] = 1311 (1) [M+Cu]+, 1049 (3) [Cu3I2LP]+, 
860 (6) [Cu2ILP]+, 787 (21) [Cu3I2L]+, 670 (49) [CuLP]+, 597 (62) [Cu2IL]+, 587 (33) [CuP2]+, 408 (100) [CuL]+, 
346 (21) [L+H]+, 325 (42) [CuP]+, 263 (25) [P+H]+. – IR (ATR) !̃ [cm-1] = 3047 (vw), 2949 (w), 2860 (vw), 
1812 (vw), 1586 (w), 1542 (vw), 1479 (w), 1433 (w), 1388 (w), 1308 (vw), 1182 (w), 1156 (vw), 1093 (w), 
1068 (w), 1027 (w), 997 (w), 846 (vw), 740 (m), 691 (m), 618 (vw), 515 (m), 468 (w), 425 (w). – Anal. 
calcd for C59H54Cu2I2NP3 (1249.0): C 56.65, H 4.35, N 1.12; found: C 56.18, H 4.40, N 1.16. A molecular 
structure of the complex with two molecules of dichloromethane was obtained. 
 
 
[(4-(Cyclopentylmethyl)-2-(diphenylphosphino)pyridine)(tris(4-fluorophenyl)phosphin)2Cu2I2] (Cu-4b). 
The title complex was obtained via the general procedure. Pale yellow powder (91% yield).  
1H NMR (400 MHz, DMSO-d6) δ [ppm] = 8.64 (bs, 1H, HPyr), 7.80 – 7.22 (m, 36H), 2.57 (d, 3JHH = 7.5 Hz, 
2H, HCH2), 1.91 (sept, 3JHH = 7.4 Hz, 1H, HCH), 1.54 – 1.43 (m, 4H, HAlkyl), 1.42 – 1.36 (m, 2H, HAlkyl), 1.04 – 
0.95 (m, 2H, HAlkyl). – 13C NMR (101 MHz, DMSO-d6) δ [ppm] = 164.5 (s), 162.0 (s), 136.0 (q, J = 15.8 Hz, J 
= 8.3 Hz), 133.3 (bs), 130.1 (s), 128.9 (d, J = 27.7 Hz), 128.6 (d, J = 6.8 Hz), 115.9 (dd, J = 21.3 Hz, J = 
9.5 Hz), 31.6 (s), 24.3 (s). – 31P NMR (162 MHz, DMSO-d6) δ [ppm] = −5.09 (bs, 1P, PCyclopentPyrPhos), −12.90 

(bs, 2P, P(F-Ph)3P). – 19F NMR (376 MHz, DMSO-d6) δ [ppm] = −114.79 (s, 6F, F(F-Ph)3P). – MS (FAB, 3-NBA) 
m/z [%] = 1419 (1) [M+Cu]+, 1103 (2) [Cu3I2LP]+, 913 (6) [Cu2ILP]+, 884 (3) [Cu2IP2]+, 787 (36) [Cu3I2L]+, 724 
(25) [CuLP]+, 695 (9) [CuP2]+, 597 (72) [Cu2IL]+, 408 (100) [CuL]+, 378 (24) [CuP]+, 346 (21) [L+H]+, 317 (14) 
[P+H]+. – IR (ATR) !̃ [cm-1] = 3053 (vw), 2949 (vw), 2860 (vw), 1586 (m), 1493 (m), 1434 (w), 1392 (w), 
1300 (vw), 1223 (m), 1158 (m), 1092 (w), 1013 (w), 825 (m), 742 (w), 693 (m), 634 (w), 517 (m), 496 (w), 
467 (m), 443 (m), 431 (m). – Anal. calcd for C59H48Cu2F6I2NP3 (1356.9): C 52.15, H 3.56, N 1.03; 
found: C 51.14, H 3.50, N 1.10. A molecular structure of the complex with one molecule of 
dichloromethane was obtained. 
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3. Spectroscopic Data 
 

Ligands 

 
4-Methyl-2-(diphenylphosphino)pyridine (MePyrPhos) 

 

 
 

Figure S1. 1H NMR of MePyrPhos (2) in CDCl3, 400 MHz. 
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Figure S2. 13C NMR of MePyrPhos (2) in CDCl3, 400 MHz. 
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Figure S3. 31P NMR of MePyrPhos (2) in CDCl3, 400 MHz. 
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Figure S4. HSQC of MePyrPhos (2) in CDCl3, 400 MHz. 
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Figure S5. HMBC of MePyrPhos (2) in CDCl3, 400 MHz. 
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2-(Diphenylphosphino)-4-tertbutylpyridine (tertBuPyrPhos) 
 

 
 

Figure S6. 1H NMR of tertBuPyrPhos (3) in DMSO-d6, 400 MHz. 
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Figure S7. 13C NMR of tertBuPyrPhos (3) in DMSO-d6, 400 MHz. 
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Figure S8. 31P NMR of tertBuPyrPhos (3) in DMSO-d6, 400 MHz. 
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Figure S9. HSQC of tertBuPyrPhos (3) in DMSO-d6, 400 MHz. 
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Figure S10. HMBC of tertBuPyrPhos (3) in DMSO-d6, 400 MHz. 
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(4-(Cyclopentylmethyl)-2-(diphenylphosphino)pyridine (CyclopentPyrPhos) 
 

 
 

Figure S11. 1H NMR of ligand CyclopentPyrPhos (4) in DMSO-d6, 400 MHz. 
 



18 
 

 
 

Figure S12. 13C NMR of ligand CyclopentPyrPhos (4) in DMSO-d6, 400 MHz. 
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Figure S13. 31P NMR of ligand CyclopentPyrPhos (4) in DMSO-d6, 400 MHz. 
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Figure S14. HSQC of ligand CyclopentPyrPhos (4) in DMSO-d6, 400 MHz. 
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Figure S15. HMBC of ligand CyclopentPyrPhos (4) in DMSO-d6, 400 MHz. 
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4. Crystallography 
 
General Information. The molecular structures of the crystalline compounds 3, Cu-1b, Cu-1d, Cu-2b, 
Cu-2c, Cu-3b, Cu-4a and Cu-4b were determined by single crystal X-ray analysis. Suitable crystals were 
selected and investigated on a Stoe StadiVari diffractometer using either Cu-Kα (λ = 1.54186 Å) or Ga-Kα 

(λ = 1.34143 Å) radiation. The crystals were kept at low temperature during data collection. Using 
Olex22, the structures were solved either with the ShelXS3 structure solution program using Direct 
Methods and refined with the ShelXL4 refinement package using Least Squares minimization. Non-
hydrogen atoms were refined with anisotropic displacement parameters (disordered atoms and solvent 
molecules were refined isotropically); hydrogen atoms were modelled on idealized positions. 
Crystallographic and refinement data are summarized in Table S1.  
 
Crystal Structure Determination of Cu-2d. The single-crystal X-ray diffraction study was carried out on a 
Bruker D8 Venture diffractometer with PhotonII CPAD detector at 123(2) K using Mo-Kα radiation (λ = 
0.71073 Å). Dual space methods (SHELXT)5 were used for structure solution and refinement was carried 
out using SHELXL-2014 (full-matrix least-squares on F2)4. Hydrogen atoms were localized by difference 
electron density determination and refined using a riding model. A semi-empirical absorption correction 
was applied. 
 
CCDC-1918364 (Cu-2d) and CCDC-1919266–1919273 (3, Cu-1b, Cu-1d, Cu-2b, Cu-2c, Cu-3b, Cu-4a and 
Cu-4b) contain the supplementary crystallographic data for this paper. These data can be obtained free 
of charge from The Cambridge Crystallographic Data Centre via 
https://www.ccdc.cam.ac.uk/structures/. 
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Table S1. Crystallographic and refinement data. 

 
Compound 3 Cu-1b Cu-1d 

Reaction code JMB072_B  JMB049  JMB176 
Emp. formula  C21H22NP  C53H38Cu2F6I2NP3  C53H38Cl6Cu2I2NP3  
Moiety formula C21H22NP C53H38Cu2F6I2NP3 C53H38Cl6Cu2I2NP3 
Molar mass  319.36  1276.63  1375.33  
Temperature/K  180.15  180.15  180.15  
Crystal system  monoclinic  monoclinic  monoclinic  
Space group  P21/c  P21/c  P21  
a/Å  10.9170(6)  18.9070(5)  10.61070(10)  
b/Å  14.2236(10)  12.6700(2)  13.40820(10)  
c/Å  11.8139(6)  20.7952(5)  18.7629(2)  
α/°  90  90  90  
β/°  103.375(4)  103.210(2)  93.5340(10)  
γ/°  90  90  90  
Volume/Å3  1784.69(19)  4849.71(19)  2664.33(4)  
Z  4  4  2  
ρcalcg/cm3  1.189  1.748  1.714  
μ/mm–1  0.153  12.531  12.969  
F(000)  680.0  2504.0  1348.0  
Radiation / Å MoKα (λ = 0.71073)  CuKα (λ = 1.54186) GaKα (λ = 1.34143)  
2Θ range /°  3.8–66 4.8–126.0 4.1–124  
Refl. collected  15137 16081  29745  

Independent refl.  
6095 [Rint = 0.0279,  
Rσ = 0.0485] 

7497 [Rint = 0.0293,  
Rσ = 0.0197]  

9041 [Rint = 0.0410, Rσ 
= 0.0268]  

Ind. refl. I ≥ 2σ(I) 3970 7328  8662 
Data/rest./param. 6095/0/211 7497/0/604  9041/1/604  
Gof 1.043 1.080  1.017  
R indexes 
[I ≥ 2σ(I)]  

R1 = 0.0456,  
wR2 = 0.1142 

R1 = 0.0264,  
wR2 = 0.0710  

R1 = 0.0748,  
wR2 = 0.2003  

R indexes  
[all data]  

R1 = 0.0823,  
wR2 = 0.1272 

R1 = 0.0272,  
wR2 = 0.0714  

R1 = 0.0769,  
wR2 = 0.2042  

Diff. peak/hole /eÅ–3 0.39/–0.25 0.44/–0.55  3.46/–2.89  
Flack parameter   –0.013(8) 
CCDC no. 1919266 1919267 1919268 
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Table S1. (continued). 

 
Compound Cu-2b Cu-2c Cu-2d 

Reaction code JMB057  JMB053  JMB181 
Emp. formula  C59H52Cu2F6I2NP3  C60.5H40ClCu2F18I2NP3  C54H40Cl6Cu2I2NP3 

Moiety formula 
C54H40Cu2F6I2NP3  
· C5H12 

C60H39Cu2F18I2NP3  
· ½ CH2Cl2 

C54H40Cl6Cu2I2NP3 

Molar mass  1362.80  1632.17  1389.36 
Temperature/K  180.15  180.15  123 
Crystal system  monoclinic  triclinic  monoclinic 
Space group  P21/n  P1̄ P21/n 
a/Å  18.9997(6)  15.2045(10)  12.3082(4) 
b/Å  12.9197(5)  15.6811(6)  24.7061(10) 
c/Å  23.7991(6)  15.7442(10)  18.5816(8) 
α/°  90  90.236(4)  90 
β/°  102.080(2)  106.170(5)  104.719(1) 
γ/°  90  116.415(4)  90 
Volume/Å3  5712.6(3)  3192.9(3)  5465.0(4) 
Z  4  2  4 
ρcalcg/cm3  1.585  1.698  1.689 
μ/mm–1  10.677  9.932  2.33 
F(000)  2704.0  1596.0  2728 
Radiation / Å CuKα (λ = 1.54186)  GaKα (λ = 1.34143) MoKα (λ = 0.71073) 
2Θ range /°  6.7–128.0  6.0–106.0 4.6 – 55 
Refl. collected  22256  24934  286816 

Independent refl.  
9312 [Rint = 0.1121,  
Rσ = 0.0879]  

10843 [Rint = 0.0150,  
Rσ = 0.0186]  

12543 [Rint = 0.043,  
Rσ = 0.014] 

Ind. refl. I ≥ 2σ(I) 7879  9479  11785 
Data/rest./param. 9312/7/635  10843/4/777  12543/0/614 
Gof 1.266  1.079  1.16 
R indexes 
[I ≥ 2σ(I)]  

R1 = 0.1216,  
wR2 = 0.2919  

R1 = 0.0434,  
wR2 = 0.1169  

R1 = 0.026,  
wR2 = 0.050 

R indexes  
[all data]  

R1 = 0.1290,  
wR2 = 0.2999  

R1 = 0.0493,  
wR2 = 0.1198  

R1 = 0.028,  
wR2 = 0.051 

Diff. peak/hole /eÅ–3 4.41/–4.41  1.67/–0.71  0.66/-0.49 
CCDC no. 1919269 1919270 1918364 
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Table S1. (continued). 

 
Compound Cu-3b Cu-4a Cu-4b 

Reaction code JMB080_ANW012  JMB082-14  JMB83-15  
Emp. formula  C57H46Cu2F6I2NP3  C61H58Cl4Cu2I2NP3  C60H50Cl2Cu2F6I2NP3  

Moiety formula C57H46Cu2F6I2NP3 
C59H54Cu2I2NP3  
· 2(CH2Cl2) 

C59H48Cu2F6I2NP3  
· CH2Cl2 

Molar mass  1332.74  1420.67  1443.70  
Temperature/K  150.15  160.15  180.15  
Crystal system  triclinic  triclinic  monoclinic  
Space group  P1̄ P1̄ P21/c  
a/Å  12.6116(7)  11.2312(2)  19.1297(5)  
b/Å  17.2115(8)  14.2065(3)  12.6256(2)  
c/Å  27.1045(9)  21.3424(4)  25.3784(6)  
α/°  103.391(3)  72.1220(10)  90  
β/°  100.214(4)  82.3480(10)  111.373(2)  
γ/°  101.155(4)  67.3660(10)  90  
Volume/Å3  5461.1(5)  2990.83(10)  5708.0(2)  
Z  4  2  4  
ρcalcg/cm3  1.621  1.578  1.680  
μ/mm–1  11.015  11.059  11.566  
F(000)  2632.0  1416.0  2856.0  
Radiation / Å GaKα (λ = 1.34143)  GaKα (λ = 1.34143)  CuKα (λ = 1.54186)  
2Θ range /°  4.9–110.0  6.1–120.0  8.6–125.0  
Refl. collected  47037  37037  38804  

Independent refl.  
20129 [Rint = 0.0424,  
Rσ = 0.0345]  

13129 [Rint = 0.0253,  
Rσ = 0.0194]  

9040 [Rint = 0.0243,  
Rσ = 0.0148]  

Ind. refl. I ≥ 2σ(I) 17952  11520  8926  
Data/rest./param. 20129/0/1285  13129/0/658  9040/0/682  
Gof 1.090  1.033  1.199  
R indexes 
[I ≥ 2σ(I)]  

R1 = 0.0466,  
wR2 = 0.1309  

R1 = 0.0316,  
wR2 = 0.0861  

R1 = 0.0569,  
wR2 = 0.1359  

R indexes  
[all data]  

R1 = 0.0534,  
wR2 = 0.1343  

R1 = 0.0367,  
wR2 = 0.0885  

R1 = 0.0572,  
wR2 = 0.1360  

Diff. peak/hole /eÅ–3 1.68/–1.23  1.46/–0.94  1.13/–1.32  
CCDC no. 1919271 1919272 1919273 
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Ligand 

2-(Diphenylphosphino)-4-tertbutylpyridine (tertBuPyrPhos) 

 
 

Figure S16. Molecular structure of tertBuPyrPhos (3). 
 

 

 
 

Figure S17. ORTEP plot of tertBuPyrPhos (3)  
(displacement parameters are drawn at 50 % probability level). 
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Cu(I) Complexes 

Additionally the molecular structure of Cu(I) complex Cu-4a was obtained by X-Ray analysis. 
 

 
Figure S18. Molecular structure of Cu(I) complex Cu-4a bearing triphenylphosphine as ancillary ligands  

(hydrogen atoms and solvent were omitted for clarity). 
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ORTEP plots 

In the following section the ORTEP plots of all obtained Cu(I) AlkylPyrPhos complexes Cu-1b, Cu-1d, 
Cu-2b, Cu-2c, Cu-3b, Cu-4a and Cu-4b are shown. 
 

         
 

Figure S19. ORTEP plots of Cu-1b (left) and Cu-2b (right)  
(displacement parameters are drawn at 50 % probability level,  
hydrogen atoms  and solvent (right) were omitted for clarity). 

 

       
 

Figure S20. ORTEP plots of Cu-3b (left) and Cu-4b (right)  
(displacement parameters are drawn at 50 % probability level, 

hydrogen atoms and solvent and minor disordered parts (right) were omitted for clarity). 
 
 



29 
 

 
 

Figure S21. ORTEP plot of Cu-2c  
(displacement parameters are drawn at 50 % probability level,  

hydrogen atoms, solvent and minor disordered parts were omitted for clarity). 
 
 

 

      
 

Figure S22. ORTEP plots of Cu-1d (left) and Cu-2d (right) 
(displacement parameters are drawn at 50 % probability level, 

hydrogen atoms were omitted for clarity). 
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Figure S23. ORTEP plot of Cu-4a  
(displacement parameters are drawn at 50 % probability level, 

hydrogen atoms and solvent were omitted for clarity). 
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5. Theoretical Calculations 
 
Computational Details. The different complexes were optimized using the ridft module within the 
standard jobex script. The energy threshold within a self-consistent (SCF) calculation was set to 10-10 "# 
whereas convergence thresholds for the structure optimization were 10-8 "# and 10-6 "#/$% for the total 
SCF energy and the Cartesian gradients, respectively. The structures used for the calculations are given 
in section 9. Structures in XYZ. 
 
For the calculation of IR absorption spectra of Cu-1b and Cu-2b the crystal structures were used as input 
structures. For geometry optimization and frequency calculation the DFT functional B3LYP with 
dispersion correction (D3)6, RI-approximation (resolution of identity) and the def2-TZVP basis set were 
used. The calculations of energies, gradients, force constants and frequencies were performed and 
taken from Turbomole 7.37. Obtained vibrational frequencies were convolved with a Gaussian profile 
with a FWHM = 8 cm−1. Triplet states were calculated as ground state using UDFT. 
The S1 and T1 structures were optimized and the respective vertical transitions were calculated by TD-
DFT (B3LYP-D3(BJ)/def2-TZVP) and considered for calculation of the singlet-triplet energy gaps of Cu-1b 
and Cu-2b. 
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Figure S24. First three natural transition orbitals of Cu-2c for the first triplet excitation  
(top: 80%, 10%, 6%) and second triplet excitation (bottom: 79%, 12%, 5%) at the S0 structure.  

The colours green/orange indicate the hole while red/white correspond to the electron.  

(isovalue: ±0.03 $%
&'/(

, Cu = blue, P = orange, I = purple, N = cyan, F = green, C = grey, H = white). 
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6. Absorption Spectra 
 
Absorption spectra measurements. Absorption spectra were recorded on a Thermo Scientific, model 
Evolution 201. 10 mg of each sample were dissolved in 100 mL spectroscopical grade dichloromethane 
respectively. 1 mL of this stock solution was diluted 1:10 to give concentrations of 0.01 mg/mL.  
 
 

Experimental Data 

 
Table S2. Overview of the absorption maxima, concentration of the samples, extinction and molar 

extinction coefficient at the absorption maxima for all Cu(I) complexes and ligands investigated in this 
study respectively. 

 
compound absorption 

maxima [nm] 

c (× 10-6) 

[mol/L] 

E(absorption 

maximum) 

molar extinction coefficient at absorption 

maxima (× 10-4) [L/(mol × cm)] 

Cu-1b 250 7.96 0.283 3.55 
Cu-1c 265 6.61 0.255 3.86 
Cu-1d 250 7.44 0.371 4.99 
Cu-2b 250 8.08 0.296 3.66 
Cu-2c 266 6.34 0.233 3.67 
Cu-2d 250 7.49 0.368 4.91 
Cu-3a 250 8.28 0.335 4.05 
Cu-3b 250 7.56 0.288 3.80 
Cu-4a 250 8.17 0.302 3.70 
Cu-4b 250 7.45 0.258 3.46 

 
compound absorption 

maxima [nm] 

c (× 10-5) 

[mol/L] 

E(absorption 

maximum) 

molar extinction coefficient at absorption 

maxima [L/(mol × cm)] 

ligand 1 258 3.81 0.372 9753 
ligand 2 257 3.62 0.335 9250 
ligand 3 257 3.18 0.287 9013 
ligand 4 259 2.93 0.250 8529 

     
ligand a 263 3.84 0.360 9365 
ligand b 257 3.23 0.348 10785 
ligand c 270 2.19 0.244 11180 
ligand d 266 2.83 0.389 13755 
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Comparison plots of the absorption spectra of the copper complexes Cu-1b – Cu-4b and their correspon-
ding bridging and ancillary ligands, measured of the solution with the concentrations given in Table S2 at 
room temperature. 
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Figure S25. UV/Vis spectra of Cu-1b, Cu-2b and the corresponding ligands 1, 2 and b. 
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Figure S26. UV/Vis spectra of Cu-1c, Cu-2c and the corresponding ligands 1, 2 and c. 
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Figure S27. UV/Vis spectra of Cu-1d, Cu-2d and the corresponding ligands 1, 2 and d. 
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Figure S28. UV/Vis spectra of Cu-3a, Cu-4a and the corresponding ligands 3, 4 and a. 
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Figure S29. UV/Vis spectra of Cu-3b, Cu-4b and the corresponding ligands 3, 4 and b. 
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Further absorption spectra were recorded using a Perkin-Elmer Lambda 900 double beam UV/VIS/NIR 

spectrophotometer with concentrations in the region of 2 · 10−5 M.     
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Figure S30. UV/Vis spectra of the complexes Cu-1b, Cu-2b and Cu-2c,  

measured in dichloromethane (blue) and ethanol (black). 
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Absorption measurements of the Cu(I) complexes in neat films 
 

250 300 350 400
0

1x105

2x105

3x105

4x105

5x105

6x105

7x105

e
x
ti

n
c
ti

o
n

 c
o

e
ff

. 
e 

[M
-1

 c
m

-1
]

wavelength [nm]

 Cu-1b PMMA

 Cu-2b PMMA

 Cu-2c PMMA

 Cu-1b DPEPO

 Cu-2b DPEPO

 Cu-2c DPEPO

 Cu-1b mCBP

 Cu-2b mCBP

 Cu-2c mCBP

 
 

Figure S31. UV/Vis spectra of the complexes Cu-1b, Cu-2b and Cu-2c, measured of the PMMA, DPEPO 
and mCBP films respectively at room temperature. 
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Computational Data 
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Figure S32. UV/Vis spectra computed using evGW/BSE8, 9 with PBE010 (top) and CAM-B3LYP11 (bottom) 

with the def2-TZVP basis (def2-SV(P) for hydrogen). 
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7. Photophysics 
 

Powder measurements 

 
Photophysical measurements. Photoluminescence spectroscopy and TCSPC (Time-correlated single-

photon counting). Steady-state emission spectra were measured by a Horiba Scientific, model 
FluoroMax-4 equipped with a 150 W Xenon-Arc lamp, excitation- and emissions monochromators and a 
Hamamatsu R928 photomultiplier and a time-correlated single-photon counting option. Emissions and 
excitation spectra were corrected using standard correction fits. Excited state lifetimes were determined 
employing the same system using the TCSPC method with FM-2013 equipment and a Horiba Yvon TCSPC 
hub. Excitation sources: NanoLED 370 (wavelength: 371 nm, pulse duration: 1.1 ns), NanoLED 290 
(wavelength: 294 nm, pulse duration: <1 ns), SpectraLED 310 (wavelength: 314 nm), SpectraLED 355 
(wavelength: 355 nm). Data analysis (exponential fit) was done using the software suite DataStation and 
DAS6 analysis software. The fit is specified using the chi-squared-test. For the photoluminescence 
quantum yield (PLQY) measurements an Absolute PL Quantum Yield Measurement C9920-03G system 
(Hamamatsu Photonics) was used. Quantum yields and CIE coordinates were determined using the 
software U6039-05 version 3.6.0. Emission maxima are given in nm, quantum yields ) in % and CIE 
coordinates as x, y values. The PLQYs were measured with an integrating sphere set up of the powder of 
the Cu(I) complexes with an excitation wavelength of 350 nm. The yield was calculated using the 
following equation, wherein nphoton denotes the photon count and Int. the intensity. 
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Figure S33. Overview of all emission spectra of the Cu(I) AlkylPyrPhos complexes, measured of the 
powder samples at room temperature with 350 nm excitation wavelength. 
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Measurements of the Cu(I) complexes in neat films 
 
The photophysical measurements were also performed of neat films of 10 wt% of the copper complex 
emitters Cu-1b, Cu-2b and Cu-2c in the corresponding host materials. Hereby, poly(methylmethacrylate) 
(PMMA), purchased from Sigma-Aldrich (art. number 182230-25G, used without further purification), 
bis(2-(diphenylphosphino)phenyl)ether oxide (DPEPO), purchased also from Sigma-Aldrich (98% purity, 
sublimed before usage)  and 3,3-di(9H-carbazol-9-yl)biphenyl (mCBP) purchased from Jilin OLED 

materials in >98% purity (sublimed before usage) served as host materials (Figure S34). 
 

 
 

Figure S34. Host materials PMMA (left), DPEPO (center) and mCBP (right). 
 

Sample Preparation. Stock solutions of the copper complexes and the host materials were prepared 
respectively. Dichloromethane was used as solvent. 
 

Stock solution 1:  10 mg of the copper complex emitter was dissolved in 1 mL of DCM.  
Stock solution 2:  10 mg of the host material was dissolved in 1 mL of DCM. 

 
The stock solutions 1 and 2 were mixed by volume with an Eppendorf pipette in a ratio of 10/90 (stock 
solution 1/stock solution 2). In this case, the ratio by volume also corresponded to the ratio by weight, 
as both stock solutions had a concentration of 10 mg/mL. 
  
Film Preparation. For the film preparation, 50 µL of the mixed solution (cf. section sample preparation) 
were applied on a commercially available fused quartz substrate with an Eppendorf pipette.  Spin 
coating was performed with a Wafer Spinner Spin 150 (APT GmbH) with the following spin coating 
program: 
 

Step 1: Speed 400 rpm, time 5 s, acceleration 1000 
Step 2:  Speed 1000 rpm, time 20 s, acceleration 1000 
Step 3:  Speed 4000 rpm, time 10 s, acceleration 1000 

  
Subsequently, the spin-coated film was heated on a heating plate for 30 – 60 seconds at 70 °C.  During 
the spin coating and due to the subsequent heating, the solvent was removed and a film with 10% by 
weight of copper complex emitter and 90% by weight PMMA (DPEPO, mCBP) was achieved. This film 
(nm scale thickness) was used to measure the PL, PLQY, lifetime and CIE coordinates were determined. 
For this the same equipment as described for the measurements in powder was used (see 
photophysical measurements). All emission spectra were plotted using the software ORIGIN®. 
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Figure S35. Overview of the emission spectra of the complexes Cu-1b, Cu-2b and Cu-2c, measured of the 
neat films (PMMA, DPEPO and mCBP as hosts) at room temperature with 350 nm excitation wavelength. 
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Figure S36. Comparison of the emission spectra of Cu-1b, Cu-2b and Cu-2c in PMMA (top, left), DPEPO 
(top, right) and mCBP (bottom) films, measured at rt with 350 nm excitation wavelength. 
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The photophysical properties of the complexes Cu-1b, Cu-2b and Cu-2c, measured of the neat films 
(PMMA, DPEPO and mCBP as hosts) at room temperature with 350 nm excitation wavelength, are given 
in Table S3. 

 
Table S3. Photophysics and CIE-coordinates of 10wt% Cu-1b, Cu-2b and Cu-2c in PMMA, DPEPO and 

mCBP films, respectively, ordered according to the Cu(I) complex emitter (top) and host (bottom). 
 

  λPL )PL τ   

Complex Host [nm] [%] [µs] CIE X CIE Y 

Cu-1b PMMA 542 59 9.5 0.39 0.53 

DPEPO 532 64 7.2 0.36 0.51 

mCBP 544 54 7.3 0.38 0.52 

Cu-2b PMMA 529 78 7.8 0.35 0.52 

DPEPO 526 65 6.9 0.32 0.52 

mCBP 529 60 6.7 0.36 0.53 

Cu-2c PMMA 505 77 10.0 0.27 0.44 

DPEPO 526 69 8.3 0.32 0.52 

mCBP 526 60 8.4 0.32 0.52 

 
 
 

  λPL )PL τ   

Complex Host [nm] [%] [µs] CIE X CIE Y 

Cu-1b PMMA 542 59 9.5 0.39 0.53 

Cu-2b  529 78 7.8 0.35 0.52 

Cu-2c  505 77 10.0 0.27 0.44 

Cu-1b DPEPO 532 64 7.2 0.36 0.51 

Cu-2b  526 65 6.9 0.32 0.52 

Cu-2c  526 69 8.3 0.32 0.52 

Cu-1b mCBP 544 54 7.3 0.38 0.52 

Cu-2b  529 60 6.7 0.36 0.53 

Cu-2c  526 60 8.4 0.32 0.52 
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Measurements of the Cu(I) complexes in the KBr matrix 

 

Pellet preparation. For the preparation of KBr pellets the copper complexes (0.9 mg) were mixed with 

dry KBr, (200 mg, stored in a compartment dryer at 80 °C, purchased from Merck) and ground to a 

homogenous mixture. This mixture was filled in an evacuable pellet die with a diameter of 13 mm and 

sintered at a pressure of 0.75 GPa at room temperature.  

 

Photophysical measurements. Temperature dependent emission spectra of KBr pellets were recorded 

using a Fluoromax-2 (Jobin-Yvon) fluorescence spectrometer. Luminescence lifetimes were determined 

by TCSPC using a DeltaFlex (Horiba Scientific) spectrometer with an analogous setup as applied for 

powder samples. Excitation sources: NanoLED 390 (wavelength: 389 nm, pulse duration: 1.3 ns), 

NanoLED 350 (wavelength: 345 nm, pulse duration: <1 ns). Long-wave pass filters (cutoff at 500/510 nm) 

were set between sample and emission monochromator to suppress the influence of scattered 

excitation light. Decay curves were analysed by multiexponential fits with the software ORIGIN®.  

 

Table S4. Temperature dependent emission maxima and lifetimes in the KBr matrix determined by 

TCSPC of Cu-1b and Cu-2b. A is the contribution of the two lifetime components. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S5. Measured temperature-dependent emission maxima and deduced singlet-triplet energy gaps 

TUVWLXYZM. 

 
λPL(290 K) 

[nm] 

λPL(20 K) 

[nm] 

TUVWLXYZM 
[cm─1] 

TUVWLXYZM 
[eV] 

Cu-1b 527 533 214 0.027 

Cu-2b 514 518 150 0.019 

 

 

 

 

 T λEX λPL τ1 τ2 A1 A2 

Complex [K] [nm] [nm] [µs] [µs] [%] [%] 

Cu-1b 290 345 529 / 5.0 / 100 

 389 529 / 5.1 / 100 

 20 345 533 0.4 35 1 99 

  389 533 0.4  38  1 99 

Cu-2b 290 345 515 / 3.9 / 100 

  389 515 / 4.0 / 100 

 20 345 519 0.8 33 1 99 

  389 519 0.4 31 1 99 
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Measurements of the Cu(I) complexes in solution 
 

Static emission spectra in solution were recorded using a Fluorolog 3-22 τ (Horiba Jobin-Yvon) fluore-

scence spectrometer. Spectroscopic grade solvents were purchased from Merck. The solutions were 

prepared using the common Schlenck technique with concentrations in the range of 2 [ 10−5 M and were 

measured in 1 cm x 1 cm quartz cuvettes. Lifetimes were determined by TCSPC using the same setup as 

used for KBr pellets. Excitation sources: NanoLED 350 (wavelength: 345 nm, pulse duration: <1 ns), 

NanoLED 320 (wavelength: 313 nm, pulse duration: <1 ns). The instrumental response function (IRF) of 

125 ps (FWHM) was collected by use of LUDOX®. Decay curves were analysed by monoexponential fits 

with the software ORIGIN®.  
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Figure S37. Emission spectra of Cu-1b, Cu-2b and Cu-2c in ethanol (left) and chlorobenzene (right)  

measured at room temperature with 320 nm excitation wavelength  

(second-order Rayleigh scattering cut out for clarity).  

                                                

Table S6. Emission maxima and lifetimes of Cu-1b, Cu-2b and Cu-2c  

measured by TCSPC at room temperature. 

 

 

 

 

 

 

 

 
 

 

 

  λEX λPL τ 

Complex Solvent [nm] [nm] [µs] 

Cu-1b chlorobenzene 313 570 0.3 

DCM 345 578 0.3 

 EtOH 345 518 4.9 

Cu-2b chlorobenzene 313 552 0.4 

 DCM 345 558 0.2 

 EtOH 313 550 0.2 

Cu-2c chlorobenzene 345 532 0.4 

 DCM 345 538 0.3 

 EtOH 345 532 0.1 
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Step-scan FTIR spectroscopy on the Cu(I) complexes 
 

Step-scan FTIR measurements. The experimental setup has been described in detail before, so that 

only a brief description of the general setup is given here.12-14 All the time-resolved FTIR experiments 

were performed with the FTIR spectrometer Bruker Vertex 80v, operated in the step-scan mode. A 

liquid-nitrogen-cooled mercury cadmium telluride (MCT) detector (Kolmar Tech., Model KV100-1-B-

7/190) with a rise time of 25 ns, connected to a fast preamplifier and a 14-bit transient recorder board 

(Spectrum Germany, M3I4142, 400 MS/s), was used for signal detection and processing. The laser setup 

includes a Q-switched Nd:YAG laser (Innolas SpitLight Evo I) generating pulses with a band-width of 

6 ─ 9 ns at a repetition rate of 100 Hz. The third harmonic (355 nm) of the Nd:YAG laser was used 

directly for sample excitation. The UV pump beam was attenuated to about 2.0 mJ per shot at a 

diameter of 9 mm. The beam was directed onto the sample and adjusted to have a maximal overlap 

with the IR beam of the spectrometer. The sample chamber was equipped with anti-reflection-coated 

germanium filters to prevent the entrance of laser radiation into the detector and interferometer 

compartments. The KBr pellets were prepared as described above (see pellet preparation) and 

cryogenically cooled (20 K or 290 K) with a closed cycle helium cryostat (ARS Model DE-202A). The cryo 

cooler was equipped with a homebuilt pellet holder and CaF2 windows. The cryostat was hanging from a 

rack into the sample compartment without touching the spectrometer to prevent vibrations of the 

cooler to be transferred to the instrument. The temporal resolution of the 14-bit transient recorder 

board was set to 20 ns. The step-scan measurement was started 1.8 μs before the Q-Switch of the 

Nd:YAG laser was triggered, which means that the experiment was initiated 2.2 μs before the laser pulse 

reached the sample. Hence, this time was set as zero point in all spectra. The time delay between the 

start of the experiment and the laser pulse was controlled with a Stanford Research Systems DG535 

delay generator. The spectral region was limited by undersampling to 988 – 1975 cm−1 with a spectral 

resolution of 4 cm−1 resulting in 555 interferogram points. An IR broad band filter (850 – 1750 cm−1) and 

the CaF2 windows (no IR transmission \ !1000 cm−1) of the cryostat prevented problems when 

performing a Fourier transformation (i.e. no IR intensity outside the measured region should be 

observed).  
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Figure S38. Excited state spectra at 20 K (black) and 290 K (red) of Cu-2b. 
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Figure S39. Step-scan difference spectrum 0 to 2 µs after excitation (λEX = 355 nm) (red), calculated S0 

spectrum (blue), calculated T1 spectrum (orange) (B3LYP/def2-TZVP, FWHM = 8 cm−1, Gaussian profile, 

scaled by 0.975) and calculated difference spectrum T1 – S0 (black) of Cu-2b. The T1 specific bands are 

marked with asterisks. 
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Figure S40. Time traces of the IR signal of nine positive and three negative bands (dots) in the step-scan 

spectrum of Cu-2b at 20 K with biexponential fits (convolution with Gaussian pulse), resulting in decay 

times of τ1 = 1053 ± 49 ns and τ2 = 15447 ± 494 ns.     
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Figure S41. Time traces of the IR signal of nine positive and three negative bands (dots) in the step-scan 

spectrum of Cu-2b at 290 K with biexponential fits (convolution with Gaussian pulse), resulting in decay 

times of τ1 = 139 ± 16 ns and τ2 = 3083 ± 209 ns. 
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                      optimized S0 geometry                                                                optimized T1 geometry 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
  
 
 
 
 
 
 
 
 
 
 
 

Figure S42. Bond lengths (Å) and angles (°) in the central Cu2I2 unit of Cu-2b in the S0 and T1  

electronic state, calculated with B3LYP-D3(BJ)/def2-TZVP. 
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Figure S43. FTIR ground state spectrum at 20 K (black), calculated S0 spectrum (B3LYP-D3(BJ)/def2-TZVP, 

FWHM = 8 cm−1, Gaussian profile, scaled by 0.975) (blue) and step-scan difference spectrum 0 to 2 µs 

after excitation (λEX = 355 nm) (red) of Cu-1b. 
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Figure S44. Excited state spectra at 20 K (black) and 290 K (red) of Cu-1b. 
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Figure S45. Step-scan difference spectrum 0 to 2 µs after excitation (λEX = 355 nm) (red), calculated S0 

spectrum (blue), calculated T1 spectrum (orange) (B3LYP-D3(BJ)/def2-TZVP, FWHM = 8 cm−1, Gaussian 

profile, scaled by 0.975) and calculated difference spectrum T1 – S0 (black) of Cu-1b. The T1 specific 

bands are marked with asterisks. 
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                    optimized S0 geometry                                                                optimized T1 geometry 

  

  

  

 

  

 

 

 

  

 

  

  

 

 

 

 

 

 

Figure S46. Bond lengths (Å) and angles (°) in the central Cu2I2 unit of Cu-1b in the S0 and T1  

electronic state, calculated with B3LYP-D3(BJ)/def2-TZVP. 
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Figure S47. Excited state spectra at 20 K (bottom) and calculated T1 spectra (top) (B3LYP-

D3(BJ)/def2-TZVP, FWHM = 8 cm−1, Gaussian profile, scaled by 0.975) of Cu-1b (blue) and Cu-2b (red). 

The band specific for Cu-2b is marked with an asterisk. 

 

 

 

Table S7. Lifetimes of Cu-1b and Cu-2b determined by transient FTIR spectroscopy  

at 20 K and 290 K (λEX = 355 nm). 

 

 T τ1 τ2 A1 A2 

Complex [K] [µs] [µs] [%] [%] 

Cu-1b 20 1.1 16 14 86 

290 0.1 2.4 19 81 

Cu-2b 20 1.1 15 11 89 

 290 0.1 3.1 13 87 
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Table S8. Change of geometrical parameters of Cu-2b and Cu-1b concerning the copper – iodide core 

with transition from the S0 structure to the T1 structure, calculated with B3LYP-D3(BJ)/def2-TZVP. The 

numbers of the atoms are shown in the figures above. 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Differences 

parameter Cu-2b Cu-1b 

d(N1-C1) +0.06 Å +0.06 Å 
d(Cu1-Cu2) -0.15 Å -0.14 Å 
d(Cu1-N1) -0.12 Å -0.13 Å 
](Cu1-I1-Cu2) -3.2° -3.0° 
](C19-I2-Cu2) -3.2° -3.2° 
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Table S9. Characterization of vibrational modes of a) Cu-2b and b) Cu-1b. The calculated frequencies are 
indicated in brackets.    
 
a) 

 
 
 
b) 
 

 

_̂  / cm−1 
ground state 

_̂  / cm−1 
excited state 

Character of the vibration 

1589 (1596) 1589 (1595) Aromatic C−C stretching  
 1575 (1580) Aromatic C−C stretching 
1497 (1498) 1497 (1498) C−H scissoring in the fluorinated phenyl moieties 
1394 (1396) 1394 (1396) C−H scissoring, combined with aromatic C−C stretching in the 

fluorinated phenyl moieties 
 1338 (1340) C−H scissoring in the pyridine ring, combined with aliphatic C−H of 

the methyl group 
1276 (1278) 1274 (1284) C−C stretching in the phenyl rings 
1231 (1229) 1241 (1234) C−F stretching vibration 
1160 (1156) 1162 (1162) C−H scissoring 
1097 (1092) 1096 (1091) C−P stretching vibration 
 1065 (1075) C−H scissoring in the bridging ligand, combined with aliphatic C−H 

of the methyl group   

_̂  / cm−1 
ground state 

_̂  / cm−1 
excited state 

Character of the vibration 

1589 (1593) 1589 (1594) C−C stretching in the phenyl rings  
 1578 (1581) C−C stretching in the phenyl moieties 
1497 (1497) 1497 (1498) C−C stretching in the pyridine ring, combined with C−H scissoring 
 1475 (1474) C−H scissoring, combined with C−C stretching in the pyridine 

moiety 
1394 (1396) 1395 (1397) C−H scissoring in the fluorinated phenyl rings 
1276 (1279) 1280 (1284) Asymmetric C−C stretching in the phenyl moieties 
 1271 (1268) C−H scissoring, combined with C−C stretching in the pyridine 

moiety 
1230 (1229) 1243 (1233) C−F stretching vibration 
1160 (1159) 1162 (1159) C−H scissoring 
1097 (1092) 1095 (1095) C−P stretching vibration 
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9. Structures in XYZ 
 
The following structures were used for calculating electronic excitations for either the UV/Vis Spectra or 
vertical singlet-triplet gap. 
 

#Cu-1b singlet ground state 

105 

 

Cu   -1.1896460   -0.1358123   -0.0909001  

Cu    1.4350184   -0.6022229   -0.0380301  

I     0.2413979    0.0689196   -2.3795012  

I     0.2570360    0.4598836    2.1180214  

P    -1.4734687   -2.4026332    0.1445288  

P    -2.8919959    1.4080169   -0.1447875  

P     3.5884645    0.1807497   -0.0717902  

F    -1.0947189    7.1258365   -0.0875361  

F    -6.4807942    1.0864121   -4.9384822  

F    -6.4693627    0.4726187    4.5754754  

F     4.0745615    6.0073546   -1.3976299  

F     6.4428511   -0.2870627    5.1809878  

F     7.0031641   -2.7718233   -4.0309759  

N     1.2627750   -2.7168160   -0.1179244  

C     0.0814966   -3.3793210   -0.2142976  

C     0.0225085   -4.7417664   -0.5672997  

H    -0.9560619   -5.2395301   -0.6542665  

C     1.2095016   -5.4494673   -0.8037901  

H     1.1805861   -6.5164396   -1.0801449  

C     2.4277655   -4.7677085   -0.6778883  

H     3.3928014   -5.2694306   -0.8512261  

C     2.4029503   -3.4101587   -0.3352118  

H     3.3412510   -2.8383907   -0.2463996  

C    -1.9554458   -2.9893891    1.8329263  

C    -1.3858431   -4.1045797    2.4818715  

H    -0.5930796   -4.6909519    1.9909501  

C    -1.8163627   -4.4744155    3.7669338  

H    -1.3554987   -5.3431868    4.2659589  

C    -2.8253387   -3.7432496    4.4140263  

H    -3.1611261   -4.0361454    5.4226276  

C    -3.3957138   -2.6293063    3.7758796  

H    -4.1786882   -2.0380236    4.2789901  

C    -2.9544939   -2.2462476    2.5000486  

H    -3.3842889   -1.3500658    2.0224930  

C    -2.6755728   -3.2660522   -0.9730917  

C    -3.8147121   -3.9524757   -0.5027729  

H    -3.9935880   -4.0466669    0.5805664  

C    -4.7250319   -4.5207000   -1.4109908  

H    -5.6114294   -5.0545572   -1.0294100  

C    -4.5066422   -4.4167542   -2.7939747  

H    -5.2202174   -4.8679336   -3.5032553  

C    -3.3728268   -3.7333614   -3.2695206  

H    -3.1920076   -3.6459565   -4.3540576  

C    -2.4663396   -3.1542308   -2.3687502  

H    -1.5896160   -2.6008126   -2.7504929  
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C    -2.3658903    3.1772465   -0.0599118  

C    -1.1859344    3.5452735   -0.7438152  

H    -0.5917365    2.7757297   -1.2677082  

C    -0.7579609    4.8798771   -0.7648330  

H     0.1566625    5.1790077   -1.3001179  

C    -1.5075638    5.8455617   -0.0801255  

C    -2.6740378    5.5082244    0.6185278  

H    -3.2329908    6.2937838    1.1508068  

C    -3.1007154    4.1712439    0.6220918  

H    -4.0168772    3.9032698    1.1732125  

C    -4.0000584    1.3648271   -1.6248293  

C    -4.7646065    2.4755737   -2.0439495  

H    -4.7009133    3.4300397   -1.4962505  

C    -5.6038861    2.3865204   -3.1634148  

H    -6.2016204    3.2456012   -3.5063369  

C    -5.6762560    1.1740974   -3.8642900  

C    -4.9262392    0.0573546   -3.4761416  

H    -4.9965294   -0.8776338   -4.0536171  

C    -4.0835551    0.1637710   -2.3600133  

H    -3.4733991   -0.7043890   -2.0610021  

C    -4.0671443    1.2340872    1.2726228  

C    -5.3857469    0.7582589    1.1071733  

H    -5.7836935    0.5759403    0.0960027  

C    -6.2041157    0.5025759    2.2195499  

H    -7.2325649    0.1263851    2.1026544  

C    -5.6961554    0.7327365    3.5037216  

C    -4.3957274    1.2180648    3.7002930  

H    -4.0272856    1.3872148    4.7242362  

C    -3.5835648    1.4593256    2.5841135  

H    -2.5487418    1.8086255    2.7376739  

C     3.7770138    1.9602674   -0.5354548  

C     4.7462179    2.4277150   -1.4476223  

H     5.4312782    1.7188845   -1.9401960  

C     4.8489370    3.7958083   -1.7463713  

H     5.5962767    4.1751554   -2.4608060  

C     3.9787983    4.6947089   -1.1176453  

C     3.0060313    4.2578564   -0.2075282  

H     2.3356825    4.9920602    0.2661017  

C     2.9013179    2.8888535    0.0722235  

H     2.1229155    2.5346060    0.7713394  

C     4.4948292    0.0802273    1.5370606  

C     4.0537446   -0.8577151    2.4955025  

H     3.1633769   -1.4738970    2.2836661  

C     4.7120200   -0.9936605    3.7266213  

H     4.3726558   -1.7149193    4.4862062  

C     5.8107162   -0.1692793    4.0001411  

C     6.2621459    0.7841965    3.0764837  

H     7.1212116    1.4230375    3.3349654  

C     5.5984236    0.9051564    1.8472028  

H     5.9428998    1.6607413    1.1217122  

C     4.7151646   -0.6921063   -1.2561018  

C     4.2528639   -0.8743306   -2.5822778  

H     3.2652547   -0.4772748   -2.8773587  

C     5.0250022   -1.5660462   -3.5247519  
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H     4.6757325   -1.7091924   -4.5593769  

C     6.2621646   -2.0976985   -3.1327810  

C     6.7400159   -1.9475004   -1.8253686  

H     7.7155482   -2.3800602   -1.5525994  

C     5.9642464   -1.2401252   -0.8918666  

H     6.3434845   -1.1169140    0.1352926  

 

#Cu-1c singlet ground state 
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I     0.0192572    0.1078662    2.1651757  

I     0.2390519   -0.3089439   -2.3365621  

Cu   -1.2681004   -0.6083938   -0.1085904  

Cu    1.3607625   -0.8599582    0.0686122  

P    -1.4013540   -2.8862264    0.1533075  

P    -3.0520904    0.8219991   -0.2891237  

P     3.3990375    0.1753100    0.0980102  

F    -6.8539121   -1.6703014    4.6389428  

F    -6.9060427    0.3968000    5.3302823  

F    -8.3755919   -0.3074672    3.8737031  

F    -5.8806398   -0.6181812   -6.3141026  

F    -6.4728385    1.4810989   -6.1659632  

F    -7.6426997   -0.0580693   -5.1591880  

F     6.8735260   -3.5441590   -4.3867456  

F     8.5443759   -3.0485186   -3.0674007  

F     7.9212823   -1.6490650   -4.6218702  

F    -2.1125447    7.5340967    0.6968866  

F    -0.0614571    6.8048428    0.5298752  

F    -1.1931656    7.2905894   -1.2690537  

F     3.8193253    6.4883111   -2.5199616  

F     2.9341683    6.9295253   -0.5724642  

F     1.6697075    6.2601487   -2.2174795  

F     5.5151895   -0.2589427    6.5609946  

F     7.4172121   -0.3409629    5.4977809  

F     6.5377766    1.5894192    5.9984725  

N     1.3710361   -2.9711633    0.0470815  

C     0.2542412   -3.7378173   -0.0443990  

C     0.3252261   -5.1233982   -0.2870564  

H    -0.6041127   -5.7089357   -0.3687239  

C     1.5759359   -5.7416839   -0.4215348  

C     2.7267655   -4.9488504   -0.3093734  

C     2.5740422   -3.5767879   -0.0761161  

C    -2.4239561   -3.8734157   -1.0397026  

C    -2.1567043   -3.6972751   -2.4183877  

H    -1.3505310   -3.0129173   -2.7389586  

C    -2.9163828   -4.3806421   -3.3800130  

H    -2.6918458   -4.2398649   -4.4506021  

C    -3.9593642   -5.2362789   -2.9822755  

H    -4.5587147   -5.7687456   -3.7392048  

C    -4.2336643   -5.4086160   -1.6161987  

H    -5.0492208   -6.0781620   -1.2957010  

C    -3.4697273   -4.7350064   -0.6470429  

H    -3.6918493   -4.8837024    0.4219534  

C    -1.9747889   -3.4615655    1.8135943  
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C    -3.2079416   -2.9479251    2.2759603  

H    -3.7811525   -2.2437563    1.6493457  

C    -3.7090848   -3.3166492    3.5333586  

H    -4.6736973   -2.9080464    3.8762396  

C    -2.9712227   -4.1833691    4.3577870  

H    -3.3578770   -4.4632940    5.3515812  

C    -1.7355169   -4.6806967    3.9158605  

H    -1.1455154   -5.3516666    4.5621150  

C    -1.2395487   -4.3268369    2.6497594  

H    -0.2669697   -4.7267086    2.3224230  

C    -4.3308858    0.5802741    1.0254385  

C    -5.6535633    0.1811683    0.7387730  

H    -5.9914535    0.0909108   -0.3056611  

C    -6.5518111   -0.1096449    1.7771573  

H    -7.5814443   -0.4214096    1.5423992  

C    -6.1423075    0.0041958    3.1167297  

C    -4.8293325    0.4179900    3.4131468  

H    -4.5038171    0.5127078    4.4611041  

C    -3.9288252    0.6940138    2.3777380  

H    -2.8918877    0.9798413    2.6230803  

C    -7.0760040   -0.3834754    4.2385604  

C    -4.0325562    0.7319096   -1.8557837  

C    -4.7603634    1.8291005   -2.3631513  

H    -4.7438033    2.7964904   -1.8352019  

C    -5.5017394    1.7017512   -3.5458569  

H    -6.0596513    2.5644212   -3.9425951  

C    -5.5274330    0.4738233   -4.2329914  

C    -4.7970466   -0.6209336   -3.7391372  

H    -4.7973417   -1.5778497   -4.2841212  

C    -4.0483007   -0.4884198   -2.5613067  

H    -3.4584698   -1.3441276   -2.1931387  

C    -6.3774806    0.3210622   -5.4750123  

C    -2.6135641    2.6164809   -0.1806449  

C    -1.5615354    3.0686954   -1.0093936  

H    -1.0377447    2.3594808   -1.6738876  

C    -1.1632750    4.4097727   -0.9812900  

H    -0.3440106    4.7534817   -1.6321411  

C    -1.7932681    5.3140518   -0.1037593  

C    -2.8392165    4.8727564    0.7224518  

H    -3.3367206    5.5806942    1.4028189  

C    -3.2526896    3.5313139    0.6791447  

H    -4.0779887    3.2024191    1.3302874  

C    -1.2990566    6.7413575   -0.0382589  

C     4.6847940   -0.5883637   -0.9971271  

C     4.3014938   -0.9172883   -2.3203823  

H     3.2783609   -0.6880686   -2.6677953  

C     5.2020434   -1.5478579   -3.1864308  

H     4.8904578   -1.7987012   -4.2131013  

C     6.4972953   -1.8791749   -2.7416776  

C     6.8809569   -1.5728369   -1.4260317  

H     7.8900146   -1.8373080   -1.0740887  

C     5.9821457   -0.9289106   -0.5602394  

H     6.3017813   -0.6921710    0.4669597  

C     7.4647940   -2.5341671   -3.7011911  
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C     3.3420266    1.9433559   -0.4431002  

C     4.0860414    2.4543187   -1.5243943  

H     4.7765028    1.8032045   -2.0833870  

C     3.9520969    3.7992682   -1.9054576  

H     4.5327548    4.1911987   -2.7544844  

C     3.0820618    4.6474068   -1.2019846  

C     2.3449488    4.1467362   -0.1101970  

H     1.6601310    4.8097943    0.4416913  

C     2.4645025    2.8023830    0.2583892  

H     1.8561940    2.4105561    1.0920838  

C     2.8866866    6.0846374   -1.6269266  

C     4.2490221    0.2833606    1.7391006  

C     3.9267677   -0.6752228    2.7218072  

H     3.1510326   -1.4313021    2.5136556  

C     4.5603745   -0.6542990    3.9729530  

H     4.2954245   -1.3995512    4.7387288  

C     5.5150621    0.3365098    4.2592434  

C     5.8266684    1.3115580    3.2931723  

H     6.5598171    2.1000130    3.5254129  

C     5.1972455    1.2843456    2.0413274  

H     5.4425758    2.0564526    1.2937302  

C     6.2421539    0.3343583    5.5861389  

H     3.4560211   -2.9200725    0.0028948  

H     3.7364824   -5.3773175   -0.4086357  

H     1.6484216   -6.8252885   -0.6111411  

 

#Cu-1d singlet ground state 
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I     7.8510738    2.4160014    4.6575193  

I    10.4026676   -0.8613287    6.4073086  

Cu    7.9823723   -0.1928451    5.3729919  

Cu   10.1512276    1.0270518    4.4956613  

Cl    0.4096269   -0.5691754    5.0711256  

Cl    7.1800052   -5.6566139   10.7540636  

Cl    7.1175263    4.5464725   11.0600436  

Cl   11.2574339    8.0307833    1.5317757  

Cl   11.8847830    4.3375803   11.0060815  

Cl   17.6187570    0.2900491    3.4047613  

P     7.9817791   -1.4485054    3.4603701  

P     6.4913985   -0.4424726    7.0980012  

P    11.8005350    2.5766893    4.8495815  

N    10.3174077   -0.1287693    2.7318207  

C     9.5158973   -1.1750265    2.4114373  

C     9.7834462   -2.0010023    1.3028479  

H     9.1084336   -2.8399621    1.0724417  

C    10.9035823   -1.7473249    0.5010927  

C    11.7250431   -0.6592369    0.8306811  

H    12.6180314   -0.4078797    0.2370181  

C    11.3920097    0.1166712    1.9465266  

H    12.0188909    0.9740802    2.2417348  

C     6.6761582   -1.2558597    2.1502749  

C     6.1166909    0.0299329    1.9858260  

H     6.4453960    0.8562816    2.6417813  
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C     5.1550462    0.2638225    0.9896311  

H     4.7303867    1.2747091    0.8717550  

C     4.7335019   -0.7822293    0.1530800  

H     3.9732885   -0.5994986   -0.6245260  

C     5.2834194   -2.0652912    0.3128547  

H     4.9562083   -2.8930452   -0.3383942  

C     6.2515601   -2.3023993    1.3016401  

H     6.6670715   -3.3168815    1.4167858  

C     8.0276941   -3.2641786    3.7889396  

C     6.8165183   -3.9542711    4.0327023  

H     5.8510379   -3.4333995    3.9190258  

C     6.8301427   -5.3003754    4.4285839  

H     5.8763910   -5.8241399    4.6069539  

C     8.0510738   -5.9747831    4.6044523  

H     8.0605898   -7.0325046    4.9156696  

C     9.2581841   -5.2901697    4.3887314  

H    10.2216709   -5.8047818    4.5389595  

C     9.2501670   -3.9442018    3.9867718  

H    10.2066409   -3.4169430    3.8425266  

C     4.7150132   -0.5023861    6.5815870  

C     4.3144648    0.3255777    5.5082003  

H     5.0538386    0.9878004    5.0238285  

C     2.9914665    0.3168868    5.0456483  

H     2.6842350    0.9634325    4.2094523  

C     2.0560092   -0.5413178    5.6495360  

C     2.4344519   -1.3815923    6.7096950  

H     1.6916696   -2.0517646    7.1692249  

C     3.7593833   -1.3557827    7.1719606  

H     4.0476612   -2.0193061    8.0031199  

C     6.6865989   -1.9178228    8.1915235  

C     7.2701400   -3.0840024    7.6542559  

H     7.6270092   -3.0899775    6.6115068  

C     7.4182574   -4.2400585    8.4342956  

H     7.8759609   -5.1463442    8.0095702  

C     6.9918869   -4.2259103    9.7724373  

C     6.4232887   -3.0694379   10.3349483  

H     6.1042105   -3.0725419   11.3885342  

C     6.2744277   -1.9222982    9.5421419  

H     5.8360779   -1.0147775    9.9892531  

C     6.5737428    0.9636915    8.2932203  

C     7.8043505    1.1828163    8.9536051  

H     8.6585636    0.5075204    8.7724927  

C     7.9668791    2.2670489    9.8245417  

H     8.9249366    2.4355034   10.3396866  

C     6.8981973    3.1600625   10.0185593  

C     5.6688118    2.9626935    9.3710982  

H     4.8422800    3.6712101    9.5341257  

C     5.5106658    1.8611409    8.5141989  

H     4.5434478    1.7127444    8.0075498  

C    11.6579852    4.1766408    3.9347760  

C    10.9223988    4.1997612    2.7311648  

H    10.4141180    3.2836613    2.3850402  

C    10.8006651    5.3795045    1.9822248  

H    10.2209561    5.3966540    1.0468017  
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C    11.4100335    6.5556486    2.4500233  

C    12.1326347    6.5614418    3.6565672  

H    12.5935321    7.4951559    4.0138759  

C    12.2514454    5.3735125    4.3918472  

H    12.8115064    5.3834425    5.3416763  

C    11.9204150    3.1258673    6.6101106  

C    13.0567859    2.9176643    7.4171030  

H    13.9600806    2.4476392    6.9963144  

C    13.0547076    3.2949053    8.7697817  

H    13.9384161    3.1211188    9.4027216  

C    11.9095130    3.8950450    9.3161117  

C    10.7709636    4.1271965    8.5242947  

H     9.8795650    4.5974006    8.9673057  

C    10.7773457    3.7306046    7.1813185  

H     9.8671780    3.8781565    6.5745219  

C    13.5128846    1.9970483    4.4412861  

C    14.4463722    2.7606262    3.7080462  

H    14.1912477    3.7806934    3.3786590  

C    15.7085840    2.2386424    3.3833854  

H    16.4329955    2.8368438    2.8093391  

C    16.0493869    0.9419195    3.8019947  

C    15.1353731    0.1619459    4.5327085  

H    15.4117221   -0.8554000    4.8498258  

C    13.8725118    0.6871340    4.8385329  

H    13.1459118    0.0635173    5.3905239  

H    11.1279812   -2.3865596   -0.3686418  

 

#Cu-2b singlet ground state 
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N    -1.3480693   -2.5623783    0.1128592  

C    -2.5405055   -3.1977642    0.1834321  

C    -2.6742905   -4.5659581    0.4355873  

C    -1.5245412   -5.3568119    0.6319942  

C    -1.6150663   -6.8277818    0.9431436  

C    -0.2880234   -4.6909786    0.5406579  

C    -0.2292329   -3.3105639    0.2759718  

P     1.4280902   -2.4443167    0.1417762  

C     2.3472199   -3.2872564    1.5196073  

C     3.3029407   -4.3079479    1.3273712  

C     3.9659227   -4.8757301    2.4291513  

C     3.6789285   -4.4387474    3.7323795  

C     2.7249976   -3.4252014    3.9312438  

C     2.0668511   -2.8474342    2.8345949  

C     2.1527493   -3.1789078   -1.3904657  

C     3.5044763   -2.8797988   -1.6784849  

C     4.1016032   -3.3433042   -2.8597776  

C     3.3518524   -4.0912123   -3.7841884  

C     2.0025741   -4.3704503   -3.5179588  

C     1.4048508   -3.9201433   -2.3288066  

H     0.6505823   -5.2533796    0.6754679  

H     3.5359996   -4.6636369    0.3107878  

H     4.7129357   -5.6701241    2.2636425  

H     2.4913215   -3.0748785    4.9506240  
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H     4.0962821   -2.2698465   -0.9750224  

H     5.1584296   -3.1044222   -3.0642991  

H     3.8185155   -4.4476411   -4.7173766  

H     1.4020101   -4.9429518   -4.2442452  

H     0.3427939   -4.1430025   -2.1414510  

Cu    1.2545904   -0.1652858    0.1006742  

Cu   -1.3861414   -0.4497552   -0.0629380  

I    -0.0176323    0.1833673   -2.2796651  

I    -0.2966855    0.4347254    2.2372000  

P     2.9709761    1.3544921    0.1389489  

P    -3.4586005    0.4898846   -0.3104195  

C     4.3304392    1.1318382   -1.1005293  

C     3.8710104    1.5244779    1.7418039  

C     2.3469711    3.0610203   -0.1946225  

C    -3.5029531    2.1410193   -1.1380635  

C    -4.4509221    0.7557375    1.2286943  

C    -4.5870767   -0.5335395   -1.3671493  

C     5.6764632    1.4677473   -0.8371176  

C     2.5847491    3.7315524   -1.4120519  

C     4.4365376    2.7400109    2.1858956  

C     5.1316896    2.8056156    3.4027096  

C    -2.4649115    3.0576572   -0.8561083  

C    -5.4309729    1.7648610    1.3503597  

C    -5.8781871   -0.9422976   -0.9696392  

C    -6.1640497    1.9160307    2.5366487  

C    -2.4655509    4.3367585   -1.4301991  

C    -6.6566560   -1.7718421   -1.7946060  

C     1.9707853    4.9645297   -1.6847425  

C     6.6686216    1.2764062   -1.8104340  

C     3.9975070    0.5907515   -2.3632514  

C     4.9789142    0.4073296   -3.3485483  

C     6.3052820    0.7519425   -3.0579966  

H     2.9519792    0.3058784   -2.5782717  

H     4.7278333   -0.0112624   -4.3357016  

H     7.7227821    1.5290224   -1.6156948  

H     5.9629432    1.8794923    0.1438997  

C    -4.0850368   -0.9783506   -2.6143147  

C    -4.8580669   -1.7945646   -3.4500946  

C    -6.1374081   -2.1847023   -3.0272660  

H    -3.0678855   -0.6856391   -2.9304330  

H    -4.4795517   -2.1418797   -4.4242872  

H    -7.6655003   -2.0975550   -1.4956999  

H     1.3289071   -2.0405795    2.9966957  

H    -3.4323987   -2.5701665    0.0216818  

H    -3.6823470   -5.0103135    0.4774335  

H    -1.6377826    2.7635786   -0.1876776  

C    -3.5031596    4.6883699   -2.3037922  

H    -1.6639740    5.0638245   -1.2276105  

C    -4.5361517    3.7952944   -2.6157082  

C    -4.5305589    2.5211970   -2.0278340  

H    -5.3280526    4.1051518   -3.3155213  

H    -5.3382349    1.8129240   -2.2749805  

H    -6.2882279   -0.6100166   -0.0022367  

C    -4.2055795   -0.0907549    2.3323060  
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C    -4.9374636    0.0431513    3.5210852  

C    -5.9097014    1.0478087    3.6071438  

H    -3.4099554   -0.8521409    2.2690486  

H    -4.7494540   -0.6056193    4.3906737  

H    -5.6229148    2.4511811    0.5093968  

H     3.2480328    3.2852922   -2.1698505  

C     1.1196211    5.5229780   -0.7256428  

H     2.1359344    5.4914431   -2.6373557  

C     0.8761053    4.8892891    0.5002371  

C     1.4850298    3.6542613    0.7573110  

H     0.2015629    5.3598797    1.2327564  

H     1.2676776    3.1364287    1.7062812  

C     4.0058801    0.3751252    2.5499038  

C     4.7056592    0.4243043    3.7634957  

C     5.2602939    1.6430472    4.1750473  

H     3.5449992   -0.5749240    2.2315355  

H     4.8122700   -0.4671229    4.4011935  

H     5.5738736    3.7470236    3.7648398  

H     4.3275369    3.6536035    1.5787357  

H     4.2000138   -4.8874485    4.5944324  

F     7.2541846    0.5688430   -3.9943197  

F     5.9252044    1.7024470    5.3424805  

H    -6.9275641    2.7020069    2.6472493  

F    -6.6090945    1.1898089    4.7471601  

F    -3.5038960    5.9113465   -2.8639606  

F    -6.8793208   -2.9774771   -3.8224685  

F     0.4953029    6.6891187   -0.9933860  

H    -0.6596651   -7.3520728    0.7301601  

H    -2.4254425   -7.3182814    0.3613163  

H    -1.8477225   -6.9854055    2.0218155  

 

#Cu-2c singlet ground state 
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I     0.0020425    0.1481756    2.1991697  

I     0.2370401   -0.3400653   -2.2954575  

Cu   -1.2763591   -0.6047638   -0.0674294  

Cu    1.3521163   -0.8580487    0.1241688  

P    -1.4136814   -2.8790306    0.2279467  

P    -3.0573065    0.8251711   -0.2774804  

P     3.3899391    0.1740361    0.1424265  

F    -6.8699454   -1.5813821    4.6856201  

F    -6.9367274    0.5000228    5.3310885  

F    -8.3949393   -0.2439951    3.8829216  

F    -5.8696324   -0.7047871   -6.2882552  

F    -6.4573244    1.3979137   -6.1751284  

F    -7.6342516   -0.1224195   -5.1482602  

F     6.8556456   -3.6311663   -4.2741685  

F     8.5297470   -3.1123710   -2.9680056  

F     7.9061008   -1.7429751   -4.5488739  

F    -2.1127867    7.5515659    0.6030136  

F    -0.0620795    6.8166024    0.4583619  

F    -1.1839189    7.2745036   -1.3540111  

F     3.8385069    6.4498277   -2.5600476  
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F     2.9438814    6.9194647   -0.6235796  

F     1.6868603    6.2297029   -2.2658440  

F     5.4927815   -0.1889348    6.6142291  

F     7.3968756   -0.2836245    5.5557901  

F     6.5174070    1.6525808    6.0332841  

N     1.3564049   -2.9657431    0.1334205  

C     0.2414541   -3.7341911    0.0458349  

C     0.3102875   -5.1210990   -0.1775778  

H    -0.6244374   -5.7008905   -0.2500356  

C     1.5527304   -5.7714919   -0.3060586  

C     2.6977435   -4.9585689   -0.1907670  

H     3.7092728   -5.3885478   -0.2745897  

C     2.5538383   -3.5850309    0.0243175  

C     1.6509550   -7.2494265   -0.5775863  

H     2.5141846   -7.7057371   -0.0466187  

H     1.8029631   -7.4353931   -1.6661068  

H     0.7258511   -7.7848603   -0.2767344  

C    -2.4381551   -3.8799270   -0.9520980  

C    -2.1660558   -3.7275241   -2.3326885  

H    -1.3549533   -3.0530033   -2.6615819  

C    -2.9271021   -4.4214656   -3.2856201  

H    -2.6989737   -4.2986240   -4.3576920  

C    -3.9763549   -5.2645784   -2.8775439  

H    -4.5770205   -5.8050961   -3.6277211  

C    -4.2553981   -5.4135283   -1.5097041  

H    -5.0760189   -6.0728413   -1.1809366  

C    -3.4901493   -4.7290467   -0.5491663  

H    -3.7162084   -4.8593179    0.5214097  

C    -1.9924043   -3.4268533    1.8956676  

C    -3.2256632   -2.9044448    2.3477571  

H    -3.7973256   -2.2103552    1.7086085  

C    -3.7288406   -3.2513440    3.6105522  

H    -4.6933612   -2.8357784    3.9452231  

C    -2.9928279   -4.1046718    4.4504734  

H    -3.3808733   -4.3672125    5.4484771  

C    -1.7569934   -4.6104773    4.0185300  

H    -1.1683589   -5.2706806    4.6770612  

C    -1.2590561   -4.2785567    2.7472537  

H    -0.2862962   -4.6839573    2.4272203  

C    -4.3408401    0.6057607    1.0363304  

C    -5.6619942    0.2001181    0.7518080  

H    -5.9960153    0.0915952   -0.2921339  

C    -6.5637261   -0.0739734    1.7917289  

H    -7.5921291   -0.3909241    1.5585658  

C    -6.1593878    0.0634429    3.1306374  

C    -4.8478782    0.4837141    3.4246713  

H    -4.5262385    0.5967075    4.4720298  

C    -3.9438793    0.7430047    2.3880071  

H    -2.9080803    1.0340329    2.6320825  

C    -7.0967829   -0.3049095    4.2557985  

C    -4.0330225    0.7121052   -1.8457101  

C    -4.7618267    1.8008758   -2.3695854  

H    -4.7488529    2.7751772   -1.8543819  

C    -5.4996197    1.6562581   -3.5524943  
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H    -6.0582942    2.5123784   -3.9621740  

C    -5.5207411    0.4192137   -4.2233656  

C    -4.7893383   -0.6672316   -3.7130518  

H    -4.7860985   -1.6313507   -4.2451578  

C    -4.0440488   -0.5174241   -2.5350579  

H    -3.4531509   -1.3667200   -2.1539791  

C    -6.3669802    0.2486595   -5.4655953  

C    -2.6170488    2.6208139   -0.1963082  

C    -1.5619269    3.0584473   -1.0289649  

H    -1.0371520    2.3380934   -1.6806125  

C    -1.1617446    4.3992358   -1.0207495  

H    -0.3398658    4.7314572   -1.6742837  

C    -1.7930877    5.3181984   -0.1595836  

C    -2.8422229    4.8914863    0.6702488  

H    -3.3408506    5.6107901    1.3377589  

C    -3.2574353    3.5500932    0.6469163  

H    -4.0852126    3.2326739    1.3005988  

C    -1.2968816    6.7455612   -0.1149341  

C     4.6752681   -0.6090957   -0.9393994  

C     4.2948115   -0.9502068   -2.2604252  

H     3.2746274   -0.7178486   -2.6143207  

C     5.1939861   -1.5972082   -3.1155583  

H     4.8844983   -1.8572608   -4.1405988  

C     6.4849552   -1.9333276   -2.6618403  

C     6.8658428   -1.6145018   -1.3483930  

H     7.8716103   -1.8821361   -0.9895176  

C     5.9684558   -0.9539268   -0.4936714  

H     6.2859785   -0.7075707    0.5319296  

C     7.4498246   -2.6084966   -3.6096487  

C     3.3407967    1.9347722   -0.4228705  

C     4.0956822    2.4305785   -1.5037201  

H     4.7906437    1.7712332   -2.0472962  

C     3.9666226    3.7703558   -1.9042610  

H     4.5555396    4.1502582   -2.7530726  

C     3.0907002    4.6285994   -1.2206292  

C     2.3429544    4.1433590   -0.1290919  

H     1.6535401    4.8143877    0.4072405  

C     2.4575873    2.8039919    0.2586380  

H     1.8405831    2.4237071    1.0913343  

C     2.9003172    6.0600717   -1.6665316  

C     4.2371518    0.3006358    1.7836961  

C     3.9093406   -0.6444917    2.7775500  

H     3.1315242   -1.4004522    2.5767488  

C     4.5401632   -0.6100487    4.0298055  

H     4.2709603   -1.3447840    4.8042108  

C     5.4975428    0.3810565    4.3059108  

C     5.8146190    1.3429474    3.3284539  

H     6.5498786    2.1317989    3.5525763  

C     5.1880041    1.3021585    2.0755722  

H     5.4376578    2.0640167    1.3189271  

C     6.2218442    0.3931877    5.6341763  

H     3.4425029   -2.9371503    0.1020992  

 

#Cu-2d singlet ground state 
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I     7.8432185    2.4229043    4.6675738  

I    10.3958736   -0.8587753    6.4084593  

Cu    7.9760066   -0.1882464    5.3751648  

Cu   10.1448068    1.0330692    4.4974844  

Cl    0.4022371   -0.5604486    5.0857008  

Cl    7.1800706   -5.6602555   10.7492464  

Cl    7.1228700    4.5409602   11.0733710  

Cl   11.2522501    8.0372698    1.5398634  

Cl   11.8966977    4.3388402   11.0094699  

Cl   17.6054441    0.2842198    3.3922234  

P     7.9695735   -1.4378209    3.4579145  

P     6.4877371   -0.4399256    7.1023839  

P    11.7942198    2.5795860    4.8525467  

N    10.3011072   -0.1145561    2.7313827  

C     9.4980441   -1.1556474    2.4034437  

C     9.7558390   -1.9709875    1.2864234  

H     9.0707975   -2.8029875    1.0559503  

C    10.8696380   -1.7349002    0.4607726  

C    11.6868726   -0.6411728    0.8133986  

H    12.5766557   -0.3819152    0.2163909  

C    11.3691958    0.1272657    1.9352801  

H    12.0046314    0.9797719    2.2265409  

C    11.1816599   -2.6046337   -0.7286831  

H    10.3452588   -3.2959399   -0.9630372  

H    12.0893695   -3.2222328   -0.5387844  

H    11.3927881   -1.9914519   -1.6324615  

C     6.6545281   -1.2442370    2.1575055  

C     6.0971145    0.0427844    1.9953862  

H     6.4329128    0.8691080    2.6478245  

C     5.1283709    0.2778128    1.0063915  

H     4.7054733    1.2896734    0.8903996  

C     4.6972369   -0.7683645    0.1748203  

H     3.9311401   -0.5847951   -0.5968111  

C     5.2449674   -2.0526154    0.3323239  

H     4.9100918   -2.8805695   -0.3148251  

C     6.2203839   -2.2907636    1.3137844  

H     6.6344266   -3.3060167    1.4272989  

C     8.0204099   -3.2541459    3.7824475  

C     6.8124809   -3.9461469    4.0367085  

H     5.8454021   -3.4259344    3.9339742  

C     6.8312579   -5.2931165    4.4295175  

H     5.8797978   -5.8182063    4.6161229  

C     8.0545292   -5.9665338    4.5924299  

H     8.0682067   -7.0247815    4.9017421  

C     9.2587275   -5.2800105    4.3665670  

H    10.2241559   -5.7937840    4.5071030  

C     9.2453628   -3.9333832    3.9669969  

H    10.1995110   -3.4044511    3.8138949  

C     4.7102221   -0.4981570    6.5893497  

C     4.3079947    0.3326965    5.5188091  

H     5.0467377    0.9960082    5.0349302  

C     2.9842386    0.3253910    5.0584054  
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H     2.6757718    0.9741429    4.2243748  

C     2.0496856   -0.5343175    5.6615182  

C     2.4297305   -1.3774886    6.7187677  

H     1.6876191   -2.0488123    7.1777106  

C     3.7554332   -1.3530377    7.1789463  

H     4.0449835   -2.0187943    8.0078723  

C     6.6838208   -1.9171069    8.1934512  

C     7.2676770   -3.0820537    7.6538988  

H     7.6242000   -3.0858612    6.6110223  

C     7.4166591   -4.2394451    8.4318189  

H     7.8746165   -5.1447596    8.0052907  

C     6.9909121   -4.2278057    9.7701586  

C     6.4221468   -3.0725755   10.3350277  

H     6.1036497   -3.0776667   11.3887841  

C     6.2724203   -1.9241098    9.5442867  

H     5.8339979   -1.0175100    9.9932078  

C     6.5725664    0.9639522    8.3002078  

C     7.8047440    1.1817517    8.9580969  

H     8.6585910    0.5069688    8.7732805  

C     7.9693364    2.2641781    9.8308881  

H     8.9286812    2.4315993   10.3439711  

C     6.9010985    3.1567152   10.0293722  

C     5.6701852    2.9607059    9.3844303  

H     4.8440515    3.6688985    9.5508656  

C     5.5100279    1.8609406    8.5255929  

H     4.5416355    1.7136574    8.0208622  

C    11.6526662    4.1806788    3.9392109  

C    10.9143412    4.2057379    2.7373151  

H    10.4040025    3.2905193    2.3918725  

C    10.7926105    5.3862433    1.9895510  

H    10.2106898    5.4049795    1.0555262  

C    11.4047881    6.5611222    2.4568026  

C    12.1301311    6.5650370    3.6616757  

H    12.5931606    7.4978373    4.0186289  

C    12.2488513    5.3763553    4.3958026  

H    12.8110340    5.3847457    5.3444004  

C    11.9194905    3.1280206    6.6130251  

C    13.0588493    2.9214460    7.4162204  

H    13.9614449    2.4529115    6.9922590  

C    13.0606872    3.2983037    8.7690232  

H    13.9467482    3.1257383    9.3990096  

C    11.9163818    3.8965179    9.3192889  

C    10.7747799    4.1269229    8.5313676  

H     9.8840627    4.5954746    8.9775026  

C    10.7773155    3.7306376    7.1882803  

H     9.8648268    3.8765969    6.5845384  

C    13.5049807    1.9978532    4.4401133  

C    14.4380585    2.7602943    3.7052028  

H    14.1838959    3.7810384    3.3771613  

C    15.6985863    2.2363489    3.3770462  

H    16.4226591    2.8336781    2.8016543  

C    16.0380364    0.9387787    3.7939595  

C    15.1245413    0.1599542    4.5264823  

H    15.3999118   -0.8580469    4.8423701  
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C    13.8633128    0.6870959    4.8356476  

H    13.1367692    0.0643413    5.3887006  

 

#Cu-3a singlet ground state 
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I     0.3562667   10.2178972   10.3005664  

I    -3.0663185    7.6387532    9.0637494  

Cu   -2.2493751    9.6374711   10.7011044  

Cu   -1.2257319    9.4338771    8.2579912  

P    -3.5047336   11.3995129    9.9554830  

P    -2.4442928    8.9149607   12.8724126  

P     0.1506132    8.3916565    6.7494322  

N    -2.3932867   10.9980201    7.4463483  

C    -3.3608538   11.6780975    8.1046660  

C    -4.2043455   12.5995918    7.4553977  

H    -4.9684669   13.1156660    8.0532520  

C    -4.0789093   12.8601490    6.0787208  

C    -3.0567847   12.1452425    5.4161420  

H    -2.8699875   12.2735076    4.3381543  

C    -2.2557521   11.2466279    6.1224978  

H    -1.4653822   10.6809376    5.6029369  

C    -4.9765078   13.8503645    5.3202008  

C    -6.0061734   14.5265686    6.2462401  

H    -6.6916573   13.7871559    6.7158258  

H    -6.6311297   15.2336370    5.6577599  

H    -5.5150024   15.1093305    7.0563743  

C    -5.7375184   13.0870181    4.2078657  

H    -5.0441559   12.6042948    3.4850393  

H    -6.3856834   13.7891741    3.6369762  

H    -6.3861158   12.2928982    4.6393918  

C    -4.0904300   14.9488205    4.6822984  

H    -3.5283517   15.5114056    5.4600977  

H    -4.7237235   15.6731471    4.1226211  

H    -3.3518379   14.5255767    3.9670807  

C    -5.3187945   11.1527098   10.1896779  

C    -6.0929705   10.4662215    9.2273420  

H    -5.6397514   10.1582572    8.2714500  

C    -7.4374002   10.1530792    9.4875616  

H    -8.0260419    9.6162280    8.7251015  

C    -8.0270636   10.5131061   10.7103995  

H    -9.0836219   10.2692388   10.9106899  

C    -7.2579921   11.1770957   11.6818128  

H    -7.7057895   11.4507434   12.6516316  

C    -5.9130360   11.4870679   11.4294852  

H    -5.3168111   11.9877543   12.2107349  

C    -3.2057082   13.1338110   10.5576620  

C    -4.2071155   14.1283807   10.6225057  

H    -5.2485953   13.8881491   10.3525319  

C    -3.8908132   15.4278343   11.0496469  

H    -4.6839757   16.1926428   11.1017519  

C    -2.5721142   15.7527104   11.4108144  

H    -2.3263415   16.7744050   11.7456036  

C    -1.5721420   14.7691813   11.3482025  
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H    -0.5349191   15.0127159   11.6328691  

C    -1.8853662   13.4656978   10.9297033  

H    -1.0959610   12.6938020   10.8850219  

C    -2.4719724   10.3059286   14.0927156  

C    -1.4081652   11.2376833   14.0543128  

H    -0.5799870   11.0928406   13.3385813  

C    -1.4042599   12.3462411   14.9132992  

H    -0.5661358   13.0619347   14.8739851  

C    -2.4675596   12.5522967   15.8100229  

C    -3.5324544   11.6384378   15.8451370  

H    -4.3709954   11.7922811   16.5451473  

C    -3.5355244   10.5186959   14.9949316  

H    -4.3733612    9.8041395   15.0356709  

C    -1.0545576    7.8390186   13.4487919  

C    -0.4262366    7.9815328   14.7028210  

H    -0.7418485    8.7831607   15.3904367  

C     0.6078545    7.1073133   15.0793737  

H     1.0956805    7.2302474   16.0609566  

C     1.0168703    6.0816994   14.2121439  

C     0.3944424    5.9377511   12.9600972  

H     0.7117980    5.1374737   12.2706229  

C    -0.6281625    6.8164321   12.5727336  

H    -1.1002282    6.7127981   11.5798573  

C    -3.9369271    7.9135146   13.3144578  

C    -5.0866332    8.0200628   12.5048729  

H    -5.0683149    8.6651625   11.6115622  

C    -6.2469340    7.2936226   12.8206486  

H    -7.1366815    7.3870795   12.1763325  

C    -6.2649673    6.4445549   13.9384274  

C    -5.1179578    6.3226324   14.7423160  

H    -5.1230634    5.6497357   15.6162255  

C    -3.9592581    7.0515910   14.4327877  

H    -3.0612134    6.9441190   15.0635186  

C    -0.6217376    8.1312127    5.0838825  

C    -1.8998876    7.5239798    5.0475662  

H    -2.3773119    7.1992509    5.9891819  

C    -2.5667051    7.3457821    3.8266332  

H    -3.5591425    6.8648646    3.8147752  

C    -1.9802496    7.7864170    2.6265059  

C    -0.7190258    8.4023564    2.6559460  

H    -0.2510093    8.7509394    1.7198074  

C    -0.0398392    8.5715179    3.8756146  

H     0.9534589    9.0487523    3.8849043  

C     0.7145300    6.6960510    7.2299494  

C     1.1435398    6.5062239    8.5622144  

H     1.1017772    7.3469264    9.2770040  

C     1.6163105    5.2526820    8.9785025  

H     1.9569911    5.1205025   10.0192112  

C     1.6470191    4.1714690    8.0809629  

C     1.2061252    4.3510382    6.7601384  

H     1.2209890    3.5061219    6.0512853  

C     0.7448375    5.6079894    6.3330959  

H     0.4019507    5.7391748    5.2938416  

C     1.7400767    9.2547404    6.3498907  
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C     1.8072006   10.6501164    6.5481671  

H     0.9383151   11.1801775    6.9744980  

C     2.9799232   11.3577389    6.2373604  

H     3.0207835   12.4471923    6.4025584  

C     4.1024573   10.6759987    5.7402420  

C     4.0495663    9.2835016    5.5559030  

H     4.9323090    8.7417789    5.1766799  

C     2.8759878    8.5752844    5.8595053  

H     2.8444148    7.4818450    5.7199970  

H     2.0101843    3.1846950    8.4136639  

H     5.0272563   11.2295591    5.5063739  

H     1.8273735    5.3957535   14.5102655  

H    -7.1727583    5.8667107   14.1805889  

H    -2.4661826   13.4283793   16.4798113  

H    -2.5087517    7.6504225    1.6681076  

 

#Cu-3b singlet ground state 
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I     0.3607996   10.2107089   10.3048163  

I    -3.0481729    7.6230527    9.0701871  

Cu   -2.2481739    9.6375740   10.6980741  

Cu   -1.2257097    9.4361091    8.2584329  

P    -3.5068911   11.3971740    9.9529719  

P    -2.4448024    8.9141621   12.8675665  

P     0.1517085    8.3955100    6.7517435  

F    -2.4188007   13.5967497   16.6182516  

F     1.9689296    5.2323204   14.5640393  

F    -7.3799851    5.7793022   14.1982367  

F    -2.6316625    7.5712920    1.4955124  

F     2.1237575    3.0097189    8.4968297  

F     5.1899427   11.3785278    5.4517046  

N    -2.3919195   10.9987212    7.4457209  

C    -3.3606110   11.6781383    8.1033434  

C    -4.2023850   12.6012593    7.4543851  

H    -4.9677726   13.1162757    8.0515618  

C    -4.0735890   12.8656107    6.0786451  

C    -3.0498213   12.1520933    5.4168708  

H    -2.8602385   12.2843020    4.3398752  

C    -2.2513034   11.2510148    6.1227611  

H    -1.4595774   10.6863741    5.6040099  

C    -4.9687530   13.8580270    5.3205775  

C    -5.9992221   14.5334422    6.2462698  

H    -6.6868925   13.7940684    6.7127335  

H    -6.6221094   15.2424273    5.6580811  

H    -5.5089606   15.1142462    7.0583823  

C    -5.7283782   13.0970863    4.2055292  

H    -5.0345245   12.6155531    3.4823843  

H    -6.3749073   13.8010009    3.6351636  

H    -6.3786446   12.3027955    4.6341795  

C    -4.0801951   14.9566780    4.6862720  

H    -3.5185636   15.5172980    5.4657979  

H    -4.7121533   15.6826703    4.1274618  

H    -3.3414779   14.5344679    3.9705867  
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C    -5.3201220   11.1424757   10.1839985  

C    -6.0862451   10.4467989    9.2217330  

H    -5.6278645   10.1383531    8.2684145  

C    -7.4295430   10.1258629    9.4784003  

H    -8.0121165    9.5824568    8.7159982  

C    -8.0260720   10.4875027   10.6975067  

H    -9.0818436   10.2381222   10.8947859  

C    -7.2652733   11.1615571   11.6685095  

H    -7.7193170   11.4381457   12.6345487  

C    -5.9213335   11.4791960   11.4197980  

H    -5.3319399   11.9890632   12.2002218  

C    -3.2104253   13.1288490   10.5613035  

C    -4.2130788   14.1221013   10.6278170  

H    -5.2538009   13.8823291   10.3546202  

C    -3.8987760   15.4200445   11.0609766  

H    -4.6927598   16.1837207   11.1152384  

C    -2.5810799   15.7448772   11.4257469  

H    -2.3371925   16.7651289   11.7658915  

C    -1.5795448   14.7631368   11.3598842  

H    -0.5430139   15.0074611   11.6462704  

C    -1.8907286   13.4609698   10.9357638  

H    -1.1000727   12.6906587   10.8881257  

C    -2.4576270   10.3009069   14.0911216  

C    -1.3962428   11.2359201   14.0411059  

H    -0.5769484   11.0968071   13.3141237  

C    -1.3735690   12.3439703   14.8978146  

H    -0.5518043   13.0764751   14.8690054  

C    -2.4314888   12.5288104   15.7993858  

C    -3.5011036   11.6283016   15.8640453  

H    -4.3148945   11.8055367   16.5847521  

C    -3.5072893   10.5131566   15.0098051  

H    -4.3459550    9.8006707   15.0633969  

C    -1.0644221    7.8291776   13.4431004  

C    -0.4434242    7.9572012   14.7027794  

H    -0.7600723    8.7519463   15.3976729  

C     0.5866310    7.0836074   15.0864766  

H     1.0850159    7.1734992   16.0644232  

C     0.9854909    6.0754600   14.2004475  

C     0.3869743    5.9268750   12.9415837  

H     0.7303643    5.1247642   12.2694941  

C    -0.6298692    6.8128747   12.5622565  

H    -1.0931052    6.7154851   11.5646019  

C    -3.9445586    7.9259972   13.3041366  

C    -5.0875881    8.0285340   12.4830117  

H    -5.0622307    8.6674389   11.5855914  

C    -6.2554048    7.3114172   12.7833804  

H    -7.1507555    7.3833505   12.1467996  

C    -6.2668227    6.4764343   13.9068868  

C    -5.1423614    6.3417563   14.7339559  

H    -5.1868527    5.6657363   15.6022397  

C    -3.9836384    7.0683276   14.4260791  

H    -3.0943651    6.9574906   15.0683543  

C    -0.6251522    8.1172485    5.0922364  

C    -1.9147856    7.5325890    5.0662718  
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H    -2.4006656    7.2361595    6.0130414  

C    -2.5910868    7.3368627    3.8550659  

H    -3.5921615    6.8787818    3.8237858  

C    -1.9812355    7.7469951    2.6605171  

C    -0.7133138    8.3403845    2.6544357  

H    -0.2653296    8.6506305    1.6972262  

C    -0.0376775    8.5193414    3.8732558  

H     0.9630865    8.9804233    3.8680253  

C     0.7292826    6.7078573    7.2366194  

C     1.1627003    6.5215800    8.5690031  

H     1.1199567    7.3625856    9.2834920  

C     1.6438090    5.2766878    8.9953919  

H     1.9931074    5.1192587   10.0280187  

C     1.6700630    4.2084674    8.0880872  

C     1.2312237    4.3597555    6.7671422  

H     1.2596174    3.4959265    6.0846203  

C     0.7642799    5.6148661    6.3454201  

H     0.4184349    5.7365104    5.3061328  

C     1.7307684    9.2688164    6.3444663  

C     1.7977590   10.6625769    6.5592965  

H     0.9323787   11.1875795    6.9983440  

C     2.9606145   11.3843451    6.2521029  

H     3.0282791   12.4700608    6.4225383  

C     4.0681491   10.6959376    5.7412397  

C     4.0397579    9.3095682    5.5338240  

H     4.9362848    8.8027676    5.1435209  

C     2.8683696    8.6016909    5.8391003  

H     2.8447770    7.5097828    5.6873179  

 

#Cu-4a singlet ground state 
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I     3.6051093   11.1169097    6.8998190  

I     4.8763476   10.4106122    2.6053267  

Cu    4.1818184   12.2229816    4.4943445  

Cu    5.3271831    9.9164518    5.2020057  

P     6.2129595   13.2282316    4.8481537  

P     2.2865208   13.2833916    3.7408091  

P     5.1935351    7.6450344    5.4630393  

N     7.1881932   10.7812403    5.7250214  

C     7.4563302   12.1104528    5.6931100  

C     8.6194085   12.6488585    6.2725894  

H     8.7877449   13.7373610    6.2302817  

C     9.5650091   11.8164664    6.9014992  

C     9.2820236   10.4365227    6.8961209  

H     9.9785741    9.7136997    7.3524014  

C     8.1038069    9.9713231    6.3036094  

H     7.8754483    8.8928076    6.2849852  

C    10.7901485   12.3762836    7.5834734  

H    11.0968474   13.3246230    7.0857402  

H    11.6343459   11.6592366    7.4684798  

C    10.5777659   12.6534031    9.0871129  

H    10.2367835   11.7041779    9.5675462  

C     9.5573179   13.7542393    9.4330540  
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H     9.7810450   14.6630825    8.8247948  

H     8.5040896   13.4713710    9.2182296  

C     9.8189080   14.0292649   10.9267431  

H     9.4921279   15.0456536   11.2339924  

H     9.2372419   13.3090607   11.5437263  

C    11.3471580   13.7967583   11.1281868  

H    11.5353239   13.1398546   12.0045241  

H    11.8862822   14.7470966   11.3302914  

C    11.8504301   13.1403187    9.8139720  

H    12.5822768   12.3211767    9.9862358  

H    12.3596217   13.8969247    9.1731618  

C     6.3289175   14.7178443    5.9527014  

C     6.9030510   15.9457682    5.5615922  

H     7.3430751   16.0541346    4.5571274  

C     6.9190816   17.0362390    6.4489330  

H     7.3703062   17.9904770    6.1288701  

C     6.3696793   16.9131518    7.7351920  

H     6.3866055   17.7697189    8.4295505  

C     5.7943295   15.6921720    8.1309349  

H     5.3561121   15.5853420    9.1374818  

C     5.7664406   14.6032147    7.2463387  

H     5.2937048   13.6534071    7.5561102  

C     7.0984612   13.7572057    3.3136690  

C     6.3964259   14.6191713    2.4406606  

H     5.3752866   14.9505097    2.6946721  

C     6.9798129   15.0464807    1.2389880  

H     6.4142973   15.7187006    0.5728357  

C     8.2623091   14.5990211    0.8783930  

H     8.7160015   14.9237246   -0.0727677  

C     8.9563907   13.7241240    1.7284275  

H     9.9568875   13.3555924    1.4465963  

C     8.3816543   13.3069071    2.9408518  

H     8.9398500   12.6156128    3.5915484  

C     0.8898004   12.1561267    3.2831929  

C     0.5940335   11.0964321    4.1690260  

H     1.2089811   10.9532871    5.0753739  

C    -0.4744813   10.2272229    3.9008468  

H    -0.6995198    9.4096782    4.6063205  

C    -1.2481682   10.3927078    2.7387444  

H    -2.0836870    9.7049869    2.5255764  

C    -0.9504013   11.4365690    1.8482306  

H    -1.5499795   11.5713300    0.9323456  

C     0.1103383   12.3179778    2.1190448  

H     0.3323047   13.1355378    1.4142463  

C     1.4923150   14.4575206    4.9311819  

C     0.1069972   14.7266665    4.9281510  

H    -0.5521321   14.2129646    4.2090530  

C    -0.4381282   15.6418999    5.8429205  

H    -1.5229105   15.8410574    5.8349218  

C     0.3923723   16.2987725    6.7670986  

H    -0.0394838   17.0145601    7.4865292  

C     1.7712311   16.0321284    6.7783405  

H     2.4312881   16.5327147    7.5063073  

C     2.3169457   15.1102967    5.8708650  
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H     3.3962556   14.8861237    5.8994823  

C     2.5230644   14.3166725    2.2217283  

C     3.0766103   13.6968886    1.0766813  

H     3.3345500   12.6239114    1.1042674  

C     3.3162131   14.4422177   -0.0873831  

H     3.7442619   13.9424583   -0.9723137  

C     3.0255730   15.8177652   -0.1219969  

H     3.2171442   16.4028835   -1.0371515  

C     2.4900833   16.4425310    1.0160073  

H     2.2597980   17.5211114    0.9992666  

C     2.2350888   15.6976133    2.1807294  

H     1.8066931   16.1976050    3.0641948  

C     4.8273154    6.9996262    7.1601304  

C     5.2455229    7.7720054    8.2652892  

H     5.7320032    8.7473809    8.0947828  

C     5.0179629    7.3223874    9.5758335  

H     5.3456468    7.9389475   10.4293032  

C     4.3537838    6.1048833    9.7976801  

H     4.1642091    5.7571796   10.8270100  

C     3.9179078    5.3387049    8.7034006  

H     3.3857863    4.3872399    8.8709922  

C     4.1526660    5.7819174    7.3916945  

H     3.8012599    5.1771483    6.5396134  

C     3.9334297    6.8064581    4.4017204  

C     4.1352015    5.5315815    3.8318061  

H     5.0856561    4.9977933    3.9969830  

C     3.1326253    4.9421658    3.0437844  

H     3.3015880    3.9467795    2.5996418  

C     1.9233937    5.6201522    2.8172623  

H     1.1404674    5.1591194    2.1920408  

C     1.7204059    6.8930152    3.3763172  

H     0.7840302    7.4432450    3.1853144  

C     2.7211293    7.4873842    4.1600272  

H     2.5703089    8.4980895    4.5751816  

C     6.7665501    6.7716339    5.0116304  

C     7.4341641    5.8695852    5.8672704  

H     6.9954556    5.6118438    6.8450012  

C     8.6562101    5.2928676    5.4774311  

H     9.1665695    4.5884367    6.1558236  

C     9.2204023    5.6036024    4.2300528  

H    10.1767533    5.1468588    3.9250023  

C     8.5605272    6.5023921    3.3724324  

H     8.9978713    6.7555975    2.3921844  

C     7.3480821    7.0901965    3.7611654  

H     6.8451363    7.8119917    3.0932201  

 

#Cu-4b singlet ground state 
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I     3.3153208    7.8722438    5.7173849  

I     0.2167261    4.8003445    4.4882249  

Cu    2.8587063    5.3940527    4.7205252  

Cu    1.0903113    6.5007622    6.3710697  

P     3.4427097    3.9699439    6.4094712  
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P     3.7034952    5.4374717    2.5895215  

P    -0.6219001    7.9784984    6.7193585  

F     9.3871003    7.2949878    2.1723291  

F     3.5787297    0.2247778   -0.3864010  

F     0.2224318    9.2069208   -0.4988465  

F    -3.6120297    9.6165562    1.7910200  

F    -4.7222757    5.5388193   10.3656669  

F     0.9023796   13.1625758    9.3267490  

N     1.6611126    5.3397319    8.0487597  

C     2.6353802    4.3962126    8.0470132  

C     3.0591646    3.7609447    9.2275081  

H     3.8584069    3.0037371    9.1748296  

C     2.4810655    4.0835079   10.4698952  

C     1.4592544    5.0531100   10.4476517  

H     0.9451037    5.3546868   11.3752733  

C     1.0850127    5.6406291    9.2352030  

H     0.2777855    6.3909335    9.2036143  

C     2.9656545    3.4622682   11.7574643  

H     2.1113734    3.3699571   12.4655021  

H     3.3384008    2.4312461   11.5592250  

C     4.0902413    4.2703286   12.4402325  

H     3.7171105    5.3104495   12.6043946  

C     4.5303589    3.6872715   13.8009476  

H     3.7897216    3.8814571   14.6071421  

H     4.6162730    2.5802305   13.7035448  

C     5.9219217    4.3141997   14.0858309  

H     5.8533399    5.1133225   14.8548921  

H     6.6260899    3.5547478   14.4882080  

C     6.4110721    4.8953817   12.7245690  

H     7.4635130    4.6259787   12.4923350  

H     6.3654498    6.0067540   12.7437999  

C     5.4222058    4.3586333   11.6710974  

H     5.7218284    3.3348785   11.3420050  

H     5.3715077    4.9913303   10.7586179  

C     5.2144877    3.8430576    6.9591214  

C     5.9093170    5.0604138    7.1509747  

H     5.3938556    6.0205004    6.9647601  

C     7.2493632    5.0545130    7.5688583  

H     7.7756477    6.0122457    7.7180299  

C     7.9180922    3.8374582    7.7893683  

H     8.9726863    3.8339851    8.1115817  

C     7.2360386    2.6256465    7.5938170  

H     7.7529503    1.6660742    7.7627595  

C     5.8912290    2.6252061    7.1844726  

H     5.3681763    1.6661792    7.0397223  

C     2.9342759    2.2152093    6.1397897  

C     1.8853261    1.5925547    6.8478847  

H     1.3616431    2.1317382    7.6528145  

C     1.4888832    0.2837865    6.5252962  

H     0.6627791   -0.1862082    7.0843570  

C     2.1341271   -0.4204481    5.4970196  

H     1.8219432   -1.4481043    5.2477654  

C     3.1726166    0.1967976    4.7782841  

H     3.6774338   -0.3405469    3.9583870  
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C     3.5617508    1.5081046    5.0880944  

H     4.3591020    1.9907106    4.4978091  

C     5.4355001    6.0526983    2.4156500  

C     6.3402207    5.7818936    3.4646682  

H     5.9895744    5.2523616    4.3663545  

C     7.6788530    6.1901320    3.3867205  

H     8.3898481    5.9858981    4.2024920  

C     8.1069027    6.8906467    2.2515901  

C     7.2301947    7.1882715    1.1993739  

H     7.6022159    7.7494300    0.3278153  

C     5.8951656    6.7656305    1.2865578  

H     5.2007136    7.0043168    0.4644010  

C     3.7126296    3.8422468    1.6464040  

C     4.6865751    3.5283090    0.6732468  

H     5.4953939    4.2420826    0.4486029  

C     4.6475445    2.3061856   -0.0143409  

H     5.4041248    2.0466167   -0.7714446  

C     3.6199503    1.3974145    0.2722374  

C     2.6407813    1.6792530    1.2334366  

H     1.8517864    0.9397196    1.4415258  

C     2.6971990    2.8992525    1.9236707  

H     1.9376164    3.1237777    2.6937229  

C     2.7228319    6.5753315    1.5145103  

C     1.8395993    6.1035772    0.5214604  

H     1.7918981    5.0280519    0.2883436  

C     0.9989499    6.9892022   -0.1714981  

H     0.2942726    6.6324313   -0.9386509  

C     1.0528159    8.3527102    0.1354791  

C     1.9307193    8.8545164    1.1055458  

H     1.9470175    9.9347776    1.3195495  

C     2.7574486    7.9607331    1.7983713  

H     3.4240703    8.3479653    2.5866643  

C    -1.5898440    8.4610794    5.2216793  

C    -0.8919292    8.6429150    4.0062672  

H     0.1949669    8.4580680    3.9628554  

C    -1.5696918    9.0424852    2.8458545  

H    -1.0456299    9.1859166    1.8882471  

C    -2.9554795    9.2417666    2.9037263  

C    -3.6767694    9.0523740    4.0893778  

H    -4.7669557    9.2084136    4.0916915  

C    -2.9865683    8.6623391    5.2472001  

H    -3.5508987    8.5065184    6.1811946  

C    -1.9232313    7.3067957    7.8566328  

C    -2.4212593    6.0099027    7.5822148  

H    -2.0506786    5.4567151    6.7008107  

C    -3.3723688    5.4134541    8.4200823  

H    -3.7704676    4.4076511    8.2131352  

C    -3.8158819    6.1121670    9.5526270  

C    -3.3328994    7.3900717    9.8578899  

H    -3.7041376    7.9088796   10.7557874  

C    -2.3889270    7.9848106    9.0035765  

H    -2.0133594    8.9939164    9.2382589  

C    -0.1900099    9.6044416    7.4900221  

C    -0.9430240   10.7807354    7.2825480  
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H    -1.8249212   10.7615851    6.6214489  

C    -0.5792711   11.9859878    7.9010778  

H    -1.1543452   12.9120238    7.7439052  

C     0.5487672   12.0088603    8.7326174  

C     1.3219115   10.8614397    8.9507353  

H     2.2146558   10.9229191    9.5923622  

C     0.9519719    9.6653205    8.3187900  

H     1.5777733    8.7667456    8.4519066  

 

#Cu-1b first triplet exctied state 
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Cu   -1.0399834   -0.1743719   -0.0317738  

Cu    1.4727399   -0.7439028   -0.0551604  

I     0.3247855    0.2044831   -2.2936110  

I     0.4755508    0.4580353    2.0828468  

P    -1.4235968   -2.4959667    0.2302449  

P    -2.7289980    1.3938506   -0.0967787  

P     3.5890906    0.1091971   -0.1348915  

F    -1.0076321    7.1159217    0.3487123  

F    -5.9686773    1.2132790   -5.1308761  

F    -6.6546527    0.5043374    4.3412177  

F     3.1345044    5.9210884   -1.4602872  

F     6.6563111   -0.5311175    4.9659196  

F     7.0242096   -2.3536557   -4.3843761  

N     1.3178074   -2.8493783   -0.0387032  

C     0.0675363   -3.4993995    0.0277310  

C    -0.0138908   -4.9146946   -0.0439104  

H    -1.0090242   -5.3904170   -0.0143124  

C     1.1277943   -5.6981668   -0.1589110  

H     1.0565107   -6.7947186   -0.2276586  

C     2.4023140   -5.0260154   -0.2047614  

H     3.3485563   -5.5781401   -0.2997372  

C     2.4103069   -3.6322429   -0.1497629  

H     3.3748355   -3.0970786   -0.2089455  

C    -2.1447002   -2.9217154    1.8875858  

C    -1.4369359   -3.7265161    2.8036697  

H    -0.4601582   -4.1469215    2.5150885  

C    -1.9680977   -3.9929393    4.0768669  

H    -1.4012068   -4.6242031    4.7815136  

C    -3.2122991   -3.4618172    4.4515590  

H    -3.6291068   -3.6744483    5.4501442  

C    -3.9201640   -2.6491546    3.5496197  

H    -4.8923703   -2.2161894    3.8389734  

C    -3.3854358   -2.3719495    2.2816490  

H    -3.9440501   -1.7157050    1.5929375  

C    -2.6168585   -3.2482718   -0.9818612  

C    -3.7860629   -3.9494569   -0.6217878  

H    -4.0461864   -4.0818281    0.4404119  

C    -4.6223722   -4.4967761   -1.6117603  

H    -5.5292611   -5.0483532   -1.3117421  

C    -4.3032753   -4.3534661   -2.9704644  

H    -4.9583222   -4.7880257   -3.7438491  

C    -3.1351612   -3.6602146   -3.3381992  
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H    -2.8672842   -3.5498057   -4.4024869  

C    -2.2993340   -3.1127322   -2.3538929  

H    -1.3806960   -2.5775668   -2.6507992  

C    -2.2039697    3.1544780    0.0949968  

C    -0.9763680    3.5687793   -0.4681139  

H    -0.3251986    2.8342685   -0.9723064  

C    -0.5715823    4.9090445   -0.3923841  

H     0.3817452    5.2490362   -0.8260395  

C    -1.3953989    5.8319043    0.2655047  

C    -2.6115177    5.4476410    0.8455928  

H    -3.2286057    6.2003752    1.3606100  

C    -3.0118133    4.1063514    0.7558886  

H    -3.9670075    3.8009760    1.2127327  

C    -3.7207414    1.3891596   -1.6524321  

C    -4.3139841    2.5562651   -2.1804217  

H    -4.1766426    3.5258906   -1.6751667  

C    -5.0745691    2.5009825   -3.3573295  

H    -5.5375352    3.4031320   -3.7868002  

C    -5.2410256    1.2677761   -4.0027802  

C    -4.6611253    0.0943814   -3.5034221  

H    -4.7986619   -0.8583534   -4.0379733  

C    -3.8953388    0.1640907   -2.3316358  

H    -3.4210395   -0.7552624   -1.9502644  

C    -3.9888734    1.1808998    1.2373372  

C    -5.3459001    0.9078184    0.9662252  

H    -5.7045739    0.8640874   -0.0744691  

C    -6.2538611    0.6816593    2.0135921  

H    -7.3144075    0.4593043    1.8175725  

C    -5.7944392    0.7404315    3.3346698  

C    -4.4541582    1.0229216    3.6341834  

H    -4.1263082    1.0513877    4.6847793  

C    -3.5543417    1.2306203    2.5821490  

H    -2.4922588    1.4197001    2.8132251  

C     3.6037541    1.9083635   -0.5272761  

C     3.8943730    2.3772408   -1.8258504  

H     4.2247955    1.6746537   -2.6073869  

C     3.7510269    3.7359717   -2.1451643  

H     3.9611512    4.1142788   -3.1575521  

C     3.3156226    4.6220448   -1.1527856  

C     3.0395754    4.1889416    0.1509285  

H     2.7033267    4.9152798    0.9069887  

C     3.1748526    2.8287901    0.4560904  

H     2.9230896    2.4800558    1.4707229  

C     4.5438150   -0.0321371    1.4350808  

C     4.2476751   -1.1077672    2.3013116  

H     3.4355736   -1.8095572    2.0480697  

C     4.9631430   -1.2861478    3.4931310  

H     4.7394911   -2.1174933    4.1792643  

C     5.9725565   -0.3713881    3.8214082  

C     6.2796301    0.7138068    2.9891661  

H     7.0717317    1.4179364    3.2881331  

C     5.5614515    0.8788697    1.7959519  

H     5.7902596    1.7399795    1.1469356  

C     4.6799581   -0.6536120   -1.4181486  
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C     4.0813862   -1.3019649   -2.5208714  

H     2.9818603   -1.3642724   -2.5894599  

C     4.8683175   -1.8739889   -3.5311898  

H     4.4131171   -2.3843777   -4.3939213  

C     6.2628318   -1.8029694   -3.4253919  

C     6.8856896   -1.1763912   -2.3361596  

H     7.9852908   -1.1492953   -2.2838386  

C     6.0892422   -0.6039351   -1.3354863  

H     6.5791943   -0.1206352   -0.4749891  

 

#Cu-2b first triplet exctied state 
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N    -1.4300264   -2.5833798    0.0799744  

C    -2.5874324   -3.2653536    0.0881261  

C    -2.7105822   -4.6500736    0.2346080  

C    -1.5109422   -5.4389558    0.4063520  

C    -1.5947235   -6.9279771    0.5934090  

C    -0.3069780   -4.7474317    0.3940077  

C    -0.2474841   -3.3326396    0.2188673  

P     1.3369012   -2.4723573    0.2279423  

C     2.2140287   -3.1359124    1.7276260  

C     3.1167846   -4.2215397    1.6937714  

C     3.6756938   -4.7228044    2.8823067  

C     3.3427912   -4.1509163    4.1202191  

C     2.4386756   -3.0736458    4.1646894  

C     1.8783224   -2.5719682    2.9805167  

C     2.3321882   -3.1560773   -1.1821008  

C     3.7231544   -2.9188055   -1.2546692  

C     4.4698540   -3.3768049   -2.3509494  

C     3.8337553   -4.0604816   -3.4019460  

C     2.4480256   -4.2809141   -3.3479964  

C     1.7009388   -3.8339899   -2.2448524  

H     0.6368091   -5.3043397    0.5284423  

H     3.3892656   -4.6834498    0.7311694  

H     4.3767663   -5.5732377    2.8365486  

H     2.1633189   -2.6202038    5.1316970  

H     4.2328257   -2.3721094   -0.4427684  

H     5.5565111   -3.1920132   -2.3871647  

H     4.4200556   -4.4193843   -4.2643329  

H     1.9399238   -4.8112144   -4.1707800  

H     0.6143505   -4.0141023   -2.2009540  

Cu    1.1546211   -0.1362231    0.0556699  

Cu   -1.3974096   -0.4740225   -0.1033754  

I    -0.1110092    0.3259367   -2.2786278  

I    -0.4084078    0.7581053    2.0425884  

P     2.9323957    1.3308344    0.0185125  

P    -3.4655126    0.4853401   -0.3137827  

C     4.2100336    1.0744395   -1.2944731  

C     3.9060812    1.4487479    1.5798072  

C     2.3344340    3.0509137   -0.2823205  

C    -3.5131209    2.1840910   -1.0289756  

C    -4.3913359    0.6225019    1.2753046  

C    -4.5896097   -0.4850477   -1.4120557  
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C     5.5105655    1.6170377   -1.1897681  

C     2.4053687    3.6378018   -1.5634596  

C     4.5342696    2.6384379    2.0114551  

C     5.2923971    2.6597518    3.1912867  

C    -2.4841926    3.0965339   -0.7029729  

C    -5.2702029    1.6919032    1.5495755  

C    -5.9332455   -0.7597662   -1.0792656  

C    -5.9641850    1.7527648    2.7674035  

C    -2.5020633    4.4017686   -1.2134875  

C    -6.7486023   -1.4988445   -1.9501479  

C     1.8060847    4.8807771   -1.8178634  

C     6.4474876    1.4357380   -2.2155645  

C     3.8703704    0.3330213   -2.4463609  

C     4.7973523    0.1511693   -3.4837788  

C     6.0756814    0.7063196   -3.3545738  

H     2.8661793   -0.1140213   -2.5368290  

H     4.5421005   -0.4301722   -4.3830245  

H     7.4657227    1.8493207   -2.1461573  

H     5.8056361    2.1848269   -0.2928236  

C    -4.0686051   -0.9760911   -2.6310157  

C    -4.8762115   -1.7078264   -3.5106897  

C    -6.2093167   -1.9606816   -3.1576968  

H    -3.0120998   -0.7919446   -2.8917829  

H    -4.4832655   -2.0984429   -4.4620805  

H    -7.7980407   -1.7243839   -1.7044700  

H     1.1621360   -1.7333424    3.0262130  

H    -3.5007548   -2.6581078   -0.0399941  

H    -3.7066258   -5.1172650    0.2236663  

H    -1.6525025    2.7812388   -0.0501988  

C    -3.5496532    4.7863110   -2.0614496  

H    -1.7050213    5.1253515   -0.9827702  

C    -4.5763674    3.8996147   -2.4104882  

C    -4.5519426    2.5967065   -1.8916484  

H    -5.3771798    4.2358385   -3.0873642  

H    -5.3525624    1.8930454   -2.1712334  

H    -6.3532821   -0.3967830   -0.1273827  

C    -4.2078869   -0.3841910    2.2498952  

C    -4.9020616   -0.3375862    3.4660051  

C    -5.7726442    0.7337441    3.7095405  

H    -3.5034069   -1.2120441    2.0646823  

H    -4.7660547   -1.1128922    4.2356648  

H    -5.4120284    2.4959225    0.8092990  

H     2.9240834    3.1160967   -2.3833708  

C     1.1351215    5.5335609   -0.7777482  

H     1.8429317    5.3436782   -2.8160890  

C     1.0610344    4.9847159    0.5090970  

C     1.6554150    3.7388655    0.7492910  

H     0.5286998    5.5297297    1.3042640  

H     1.5756754    3.2942413    1.7540765  

C     4.0437967    0.2816040    2.3617029  

C     4.8026738    0.2884891    3.5399118  

C     5.4197626    1.4809638    3.9393923  

H     3.5388778   -0.6503078    2.0574863  

H     4.9064526   -0.6174772    4.1570317  
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H     5.7842130    3.5797764    3.5439605  

H     4.4236710    3.5674707    1.4286894  

H     3.7819185   -4.5469080    5.0510174  

F     6.9731624    0.5310223   -4.3390401  

F     6.1436834    1.5003734    5.0706469  

H    -6.6482082    2.5837589    3.0000290  

F    -6.4336615    0.7892296    4.8773513  

F    -3.5660038    6.0341394   -2.5588737  

F    -6.9860287   -2.6683676   -3.9938819  

F     0.5226631    6.7094817   -1.0213737  

H    -0.5894421   -7.3883560    0.7049688  

H    -2.1038803   -7.4190210   -0.2702844  

H    -2.1939780   -7.1915442    1.4976470  

 

#Cu-2c first triplet exctied state 

126 

 

I     0.1524143    0.2485098    2.1169989  

I     0.2409663   -0.1123686   -2.2470870  

Cu   -1.1930323   -0.6128960   -0.0417684  

Cu    1.3556367   -0.9047793    0.0555911  

P    -1.3499931   -2.9477886    0.2426990  

P    -3.0075081    0.7976378   -0.2050330  

P     3.3731639    0.1718258    0.0282100  

F    -7.3063034   -1.6169241    4.3584833  

F    -6.9117112    0.2796412    5.3609101  

F    -8.4835647    0.1469476    3.8480625  

F    -5.6723700   -0.6657376   -6.2913183  

F    -6.2025668    1.4530915   -6.1991785  

F    -7.4529831   -0.0306334   -5.2052313  

F     7.7551331   -3.6950807   -3.3806433  

F     8.6235147   -1.7571178   -3.8719020  

F     6.9749799   -2.5530545   -5.0668713  

F    -1.9733803    7.4285604    1.1474460  

F     0.0468806    6.7327000    0.6999076  

F    -1.2770144    7.3431253   -0.9209133  

F     3.6210902    6.3753715   -2.8315431  

F     2.9742539    6.9125197   -0.8156206  

F     1.5154578    6.2176136   -2.2790680  

F     5.5550947   -0.4173949    6.4444021  

F     7.4498911   -0.4215656    5.3662863  

F     6.5322842    1.4716727    5.9387640  

N     1.4237377   -2.9985909    0.1656682  

C     0.2494718   -3.7774017    0.1998062  

C     0.3282270   -5.2009300    0.1977929  

H    -0.6111824   -5.7812527    0.1947659  

C     1.5432918   -5.8738818    0.1909028  

C     2.7354838   -5.0516511    0.1829255  

H     3.7396611   -5.5010239    0.1723172  

C     2.5935407   -3.6633311    0.1593261  

C     1.6481659   -7.3728383    0.1767758  

H     2.2222058   -7.7499503    1.0568705  

H     2.1937525   -7.7348168   -0.7274178  

H     0.6482610   -7.8575542    0.1876296  
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C    -2.3627009   -3.8410195   -1.0369389  

C    -2.0090297   -3.6323686   -2.3906865  

H    -1.1760475   -2.9517295   -2.6382456  

C    -2.6976296   -4.2916322   -3.4196618  

H    -2.4039974   -4.1197014   -4.4688544  

C    -3.7506171   -5.1740198   -3.1151958  

H    -4.2901234   -5.6950284   -3.9234826  

C    -4.1013518   -5.3943413   -1.7746374  

H    -4.9165986   -6.0936592   -1.5238931  

C    -3.4132625   -4.7343774   -0.7404578  

H    -3.6966090   -4.9273505    0.3064029  

C    -2.1657597   -3.3989676    1.8477957  

C    -3.5101976   -3.0383217    2.0908882  

H    -4.0950228   -2.5263167    1.3076150  

C    -4.1170242   -3.3260305    3.3237593  

H    -5.1664731   -3.0374430    3.4995398  

C    -3.3813217   -3.9621802    4.3386635  

H    -3.8561533   -4.1843001    5.3088123  

C    -2.0390593   -4.3060937    4.1129275  

H    -1.4532609   -4.7992152    4.9066184  

C    -1.4336869   -4.0271269    2.8760422  

H    -0.3802147   -4.2996892    2.7017692  

C    -4.3178912    0.5425724    1.0755434  

C    -5.6855730    0.4275365    0.7507139  

H    -6.0184413    0.5195608   -0.2949626  

C    -6.6355196    0.1891325    1.7551888  

H    -7.7010287    0.0962373    1.4935188  

C    -6.2296744    0.0739401    3.0957877  

C    -4.8692003    0.2018545    3.4298962  

H    -4.5469018    0.1086668    4.4784754  

C    -3.9188847    0.4211500    2.4251291  

H    -2.8504775    0.4812424    2.6937814  

C    -7.2379891   -0.2693855    4.1691105  

C    -3.9280736    0.7069386   -1.8027553  

C    -4.5905392    1.8217252   -2.3591222  

H    -4.5492743    2.8010475   -1.8555445  

C    -5.2978804    1.6944716   -3.5629137  

H    -5.8039038    2.5695395   -3.9997815  

C    -5.3544523    0.4513634   -4.2190818  

C    -4.6903561   -0.6612410   -3.6735454  

H    -4.7132969   -1.6321893   -4.1924653  

C    -3.9763293   -0.5318235   -2.4744519  

H    -3.4415833   -1.4069182   -2.0690939  

C    -6.1680131    0.3025578   -5.4870092  

C    -2.5714776    2.5896436   -0.0505503  

C    -1.6215320    3.1162978   -0.9551867  

H    -1.1765433    2.4709751   -1.7310215  

C    -1.2189534    4.4529351   -0.8637874  

H    -0.4766247    4.8521749   -1.5724828  

C    -1.7445992    5.2795724    0.1483963  

C    -2.6911332    4.7656377    1.0485839  

H    -3.1098388    5.4130525    1.8340566  

C    -3.1068304    3.4280377    0.9470540  

H    -3.8528260    3.0427218    1.6595061  
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C    -1.2467672    6.7024894    0.2686906  

C     4.6279126   -0.5993906   -1.0943204  

C     4.1733877   -1.2624616   -2.2539671  

H     3.0916664   -1.3332733   -2.4596081  

C     5.0886511   -1.8389367   -3.1464397  

H     4.7259757   -2.3492724   -4.0518544  

C     6.4670134   -1.7705660   -2.8816709  

C     6.9274592   -1.1189567   -1.7229902  

H     8.0078116   -1.0619978   -1.5168776  

C     6.0134915   -0.5373054   -0.8339435  

H     6.3880928   -0.0334600    0.0713713  

C     7.4577432   -2.4439481   -3.8080840  

C     3.2919404    1.9308090   -0.5269850  

C     3.9166033    2.3791818   -1.7074607  

H     4.5228319    1.6888334   -2.3147045  

C     3.7676443    3.7110345   -2.1257854  

H     4.2561738    4.0547837   -3.0501881  

C     2.9984143    4.6063399   -1.3656142  

C     2.3794931    4.1677116   -0.1785716  

H     1.7723438    4.8668544    0.4175700  

C     2.5171888    2.8373152    0.2322068  

H     2.0008409    2.4964178    1.1452102  

C     2.7880037    6.0322484   -1.8239265  

C     4.2264723    0.2518183    1.6644086  

C     4.0290942   -0.8122226    2.5701899  

H     3.3488285   -1.6404316    2.3108462  

C     4.6781178   -0.8142500    3.8120210  

H     4.5120843   -1.6430220    4.5174901  

C     5.5230903    0.2527488    4.1664500  

C     5.7107626    1.3248374    3.2767268  

H     6.3571359    2.1691609    3.5626501  

C     5.0668130    1.3241839    2.0307772  

H     5.2133658    2.1747704    1.3455759  

C     6.2631385    0.2245516    5.4870527  

H     3.5005236   -3.0336544    0.1245832  

 

#Cu-2d first triplet exctied state 

108 

 

I     8.0312492    2.4471819    4.7914637  

I    10.4401338   -0.7310891    6.5457738  

Cu    8.1019184   -0.1685614    5.3797020  

Cu   10.2194138    0.9648607    4.4927776  

Cl    0.5589169   -1.1343214    5.0521993  

Cl    7.6038168   -5.4712371   10.9553131  

Cl    6.8279463    4.7970242   10.7100085  

Cl   11.3951588    7.7787025    1.2937318  

Cl   11.5677727    4.2052914   11.0733849  

Cl   17.7781336    0.3182758    3.9372654  

P     8.0304969   -1.3815203    3.3648817  

P     6.5919544   -0.4706908    7.0902337  

P    11.8428722    2.5208720    4.9118494  

N    10.4039988   -0.1209225    2.6889729  

C     9.4710228   -1.1058992    2.3161116  
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C     9.6115703   -1.7967489    1.0751289  

H     8.8481755   -2.5437559    0.7953923  

C    10.6735160   -1.5565064    0.2138322  

C    11.6306926   -0.5558629    0.6300039  

H    12.5034645   -0.3047897    0.0090230  

C    11.4248570    0.1038003    1.8452656  

H    12.1493203    0.8736023    2.1661658  

C    10.8426429   -2.2784384   -1.0936754  

H    10.0288205   -3.0146848   -1.2684397  

H    11.8152675   -2.8248206   -1.1341216  

H    10.8505231   -1.5661866   -1.9530301  

C     6.5709808   -1.1479001    2.2367664  

C     6.1172566    0.1735141    2.0187245  

H     6.5931977    1.0094225    2.5601505  

C     5.0810875    0.4346048    1.1097094  

H     4.7422685    1.4726756    0.9538651  

C     4.4809518   -0.6195258    0.3970646  

H     3.6669226   -0.4149516   -0.3180546  

C     4.9331249   -1.9333783    0.5969146  

H     4.4767543   -2.7665263    0.0361886  

C     5.9700012   -2.1980135    1.5079518  

H     6.3103896   -3.2363403    1.6509516  

C     7.9793449   -3.1929829    3.7592093  

C     6.7854542   -3.7878813    4.2287983  

H     5.8585790   -3.1917887    4.2870640  

C     6.7658576   -5.1352482    4.6218282  

H     5.8241906   -5.5871331    4.9760042  

C     7.9423055   -5.9037921    4.5692712  

H     7.9267532   -6.9625576    4.8774734  

C     9.1361768   -5.3148630    4.1215010  

H    10.0644754   -5.9089121    4.0809229  

C     9.1559288   -3.9690733    3.7171501  

H    10.0928589   -3.5099552    3.3614283  

C     4.8381230   -0.6825688    6.5527201  

C     4.4629580   -0.1760829    5.2902275  

H     5.2125420    0.3200361    4.6514724  

C     3.1475505   -0.3064504    4.8219832  

H     2.8669240    0.0797874    3.8302679  

C     2.1953350   -0.9562656    5.6248916  

C     2.5489644   -1.4746868    6.8838442  

H     1.7917658   -1.9880629    7.4961147  

C     3.8670550   -1.3368684    7.3409230  

H     4.1386495   -1.7567845    8.3231063  

C     6.8914973   -1.8807475    8.2414282  

C     7.4800801   -3.0576342    7.7329320  

H     7.7821835   -3.1138577    6.6746737  

C     7.6950788   -4.1682332    8.5606591  

H     8.1547614   -5.0834175    8.1579669  

C     7.3305167   -4.0985617    9.9158855  

C     6.7553052   -2.9308848   10.4467199  

H     6.4843467   -2.8892437   11.5128048  

C     6.5382339   -1.8282852    9.6075508  

H     6.0972754   -0.9115393   10.0321397  

C     6.5688343    0.9998770    8.2038826  
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C     7.7458821    1.3079595    8.9231256  

H     8.6285289    0.6497055    8.8529461  

C     7.8203536    2.4603681    9.7147393  

H     8.7362455    2.6983674   10.2770545  

C     6.7171497    3.3305096    9.7686296  

C     5.5387222    3.0434194    9.0616242  

H     4.6834372    3.7341012    9.1162477  

C     5.4683047    1.8761347    8.2846258  

H     4.5423961    1.6584466    7.7282639  

C    11.7101865    4.0678395    3.9177326  

C    11.1296253    3.9904368    2.6333743  

H    10.7307966    3.0303577    2.2650836  

C    11.0358551    5.1269882    1.8186803  

H    10.5803567    5.0650138    0.8188480  

C    11.5159882    6.3587740    2.2960389  

C    12.0843433    6.4610823    3.5776297  

H    12.4454396    7.4356060    3.9403651  

C    12.1791531    5.3160077    4.3818274  

H    12.6142018    5.4054144    5.3907787  

C    11.8629815    3.0968117    6.6624366  

C    12.8413764    2.6551780    7.5768411  

H    13.6745701    2.0199503    7.2361947  

C    12.7639872    3.0052095    8.9332371  

H    13.5227523    2.6523092    9.6481299  

C    11.6987100    3.8040970    9.3790127  

C    10.7212129    4.2681677    8.4818258  

H     9.8891347    4.8898745    8.8467323  

C    10.8036353    3.9060425    7.1312528  

H    10.0152647    4.2453614    6.4397179  

C    13.5657290    1.9216479    4.6060870  

C    14.6304452    2.8009933    4.3127494  

H    14.4515546    3.8855219    4.2340459  

C    15.9276043    2.3123086    4.1067612  

H    16.7571007    2.9978562    3.8752592  

C    16.1668721    0.9290403    4.1939728  

C    15.1201828    0.0360938    4.4772674  

H    15.3185477   -1.0450141    4.5314586  

C    13.8247838    0.5358020    4.6760468  

H    13.0004920   -0.1674983    4.8855244  

 

#Cu-4a first triplet exctied state 

121 

 

I     3.2020313   10.9096827    6.6734429  

I     4.8202180   10.2715853    2.6809603  

Cu    4.1241883   12.1403571    4.4790649  

Cu    5.2735192    9.9685554    5.2778284  

P     6.1268408   13.2567900    5.0290148  

P     2.3167004   13.2223781    3.5327285  

P     5.1185572    7.7052515    5.6001241  

N     7.1277761   10.8058279    5.8603553  

C     7.4041304   12.1757875    5.7025765  

C     8.6493156   12.7143208    6.1442118  

H     8.8270681   13.7983051    6.0328826  
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C     9.6357840   11.9211291    6.7151123  

C     9.3385106   10.5119369    6.8408974  

H    10.0705218    9.8056351    7.2607507  

C     8.0934607   10.0474361    6.4050092  

H     7.8620794    8.9716070    6.4959028  

C    10.9388804   12.4859290    7.2229143  

H    11.0834342   13.5170271    6.8237193  

H    11.7859599   11.8703363    6.8328344  

C    11.0494265   12.5351428    8.7599436  

H    10.8889355   11.5021026    9.1545379  

C    10.0514913   13.4699768    9.4674349  

H    10.0695541   14.4664953    8.9643106  

H     9.0026614   13.1060180    9.4243097  

C    10.6047677   13.5795461   10.9021419  

H    10.2913441   14.5174826   11.4096126  

H    10.2115815   12.7402634   11.5180938  

C    12.1534497   13.4581614   10.7590188  

H    12.5555573   12.6958432   11.4612956  

H    12.6688222   14.4112569   11.0074400  

C    12.4072912   13.0500752    9.2829983  

H    13.2226535   12.3020094    9.1710111  

H    12.7044661   13.9408131    8.6814911  

C     6.0249732   14.6454919    6.2625579  

C     6.7464622   15.8544656    6.1472929  

H     7.3521706   16.0521801    5.2482725  

C     6.7010050   16.8143563    7.1733901  

H     7.2736959   17.7511894    7.0664731  

C     5.9372599   16.5844346    8.3283749  

H     5.9044443   17.3386694    9.1322144  

C     5.2199005   15.3803332    8.4551524  

H     4.6211718   15.1839832    9.3604965  

C     5.2647522   14.4196761    7.4339772  

H     4.7085172   13.4732211    7.5488146  

C     6.8558707   14.0715950    3.5295764  

C     6.2450155   15.2148659    2.9679187  

H     5.3579317   15.6607075    3.4492462  

C     6.7591142   15.7974916    1.7995056  

H     6.2738088   16.6939399    1.3789427  

C     7.8784185   15.2338131    1.1628508  

H     8.2814322   15.6906561    0.2434029  

C     8.4770467   14.0836349    1.7016248  

H     9.3515510   13.6305876    1.2051183  

C     7.9710718   13.5060341    2.8782405  

H     8.4461302   12.6071834    3.3040105  

C     0.9944890   12.0745466    2.9294024  

C     0.3925530   11.1996506    3.8617295  

H     0.7143261   11.2117083    4.9168342  

C    -0.6111506   10.3096627    3.4515352  

H    -1.0797501    9.6410461    4.1931665  

C    -1.0144555   10.2674555    2.1052570  

H    -1.8004060    9.5641694    1.7831284  

C    -0.4106150   11.1251526    1.1729413  

H    -0.7185435   11.0981859    0.1144674  

C     0.5863157   12.0278475    1.5807208  
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H     1.0468148   12.7001028    0.8396681  

C     1.4111980   14.3581702    4.6732965  

C     0.0175464   14.5667751    4.5902531  

H    -0.5790491   14.0208991    3.8413234  

C    -0.6143756   15.4646390    5.4659813  

H    -1.7042732   15.6178522    5.3965119  

C     0.1358044   16.1615363    6.4283067  

H    -0.3648924   16.8622456    7.1170589  

C     1.5224872   15.9558144    6.5165294  

H     2.1212168   16.4871607    7.2746489  

C     2.1566801   15.0551346    5.6468487  

H     3.2423757   14.8850494    5.7378163  

C     2.6817791   14.2740391    2.0540267  

C     3.6041495   13.7945498    1.0984109  

H     4.1210675   12.8341029    1.2659093  

C     3.8763660   14.5390691   -0.0596390  

H     4.5994850   14.1515526   -0.7957659  

C     3.2488339   15.7785947   -0.2666318  

H     3.4697593   16.3669665   -1.1728417  

C     2.3458874   16.2710391    0.6902634  

H     1.8551378   17.2469406    0.5387228  

C     2.0588718   15.5230169    1.8439373  

H     1.3446012   15.9164649    2.5848536  

C     4.7704283    7.2117570    7.3456546  

C     5.3265006    7.9899911    8.3843432  

H     5.9234666    8.8856034    8.1439665  

C     5.1085418    7.6378928    9.7249619  

H     5.5460166    8.2541253   10.5274652  

C     4.3229533    6.5167769   10.0418966  

H     4.1442393    6.2474038   11.0961432  

C     3.7567674    5.7468340    9.0130201  

H     3.1314459    4.8715954    9.2558133  

C     3.9786005    6.0901975    7.6689964  

H     3.5254090    5.4849487    6.8670273  

C     3.8230063    6.8439038    4.6074614  

C     4.0232137    5.5514020    4.0777259  

H     4.9818883    5.0311668    4.2360324  

C     3.0050873    4.9269368    3.3385252  

H     3.1716827    3.9180305    2.9257252  

C     1.7849270    5.5871324    3.1199011  

H     0.9901584    5.0979261    2.5324091  

C     1.5848440    6.8768490    3.6400057  

H     0.6384511    7.4116744    3.4557539  

C     2.5984986    7.5069697    4.3773547  

H     2.4440762    8.5272517    4.7672778  

C     6.6739177    6.7998860    5.1749943  

C     7.2135947    5.7873044    5.9955279  

H     6.7101734    5.5122623    6.9364694  

C     8.3962265    5.1290917    5.6179287  

H     8.8119506    4.3406581    6.2671869  

C     9.0464566    5.4740638    4.4222336  

H     9.9764458    4.9585455    4.1302756  

C     8.5149300    6.4855833    3.6040495  

H     9.0263485    6.7692465    2.6695598  
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C     7.3390575    7.1517646    3.9795086  

H     6.9372178    7.9603290    3.3446496  

 

#Cu-4b first triplet exctied state 
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I     3.0639271    8.0548637    5.3415549  

I     0.1685860    4.9357863    4.4599416  

Cu    2.7999923    5.4705405    4.6715604  

Cu    1.1532988    6.5048595    6.3604909  

P     3.5871067    4.1251708    6.4272119  

P     3.5500402    5.3449650    2.4956678  

P    -0.5295941    8.0126510    6.7445514  

F     9.3079029    6.8004529    1.7126072  

F     2.9643988    0.0289254   -0.2113883  

F     0.0553494    9.1111450   -0.5716517  

F    -3.5231581    9.8862374    1.9107689  

F    -4.7526278    5.7337387   10.3294466  

F     1.3875577   12.9786751    9.4842002  

N     1.7322278    5.3845546    8.0599091  

C     2.7085738    4.3755534    7.9821445  

C     3.0797356    3.6436761    9.1505476  

H     3.8630386    2.8706927    9.0657579  

C     2.4903958    3.8768524   10.3856140  

C     1.4776813    4.9057337   10.4347350  

H     0.9442823    5.1422970   11.3676752  

C     1.1660428    5.5965349    9.2591921  

H     0.3855803    6.3771389    9.2886475  

C     2.8984668    3.1334599   11.6332679  

H     1.9840923    2.7646159   12.1584864  

H     3.4939242    2.2323045   11.3567679  

C     3.7179690    3.9778995   12.6292715  

H     3.1240923    4.8890578   12.8859134  

C     4.0748109    3.2464405   13.9400237  

H     3.2019896    3.1274996   14.6190350  

H     4.4287879    2.2191769   13.6885246  

C     5.2265910    4.0736581   14.5681012  

H     4.8479814    4.7257099   15.3851139  

H     5.9947575    3.4145990   15.0274709  

C     5.8113395    4.9334357   13.4041310  

H     6.9175501    4.8577506   13.3277935  

H     5.5799098    6.0090647   13.5695750  

C     5.0991644    4.4385053   12.1283363  

H     5.6369725    3.5605864   11.6966712  

H     5.0422615    5.2068270   11.3278368  

C     5.3865665    4.2660953    6.8705964  

C     5.9724945    5.5535400    6.8516947  

H     5.3802481    6.4165531    6.5020831  

C     7.2930830    5.7467199    7.2843194  

H     7.7307152    6.7588573    7.2602122  

C     8.0537442    4.6580360    7.7489100  

H     9.0910020    4.8098229    8.0908898  

C     7.4793111    3.3769249    7.7790236  

H     8.0647789    2.5169917    8.1460188  
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C     6.1580080    3.1795605    7.3442104  

H     5.7270133    2.1654824    7.3697016  

C     3.3989749    2.3293988    5.9993546  

C     2.2959543    1.5945240    6.4809342  

H     1.5872899    2.0764386    7.1744274  

C     2.1039034    0.2590371    6.0881096  

H     1.2383173   -0.3034350    6.4763965  

C     3.0116828   -0.3602593    5.2134354  

H     2.8654334   -1.4116144    4.9141246  

C     4.1084884    0.3683022    4.7208021  

H     4.8233479   -0.1069142    4.0284360  

C     4.2954044    1.7054727    5.1029077  

H     5.1549805    2.2688379    4.7014046  

C     5.3031724    5.8447700    2.2122483  

C     6.2429602    5.5547949    3.2249739  

H     5.9130806    5.0873048    4.1675682  

C     7.5989790    5.8691385    3.0625811  

H     8.3340586    5.6529054    3.8533263  

C     8.0117455    6.4880221    1.8755179  

C     7.1018240    6.7991039    0.8555753  

H     7.4633343    7.2949345   -0.0588437  

C     5.7481437    6.4752483    1.0288410  

H     5.0303613    6.7317194    0.2326480  

C     3.4076234    3.7046611    1.6547967  

C     4.0807916    3.4284480    0.4431868  

H     4.7369365    4.1866102   -0.0139978  

C     3.9337137    2.1884335   -0.1912559  

H     4.4537834    1.9571071   -1.1339507  

C     3.1054336    1.2195450    0.3952518  

C     2.4315679    1.4617322    1.5974764  

H     1.8017719    0.6748445    2.0398900  

C     2.5910332    2.7061378    2.2260588  

H     2.0710920    2.8992760    3.1790055  

C     2.5668048    6.4772125    1.4208628  

C     1.5061410    5.9916402    0.6267984  

H     1.3239322    4.9079766    0.5498072  

C     0.6605700    6.8757682   -0.0601610  

H    -0.1782665    6.5105797   -0.6725947  

C     0.8854822    8.2522647    0.0533497  

C     1.9386824    8.7651794    0.8216374  

H     2.0874218    9.8544928    0.8843009  

C     2.7711831    7.8731651    1.5105722  

H     3.5835838    8.2764579    2.1358681  

C    -1.4774563    8.5764523    5.2671530  

C    -0.7938918    8.7751123    4.0461408  

H     0.2875342    8.5675310    3.9783400  

C    -1.4813627    9.2240609    2.9102395  

H    -0.9717885    9.3743677    1.9459388  

C    -2.8595463    9.4629365    2.9993836  

C    -3.5646186    9.2637356    4.1932910  

H    -4.6489964    9.4530236    4.2213361  

C    -2.8673507    8.8179323    5.3257732  

H    -3.4201453    8.6508991    6.2643115  

C    -1.8301273    7.3540278    7.8783561  
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C    -2.2916957    6.0345695    7.6675799  

H    -1.8607162    5.4241440    6.8553362  

C    -3.2847137    5.4849084    8.4881411  

H    -3.6519130    4.4579794    8.3374686  

C    -3.8060456    6.2586092    9.5347143  

C    -3.3579634    7.5637739    9.7757858  

H    -3.7862914    8.1374730   10.6124126  

C    -2.3682784    8.1080964    8.9429506  

H    -2.0116570    9.1336331    9.1309991  

C     0.0360744    9.5677633    7.5579733  

C    -0.5550588   10.8207926    7.2905537  

H    -1.3755316   10.9005848    6.5591403  

C    -0.1013151   11.9785798    7.9401951  

H    -0.5467299   12.9650999    7.7378877  

C     0.9489665   11.8726842    8.8613005  

C     1.5582823   10.6418699    9.1423955  

H     2.3907882   10.5995892    9.8615037  

C     1.1027319    9.4934735    8.4817247  

H     1.5958240    8.5273036    8.6804172  
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14 Investigation of Luminescent Triplet States in Tetranuclear Cu(I) 

Complexes: Thermochromism and Structural Characterization 
 

14.1 Preamble 

Luminescence spectroscopy and step-scan FTIR spectroscopy in the solid state at different 

temperatures were performed by Sophie Steiger and myself. We also conducted UV/VIS absorption 

and luminescence spectroscopy in solution. Furthermore, I contributed to the manuscript. The 

concept was designed by Markus Gerhards and myself. Patrick Di Martino-Fumo performed DFT 

calculations. Patrick Di Martino-Fumo, Sophie Steiger and myself were supervised by Markus 

Gerhards.  

Jasmin M. Busch and Daniel Volz synthesized the complexes and performed the analytical 

characterization as well as luminescence spectroscopy on neat powders, supervised by Stefan Bräse. 

Florian R. Rehak performed Bethe-Salpeter and further DFT calculations under the supervision of 

Willem Klopper. Oliver Fuhr and Martin Nieger solved the X-ray structures. The manuscript was 

refined by contributions from all coauthors.     
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Investigation of Luminescent Triplet States in Tetranuclear CuI

Complexes: Thermochromism and Structural Characterization

Pit Boden,[a] Patrick Di Martino-Fumo,[a] Jasmin M. Busch,[b] Florian R. Rehak,[c]

Sophie Steiger,[a] Olaf Fuhr,[d] Martin Nieger,[e] Daniel Volz,[b] Willem Klopper,*[c]

Stefan Bräse,*[b, f] and Markus Gerhards*[a]

Abstract: To develop new and flexible CuI containing lumi-

nescent substances, we extend our previous investigations

on two metal-centered species to four metal-centered com-

plexes. These complexes could be a basis for designing new

organic light-emitting diode (OLED) relevant species. Both

the synthesis and in-depth spectroscopic analysis, combined

with high-level theoretical calculations are presented on a

series of tetranuclear CuI complexes with a halide containing

Cu4X4 core (X= iodide, bromide or chloride) and two 2-(di-

phenylphosphino)pyridine bridging ligands with a methyl

group in para (4-Me) or ortho (6-Me) position of the pyridine

ring. The structure of the electronic ground state is charac-

terized by X-ray diffraction, NMR, and IR spectroscopy with

the support of theoretical calculations. In contrast to the

para system, the complexes with ortho-substituted bridging

ligands show a remarkable and reversible temperature-de-

pendent dual phosphorescence. Here, we combine for the

first time the luminescence thermochromism with time-re-

solved FTIR spectroscopy. Thus, we receive experimental

data on the structures of the two triplet states involved in

the luminescence thermochromism. The transient IR spectra

of the underlying triplet metal/halide-to-ligand charge trans-

fer (3M/XLCT) and cluster-centered (3CC) states were ob-

tained and interpreted by comparison with calculated vibra-

tional spectra. The systematic and significant dependence of

the bridging halides was analyzed.

Introduction

Luminescent transition metal complexes with binuclear CuI

halide core structures have been extensively studied in the last

few years, as they show remarkable photophysical properties

and are very promising candidates for organic light-emitting

diodes (OLEDs).[1–11] A large variety of binuclear systems with a

butterfly-shaped Cu2I2 core unit and quantum yields of nearly

100% have been developed. These systems are capable of

thermally activated delayed fluorescence (TADF) so that almost

all excitons are harvested via the singlet state through reverse

intersystem crossing already at room temperature. In this con-

text, a broad range of copper complexes with 2-(diphenylphos-

phino)pyridine (PyrPhos) or a derivative as bridging ligand

have been designed. Recently, the first binuclear CuI complexes

with a synchronous singlet and triplet harvesting by combin-

ing TADF and fast phosphorescence have also been pub-

lished.[7,11,12] It was shown that the relative contribution of

both luminescence pathways can be modulated by exchang-

ing the halides. Additionally, highly luminescent cyclic trinu-

clear CuI complexes have been developed.[13]
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At the same time, analogous tetranuclear clusters have been

reported, which are formally built up by combining two Cu2I2
subunits.[10,14–28] At this point, it is important to mention that

the very first OLED based on CuI contained the tetranuclear

complex Cu4(C�Cph)4L2 (L = 1,8-bis(diphenylphosphino)-3,6-di-

oxaoctane).[29] Lu et al. reported on a highly luminescent tetra-

nuclear system with a Cu4Cl4 core and 2-(bis(2-methyl-phenyl)-

phosphino)-6-methylpyridine as bridging ligand, showing a

combination of TADF and fast phosphorescence at room tem-

perature.[14] It was also shown that the luminescence properties

can be tuned by modulation of the Cu4X4 cluster core (X=

iodide, bromide, chloride) of systems with 2-(diphenylphosphi-

no)pyridine bridging ligands[21] and coordination polymers

with stair-step [Cu4X4] fragments.[26] Thompson et al. presented

a series of Cu4I4 clusters supported by similar P^N-type ligands

(2-[(diRphosphino)methyl]pyridine) and reasoned that the

emission behavior is controlled by the bulkiness of these li-

gands.[23]

Many years ago, Hardt et al. have already reported Cu4I4
clusters with pyridine ligands showing a strongly temperature

dependent luminescence.[30] Deeper studies on these cubane-

shaped clusters were performed later by Ford and coworkers,

who applied more elaborated spectroscopic and theoretical

methods.[16,31] These remarkable temperature-dependent lumi-

nescence properties are mostly known from complexes with

Cu4I4 cubane-like core structures and monodentate phosphine

or N-donating ligands.[15,17–19,22] However, luminescence ther-

mochromism with dual phosphorescence has been observed

only for a very small number of tetranuclear Cu4X4 clusters of

approximatively octahedral shape.[23,27,28]

In this context, we developed and synthesized a series of CuI

complexes with a Cu4X4 cluster core containing iodide, bro-

mide or chloride centers and considering 2-(diphenylphosphi-

no)-pyridine with a methyl substituent in para (4-Me) or ortho

(6-Me) position of the pyridine as bridging ligands (Scheme 1).

The complexes were synthesized according to protocols relat-

ed to the synthetic procedures described in the literature with

the ligand and the corresponding CuI salt as starting materials

(see synthetic procedures in the Experimental Section and in

the Supporting Information).[14,23] Interestingly, the differences

between the luminescence properties of the neat powders

of the synthesized complexes Cu4I4(4-Me)2, Cu4I4(6-Me)2,

Cu4Br4(6-Me)2 and Cu4Cl4(6-Me)2 are already obvious by the

naked eye under UV light with

colors ranging from pale yellow

over orange to green (Figure 1).

Intrigued by these observations

and the rare luminescence thermo-

chromism reported for some sys-

tems with Cu4I4 octahedral core

structures, we performed thorough

spectroscopic investigations in

combination with high-level quan-

tum chemical calculations to ach-

ieve a deeper understanding of

these extraordinary photophysical

properties. The structures of the

electronic ground states were ana-

lyzed by X-ray diffraction, NMR (see

descriptions in the Supporting In-

formation, Figures S1–S6), and IR

spectroscopy, in combination with theory. The temperature-de-

pendent emission properties were characterized by static and

time-resolved luminescence measurements.

The main idea was to obtain structural information on the

electronically excited states involved in this thermochromism.

No experimental studies in this direction have been performed

so far to the best of our knowledge, as the reports only refer

to theoretical calculations for this issue.[15–17]

The involved luminescent states are generally long-lived trip-

let states so that time-resolved step-scan FTIR spectroscopy

(nanosecond to microsecond time scale) is a very suitable tool

to analyze the electronically excited states. We already applied

this technique successfully to a series of transition metal com-

plexes, including several binuclear Cu2I2 complexes.[1, 8, 9, 32–34] On

the basis of quantum chemical calculations with respect to rel-

ative energies and molecular orbitals the high and low energy

emission bands of such Cu4I4 clusters are assigned to transi-

tions from triplet metal/halide-to-ligand charge transfer

(3M/XLCT) states and cluster-centered (3CC) states to the

ground state in the vast majority of cases.[10,15–19,22,23, 28] For a

series of presented compounds within this work the relative

population of these electronically excited states can be modu-

lated by changing the temperature. Thus these species are

ideal benchmark models to separately characterize two long-

lived electronically excited states of a single complex by step-

scan FTIR spectroscopy.

Results and Discussion

Crystallography

Molecular structures of the tetranuclear CuI complexes

Cu4I4(4-Me)2, Cu4I4(6-Me)2 and Cu4Cl4(6-Me)2 were obtained by

X-ray diffraction analysis of the single crystals (Figures 2, S7–

S10). In general, the copper halide core structure is held in be-

tween two methylated 2-(diphenylphosphino)pyridine bridging

ligands. In both cases, the phosphorous atom of one ligand is

located opposite to the nitrogen atom of the second ligand

and both structures have a triclinic crystal system with space
Scheme 1. Synthesis of the tetranuclear CuI complexes Cu4I4(4-Me)2,

Cu4I4(6-Me)2, Cu4Br4(6-Me)2 and Cu4Cl4(6-Me)2.

Figure 1. Powder samples of

the tetranuclear CuI com-

plexes at day light (left) and

under UV light (right).
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group P1̄. While for Cu4I4(4-Me)2 the inversion center is located

in between the complexes, complex Cu4I4(6-Me)2 is located di-

rectly on an inversion center, resulting in Ci symmetry for

Cu4I4(6-Me)2. The tetranuclear complex Cu4I4(4-Me)2 only

shows approximately Ci symmetry. All possible Cu2I2 subunits

that can be built of the metal halide Cu4I4 core show the but-

terfly shape known from the widely investigated dinuclear Pyr-

Phos CuI complex systems. Facing the tetranuclear structures

by a frontal view towards the pyridine ring of the bridging

ligand, iodide I1 and I2 of Cu4I4(4-Me)2 are congruent, whereas

for Cu4I4(6-Me)2 the inner iodides I1 and I1’ are shifted out-

wards from the center. The iodides I1 and I2 of Cu4I4(4-Me)2
are bridging the same four CuI atoms each (m4). In comparison,

the iodides I1 and I1’ of Cu4I4(6-Me)2 connect only three CuI

atoms each (m3).

While the parallelogram which is drawn via the CuI atoms of

Cu4I4(4-Me)2 has angles in the range close to a rectangle, with

93.48 (Cu4-Cu1-Cu2) for one of the wider angles, the parallelo-

gram resulting in Cu4I4(6-Me)2 is much more stretched (57.78

up to 118.28). Regarding the CuÿCu distances, the values

found for Cu4I4(4-Me)2 (2.54 �–2.76 �) are only slightly shorter

compared to Cu4I4(6-Me)2 (2.66 �–2.76 �) and are in the

normal range for this kind of tetranuclear complexes.[14,21] Inter-

estingly, the CuÿCu distances in Cu4I4(6-Me)2 are a bit shorter

compared to the chloride analogue Cu4Cl4(6-Me)2 of this series

and the literature known tetranuclear complex Cu4Cl4 with 6-

methyl-2-bis(4-methylphenyl)pyridine as bridging ligand, both

with the smaller chloride atoms.[14] In general complex

Cu4Cl4(6-Me)2 has the same core structure as the iodide com-

plex Cu4I4(6-Me)2 (Figures S7 and S10). For more selected pa-

rameters of the molecular structures in this study, see Tables 1,

S1 and S2. Deposition Numbers 1992241, 1992242, and

2021079 (Cu4I4(4-Me)2, Cu4I4(6-Me)2, and Cu4Cl4(6-Me)2, re-

spectively), contain the supplementary crystallographic data

for this paper. These data are provided free of charge by the

joint Cambridge Crystallographic Data Centre and Fach-

informationszentrum Karlsruhe Access Structures service

www.ccdc.cam.ac.uk/structures.

UV/Vis absorbance studies

All the UV/Vis absorbance spectra were measured in dichloro-

methane (CH2Cl2) under identical conditions for direct compari-

son. The complexes show unstructured absorbance spectra

with an absorption onset at about 400 nm and weak shoulders

at 300 nm and 265 nm (Figure S11). These shoulders are more

pronounced for the systems Cu4X4(6-Me)2 with 6-MePyrPhos

bridging ligands than for the complex Cu4I4(4-Me)2. The extinc-

tion coefficients increase with the halide mass but the halide

exchange has almost no influence on the absorbance pattern.

For comparison with theory, the S0 ground states of

the series Cu4I4(4-Me)2, Cu4I4(6-Me)2, Cu4Br4(6-Me)2 and

Cu4Cl4(6-Me)2 were optimized with density functional theory

(DFT) (B3LYP-D3(BJ)/def2-TZVP), and two minimum structures

were found for each complex. For all the four complexes one

of these two isomers is Ci symmetric and is similar to the crys-

tal structure (Figure 2), while the other is either open or closed

butterfly-shaped (Figure 3). Throughout this work all structures

with distances of 3.2 �–3.7 � between the N-coordinating CuI

centers are referred to as open butterfly structures, while struc-

tures with smaller distances of 2.6 �–2.7 � are termed as

closed butterfly. For Cu4I4(4-Me)2, Cu4I4(6-Me)2, Cu4Br4(6-Me)2
and Cu4Cl4(6-Me)2 the Ci symmetric structure is energetically

higher by 5.1 kJmolÿ1, 11.5 kJmolÿ1, 20.4 kJmolÿ1 and

27.5 kJmolÿ1 compared to the lowest energy butterfly-shaped

structure. The closed butterfly structure is the most stable one

only for Cu4I4(4-Me)2, whereas the Cu4X4(6-Me)2 complexes

yielded the open butterfly structure as the most stable isomer,

according to the B3LYP-D3(BJ)/def2-TZVP optimizations. The

UV/Vis spectra of both isomers for the whole series from

Figure 2. Molecular structures of Cu4I4(4-Me)2 (left) and Cu4I4(6-Me)2 (right).

Hydrogen atoms and solvent molecules are omitted for clarity.

Table 1. Selected molecular structural parameters of the complexes

Cu4I4(4-Me)2 and Cu4I4(6-Me)2, bond lengths [�] and angles [8] .

Cu4I4(4-Me)2 Cu4I4(6-Me)2

Lengths [�]

Cu1ÿCu4 2.5385(18) Cu1ÿCu2’ 2.6676(9)

Cu1ÿCu2 2.760(2) Cu1ÿCu2 2.7483(9)

Angles [8]

Cu4-Cu1-Cu2 93.42(6) Cu2’-Cu1-Cu2 118.18(3)

Cu1-Cu4-Cu3 86.36(6) Cu2-Cu1-Cu1’ 57.67(3)

Figure 3. Open (left) and closed (right) butterfly structure of the different T1
states of Cu4I4(6-Me)2. While the open structure is similar to the S0 ground

state, the closed structure shows a sharper dihedral angle a and a smaller

distance between Cu2’ and Cu2. (a=97.78/70.28, d=3.641 �/2.643 �).

Chem. Eur. J. 2021, 27, 5439 – 5452 www.chemeurj.org � 2020 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH5441

Chemistry—A European Journal
Full Paper
doi.org/10.1002/chem.202004539



Cu4I4(4-Me)2 to Cu4Cl4(6-Me)2 were computed with time-de-

pendent density functional theory (TDDFT) using CAM-

B3LYP[35]/def2-TZVP (Figure S12) and the spectra of both iso-

mers agree well with the experimental spectrum as they show

absorption bands around 265 nm and 300 nm and vanish at

around 400 nm. The UV/Vis spectra were also calculated within

the framework of the eigenvalue self-consistent GW approxi-

mation[36] with the correlation augmented Bethe-Salpeter

equation[37,38] (evGW/cBSE) and also this approach suggests

similar UV/Vis spectra for both isomers (Figure S13) with bands

at 265 nm and 300 nm, so a final decision on which isomer is

favored in solution cannot be made based on the computed

UV/Vis spectra.

Luminescence investigations at variable temperature

At first, luminescence investigations were performed in the

solid state at room temperature to elucidate the influence of

the halide exchange and the bridging ligands on the emission

behavior. The emission spectra shown in Figure 4 were record-

ed in KBr matrices at an excitation wavelength of lex=355 nm.

The complex Cu4I4(4-Me)2 shows a broad unstructured emis-

sion centered at 529 nm. The band shape of the luminescence

of the analogue system Cu4I4(6-Me)2 with a methyl group in 6-

position of the bridging ligand is similar but significantly red-

shifted to 593 nm. Surprising results were obtained upon

halide exchange for the complexes Cu4Br4(6-Me)2 and

Cu4Cl4(6-Me)2, as their emission spectra show shoulders in ad-

dition to the main band. The emission maxima of the main

bands of the bromide and chloride systems are localized at

600 nm and 505 nm, respectively. The shoulders, for their part,

are situated at about 515 nm and 600 nm. This emission pat-

tern is a clear sign for a dual emission from two different elec-

tronically excited states with inverted relative intensities by

comparing the complexes Cu4Br4(6-Me)2 and Cu4Cl4(6-Me)2.

Intrigued by these promising emission properties already at

290 K, we conducted temperature-dependent luminescence

experiments with KBr pellets and neat films of the samples in

the temperature range of 10 K–290 K.

The emission maximum of the complex Cu4I4(4-Me)2 is

mostly temperature independent, as only a small blueshift of

6 nm was observed upon cooling down the sample to 10 K

(Figure S17). This spectral shift may result from an inhibition of

the excited state relaxation in the rigid matrix at low tempera-

ture, which is known from the literature as “rigidochromism”.[39]

Additionally, it should be mentioned that the characteristic

redshift observed for the related binuclear CuI complexes

showing TADF is not observed here, which is a clear indication

that such a mechanism does not occur in the case of

Cu4I4(4-Me)2. The emission intensity more than doubles by

cooling down the sample from 290 K to 10 K, which means

that non-radiative deactivation channels must be efficiently in-

hibited at low temperature. This is also reflected by the lumi-

nescence lifetimes measured by time-correlated single-photon

counting (TCSPC), which rise from 5 ms to 24 ms upon cooling

(Table S4, Figures S18 and S19). As the temperature-dependent

emission spectra do not agree with a TADF process, the lumi-

nescence with microsecond lifetimes over the complete tem-

perature range (10 K–290 K) is clearly assigned to phosphores-

cence. In contrast, the emission behavior of the Cu4X4 com-

plexes with 6-MePyrPhos bridging ligands strongly depends on

temperature. For the iodide containing system Cu4I4(6-Me)2
the initial room temperature emission at 593 nm redshifts to

621 nm and slightly increases in intensity, when the sample is

cooled down to 90 K (Figure 5a). This shift indicates subtle

changes of the electronic properties of the underlying excited

state, which are attributed in literature to a shortening of the

Cu···Cu bond lengths in the cluster for similar Cu4I4 systems

with phosphine ligands.[15,19,20] At the same time, a blue emis-

sion band starts to emerge at around 500 nm, which is visible

at temperatures equal to or below 130 K. At 10 K, only the

blue emission is observed in the spectrum, with a maximum at

479 nm and complete disappearance of the low energy emis-

sion band. At this point, it is important to mention that the

blue emission reaches an intensity that is more than four times

higher than the luminescence at 290 K, which should again

result from an inhibition of non-radiative deactivation process-

es at low temperature. The described temperature-dependent

emission properties show that the system has a pronounced

excited state thermochromism with two distinct emissive excit-

ed states, which are clearly separated in energy. TCSPC mea-

surements were then performed for both emission bands,

where excited state lifetimes of 16.0 ms–56.0 ms (contributing

�95%) were obtained for the low energy emission (emission

monochromator set to 593 nm–622 nm, depending on temper-

ature) in the temperature range of 290 K–70 K. At the same

time, the blueshifted emission (emission monochromator set

to 479 nm–492 nm, depending on temperature) shows time

constants of 12.7 ms–19.6 ms (contributing �88%) at tempera-

tures of 70 K–10 K. These values clearly suggest dual phosphor-

escence from two different excited triplet states and are listed

in detail in Table S5 (Figures S20 and S21). In particular, the

time constants of 12.7 ms and 56 ms measured for the high and

low energy bands at 70 K, where both emission bands show

significant intensities, underline the presence of two isolated

electronically excited states.
Figure 4. Solid state emission spectra (KBr) of Cu4I4(4-Me)2, Cu4I4(6-Me)2,

Cu4Br4(6-Me)2 and Cu4Cl4(6-Me)2 recorded at 290 K with lex=355 nm.
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The same static and time-resolved luminescence experi-

ments were then performed using neat films of Cu4I4(6-Me)2,

where the same thermochromism was observed (Figure S22,

Table S6). Hence, the influences of the matrix on the emission

properties are not relevant here.

In the next step, the variable temperature luminescence

studies were extended to the analogues Cu4Br4(6-Me)2 and

Cu4Cl4(6-Me)2 showing dual emission in KBr already at room

temperature, as described above.

For the bromide system Cu4Br4(6-Me)2 (Figure 5b), the initial

room temperature emission at 600 nm also redshifts upon

cooling, reaching 616 nm at 170 K. At the same time, the in-

tensity of the mentioned blueshifted shoulder clearly increases

in intensity at temperatures of 170 K and below. The low

energy emission completely vanishes at 30 K, whereas the blue

emission band, centered at 497 nm, reaches an intensity which

is more than three times higher compared to the initial room

temperature emission. The observed emission spectrum is as-

signed to two distinct emissive triplet states, in accordance

with two mainly contributing ms-components observed at

room temperature at 510 nm (2.5 ms (31%) and 15.2 ms (54%))

and 600 nm (3.6 ms (13%) and 23.0 ms (82%)) (Table S9, Figures

S23 and S24). The essentially biexponential behavior results

from the overlapping emission bands.

Similar behavior is also observed for the chloride complex

Cu4Cl4(6-Me)2 (Figure 5c), where the low energy emission,

which is weak compared to the high energy emission already

at 290 K, completely vanishes at a temperature of 90 K. The

TCSPC results at room temperature at 510 nm (2.2 ms (43%)

and 10.0 ms (46%)) and 610 nm (2.1 ms (23%) and 16.8 ms

(71%)) are assigned to dual phosphorescence (Table S10, Fig-

ures S25 and S26).

Temperature-dependent excitation spectra were recorded

for the four systems by considering the corresponding emis-

sion maxima. The excitation spectra show onsets between

435 nm and 490 nm, depending on the system, temperature

and the emission peak (Figures S28–S31). At low temperature,

slightly higher energy UV excitation is required for an efficient

population of the emissive states compared to room tem-

perature. Considering the three dual-emissive complexes

Cu4X4(6-Me)2, it should be mentioned that the excitation spec-

tra of the high and low energy emission bands are slightly

shifted relative to each other (Figures S28–S31), but that the

relative intensity of the two emission bands cannot be modu-

lated strongly by tuning the excitation wavelength.

Summarizing the variable temperature luminescence data, it

can be said that all the three tetranuclear systems with 6-Me-

PyrPhos bridging ligands show a pronounced thermochromism

with two emissive triplet states, whereas only a single mostly

temperature-independent emission was observed for the com-

plex Cu4I4(4-Me)2. Hence, the luminescence behavior is strong-

ly influenced by the position of the methyl group on the

bridging ligand. The methyl group in 6-position exerts steric

pressure on the Cu4X4 cluster (see chapters on crystallography

and IR spectroscopy), which is responsible for the thermo-

chromism. At the same time, the dual phosphorescence is not

observed for the complex with 4-MePyrPhos ligands in combi-

nation with the lower steric hindrance close to the Cu4X4 clus-

ter. For the series Cu4X4(6-Me)2 the halide exchange has a

small but significant influence on the emission wavelengths. At

room temperature, the exchange of iodide against bromide or

chloride induces a redshift of the low energy emission from

593 nm to 600 nm (Figure 4). A more pronounced redshift is

observed for the high energy emission at 10 K, with a shift

from 479 nm for iodide to 505 nm for the chloride system. The

emission band of the bromide complex appears in between

Figure 5. Emission spectra (KBr) of a) Cu4I4(6-Me)2, b) Cu4Br4(6-Me)2 and

c) Cu4Cl4(6-Me)2 in the temperature range of 10 K–290 K recorded with

lex=355 nm.

Chem. Eur. J. 2021, 27, 5439 – 5452 www.chemeurj.org � 2020 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH5443

Chemistry—A European Journal
Full Paper
doi.org/10.1002/chem.202004539



these two with a maximum at 497 nm (Figure S27). At the

same time, the halide centers have a big influence on the rela-

tive intensities of high and low energy bands. Thermal energy

has a huge impact on the population of the emissive triplet

states according to the luminescence investigations at variable

temperature. The relative intensities of the observed emission

bands show that thermal energy is sufficient to induce a popu-

lation of the low energy emitting triplet state at 290 K. In the

case of Cu4I4(6-Me)2, this low triplet state is efficiently populat-

ed, so that no high energy emission is observed at all. Howev-

er, the blue emission is observed already at room temperature

for Cu4Br4(6-Me)2 and to an even higher extent for

Cu4Cl4(6-Me)2, which should result from a higher energy barri-

er between the discussed triplet states and thus kinetic trap-

ping in the mentioned higher energy state. The relative inten-

sities of both emission bands suggest that the energy barrier

from the energetically higher triplet state to the lower one in-

creases from iodide over bromide to chloride. The low thermal

energy at 10 K is insufficient to overcome this energy barrier,

so that exclusively the high energy emission is observed for all

the three complexes Cu4X4(6-Me)2. The presented descriptions

are summarized in a simplified qualitative Jablonski diagram

(Figure 6).

In the next step, further evaluations were performed to get

a rough estimation of the mentioned energy barriers from the

experimental data. The relative luminescence intensities were

considered and the obtained trend for the barriers is in accord-

ance with the suggestions elucidated above. The graphical

analysis is described in more detail in the Supporting Informa-

tion (Figure S32).

To gain a deeper insight into the thermochromism, the

structures of the first excited triplet state (T1) were determined

for all four complexes with TDDFT. For the complexes with

6-MePyrPhos bridging ligands, two T1 structures termed as

open and closed butterfly (Figure 3) were found, while for

Cu4I4(4-Me)2 only the closed butterfly structure was found. The

closed butterfly is more stable by 22.3 kJmolÿ1 and

9.3 kJmolÿ1 for Cu4I4(6-Me)2 and Cu4Br4(6-Me)2, respectively.

At the same time, Cu4Cl4(6-Me)2 shows different behavior. The

open butterfly structure is, in comparison, stabilized by

2.6 kJmolÿ1, which underlines the differing observation shown

in Figure 5 with the open butterfly complex being already pre-

dominantly occupied at higher temperatures. Using TDDFT

under consideration of the optimized T1 structures only
3M/XLCT transitions at around 735 nm (Table S3) were found

when calculating the transition density of the lowest triplet ex-

citation of the T1 open butterfly structures (Figure S14), while

the energetically favored closed butterfly structures showed

exclusively 3CC transitions between 800 nm and 900 nm (Fig-

ure S15 and Table S3). These findings suggest that the emission

from the closed butterfly structure can be assigned to the low

energy band observed at high temperature, while the blue

emission band at low temperatures corresponds to the open

butterfly structure as the emissive state. This behavior results

from the fact that the barrier between the two structures

cannot be overcome anymore, which is in agreement with the

previously discussed experimental results. The lowest triplet

excitations were shifted around 780 nm and 590 nm using

evGW/cBSE-CAM-B3LYP (Table S3), improving the agreement

with the experiment even further.

As already mentioned, the relative intensities in the temper-

ature-dependent luminescence spectra (Figure 5) suggest in-

creasing barriers between the two emissive states by going

from Cu4I4(6-Me)2 over Cu4Br4(6-Me)2 to Cu4Cl4(6-Me)2. To

obtain rough estimates of the theoretical barrier heights the

reaction paths between the open and closed butterfly struc-

tures were computed with TDDFT. The calculated trend is in

good agreement with the experimentally observed relative

emission intensities since the theoretical estimates are

2140 cmÿ1 (25.6 kJmolÿ1), 2339 cmÿ1 (28.7 kJmolÿ1) and

4656 cmÿ1 (55.7 kJmolÿ1) for Cu4I4(6-Me)2, Cu4Br4(6-Me)2 and

Cu4Cl4(6-Me)2, respectively. The barrier heights correlate well

with the energy differences between the open and closed but-

terfly structures, in accordance with the Bell–Evans–Polanyi

principle.[40,41] A deeper understanding of the barrier heights

was obtained by computing the transition densities of the

lowest triplet excitation along the reaction paths. Each path

was generated with 14 structures including the open and

closed butterfly structures, so 12 additional structures in total.

Starting from the open butterfly structure the lowest triplet ex-

citation shows clear 3M/XLCT character (Figures 7 and S14) as

discussed previously, while the guess structure highest in

energy has mixed 3M/XLCT and 3CC character. This guess struc-

ture is the 5th for Cu4I4(6-Me)2, 6
th for Cu4Br4(6-Me)2 and 7th for

Cu4Cl4(6-Me)2 (Figures 7 and S16). This correlates well with the

barrier heights as Cu4I4(6-Me)2 with the lowest barrier height

has the earliest maximum along the reaction path, while

Cu4Cl4(6-Me)2 with the highest barrier has the latest maximum

and Cu4Br4(6-Me)2 is in between, in accord with Hammond’s

postulate.[41,42]

The presented assignment of the dual emission to the lumi-

nescent 3CC and 3M/XLCT states agrees with the thermochro-

mism of similar tetranuclear copper halide clusters described

in earlier reports.[10,15–19,22, 23] The literature-known initial popula-

tion of the 3M/XLCT state followed by a thermal population of

the energetically lower 3CC state (after overcoming an energy

barrier) is confirmed here for the systems Cu4X4(6-Me)2 by

combining luminescence measurements at variable tempera-

ture with high-level quantum chemical calculations.

Figure 6. Qualitative energy diagram of the complexes Cu4X4(6-Me)2, where

the blue 3M/XLCT emission at 10 K (left) and the red 3CC emission at 290 K

(right) are represented.
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Luminescence of solutions and neat powders

The emission spectra of the four presented complexes in etha-

nol EtOH are in good agreement with the KBr data and are de-

picted in Figure 8. It is important to mention that the dual

emission of Cu4Br4(6-Me)2 at room temperature is clearly visi-

ble in EtOH solution with a main band at 605 nm and a very

pronounced shoulder at about 480 nm. The emission pattern

is preserved over 48 h so that this shoulder should not result

from degradation in EtOH solution (Figure S38). The corre-

sponding excited state lifetimes were determined to 25 ms and

30 ms for both emission features, which confirms the dual

phosphorescence observed in the KBr matrix. The chloride

complex shows a luminescence maximum at 491 nm with a

redshifted tail up to 750 nm, which may result from a second

emissive state. All the lifetimes in EtOH are equal or higher to

8.5 ms (Tables S7–S9) and are assigned to phosphorescence. At

this point, it should be mentioned that no reliable TCSPC

measurements could be performed in EtOH for the complex

Cu4Cl4(6-Me)2 due to poor stability.

Similar emission spectra were obtained of neat powders of

the four samples (Figure S33). The lifetimes of 8.6 ms–35.3 ms at

the emission maximum are all assigned to phosphorescence,

the longest lifetime being reached for the bromide system

Cu4Br4(6-Me)2 (Table S11). The luminescence quantum yields

were determined for the powder samples, where an interesting

trend was observed for the complexes with 6-MePyrPhos

bridging ligands. A very high quantum yield of 93% is reached

for the iodide containing complex Cu4I4(6-Me)2, while the relat-

ed bromide and chloride systems show values of 65% and

33%, respectively. The very high quantum yield of 93% for

Cu4I4(6-Me)2 is known from the related binuclear complexes

with a butterfly-shaped Cu2I2 core and phosphine ligands.[2–5]

The system Cu4I4(4-Me)2 with 4-MePyrPhos bridging ligands

shows a lower quantum yield of 58% (Table S11).

Additionally, the four systems were analyzed with respect to

luminescence mechanochromism by recording luminescence

spectra of neat powders before and after applying a pressure

of 0.75 GPa (Figures S34–S37). Pressure induces a slight redshift

of the emission maximum of Cu4I4(4-Me)2 by 4 nm and a small

increase of the low energy emission band relative to the domi-

nating blue emission in the case of Cu4Cl4(6-Me)2. The systems

Cu4I4(6-Me)2 and Cu4Br4(6-Me)2 show no mechanochromic

effect. The mechanochromism with an impact of hydrostatic

pressure on the luminescence properties is known from related

Cu4I4 clusters and is mainly explained by a shortening of the

CuÿCu bond lengths in the clusters according to literature,

which is however beyond the focus of this work.[10,25, 43]

The emission spectra in CH2Cl2 strongly differ from the lumi-

nescence in the solid state and EtOH solution (Figure S39). The

main emission band of the complex Cu4I4(4-Me)2 is redshifted

to 680 nm, with a shoulder at 540 nm. A lifetime of 2.3 ms

ÿ3.6 ms was measured at 680 nm by TCSPC, depending on the

excitation wavelength (Table S7). This is a clear indication for

phosphorescence, whereas the lifetime at 540 nm is situated in

the sub-microsecond region. Hence, the mentioned shoulder

may be assigned to exciplex formation.

The described redshift of the luminescence of Cu4I4(4-Me)2
in CH2Cl2 is not observed for the system Cu4I4(6-Me)2 with

almost identical spectra independent of the medium (emission

maxima at 593 nm, 592 nm and 590 nm in KBr, EtOH and

CH2Cl2, respectively) and throughout lifetimes on the microsec-

ond time scale (Table S8). Hence, the emissive triplet structures

have to be very similar in CH2Cl2 and EtOH solution. However,

the bromide and chloride analogues also show the strong red-

shift described above for Cu4I4(4-Me)2, with the main emission

band being split into two close-lying emission peaks separated

by 730 cmÿ1 for Cu4Br4(6-Me)2 and 815 cmÿ1 for Cu4Cl4(6-Me)2
(Figure S39). These features may be assigned to a vibrational

progression, which is consistent with the almost identical time

constants obtained for both emission maxima, that are again

in accordance with phosphorescence (Tables S9 and S10). Addi-

tionally, the bromide containing system shows a shoulder at

544 nm, whose relative intensity decreases over time, so that

this feature cannot be assigned to the proper complex (Fig-

ure S40).
Figure 8. Emission spectra in EtOH of Cu4I4(4-Me)2 (lex=340 nm),

Cu4I4(6-Me)2 (lex=360 nm), Cu4Br4(6-Me)2 (lex=360 nm) and Cu4Cl4(6-Me)2
(lem=380 nm) recorded at 290 K.

Figure 7. Illustration of the reaction path between the open and closed but-

terfly structures and transition densities of the lowest triplet excitation of

Cu4I4(6-Me)2 at the open butterfly structure, the guess structure highest in

energy and the closed butterfly T1 structure.
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In the context of the luminescence studies in solution, it is

important to mention that the ground state FTIR spectrum of

Cu4Cl4(6-Me)2 in CD2Cl2 solution is almost identical to the solid

state IR spectrum (Figure S41), confirming the presence of the

intact species also in liquid solution. At the same time, the sim-

ilar luminescence data in KBr, neat powder and EtOH as well as

their lifetimes confirm the stability of the complexes in solu-

tion (Tables S7–S10). Additionally, it should be mentioned that

clean NMR spectra were obtained in [D6]DMSO solution (Fig-

ures S1–S6).

Furthermore, (unrestricted) DFT structure optimizations of

the S0 and the T1 states via the COSMO model were conducted

in CH2Cl2 and EtOH. The most important result with respect to

the relative energies is that the closed butterfly T1 structures

are at least 50 kJmolÿ1 lower in energy than the corresponding

Ci symmetric T1 structures (Table S17). The relative trends

found for the energy gaps between the S0 and closed butterfly

T1 structures agree with the observed emission spectra. The

energy differences in CH2Cl2 are slightly smaller for

Cu4I4(4-Me)2, Cu4Br4(6-Me)2 and Cu4Cl4(6-Me)2 compared to

EtOH by up to 3.1 kJmolÿ1. At the same time, the S0–T1 energy

gap is almost completely unaffected by the solvent for

Cu4I4(6-Me)2, in accordance with the emission spectra. This is a

further indication that only one triplet structure (closed butter-

fly) is present in solution.

Temperature-dependent step-scan FTIR investigations in the

solid state

Step-scan FTIR investigations were performed in the KBr matrix

to elucidate the structural changes involved in the excited

state thermochromism of the presented systems with 6-MePyr-

Phos bridging ligands. For this purpose, we performed step-

scan FTIR experiments on the series Cu4X4(6-Me)2 and consid-

ered the related system Cu4I4(4-Me)2 without thermochromism

as a reference. Considering the series Cu4X4(6-Me)2, particularly

the compound Cu4I4(6-Me)2 is an ideal benchmark to probe

two different electronically excited states by step-scan FTIR

spectroscopy at 20 K and 290 K, as the luminescence investiga-

tions clearly showed a completely inversed population of the

long-lived electronically excited states by cooling down the

sample from 290 K to 20 K. The presented IR studies are sup-

ported by theoretical calculations to access profound structural

information, especially for the electronically excited states.

The calculated ground state IR spectra of the Ci symmetric

and closed butterfly-shaped isomers of Cu4I4(4-Me)2 are very

similar and in very good agreement with the measured FTIR

spectrum (Figures 9 and S42), so that a clear assignment is not

possible by considering only the ground state IR absorption.

The IR spectra are recorded in KBr pellets, a technique that has

now also been established for transient IR spectrosco-

py.[1, 8, 9, 33, 44] The ground state FTIR spectra at 20 K and 290 K

are very similar and do not indicate pronounced structural

changes as a function of temperature (Figure S43). All the vi-

brations and calculated geometries of the four investigated

compounds are described in detail in the Supporting Informa-

tion.

In the time-resolved experiments, the sample was excited

with a 355 nm laser pulse and a step-scan difference spectrum

was recorded. The first 2 ms after laser excitation are consid-

ered in the step-scan spectrum measured at 20 K, which is

shown in Figure 9. The negative bleach bands correspond to

the ground state vibrations and result from the depopulation

of the electronic ground state, whereas the positive bands are

assigned to the populated electronically excited state(s). As the

luminescence investigations clearly indicate phosphorescence

from the same triplet state, independent of temperature the

lowest excited triplet state T1 should be populated. Thus, the

positive bands in the step-scan spectrum should result from

the lowest triplet state T1. The T1 structures were optimized by

TDDFT under consideration of the described Ci symmetric and

closed butterfly-shaped ground state geometries as input

structures, followed by harmonic frequency calculations to

obtain the corresponding IR spectra of the excited triplet

states. For a good comparison of the calculated T1 spectra with

the measured step-scan spectrum, the experimental pure excit-

ed state spectra were generated by addition of 3% of the

ground state spectrum to the step-scan difference spectrum.

Hence, the negative bleach bands are suppressed and the pos-

itive features correspond to the IR spectrum of the observed

electronically excited state(s) without any contribution of the

electronic ground state. In contrast to the calculated S0 spec-

tra, the calculated T1 spectra of the Ci symmetric and closed

butterfly-shaped structures show significant differences

(Figure 10). The IR spectrum of the closed butterfly structure is

in very good agreement with the experimental excited state

spectrum at 20 K, which is not the case for the Ci isomer. The

corresponding theoretical IR spectrum of this Ci structure

shows strong bands at 1011, 1057, 1227, 1284, 1355 and

1527 cmÿ1, which are not observed experimentally.

The same step-scan experiment was then performed at

290 K, the obtained difference spectrum is depicted in Fig-

ure S44. For a better comparison between the transient IR ex-

periments at 20 K and 290 K, the pure excited state spectra

were generated by addition of 3% of the corresponding

Figure 9. Step-scan FTIR spectrum 0 ms to 2 ms after excitation at

lex=355 nm, ground state FTIR spectrum (KBr pellet, 20 K) and DFT calculat-

ed IR spectrum of Cu4I4(4-Me)2 (scaled by 0.975, FWHM=8 cmÿ1, Gaussian

profile) (DFT/B3LYP-D3(BJ)/def2-TZVP).
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ground state spectrum to the step-scan spectrum to suppress

the negative bleach bands. The obtained excited state spectra

are very similar (Figure S45) so that they can be assigned to

the same excited triplet state. The small discrepancies (e.g.

slightly blueshifted bands and weak shoulder at 1457 cmÿ1 at

20 K) should result from small structural changes due to the

higher thermal energy at 290 K and not from separate elec-

tronically excited states. Thus, the same triplet state is also ob-

served at 290 K and is in very good agreement with the corre-

sponding theoretical spectrum (Figure S46). At this point, it

should be mentioned that the calculated IR spectra of the

lowest electronically excited states S1 and T1 are almost identi-

cal (especially for the closed butterfly structure, Figure S47) so

that the S1 state cannot be directly excluded from the discus-

sion from this point of view. However, the time-resolved lumi-

nescence measurements with a long decay time of 5 ms al-

ready at 290 K and static emission spectra without any redshift

of the emission at low temperature (typical for TADF) allow an

assignment to phosphorescence. For a deeper interpretation, it

has to be considered that, according to theory, only the closed

butterfly structure shows the measured almost temperature-in-

dependent low energy cluster-centered phosphorescence (Fig-

ure S17, Table S3). Hence, the observed long-lived electronically

excited state can be assigned unambiguously to the closed

butterfly-shaped T1 state by combining time-resolved FTIR and

luminescence spectroscopy as well as theory. In this context, it

is probable that the complex molecules in the powder sample

of Cu4I4(4-Me)2 are of closed butterfly geometry also in the

electronic ground state, as huge structural changes must in-

stead occur upon UV excitation and population of the studied

triplet state. The Ci symmetry may be favored in the crystal

matrix due to packing effects (see the paragraph on crystallog-

raphy).

In the next step, the transient FTIR investigations were ex-

tended to the complex Cu4I4(6-Me)2, showing luminescence

thermochromism. The position of the methyl group slightly af-

fects the vibrational spectrum in the electronic ground state,

especially between 1400 and 1600 cmÿ1 (Figure S48). As de-

scribed above, two different isomers (Ci symmetric and open

butterfly) were found with DFT, which have to be considered

here. The calculated S0 spectra of both isomers of Cu4I4(6-Me)2
are almost identical and in very good agreement with the ex-

periment, so that no clear assignment of one isomer to the in-

vestigated powder sample is possible from this point of view

(Figure S50). Additionally, the FTIR ground state spectrum is

barely influenced by temperature (Figure S49). Transient FTIR

spectroscopy was then performed at 20 K and 290 K, where

significant discrepancies were observed between the step-scan

difference spectra (Figures 11, S51 and S52). For a better com-

parison between the step-scan results at 20 K and 290 K the

pure excited state spectra were generated by addition of 1%

of the corresponding FTIR ground state spectrum to the step-

scan difference spectrum (Figures 12 and S53). Interestingly,

three intense bands are observed at 1402, 1267 and 1039 cmÿ1

in the excited state spectrum at 20 K, which are significantly

Figure 10. Experimental excited state spectrum at 20 K (addition of 3% of

the ground state spectrum to the step-scan difference spectrum) and calcu-

lated T1 spectra (closed butterfly and Ci structures) of Cu4I4(4-Me)2 (scaled

by 0.975, FWHM=8 cmÿ1, Gaussian profile) (TDDFT/B3LYP-D3(BJ)/def2-

TZVP).

Figure 11. Step-scan FTIR spectrum 0 ms to 2 ms after excitation at

lex=355 nm, ground state FTIR spectrum (KBr pellet, 20 K) and DFT calculat-

ed S0 (C1 symmetry spectrum of Cu4I4(6-Me)2 (scaled by 0.975,

FWHM=8 cmÿ1, Gaussian profile) (DFT/B3LYP-D3(BJ)/def2-TZVP).

Figure 12. Experimental excited state spectra at 20 K and 290 K (generated

by addition of 1%of the ground state spectrum to the step-scan spectrum),

as well as calculated T1 spectra (open and closed butterfly structures) of

Cu4I4(6-Me)2 (scaled by 0.975, FWHM=8 cmÿ1, Gaussian profile) (TDDFT/

B3LYP-D3(BJ)/def2-TZVP).
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redshifted (from 1402 cmÿ1 to 1382 cmÿ1), much weaker (for

1039 cmÿ1) or even completely absent at 290 K (for 1267 cmÿ1)

(asterisks in Figures 12 and S53).

In Figure 12, the theoretical excited triplet IR spectra of the

found open and closed butterfly minima structures (see above)

are compared with the measured excited state spectra. At

20 K, the new excited state-specific experimental bands high-

lighted with asterisks in Figure 12 are only described by the

calculated spectrum of the open butterfly isomer. These in-

tense peaks are assigned to delocalized vibrational modes,

which are described in more detail in the Supporting Informa-

tion (Table S13). Simultaneously, the observed effects at 290 K

(e.g. redshift of about 20 cmÿ1) can only be explained by con-

sidering the closed butterfly isomer (Figure 12). The same as-

signment is obtained by comparing the measured step-scan

difference spectra directly with the corresponding theoretical

difference spectra (T1–S0) (Figures S54 and S55).

At 20 K and thus for the open butterfly isomer, the underly-

ing electronic transition corresponds to a 3M/XLCT charge

transfer from the cluster core of Cu4I4(6-Me)2 to one of the 6-

MePyrPhos ligands (Figures S14 and S79). This charge transfer

significantly affects the bond lengths in one of the bridging li-

gands and also leads to structural changes in the cluster core

(Table S26). Hence, the observation of this electronically excited

triplet state in the step-scan experiment at 20 K is in perfect

agreement with the intense blue emission seen in the lumines-

cence spectra at low temperature. Simultaneously, the assign-

ment of the closed butterfly isomer to the excited state IR

spectrum measured at 290 K is clearly following the observed
3CC low energy emission at higher thermal energy. In this case,

the electronic transition is limited to the cluster core, so that

the structural changes in the bridging ligands are smaller

(Table S27). This also explains that the features observed in the

excited state at 290 K are closer to those in the ground state

IR spectrum, whereas pronounced new bands appear at 20 K

upon UV excitation. Nevertheless, it has to be mentioned that

the closed butterfly core structure of the 3CC state strongly de-

viates from the open butterfly Cu4I4 cluster geometries of the

S0 and
3M/XLCT states, which are quite similar. This behavior is

sketched in the simplified energy Scheme in Figure 6 by the

relative positioning of the potential curves along the abscissa

of the respective states. The analogous cluster geometries of

the S0 and
3M/XLCT states and hence the almost nested energy

potentials are responsible for the described kinetic trapping at

low temperatures.

It should be mentioned that the theoretical T1 and S1 IR

spectra are again very similar (Figure S56), but the long excited

state lifetimes of several microseconds (see paragraph on lumi-

nescence investigations) clearly disagree with a direct fluores-

cence from the S1 state which should be in the region of nano-

seconds.

As the bromide and chloride analogues of Cu4I4(6-Me)2 also

showed the thermochromism in the temperature-dependent

luminescence investigations, step-scan measurements were

performed on these systems for comparison.

First of all, it should be mentioned that the ground state

FTIR spectra are hardly influenced by the halide exchange,

which is very well reproduced by the theoretical calculations

(Figure S57). The calculated S0 spectra of the found Ci symmet-

ric and open butterfly minimum structures are very similar also

for Cu4Br4(6-Me)2 and Cu4Cl4(6-Me)2 (Figures S58 and S59).

At first sight, the step-scan difference spectra at 20 K and

290 K of the bromide and chloride systems show strong simi-

larities compared to those obtained for Cu4I4(6-Me)2 (Figures

S60–S63). For a better direct comparison, the experimental ex-

cited state spectra at both temperatures were generated and

depicted in Figure 13 (Figures S68 and S69). Indeed, all the

strong new bands observed at 20 K for the iodide complex

with thermochromic effects are also observed for the bromide

and chloride analogues (see asterisks in Figure 13). According

to the calculated excited triplet frequencies, the time-resolved

spectra at 290 K and 20 K are assigned to the closed and open

butterfly structures, respectively (Figures S64–S67). However, it

should be noticed that the excited state-specific bands of

Cu4Cl4(6-Me)2 at 20 K (see asterisks in Figure 13) are weak rela-

tive to the other peaks, whereas these features are much

stronger for the iodide and bromide complexes. This observa-

tion may explain the absence of the mentioned bands at 290 K

in the case of Cu4Cl4(6-Me)2, even if the luminescence spectra

indicate a significant population of the open butterfly triplet

state.

Finally, it can be concluded that the structural changes in-

volved in the thermochromism are mainly navigated by the

position of the methyl group on the bridging ligand. At the

same time, the halide exchange has only a rather small

influence on the structures of the excited triplet states (see

Supporting Information for structural parameters), but tunes

the energy barrier between these emissive 3CC and
3M/XLCT states (cf. energy barriers).

Conclusions

In this work, we have presented the synthesis and a thorough

multi-spectroscopic characterization of a series of tetranuclear

Figure 13. Experimental excited state spectra at 20 K and 290 K (generated

by addition of 1% of the ground state spectrum to the step-scan spectrum)

of Cu4Br4(6-Me)2 (bottom) and Cu4Cl4(6-Me)2 (top).
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CuI complexes with halide containing Cu4X4 core units (X=

iodide, bromide and chloride) and 2-(diphenylphosphino)pyri-

dine (PyrPhos) bridging ligands with a methyl substituent in

para (4-Me) or ortho (6-Me) position. The experimental data

were interpreted in combination with high-level quantum

chemical calculations.

Interestingly, all three complexes with 6-MePyrPhos bridging

ligands showed a remarkable luminescence thermochromism

with dual phosphorescence from a metal/halide-to-ligand

charge transfer (3M/XLCT) and a cluster-centered (3CC) triplet

state. The temperature-dependent luminescence investigations

revealed that both emissive triplet states are separated by an

energy barrier, whose magnitude is significantly influenced by

the halide exchange and has a massive impact on the thermo-

chromism. The luminophores showed temperature-dependent

emission spectra which cover the whole visible region. The

bridging ligands also have a very big impact on the photo-

physical properties; in contrast to the complexes with 6-MePyr-

Phos bridging ligands, the complex Cu4I4(4-Me)2 with a methyl

group in the para position of the bridging ligand did not show

this thermochromism.

A central aspect of this work is the structural characteriza-

tion of the long-lived electronically excited states involved in

the observed luminescence behavior. Time-resolved (transient)

step-scan FTIR spectroscopy in combination with DFT calcula-

tions turned out to be an ideal tool to identify the excited

structures of the solid samples of Cu4I4(4-Me)2 as well as the

series Cu4X4(6-Me)2 (X= iodide, bromide, chloride). As the rela-

tive population of the triplet states can be fully reversed in the

case of Cu4I4(6-Me)2 by cooling down the sample from 290 K

to 20 K, this complex was an ideal benchmark system to ana-

lyze two different electronically excited states of a single com-

plex by transient IR spectroscopy for the first time. The combi-

nation of a variety of spectroscopic methods including transi-

ent IR spectroscopy offers a unique tool to identify relative en-

ergies and (T-dependent) structures of electronically excited

states for a variety of efficient luminophores.

Experimental Section

Experimental details

Single crystal X-ray diffraction data were collected on an STOE

STADI VARI diffractometer with monochromated Ga Ka (l=

1.34143 �) radiation at low temperature. Using Olex2[45] the struc-

tures were solved with the ShelXT[46] structure solution program

using Intrinsic Phasing and refined with the ShelX[47] refinement

package using Least Squares minimization. Refinement was per-

formed with anisotropic temperature factors for all non-hydrogen
atoms; hydrogen atoms were calculated on idealized positions.

UV/Vis absorbance experiments were performed with a Lambda

900 UV/Vis spectrometer in CH2Cl2 solutions that were measured in

10 mm path length quartz cells at 25 8C. The solutions were pre-

pared using the common Schlenk technique with concentrations

in the range of 2�10ÿ5
m The spectra were recorded relative to the

pure solvent.

For the preparation of KBr pellets, the copper complexes (1.6 mg–

1.8 mg) were mixed with dry KBr (200 mg, stored in a compart-

ment dryer at 80 8C, purchased from Merck) and ground to a ho-

mogenous mixture. This mixture was filled in an evacuable pellet
die with a diameter of 13 mm and sintered at a pressure of

0.75 GPa at room temperature.

Neat films were prepared by spraying a fine suspension of the

compound in CH2Cl2 on a CaF2 substrate (13 mm diameter, 1 mm

thick), followed by evaporation of the solvent.

Steady-state luminescence measurements on KBr pellets, neat films

and neat powders were performed on a Horiba Jobin Yvon Fluoro-
Max-2 spectrometer. Temperature-dependent measurements were

performed using a closed-cycle helium cryostat (ARS Model DE-

202A) to cool down the sample to 20 K. The cryo cooler was

equipped with a pellet holder (copper) and CaF2 windows. A

150 W xenon lamp was used for sample excitation and detection
was realized with a R928 photomultiplier detector. The spectral se-

lection was achieved with single grating monochromators in the

excitation and emission paths, respectively. Luminescence lifetimes

were determined by TCSPC (Time-correlated single-photon count-
ing) using a DeltaFlex (Horiba Scientific) spectrometer. Excitation

sources: NanoLED 390 (wavelength: 389 nm, pulse duration:

1.3 ns), NanoLED 350 (wavelength: 345 nm, pulse duration: <1 ns).

Long-wave pass filters (cutoff at 436 nm; 475 nm; 500 nm; 540 nm

or 600 nm) were set between sample and emission monochroma-

tor to suppress the influence of scattered excitation light. Decay
curves were analyzed by multiexponential fits with the software

ORIGIN�.

Static emission spectra in solution were recorded using a Fluorolog

3–22 t (Horiba Jobin–Yvon) fluorescence spectrometer. Spectro-

scopic grade solvents were purchased from Merck and degassed

by multiple pump freeze cycles before usage. The solutions were

prepared using the common Schlenk technique with concentra-

tions in the range of 2�10ÿ5
m and measured in 1 cm x 1 cm

quartz cuvettes. Lifetimes were determined by TCSPC using the

same setup as used for the KBr pellets. Excitation sources:

NanoLED 390 (wavelength: 389 nm, pulse duration: 1.3 ns),

NanoLED 350 (wavelength: 345 nm, pulse duration: <1 ns),

NanoLED 320 (wavelength: 313 nm, pulse duration: <1 ns). The in-
strumental response function (IRF) of 125 ps (FWHM) was collected

by the use of LUDOX�. Decay curves were analyzed by mono-/mul-

tiexponential fits with the software ORIGIN�.

Time-resolved luminescence experiments of neat powders were

performed by a Horiba Scientific, model FluoroMax-4 equipped

with a 150 W Xenon-Arc lamp, excitation- and emission monochro-

mators and a Hamamatsu R928 photomultiplier and a time-corre-
lated single-photon counting option. Excited state lifetimes were

determined employing the same system using the TCSPC method

with FM-2013 equipment and a Horiba Yvon TCSPC hub. Excitation

sources: NanoLED 370 (wavelength: 371 nm, pulse duration:
1.1 ns), NanoLED 290 (wavelength: 294 nm, pulse duration: <1 ns),

SpectraLED 310 (wavelength: 314 nm), SpectraLED 355 (wave-

length: 355 nm). Data analysis (exponential fit) was done using the

software suite DataStation and DAS6 analysis software. The fit is

specified using the chi-squared-test. For the photoluminescence

quantum yield (PLQY) measurements an Absolute PLQY measure-
ment C9920-03G system (Hamamatsu Photonics) was used. Quan-

tum yields and CIE coordinates were determined using the soft-

ware U6039-05 version 3.6.0. Quantum yields F are given in % and

CIE coordinates as x, y values. The PLQYs were measured with an

integrating sphere set up of the powder of the CuI complexes with

an excitation wavelength of 350 nm. The yield was calculated
using the following equation, wherein nphoton denotes the photon

count and Int. the intensity [Eq (1)] .
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FPL ¼
nphoton; emitted

nphoton; absorbed

¼

R
l

hc Intsample
emitted lð Þÿ Intsample

absorbed lð Þ
� �

dl
R

l

hc Intreferenceemitted lð Þÿ Intreferenceabsorbed lð Þ
� �

dl

ð1Þ

The general experimental setup for step-scan measurements has

been described in detail in earlier works so that only a brief de-
scription of the general setup is given here.[9, 32]

All the time-resolved FTIR experiments were performed with the

FTIR spectrometer Bruker Vertex 80v, operated in the step-scan
mode. A liquid-nitrogen-cooled mercury cadmium telluride (MCT)

detector (Kolmar Tech. , Model KV100-1-B-7/190) with a rise time of

25 ns, connected to a fast preamplifier and a 14-bit transient re-

corder board (Spectrum Germany, M3I4142, 400 MSsÿ1), was used

for signal detection and processing. The laser setup used for the

measurements includes a Q-switched Nd:YAG laser (Innolas Spit-
Light Evo I) generating pulses with a bandwidth of about 6 ns at a

repetition rate of 100 Hz. The third harmonic (355 nm) of the

Nd:YAG laser was used directly for sample excitation. The UV

pump beam was attenuated to about 2.0 mJ per shot at a diame-

ter of 9 mm. The beam was directed onto the sample and adjusted

to have a maximal overlap with the IR beam of the spectrometer.
The sample chamber was equipped with anti-reflection-coated ger-

manium filters to prevent the entrance of laser radiation into the

detector and interferometer compartments. The KBr pellets were

prepared as described above and cryogenically cooled (20 K or
290 K at the pellet) with the cryostat presented earlier. The tempo-

ral resolution of the 14-bit transient recorder board was set to

10 ns for Cu4I4(4-Me)2 or 20 ns for the series Cu4X4(6-Me)2. The

step-scan measurement was started 1 ms or 2 ms before the laser

pulse reached the sample. The time where the laser pulse reached
the sample was set as zero point in all spectra. The time delay be-

tween the start of the experiment and the laser pulse was con-

trolled with a Stanford Research Systems DG535 delay generator.

The spectral region was limited by under-sampling to 0–1975 cmÿ1

or 988–1975 cmÿ1 with a spectral resolution of 4 cmÿ1 resulting in

1110/555 interferogram points, respectively. An IR broadband filter
(850–1750 cmÿ1) and CaF2 windows (no IR transmission

<1000 cmÿ1) prevented problems when performing a Fourier

transformation (i.e. no IR intensity outside the measured region

should be observed). FTIR ground state spectra were recorded sys-

tematically to check if there is no sample degradation.

Theoretical calculations

The crystal structures and geometries generated by chemical intu-
ition were used as input structures. Geometry optimizations were

performed with the Berny algorithm of Gaussian 09[48] by using en-

ergies and gradients computed by Turbomole 7.4.[49, 50] All calcula-

tions were performed with the DFT functional B3LYP with disper-
sion correction (no three-body interaction) (D3(BJ))[51] as imple-

mented in Turbomole using the resolution of identity (RI) approxi-

mation and the def2-TZVP (def2-ecp for iodide) basis set. The ener-

getically lowest excited states were optimized by TDDFT with the

same functional and basis set as in the ground state. All the indi-

cated relative energies are corrected by the zero-point vibrational
energy. Absorption spectra were simulated by using TDDFT and

calculating 100 electronic excitations in the singlet manifold. Sol-

vent effects were modulated by using the conductor-like screening

model (COSMO) (cf. chapter on luminescence investigations in so-

lution). Obtained geometries were tested for minimum structures

by application of frequency calculations, for which no imaginary
modes were found. Only the open butterfly structure of

Cu4Cl4(6-Me)2 showed a negative frequency of ÿ7.4 cmÿ1. The vi-

brational frequencies are scaled by a factor of 0.975, which is typi-

cal for the chosen method and basis set, to minimize the differen-
ces between the experimental and calculated frequencies. A gauss-

ian convolution with a full-width at half-maximum of 8 cmÿ1 was

applied to the calculated vibrational transitions. Turbomole 7.4[49,50]

was used for computing the UV/Vis spectra with TDDFT CAM-

B3LYP[35] and evGW/cBSE[37, 38] using contour deformation[52] and

CAM-B3LYP (CD-evGW(10)cBSE-CAM-B3LYP). For convolution

Gaussian broadening with a full-width at half maximum of

2500 cmÿ1 was used. The 12 additional structures of the reaction
paths were obtained by the initial guess reaction path of the

WOELFLING program.[53]

Synthesis

For the performance of all reactions in this study, the general

Schlenk conditions were applied. Details on the purchase of sol-

vents and compounds are given in the Supporting Information.

The bridging phosphine ligands 4-methyl-2-(diphenylphosphino)-

pyridine and 6-methyl-2-(diphenylphosphino)pyridine were synthe-

sized according to the literature procedure with elemental lithium

and chlorodiphenyl-phosphine in dry tetrahydrofuran (SPS system,

degassed with argon for 20 min after tapping). The analytical re-

sults of the colorless powders were in accordance with the litera-
ture protocols.[54]

The tetranuclear complexes were synthesized according to a gen-
eral procedure. A 20 mL crimp vial was charged with the NP-bridg-

ing ligand (3.00 mmol, 2.00 equiv.), the corresponding CuI halide

(6.00 mmol, 4.00 equiv.) and 15 mL of dry CH2Cl2. The resulting sus-

pension was degassed with argon for five minutes and was stirred

overnight (12 h) at ambient temperature. The reaction mixture was

added dropwise to an excess of n-pentane (300 mL). The precipi-
tate was filtered off and was washed with small portions of n-pen-

tane and diethyl ether. The powders were dried in vacuo. Crystals

were obtained of the filtrate by slow evaporation of the solvent in

the fume hood or by the layering approach with CH2Cl2 and n-pen-

tane in small vials.

Further details on the synthesis of the specific complexes are given

in the Supporting Information. The details on the chemical synthe-

sis and original analytical data were added to the repository Che-
motion (www.chemotion.net/home). The corresponding codes are

given in brackets. Cu4I4(4-Me)2 (CRR 9266), Cu4I4(6-Me)2 (CRR

11659), Cu4Br4(6-Me)2 (CRR 9926), Cu4Cl4(6-Me)2 (CRR 9935).
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1) Experimental details (chosen chemicals) 
Dichloromethane, cyclohexane and ethyl acetate in p.a. quality for general usage were purchased from 
Fisher. Unstabilized dichloromethane in HPLC grade for the SPS drying system was purchased from 
Fisher as well. The solvent purification system with special drying columns was from the company 
MBraun, model MB-SPS-800. n-Pentane for precipitation and purification of the tetranuclear copper 
complexes was purchased from Merck (for analysis EMSURE, catalogue no. 1071772500). Elemental 
lithium (granular, CAS 7439-93-2, order no. 444456-10G), chlorodiphenylphosphine (96%, 
CAS 1079-66-9, order no. C39601-25G), 2-chloro-4-methylpyridine (98%, CAS 3678-62-4, order 
no. 116327-5ML), copper(I) iodide (99.999% trace metals basis, CAS 7681-65-4, order no. 215554-100G) 
and copper(I) chloride (anhydrous, beads, ≥99.99% trace metals basis, CAS 7758-89-6, order no. 651745-
5G) were purchased from Merck and were used without any further purification. Copper(I) bromide 
(98%, CAS 7787-70-4 order no. AB120203) was purchased from abcr. 2-Chloro-6-methylpyridine (98%, 
CAS 18368-63-3, MFCD00006245, order no. CP-32452-25) was ordered from ChemPur and was also used 
directly. Deuterated DMSO-d6 for the NMR measurements was purchased from Eurisotop (≥ 99.80% D, 
10 mL vials with septum). DMSO-d6 was degassed with argon for 5 min prior to usage. The NMR tubes 
for NMR spectroscopical characterization were melted under air exclusion. Spectroscopy grade 
(Uvasol®) dichloromethane, ethanol and potassium bromide for UV/VIS absorbance and luminescence 
experiments were purchased from Merck.   
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2) Solubilities and impact on the analytical characterization 
In general, it can be said that the solubilities of the tetranuclear complexes presented in this work are 

lower compared to related binuclear systems. For the reported tetranuclear clusters, the solubility 

depends on the halide and increases in the row I < Br < Cl.   

The FAB-MS measurements were complicated by the low solubilities of the complexes in the matrix of 3-

Nitrobenzyl alcohol (3-NBA). No MS measurements could be performed for Cu4I4(6-Me)2 due to its 

extremely low solubility in the 3-NBA matrix. However, fragments could be detected for the iodide 

system Cu4I4(4-Me)2. The methyl group in para-position on the pyridine of ligand 4-Me could have a 

positive influence on the behavior of complex Cu4I4(4-Me)2 in the 3-NBA matrix in comparison to 

complex Cu4I4(6-Me)2. At the same time, the bromide complex Cu4Br4(6-Me)2 follows the behavior of the 

iodide complex Cu4I4(6-Me)2 and no mass fragments could be detected. This could either result from a 

very low fragmentation or from a low solubility in the matrix on a molecular level. For the chloride 

analogue Cu4Cl4(6-Me)2 some mass fragments could be detected.  

NMR spectra were recorded for all the systems where the solubility in DMSO-d6 was sufficient.  
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3) Synthetical procedures and analytical characterization

Cu4I4(4-Me)2 
[(4-Methyl-2-(diphenylphosphino)pyridine)2Cu4I4] (Cu4I4(4-Me)2) 

Complex Cu4I4(4-Me)2 was synthesized according to the general procedure and was 
crystalized of a CH2Cl2 solution topped by a layer of n-pentane. Pale yellow powder 
(96% yield).  
MS (FAB, 3-NBA) m/z [%] = The complex was hardly soluble, however some mass 
fragments could be assigned. 1186 (16) [M−I]

+, 996 (29) [Cu3I2L2]
+, 919 (39) [3-NBA]+, 

902 (16), 766 (100) [3-NBA]+, 749 (54), 721 (42), 719 (41) [Cu3I2L]+, 705 (20). With 
3-NBA = 3-nitrobenzylalcohol. – IR (ATR) !̃ [cm-1] = 3045 (vw), 1596 (w), 1479 (w),
1434 (w), 1182 (vw), 1137 (vw), 1096 (w), 1015 (vw), 997 (vw), 833 (w), 744 (m), 718
(w), 691 (m), 545 (w), 514 (m), 499 (m), 465 (m), 442 (w). – Anal. calcd for
C36H32Cu4I4N2P2 (1313.5): C 32.85, H 2.45, N 2.13; found: C 32.70, H 2.33, N 2.15. A
molecular structure of the compound was obtained. NMR spectra of the tetranuclear
complex could not be recorded due to the insolubility of the compound.

The analytical data is in accordance with the data of the doctoral thesis of D. Volz.[3] 

Cu4I4(6-Me)2 
[(6-Methyl-2-(diphenylphosphino)pyridine)2Cu4I4] 

Complex Cu4I4(6-Me)2 was synthesized according to the general procedure and was 
crystalized by the layering approach with CH2Cl2and n-pentane. Pale orange powder 
(93% yield).  
MS (FAB, 3-NBA) m/z [%] = No mass fragments of the tetranuclear complex could 
be detected. – IR (ATR) !̃ [cm-1] = 1587 (w), 1480 (w), 1447 (w), 1434 (w), 1177 
(vw), 1140 (w), 1096 (w), 1028 (vw), 847 (vw), 784 (w), 744 (m), 693 (m), 565 (w), 
558 (w), 515 (m), 496 (m), 455 (w), 444 (w), 427 (w), 396 (vw). – Anal. calcd for 
C36H32Cu4I4N2P2 (1313.5): C 32.85, H 2.45, N 2.13; found: C 32.80, H 2.30, N 2.16. A 
molecular structure of the compound was obtained. NMR spectra of the 
tetranuclear complex could not be recorded due to the insolubility of the 
compound. The analytical data is in accordance with the data of the doctoral thesis 
of D. Zink.[4] 
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Cu4Br4(6-Me)2 
[(6-Methyl-2-(diphenylphosphino)pyridine)2Cu4Br4]  

Complex Cu4Br4(6-Me)2 was synthesized according to the general procedure. Pale 
orange powder (96% yield).  
1H NMR (400 MHz, DMSO-d6) δ [ppm] = 7.88 (td, 3

JHH = 7.8 Hz, 4
JHH = 2.5 Hz, 2H, 

HL(Pyr)), 7.54 – 7.44 (m, 22H, HL(Pyr), HL(Ph)), 7.09 (dd, 3
JHH = 7.6 Hz, 4

JHH = 3.0 Hz, 2H, 
HL(Pyr)), 2.56 (s, 6H, HL(Me)). – 13C NMR (101 MHz, DMSO-d6) δ [ppm] = 159.2 (d, JCP = 
15.7 Hz, 2C, CqL(Pyr)), 156.6 (d, JCP = 54.8 Hz, 2C, CqL(Pyr)), 138.2 (d, JCP = 4.7 Hz, 2C, 
CL(Pyr)), 133.7 (d, JCP = 15.2 Hz, 8C, CL(Ph)), 130.7 (s, 4C, CL(Ph)), 130.7 (d, JCP = 31.9 Hz, 
4C, CqL(Ph)), 129.0 (d, JCP = 9.7 Hz, 8C, CL(Ph)), 126.6 (d, JCP = 14.2 Hz, 2C, CL(Pyr)), 125.4 
(s, 2C, CL(Pyr)), 24.6 (s, 2C, CL(Me)). – 31P NMR (162 MHz, DMSO-d6) δ [ppm] = −6.66 
(s, 2P). – MS (FAB, 3-NBA) m/z [%] = No mass fragments of the tetranuclear 
complex could be detected. – IR (ATR) !̃ [cm-1] = 1588 (w), 1480 (w), 1435 (w), 

1141 (vw), 1097 (w), 1028 (vw), 850 (vw), 786 (w), 748 (m), 694 (m), 566 (w), 515 (m), 497 (m), 456 (w), 
429 (w), 396 (vw). – Anal. calcd for C36H32Br4Cu4N2P2 (1121.5): C 38.32, H 2.86, N 2.48; found: C 37.95, 
H 2.76, N 2.48.  
 
 
 
Cu4Cl4(6-Me)2 
[(6-Methyl-2-(diphenylphosphino)pyridine)2Cu4Cl4]  

Complex Cu4Cl4(6-Me)2 was synthesized according to the general procedure. Pale 
yellow powder (96% yield).  
1H NMR (400 MHz, DMSO-d6) δ [ppm] = 7.87 (t, 3

JHH = 6.6 Hz, 2H, HL(Pyr)), 7.50 – 7.42 
(m, 22H, HL(Pyr), HL(Ph)), 7.05 (d, 3

JHH = 5.9 Hz, 2H, HL(Pyr)), 2.51 (s, 6H, HL(Me)). – 
13C NMR (101 MHz, DMSO-d6) δ [ppm] = 159.3 (d, JCP = 15.7 Hz, 2C, CqL(Pyr)), 156.4 
(d, JCP = 55.7 Hz, 2C, CqL(Pyr)), 138.2 (d, JCP = 4.7 Hz, 2C, CL(Pyr)), 133.6 (d, JCP = 15.2 Hz, 
8C, CL(Ph)), 130.7 (s, 4C, CL(Ph)), 130.6 (d, JCP = 32.1 Hz, 4C, CqL(Ph)), 129.0 (d, JCP = 
9.6 Hz, 8C, CL(Ph)), 126.4 (d, JCP = 14.6 Hz, 2C, CL(Pyr)), 125.3 (s, 2C, CL(Pyr)), 24.6 (s, 2C, 
CL(Me)). – 31P NMR (162 MHz, DMSO-d6) δ [ppm] = −5.27 (s, 2P). – MS (FAB, 3-NBA) 
m/z [%] = The complex was hardly soluble, however some mass fragments could be 
assigned. 812 (25) [Cu3Cl2L2]

+, 717 (100), 715 (81) [Cu2ClL2]
+, 617 (61) [CuL2]

+, 535 
(33) [Cu3Cl2L]+. – IR (ATR) ! ̃ [cm-1] = 3052 (vw), 1588 (vw), 1555 (vw), 1480 (vw), 1447 (vw), 1435 (w), 
1178 (vw), 1141 (vw), 1096 (vw), 1029 (vw), 998 (vw), 853 (vw), 787 (w), 750 (w), 694 (w), 564 (w), 517 
(w), 497 (w), 457 (vw), 430 (vw). – Anal. calcd for C36H32Cl4Cu4N2P2 (945.7): C 45.49, H 3.39, N 2.95; 
found: C 45.18, H 3.32, N 2.95. A molecular structure of the compound was obtained. 
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4) NMR spectroscopic data 

  
Figure S1. 1H NMR of complex Cu4Br4(6-Me)2 in DMSO-d6, 400 MHz. 

  

 

Figure S2. 13C NMR of complex Cu4Br4(6-Me)2 in DMSO-d6, 400 MHz. 
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Figure S3. 31P NMR of complex Cu4Br4(6-Me)2 in DMSO-d6, 400 MHz. 

 
 



 

8 
 

 

   
Figure S4. 1H NMR of complex Cu4Cl4(6-Me)2 in DMSO-d6, 400 MHz. 

 
 

 

Figure S5. 13C NMR of complex Cu4Cl4(6-Me)2 in DMSO-d6, 400 MHz. 
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Figure S6. 31P NMR of complex Cu4Cl4(6-Me)2 in DMSO-d6, 400 MHz. 
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Figure S7. Molecular structure of Cu4Cl4(6-Me)2. Hydrogen atoms were 
omitted for clarity. 

5) Crystallographic data of Cu4I4(4-Me)2 and Cu4I4(6-Me)2 and Cu4Cl4(6-Me)2  
 
Crystallographic data for compounds Cu4I4(4-Me)2, Cu4I4(6-Me)2 and Cu4Cl4(6-Me)2 reported in this 
paper have been deposited with the Cambridge Crystallographic Data Centre as supplementary informa-
tion no. CCDC-1992241, -1992242 and -2021079.  
Copies of the data can be obtained free of charge from https://www.ccdc.cam.ac.uk/structures/. 
 
Molecular structure of Cu4Cl4(6-Me)2 
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ORTEP Plots of the Molecular Structures 
 
The ORTEP plots of the molecular structures of the complexes Cu4I4(4-Me)2, Cu4I4(6-Me)2 and 
Cu4Cl4(6-Me)2 are shown in this section. Hydrogen atoms and solvent molecules were omitted for 
clarity. 
 

 
Figure S8. ORTEP plot of Cu4I4(4-Me)2 (displacement parameters are drawn at 50% probability level). 

 
 

 
Figure S9. ORTEP plot of Cu4I4(6-Me)2 (displacement parameters are drawn at 50% probability level). 
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Figure S10. ORTEP plot of Cu4Cl4(6-Me)2 (displacement parameters are drawn at 50% probability level). 
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Table S1. Selected crystallographic data of the tetranuclear Cu(I) complexes Cu4I4(4-Me)2, 
Cu4I4(6-Me)2 and Cu4Cl4(6-Me)2, regarding bond lengths [Å] and angles [°] of the complexes.[1, 2] 

 Cu4I4(4-Me)2 Cu4I4(6-Me)2 Cu4Cl4(6-Me)2 
Lengths [Å]    
Cu-Cu 2.760(2) Cu1-Cu2 2.7827(13) Cu1-Cu1’ 2.7783(7) Cu1-Cu2 
 2.5385(18) Cu1-Cu4 2.6676(9) Cu1-Cu2’ 2.8899(6) Cu1-Cu3 
 2.5400(18) Cu2-Cu3 2.7483(9) Cu1-Cu2 2.8936(6) Cu1-Cu4 
 2.696(2) Cu3-Cu4   2.9235(6) Cu2-Cu3 
     2.8322(7) Cu3-Cu4 
Cu-P 2.217(2) Cu1-P1 2.2417(12) Cu1-P1 2.1906(8) Cu1-P1 
 2.208(2) Cu-3-P2   2.1873(8) Cu3-P2 
Cu-N 1.982(7) Cu2-N1 2.004(4) Cu2-N1 1.957(2) Cu2-N1 
 1.972(7) Cu4-N2   1.942(2) Cu4-N2 
Distances [Å]    
P-N 2.704 P1-N1 2.730 P1-N1 2.723 P1-N1 
 2.698 P2-N2   2.707 P2-N2 
Angles [°]    
Cu-Cu-Cu 93.42(6) Cu4-Cu1-Cu2 57.67(3) Cu2-Cu1-Cu1’ 62.062(16) Cu2-Cu1-Cu3 
 84.98(6) Cu3-Cu2-Cu1 60.52(3) Cu2’-Cu1-Cu1’ 120.50(2) Cu2-Cu1-Cu4 
 94.94(6) Cu2-Cu3-Cu4 118.18(3) Cu2’-Cu1-Cu2 58.642(15) Cu3-Cu1-Cu4 
 86.36(6) Cu1-Cu4-Cu3   60.844(16) Cu1-Cu2-Cu3 
     57.094(15) Cu1-Cu3-Cu2 
     60.743(16) Cu4-Cu3-Cu1 
     117.64(2) Cu4-Cu3-Cu2 
Cu-X-Cu 50.94(4) Cu1-I1-Cu4 61.85(2) Cu1-I1-Cu1’ 79.68(3) Cu2-Cl4-Cu3 
 60.06(5) Cu2-I1-Cu1 62.45(2) Cu1-I1-Cu2 69.07(2) Cu1-Cl1 -Cu2 
 56.62(4) Cu2-I1-Cu3 58.96(2) Cu2-I1-Cu1’ 72.05(2) Cu1-Cl1-Cu3 
 86.16(5) Cu2-I1-Cu4 61.81(2) Cu2-I2-Cu1’ 70.67(2) Cu2-Cl1-Cu3 
 79.30(4) Cu3-I1-Cu1   69.80(2) Cu1-Cl2 -Cu4 
 55.64(4) Cu3-I1-Cu4   74.11(3) Cu3-Cl2-Cu1 
 81.80(4) Cu1-I2-Cu3   69.24(2) Cu3-Cl2 -Cu4 
 56.75(4) Cu4-I2-Cu1   78.48(3) Cu4-Cl3 -Cu1 
 59.43(4) Cu1-I2-Cu3     
 57.84(4) Cu3-I3-Cu2     
 57.63(4) Cu1-I4-Cu4     
X-Cu-X 98.78(5) I2-Cu1-I1 118.14(2) I1-Cu1-I1’ 108.18(3) Cl1-Cu1-Cl2 
 70.15(5) I2-Cu1-I2 102.53(2) I1-Cu1-I2’ 101.29(3) Cl1-Cu1-Cl3 
 100.82(5) I4-Cu1-I1   94.95(3) Cl3-Cu1-Cl2 
 104.60(5) I4-Cu1-I2   96.08(3) Cl4-Cu2-Cl1 
     105.62(3) Cl2-Cu3-Cl1 
     92.55(3) Cl4-Cu3-Cl1 
     105.10(3) Cl4-Cu3-Cl2 
     95.06(3) Cl3-Cu4-Cl2 
Cu-P-CqNP 115.0(3) Cu1-P1-C1 119.20(15) Cu1-P1-C1 119.30 Cu1-P1-C1 
 114.5(3) Cu3-P2-C19   119.00 Cu3-P2-C19 
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Table S2. Crystallographic and refinement data of Cu4I4(4-Me)2, Cu4I4(6-Me)2 and Cu4Cl4(6-Me)2. 
 

Compound Cu4I4(4-Me)2 Cu4I4(6-Me)2 Cu4Cl4(6-Me)2 

Identification code JMB037 JMB068 JMB167 

Empirical formula C38H36Cl4Cu4I4N2P2 C36H32Cu4I4N2P2 C36H32Cl4Cu4N2P2 

Formula weight 1486.19 1316.33 950.53 

Temperature/K 200.2 160.2 220.0 

Crystal system triclinic triclinic triclinic 

Space group P1̄ P1̄ P1̄ 

a/Å 10.4635(4) 9.3697(5) 11.3479(3) 

b/Å 11.5006(4) 10.7461(5) 12.7608(3) 

c/Å 20.2362(8) 10.8685(4) 14.2070(4) 

α/° 93.022(3) 103.354(4) 71.158(2) 

β/° 97.997(3) 92.001(4) 76.239(2) 

γ/° 103.606(3) 110.856(4) 70.997(2) 

Volume/Å3 2334.54(16) 986.68(8) 1820.58(9) 

Z 2 1 2 

ρcalcg/cm3 2.114 2.215 1.734 

μ/mm
–1 25.624 28.614 14.916 

F(000) 1408.0 620.0 952.0 

Radiation GaKα (λ = 1.34143) GaKα (λ = 1.34143) GaKα (λ = 1.34143) 

2Θ range for data 

collection/° 
6.91–105.0 7.33–113.9 5.78–125.1 

Reflections collected 15510 11881 24399 

Independent reflections 
7807 [Rint = 0.0559, Rσ = 

0.0460] 
3952 [Rint = 0.0344, Rσ = 

0.0196] 
8644 [Rint = 0.0228,  

Rσ = 0.0296] 

Indep. refl. with I ≥ 2σ(I) 6217 3759 6079 

Data/restraints/paramete
rs 

7807/0/489 3952/0/218 8644/0/435 

Goodness-of-fit on F2 0.993 1.039 1.018 

Final R indexes [I ≥ 2σ(I)] R1 = 0.0855, wR2 = 0.2169 R1 = 0.0417, wR2 = 0.1108 
R1 = 0.0383,  

wR2 = 0.0802 

Final R indexes [all data] R1 = 0.0938, wR2 = 0.2250 R1 = 0.0428, wR2 = 0.1123 
R1 = 0.0672,  

wR2 = 0.0908 

Largest diff. peak/hole / e 
Å–3 

3.58/–2.27 1.62/–0.71 0.36/–0.38 

CCDC-number 1992241 1992242 2021079 
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Figure S11. UV/VIS absorbance spectra of Cu4I4(4-Me)2, Cu4I4(6-Me)2, 
Cu4Br4(6-Me)2 and Cu4Cl4(6-Me)2 in CH2Cl2 at a concentration of c = 2 · 10−5 M. 

6) UV/VIS absorbance studies 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure S12. UV/VIS spectra computed for the butterfly shaped (left) and Ci symmetric (right) S0 ground state 
structures of Cu4I4(4-Me)2, Cu4I4(6-Me)2, Cu4Br4(6-Me)2 and Cu4Cl4(6-Me)2 using CAM-B3LYP/def2-TZVP and 

Gaussian broadening (fwhm = 2500 cm-1). 
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Table S3. Emission wavelength (nm) of the lowest triplet excitation calculated at the open and closed 
butterfly T1 structures computed with B3LYP and evGW/cBSE-CAM-B3LYP. 
 B3LYP evGW/cBSE-CAM-B3LYP 

 open closed open closed 

Cu4I4(4-Me)2 - 946 - 785 

Cu4I4(6-Me)2 765 903 521 764 

Cu4Br4(6-Me)2 710 866 589 738 

Cu4Cl4(6-Me)2 715 796 652 858 

 

 

 

 

  

Figure S13. UV/VIS spectra computed for the butterfly shaped (left) and Ci symmetric (right) S0 ground state 
structures of Cu4I4(4-Me)2, Cu4I4(6-Me)2, Cu4Br4(6-Me)2 and Cu4Cl4(6-Me)2 using evGW/cBSE with the 
def2-TZVP basis and the CAM-B3LYP functional and Gaussian broadening (fwhm = 2500 cm-1). 
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Figure S14. Top view of the transition density of the lowest triplet excitation (B3LYP/def2-TZVP) of the open 
butterfly T1 structure of Cu4I4(6-Me)2 (top), Cu4Br4(6-Me)2 (bottom left) and Cu4Cl4(6-Me)2 (bottom right), red 

corresponds to loss and blue to gain of electron density (Isovalue: ±0.002 "#
$%/&

, Cu – blue, I – purple, Br – 

brown, Cl – green, P – orange, N – cyan, C – grey, H – white). 

  

Figure S15. Side view of the transition density of the lowest triplet excitation (B3LYP/def2-TZVP) of the closed 
butterfly T1 structure of Cu4I4(4-Me)2 (top left), Cu4I4(6-Me)2 (top right), Cu4Br4(6-Me)2 (bottom left) and 

Cu4Cl6(6-Me)2 (bottom right), red corresponds to loss and blue to gain of electron density (Isovalue: 

±0.002 "#
$%/&

, Cu – blue, I – purple, Br – brown, Cl – green, P – orange, N – cyan, C – grey, H – white). 
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Figure S16. Illustration of the reaction path between the open and closed butterfly structures and transition 
densities of the lowest triplet excitation of Cu4I4(6-Me)2, Cu4Br4(6-Me)2 as well as Cu4Cl4(6-Me)2 at the open 

butterfly structure, the guess structure highest in energy and the closed butterfly T1 structure. 
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Figure S17. Emission spectra of Cu4I4(4-Me)2 in KBr at temperatures between 10 K and 290 K. 

7) Luminescence studies 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S4. Emission lifetimes of Cu4I4(4-Me)2 in KBr at temperatures between 10 K and 290 K. 
T / K λex / nm λem / nm τ1 / μs A1 / % τ2 / μs A2 / % 

290 
345 529 0.74 ± 0.02  16 5.15 ± 0.05 84 
389 529 0.95 ± 0.01 18 5.80 ± 0.03 82 

230 
345 531 1.29 ± 0.04 10 9.79 ± 0.09 90 
389 531 1.31 ± 0.02 9 10.40 ± 0.04 91 

170 
345 532 1.92 ± 0.06 7 16.0 ± 0.1 93 
389 532 1.96 ± 0.06 6 16.4 ± 0.1 94 

130 
345 529 2.59 ± 0.05 5 20.9 ± 0.1 95 
389 529 3.0 ± 0.2 6 21.6 ± 0.4 94 

90 
345 531 3.1 ± 0.2 6 22.8 ± 0.3 94 
389 531 2.5 ± 0.1 4 22.1 ± 0.2 96 

10 
345 527 2.4 ± 0.1 4 23.7 ± 0.2 96 
389 527 1.58 ± 0.06 2 23.2 ± 0.2 98 
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Figure S18. Decay curve and biexponential fit obtained from TCSPC data 
of Cu4I4(4-Me)2 at 290 K (λex = 389 nm, λem = 529 nm, KBr). The feature 

observed in the residue at short time scales results from scattered 
excitation light passing the emission monochromator as well as filter and 

thus reaching the detector. 

Figure S19. Decay curve and biexponential fit obtained from TCSPC data of 
Cu4I4(4-Me)2 at 10 K (λex = 389 nm, λem = 527 nm, KBr). 
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Figure S20. Decay curve and biexponential fit obtained from TCSPC data of 
Cu4I4(6-Me)2 at 290 K (λex = 389 nm, λem = 593 nm, KBr). 

Table S5. Emission lifetimes of Cu4I4(6-Me)2 in KBr at temperatures between 10 K and 290 K. 
T / K λex / nm λem / nm τ1 / μs A1 / % τ2 / μs A2 / % 

290 
345 593 - - 16 ± 1 100 
389 593 1.61 ± 0.09 5 16.0 ± 0.2 95 

190 389 610 2.1 ± 0.1 3 29.5 ± 0.4 97 

110 389 620 2.3 ± 0.3 1 42 ± 1 99 

70 
389 492 1.60 ± 0.05 12 12.7 ± 0.2 88 
389 622 - - 56 ± 3 100 

50 389 482 2.4 ± 0.1 4 16.8 ± 0.1 96 

10 
345 479 2.9 ± 0.3 2 21.0 ± 0.2 98 
389 479 1.6 ± 0.2 1 19.6 ± 0.1 99 
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Figure S21. Decay curve and biexponential fit obtained from TCSPC data of 
Cu4I4(6-Me)2 at 10 K (λex = 389 nm, λem = 479 nm, KBr). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S6. Emission lifetimes of Cu4I4(6-Me)2 as neat film at temperatures between 10 K and 290 K. 
T / K λex / nm λem / nm τ1 / μs A1 / % τ2 / μs A2 / % 

290 
345 595 - - 18.0 ± 0.3 100 
389 595 - - 17.8 ± 0.1 100 

190 389 611 - - 34.3 ± 0.2 100 

110 389 615 - - 53 ± 1 100 

70 389 473 0.30 ± 0.01 2 10.65 ± 0.03 98 

50 389 473 3.9 ± 0.1 11 16.5 ± 0.2 89 

10 
345 471 - - 20.8 ± 0.1 100 
389 471 - - 20.1 ± 0.1 100 
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Figure S22. Emission spectra of Cu4I4(6-Me)2 as neat film at temperatures 
between 10 K and 290 K. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

24 
 

Table S7. Lifetimes of Cu4I4(4-Me)2 in different media at room temperature. 
medium λex / nm λem / nm τ1 / ns A1 / % τ2 / µs A2 / % τ3 / µs A3 / % 

KBr 

389 529 - - 0.95 ± 0.01 18 5.80 ± 0.03 82 
345 529 - - 0.74 ± 0.02 16 5.15 ± 0.05 84 
389 652 430 ± 90 3 1.0 ± 0.1 13 6.61 ± 0.07 84 
345 652 630 ± 30 5 2.2 ± 0.1 19 7.0 ± 0.1 76 

CH2Cl2 

313 540 11 ± 2 37 0.02 ± 0.01 33 0.11 ± 0.02 30 
345 540 10 ± 1 34 0.024 ± 0.002 40 0.18 ± 0.02 26 
313 680 - - - - 2.34 ± 0.09 100 
345 680 - - - - 3.56 ± 0.01 100 

EtOH 345 484 - - - - 8.5 ± 0.04 µs 100 

 

Table S8. Lifetimes of Cu4I4(6-Me)2 in different media at room temperature. 
 

 

 

 

 

 

Table S9. Lifetimes of Cu4Br4(6-Me)2 in different media at room temperature. 
medium λex / nm λem / nm τ1 / ns A1 / % τ2 / µs A2 / % τ3 / µs A3 / % 

KBr 

389 510 49 15 2.51 ± 0.04 31 15.2 ± 0.3 54 
345 510 49 14 2.82 ± 0.05 28 14.3 ± 0.3 58 
389 600 49 5 3.61 ± 0.06 13 23.0 ± 0.2 82 
345 600 50 4 3.82 ± 0.06 13 22.9 ± 0.2 83 
389 650 - - 2.26 ± 0.03 7 23.0 ± 0.1 93 

CH2Cl2 
313 540 3 2 0.18 ± 0.01 31 0.52 ± 0.02 67 
313 605 - - 0.181 ± 0.004 12 3.32 ± 0.09 88 
313 670 - - - - 3.73 ± 0.02 100 

EtOH 
389 480 - - 0.44 ± 0.04 2 24.9 ± 0.5 98 
389 600 - - 1.1 ± 0.2 1 29.9 ± 0.4 99 

 

  

medium λex / nm λem / nm τ1 / µs A1 / % τ2 / µs A2 / % 

KBr 

389 593 1.61 ± 0.09 5 16.0 ± 0.2 95 
345 593 - - 16 ± 1 100 
389 652 0.95 ± 0.01 5 15.00 ± 0.05 95 
345 652 1.59 ± 0.03 4 15.66 ± 0.06 96 

CH2Cl2 389 590 0.177 ± 0.006 4 16.1 ± 0.3 96 

EtOH 345 590 - - 17.00 ± 0.02 100 
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Figure S23. Decay curve and triexponential fit obtained from TCSPC data of 
Cu4Br4(6-Me)2 at 290 K ('ex = 389 nm, 'em = 510 nm, KBr). 

Figure S24. Decay curve and triexponential fit obtained from TCSPC data 
of Cu4Br4(6-Me)2 at 290 K ('ex = 389 nm, 'em = 600 nm, KBr). 
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Figure S25. Decay curve and triexponential fit obtained from TCSPC data of 
Cu4Cl4(6-Me)2 at 290 K ('ex = 389 nm, 'em = 510 nm, KBr). The residue 

shows significant features from 0 – 25 µs, but the performed 
tetraexponential fit did not give a better description of the measured 

decay and did not yield realistic time constants and amplitudes. 

Table S10. Lifetimes of Cu4Cl4(6-Me)2 at room temperature. 
medium λex / nm λem / nm τ1 / ns A1 / % τ2 / µs A2 / % τ3 / µs A3 / % 

KBr 

389 510 0.03 11 2.22 ± 0.02 43 10.0 ± 0.2 46 
345 510 0.03 10 2.22 ± 0.02 43 9.9 ± 0.1 47 
389 610 0.05 ± 0.03 6 2.07 ± 0.04 23 16.8 ± 0.3 71 
345 610 0.04 ± 0.04 5 1.93 ± 0.06 19 14.4 ± 0.3 76 
389 650 0.33 ± 0.01 3 3.03 ± 0.05 17 20.1 ± 0.2 80 

CH2Cl2 
345 630 - - 0.056 ± 0.003 2 1.96 ± 0.01 98 
313 660 - - 0.132 ± 0.006 4 1.95 ± 0.02 96 
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Figure S26. Decay curve and triexponential fit obtained from TCSPC data of 
Cu4Cl4(6-Me)2 at 290 K ('ex = 389 nm, 'em = 610 nm, KBr). The feature 

observed in the residue at short time scales results from scattered 
excitation light passing the emission monochromator as well as filter and 

thus reaching the detector. 
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Figure S27. Emission spectra of Cu4I4(4-Me)2, Cu4I4(6-Me)2, Cu4Br4(6-Me)2 and Cu4Cl4(6-Me)2 in KBr at 
290 K (left) and 10 K (right). 

Figure S28. T-dependent excitation spectra of Cu4I4(4-Me)2 in KBr. 
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Figure S29. T-dependent excitation spectra of Cu4I4(6-Me)2 in KBr. 

Figure S30. T-dependent excitation spectra of Cu4Br4(6-Me)2 in KBr. 
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Figure S31. T-dependent excitation spectra of Cu4Cl4(6-Me)2 in KBr. 
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Figure S32. Plots of the natural logarithm of the integrated intensity ratio of the 
two emission bands (KBr pellet) against 1/T for an estimation of the energy barrier 

from the 3M/XLCT state to the 3CC state for Cu4I4(6-Me)2, Cu4Br4(6-Me)2 and 
Cu4Cl4(6-Me)2. 

 

Estimation of the energy barriers from the experimental data 
 
The variable temperature emission spectra with obvious dual emission were considered and the 
integrated intensities of the high and low energy emission bands were determined by Gaussian peak 
fitting. These analyses were performed under the approximation that the radiative and non-radiative 
deactivation processes and the oscillator strength of both triplet states do not change relative to each 
other over the covered temperature range. Additionally, it should be mentioned that the involved 
approach includes all the involved radiative and non-radiative processes (kinetic rates kr and knr), which 
can however not be considered separately.   

Under consideration of the abovementioned points, the relative integrated intensities should roughly 
reflect the relative population of both states at a given temperature. The same approach had already 
been applied to a related tetranuclear Cu(I) complex before.[5] Indeed, plots of the natural logarithm of 
the intensity ratio against the reciprocal temperature gave a linear behaviour for all the three systems 
(see Figure S29). The obtained slopes should give a rough approximation of the energy barriers with 
values of 196 cm−1 ± 6 cm−1, 345 cm−1 ± 21 cm−1 and 862 cm−1 ± 105 cm−1 for iodide bromide and 
chloride, respectively. The results reflect the abovementioned quantitative suggestions.   
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Figure S33. Photoluminescence data of the neat powder samples of Cu4I4(4-Me)2, 
Cu4I4(6-Me)2, Cu4Br4(6-Me)2 and Cu4Cl4(6-Me)2 measured at room temperature 

with an excitation wavelength of 350 nm. 

 

Luminescence of neat powders 
 
Table S11. Photophysics of the powder samples of the tetranuclear Cu(I) complexes Cu4I4(4-Me)2, 
Cu4I4(6-Me)2, Cu4Br4(6-Me)2 and Cu4Cl4(6-Me)2 measured at room temperature with an excitation 
wavelength of 350 nm. 

Sample  PLQY / % λem / nm τ / µs CIE X CIE Y 
Cu4I4(4-Me)2 58 512 8.6 0.34 0.50 
Cu4I4(6-Me)2 93 593 18.5 0.55 0.44 
Cu4Br4(6-Me)2 65 605 35.3 0.55 0.42 
Cu4Cl4(6-Me)2 33 501 7.7 0.31 0.45 
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Figure S34. Photoluminescence data of the neat powder sample of Cu4I4(4-Me)2 
at room temperature at an excitation wavelength of 355 nm before and after 

exerting a pressure of 0.75 GPa. 

Figure S35. Photoluminescence data of the neat powder sample of Cu4I4(6-Me)2 
at room temperature at an excitation wavelength of 355 nm before and after 

exerting a pressure of 0.75 GPa. 
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Figure S36. Photoluminescence data of the neat powder sample of Cu4Br4(6-Me)2 
at room temperature at an excitation wavelength of 355 nm before and after 

exerting a pressure of 0.75 GPa. 

Figure S37. Photoluminescence data of the neat powder sample of Cu4Cl4(6-Me)2 
at room temperature at an excitation wavelength of 355 nm before and after 

exerting a pressure of 0.75 GPa. 
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Figure S38. Emission spectra in ethanol of Cu4Br4(6-Me)2, recorded over 48 h.

Figure S39. Emission spectra of Cu4I4(4-Me)2 (λex = 300 nm), Cu4I4(6-Me)2 (λex = 
380 nm), Cu4Br4(6-Me)2 (λex = 300 nm) and Cu4Cl4(6-Me)2 (λex = 360 nm) in 

dichloromethane at room temperature.

Luminescence in solution
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Figure S41. Ground state FTIR spectra of Cu4Cl4(6-Me)2  in KBr and in CD2Cl2
solution. The band marked with asterisk results from a small impurity.

Figure S40. Emission spectra in dichloromethane of Cu4Br4(6-Me)2, recorded over 
24 h at room temperature with an excitation wavelength of 300 nm.
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Figure S42. Ground state FTIR spectrum (KBr pellet, 20 K) and calculated S0 spectra of the 
Ci symmetric and closed butterfly structures of Cu4I4(4-Me)2 (scaled by 0.975, 

FWHM = 8 cm−1, Gaussian profile) (DFT/B3LYP-D3(BJ)/def2-TZVP). 

Figure S43. Ground state FTIR spectra at 20 K and 290 K of Cu4I4(4-Me)2, measured in a 
KBr pellet. 

8) Step-scan FTIR spectroscopy and calculated vibrational spectra 
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Figure S44. Step-scan FTIR spectrum 0 to 2 µs after excitation at λex = 355 nm, ground 
state FTIR spectrum (KBr pellet, 290 K) and DFT calculated IR spectrum of Cu4I4(4-Me)2 

(scaled by 0.975, FWHM = 8 cm−1, gaussian profile) (DFT/B3LYP-D3(BJ)/def2-TZVP). 

Figure S45. Excited state spectra of Cu4I4(4-Me)2 at 20 K and 290 K, generated by addition 
of 3 % of the corresponding ground state spectrum to the step-scan difference spectrum. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

  



 

39 
 

Figure S46. Experimental excited state spectrum at 290 K (addition of 3 % of the ground 
state spectrum to the step-scan difference spectrum) and calculated T1 spectra (closed 
butterfly and Ci structures) of Cu4I4(4-Me)2 (scaled by 0.975, FWHM = 8 cm−1, gaussian 

profile) (TDDFT/B3LYP-D3(BJ)/def2-TZVP). 

Figure S47. Calculated S1 and T1 spectra for the Ci symmetric (top) and closed butterfly 
structures (bottom) of Cu4I4(4-Me)2 (scaled by 0.975, FWHM = 8 cm−1, gaussian profile) 

(TDDFT/B3LYP-D3(BJ)/def2-TZVP). 
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Figure S48. Ground state FTIR spectra of Cu4I4(6-Me)2 and Cu4I4(4-Me)2 (KBr pellet, 290 K). 

Figure S49. Ground state FTIR spectra at 20 K and 290 K of Cu4I4(6-Me)2, measured in a 
KBr pellet. 
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Figure S51. Step-scan FTIR spectrum 0 to 2 µs after excitation at λex = 355 nm, ground 
state FTIR spectrum (KBr pellet, 290 K) and DFT calculated IR spectrum of Cu4I4(6-Me)2 

(scaled by 0.975, FWHM = 8 cm−1, gaussian profile) (DFT/B3LYP-D3(BJ)/def2-TZVP). 

Figure S50. Ground state FTIR spectrum (KBr pellet, 20 K) and calculated S0 spectra of the 
Ci symmetric and closed butterfly structures of Cu4I4(6-Me)2 (scaled by 0.975, 

FWHM = 8 cm−1, gaussian profile) (DFT/B3LYP-D3(BJ)/def2-TZVP). 
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Figure S52. Experimental step-scan FTIR spectra 0 to 2 µs after excitation at λex = 355 nm 
of Cu4I4(6-Me)2 at 20 K (observed additional bands are marked with asterisks) and 290 K. 

The offset has been corrected for both spectra for better comparison.  

 

 

 

 

 

  

 

  

 

 

   

 

 

 

 

 

 

 

  

  

 

 

 

 

 

 

  Figure S53. Experimental excited state spectra of Cu4I4(6-Me)2 at 20 K and 290 K, 
generated by addition of 1 % of the corresponding ground state spectrum to the step-scan 

difference spectrum. 
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Figure S54. Step-scan FTIR spectrum 0 to 2 µs after excitation at λex = 355 nm (KBr pellet, 
290 K) (offset corrected) and DFT calculated IR difference spectra T1 – S0 of the closed and 

open butterfly structures of Cu4I4(6-Me)2 (scaled by 0.975, FWHM = 8 cm−1, gaussian 
profile) (DFT/B3LYP-D3(BJ)/def2-TZVP). 

Figure S55. Step-scan FTIR spectrum 0 to 2 µs after excitation at λex = 355 nm (KBr pellet, 
20 K) (offset corrected) and DFT calculated IR difference spectra T1 – S0 of the closed and 

open butterfly structures of Cu4I4(6-Me)2 (scaled by 0.975, FWHM = 8 cm−1, gaussian 
profile) (DFT/B3LYP-D3(BJ)/def2-TZVP). 
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Figure S56. Calculated S1 and T1 spectra for the open (top) and closed (bottom) butterfly 
structures of Cu4I4(6-Me)2 (scaled by 0.975, FWHM = 8 cm−1, gaussian profile) 

(TDDFT/B3LYP-D3(BJ)/def2-TZVP). 

Figure S57. Ground state FTIR spectra (KBr pellet, 20 K) (bottom) and calculated S0 spectra of 
the open butterfly structures (top) of Cu4I4(6-Me)2, Cu4Br4(6-Me)2 and Cu4Cl4(6-Me)2 (scaled 

by 0.975, FWHM = 8 cm−1, gaussian profile) (DFT/B3LYP-D3(BJ)/def2-TZVP). 
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Figure S58. Ground state FTIR spectrum (KBr pellet, 20 K) and calculated S0 spectra of the 
Ci symmetric and closed butterfly structures of Cu4Br4(6-Me)2 (scaled by 0.975, 

FWHM = 8 cm−1, gaussian profile) (DFT/B3LYP-D3(BJ)/def2-TZVP). 

Figure S59. Ground state FTIR spectrum (KBr pellet, 20 K) and calculated S0 spectra of the 
Ci symmetric and closed butterfly structures of Cu4Cl4(6-Me)2 (scaled by 0.975, 

FWHM = 8 cm−1, gaussian profile) (DFT/B3LYP-D3(BJ)/def2-TZVP). 
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Figure S60. Step-scan FTIR spectrum 0 to 2 µs after excitation at λex = 355 nm, ground 
state FTIR spectrum (KBr pellet, 20 K) and DFT calculated IR spectrum of Cu4Br4(6-Me)2 

(scaled by 0.975, FWHM = 8 cm−1, gaussian profile) (DFT/B3LYP-D3(BJ)/def2-TZVP). 

Figure S61. Step-scan FTIR spectrum 0 to 2 µs after excitation at λex = 355 nm, ground 
state FTIR spectrum (KBr pellet, 290 K) and DFT calculated IR spectrum of Cu4Br4(6-Me)2 

(scaled by 0.975, FWHM = 8 cm−1, gaussian profile) (DFT/B3LYP-D3(BJ)/def2-TZVP). 
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Figure S62. Step-scan FTIR spectrum 0 to 2 µs after excitation at λex = 355 nm, ground 
state FTIR spectrum (KBr pellet, 20 K) and DFT calculated IR spectrum of Cu4Cl4(6-Me)2 

(scaled by 0.975, FWHM = 8 cm−1, gaussian profile) (DFT/B3LYP-D3(BJ)/def2-TZVP). 

Figure S63. Step-scan FTIR spectrum 0 to 2 µs after excitation at λex = 355 nm, ground 
state FTIR spectrum (KBr pellet, 290 K) and DFT calculated IR spectrum of Cu4Cl4(6-Me)2 

(scaled by 0.975, FWHM = 8 cm−1, gaussian profile) (DFT/B3LYP-D3(BJ)/def2-TZVP). 
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Figure S64. Experimental excited state spectrum at 20 K (generated by addition of 1 % of 
the ground state spectrum to the step-scan spectrum), as well as calculated T1 spectrum 
(open butterfly structure) of Cu4Br4(6-Me)2 (scaled by 0.975, FWHM = 8 cm−1, gaussian 

profile) (TDDFT/B3LYP-D3(BJ)/def2-TZVP). 

Figure S65. Experimental excited state spectrum at 290 K (generated by addition of 1 % of 
the ground state spectrum to the step-scan spectrum), as well as calculated T1 spectrum 
(closed butterfly structure) of Cu4Br4(6-Me)2 (scaled by 0.975, FWHM = 8 cm−1, gaussian 

profile) (TDDFT/B3LYP-D3(BJ)/def2-TZVP). 
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Figure S67. Experimental excited state spectrum at 290 K (generated by addition of 1 % of 
the ground state spectrum to the step-scan spectrum), as well as calculated T1 spectrum 
(closed butterfly structure) of Cu4Cl4(6-Me)2 (scaled by 0.975, FWHM = 8 cm−1, gaussian 

profile) (TDDFT/B3LYP-D3(BJ)/def2-TZVP). 

Figure S66. Experimental excited state spectrum at 20 K (generated by addition of 1 % of 
the ground state spectrum to the step-scan spectrum), as well as calculated T1 spectrum 
(open butterfly structure) of Cu4Cl4(6-Me)2 (scaled by 0.975, FWHM = 8 cm−1, gaussian 

profile) (TDDFT/B3LYP-D3(BJ)/def2-TZVP). 
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Figure S68. Experimental excited state spectra of Cu4I4(6-Me)2, Cu4Br4(6-Me)2 and 
Cu4Cl4(6-Me)2 at 20 K (generated by addition of 3 %  for iodine and bromine complexes 

and 1 % for the chlorine complex of the ground state spectrum to the step-scan 
spectrum). 

Figure S69. Experimental excited state spectra of Cu4I4(6-Me)2, Cu4Br4(6-Me)2 and Cu4Cl4(6-Me)2 at 
290 K (generated by addition of 3 %  for iodide and bromide complexes and 1 % for the chloride 

complex of the ground state spectrum to the step-scan spectrum). 
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Figure S70. Calculated T1 spectra of the open butterfly structures of Cu4I4(6-Me)2, 
Cu4Br4(6-Me)2 and Cu4Cl4(6-Me)2 (scaled by 0.975, FWHM = 8 cm−1, gaussian profile) 

(TDDFT/B3LYP-D3(BJ)/def2-TZVP). 

Figure S71. Calculated T1 spectra of the closed butterfly structures of Cu4I4(6-Me)2, 
Cu4Br4(6-Me)2 and Cu4Cl4(6-Me)2 (scaled by 0.975, FWHM = 8 cm−1, gaussian profile) 

(TDDFT/B3LYP-D3(BJ)/def2-TZVP). 
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Table S12. Characterization of vibrational modes of Cu4I4(4-Me)2. The listed frequencies correspond to 
the experimental values at 20 K. 

 

 

 

 

 

 

 

 

 

 

  

()  / cm−1 
ground state 

()  / cm−1 
excited state 

Character of the vibration 

1601 1600 C-C stretching in the pyridine rings 
1589 
(shoulder) 

- C-C stretching in the phenyl rings 

- 1572 C-C stretching in the pyridine rings 
1546 1548 C-C and C-N stretching in the pyridine rings 
1480 1480 C-H scissoring in the phenyl rings 
1472 1470 C-H scissoring combined with C-C stretching in the pyridine rings 
- 1457 aliphatic C-H scissoring of the methyl groups 
1434 1434 C-H scissoring in the phenyl rings 
1384 1389 C-C stretching combined with C-H scissoring in the pyridine rings 
1371 
(shoulder) 

- aliphatic C-H scissoring of the methyl groups 

1330 1330 C-C stretching combined with C-H scissoring in the phenyl rings 
1285 1286 C-P scissoring combined with C-C stretching and C-H scissoring in 

the phenyl rings 
- 1224 C-H scissoring in the phenyl rings 
1181 1181 C-H scissoring in the phenyl rings 
1157 1158 C-H scissoring in the phenyl rings 
1139 1138 C-H scissoring in the pyridine rings 
1098 1098 C-H scissoring in the aromatic rings combined with C(phenyl)-P 

stretching 
1032 1039 wagging of the methyl groups 
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Table S13. Characterization of vibrational modes of Cu4I4(6-Me)2. The listed frequencies correspond to 
the experimental values at 20 K for the ground state, 20 K (open butterfly triplet) and 290 K (closed 
butterfly triplet) for the excited states. 

 

 

 

  

()  / cm−1 
ground 
state 
20 K 

()  / cm−1 
excited state 
20 K, open 
butterfly 

()  / cm−1 
excited state 
290 K, closed 
butterfly 

Character of the vibration 

1589 1586 1586 aromatic C-C stretching 
1577 
(shoulder) 

- 1570 C-C stretching in the phenyl rings 

1558 - 1553 C-C and C-N stretching in the pyridine rings 
- 1541 - C-C and C-N stretching in the pyridine rings 
1480 1479 1477 C-H scissoring in the phenyl rings 
1452 1450 1446 C-H scissoring in the pyridine rings combined with 

aliphatic C-H scissoring in the methyl groups 
1435 1436 1434 aromatic C-H scissoring combined with aliphatic C-H 

scissoring in the methyl groups 
- 1401 - aliphatic C-H scissoring in the methyl groups combined 

with C-H scissoring and C-N stretching in the pyridine 
rings 

1372 - 1382 aliphatic C-H scissoring in the methyl groups combined 
with C-H scissoring in the pyridine rings 

1332 - - C-H scissoring in the phenyl rings 
1286 1285 - C-P scissoring combined with C-C stretching in the 

phenyl rings 
- 1267 - C-P scissoring in combination with C-C and C-N 

stretching in the pyridine rings 
1253 - - C-P scissoring combined with C-N and C-C stretching in 

the pyridine rings and aliphatic C-C stretching of the 
methyl groups 

1231 - - C-P scissoring combined with C-N and C-C stretching in 
the pyridine rings and aliphatic C-C stretching of the 
methyl groups 

1179 1181 1181 aromatic C-H scissoring combined with aliphatic C-H 
scissoring in the methyl groups 

1157 1150 - C-H scissoring in the phenyl rings 
1143 - 1139 C-H scissoring in the pyridine rings combined with 

aliphatic C-H scissoring in the methyl groups 
1098 1097 1093 C(phenyl)-P stretching combined with aromatic C-H 

scissoring 
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Table S14. Characterization of vibrational modes of Cu4Br4(6-Me)2. The listed frequencies correspond to 
the experimental values at 20 K for the ground state, 20 K (open butterfly triplet) and 290 K (closed 
butterfly triplet) for the excited states. 

 

 

 

 

 

 

 

 

  

()  / cm−1 
ground 
state 
20 K 

()  / cm−1 
excited state 
20 K, open 
butterfly 

()  / cm−1 
excited state 
290 K, closed 
butterfly 

Character of the vibration 

1590 1586 1586 aromatic C-C stretching 
1559 - 1553 C-C and C-N stretching in the pyridine rings 
- 1548 - C-C and C-N stretching in the pyridine rings and aliphatic 

C-C stretching 
1480 1479 1479 C-H scissoring in the phenyl rings 
1452 1450 1447 C-H scissoring in the pyridine rings combined with aliphatic 

C-H scissoring in the methyl groups 
1436 1435 1435 aromatic C-H scissoring combined with aliphatic C-H 

scissoring in the methyl groups 
- 1392 - aliphatic C-H scissoring in the methyl groups combined 

with C-H scissoring and C-C and C-N stretching in the 
pyridine rings 

1372 - - aliphatic C-H scissoring in the methyl groups  
- 1292 - C-P scissoring combined with C-C stretching in the phenyl 

rings 
- 1272 - C-P scissoring in combination with C-C and C-N stretching 

in the pyridine rings 
- 1213 - aliphatic C-C stretching of the methyl groups 
1180 1179 1181 aromatic C-H scissoring  
1157 1147 - C-H scissoring in the phenyl rings 
1143 - 1144 C-H scissoring in the pyridine rings  
1099 1097 1095 C(phenyl)-P stretching combined with aromatic C-H 

scissoring 
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Table S15. Characterization of vibrational modes of Cu4Cl4(6-Me)2. The listed frequencies correspond to 
the experimental values at 20 K for the ground state, 20 K (open butterfly triplet) and 290 K (closed 
butterfly triplet) for the excited states. 

 

 

 

 

 

 

 

 

  

()  / cm−1 
ground 
state 
20 K 

()  / cm−1 
excited state 
20 K, open 
butterfly 

()  / cm−1 
excited state 
290 K, closed 
butterfly 

Character of the vibration 

1591 1586 1587 aromatic C-C stretching 
1559 - 1555 C-C and C-N stretching in the pyridine rings 
- 1544 - C-C and C-N stretching in the pyridine rings and aliphatic 

C-C stretching 
1480 1480 1479 C-H scissoring in the phenyl rings 
1452 1452 1447 C-H scissoring in the pyridine rings combined with aliphatic 

C-H scissoring in the methyl groups 
1436 1435 1436 aromatic C-H scissoring combined with aliphatic C-H 

scissoring in the methyl groups 
- 1380 / 1394 - aliphatic C-H scissoring in the methyl groups combined 

with C-H scissoring and C-C and C-N stretching in the 
pyridine rings 

1374 - - aliphatic C-H scissoring in the methyl groups  
- 1266 - C-P scissoring in combination with C-H scissoring in the 

phenyl and pyridine rings 
- 1216 - methyl group - pyridine ring C-C stretching 
1181 1179 1182 aromatic C-H scissoring  
1158 1158 - C-H scissoring in the phenyl rings 
1143 1145 1141 C(phenyl)-P stretching combined with C-H scissoring in the 

pyridine rings  
1099 1098 1095 C(Phenyl)-P stretching combined with aromatic C-H 

scissoring 



 

56 
 

9) Further theoretical results 

a) Calculated relative energies  

Table S16. Relative energies of ground and electronically excited states (UDFT and TDDFT) of the Cu4X4 
complexes (Butterfly = BF). ∆E T1 corresponds to the energetic difference between the open and closed 
butterfly triplet structures.     

complex 
S0 closed 

BF 
S0 open BF S0 Ci 

T1 (UDFT) 
closed BF 

T1 (UDFT) 
open BF 

T1 (TDDFT) 
closed BF 

T1 (TDDFT) 
open BF 

Cu4I4(4-Me)2 0.00 - 5.08 188.28 231.58 181.40 199.92 

Cu4I4(6-Me)2 - 0.00 11.49 190.28 - 185.78 208.11 

Cu4Br4(6-Me)2 - 0.00 20.14 206.51 256.89 201.14 210.44 

Cu4Cl4(6-Me)2 - 0.00 27.46 219.82 253.02 207.14 204.54 

 

DE T1 
T1 (UDFT) closed 

BF 
T1 (UDFT) open 

BF 
T1 (TDDFT) closed 

BF 
T1 (TDDFT) open 

BF 

Cu4I4(4-Me)2 0.00 43.31 0.00 18.52 

Cu4I4(6-Me)2 0.00 - 0.00 22.32 

Cu4Br4(6-Me)2 0.00 50.39 0.00 9.30 

Cu4Cl4(6-Me)2 0.00 33.20 2.59 0.00 
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b) Calculated relative, orbital and vertical transition energies with COSMO 

 

Table S17. Relative energies of S0 ground states and electronically excited T1 states (UDFT) calculated in 
different solvent environments via COSMO (DFT/B3LYP/def2-TZVP/D3-BJ). 

Cu4I4(4-Me)2 S0 Ci 
S0 closed 

BF 
T1 Ci 

T1 closed 
BF 

DE T1 

CH2Cl2 0.0 1.8 249.9 185.5 64.4 

EtOH 0.0 2.9 252.7 185.5 67.1 

 

Cu4I4(6-Me)2 S0 Ci S0 open BF T1 Ci 
T1 closed 

BF 

CH2Cl2 - 0.0 - 191.7 

EtOH - 0.0 - 191.9 

 

Cu4Br4(6-Me)2 S0 Ci S0 open BF T1 Ci 
T1 closed 

BF 
DE T1 

CH2Cl2 14.4 0.0 272.5 204.0 68.5 

EtOH 13.0 0.0 274.0 202.7 71.3 
 

Cu4Cl4(6-Me)2 S0 Ci S0 open BF T1 Ci 
T1 closed 

BF 
DE T1 

CH2Cl2 17.4 0.0 265.6 212.7 52.9 

EtOH 15.9 0.0 267.0 211.0 56.0 
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Cu4I4(4-Me)2: 

Table S18. Orbital energies and vertical transitions of the Ci and closed butterfly S0 ground state isomers 
in gasphase, dichloromethane and ethanol for Cu4I4(4-Me)2. 
S0 Ci (gasphase) DE(HOMO) / cm-1 DE(HOMO) / nm Vert. transition / cm-1 Vert. transition / nm 

LUMO 26218 381 20956 477 
LUMO+1 26508 377 21076 474 
LUMO+2 30447 328 22244 450 
LUMO+3 30559 327 22417 446 
LUMO+4 32014 312 22545 444 
 

S0 Ci (CH2Cl2) DE(HOMO) / cm-1 DE(HOMO) / nm Vert. transition / cm-1 Vert. transition / nm 

LUMO 30217 331 24547 407 
LUMO+1 30401 329 24573 407 
LUMO+2 34139 293 25557 391 
LUMO+3 34201 292 25724 389 
LUMO+4 34979 286 26109 383 
 

S0 Ci (EtOH) DE(HOMO) / cm-1 DE(HOMO) / nm Vert. transition / cm-1 Vert. transition / nm 

LUMO 30851 324 25117 398 
LUMO+1 31017 322 25139 398 
LUMO+2 34745 288 26134 383 
LUMO+3 34802 287 26273 381 
LUMO+4 35462 282 26709 374 
 

S0 closed BF 
(gasphase) 

DE(HOMO) / cm-1 DE(HOMO) / nm Vert. transition / cm-1 Vert. transition / nm 

LUMO 26235 381 19510 513 
LUMO+1 28569 350 19707 507 
LUMO+2 29912 334 20646 484 
LUMO+3 31953 313 21419 467 
LUMO+4 32064 312 22235 450 
 

S0 closed BF 
(CH2Cl2) 

DE(HOMO) / cm-1 DE(HOMO) / nm Vert. transition / cm-1 Vert. transition / nm 

LUMO 27482 364 20258 494 
LUMO+1 31860 314 20308 492 
LUMO+2 32608 307 21406 467 
LUMO+3 35205 284 22041 454 
LUMO+4 35284 283 23020 434 
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S0 closed BF 
(EtOH) 

DE(HOMO) / cm-1 DE(HOMO) / nm Vert. transition / cm-1 Vert. transition / nm 

LUMO 27598 362 20343 492 
LUMO+1 32403 309 20422 490 
LUMO+2 33085 302 21559 464 
LUMO+3 35597 281 22126 452 
LUMO+4 35820 279 23159 432 
 

Cu4I4(6-Me)2: 

Table S19. Orbital energies and vertical transitions of the open butterfly structure in gasphase, 
dichloromethane and ethanol for the Cu4I4(6-Me)2 S0 ground state. 
S0 open BF 
(gasphase) 

DE(HOMO) / cm-1 DE(HOMO) / nm Vert. transition / cm-1 Vert. transition / nm 

LUMO 26503 377 20955 477 
LUMO+1 26739 374 21954 455 
LUMO+2 30210 331 22344 448 
LUMO+3 31752 315 22630 442 
LUMO+4 31762 315 23091 433 
 

S0 open BF 
(CH2Cl2) 

DE(HOMO) / cm-1 DE(HOMO) / nm Vert. transition / cm-1 Vert. transition / nm 

LUMO 29174 343 23867 419 
LUMO+1 29282 342 24125 415 
LUMO+2 32712 306 25309 395 
LUMO+3 33969 294 25860 387 
LUMO+4 34182 293 26647 375 
 

S0 open BF 
(EtOH) 

DE(HOMO) / cm-1 DE(HOMO) / nm Vert. transition / cm-1 Vert. transition / nm 

LUMO 29734 336 24378 410 
LUMO+1 29854 335 24674 405 
LUMO+2 33137 302 25750 388 
LUMO+3 34486 290 26347 380 
LUMO+4 34738 288 27163 368 
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Cu4Br4(6-Me)2: 

Table S20. Orbital energies and vertical transitions of the Ci and open butterfly S0 ground state isomers 
in gasphase, dichloromethane and ethanol for Cu4Br4(6-Me)2. 
S0 Ci (gasphase) DE(HOMO) / cm-1 DE(HOMO) / nm Vert. transition / cm-1 Vert. transition / nm 

LUMO 28378 352 22247 450 
LUMO+1 28474 351 22367 447 
LUMO+2 32298 310 24334 411 
LUMO+3 33291 300 24587 407 
LUMO+4 33391 299 24773 404 
 

S0 Ci (CH2Cl2) DE(HOMO) / cm-1 DE(HOMO) / nm Vert. transition / cm-1 Vert. transition / nm 

LUMO 30352 329 24402 410 
LUMO+1 30358 329 24416 410 
LUMO+2 35536 281 25568 391 
LUMO+3 35547 281 25591 391 
LUMO+4 35783 279 26739 374 
 

S0 Ci (EtOH) DE(HOMO) / cm-1 DE(HOMO) / nm Vert. transition / cm-1 Vert. transition / nm 

LUMO 30933 323 24968 401 
LUMO+1 30940 323 24979 400 
LUMO+2 36034 278 26094 383 
LUMO+3 36075 277 26114 383 
LUMO+4 36213 276 27353 366 
 

S0 open BF 
(gasphase) 

DE(HOMO) / cm-1 DE(HOMO) / nm Vert. transition / cm-1 Vert. transition / nm 

LUMO 27994 357 21721 460 
LUMO+1 28664 349 22365 447 
LUMO+2 31778 315 22767 439 
LUMO+3 33257 301 23468 426 
LUMO+4 33538 298 24138 414 
 

S0 open BF 
(CH2Cl2) 

DE(HOMO) / cm-1 DE(HOMO) / nm Vert. transition / cm-1 Vert. transition / nm 

LUMO 30538 327 23680 422 
LUMO+1 31684 316 24114 415 
LUMO+2 33599 298 25248 396 
LUMO+3 36180 276 25813 387 
LUMO+4 36400 275 26324 380 
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S0 open BF 
(EtOH) 

DE(HOMO) / cm-1 DE(HOMO) / nm Vert. transition / cm-1 Vert. transition / nm 

LUMO 30908 324 23969 417 
LUMO+1 32184 311 24350 411 
LUMO+2 33897 295 25611 390 
LUMO+3 36645 273 26222 381 
LUMO+4 36828 272 26635 375 
 

Cu4Cl4(6-Me)2: 

Table S21. Orbital energies and vertical transitions of the Ci and open butterfly S0 ground state isomers 
in gasphase, dichloromethane and ethanol for Cu4Cl4(6-Me)2. 
S0 Ci (gasphase) DE(HOMO) / cm-1 DE(HOMO) / nm Vert. transition / cm-1 Vert. transition / nm 

LUMO 27109 369 20872 479 
LUMO+1 27185 368 20893 479 
LUMO+2 32512 308 22272 449 
LUMO+3 32545 307 22342 448 
LUMO+4 32803 305 23442 427 
 

S0 Ci (CH2Cl2) DE(HOMO) / cm-1 DE(HOMO) / nm Vert. transition / cm-1 Vert. transition / nm 

LUMO 30319 330 23985 417 
LUMO+1 30396 329 24007 417 
LUMO+2 35311 283 25227 396 
LUMO+3 35339 283 25305 395 
LUMO+4 36002 278 26867 372 
 

S0 Ci (EtOH) DE(HOMO) / cm-1 DE(HOMO) / nm Vert. transition / cm-1 Vert. transition / nm 

LUMO 30887 324 24571 407 
LUMO+1 30962 323 24587 407 
LUMO+2 35762 280 25777 388 
LUMO+3 35785 279 25856 387 
LUMO+4 36533 274 27524 363 
 

S0 open BF 
(gasphase) 

DE(HOMO) / cm-1 DE(HOMO) / nm Vert. transition / cm-1 Vert. transition / nm 

LUMO 28051 356 21672 461 
LUMO+1 28578 350 22257 449 
LUMO+2 32097 312 23117 433 
LUMO+3 33101 302 23611 424 
LUMO+4 33469 299 24385 410 
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S0 open BF 
(CH2Cl2) 

DE(HOMO) / cm-1 DE(HOMO) / nm Vert. transition / cm-1 Vert. transition / nm 

LUMO 30484 328 23866 419 
LUMO+1 31577 317 24547 407 
LUMO+2 33992 294 25375 394 
LUMO+3 35773 280 26134 383 
LUMO+4 36038 277 26570 376 
 

S0 open BF 
(EtOH) 

DE(HOMO) / cm-1 DE(HOMO) / nm Vert. transition / cm-1 Vert. transition / nm 

LUMO 30919 323 24306 411 
LUMO+1 32119 311 24893 402 
LUMO+2 34321 291 25803 388 
LUMO+3 36217 276 26505 377 
LUMO+4 36484 274 27016 370 
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c) Calculated molecular orbitals 

 

Cu4I4(4-Me)2: 

 

Figure S72. HOMO (left) and LUMO (right) of the Ci symmetrical S0 state of Cu4I4(4-Me)2 (DFT/B3LYP-
D3(BJ)/def2-TZVP). 

 

Figure S73. HOMO (left) and LUMO (right) of the open butterfly state S0 of Cu4I4(4-Me)2 (DFT/B3LYP-
D3(BJ)/def2-TZVP). 

 

Figure S74. Main transition orbitals HOMO (left) and LUMO (right) of the Ci symmetrical S1 state of 
Cu4I4(4-Me)2 (TDDFT/B3LYP-D3(BJ)/def2-TZVP). 
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Figure S75. Main transition orbitals HOMO (left) and LUMO (right) of the closed butterfly S1 state of 
Cu4I4(4-Me)2 (TDDFT/B3LYP-D3(BJ)/def2-TZVP). 

 

Figure S76. Main transition orbitals HOMO (left) and LUMO (right) of the Ci symmetrical T1 state of 
Cu4I4(4-Me)2 (TDDFT/B3LYP-D3(BJ)/def2-TZVP). 

 

Figure S77. Main transition orbitals HOMO (left) and LUMO (right) of the closed butterfly T1 state of 
Cu4I4(4-Me)2 (TDDFT/B3LYP-D3(BJ)/def2-TZVP). 

 

  



 

65 
 

Cu4I4(6-Me)2: 

 

Figure S78. HOMO (left) and LUMO (right) of the Ci symmetrical S0 state of Cu4I4(6-Me)2 (DFT/B3LYP-
D3(BJ)/def2-TZVP). 

 

Figure S79. HOMO (left) and LUMO (right) of the open butterfly S0 state of Cu4I4(6-Me)2 (DFT/B3LYP-
D3(BJ)/def2-TZVP). 



 

66 
 

 

Figure S80. Main transition orbitals HOMO (left) and LUMO (right) of the open butterfly S1 state of 
Cu4I4(6-Me)2 (TDDFT/B3LYP-D3(BJ)/def2-TZVP). 

  

 

Figure S81. Main transition orbitals HOMO (left) and LUMO (right) of the closed butterfly S1 state of 
Cu4I4(6-Me)2 (TDDFT/B3LYP-D3(BJ)/def2-TZVP). 
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Figure S82. Main transition orbitals HOMO (left) and LUMO (right) of the open butterfly T1 state of 
Cu4I4(6-Me)2 (TDDFT/B3LYP-D3(BJ)/def2-TZVP). 

 

Figure S83. Main transition orbitals HOMO (left) and LUMO (right) of the closed butterfly T1 state of 
Cu4I4(6-Me)2 (TDDFT/B3LYP-D3(BJ)/def2-TZVP). 
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Cu4Br4(6-Me)2: 

 

Figure S84. HOMO (left) and LUMO (right) of the Ci-symmetrical S0 state of Cu4Br4(6-Me)2 (DFT/B3LYP-
D3(BJ)/def2-TZVP). 

 

Figure S85. HOMO (left) and LUMO (right) of the open butterfly S0 state of Cu4Br4(6-Me)2 (DFT/B3LYP-
D3(BJ)/def2-TZVP).  

 

Figure S86. Main transition orbitals HOMO (left) and LUMO (right) of the Ci symmetrical S1 state of 
Cu4Br4(6-Me)2 (TDDFT/B3LYP-D3(BJ)/def2-TZVP). 
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Figure S87. Main transition orbitals HOMO (left) and LUMO (right) of the open butterfly S1 state of 
Cu4Br4(6-Me)2 (TDDFT/B3LYP-D3(BJ)/def2-TZVP). 

 

Figure S88. Main transition orbitals HOMO (left) and LUMO (right) of the closed butterfly S1 state of 
Cu4Br4(6-Me)2 (TDDFT/B3LYP-D3(BJ)/def2-TZVP). 

 

Figure S89. Main transition orbitals HOMO (left) and LUMO (right) of the Ci symmetrical T1 state of 
Cu4Br4(6-Me)2 (TDDFT/B3LYP-D3(BJ)/def2-TZVP). 
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Figure S90. Main transition orbitals HOMO (left) and LUMO (right) of the open butterfly T1 state of 
Cu4Br4(6-Me)2 (TDDFT/B3LYP-D3(BJ)/def2-TZVP). 

 

Figure S91. Main transition orbitals HOMO (left) and LUMO (right) of the closed butterfly T1 state of 
Cu4Br4(6-Me)2 (TDDFT/B3LYP-D3(BJ)/def2-TZVP). 

 

  



 

71 
 

Cu4Cl4(6-Me)2: 

 

Figure S92. HOMO (left) and LUMO (right) of the Ci symmetrical S0 state of Cu4Cl4(6-Me)2 (DFT/B3LYP-
D3(BJ)/def2-TZVP). 

 

Figure S93. HOMO (left) and LUMO (right) of the open butterfly S0 state of Cu4Cl4(6-Me)2 (DFT/B3LYP-
D3(BJ)/def2-TZVP). 

 

Figure S94. Main transition orbitals HOMO (left) and LUMO (right) of the Ci symmetrical S1 state of 
Cu4Cl4(6-Me)2 (TDDFT/B3LYP-D3(BJ)/def2-TZVP). 
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Figure S95. Main transition orbitals HOMO (left) and LUMO (right) of the open butterfly S1 state of 
Cu4Cl4(6-Me)2 (TDDFT/B3LYP-D3(BJ)/def2-TZVP). 

 

Figure S96. Main transition orbitals HOMO (left) and LUMO (right) of the closed butterfly S1 state of 
Cu4Cl4(6-Me)2 (TDDFT/B3LYP-D3(BJ)/def2-TZVP). 
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Figure S97. Main transition orbitals HOMO (left) and LUMO (right) of the Ci symmetrical T1 state of 
Cu4Cl4(6-Me)2 (TDDFT/B3LYP-D3(BJ)/def2-TZVP). 

  

 

Figure S98. Main transition orbitals HOMO (left) and LUMO (right) of the open butterfly T1 state of 
Cu4Cl4(6-Me)2 (TDDFT/B3LYP-D3(BJ)/def2-TZVP). 
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Figure S99. Main transition orbitals HOMO (left) and LUMO (right) of the closed butterfly T1 state of 
Cu4Cl4(6-Me)2 (TDDFT/B3LYP-D3(BJ)/def2-TZVP). 
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Figure S100. Ci symmetrical (top) and closed butterfly (cBF, bottom) 
structures of Cu4I4(4-Me)2 (DFT/B3LYP-D3(BJ)/def2-TZVP). 

d) Calculated geometries 

 

Cu4I4(4-Me)2 
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Table S22. Calculated bond lengths [Å] of S0, T1 (UDFT), T1 (TDDFT) and S1 (TDDFT) of the Ci symmetrical 
structure of Cu4I4(4-Me)2 ((TD)DFT/B3LYP/def2-TZVP/D3-BJ). 

 
S0 T1 (UDFT) T1 (TDDFT) S1 (TDDFT) 

 Cu1-N1 2.026 1.923 1.947 1.956  

N1-C1 1.347 1.411 1.409 1.408  

C1-P1 1.835 1.754 1.765 1.768  

P1-Cu2 2.249 2.256 2.257 2.259  

Cu1-Cu2 2.803 2.565 2.596 2.606  

Cu2-Cu1' 2.562 2.606 2.621 2.624  

Cu1-Ip1 2.674 2.683 2.668 2.674  

Cu2-Ip2 2.688 2.627 2.626 2.629  

Cu1-Io1 3.797 3.624 3.559 3.530  

Cu2-Io1 2.821 2.841 2.901 2.900  

Cu1-Io2 2.607 2.600 2.579 2.572  

Cu2-Io2 2.746 2.796 2.779 2.795  

Cu1-Cu1' 4.485 4.300 4.252 4.240  

Cu2-Cu2' 2.954 3.210 3.345 3.363  

 

     

φ Cu1-Cu2-Cu1'-Cu2' −179.9 177.5 178.0 178.3  

 

     

C1-C2 1.386 1.404 1.399 1.399  

C2-C3 1.395 1.373 1.376 1.376  

C3-C4 1.392 1.440 1.440 1.440  

C4-C5 1.384 1.364 1.366 1.368  

C5-N1 1.337 1.357 1.351 1.348  

C3-CMe 1.500 1.497 1.495 1.495  

 

     

Cu1'-N1' 2.026 2.023 2.029 2.033  

N1'-C1' 1.347 1.349 1.348 1.348  

C1'-P1' 1.835 1.834 1.834 1.834  

P1'-Cu2' 2.249 2.253 2.253 2.255  

Cu1'-Cu2' 2.803 2.875 2.875 2.875  

Cu2'-Cu1 2.562 2.701 2.741 2.728  

Cu1'-Ip2 2.674 2.697 2.681 2.675  

Cu2'-Ip1 2.688 2.636 2.634 2.636  

Cu1'-Io1 3.797 3.623 3.540 3.535  

Cu2'-Io1 2.821 2.863 2.865 2.839  

Cu1'-Io2 2.607 2.591 2.594 2.595  

Cu2'-Io2 2.746 2.711 2.681 2.682  

 

     

C1'-C2' 1.386 1.386 1.385 1.860  

C2'-C3' 1.395 1.395 1.395 1.396  

C3'-C4' 1.392 1.392 1.391 1.391  

C4'-C5' 1.384 1.384 1.385 1.385  

C5'-N1' 1.337 1.337 1.337 1.337  

C3'-CMe' 1.500 1.500 1.499 1.500  
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Table S23. Calculated bond lengths [Å] of S0, T1 (UDFT), T1 (TDDFT) and S1 (TDDFT) of the closed butterfly 
structure of Cu4I4(4-Me)2 ((TD)DFT/B3LYP/def2-TZVP/D3-BJ). 

 
S0 T1 (UDFT) T1 (TDDFT) S1 (TDDFT) 

Cu1-N1 2.060 2.068 2.014 2.028 

N1-C1 1.346 1.348 1.350 1.349 

C1-P1 1.832 1.821 1.831 1.833 

P1-Cu2 2.273 2.261 2.261 2.264 

Cu1-Cu2 2.896 2.636 2.701 2.689 

Cu2-Cu1' 2.789 2.498 2.620 2.615 

Cu1-Ip1 2.665 2.732 3.151 3.079 

Cu2-Ip2 2.569 2.609 2.595 2.603 

Cu1-Io1 2.565 2.629 2.567 2.576 

Cu2-Io1 4.150 4.181 4.279 4.265 

Cu1-Io2 4.055 4.013 4.267 4.246 

Cu2-Io2 2.644 2.662 2.841 2.829 

Cu1-Cu1' 2.787 2.595 2.574 2.554 

Cu2-Cu2' 2.839 2.524 2.568 2.562 

 

    

φ Cu1-Cu2-Cu1'-Cu2' 68.8 69.1 68.0 64.5 

 

    

C1-C2 1.385 1.385 1.384 1.385 

C2-C3 1.395 1.394 1.395 1.394 

C3-C4 1.391 1.393 1.392 1.393 

C4-C5 1.386 1.384 1.384 1.383 

C5-N1 1.335 1.337 1.336 1.336 

C3-CMe 1.500 1.500 1.499 1.500 

 

    

Cu1'-N1' 2.076 2.066 2.090 2.093 

N1'-C1' 1.344 1.346 1.345 1.345 

C1'-P1' 1.833 1.835 1.824 1.823 

P1'-Cu2' 2.267 2.259 2.274 2.262 

Cu1'-Cu2' 2.873 2.703 2.664 2.670 

Cu2'-Cu1 2.818 2.591 2.534 2.530 

Cu1'-Ip2 2.589 2.760 2.654 2.657 

Cu2'-Ip1 2.612 2.626 2.599 2.597 

Cu1'-Io1 2.630 2.686 2.727 2.729 

Cu2'-Io1 4.631 4.541 4.479 4.509 

Cu1'-Io2 4.631 4.642 4.645 4.645 

Cu2'-Io2 2.584 2.732 2.614 2.607 

 

    

C1'-C2' 1.387 1.387 1.385 1.385 

C2'-C3' 1.394 1.394 1.393 1.393 

C3'-C4' 1.392 1.392 1.393 1.393 

C4'-C5' 1.385 1.385 1.384 1.384 

C5'-N1' 1.336 1.336 1.336 1.337 

C3'-CMe' 1.500 1.500 1.500 1.500 
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Table S24. Calculated S0 and T1 bond length differences [Å] of the closed butterfly (cBF) and Ci 
symmetrical structures of Cu4I4(4-Me)2 ((TD)DFT/B3LYP/def2-TZVP/D3-BJ). 

  

Atoms Difference S0(cBF) – T1(Ci) Difference S0(cBF) – T1(cBF) 
Cu1-N1 0.079 0.012 
N1-C1 −0.062 −0.003 
C1-P1 0.070 0.004 
P1-Cu2 −0.008 −0.012 
Cu1-Cu2 0.207 0.102 
Cu2-Cu1' −0.059 −0.058 
Cu1-Ip1 0.006 −0.477 
Cu2-Ip2 0.062 0.093 
Cu1-Io1 0.238 1.230 
Cu2-Io1 −0.080 −1.458 
Cu1-Io2 0.028 −1.660 
Cu2-Io2 −0.033 −0.095 
Cu1-Cu1' 0.233 1.911 
Cu2-Cu2' −0.391 0.386 
   
φ Cu1-Cu2-Cu1'-Cu2'[°] 2.1 112.1 
   
C1-C2 −0.013 0.002 
C2-C3 0.019 0.000 
C3-C4 −0.048 0.000 
C4-C5 0.018 0.000 
C5-N1 −0.014 0.001 
C3-CMe 0.005 0.001 
   
Cu1'-N1' −0.003 −0.064 
N1'-C1' −0.001 0.002 
C1'-P1' 0.001 0.011 
P1'-Cu2' −0.004 −0.025 
Cu1'-Cu2' −0.072 0.139 
Cu2'-Cu1 −0.179 0.028 
Cu1'-Ip2 −0.007 0.020 
Cu2'-Ip1 0.054 0.089 
Cu1'-Io1 0.257 1.070 
Cu2'-Io1 −0.044 −1.658 
Cu1'-Io2 0.013 −2.038 
Cu2'-Io2 0.065 0.132 
   
C1'-C2' 0.001 0.001 
C2'-C3' 0.000 0.002 
C3'-C4' 0.001 −0.001 
C4'-C5' −0.001 0.000 
C5'-N1' 0.000 0.001 
C3'-CMe' 0.001 0.000 
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Cu4I4(6-Me)2

Table S25. Calculated S0 bond lengths [Å] of the Ci symmetrical structure of Cu4I4(6-Me)2 (DFT/B3LYP-
D3(BJ)/def2-TZVP).

Atoms S0

Cu1-N1 2.041
N1-C1 1.346
C1-P1 1.845
P1-Cu2 2.256
Cu1-Cu2 2.719
Cu2-Cu1' 2.609
Cu1-Ip1 2.607
Cu2-Ip2 2.691
Cu1-Io1 2.643
Cu2-Io1 2.676
Cu1-Io2 3.954
Cu2-Io2 2.930
Cu1-Cu1' 4.590
Cu2-Cu2' 2.707

φ Cu1-Cu2-Cu1'-Cu2' 180.0

C1-C2 1.389
C2-C3 1.385
C3-C4 1.385
C4-C5 1.392
C5-N1 1.349
C5-CMe 1.4955 Me

Figure S101. Ci symmetrical structure of Cu4I4(6-Me)2 (DFT/B3LYP-D3(BJ)/def2-TZVP).
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Figure S102. Open (oBF, top) and closed butterfly (cBF, bottom) structures of 
Cu4I4(6-Me)2 (DFT/B3LYP-D3(BJ)/def2-TZVP). 
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Table S26. Calculated bond lengths [Å] of S0, T1 (TDDFT) and S1 (TDDFT) of the open butterfly structure of 
Cu4I4(6-Me)2 ((TD)DFT/B3LYP-D3(BJ)/def2-TZVP). 

 
S0 T1 (UDFT) T1 (TDDFT) S1 (TDDFT) 

Cu1-N1 2.075 - 1.987 1.992 

N1-C1 1.35 - 1.405 1.403 

C1-P1 1.838 - 1.778 1.779 

P1-Cu2 2.262 - 2.271 2.278 

Cu1-Cu2 2.807 - 2.778 2.715 

Cu2-Cu1' 2.616 - 2.909 2.777 

Cu1-Ip1 2.698 - 2.654 2.715 

Cu2-Ip2 2.623 - 2.63 2.628 

Cu1-Io1 2.617 - 2.588 2.626 

Cu2-Io1 3.457 - 3.707 3.679 

Cu1-Io2 3.431 - 3.521 3.432 

Cu2-Io2 2.623 - 2.629 2.645 

Cu1-Cu1' 3.704 - 3.641 3.668 

Cu2-Cu2' 2.836 - 2.848 2.849 

 

    

φ Cu1-Cu2-Cu1'-Cu2' 103.3 - 97.7 99.7 

 

    

C1-C2 1.386 - 1.387 1.388 

C2-C3 1.388 - 1.382 1.382 

C3-C4 1.382 - 1.427 1.427 

C4-C5 1.395 - 1.371 1.373 

C5-N1 1.346 - 1.365 1.362 

C5-CMe 1.494 - 1.498 1.499 

 

    

Cu1'-N1' 2.066 - 2.079 2.082 

N1'-C1' 1.344 - 1.343 1.345 

C1'-P1' 1.834 - 1.833 1.832 

P1'-Cu2' 2.258 - 2.256 2.257 

Cu1'-Cu2' 2.891 - 2.806 2.799 

Cu2'-Cu1 2.686 - 2.909 2.869 

Cu1'-Ip2 2.569 - 2.541 2.539 

Cu2'-Ip1 2.624 - 2.671 2.686 

Cu1'-Io1 2.585 - 2.618 2.624 

Cu2'-Io1 3.694 - 3.759 3.738 

Cu1'-Io2 4.503 - 4.501 4.524 

Cu2'-Io2 2.645 - 2.564 2.555 

 

    

C1'-C2' 1.386 - 1.386 1.385 

C2'-C3' 1.39 - 1.39 1.39 

C3'-C4' 1.384 - 1.384 1.384 

C4'-C5' 1.394 - 1.394 1.395 

C5'-N1' 1.341 - 1.34 1.341 

C5'-CMe' 1.495 - 1.496 1.496 
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Table S27. Calculated bond lengths [Å] of T1 (UDFT), T1 (TDDFT) and S1 (TDDFT) of the closed butterfly 
structure of Cu4I4(6-Me)2 ((TD)DFT/B3LYP-D3(BJ)/def2-TZVP). 

 
S0 T1 (UDFT) T1 (TDDFT) S1 (TDDFT) 

Cu1-N1 - 2.110 2.115 2.118 

N1-C1 - 1.350 1.349 1.350 

C1-P1 - 1.823 1.824 1.823 

P1-Cu2 - 2.255 2.253 2.246 

Cu1-Cu2 - 2.646 2.679 2.674 

Cu2-Cu1' - 2.505 2.509 2.514 

Cu1-Ip1 - 2.787 2.786 2.792 

Cu2-Ip2 - 2.604 2.585 2.576 

Cu1-Io1 - 2.625 2.625 2.631 

Cu2-Io1 - 4.179 4.163 4.175 

Cu1-Io2 - 3.914 3.924 3.934 

Cu2-Io2 - 2.657 2.644 2.638 

Cu1-Cu1' - 2.659 2.643 2.629 

Cu2-Cu2' - 2.480 2.499 2.507 

 

    

φ Cu1-Cu2-Cu1'-Cu2' - 70.9 70.2 70.0 

 

    

C1-C2 - 1.383 1.383 1.383 

C2-C3 - 1.389 1.390 1.390 

C3-C4 - 1.383 1.382 1.382 

C4-C5 - 1.396 1.396 1.397 

C5-N1 - 1.344 1.343 1.343 

C5-CMe - 1.494 1.494 1.494 

 

    

Cu1'-N1' - 2.099 2.086 2.092 

N1'-C1' - 1.347 1.348 1.348 

C1'-P1' - 1.837 1.837 1.837 

P1'-Cu2' - 2.25 2.246 2.253 

Cu1'-Cu2' - 2.675 2.670 2.665 

Cu2'-Cu1 - 2.57 2.580 2.571 

Cu1'-Ip2 - 2.826 2.884 2.899 

Cu2'-Ip1 - 2.587 2.583 2.589 

Cu1'-Io1 - 2.684 2.675 2.679 

Cu2'-Io1 - 4.462 4.489 4.493 

Cu1'-Io2 - 4.67 4.660 4.650 

Cu2'-Io2 - 2.755 2.769 2.766 

 

    

C1'-C2' - 1.386 1.386 1.386 

C2'-C3' - 1.389 1.389 1.389 

C3'-C4' - 1.382 1.382 1.382 

C4'-C5' - 1.396 1.395 1.396 

C5'-N1' - 1.343 1.344 1.344 

C5'-CMe' - 1.494 1.494 1.494 
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Table S28. Calculated S0 and T1 bond length differences [Å] of the open and closed butterfly structures 
of Cu4I4(6-Me)2 ((TD)DFT/B3LYP-D3(BJ)/def2-TZVP). 

  

Atoms Difference S0(oBF) – T1(oBF i) Difference S0(oBF) – T1(cBF ) 
Cu1-N1 0.088 −0.040 
N1-C1 −0.055 0.001 
C1-P1 0.060 0.014 
P1-Cu2 −0.009 0.009 
Cu1-Cu2 0.029 0.128 
Cu2-Cu1' −0.293 0.107 
Cu1-Ip1 0.044 −0.088 
Cu2-Ip2 −0.007 0.038 
Cu1-Io1 0.029 −0.008 
Cu2-Io1 −0.250 −0.706 
Cu1-Io2 −0.090 −0.493 
Cu2-Io2 −0.006 −0.021 
Cu1-Cu1' 0.063 1.061 
Cu2-Cu2' −0.012 0.337 
   
φ Cu1-Cu2-Cu1'-Cu2' [°] 5.6 33.1 
   
C1-C2 −0.001 0.003 
C2-C3 0.006 −0.002 
C3-C4 −0.045 0.000 
C4-C5 0.024 −0.001 
C5-N1 −0.019 0.003 
C5-CMe −0.004 0.000 
   
Cu1'-N1' −0.013 −0.020 
N1'-C1' 0.001 −0.004 
C1'-P1' 0.001 −0.003 
P1'-Cu2' 0.002 0.012 
Cu1'-Cu2' 0.085 0.221 
Cu2'-Cu1 −0.223 0.106 
Cu1'-Ip2 0.028 −0.315 
Cu2'-Ip1 −0.047 0.041 
Cu1'-Io1 −0.033 −0.090 
Cu2'-Io1 −0.065 −0.795 
Cu1'-Io2 0.002 −0.157 
Cu2'-Io2 0.081 −0.124 
   
C1'-C2' 0.000 0.000 
C2'-C3' 0.000 0.001 
C3'-C4' 0.000 0.002 
C4'-C5' 0.000 −0.001 
C5'-N1' 0.001 −0.003 
C5'-CMe' −0.001 0.001 
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Figure S103. Ci symmetrical (top) and open butterfly (oBF, bottom) 
structures of Cu4Br4(6-Me)2 (DFT/B3LYP-D3(BJ)/def2-TZVP). 

Cu4Br4(6-Me)2 
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Figure S104. Closed butterfly (cBF) structure of Cu4Br4(6-Me)2 (DFT/B3LYP-
D3(BJ)/def2-TZVP). 
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Table S29. Calculated bond lengths [Å] of S0, T1 (UDFT), T1 (TDDFT) and S1 (TDDFT) of the Ci symmetrical 
structure of Cu4Br4(6-Me)2  ((TD)DFT/B3LYP-D3(BJ)/def2-TZVP). 

 
S0 T1 (UDFT) T1 (TDDFT) S1 (TDDFT) 

Cu1-N1 2.103 2.023 2.009 1.973 

N1-C1 1.344 1.349 1.347 1.372 

C1-P1 1.845 1.839 1.835 1.815 

P1-Cu2 2.261 2.253 2.243 2.255 

Cu1-Cu2 2.692 2.732 2.809 2.951 

Cu2-Cu1' 2.725 3.034 3.107 2.971 

Cu1-Brp1 2.395 2.400 2.368 2.343 

Cu2-Brp2 2.456 2.544 2.565 2.545 

Cu1-Bro1 4.354 3.471 3.857 3.947 

Cu2-Bro1 3.768 2.586 2.624 2.611 

Cu1-Bro2 2.403 2.582 2.553 2.549 

Cu2-Bro2 2.455 2.478 2.487 2.567 

Cu1-Cu1' 4.379 4.978 5.108 5.116 

Cu2-Cu2' 3.188 3.021 3.141 2.971 

 

    

φ Cu1-Cu2-Cu1'-Cu2' 180.0 154.4 173.9 180.0 

 

    

C1-C2 1.388 1.388 1.386 1.384 

C2-C3 1.388 1.387 1.389 1.389 

C3-C4 1.385 1.384 1.384 1.405 

C4-C5 1.392 1.393 1.393 1.380 

C5-N1 1.343 1.348 1.344 1.357 

C5-CMe 1.496 1.496 1.495 1.498 

 

    

Cu1'-N1' 2.103 1.898 1.938 1.973 

N1'-C1' 1.344 1.402 1.403 1.372 

C1'-P1' 1.845 1.791 1.799 1.815 

P1'-Cu2' 2.261 2.241 2.245 2.255 

Cu1'-Cu2' 2.692 3.298 3.228 2.951 

Cu2'-Cu1 2.725 2.821 2.871 2.965 

Cu1'-Brp2 2.395 2.351 2.344 2.343 

Cu2'-Brp1 2.456 2.457 2.480 2.545 

Cu1'-Bro1 2.403 2.44 2.425 2.549 

Cu2'-Bro1 2.455 2.897 2.741 2.567 

Cu1'-Bro2 4.354 4.506 4.096 3.947 

Cu2'-Bro2 3.768 2.713 2.699 2.611 

 

    

C1'-C2' 1.388 1.384 1.380 1.384 

C2'-C3' 1.388 1.388 1.392 1.389 

C3'-C4' 1.385 1.426 1.425 1.405 

C4'-C5' 1.392 1.364 1.365 1.380 

C5'-N1' 1.343 1.379 1.377 1.357 

C5'-CMe' 1.496 1.496 1.499 1.498 
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Table S30. Calculated bond lengths [Å] of S0, T1 (TDDFT) and S1 (TDDFT) of the open butterfly structure of 
Cu4Br4(6-Me)2 ((TD)DFT/B3LYP-D3(BJ)/def2-TZVP). 

 
S0 T1 (UDFT) T1 (TDDFT) S1 (TDDFT) 

Cu1-N1 2.053 - 1.958 1.981 

N1-C1 1.348 - 1.412 1.409 

C1-P1 1.834 - 1.765 1.766 

P1-Cu2 2.247 - 2.265 2.266 

Cu1-Cu2 2.986 - 2.752 2.712 

Cu2-Cu1' 2.739 - 2.776 2.751 

Cu1-Brp1 2.489 - 2.482 2.489 

Cu2-Brp2 2.431 - 2.445 2.447 

Cu1-Bro1 2.406 - 2.385 2.387 

Cu2-Bro1 3.812 - 3.484 3.454 

Cu1-Bro2 3.897 - 3.745 3.641 

Cu2-Bro2 2.449 - 2.443 2.444 

Cu1-Cu1' 3.293 - 3.645 3.628 

Cu2-Cu2' 2.774 - 2.821 2.842 

 

    

φ Cu1-Cu2-Cu1'-Cu2' 80.8 - 93.1 94.8 

 

    

C1-C2 1.386 - 1.390 1.393 

C2-C3 1.389 - 1.377 1.376 

C3-C4 1.383 - 1.431 1.429 

C4-C5 1.395 - 1.371 1.374 

C5-N1 1.345 - 1.365 1.358 

C5-CMe 1.495 - 1.497 1.498 

 

    

Cu1'-N1' 2.09 - 2.046 2.049 

N1'-C1' 1.344 - 1.345 1.345 

C1'-P1' 1.835 - 1.834 1.834 

P1'-Cu2' 2.241 - 2.236 2.238 

Cu1'-Cu2' 2.941 - 2.958 2.947 

Cu2'-Cu1 2.882 - 3.062 2.998 

Cu1'-Brp2 2.409 - 2.377 2.379 

Cu2'-Brp1 2.429 - 2.440 2.444 

Cu1'-Bro1 2.427 - 2.477 2.475 

Cu2'-Bro1 4.059 - 3.781 3.727 

Cu1'-Bro2 4.454 - 4.383 4.355 

Cu2'-Bro2 2.452 - 2.429 2.431 

 

    

C1'-C2' 1.386 - 1.385 1.385 

C2'-C3' 1.389 - 1.390 1.390 

C3'-C4' 1.384 - 1.384 1.384 

C4'-C5' 1.395 - 1.394 1.394 

C5'-N1' 1.341 - 1.341 1.341 

C5'-CMe' 1.496 - 1.496 1.496 
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Table S31. Calculated bond lengths [Å] of T1 (UDFT), T1 (TDDFT) and S1 (TDDFT) of the closed butterfly 
structure of Cu4Br4(6-Me)2 ((TD)DFT/B3LYP-D3(BJ)/def2-TZVP). 

 
S0 T1 (UDFT) T1 (TDDFT) S1 (TDDFT) 

Cu1-N1 - 2.081 2.094 2.096 

N1-C1 - 1.350 1.348 1.349 

C1-P1 - 1.821 1.821 1.821 

P1-Cu2 - 2.261 2.264 2.250 

Cu1-Cu2 - 2.688 2.740 2.738 

Cu2-Cu1' - 2.492 2.514 2.513 

Cu1-Brp1 - 2.660 2.644 2.647 

Cu2-Brp2 - 2.440 2.410 2.408 

Cu1-Bro1 - 2.457 2.456 2.458 

Cu2-Bro1 - 4.070 4.061 4.065 

Cu1-Bro2 - 3.833 3.813 3.841 

Cu2-Bro2 - 2.447 2.436 2.438 

Cu1-Cu1' - 2.640 2.626 2.618 

Cu2-Cu2' - 2.475 2.508 2.520 

 

    

φ Cu1-Cu2-Cu1'-Cu2' - 69.6 69.0 68.8 

 

    

C1-C2 - 1.383 1.383 1.383 

C2-C3 - 1.389 1.390 1.390 

C3-C4 - 1.383 1.382 1.382 

C4-C5 - 1.396 1.396 1.397 

C5-N1 - 1.344 1.343 1.344 

C5-CMe - 1.494 1.494 1.494 

 

    

Cu1'-N1' - 2.087 2.075 2.080 

N1'-C1' - 1.346 1.347 1.347 

C1'-P1' - 1.838 1.837 1.837 

P1'-Cu2' - 2.238 2.231 2.380 

Cu1'-Cu2' - 2.691 2.663 2.671 

Cu2'-Cu1 - 2.575 2.576 2.571 

Cu1'-Brp2 - 2.641 2.717 2.711 

Cu2'-Brp1 - 2.404 2.401 2.408 

Cu1'-Bro1 - 2.505 2.500 2.509 

Cu2'-Bro1 - 4.263 4.281 4.295 

Cu1'-Bro2 - 4.499 4.489 4.475 

Cu2'-Bro2 - 2.671 2.697 2.676 

 

    

C1'-C2' - 1.387 1.386 1.387 

C2'-C3' - 1.389 1.389 1.389 

C3'-C4' - 1.383 1.383 1.383 

C4'-C5' - 1.395 1.395 1.395 

C5'-N1' - 1.343 1.343 1.344 

C5'-CMe' - 1.495 1.495 1.495 
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Table S32. Calculated S0 and T1 bond length differences [Å] of the open and closed butterfly structures 
of Cu4Br4(6-Me)2 ((TD)DFT/B3LYP-D3(BJ)/def2-TZVP). 

  

Atoms Difference S0(oBF) – T1( oBF i) Difference S0(oBF) – T1( cBF ) 
Cu1-N1 0.095 −0.041 
N1-C1 −0.064 0.000 
C1-P1 0.069 0.013 
P1-Cu2 −0.018 −0.017 
Cu1-Cu2 0.234 0.246 
Cu2-Cu1' −0.037 0.225 
Cu1-Brp1 0.007 −0.155 
Cu2-Brp2 −0.014 0.021 
Cu1-Bro1 0.021 −0.050 
Cu2-Bro1 0.328 −0.249 
Cu1-Bro2 0.152 0.084 
Cu2-Bro2 0.006 0.013 
Cu1-Cu1' −0.352 0.667 
Cu2-Cu2' −0.047 0.266 
   
φ Cu1-Cu2-Cu1'-Cu2' [°] −12.3 11.800 
   
C1-C2 −0.004 0.003 
C2-C3 0.012 −0.001 
C3-C4 −0.048 0.001 
C4-C5 0.024 −0.001 
C5-N1 −0.020 0.002 
C5-CMe −0.002 0.001 
   
Cu1'-N1' 0.044 0.015 
N1'-C1' −0.001 −0.003 
C1'-P1' 0.001 −0.002 
P1'-Cu2' 0.005 0.010 
Cu1'-Cu2' −0.017 0.278 
Cu2'-Cu1 −0.180 0.306 
Cu1'-Brp2 0.032 −0.308 
Cu2'-Brp1 −0.011 0.028 
Cu1'-Bro1 −0.050 −0.073 
Cu2'-Bro1 0.278 −0.222 
Cu1'-Bro2 0.071 −0.035 
Cu2'-Bro2 0.023 −0.245 
   
C1'-C2' 0.001 0.000 
C2'-C3' −0.001 0.000 
C3'-C4' 0.000 0.001 
C4'-C5' 0.001 0.000 
C5'-N1' 0.000 −0.002 
C5'-CMe' 0.000 0.001 



 

90 
 

Figure S105. Ci symmetrical (top) and open butterfly (oBF, bottom) 
structures of Cu4Cl4(6-Me)2 (DFT/B3LYP-D3(BJ)/def2-TZVP). 
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Figure S106. Closed butterfly (cBF) structure of Cu4Cl4(6-Me)2 (DFT/B3LYP-
D3(BJ)/def2-TZVP). 
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Table S 33. Calculated bond lengths [Å] of S0, T1 (UDFT), T1 (TDDFT) and S1 (TDDFT) of the Ci symmetrical 
structure of Cu4Cl4(6-Me)2 ((TD)DFT/B3LYP-D3(BJ)/def2-TZVP). 

 
S0 T1 (UDFT) T1 (TDDFT) S1 (TDDFT) 

Cu1-N1 1.987 1.924 1.958 1.970 

N1-C1 1.349 1.410 1.374 1.372 

C1-P1 1.835 1.754 1.817 1.817 

P1-Cu2 2.234 2.256 2.228 2.236 

Cu1-Cu2 3.042 3.206 3.026 3.034 

Cu2-Cu1' 2.927 2.822 3.033 3.023 

Cu1-Clp1 2.213 2.211 2.223 2.204 

Cu2-Clp2 2.403 2.395 2.374 2.396 

Cu1-Clo1 3.907 3.197 3.863 3.899 

Cu2-Clo1 2.495 2.372 2.552 2.509 

Cu1-Clo2 2.537 3.130 2.359 2.429 

Cu2-Clo2 2.444 2.275 2.452 2.448 

Cu1-Cu1' 5.226 5.158 5.130 5.211 

Cu2-Cu2' 2.885 2.767 3.225 3.087 

 

    

φ Cu1-Cu2-Cu1'-Cu2' 180.0 143.7 180.0 180.0 

 

    

C1-C2 1.387 1.414 1.381 1.383 

C2-C3 1.388 1.367 1.392 1.390 

C3-C4 1.385 1.428 1.404 1.404 

C4-C5 1.392 1.374 1.378 1.380 

C5-N1 1.344 1.363 1.363 1.357 

C5-CMe 1.496 1.501 1.497 1.498 

 

    

Cu1'-N1' 1.987 1.981 1.958 1.970 

N1'-C1' 1.349 1.349 1.374 1.372 

C1'-P1' 1.835 1.836 1.817 1.817 

P1'-Cu2' 2.234 2.232 2.228 2.236 

Cu1'-Cu2' 3.042 3.178 3.026 3.034 

Cu2'-Cu1 2.927 2.956 3.033 3.023 

Cu1'-Clp2 2.213 2.216 2.223 2.204 

Cu2'-Clp1 2.403 2.325 2.374 2.396 

Cu1'-Clo1 2.537 2.523 2.359 2.429 

Cu2'-Clo1 2.444 2.636 2.452 2.448 

Cu1'-Clo2 3.907 4.232 3.863 3.899 

Cu2'-Clo2 2.495 2.472 2.552 2.509 

 

    

C1'-C2' 1.387 1.386 1.381 1.383 

C2'-C3' 1.388 1.389 1.392 1.390 

C3'-C4' 1.385 1.385 1.404 1.404 

C4'-C5' 1.392 1.392 1.378 1.380 

C5'-N1' 1.344 1.343 1.363 1.357 

C5'-CMe' 1.496 1.496 1.497 1.498 
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Table S34. Calculated bond lengths [Å] of S0, T1 (TDDFT) and S1 (TDDFT) of the open butterfly structure of 
Cu4Cl4(6-Me)2 ((TD)DFT/B3LYP-D3(BJ)/def2-TZVP). 

 
S0 T1 (UDFT) T1 (TDDFT) S1 (TDDFT) 

Cu1-N1 2.051 - 1.941 1.975 

N1-C1 1.347 - 1.408 1.409 

C1-P1 1.835 - 1.789 1.769 

P1-Cu2 2.235 - 2.238 2.254 

Cu1-Cu2 3.026 - 3.132 2.776 

Cu2-Cu1' 2.782 - 3.072 2.857 

Cu1-Clp1 2.357 - 2.278 2.328 

Cu2-Clp2 2.297 - 2.328 2.319 

Cu1-Clo1 2.259 - 2.205 2.228 

Cu2-Clo1 3.785 - 3.740 3.392 

Cu1-Clo2 3.954 - 4.243 3.703 

Cu2-Clo2 2.316 - 2.319 2.313 

Cu1-Cu1' 3.169 - 3.658 3.612 

Cu2-Cu2' 2.762 - 2.854 2.883 

 

    

φ Cu1-Cu2-Cu1'-Cu2' 75.5 - 82.1 91.0 

 

    

C1-C2 1.386 - 1.380 1.393 

C2-C3 1.389 - 1.389 1.376 

C3-C4 1.383 - 1.427 1.429 

C4-C5 1.395 - 1.365 1.374 

C5-N1 1.344 - 1.377 1.358 

C5-CMe 1.495 - 1.498 1.498 

 

    

Cu1'-N1' 2.086 - 2.018 2.023 

N1'-C1' 1.344 - 1.346 1.346 

C1'-P1' 1.835 - 1.835 1.834 

P1'-Cu2' 2.232 - 2.225 2.226 

Cu1'-Cu2' 2.976 - 2.939 2.972 

Cu2'-Cu1 2.915 - 3.329 3.065 

Cu1'-Clp2 2.270 - 2.217 2.232 

Cu2'-Clp1 2.293 - 2.334 2.315 

Cu1'-Clo1 2.309 - 2.464 2.412 

Cu2'-Clo1 4.047 - 3.894 3.697 

Cu1'-Clo2 4.332 - 4.299 4.210 

Cu2'-Clo2 2.317 - 2.273 2.290 

 

    

C1'-C2' 1.387 - 1.385 1.385 

C2'-C3' 1.389 - 1.390 1.390 

C3'-C4' 1.384 - 1.383 1.384 

C4'-C5' 1.395 - 1.394 1.394 

C5'-N1' 1.342 - 1.342 1.342 

C5'-CMe' 1.496 - 1.496 1.496 
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Table S35. Calculated bond lengths [Å] of T1 (UDFT), T1 (TDDFT) and S1 (TDDFT) of the closed butterfly 
structure of Cu4Cl4(6-Me)2 ((TD)DFT/B3LYP-D3(BJ)/def2-TZVP). 

 
S0 T1 (UDFT) T1 (TDDFT) S1 (TDDFT) 

Cu1-N1 - 2.072 2.069 2.082 

N1-C1 - 1.349 1.348 1.348 

C1-P1 - 1.828 1.832 1.820 

P1-Cu2 - 2.233 2.224 2.256 

Cu1-Cu2 - 2.659 2.642 2.814 

Cu2-Cu1' - 2.476 2.569 2.532 

Cu1-Clp1 - 2.411 2.397 2.525 

Cu2-Clp2 - 2.552 2.640 2.273 

Cu1-Clo1 - 2.398 2.443 2.313 

Cu2-Clo1 - 4.046 4.132 3.971 

Cu1-Clo2 - 4.175 3.902 3.818 

Cu2-Clo2 - 2.446 2.275 2.272 

Cu1-Cu1' - 2.631 2.633 2.625 

Cu2-Cu2' - 2.551 2.579 2.555 

 

    

φ Cu1-Cu2-Cu1'-Cu2' - 70.0 69.7 68.4 

 

    

C1-C2 - 1.386 1.387 1.383 

C2-C3 - 1.389 1.388 1.390 

C3-C4 - 1.384 1.384 1.383 

C4-C5 - 1.395 1.394 1.396 

C5-N1 - 1.345 1.344 1.344 

C5-CMe - 1.494 1.494 1.494 

 

    

Cu1'-N1' - 2.017 2.020 2.075 

N1'-C1' - 1.345 1.344 1.348 

C1'-P1' - 1.848 1.851 1.835 

P1'-Cu2' - 2.242 2.245 2.224 

Cu1'-Cu2' - 2.718 2.734 2.665 

Cu2'-Cu1 - 2.616 2.604 2.572 

Cu1'-Clp2 - 2.318 2.289 2.544 

Cu2'-Clp1 - 2.319 2.329 2.256 

Cu1'-Clo1 - 2.343 2.328 2.376 

Cu2'-Clo1 - 4.038 4.014 4.119 

Cu1'-Clo2 - 4.175 4.180 4.364 

Cu2'-Clo2 - 2.446 2.413 2.689 

 

    

C1'-C2' - 1.387 1.387 1.387 

C2'-C3' - 1.388 1.388 1.388 

C3'-C4' - 1.384 1.383 1.384 

C4'-C5' - 1.393 1.393 1.394 

C5'-N1' - 1.342 1.340 1.344 

C5'-CMe' - 1.495 1.494 1.495 
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Table S36. Calculated S0 and T1 bond length differences [Å] of the open and closed butterfly structures 
of Cu4Cl4(6-Me)2 ((TD)DFT/B3LYP-D3(BJ)/def2-TZVP). 

 

Atoms Difference S0(oBF) – T1( oBF i) Difference S0(oBF) – T1( cBF ) 
Cu1-N1 0.110 −0.018 
N1-C1 −0.061 −0.001 
C1-P1 0.046 0.003 
P1-Cu2 −0.003 0.011 
Cu1-Cu2 −0.106 0.384 
Cu2-Cu1' −0.290 0.213 
Cu1-Clp1 0.079 −0.040 
Cu2-Clp2 −0.031 −0.343 
Cu1-Clo1 0.054 −0.184 
Cu2-Clo1 0.045 −0.347 
Cu1-Clo2 −0.289 0.052 
Cu2-Clo2 −0.003 0.041 
Cu1-Cu1' −0.489 0.536 
Cu2-Cu2' −0.092 0.183 
   
φ Cu1-Cu2-Cu1'-Cu2' [°] −6.6 5.8 
   
C1-C2 0.006 −0.001 
C2-C3 0.000 0.001 
C3-C4 −0.044 −0.001 
C4-C5 0.030 0.001 
C5-N1 −0.033 0.000 
C5-CMe −0.003 0.001 
   
Cu1'-N1' 0.068 0.066 
N1'-C1' −0.002 0.000 
C1'-P1' 0.000 −0.016 
P1'-Cu2' 0.007 −0.013 
Cu1'-Cu2' 0.037 0.242 
Cu2'-Cu1 −0.414 0.311 
Cu1'-Clp2 0.053 −0.019 
Cu2'-Clp1 −0.041 −0.036 
Cu1'-Clo1 −0.155 −0.019 
Cu2'-Clo1 0.153 0.033 
Cu1'-Clo2 0.033 0.152 
Cu2'-Clo2 0.044 −0.096 
   
C1'-C2' 0.002 0.000 
C2'-C3' −0.001 0.001 
C3'-C4' 0.001 0.001 
C4'-C5' 0.001 0.002 
C5'-N1' 0.000 0.002 
C5'-CMe' 0.000 0.002 
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and Ru(II)-based Photosensitizers with Long-Lived Triplet States 
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the complex and performed the analytical characterization, supervised by Michael Karnahl. Wolfgang 

Frey solved the X-ray structure. Yingya Yang conducted the electrochemical studies and was 
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ABSTRACT: Ru(II)- and Cu(I)-based photosensitizers featuring
the recently developed biipo ligand (16H-benzo-[4′,5′]-isoquino-
lino-[2′,1′,:1,2]-imidazo-[4,5-f ]-[1,10]-phenanthrolin-16-one)
were comprehensively investigated by X-ray crystallography,
electrochemistry, and especially several time-resolved spectro-
scopic methods covering all time scales from femto- to milli-
seconds. The analysis of the experimental results is supported by
density functional theory (DFT) calculations. The biipo ligand
consists of a coordinating 1,10-phenanthroline moiety fused with a
1,8-naphthalimide unit, which results in an extended π-system with
an incorporated electron acceptor moiety. In a previous study, it
was shown that this ligand enabled a Ru(II) complex that is an
efficient singlet oxygen producer and of potential use for other
light-driven applications due to its long emission lifetime. The goal of our here presented research is to provide a full spectroscopic
picture of the processes that follow optical excitation. Interestingly, the Ru(II) and Cu(I) complexes differ in their characteristics
even though the lowest electronically excited states involve in both cases the biipo ligand. The combined spectroscopic results
indicate that an emissive 3MLCT state and a rather dark 3LC state are populated, each to some extent. For the Cu(I) complex, most
of the excited population ends up in the 3LC state with an extraordinary lifetime of 439 μs in the solid state at 20 K, while a
significant population of the 3MLCT state causes luminescence for the Ru(II) complex. Hence, there is a balance between these two
states, which can be tuned by altering the metal center or even by thermal energy, as suggested by the temperature-dependent
experiments.

■ INTRODUCTION

In the context of the strongly growing importance of green
chemistry, one goal is to replace industrial processes based on
fossil raw materials by more sustainable and environmentally
benign alternatives.1−5 A promising concept in this direction is
the development of photocatalytic routes using the almost
unlimited energy of the sun.1,6−11

The first step in typical photocatalytic cycles is the excitation
of a photosensitizer by the absorption of a photon.12,13 While
traditionally applied, photosensitizers are often based on noble
4d and 5d metals, especially those with a low-spin d6

configuration.10,14−16 Research is currently aiming to overcome
these rare and expensive metals. To achieve this goal,
photocatalytic systems are being developed, that rely on
organic chromophores17,18 or more abundant 3d metals.19−24

Especially heteroleptic Cu(I) complexes, consisting of a
diphosphine and a diimine ligand, can combine the key
properties of long excited state lifetimes and high quantum
yields.22,25−30 They also demonstrated their capacity to

outperform their Ir(III)- and Ru(II)-based competitors in
certain photocatalytic applications.31−35

Naphthalene imides or diimides are interesting structural
motives that commonly appear in organic electronics36−38 and
light-involving applications, such as organic light emitting
diodes (OLEDs),39 organic photovoltaics,40 or fluorescence
imaging.41 They combine several beneficial properties such as
high stability, high electron mobility, and the ability to take up
electrons.38,42 Furthermore, there are various examples in the
literature of naphthalene imide units linked to the backbone of
an electron acceptor ligand. In comparison to unsubstituted
ligands, they significantly increase the excited state lifetimes of
the resulting metal complexes.43−47 In a recent study, a novel
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1,10-phenanthroline-derived ligand was presented, where a
naphthalene imide unit was directly fused to the backbone of
the phenanthroline core, resulting in 16H-benzo[4′,5′]-
isoquinolino[2′,1′:1,2]imidazo[4,5-f ]-[1,10]-phenanthrolin-
16-one (biipo).48 The fully conjugated biipo ligand (Figure 1)

is characterized by a coplanar orientation of the two ligand
elements and a high overall rigidity. Based on this ligand, the
heteroleptic Ru(II) complex [(tbbpy)2Ru(biipo)](PF6)2
(Rubiipo) consisting of one biipo as well as two 4,4′-bis-
tert-butyl-2,2′-bipyridine (tbbpy) ligands was synthesized and
characterized (Figure 1).48 The introduction of the fused
naphthalene imide unit hereby led to an increased emission
lifetime of 1.7 and 24.7 μs in an oxygen-free acetonitrile
solution and an improved activity in the light-driven
production of singlet oxygen.48

As the development of noble metal free photosensitizers is of
great interest,10,11,23,24 we aimed for the preparation of the
related heteroleptic Cu(I) complex [(xant)Cu(biipo)]PF6

(Cubiipo) with xant = xantphos (Figure 1).
Besides the introduction of the new complex Cubiipo, the

present study focuses on detailed time-resolved spectroscopic
investigations to analyze the electron transfer processes and
excited state dynamics that follow electronic excitation with
UV/vis light. To achieve this goal, the spectroscopic data and
theoretical results of Cubiipo, Rubiipo, as well as the biipo
ligand, labeled by the colors blue, red, and black, respectively,
throughout this work were compared. Beyond steady-state
UV/vis absorption spectroscopy and cyclic voltammetry, the
following time-resolved methods were applied: time-resolved
emission spectroscopy, UV/vis transient absorption spectros-
copy with nano- and femtosecond time resolution as well as
transient step-scan FTIR spectroscopy (time resolution of up
to 20 ns). In addition, temperature-dependent measurements
of solid samples (i.e., KBr pellets) were conducted to identify
energy barriers. The interpretation of the results is supported
by performing geometry optimizations and harmonic fre-
quency calculations for the ground and electronically excited
state structures using density functional theory (i.e., DFT,
UDFT, and (TD)DFT calculations). Finally, an extended
Jablonski term scheme for both complexes is presented, which
is in good accordance with all experimental findings.

■ EXPERIMENTAL SECTION

The heteroleptic Cu(I) complex [(xant)Cu(biipo)]PF6 (Cubiipo)
(Figure 1) was synthesized by a one-pot, two-step procedure, that was
slightly modified compared to the literature.28,49 Starting from the
[Cu(MeCN)4]PF6 precursor, xantphos is introduced first, by refluxing
the two compounds in dichloromethane under inert conditions.
Hereby the intermediate [(xant)Cu(MeCN)2]

+ is formed. After that,
the diimine ligand needs to be introduced carefully in order to avoid
the displacement of the xantphos ligand.50,51 This is usually achieved
by adding a solution of the diimine ligand dropwise at a decreased
temperature.49 However, this time the synthesis of Cubiipo was

facilitated by taking advantage of the low solubility of the biipo ligand
in nonacidic solvents. This specific attribute of biipo led to a low
concentration of the ligand in solution at any time during the
complexation reaction even though it was added all at once as a solid,
as it is described thoroughly in the Supporting Information (chapter
2). Finally, Cubiipo was obtained as a yellow solid in 61% yield. The
related Ru(II) complex Rubiipo (Figure 1) was synthesized as
previously reported.48 The novel Cubiipo complex was fully
characterized by 1H, 13C, and 31P NMR spectroscopy, high resolution
mass spectrometry (HRMS), elemental analysis, and X-ray diffrac-
tometry. 1H NMR (CD3CN, 500 MHz, 25 °C): δ = 9.94 (d, 1H, J =
8.7, Ar-H), 8.69 (d, 1H, J = 7.4, Ar-H), 8.67 (d, 1H, J = 7.2, Ar-H),
8.60 (d, 1H, J = 4.5, Ar-H), 8.50 (d, 1H, J = 4.4, Ar-H), 8.48 (d, 1H, J
= 8.1, Ar-H), 8.30 (d, 1H, J = 8.1, Ar-H), 7.92−7.80 (m, 4H, Ar-H),
7.63 (dd, 1H, J = 8.2, 4.8, Ar-H), 7.56 (dd, 1H, J = 8.7, 4.7, Ar-H),
7.30−7.22 (m, 6H, Ar-H), 7.16−7.09 (m, 8H, Ar-H), 7.07−6.98 (m,
8H, Ar-H), 6.71−6.66 (m, 2H, Ar-H), 1.83 (s, 3H, CH3), 1.81 (s, 3H,
CH3).

13C NMR (CD3CN, 126 MHz, 25 °C): δ = 160.6, 154.6,
151.2, 148.8, 147.1, 142.3, 141.7, 138.3, 136.4, 136.0, 134.0, 132.7,
132.4, 132.3, 132.1, 132.1, 131.5, 131.1, 131.1, 130.8, 129.7, 129.7,
128.4, 128.4, 127.6, 127.4, 127.2, 127.0, 125.7, 125.2, 124.8, 124.5,
124.0, 123.9, 122.3, 121.8, 119.8, 119.1, 35.7, 27.3, 27.1. 31P NMR
(CD3CN, 202 MHz, 25 °C): δ = −12.5. HRMS (ESI) m/z: calculated
for [M − PF6]

+ [C63H44CuN4O2P2]
2+: 1013.2230; found: 1013.2233.

EA: calculated for C63H44CuF6N4O2P3: C: 65.26, H: 3.83, N: 4.83;
found: C: 65.07, H: 3.81, N: 4.74. Further experimental details and
analytical data are given in the SI (chapters 1 and 3).

■ RESULTS AND DISCUSSION

Structural Characterization. Single crystals of Cubiipo
suitable for X-ray crystallography were obtained by layering a
solution of the complex in dichloromethane with ethanol and
n-hexane. The structural analysis (Figures 2, S3 and S4)

revealed a distorted tetrahedral geometry around the copper
center, which is characteristic for this kind of heteroleptic
Cu(I) complexes and is mainly caused by the large bite angle
and steric demand of the xantphos ligand.29,52−54 The crystal
structure analysis also confirmed the high overall planarity of
the biipo ligand. The observed bond lengths (e.g., Cu−N1 =
203.2(10) pm and Cu−P1 = 222.0(1) pm) and angles (e.g.,
N1−Cu−N2 = 80.5(3)° and N1−Cu−P1 = 125.9(4)°) of
Cubiipo are in the same range as in previously described
heteroleptic [(P^P)Cu(N^N)]+ complexes.28,53,54 Further-
more, the crystal structure analysis of Cubiipo (Figure 2)
reveals a similar geometrical disorder as in Rubiipo.48 This
disorder is mainly caused by the unsymmetrical biipo ligand,

Figure 1. Structural formulas of the investigated photosensitizers
Cubiipo (blue) and Rubiipo (red).

Figure 2. Solid-state structure (ORTEP representation) of Cubiipo
with thermal ellipsoids at a probability level of 50%. Hydrogen atoms,
the counteranion, and solvent molecules are omitted for clarity.
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which can be present in one out of two configurations relative
to the other ligands due to the axial chirality of the Ru(tbbpy)2
fragment, and the curvature of the xanthene backbone in the
Cu(I) complex (Figure S3).48,55 Moreover, due to π−π
interactions between neighboring biipo units, Cubiipo tends
toward the formation of stacked dimers in the solid state
(Figure S4). The same observation was also previously
described for Rubiipo48 as well as other copper complexes
containing such diimine ligands with an extended π-
system.56,57 The optimized ground state structures of Cubiipo
and biipo obtained by DFT/B3LYP-D3(BJ)/def2-TZVP) are
almost identical to the crystal structures, as can be seen by a
list of representative bond lengths and angles (Tables S2, S9,
and S10).
Electrochemical Properties. Electrochemical data of

Cubiipo were obtained by cyclic voltammetry in an
acetonitrile solution containing 0.1 M n-Bu4NPF6 as the
supporting electrolyte (Figure S5). The redox properties are
compared with the previously published data of biipo and
Rubiipo.48

Cubiipo shows two reversible reductions at −1.49 and
−2.17 V vs Fc/Fc+ (Figure S6), in accordance with the results
of Rubiipo, where the biipo ligand could also be reduced
twice. The two one-electron reductions can be assigned to the
stepwise reduction of (i) the naphthaloylene moiety and (ii)
the phenanthroline part of the biipo ligand, respectively.
Hence, the extended π-system of the biipo ligand enables an
additional second reduction. Indeed, the calculated spin
density of singly reduced Cubiipo is localized on the
naphthaloylene moiety of the biipo ligand (Figure S34),
confirming that this moiety acts as an additional electron
acceptor unit. The oxidation of Cubiipo (at +0.72 V) was
found to be irreversible, in contrast to the reversible RuII/RuIII

oxidation couple of Rubiipo.48 However, this observation for
Cubiipo is consistent with related heteroleptic [(P^P)Cu-
(N^N)]+ complexes and is most likely caused by a dissociation
of a Cu−P bond, resulting in a decomposition of the Cu(II)
species.50,58−60

Static Absorption and Emission Spectroscopy. The
absorption and emission properties were investigated in an
acetonitrile solution at room temperature, if not stated
otherwise. Rubiipo, Cubiipo, and biipo strongly absorb in
the UV region (Table 1 and Figure 3) with at least three
absorption bands at 285, 325, and 355 nm as common features.
The three compounds also absorb broadly in the visible with
maxima at 406 and 410 nm for Cubiipo and biipo,
respectively, whereas Rubiipo shows an even broader visible
absorption with a double band (λabs,max = 411 and 460 nm). All
in all, Cubiipo exhibits a weaker absorption compared to
Rubiipo but a stronger one compared to the plain biipo ligand.
Thus, the presence and nature of the metal center have an
essential influence on the extinction coefficients (Table 1). The
performed time-dependent DFT (TDDFT) calculations are in
good agreement with the experimental UV/vis spectra and
helped to elucidate the underlying electronic transitions (see
below and SI chapter 5). As recently discovered, the
absorption band of Rubiipo at 460 nm arises mostly from
metal-to-ligand charge transfer (MLCT) transitions between
the Ru(II) center and both tbbpy ligands.48 From the
literature, it is known that in heteroleptic Cu(I) complexes
similar to Cubiipo no electronic transitions between the Cu(I)
center and the xantphos ligand contribute to the UV/vis
absorption.22,56,61 However, the increased extinction coeffi- T
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cients in the visible region of Cubiipo compared to biipo are
caused by additional MLCT transitions to the biipo ligand.
These transitions overlay existing π−π* ligand-centered (LC)
transitions of the biipo ligand between 360 and 460 nm
(Figure S8 and Table S3). This is also the case for related
heteroleptic Cu(I) complexes containing a diimine ligand with
an extended π-system28,61,62 and to a smaller extent for
Rubiipo.48

Under inert conditions, Rubiipo, Cubiipo, and biipo show a
significant emission (Figure 4). While the emission maxima of

Cubiipo (556 nm) and biipo (557 nm) are located at almost
the same wavelength, the maximum of Rubiipo (632 nm) is
clearly red-shifted by around 75 nm (Table 1). Furthermore,
the shape of the emission bands of Cubiipo and biipo appears
to be identical (Figure S12 for the normalized plots). Notably,
both compounds have almost the same emission lifetime in
solution (9.4 and 9.7 ns, see Figure S15 for the plotted time
traces), and the times are insensitive to the presence of O2

(Table 1). For these reasons, we suppose that the emission of
Cubiipo may arise from a small fraction of dissociated biipo
ligand, which is not exceptional for heteroleptic Cu(I)
complexes.50,51,59 This assumption is confirmed by excitation
spectra (Figure S13), where the excitation spectrum of
Cubiipo almost perfectly matches with the static-absorption

spectrum of pure biipo (both in acetonitrile). Furthermore,
this means that Cubiipo does not show emission via thermally
activated delayed fluorescence as reported for many Cu(I)
complexes in the literature.63−65

It is known that in an acetonitrile solution the emission of
Rubiipo decays monoexponentially with a lifetime of 222 ns in
the presence of O2 and, in strong contrast to this,
biexponentially with much longer lifetimes of 1.7 and 24.7
μs in a deaerated solution, illustrating a pronounced oxygen
sensitivity.48 In this report, the emission lifetimes of Rubiipo,
Cubiipo, and biipo were thoroughly studied under various
conditions, i.e., in solution in the presence and the exclusion of
oxygen as well as in the solid state (at 20 to 290 K, see Tables
1 and S4 and Figures S20−S22). In solution, the emission
lifetimes were recorded with a streak camera system (Figures
S24 and S25). The obtained lifetimes are in line with those
obtained previously.48 The biexponential decay in the case of
Rubiipo with two lifetimes in the microsecond range is
assigned to two different phosphorescent triplet states. In
contrast, the short lifetime of a few nanoseconds of biipo (<10
ns) probably results from prompt fluorescence (vide supra).
The efficient light-driven production of singlet oxygen (1O2)

by Rubiipo was in an earlier work indirectly evidenced by
using the singlet oxygen detection agent ABDA (9,10-
anthracenediyl-bis(methylene)dimalonic acid) in combination
with UV/vis spectroscopy.48 This 1O2 formation was now
proved by direct spectroscopic detection of the sharp near-
infrared (NIR) emission band of 1O2 centered at 1285 nm
after irradiation of an aerated Rubiipo solution (Figure 5). A

weak 1O2 emission band was also observed for Cubiipo,
resulting from a less efficient 1O2 production (Figure S16).
However, no NIR emission was found for the biipo ligand,
highlighting the importance of the metal in the photosensitizer.
The assignment of the NIR emission at 1285 nm to 1O2 was
further confirmed by a control experiment, where the addition
of the 1O2 quencher 9-methylanthracene almost completely
annihilates the emission (Figure 5).
The emission of Rubiipo in the solid state (KBr pellet) at

290 K behaves similarly to the luminescence in the solution
with a broad band centered at 662 nm (Figure 6). An
additional shoulder appears at 642 nm, which may be assigned
to the electronic origin transition, while it is probable that the
main maximum corresponds to a low frequency vibrational

Figure 3. Top: Experimental UV/vis absorption spectra (solid lines)
of Rubiipo, Cubiipo, and biipo in acetonitrile. Bottom: Calculated
UV/vis absorption spectra (dashed lines, TDDFT/B3LYP-D3(BJ)/
def2-TZVP).

Figure 4. Emission spectra of Rubiipo (red), Cubiipo (blue), and the
biipo ligand (black) in an acetonitrile solution excited at 388 nm.

Figure 5. Near-infrared emission spectrum of Rubiipo in an
acetonitrile solution under air for an excitation wavelength of 470
nm showing the characteristic emission band of 1O2 at 1285 nm (red
curve). The orange and black curves represent the spectra under the
presence of 9-methylanthracene (50 equiv (orange) and saturated
(black)).
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mode in the electronic ground state (470 cm−1 according to
the luminescence spectrum). At 5 K, the maximum of the main
band is slightly blue-shifted to 653 nm and a prominent
sideband appears at 709 nm (Figure 6), while the shoulder at
642 nm completely disappears. The energy difference of 1210
cm−1 between the main band and the sideband may again
correspond to a vibration in the electronic ground state, which
is supported by a strong vibration at 1257 cm−1 in the ground
state IR spectrum (Figure S24). The same emission pattern
with a main band at 626 nm and a pronounced shoulder at 676
nm (energy difference of 1180 cm−1) was observed in a frozen
butyronitrile solution at 20 K, so that matrix effects are
insignificant here (Figure S20). Furthermore, a surprising
temperature dependency of the integrated area of the
luminescence spectra is observed (Figures 6 and S17), where
the emission increases from 290 to 130 K and decreases when
the sample is further cooled down to 5 K. The most efficient
luminescence at 130 K shows an intensity that is twice as high
as at 290 K. This indicates two competing deactivation
pathways, i.e., a luminescent one and a dark one, with different
relative contributions depending on the temperature (i.e.,
thermal energy). Surprisingly, for Rubiipo, the nonradiative
deactivation dominates at very low temperatures, which is the
first hint for a significant contribution of a dark excited state. In
this context, femto- and nanosecond transient UV/vis
absorption spectroscopy as well as time-resolved FTIR
spectroscopy were performed to analyze not only the
luminescent but also the dark deactivation pathways following
optical excitation (vide inf ra).
The temperature-dependent emission spectra of biipo in

KBr show a broad emission band with a maximum at 562 nm
(290 K), standing in contrast to Rubiipo almost unaffected by
the temperature (Figure S18). The integrated emission
behaves as expected with a continuous increase in intensity

with the temperature decreasing from 290 K down to 5 K. The
rise is more or less linear between 290 and 130 K, before the
slope slightly drops when the sample is further cooled down
(Figure S19). In contrast, in the solid state, Cubiipo exhibits
almost no luminescence, and the spectrum is again nearly
identical to the emission of biipo.
Considering the emission kinetics in the solid state (KBr

pellet), Rubiipo shows a biexponential decay as already
observed in solution. At 290 K, the main component decays
with τ2 = 11.8 μs (contribution of 75%), and the minor
component has a lifetime of τ1 = 0.82 μs (25%, see Tables 1
and S4). The emission lifetimes of solid Rubiipo are only
weakly influenced by the temperature (e.g., τ1 = 0.79 μs and τ2
= 13.6 μs at 5 K, see Figure S21, Tables 1 and S4), in
accordance with the moderate impact of thermal energy on the
integrated emission intensity. The luminescence lifetime of
solid biipo of approximately 1 ns for the main component over
the complete temperature range is assigned to prompt
fluorescence also in the solid state (Figures S22 and S23,
Table S4).

Excited State Dynamics−UV/Vis Femtosecond and
Nanosecond Transient Absorption Spectroscopy. The
ultrafast excited state dynamics of Rubiipo and Cubiipo were
investigated by femtosecond transient absorption (fsTA)
spectroscopy applying the second harmonic of a Ti:sapphire
pump system for excitation at 400 nm and a white light
continuum covering the visible spectral range for probing.66

The fsTA spectra of Rubiipo dissolved in acetonitrile show a
pronounced excited state absorption (ESA, Figure 7, top) and
below 475 nm, i.e., in the region of the ground state bleach
(GSB), a negative band. Within 200 ps, the negative signal

Figure 6. Top: Emission spectra of Rubiipo recorded at temperatures
between 5 and 290 K using an excitation wavelength of 420 nm.
Bottom: Plot of the integrated area of the emission spectra in
dependence of temperature.

Figure 7. Transient absorption spectra (top) and DAS (bottom) of
Rubiipo with excited state lifetimes.
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disappears almost completely, and two ESA bands at 500 and
630 nm, respectively, are formed. A global fit of the fsTA
spectra yields three exponential decay components with the
time constants 0.4, 4.4, and 107 ps as well as a fourth long-
lived component with a lifetime beyond the scanned time
range (>2 ns). The decay associated spectra (DAS) of the
long-lived component (Figure 7, bottom panel) matches
perfectly with the TA spectra obtained in the nanosecond
measurements, demonstrating that in both experiments the
same species is observed.48 Thus, according to Yang et al., the
long-lived component reflects population in a triplet MLCT
state of Rubiipo.48 However, the results discussed below
indicate that a local triplet state of the biipo ligand is also
involved.
The spectral characteristics of the DAS for the 0.4 and 4.4 ps

components are almost identical. Therefore, we suggest that
both lifetimes may describe the same relaxation process, as
explained in more detail below. The DAS of the 0.4 and 4.4 ps
components show both a clear, negative band at 630 nm,
which is essentially a mirror image of the long-lived
component. This indicates that the corresponding process
directly leads to the population of the long-lived 3MLCT state.
We propose that this process is an interligand electron transfer
(IL-ET) from the tbbpy to the biipo ligand. The hypothesis is
motivated by the fact that Rubiipo features two kinds of
MLCT states, one involving the biipo ligand and the other one
involving the tbbpy ligands. According to the ab initio
calculations, the lowest 3MLCT state should be the one with
the electron excited to the biipo ligand, see the section on
step-scan FTIR spectroscopy and, in particular, the calculated
spin density, while the MLCT states based on the tbbpy
ligands strongly contribute to the vertical 1MLCT absorption.
Optical excitation therefore populates primarily the latter
MLCT states. Those can then relax by an electron transfer
from the tbbpy to the biipo ligand and thus to the lowest
3MLCT state. A comparable IL-ET was also found in the
Ru(II) complex [(tbbpy)2Ru(tpphz)]

2+ (tpphz = tetrapyrido-
[3,2-a:2′,3′c:3″,2″,-h:2′′′,3′′′-j]phenazine) with a time con-
stant of 1.2 ps.67 The here observed double-exponential
behavior might result from the fact that Rubiipo comes in two
configurations with different orientations of the biipo ligand
relative to the chiral Ru(tbbpy)2 fragment as concluded from
the X-ray data (vide supra). The two configurations may exhibit
two different rates for IL-ET between the tbbpy and the biipo
ligand, because the rate is sensitive to the distance between the
ligands and their relative orientation.
The third exponential decay component with a time

constant of 107 ps might be related to an electronic relaxation
step between two triplet states involving the biipo ligand. This
suggestion is inspired by literature reports, where comparable
time constants were found for related Ru(II) complexes
containing extended π-systems.68−70 For instance, for
[(tbbpy)2Ru(dppz)]

2+ (dppz = dipyridophenazine), two
exponential components with decay times of 2.4 and 150 ps
and a long-lived one were observed.70 The short time constant
was assigned to thermal equilibration after the very fast ISC
(<200 fs), and the second one was assigned to a charge transfer
within the dppz ligand associated with a relaxation between
two triplet states.70 An analogous process is feasible for the
biipo ligand, as evidenced by further results presented below,
and probably responsible for the 107 ps component.
The fsTA spectra of Cubiipo consist only of ESA features

(Figure 8, top) and reflect the formation and subsequent decay

of two bands at 460 and 560 nm. The ultrafast dynamics is
restricted to the first 50 ps, and thereafter only a weak, broad
absorption persists. Three exponential decay components with
the time constants 0.3, 3.3, and 10 ps as well as a fourth long-
lived contribution (>2 ns) were obtained by a global fit. Just
like for Rubiipo, the DAS (Figure 8, bottom) of the long-lived
component also matches perfectly the TA spectra of the ns
measurements.48 Besides bleach contributions, the spectral
shape of the long-lived contribution of Cubiipo is similar to
Rubiipo. Again, we assign the long-lived contribution to a
3MLCT state based on the biipo ligand. Since the shape of the
corresponding DAS is similar for Rubiipo and Cubiipo and
the same ligand, i.e., biipo seems to be involved in both cases,
it is expected that similar transitions contribute to the DAS.
The small amplitude in the case of Cubiipo indicates that only
a small fraction of the excited molecules ends up in the
3MLCT state.
The three time constants 0.3, 3.3, and 10 ps found for

Cubiipo are comparable to results obtained for similar
phenanthroline-based Cu(I) complexes (i.e., [(xant)Cu(bcp)]+

with bcp = bathocuproine = 2,9-dimethyl-4,7-diphenylphenan-
throline)61 and for those with ligands possessing an extended
π-system such as [(xant)Cu(dmdppz)]+ (dmdppz = 3,6-
dimethyldipyridophenazine) and [(xant)Cu(tmdppz)]+

(tmdppz = 3,6,11,12-tetramethyldipyridophenazine).28,62 We
assume that after photoexcitation of Cubiipo at 400 nm all
excited states relax into the first 1MLCT state on a very short
time scale below our resolution of about 100 fs. This relaxation
is usual for such kinds of Cu(I) complexes.71,72 According to
the literature,61,62,71,72 the next steps are assigned as follows:
the first decay time of 0.3 ps describes a flattening process
(pseudo-Jahn−Teller distortion) of the complex structure that

Figure 8. Transient absorption spectra (top) and DAS (bottom) of
Cubiipo with excited state lifetimes.
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leads to a relaxed 1MLCT state. The second time constant of
3.3 ps reflects the depopulation of this state into a 3MLCT
state via intersystem crossing (ISC). In comparison to
[(xant)Cu(bcp)]+ (7.4 ps), the ISC in Cubiipo seems to be
faster.61 A possible reason could be the absence of the two
methyl groups in the 2,9-position at the phenanthroline
moiety, where steric as well as electron donating effects have to
be considered.61 The third lifetime of 10 ps reflects
depopulation of the 3MLCT state into a weakly absorbing
state. This follows from the fact that the respective DAS is
almost a mirror image of the DAS of the 3.3 ps component.
The 10 ps time probably corresponds to a downstream
relaxation step also observed in [(xant)Cu(dmdppz)]+ (130
ps) and [(xant)Cu(tmdppz)]+ (105 ps).28,62 In a previous
report about [(xant)Cu(dmdppz)]+, this time constant was
assigned to an electron transfer along the π-extended ligand
similar to the one presented above for Rubiipo.28 However, we
prefer a different assignment, which is discussed below.
The behavior of the long-lived states of Rubiipo and

Cubiipo is studied by TA measurements in the nano- and
microsecond range (nsTA) and by time-resolved emission
experiments. The TA spectra of Rubiipo in acetonitrile were
already reported by Yang et al. earlier with a biexponential
decay of the TA signal with decay times of 2.5 and 25.9 μs
under inert conditions.48 Both decay components are very
sensitive to oxygen, and under ambient conditions only one
decay time of 220 ns is observed. Nanosecond TA measure-
ments on Cubiipo in acetonitrile, performed in the present
work, resulted in a decay time of 2.6 μs for the long-lived
absorption under inert conditions (Table 1), which is
quenched by oxygen to 270 ns (Figure S24). As the decay
times and the quenching behavior of Rubiipo and Cubiipo are
almost equal, the responsible states of both compounds seem
to be of the same type. Hence, we propose that it is a ligand
centered triplet (3LC) state of the biipo ligand. This concept is
motivated by the fact that, in the case of Cubiipo, a
depopulation of the 3MLCT state is observed by fsTA and
that we did not detect luminescence from a 3MLCT state.
However, Rubiipo shows luminescence which is characteristic
for a 3MLCT state, and its long-lived TA signal is much
stronger than that of Cubiipo. This might indicate that, in the
case of Rubiipo, a 3MLCT state is involved in addition to the
3LC state. When 3MLCT and 3LC states coexist and are
accessible, an equilibrium between them should be established
over time which depends sensitively on the energy of both
states. In this scenario, the 3MLCT state of Cubiipo is well
above the 3LC state and only transiently populated. In
Rubiipo, the energies of both states are similar, and the
population is distributed over both states. The 107 ps
component appearing in the fsTA measurements of Rubiipo
might reflect the establishment of this equilibrium. This is
indicated above as a relaxation step involving two triplet states.
To verify whether the outlined scenario is realistic,
investigations by step-scan FTIR spectroscopy and ab initio
calculations are performed, as described below.
Solid State Step-Scan FTIR Spectroscopy. Considering

the transient UV/vis results and the emission properties of the
complexes, the presence of a long-lived dark state is quite
obvious at least for Cubiipo. This finding inspired us to
perform further analysis by time-resolved step-scan FTIR
spectroscopy on Cubiipo, Rubiipo, and biipo. This method is
an ideal tool to probe the structures of long-lived electronically
excited states and to determine the corresponding excited state

lifetimes, which applies both to luminescent and dark states as
already successfully demonstrated for a series of copper and
ruthenium complexes.21,73−77 For this purpose, about 2.4 mg
of the Rubiipo complex was dispersed in 200 mg of KBr,
which is transformed by pressure to a glasslike matrix.
The ground state FTIR spectra of Cubiipo, Rubiipo, and

biipo (KBr pellets) are in very good agreement with the
calculated ground state IR spectra, obtained by geometry
optimizations and subsequent harmonic frequency calculations
at the DFT level (Figure S25). The optimized geometries are
very similar to the crystal structures of Cubiipo and Rubiipo.
A list of the most important geometry parameters (Tables S8−
S10) and an assignment of the observed vibrations are given in
the SI (Tables S5−S7). Step-scan difference spectra of
Cubiipo, Rubiipo, and biipo in KBr pellets were recorded at
20 K upon laser excitation at 355 nm (Figures 9 and S26). All
prominent absorption features of the ground state spectra have
a corresponding negative bleach band in the step-scan
difference spectra, resulting from the depopulation of the
electronic ground state upon UV excitation. The positive
features in the step-scan spectra are assigned to excited state
absorption of the populated long-lived electronically excited
state(s). The positive peaks are more pronounced for both
complexes compared to the uncoordinated biipo ligand, where
the ground state bleaching dominates over the excited state
absorption.
Analogous step-scan measurements were then carried out at

290 K in order to check for temperature effects on the excited
state properties. As the step-scan difference spectra are similar
to the results at 20 K for all three compounds (Figure S27),
thermal energy has only a small impact on the IR absorption in
the electronically excited state and hence, on the underlying
excited state structures. Discrepancies are limited to slightly
lower intensities of the positive features in the step-scan
difference spectra at 290 K. For direct comparison of the
excited state IR absorption at 20 and 290 K, the pure excited
state spectra of Cubiipo and Rubiipo were generated by
adding a fraction of 0.8−2.5% of the ground state spectrum to
the corresponding step-scan difference spectrum to compen-
sate the bleach signals. The resulting pure excited state spectra
at 20 and 290 K are almost identical for Cubiipo and Rubiipo,
indicating that the same excited state is populated irrespective
of temperature (Figures S28 and S29). Unfortunately, this
approach is not feasible for biipo, due to the weak excited state
absorption.
A global fit for the most prominent bands of the step-scan

difference spectrum (Figures S31−S33) revealed biexponential
decays with a dominating long-lived microsecond component
contributing to 84−97% for all three systems at 20 K as well as
290 K. For Cubiipo, an impressive lifetime of 439 μs (96%)
was observed at 20 K, which is, to the best of our knowledge,
among the largest lifetimes reported so far for a Cu(I)
complex.22,65,78−83 At 290 K, the corresponding time constant
has still a high value of 61.4 μs. In the case of Rubiipo, the
lifetime amounts to 197 μs at 20 K and 53 μs at 290 K, values
which have only been reported for a very limited number of
Ru(II) complexes so far.84−87 Furthermore, biipo exhibits an
excited state lifetime of 201 μs at 20 K and 33.1 μs at 290 K,
which are quite high values for an organic molecule. However,
the lifetime is clearly below the millisecond lifetimes reached,
e.g., by carbazole, iminidibenzyl,88 or substituted naphthalene
diimides.89 The long lifetimes observed for all three
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compounds show that the responsible states have triplet
character.
For a deeper interpretation of the results, geometry

optimizations and harmonic frequency calculations for the
lowest excited triplet state were performed by unrestricted
DFT (UDFT). To generate theoretical difference spectra (T1

− S0), the calculated ground state (S0) IR spectra were
subtracted from the triplet (T1) spectra. In Figure 9, the step-
scan FTIR spectra of the three systems Cubiipo, Rubiipo, and

biipo at 20 K are directly compared to their theoretical
counterparts, which are in reasonable agreement with the
experiment. In particular, the characteristic red-shift of the
carbonyl stretching vibration of the biipo ligand in the excited
state (74 cm−1, 72 cm−1, and 46 cm−1 for Cubiipo, Rubiipo,
and biipo, respectively) is very well described by theory for all
three compounds. Deviations for the other vibrational bands
result from the fact that subtle spectral shifts in the calculated
S0 and T1 spectra already have a big impact on the
corresponding difference spectrum and that a single scaling
factor of 0.975 was used here for the full spectral range.
Additionally, the experimental excited state spectra can be
compared directly to the theoretical T1 spectrum, which is
depicted in Figure S30 for Cubiipo and Rubiipo. The
experimental and theoretical spectra are in good agreement
also for this comparison.
The nature of the lowest triplet state can be assessed from

the calculated spin densities. In all three compounds (Cubiipo,
Rubiipo, and biipo), the spin density is mostly localized on the
naphthaloylene part of the biipo ligand (Figure s10 and S34).

This means that the electronic excitation of the T1 state is
ligand-centered. This observation explains the similarities
between the three compounds with respect to the excited
state lifetimes and partially also the spectral features, like, e.g.,
the strong red-shift of the carbonyl stretching vibration.
Furthermore, this finding also motivated us to assign the long-
lived state observed by the optical TA measurements to some
extent to a 3LC state (see above). Accordingly, all major
geometrical changes in this 3LC state compared to the S0 state
are localized on the naphthaloylene part of the biipo ligand
(Tables S8−S10). The structural changes calculated for
Cubiipo in the T1 state vs the ground state particularly reflect
the LC character. In the case of Rubiipo, the contribution of a
3MLCT state, as suggested above, is not obvious when
considering solely the experimental and calculated excited state
IR spectra, as the experiment is well described by the
calculated 3LC spectrum (Figure S30) and is not significantly
affected by temperature (Figure S29). Most probably the
deactivation via the dark 3LC state is still the dominating
pathway at room temperature, whereby small contributions of
the 3MLCT state of a few percent are hard to probe by step-
scan FTIR spectroscopy. On the other hand, the 3LC state
seems not to generate a significant signature in the optical
domain and does, in contrast to the 3MLCT state, hardly
contribute to the transient spectra observed by the fsTA and
nsTA measurements.
In related heteroleptic [(P^P)Cu(N^N)]+ complexes, the

dihedral angle between the N−Cu−N and P−Cu−P planes is
strongly reduced in the triplet state due to a pseudo-Jahn−

Figure 9. Ground and step-scan FTIR spectra measured with an
excitation wavelength of 355 nm at 20 K (averaged over the first
microsecond after laser excitation) of Cubiipo (top), Rubiipo
(middle), and biipo (bottom) and the theoretical difference spectra
(green). The subtractions T1 − S0 (for Cubiipo and Rubiipo) and T1

− 3 · S0 (for biipo) were chosen for the theoretical spectra. The
calculated ground state spectrum was subtracted three times from the
T1 spectrum (T1 − 3 · S0) for biipo to account for the strong negative
bands relative to the positive ones observed in the step-scan
experiment (scaled by 0.975, fwhm = 8 cm−1, Gaussian profile)
((U)DFT/B3LYP-D3(BJ)/def2-TZVP).

Figure 10. Calculated spin densities (isovalue: 0.01 arb. u.) in the
optimized triplet state of Cubiipo (left) and biipo (right) (UDFT/
B3LYP-D3(BJ)/def2-TZVP).
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Teller distortion resulting in a flattening of the complexes upon
optical excitation.22,57,61,90 In the case of Cubiipo, the dihedral
angle hardly changes from 84.6° in the S0 state to 84.4° in the
T1 state (Tables S8−S10). This is in accordance with a ligand-
centered T1 state, which does not directly involve the Cu
center. It is also in line with the above-mentioned
extraordinarily long excited state lifetime, because a pro-
nounced flattening would induce a rather fast nonradiative
deactivation as observed in other Cu(I) complexes.22,26,53 This
electronic situation with a long-lived 3LC state has only been
reported for a very limited number of Cu(I) complexes so
far.22,33,79 The same holds true for Rubiipo, as Ru containing
complexes with long-lived ligand-centered excited states are
still rare.84−89

■ CONCLUSIONS

Based on the biipo ligand, characterized by its fully conjugated,
rigid, and extended π-system, the corresponding heteroleptic
Cu(I) and Ru(II) photosensitizers Cubiipo and Rubiipo were
prepared and investigated by a large variety of different
stationary and time-resolved methods. This unique rylene-type
diimine ligand was chosen, because it enables photoactive
metal complexes with long excited state lifetimes and the
ability to efficiently generate singlet oxygen. The main
attention was given to the effect of the different metal centers
on the resulting properties to increase the knowledge of such
rylene-based complexes for future applications.
The newly synthesized Cubiipo complex is one of the very

few heteroleptic Cu(I) photosensitizers with an extinction
coefficient greater than 15.000 M−1 cm−1 for a band in the
visible region.22,91 The excited state population is also
efficiently transferred to a long-lived 3LC state resulting in
excellent light-harvesting properties.
Interestingly, in the Cu as well as in the Ru complex, the

biipo ligand can be reversibly reduced twice, where the spin
density of the first reduction is localized entirely on the
naphthaloylene moiety of biipo. This indicates that the
extension of the π-system from phenanthroline to biipo allows
the storage of a second electron, which could be useful for
certain photocatalytic applications.
Both complexes display a broad absorption in the visible

region that is caused by MLCT transitions with contributions
from LC transitions. Rubiipo possesses a strong and
significantly red-shifted emission compared to biipo, while
Cubiipo is rarely emissive, illustrating the strong influence of
both metal centers.
The ability of Cubiipo and Rubiipo to produce singlet

oxygen by light-irradiation was directly proven by NIR
emission spectroscopy demonstrating that the T1 state is also
photocatalytically active. Emission experiments in the solid
state revealed a surprising temperature dependency, i.e.,
emission increases from 290 to 130 K but decreases when
further cooled down, indicating two competing deactivation
pathways (see Scheme 1).
Our time-resolved studies disclosed for Rubiipo an IL-ET

between the tbbpy and biipo ligand with transfer times of 0.4
and 4.4 ps for the two conformers of the complex (Scheme 1).
After a subsequent relaxation step of 107 ps, an emitting
3MLCT and a very long-lived 3LC state of the biipo ligand are
populated. In contrast, in Cubiipo, the 3MLCT state, which is
populated by ISC (3.3 ps) after ultrafast flattening of the
complex structure (0.3 ps), relaxes by an electronic relaxation
step within 10 ps completely into a dark 3LC state. This shows

that the interplay between the 3LC and 3MLCT states depends
critically on the metal center. For Cubiipo, the excited state
population ends up in a dark 3LC state, the absence of
emission from this state being confirmed by the non-
appearance of phosphorescence for the biipo ligand At the
same time, an equilibrium between the 3LC and 3MLCT states
is suggested for Rubiipo. At low temperatures, a shift of this
equilibrium toward the 3LC state is expected; however, a
growth of the MLCT emission is observed (see Figure 6). This
can be explained by the reduction of the nonradiative decay
rate resembled by the rise of the lifetime at low temperatures,
which increases the emission yield. In addition, the relaxation
rate from the 3MLCT to the 3LC state might slow down due to
an energy barrier allowing also for more 3MLCT emission.
Differences in the photophysical behavior of Ru(II)

complexes and the related Cu(I) complexes have already
been described in the literature.49,56,57,92 However, the
different nature of the triplet excited states, i.e., an equilibrium
between 3MLCT and 3LC for Ru(II) vs a pure 3LC for Cu(I),
is unprecedented for a system consisting of a ligand with an
extended π-system based on fused aromatic rings.
Step-scan FTIR spectroscopy in combination with ab initio

calculations evidenced that the long-lived dark state is a 3LC
state mainly localized on the naphthaloylene part of biipo. In
the solid state, Cubiipo and Rubiipo both possess at 20 K
impressive excited state lifetimes of 439 μs and of 197 μs,
respectively, which are among the highest values observed to
date.
For Cubiipo, the photoactive [(xant)Cu]+ fragment

improves all the relevant photophysical properties of the
plain ligand. This functional interaction results in a copper-
supported organic photosensitizer with promising electro-
chemical and photophysical properties. Investigating the full
potential of this system is the subject of our ongoing research.
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Scheme 1. Term Scheme of Rubiipo (Left Side, Red) and
Cubiipo (Right Side, Blue) Including the Different
Relaxation Processes and Time Constants upon Light
Excitationa

aIL-ET: interligand electron-transfer. rel: relaxed. Solid arrows:
nonradiative transitions. Dashed arrows: radiative transitions. All
lifetimes are measured in a degassed acetonitrile solution.
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S2 

1 Experimental Details 

 

NMR spectroscopy. Nuclear magnetic resonance (NMR) spectra were measured at 298 K with a Bruker 

Avance spectrometer operating at Larmor frequencies of 500 MHz (1H) and 126 MHz (13C) and processed 

with TopSpin software (version 4.0.6). All spectra were referenced to the deuterated solvent as an 

internal standard.1 Chemical shifts are given by the residual solvent proton signal. Coupling constants ! 

are presented as absolute values in Hz, without considering the kind of the coupling. For the 

characterization of the NMR signals the following abbreviations are used: s = singlet, d = doublet, 

m = multiplet and dd = doublet of doublets. 

 

 

Mass spectrometry. Mass spectrometric (MS) measurements were performed by the analytical service of 

the Institute of Organic Chemistry at the University of Stuttgart. High resolution mass spectra were 

measured using electrospray ionization (ESI) on a Bruker Daltonics micrOTOF-Q. MS values are given as 

m/z. 

 

 

Cyclic voltammetry. Cyclic voltammograms were measured in acetonitrile solution with 0.1 M Bu4NPF6 as 

the supporting electrolyte. The measurements were performed with an Autolab potentiostat PGSTAT204 

from Metrohm using a three-electrode configuration. As working electrode a glassy carbon disc with a 

3 mm diameter stick and as counter electrode a Pt electrode was used. As reference electrode a non-

aqueous Ag/Ag+ electrode (0.01 M AgNO3 in acetonitrile) was utilized with the ferrocene/ferricenium 

(Fc/Fc+) couple as reference, added to the solution after each measurement. Thus, all potentials are 

reported versus the Fc/Fc+ couple. All scan rates are 0.1 V/s unless otherwise noted. 

 

 

Steady-state absorption and emission spectroscopy in solution. All absorption spectra were measured 

with an UV/Vis absorption spectrophotometer SPECORD 50 (ANALYTIK JENA). The emission spectra were 

recorded with a corrected FluoroMax-4 (HORIBA SCIENTIFIC) spectrometer. Acetonitrile (MeCN; 

UVASOLÒ-Quality, MERCK) were used as solvents and the samples were filled into 10 mm quartz cuvettes 

(HELLMA ANALYTICS). Degassed samples were flushed with Ar. The quantum yields were determined with 

the relative method using the fluorescence standard Coumarin 153 (FLUKA ANALYTICAL) in ethanol 

(UVASOLÒ-Quality, MERCK) as standard (ϕst = 0.53).2 Rubiipo was separately measured in acetonitrile, that 

was distilled, degassed and dried over CaH2. 

 

 

Time-resolved emission spectroscopy. The excited-state lifetimes were determined by means of a streak 

camera system (Streakscope C10627, HAMAMATSU PHOTONICS) using the frequency doubled output of a 

femtosecond Ti:Sapphire laser system (CPA 2001, CLARK MXR, INC.) for excitation at 388 nm. All compounds 

were measured with an optical density of around 0.1 at 388 nm to avoid self-absorption and aggregation. 

Sample preparation was the same as for steady-state spectroscopy. Rubiipo was separately measured in 

acetonitrile, that was distilled, degassed and dried over CaH2. 

T-dependent emission spectroscopy in the solid state (KBr matrix). Steady-state luminescence 

measurements on KBr pellets were performed on a Fluorolog 3-22 τ (Horiba Jobin-Yvon) fluorescence 

spectrometer. A 450 W xenon lamp was used for sample excitation and detection was realized with a 

R928P photomultiplier detector. The spectral selection was achieved with double grating 



S3 

monochromators in the excitation and emission paths, respectively. Long-wave pass filters with cutoff 

wavelengths of 500 nm (Rubiipo) or 436 nm (biipo) were used in the emission channel to avoid higher 

order excitation light. For the preparation of KBr pellets, the compounds (1.5 mg for Cubiipo; 2.4 mg for 

Rubiipo; 1.2 mg for biipo) were mixed with dry KBr (200 mg, stored in a compartment dryer at 80 °C, 

purchased from Merck) and ground to a homogenous mixture. This mixture was filled in an evacuable 

pellet die with a diameter of 13 mm and sintered at a pressure of 0.75 GPa. Temperature-dependent 

measurements were performed using a closed-cycle helium cryostat (ColdEdge, 101J cryocooler) to cool 

down the sample to 5 K. The cryocooler was equipped with a pellet holder (copper) and CaF2 windows. 

Luminescence lifetimes of KBr pellets were determined by TCSPC (time-correlated single-photon 

counting) at variable temperature using the same cryostat. In the DeltaFlex (Horiba Scientific) 

spectrometer the samples were excited with a pulsed excitation source (NanoLED 390 (wavelength: 

389 nm, pulse duration: 1.3 ns). Spectral selection and detection were achieved with a single grating 

monochromator and a PPD-850 detector, respectively. Long-wave pass filters (cutoff at 600 nm (Rubiipo) 

or 528 nm (biipo) were set between sample and emission monochromator to suppress the influence of 

scattered excitation light. Decay curves were analysed by multiexponential fits with the software ORIGIN®. 

T-dependent emission spectroscopy on frozen solutions. Static luminescence spectroscopy on frozen 

solutions of Rubiipo in butyronitrile (freshly distilled, c = 2 · 10−5 M) at 20 K was performed using the 

fluorescence spectrometer Fluorolog 3-22 τ described above. The solutions were cooled in 10 mm quartz 

cells with a closed-cycle helium cryostat (ARS Model DE-202A), which was equipped with a cuvette holder 

and CaF2 windows.  

 

NIR emission spectroscopy. Static NIR emission spectra were recorded using a Fluorolog 3-22 τ (Horiba 

Jobin-Yvon) fluorescence spectrometer equipped with a 450 W xenon lamp and a DSS ─ IGA020L NIR 

detector (850 nm < λem < 1500 nm). Spectral selection was realized with double and single grating 

monochromators in the excitation and emission paths, respectively. Long-pass filters with cutoff 

wavelengths of 850 nm and 500 nm were used in the emission channel to avoid higher order excitation 

light. Spectroscopic grade acetonitrile was purchased from Merck (Uvasol®) and 9-methylanthracene 

(99%) was purchased from Alfa Aesar. The concentration of Rubiipo, Cubiipo and biipo was set to 

2 · 10−5 M and optionally 50 equivalents or a saturation with 9-methylanthracene were chosen. The 

solutions were measured in 1 cm x 1 cm quartz cuvettes under air. 

 

 

Nanosecond transient absorption spectroscopy. A Q-switched pulsed Nd:YAG laser (Q-smart 450mJ, 

Quantel laser) was used to generate excitation pulses with an output centered at 355 nm (approx. 6 ns 

pulse duration. repetition rate of 10 Hz). These pulses were passed through a laser line filter (CWL = 355 ± 

2 nm, FWHM = 10 ± 2 nm) to ensure that the samples were only excited by 355 nm light. The power of 

the pump beam was about 3 mJ per pulse at the sample. The stability of the sample was verified by 

means of UV/Vis spectra before and after each measurement. The spectrometer used was a LP980-K 

spectrometer from Edinburgh Instruments, where the pump and probe beams spatially overlapped at the 

sample position in a perpendicular beam setup. The probe lamp was operated in flash mode (150 W 

ozone-free xenon arc lamp, 30 A), and after passing the sample the probe light was recorded using a 

photo multiplier tube (Hamamatsu R928P). A standard fused silica cuvette with a layer thickness of 

10 mm and a sample OD of approximately 0.3 at the pump wavelength was used in this setup. The 

compound Cubiipo was dissolved in acetonitrile (Carl Roth, ROTISOLVÒ, UV/IR grade solvents) under 

inert conditions. 
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Femtosecond transient absorption spectroscopy. For transient absorption (TA) spectroscopy a setup was 

used based on a regenerative Ti:Sapphire amplifier system (Spitfire Pro, Spectra Physics) providing 

ultrashort laser pulses centred at 800 nm with a repetition rate of 1 kHz. Excitation (pump) pulses centred 

at 400 nm were generated by frequency doubling with a BBO crystal. Pulse duration was 60 fs. 

Absorption changes were probed over the visible spectral range with a white-light continuum. The probe 

pulses were generated in a rotating CaF2-plate and their polarisation was set to magic angle (~54.7°) 

relative to that of the pump-pulses. Relative polarizations of parallel and perpendicular orientation were 

also measured in order to prove the consistency of the data. Both pulses were focused onto the sample 

to overlap. Spot diameters of the pulses were approximately 160 µm for the pump and 80 µm for the 

probe. Power of the pump pulses was 300 µW in all cases. The substances were dissolved in acetonitrile 

(MeCN; UVASOLÒ-Quality, MERCK) and degassed by flushing Ar through the solution. They were measured 

in a quartz cuvette with a thickness of 1 mm. 

 

 

Time-resolved step-scan FTIR spectroscopy. All the time-resolved FTIR experiments were performed with 

the FTIR spectrometer Bruker Vertex 80v, operated in the step-scan mode. A liquid-nitrogen-cooled 

mercury cadmium telluride (MCT) detector (Kolmar Tech., Model KV100-1-B-7/190) with a rise time of 

25 ns, connected to a fast preamplifier and a 14-bit transient recorder board (Spectrum Germany, 

M3I4142, 400 MS/s), was used for signal detection and processing. The laser setup used for the 

measurements includes a Q-switched Nd:YAG laser (Innolas SpitLight Evo I) generating pulses with a 

bandwidth of about 6 ns at a repetition rate of 100 Hz. The third harmonic (355 nm) of the Nd:YAG laser 

was used directly for sample excitation. The UV pump beam was attenuated to about 2.0 – 3.0 mJ per 

shot (2.0 mJ for Cubiipo and Rubiipo, 3.0 mJ for biipo) at a diameter of 9 mm. The beam was directed 

onto the sample and adjusted to have a maximal overlap with the IR beam of the spectrometer. The 

sample chamber was equipped with anti-reflection-coated germanium filters to prevent the entrance of 

laser radiation into the detector and interferometer compartments. The KBr pellets were prepared as 

described above (see section T-dependent emission spectroscopy in the solid state) and cryogenically 

cooled (20 K or 290 K at the pellet) using a closed-cycle helium cryostat (ARS Model DE-202A). The 

cryocooler was equipped with a pellet holder and CaF2 windows. The temporal resolution of the 14-bit 

transient recorder board was chosen according to the excited state lifetime of the system and set to 

20 ns, 50 ns or 100 ns (Cubiipo: 100 ns at 20 K, 20 ns at 290 K; Rubiipo: 50 ns at 20 K, 20 ns at 290 K; 

biipo: 50 ns at 20 K, 20 ns at 290 K). The time where the laser pulse reached the sample was set as zero 

point in all spectra. The time delay between the start of the experiment and the laser pulse was 

controlled with a Stanford Research Systems DG535 delay generator. The spectral region was limited by 

undersampling to 988 – 1975 cm−1 with a spectral resolution of 4 cm−1 resulting in 555 interferogram 

points. An IR broadband filter (850 – 1750 cm−1) and CaF2 windows (no IR transmission < 1000 cm−1) 

prevented problems when performing a Fourier transformation (i.e. no IR intensity outside the measured 

region should be observed). FTIR ground state spectra were recorded systematically to check if there is 

no sample degradation. 

 

 

 

 

DFT calculations. The crystal structures of the complexes were used as input structures and geometry 

optimizations were performed with the Berny algorithm of Gaussian 093 by using energies and gradients 

computed by Turbomole 7.4.4 All calculations were performed with the DFT functional B3LYP with 
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dispersion correction (no three-body interaction) (D3(BJ))5 as implemented in Turbomole using the 

resolution of identity (RI) approximation and the def2-TZVP basis set. 

Turbomole 7.4 was used for computing the first hundred electronic excitations in the singlet manifold 

with TDDFT and simulate the UV/VIS spectra using the same functional and basis set as described above. 

For convolution Gaussian broadening with a full-width at half maximum of 1000 cm−1 was used.  

Harmonic frequency calculations were performed for the optimized minimum structures. The vibrational 

frequencies are scaled by a factor of 0.975 to minimize the differences between the experimental and 

calculated frequencies. A gaussian convolution with a full-width at half-maximum of 8 cm−1 was applied 

to the calculated vibrational transitions.   
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2 Synthetic Details 

Synthesis of biipo 

The biipo ligand was synthesized according to a previously reported procedure. All analytical data are in 

accordance to the literature.6 

 

Synthesis of [(tbbpy)2Ru(biipo)]2PF6 (Rubiipo) 

The Rubiipo complex was synthesized according to a previously published procedure. All analytical data 

are in accordance to the literature.6 

 

Synthesis of [(xant)Cu(biipo)]PF6 (Cubiipo) 

[Cu(MeCN)4]PF6 (28 mg, 0.075 mmol, 1.0 Eq) and xantphos (44 mg, 0.075 mmol, 1.0 Eq) were refluxed in 

degassed dichloromethane for 16 hours. The reactions mixture was then cooled to 0 °C and biipo (28 mg, 

0.075 mmol, 1.0 Eq) was added as a solid. The reaction mixture was allowed to warm to room 

temperature and stirred for one hour. After that, it was refluxed for three more hours before it was 

filtered and n-hexane was added to the filtrate to precipitate the desired complex. The complex was 

collected by filtration and washed with diethyl ether. To increase the purity of the complex, it was taken 

up in acetonitrile and precipitated with diethylether twice. Cubiipo was obtained as a yellow solid (54 mg, 

61 %). 

1H-NMR (CD3CN, 500 MHz, 25 °C): " = 9.94 (d, 1H, J = 8.7, Ar-H), 8.69 (d, 1H, J = 7.4, Ar-H), 8.67 (d, 1H, J = 

7.2, Ar-H), 8.60 (d, 1H, J = 4.5, Ar-H), 8.50 (d, 1H, J = 4.4, Ar-H), 8.48 (d, 1H, J = 8.1, Ar-H), 8.30 (d, 1H, J = 

8.1, Ar-H), 7.92-7.80 (m, 4H, Ar-H), 7.63 (dd, 1H, J = 8.2, 4.8,  Ar-H), 7.56 (dd, 1H, J = 8.7, 4.7,  Ar-H), 7.30-

7.22 (m, 6H, Ar-H), 7.16-7.09 (m, 8H, Ar-H), 7.07-6.98 (m, 8H, Ar-H), 6.71-6.66 (m, 2H, Ar-H), 1.83 (s, 3H, 

CH3), 1.81 (s, 3H, CH3). 13C-NMR (CD3CN, 126 MHz, 25 °C): " = 160.6, 154.6, 151.2, 148.8, 147.1, 142.3, 

141.7, 138.3, 136.4, 136.0, 134.0, 132.7, 132.4, 132.3, 132.1, 132.1, 131.5, 131.1, 131.1, 130.8, 129.7, 

129.7, 128.4, 128.4, 127.6, 127.4, 127.2, 127.0, 125.7, 125.2, 124.8, 124.5, 124.0, 123.9, 122.3, 121.8, 

119.8, 119.1, 35.7, 27.3, 27.1. 31P-NMR (CD3CN, 202 MHz, 25 °C): " = -12.5. HRMS (ESI) m/z: calculated 

for [M-PF6]+ [C63H44CuN4O2P2]2+: 1013.2230; found: 1013.2233. EA: calculated for C63H44CuF6N4O2P3: 

C: 65.26, H: 3.83, N: 4.83; found: C: 65.07, H: 3.81, N: 4.74. 
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3 Structural Characterization of Cubiipo 

3.1 NMR Spectra 
 

 

 

 

Figure S1. Presentation of the 1H NMR spectrum (top, 500MHz) and of the 13C NMR spectrum (bottom, 

101 MHz) of Cubiipo in CD3CN. 
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3.2 MS Spectra 

 
 

 

Figure S2. Complete ESI-MS spectrum of Cubiipo (top) showing the [M-PF6]+ peak at 1013.22 as well as 

the measured (middle) and calculated (bottom) high resolution data with matching isotopic pattern. 
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3.3 Crystallographic Data 

 

Table S1. Crystallographic data of the complex Cubiipo. 

 

Complex Cubiipo 
CCDC number a 2088460 
Empirical formula C63H44CuF6N4O2P3 
Formula weight  1159.47 
Temperature (K) 140(2)  
Wavelength (Å) 0.71073  
Crystal system, space group Triclinic, P -1  
Unit cell dimensions (Å, °) 
a 
alpha 

 
11.1348(7) 
103.244(3) 

b 
beta 

12.0720(8) 
90.437(3) 

c 
gamma 

22.7365(12) 
92.942(2) 

Volume (Å3) 2970.4(3) 
Z, Calculated density (Mg m-3) 2,  1.296 
Absorption coefficient (mm-1) 0.513 
F(000)  1188 
Crystal size (mm) 0.267 x 0.131 x 0.072 
Theta range for data collection (°) 1.736 to 26.485 
Limiting indices  -13<=h<=13, 

-15<=k<=15, 
-28<=l<=28  

Reflections collected / unique  44805 / 12178 [R(int) = 0.0514]  
Completeness to  theta = 25.242, 99.8 % 
Absorption correction Numerical 
Max. and min. transmission  0.9786 and 0.8906 
Refinement method  Full-matrix least-squares on F2  
Data / restraints / parameters  12178 / 1136 / 995 
Goodness-of-fit on F2  1.044 
Final R indices [I>2sigma(I)]  R1 = 0.0597, 

wR2 = 0.1321  
R indices (all data)  R1 = 0.1074, 

wR2 = 0.1449 
Largest diff. peak and hole (e.Å-3) 0.800 and -0.804 

a  The respective CCDC reference number contains the supplementary crystallographic data for this paper. 

These data are provided free of charge by the joint Cambridge Crystallographic Data Centre and the 

Fachinformationszentrum Karlsruhe Access Structures via www.ccdc.cam.ac.uk/structures. 

Please note, that there is a B-Alert in the ceckCIF file of Cubiipo (CCDC 2088460) which, however, is not 

problematic. As clearly visible in Figure S3, this is a highly disordered system, which could only be solved 

by using a number of restraints.  The structure possesses a lot of smeared electron density causing large 

displacement parameters. Nevertheless, the solid-state structure is still well suited to show the general 

properties, for example, the conventional distorted tetrahedral type coordination environment around 

the copper center and the planar structure of biipo. 
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Table S2. Selected crystallographic bond lengths (pm) and angles (°) of the Cubiipo complex. 

 

Cubiipo complex lengths in pm and angles in ° 

Cu-N1 203.2(10) 

Cu-N2 201.8(10) 

Cu-P1 222.00(9) 

Cu-P2 226.28(9) 

N1-Cu-N2   80.5(3) 

P1-Cu-P2 120.85(3) 

N1-Cu-P1 125.9(4) 

N1-Cu-P2 105.0(4) 

N2-Cu-P1 110.6(3) 

N2-Cu-P2 105.1(4) 

P-P-N-N   85.8 
 

 

 

 
Figure S3. Presentation of the geometrical disorder within the unit cell of Cubiipo (ORTEP 

representation). The counter ion and solvent molecules are omitted for clarity. The figure highlights how 

biipo can be present in one out of two possible configurations relative to the xantphos ligand. 
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Figure S4. Presentation of the unit cell of Cubiipo (ORTEP representation). The hydrogen atoms and 

solvent molecules are omitted for clarity. In the solid state a pairwise stacking of the Cubiipo complex is 

found. 
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4 Cyclic Voltammograms 

 

 
Figure S5. Cyclic voltammogram of Cubiipo (1 mM) in acetonitrile solution referenced vs. the 

ferrocene/ferricenium (Fc/Fc+) couple.  Conditions: scan rate of 100 mVs-1 with 0.1 M n-Bu4NPF6 as 

supporting electrolyte. The arrow illustrates the initial scan direction.  

 

 

 
 

 
 

Figure S6 Reductive events of the cyclic voltammograms of Cubiipo in acetonitrile solution referenced vs. 

the ferrocene/ferricenium (Fc/Fc+) couple at different scan rates: 25 mVs-1 (red), 50 mVs-1 (green), 

100 mVs-1 (blue), 250 mVs-1 (purple) and 500 mVs-1 (magenta), with 0.1 M n-Bu4NPF6 as supporting 

electrolyte. The arrow illustrates the initial scan direction.  

Top: two reduction events. Bottom left and right: Both reduction events seperately. 
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5 Experimental and Calculated UV/vis Absorption Spectra 

 

 

Figure S7. Molar extinction coefficients of Rubiipo, Cubiipo and biipo in acetonitrile. 

     

 

 

 
Figure S8. Molar extinction coefficients of Cubiipo in acetonitrile and theoretical UV/vis absorption 

spectrum resulting from the Gaussian convolution of the calculated transitions (vertical bars) 

(TDDFT/B3LYP-D3(BJ)/def2-TZVP) with a Gaussian function (1000 cm−1).  
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Table S3. Calculated excitation energies, orbital contributions and assignments of Cubiipo at full TDDFT 

level (B3LYP-D3(BJ)/def2-TZVP) (im = imidazole part, phen = phenanthroline part, naph = naphthaloylene-

benzene part, xant = xantphos ligand, xant(Ph) = phenyl rings of xantphos).   

   

transition #$  / cm-1 % / nm % donor orbital acceptor orbital assignment 
1 19920 502 98 HOMO LUMO dCu → πim, naph 

2 22321 448 95 HOMO LUMO+1 dCu → πphen 
3 23256 430 89 HOMO-1 LUMO dCu, πim, naph, phen → πim, naph 
4 24155 414 75 

6 
HOMO-2 
HOMO-1 

LUMO 
LUMO+1 

dCu, πim, naph, phen → πim, naph 
dCu, πim, naph, phen → πphen 

5 24691 405 33 
26 
14 
9 

HOMO-3 
HOMO-1 
HOMO-2 
HOMO-3 

LUMO+1 
LUMO+1 
LUMO 
LUMO 

dCu, πphen → πphen 

dCu, πim, naph, phen → πphen 

dCu, πim, naph, phen → πim, naph 
dCu, πphen → πim, naph 

11 28736 348 45 
22 
19 

HOMO-1 
HOMO-5 
HOMO-6 

LUMO+2 
LUMO 
LUMO 

dCu, πim, naph, phen → πim, phen 
π im, naph, phen, xant(Ph) → πim, naph  
π im, naph, phen, xant(Ph) → πim, naph 

15 30120 332 36 
24 
16 
8 

HOMO-3 
HOMO-1 
HOMO-5 
HOMO-2 

LUMO+2 
LUMO+2 
LUMO 
LUMO+2 

dCu, πim, phen → πim, phen 
dCu, πim, naph, phen → πim, phen 
π im, naph, phen, xant(Ph) → πim, naph  
dCu, πim, naph, phen → πim, phen 

31 32787 305 36 
8 
7 
7 

HOMO-1 
HOMO 
HOMO-17 
HOMO-11 

LUMO+2 
LUMO+6 
LUMO 
LUMO+1 

dCu, πim, naph, phen → πim, phen 
dCu → πxant 
dCu → πim, naph 

dCu, π phen, xant(Ph) → πphen 

39 33784 296 18 
17 
14 
10 

HOMO-19 
HOMO-17 
HOMO-2 
HOMO-15 

LUMO 
LUMO 
LUMO+2 
LUMO 

dCu, π im, phen) → πim, naph 
dCu → πim, naph 

dCu, πim, naph, phen → πim, phen 
dCu, πnaph, xant(Ph) → πim, naph 

68 37037 270 25 
17 
9 
7 

HOMO-1 
HOMO-2 
HOMO 
HOMO-11 

LUMO+8 
LUMO+8 
LUMO+12 
LUMO+2 

dCu, πim, naph, phen → πxant(Ph)   
dCu, πim, naph, phen → πxant(Ph)   
dCu → πxant(Ph)   
dCu, π phen, xant(Ph) → πim, phen  
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 HOMO                                                                              LUMO 

 

  
 HOMO-1                                                                          LUMO+1 

 

  
 HOMO-2                                                                            LUMO+2 

 

  
 HOMO-3  LUMO+6 

 

Figure S9. Calculated molecular orbitals of Cubiipo in the electronic ground state S0 (isovalue: 0.05 arb. u.) 

(DFT/B3LYP-D3(BJ)/def2-TZVP).  
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  HOMO-6                                                            LUMO+12 

 

  
 HOMO-11 HOMO-15 

 

  
 HOMO-17 HOMO-19 

 

Figure S10. Calculated molecular orbitals of Cubiipo in the electronic ground state S0 

(isovalue: 0.05 arb. u.) (DFT/B3LYP-D3(BJ)/def2-TZVP) (continued).  
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6 Emission Spectroscopy 

6.1 Steady-State Emission in Solution 
 

 
Figure S11. Stationary emission of Rubiipo (red), Cubiipo (blue) and biipo (black) in acetonitrile solution 

saturated with Ar (−) and under air (---) excited at 388 nm. 

 

 
Figure S12. Normalized stationary emission of Cubiipo (blue) and biipo (black) in acetonitrile solution 

saturated with argon, excited at 388 nm. 

 

 
Figure S13. Stationary absorption spectra of Cubiipo and biipo (black and grey) and excitation-emission 

spectrum of Cubiipo (red) in acetonitrile solution. All normalized. Detection of excitation at 556 nm. 
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6.2 Time-resolved Emission in Solution 
 

 

 

 
Figure S14. Time-resolved emission spectrum of Rubiipo in acetonitrile solution. Excitation at 388 nm. 

(stray-light and artifact signals in the first microsecond) and the decay-associated spectra (DAS) of the 

respective time-resolved measurement. 
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Figure S15. Time-resolved emission spectrum of Cubiipo (left) and biipo (right) in acetonitrile solution. 

Excitation at 388 nm and the Integrated time traces of Cubiipo (blue) and biipo (black) time-resolved 

emission (normalized). 
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6.3 Emission Quantum Yields in Solution 
 

In addition, the different quantum yields of Cubiipo (φem = 0.02) and biipo (φem = 0.27) varying by 

a factor of 10 are most likely also a result from the coexistence of dissociated ligand and complex 

in solution. This can be explained as follows: If a solution of pure luminophore absorbs a defined 

amount of photons at a defined wavelength during irradiation, it will emit an equal or smaller 

amount of photons. In the case of a mixture of this luminophore (here biipo) and a 

non-luminescent substance (i.e. Cubiipo or another Cu-based intermediate), it will emit a smaller 

amount of photons than the solution of the pure luminophore. 

 

 

6.4 Detection of the NIR emission of 1O2 

 
Figure S16. Near-infrared emission spectra of Rubiipo (red) and Cubiipo (blue) in acetonitrile solution 

under air at excitation wavelengths of 470 nm and 410 nm, respectively. 
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6.5 Solid state emission at variable temperature 

 
Figure S17. Plot of the increase of the integrated luminescence relative to 290 K for Rubiipo (KBr pellet). 

 

 
Figure S18. Luminescence spectra of biipo (KBr pellet) recorded at temperatures between 5 K and 290 K 

at an excitation wavelength of 420 nm. 

 
Figure S19. Plot of the increase of the integrated luminescence relative to 290 K for biipo (KBr pellet). 
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Figure S20. Luminescence spectra of Rubiipo in liquid and frozen butyronitrile solution at 290 K and 20 K, 

respectively (λex = 420 nm). The inset shows a photograph of the emission at 20 K. 

 

 

6.6 Time-resolved emission in the solid state 
 

Table S4. Temperature-dependent luminescence lifetimes of Rubiipo and biipo (KBr pellets) measured by 

TCSPC at an excitation wavelength of 389 nm. The time constants are labelled &1 and &2 as well as &1, &2 

and &3 for bi- and triexponential fits, respectively.    

 

compound T / K λem / nm '1 
(% contribution) 

τ1/2 / µs 
(% contribution) 

τ2/3 /µs 
(% contribution) 

Rubiipo 

290 662 - 
0.82 ± 0.01 

(25%) 
11.8 ± 0.2 

(75%) 

290 642 - 
0.76 ± 0.01 

(22%) 
12.0 ± 0.1 

(78%) 

150 660 - 
0.86 ± 0.01 

(22%) 
12.1 ± 0.1 

(78%) 

5 653 - 
0.79 ± 0.01 

(20%) 
13.6 ± 0.2 

(80%) 

5 709 - 
0.84 ± 0.03 

(18%) 
14.6 ± 0.4 

(82%) 

 
 

compound T / K λem / nm '1
 / ns 

(% contribution) 
τ1/2 / ns 

(% contribution) 
τ2/3 / ns 

(% contribution) 

biipo 

290 562 1.11 ± 0.02 
(86%) 

4.0 ± 0.1 
(12%) 

12.6 ± 0.4 
(2%) 

150 560 
1.1 ± 0.2 

(86%) 
4.0 ± 0.1 

(12%) 
12.6 ± 0.4 

(2%) 

5 560 
1.25 ± 0.03 

(73%) 
5.7 ± 0.1 

(17%) 
15.0 ± 0.2 

(10%) 
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Figure S21. Measured luminescence decay curve (blue dots) of the emission band of Rubiipo at 5 K (λex = 

389 nm; λem = 653 nm). The red curve shows the biexponential fit (including an offset) and the green, 

orange and grey lines represent the underlying monoexponential components and the offset, 

respectively. The grey dots represent the excitation pulse, which is not considered in the fit. The lower 

trace shows the residuals of the fit.  

 
Figure S22. Measured luminescence decay curve (blue dots) of the emission band of biipo at 290 K (λex = 

389 nm; λem = 562 nm). The red curve shows the triexponential fit (including an offset) and the green, 

orange and grey lines represent the underlying monoexponential components and the offset, 

respectively. The grey dots represent the excitation pulse, which is not considered in the fit. The lower 

trace shows the residuals of the fit.  
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Figure S23. Measured luminescence decay curve (blue dots) of the emission band of biipo at 5 K (λex = 

389 nm; λem = 560 nm). The red curve shows the triexponential fit (including an offset) and the green, 

orange and grey lines represent the underlying monoexponential components and the offset, 

respectively. The grey dots represent the excitation pulse, which is not considered in the fit. The lower 

trace shows the residuals of the fit.  
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7  Nanosecond Transient Absorption Spectroscopy 

 

 

 
Figure S24. Transient absorption spectra (top) and respective kinetics (bottom) of Cubiipo in acetonitrile 

excited at 355 nm under inert conditions. 

Top: Transient absorption spectra of 0.1 µs (dark green), 1 µs, 2 µs, 4 and 8 µs (bright green) 

Bottom: Kinetics at 390 (red), 470 (green), 500 (blue), 530 nm (light blue) and 600 nm (magenta), the 

black lines belong to the fits with a time constant of 2.6 µs. 

The spectra under aerated conditions (not shown) resulted in a time constant of 260 ns. 
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8 Step-scan FTIR Spectroscopy and Calculated Vibrational Spectra 

8.1 Experimental and Theoretical IR Ground State Spectra 

 

Figure S25. Ground state FTIR spectrum (KBr pellet, 20 K), DFT calculated IR absorption bands (scaled by 

0.975) and DFT calculated IR spectrum of the S0 state of Cubiipo (top), Rubiipo (middle) and biipo 

(bottom) (scaled by 0.975, FWHM = 8 cm–1, Gaussian profile, DFT/B3LYP-D3(BJ)/def2-TZVP). 
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8.2 Experimental and Theoretical Excited State IR Absorption 
 

 

Figure S26. Ground and step-scan FTIR spectra of Rubiipo measured with an excitation wavelength of 355 

nm at 20 K. 
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Figure S27. Step-scan FTIR spectra of Cubiipo (top), Rubiipo (middle), biipo (bottom) measured with an 

excitation wavelength of 355 nm at 20 K and 290 K. 
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Figure S28. Pure excited state absorption spectra of Cubiipo at 20 K and 290 K obtained by addition of a 

certain contribution of the ground state IR spectrum to the corresponding step-scan difference spectrum 

to suppress the negative bleach bands (2.5 % and 1.5 % of the ground state added to the step-scan 

spectrum at 20 K and at 290 K, respectively). 

 
Figure S29. Pure excited state absorption spectra of Rubiipo at 20 K and 290 K obtained by addition of a 

certain contribution of the ground state IR spectrum to the corresponding step-scan difference spectrum 

to suppress the negative bleach bands (1.75 % and 0.8 % of the ground state added to the step-scan 

spectrum at 20 K and at 290 K, respectively). 
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Figure S30. Pure excited state absorption spectrum of Cubiipo (top) and Rubiipo (bottom) at 20 K (2.5 % 

and 1.75 % of the ground state spectrum added to the step-scan spectrum, respectively), DFT calculated 

IR absorption bands and DFT calculated IR spectrum of the T1 state (scaled by 0.975, FWHM = 8 cm–1, 

Gaussian profile, DFT/B3LYP-D3(BJ)/def2-TZVP). 
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8.3 Excited State Lifetimes Obtained by Step-Scan FTIR Spectroscopy 
 

 

 

Figure S31. Smoothed step-scan raw data (dots) and global biexponential fit (lines) for the most 

prominent bands in the step-scan difference spectrum of Cubiipo at 20 K (top) and 290 K (bottom). 
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Figure S32. Smoothed step-scan raw data (dots) and global biexponential fit (lines) for the most 

prominent bands in the step-scan difference spectrum of Rubiipo at 20K (top) and 290 K (bottom). 
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Figure S33. Smoothed step-scan raw data (dots) and global biexponential fit (lines) for the most 

prominent bands in the step-scan difference spectrum of biipo at 20 K (top) and 290 K (bottom). 
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8.4 Characterization of Vibrational Modes  
 

Table S5. Characterization of vibrational modes of Cubiipo. The listed frequencies correspond to the 

experimental values for the ground state and the excited triplet state at 20 K. The calculated frequencies 

are given in brackets (scaled by 0.975) ((U)DFT/B3LYP-D3(BJ)/def2-TZVP). 

 

 

  

#$  / cm−1 
ground state 

#$  / cm−1 
excited state 

Character of the vibration 

1709 (1709) 1636 (1634) C=O stretching 
1597 (1600)  - C−C and C−N stretching coupled with C−H rocking on biipo 
1587 (1581)  C−C and C−N stretching coupled with C−H rocking on biipo 
- 1585 (1590) Symmetric C−C stretching of the phenyl rings of xantphos 
1571 (1565) - C−C and C−N stretching coupled with aromatic C−H bending on the phenanthroline 

subunit of biipo 
1558 (1549) 1558 (1575) C−C and C−N stretching coupled with C−H in plane bending on biipo  
- 1506 (1505) C−C and C−N stretching coupled with C−H in plane bending on the 

naphthaloylenebenzene subunit of biipo 
1506 (1504)  C−C and C−N stretching coupled with aromatic C−H in plane bending on biipo 
1480 (1490)  C−C and C−N stretching coupled with C−H rocking on the phenanthroline subunit of 

biipo 
- 1474 (1483) C−C and C−N stretching coupled with aromatic and aliphatic C−H bending 
1459 (1461)  C−H rocking on the naphthaloylenebenzene subunit of biipo    
- 1457 (1464) C−C and C−N stretching coupled with C−H in plane bending on biipo 
1436 (1437) - Aromatic in plane and aliphatic C−H bending 
- 1436 (1437) Aromatic in plane and aliphatic C−H bending on xantphos 
1405 (1401) 1406 (1401) Antisymmetric C−C and C−O stretching coupled with C−H in plane bending on the 

xanthene subunit of xantphos 
- 1394 (1391) C−C and C−N stretching coupled with C−H in plane bending on biipo 
1342 (1333) - C−C and C−N stretching coupled with C−H in plane bending on the 

naphthaloylenebenzene subunit of biipo 
- 1341 (1338) C−C and C−N stretching coupled with C−H in plane bending on biipo 
1319 (1311)  C−C and C−N stretching coupled with C−H in plane bending on the phenanthroline 

subunit of biipo 
- 1316 (1301) C−C and C−N stretching coupled with C−H in plane bending on biipo 
1299 (1292) - C−C and C−N stretching coupled with C−H in plane bending on biipo 
- 1295 (1279) C−C and C−N stretching on biipo and on the phenyl rings of xantphos 
1255 (1252) - Symmetric C−C and C−N stretching coupled with C−H in plane bending on the 

phenanthroline subunit of biipo 
- 1253 (1248) Symmetric C−C and C−N stretching coupled with C−H in plane bending on biipo 
1225 (1223) 1225 (1223) C−O stretching coupled with C−H in plane bending 

1165 (1163) 1174 (1169) C−H scissoring on biipo 
1153 (1151) - C−H scissoring on the aromatic rings 
1138 (1139) 1149 (1145) C−H scissoring on biipo 
1122 (1119) 1121 (1112) C−P stretching, C−H scissoring on biipo and C−H bending of the methyl substituents 
1097 (1098) 1098 (1098) C−P stretching  
1075 (1077) 1077 (1073) C−H scissoring on the aromatic rings 
- 1066 (1067) C−C and C−N stretching on biipo 
1040 (1040) 1053 (1057) C−C and C−N stretching on biipo 
1027 (1029) 1027 (1030) C−H rocking on the phenyl rings of xantphos 
999 (1000) - Breathing of the phenyl rings of xantphos 
- 999 (1000) Breathing of the aromatic rings of biipo and the phenyl rings of xantphos 
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Table S6. Characterization of vibrational modes of Rubiipo. The listed frequencies correspond to the 

experimental values for the ground state and the excited triplet state at 20 K. The calculated frequencies 

are given in brackets (scaled by 0.975) ((U)DFT/B3LYP-D3(BJ)/def2-TZVP). 

 

 

#$  / cm−1 
ground state 

#$  / cm−1 
excited state 

Character of the vibration 

1714 (1712) 1639 (1629) C=O stretching 
1617 (1607) 1617 (1606) Symmetric C2−C3 and C5−C6 stretching on the pyridine rings of tbbpy and C−C and C−N 

stretching coupled with C−H in plane bending on biipo 
1590 (1578)  1603 (1592) C−C and C−N stretching coupled with C−H in plane bending on biipo 
1557 (1546) 1571 (1575) C−C and C−N stretching coupled with C−H in plane bending on biipo 
- 1551 (1559) C−C and C−N stretching on the phenanthroline subunit of biipo 
1545 (1541) 1542 (1541) C−N and C−C stretching on tbbpy 
1506 (1503) 1520 (1509) C−C and C−N stretching coupled with C−H in plane on biipo 

1484 (1487) - Aliphatic and aromatic C−H bending on all the ligands  
- 1483 (1478) C−C and C−N stretching on biipo and aliphatic and aromatic C−H bending on all the 

ligands 
1464 (1467) - Aliphatic C−H bending on the tert-butyl groups and aromatic in plane bending on the 

naphthaloylenebenzene subunit of biipo 
- 1449 (1456) C−C and C−N stretching coupled with C−H in plane bending on biipo 
1442 (1444)  Aromatic C−H in plane bending on biipo 
1427 (1490)  C−H rocking on the phenanthroline subunit of biipo 
1417 (1417) - Asymmetric C2−C3 and C5−C6 stretching on the pyridine rings of tbbpy coupled with 

aliphatic and aromatic bending on tbbpy 
- 1417 (1422) Asymmetric C2−C3 and C5−C6 stretching on the pyridine rings of tbbpy coupled with 

aliphatic and aromatic bending on all the ligands 
1398 (1385) 1396 (1387) C−N and C−C stretching coupled with aromatic C−H in plane bending on biipo 
1368 (1442)  C−H bending on the tert-butyl groups of tbbpy 
- 1368 (1377) C−C and C−N stretching coupled with C−H in plane bending on biipo 
1344 (1338) - C−C and C−N stretching coupled with C−H in plane bending on biipo 
- 1353 (1388) C−C and C−N stretching coupled with C−H in plane bending on biipo 
1315 (1316) 1315 (1307) C−C and C−N stretching coupled with C−H in plane bending on biipo 
1300 (1285) 1290 (1290) C−C and C−N stretching coupled with C−H in plane bending on biipo 
- 1268 (1258) C−C and C−N stretching coupled with C−H bending on all the ligands  
1267 (1254) - C−C and C−N stretching coupled with C−H in plane bending on tbbpy 
1257 (1237) - C−C and C−N stretching coupled with C−H in plane bending on biipo 
- 1253 (1242) Aliphatic and aromatic C−H bending on tbbpy 
- 1206 (1191) Aromatic C−H in plane bending on biipo 
1206 (1199) 1341 (1338) C−C stretching on the tert-butyl groups coupled with aromatic and aliphatic C−H 

bending 
- 1191 (1173) Aromatic C−H in plane bending on biipo 

1164 (1165) 1171 (1156) Aromatic C−H in plane bending on biipo 
1158 (1212) 1158 (1301) Aromatic C−H in plane bending on all the ligands  
 1158 (1148) Aromatic C−H in plane bending on biipo 
1133 (1142) - Aromatic C−H in plane bending on biipo 
1124 (1123) - Breathing of the pyridine rings of tbbpy coupled with aromatic C−H in plane bending 

on all the ligands and aliphatic C−H bending on the tert-butyl groups 
- 1122 (1123) aromatic C−H in plane bending on all the ligands and aliphatic C−H bending on the 

tert-butyl groups 
- 1102 (1093) C−C and C−N stretching coupled with aromatic in plane C−H bending on biipo 
1099 (1079)  C−C and C−N stretching on biipo 
1074 (1079)  Aromatic C−H in plane bending on all the ligands 
1030 (1024)  Breathing of the pyridine rings of tbbpy 
930 (929)  Breathing of the aromatic rings of biipo 
909 (1151)  C−C and C−N in plane bending of the aromatic rings of biipo 
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Table S7. Characterization of vibrational modes of biipo. The listed frequencies correspond to the 

experimental values for the ground state and the excited triplet state at 20 K. The calculated frequencies 

are given in brackets (scaled by 0.975) ((U)DFT/B3LYP-D3(BJ)/def2-TZVP). 

 

 

  

#$  / cm−1 

ground state 

#$  / cm−1 

excited state 

Character of the vibration 

1703 (1709) 1638 (1641) C=O stretching 

- 1608 (1584) C−C and C−N stretching coupled with C=O stretching 

1616 (1619) - C−C stretching on the naphthaloylenebenzene unit 

1583 (1582)  - Symmetric C−C stretching on the naphthaloylenebenzene unit 

1557 (1565) - C−C and C−N stretching coupled with C−H in plane bending 

1540 (1542) 1549 (1569) C−C and C−N stretching coupled with C−H in plane bending 

- 1526 (1518) C−C and C−N stretching coupled with C=O stretching 

1506 (1503) - C−C and C−N stretching coupled with C−H in plane bending 

1496 (1484) - C−C and C−N stretching coupled with C−H in plane on the phenanthroline unit 

- 1481 (1461) C−C and C−N stretching coupled with C−H in plane bending 

1463 (1462) - Symmetric C−C stretching on the naphthaloylenebenzene unit coupled with C−H in 

plane bending 

1441 (1458) 1483 (1478) C−C and C−N stretching coupled with C−H in plane on the phenanthroline unit 

1396 (1393) - C−C and C−N stretching coupled with C−H in plane on the phenanthroline unit 

1380 (1365)  1449 (1456) Symmetric C−C stretching on the naphthaloylenebenzene unit coupled with C−H in 

plane bending 

1345 (1335)  Symmetric C−C stretching on the naphthaloylenebenzene unit coupled with C−H in 

plane bending 

1320 (1303)  C−C and C−N stretching coupled with C−H in plane on the phenanthroline unit 

1301 (1287) - C−C and C−N stretching coupled with C−H in plane on the phenanthroline unit 

- 1287 (1276) C−C and C−N stretching coupled with C−H in plane bending 

1259 (1248) 1269 (1240) C−C and C−N stretching coupled with C−H in plane bending 

1240 (1229) - C−C and C−N stretching coupled with C−H in plane bending 

1222 (1218) - C−C and C−N stretching coupled with C−H in plane bending 

1168 (1168) - C−H in plane bending 

1155 (1148) - C−H scissoring 

1135 (1133) - C−H in plane bending 

1120 (1114) - C−H in plane bending coupled with C−C and C−N stretching  

1102 (1097) - C−H in plane bending on the phenanthroline unit 

1077 (1073) - C−H in plane bending on the naphthaloylenebenzene unit 

1036 (1034) - Breathing in the aromatic rings 

923 (921) - Breathing in the aromatic rings 

908 (906) - C−C and C−N stretching 
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9 Calculated Spin Densities 

 

 

Figure S34. Calculated spin density (isovalue: 0.01 arb. u.)  of Rubiipo in the optimized triplet state 

(UDFT/B3LYP-D3(BJ)/def2-TZVP).  

 

Figure S35. Calculated spin density (isovalue: 0.01 arb. u.) of singly reduced Cubiipo 

(UDFT/B3LYP-D3(BJ)/def2-TZVP). 
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10 Calculated Ground and Excited State Geometries

Figure S36. Calculated structure of Rubiipo (UDFT/B3LYP-D3(BJ)/def2-TZVP).

Table S8. Selected calculated bond lengths and angles of Rubiipo (for labeling see Figure S35) in the S0

and T1 states ((U)DFT/B3LYP-D3(BJ)/def2-TZVP). The most important geometrical changes upon excitation 

from the S0 state to the T1 state are highlighted in orange (major) or red (very large). 

Bond angles / °

S0 T1 T1 – S0

N1-Ru-N2 78.9 78.8 -0.1

N1-Ru-N5 88.4 88.5 0.1

N1-Ru-N6 96.4 96.4 0.0

N1-Ru-N7 173.3 173.2 -0.1

N1-Ru-N8 96.8 96.8 0.0

N2-Ru-N5 96.7 96.7 0.0

N2-Ru-N6 173.3 173.2 -0.1

N2-Ru-N7 96.3 96.4 0.1

N2-Ru-N8 88.3 88.4 0.1

N5-Ru-N6 78.2 78.2 0.0

N5-Ru-N7 96.9 96.9 0.0

N5-Ru-N8 173.3 173.3 0.0

N6-Ru-N7 88.8 88.8 0.0

N6-Ru-N8 97.1 97.0 -0.1

N7-Ru-N8 78.2 78.2 0.0

Dihedral angle between N1RuN2-N5RuN6 92.4 92.3 -0.1

Dihedral angle between N1RuN2-N7RuN8 92.5 92.5 0.0

Dihedral angle between N5RuN6-N7RuN8 87.8 87.8 0.0

Bond lengths / Å 

S0 T1 T1 – S0

N1-Ru 2.071 2.071 0.000

N2-Ru 2.083 2.082 -0.001

N5-Ru 2.073 2.073 0.000

N6-Ru 2.072 2.072 0.000



S39 

 

  

N7-Ru 2.073 2.073 0.000 

N8-Ru 2.074 2.074 0.000 

N1-C1 1.331 1.334 0.003 

N1-C5 1.364 1.362 -0.002 

N2-C6 1.364 1.360 -0.004 

N2-C10 1.329 1.333 0.004 

C1-C2 1.397 1.394 -0.003 

C2-C3 1.377 1.380 0.003 

C3-C4 1.403 1.400 -0.003 

C4-C5 1.403 1.402 -0.001 

C4-C11 1.426 1.433 0.007 

C5-C6 1.432 1.438 0.006 

C6-C7 1.427 1.430 0.003 

C7-C8 1.411 1.413 0.002 

C7-C12 1.439 1.431 -0.008 

C8-C9 1.376 1.376 0.000 

C9-C10 1.392 1.391 -0.001 

C11-C12 1.397 1.421 0.024 

C11-N3 1.362 1.335 -0.027 

C12-N4 1.411 1.404 -0.007 

N3-C13 1.311 1.342 0.031 

C13-N4 1.403 1.410 0.007 

N4-CCO 1.426 1.415 -0.011 

C13-C14 1.439 1.395 -0.044 

C14-C15 1.413 1.427 0.014 

C14-C23 1.384 1.440 0.056 

C15-C16 1.415 1.403 -0.012 

C15-C20 1.421 1.428 0.007 

C16-CCO 1.469 1.460 -0.009 

C16-C17 1.385 1.418 0.033 

C17-C18 1.400 1.376 -0.024 

C18-C19 1.376 1.402 0.026 

C19-C20 1.413 1.402 -0.011 

C20-C21 1.414 1.415 0.001 

C21-C22 1.376 1.414 0.038 

C22-C23 1.401 1.365 -0.036 

CCO-OCO 1.210 1.223 0.013 
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Table S9. Selected calculated bond lengths and angles of Cubiipo in the S0 and T1 states ((U)DFT/B3LYP-

D3(BJ)/def2-TZVP). The most important geometrical changes upon excitation from the S0 state to the T1

state are highlighted in orange (major) or red (very large).

Bond angles / °
S0 T1 T1 – S0

N1-Cu-N2 79.2 78.8 -0.4
N1-Cu-P1 119.0 120.0 1.0
N1-Cu-P2 103.4 103.4 0.0
N2-Cu-P1 129.6 129.3 -0.3
N2-Cu-P2 98.0 97.2 -0.8
P1-Cu-P2 119.1 119.4 0.3
Dihedral angle between N1-Cu-
N2 and P1-Cu-P2 planes 

84.6 84.4 -0.2

Bond lengths / Å 
S0 T1 T1 – S0

N1 - Cu 2.098 2.098 0.000
N2 - Cu 2.116 2.122 0.006
P1 - Cu 2.240 2.241 0.001
P2 - Cu 2.310 2.313 0.003
N1-C1 1.325 1.329 0.004
N1-C5 1.352 1.348 -0.004
N2-C6 1.351 1.345 -0.006
N2-C10 1.323 1.328 0.005
C1-C2 1.398 1.395 -0.003
C2-C3 1.378 1.381 0.003
C3-C4 1.402 1.398 -0.004
C4-C5 1.406 1.403 -0.003
C4-C11 1.426 1.435 0.009
C5-C6 1.449 1.457 0.008
C6-C7 1.425 1.429 0.004
C7-C8 1.408 1.411 0.003
C7-C12 1.436 1.427 -0.009
C8-C9 1.376 1.377 0.001
C9-C10 1.393 1.391 -0.002
C11-C12 1.390 1.425 0.035
C11-N3 1.370 1.329 -0.041
C12-N4 1.410 1.398 -0.012
N3-C13 1.307 1.353 0.046

C13-N4 1.406 1.412 0.006
N4-CCO 1.418 1.416 -0.002
C13-C14 1.441 1.385 -0.056
C14-C15 1.414 1.431 0.017
C14-C23 1.382 1.439 0.057
C15-C16 1.416 1.404 -0.012
C15-C20 1.422 1.428 0.006
C16-CCO 1.475 1.457 -0.018
C16-C17 1.383 1.415 0.032
C17-C18 1.402 1.378 -0.024
C18-C19 1.375 1.398 0.023
C19-C20 1.413 1.403 -0.010
C20-C21 1.414 1.417 0.003
C21-C22 1.375 1.408 0.033
C22-C23 1.403 1.367 -0.036
CCO-OCO 1.211 1.225 0.014
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Figure S37. Calculated structure of biipo (UDFT/B3LYP-D3(BJ)/def2-TZVP).

Table S10. Selected calculated bond lengths and angles of biipo (for labeling see figure S36) in the S0 and 

T1 states ((U)DFT/B3LYP-D3(BJ)/def2-TZVP). The most important geometrical changes upon excitation 

from the S0 state to the T1 state are highlighted in orange (major) or red (very large).

Bond lengths / Å 
S0 T1 T1 – S0

N1-C1 1.318 1.322 0.004
N1-C5 1.346 1.341 -0.005
N2-C6 1.342 1.333 -0.009
N2-C10 1.316 1.324 0.008
C1-C2 1.404 1.400 -0.004
C2-C3 1.374 1.377 0.003
C3-C4 1.403 1.399 -0.004
C4-C5 1.411 1.406 -0.005
C4-C11 1.426 1.435 0.009
C5-C6 1.463 1.474 0.011
C6-C7 1.434 1.440 0.006
C7-C8 1.408 1.413 0.005
C7-C12 1.439 1.426 -0.013
C8-C9 1.374 1.375 0.001
C9-C10 1.397 1.395 -0.002
C11-C12 1.387 1.432 0.045
C11-N3 1.374 1.325 -0.049
C12-N4 1.419 1.406 -0.013
N3-C13 1.302 1.357 0.055
C13-N4 1.408 1.412 0.004
N4-CCO 1.411 1.418 0.007
C13-C14 1.443 1.382 -0.061
C14-C15 1.414 1.429 0.015
C14-C23 1.382 1.436 0.054
C15-C16 1.414 1.404 -0.010
C15-C20 1.422 1.428 0.006
C16-CCO 1.483 1.457 -0.026
C16-C17 1.381 1.413 0.032
C17-C18 1.403 1.380 -0.023
C18-C19 1.374 1.395 0.021
C19-C20 1.413 1.404 -0.009
C20-C21 1.414 1.418 0.004
C21-C22 1.374 1.404 0.030
C22-C23 1.404 1.371 -0.033
CCO-OCO 1.211 1.225 0.014
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16.1 Preamble 

My contribution to this publication was step-scan FTIR spectroscopy and luminescence spectroscopy 

in the solid state at different temperatures. Patrick Di Martino-Fumo performed DFT calculations. 

Patrick Di Martino-Fumo and myself were supervised by Markus Gerhards. 

Merten Grupe performed static and femtosecond transient UV/VIS absorption spectroscopy in 

condensed phase, supervised by Rolf Diller. Xin Gui performed Bethe-Salpeter and further DFT 

calculations under the supervision of Willem Klopper. The complexes were synthesized by Cecilia 

Bruschi and Claudia Bizzarri. Furthermore, they performed the electrochemistry and the Stern-

Volmer quenching experiments. Cecilia Bruschi was supervised by Claudia Bizzarri. Roumany Israil 

and Marcel Schmitt conducted transient photofragmentation experiments on isolated molecules in 

the gas phase and were supervised by Christoph Riehn. The concept was designed by Rolf Diller and 

Claudia Bizzarri. The manuscript was written by contributions from all coauthors.    
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Time-Resolved Spectroscopy and Electronic Structure of
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This article is dedicated to the memory of our esteemed colleague Markus Gerhards.

Abstract: Chemical and spectroscopic characterization of the
mononuclear photosensitizers [(DPEPhos)Cu(I)(MPyrT)]0/+

(CuL, CuLH) and their dinuclear analogues (Cu2L’, Cu2L’H2),
backed by (TD)DFT and high-level GW-Bethe-Salpeter equa-
tion calculations, exemplifies the complex influence of charge,
nuclearity and structural flexibility on UV-induced photo-
physical pathways. Ultrafast transient absorption and step-
scan FTIR spectroscopy reveal flattening distortion in the
triplet state of CuLH as controlled by charge, which also

appears to have a large impact on the symmetry of the long-
lived triplet states in Cu2L’ and Cu2L’H2. Time-resolved
luminescence spectroscopy (solid state), supported by tran-
sient photodissociation spectroscopy (gas phase), confirm a
lifetime of some tens of s for the respective triplet states, as
well as the energetics of thermally activated delayed
luminescence, both being essential parameters for application
of these materials based on earth-abundant copper in photo-
catalysis and luminescent devices.

Introduction

Coordination complexes employing earth-abundant metals, like
copper, have a multitude of applications from solar energy
conversion over efficient emitters for new organic light-emitting
diode (OLED) materials[1] to photocatalysis[2] for small-molecule,
for example CO2, activation.[3] The increasing demand for

sustainable materials and processes motivates researchers to
exploit earth-abundant resources. In particular, coordination
metal complexes based on copper in its oxidation state +1
have been addressed as promising alternatives in respect of
other complexes based on expensive and rare metals such as
ruthenium, iridium or platinum.[4] Tetracoordinated copper(I)
complexes have a pseudo-tetrahedral geometry in the ground
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state. When excited, the complex populates a metal-to-ligand
charge-transfer (MLCT) state since the low-lying metal-centered
states are prevented in Cu(I) due to its completely filled d-
orbitals (d10 metal). In this MLCT state, the copper center is
formally oxidized and therefore, the complex undergoes a
flattening distortion to arrange in a square planar geometry,
which is usual for tetracoordinated Cu(II) complexes. To use
Cu(I) complexes as photosensitizers, they should possess a
good chemical stability in solution, and an excited state lifetime
in the microsecond scale. In order to have an emissive and
long-lived excited state, the strategy is to reduce this flattening
distortion to a minimum level, which can be afforded by using
rigid ligands with bulky substituents. This is the reason why
heteroleptic Cu(I) complexes of type (NN)Cu(PP) are gaining
attention, as reviewed recently.[5] Here, (PP) is a chelating
diphosphine, such as (9,9-dimethyl-9H-xanthene-4,5-diyl)bis
(diphenylphosphane) (Xantphos) or bis(2-(diphenylphosphanyl)
phenyl)ether (DPEPhos), and (NN) is the diimine ligand, where
usually the LUMO of the complex is localized. In particular, the
diimine ligand is often based on 1,10-phenanthroline and
derivatives and, with the right substituents, the excited state
lifetimes of heteroleptic Cu(I) complexes of this structure can
reach up to 20 s.[4a,6] Heteroleptic Cu(I) complexes with pyridyl-
triazole as diimine are less investigated. However, they do not
only show long-lived excited state lifetimes, but they are usually
highly stable in solution, without forming the homoleptic
Cu(NN)2 complex upon time, as it is often the case with 1,10-
phenanthroline derivatives.[7] Since they often present efficient
solid-state emission in the light-blue/cyan region, Cu(I) com-
plexes with pyridyl-triazole (or tetrazole) ligands find usually
applications in OLEDs,[8] while their usage as photosensitizers or
photoredox catalysts is rather limited,[3h,9] in contrast to the
cuprous complexes based on 1,10-phenanthroline.[2a,b, 10]

Key to the understanding of the related photochemistry is
to find correlations between molecular structure and optical
properties, i. e. establish a structure-function relationship.[5]

Therefore, the determination of important experimental and
theoretical spectroscopic and structural data is central to
investigation of such photoactive compounds and fuels the
discussion of their application by delivering, for example
absorption spectra and assignment of transitions and electronic
states, lifetimes of electronically excited states, for example
luminescent triplet states, and non-radiative relaxation path-
ways, quantum yields (if possible), (photo-)stability and reac-
tivity in different environments. It should be emphasized, that
the exploration of (ultrafast) time scales and the connections or
sequences of elementary photochemical pathways after excita-
tion are essential for gaining fundamental insights into their
“functionality” and in parallel supports the rational design of
such metal complexes, displaying a highly active field of
research.

Specific to Cu(I) complexes is the question of the occurrence
and ultrafast time scale of structural relaxation (Jahn-Teller
flattening distortion (FD)) in the excited state.[8b,11] Since FD,
within its own temporal evolution, is likely to change rates for
internal conversion (IC) and intramolecular vibrational relaxa-
tion (IVR), it poses a challenge for the disentanglement of

photoinduced primary processes. This concerns in particular
excited electronic state deactivation and lifetime shortening, as
well as its involvement in the formation of a long-lived
electronically excited state via intersystem crossing (ISC).[12] The
related putative involvement of several low-lying singlet and
triplet states has been discussed recently.[13] Here we report a
study on a series of heteroleptic Cu(I) complexes, based on
chelating diimine unit 6’-methyl-pyrid-2’-yl-1H-1,2,3-triazole
(MPyrT), i. e. the two mononuclear complexes [(DPEPhos)
Cu(I)(MPyrT)]0/+ (neutral CuL and cationic CuLH), and the two
dinuclear complexes, where the diimine units are linked
together by a phenyl ring (MPyrT)2Ph, i. e. [(DPEPhos)2Cu-
(I)2(MPyrT)2Ph]

0/2+ (neutral Cu2L’ and dicationic Cu2L’H2). For the
reported mass spectrometric and gas phase investigations
within this text we abbreviate the cationic complexes explicitly
with their charge. These complexes are designed as photo-
sensitizers, envisaging their use in the photoactivated CO2

reduction in combination with an appropriate (earth-abundant
metal-based) catalyst.[14] We reveal here the new structures of
the compounds CuL and Cu2L’ as received by X-ray diffraction
analysis. The molecular structures of all complexes, here under
investigation, are based on the same and formative heteroleptic
unit CuL, and thus allow the comparative study of their
chemical and in particular their photophysical properties with
regard to charge and nuclearity. To this end we have applied a
broad variety of experimental and theoretical methods. Our
study also focuses on cooperative effects[15] apparent as non-
additive contributions of dimerization and/or protonation. Most
photophysical and electrochemical properties observed, for
example for the dinuclear charged system cannot be derived
from the characteristics of the protonated monomer and the
neutral dimer, which is discussed qualitatively as a kind of
cooperative effect. Furthermore, a quantification of coopera-
tivity is presented for the luminescence energies.

Electrochemical analysis and Stern-Volmer quenching ex-
periments were performed to obtain redox and photocatalytic
properties, respectively, in particular for the new (neutral)
complexes CuL and Cu2L’. Time-resolved spectroscopic meth-
ods were used to explore photoinduced dynamics. (i) Femto-
second UV/Vis transient absorption (fs-TA) reveals ultrafast
processes, such as Franck-Condon-state relaxation, FD and
intersystem crossing. Both solution and solid phase (neat film)
preparations were addressed to study, in general, the influence
of the environment and in particular exploit the extent of
environment rigidity on the photodynamics. (ii) Step-scan FTIR
spectroscopy was applied to KBr pellets for structural character-
ization of long-lived excited (triplet) states, the lifetimes of
which were determined as function of temperature via (iii)
time-correlated single photon counting (TCSPC). The latter
yields valuable information on the S1-T1 energy gap, crucial for
the luminescence efficiency, determined by thermally activated
delayed fluorescence (TADF)[1d,16] via reverse intersystem cross-
ing (RISC). As photophysical properties are prone to matrix
effects, (iv) femtosecond and, as a novel variant, microsecond
transient photodissociation ( -PD) in gas phase were applied,
allowing direct comparison with the condensed phase measure-
ments. Our experimental results are compared with the results
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of high-level quantum chemical computations on the electronic
absorption spectra in gas and condensed phase, the IR-vibra-
tional spectra of the long-lived excited triplet states, and the
magnitude of FD.

Results and Discussion

Synthesis and structural properties

The heteroleptic copper complexes investigated in this paper
were prepared using a commercially available chelating
phosphine, the so-called DPEPhos (from bis[(2-diphenylphos-
phino)phenyl] ether), and diimine ligands based on 6’-meth-
ylpyridyl-1H-1,2,3-triazole (MPyrT). Pyridyl-triazoles are well
known chelating ligands for a variety of coordination metal
complexes,[17] as well for Cu(I), as it is demonstrated by various
publications.[8c,14, 18] As stated in the introduction, despite their
high stability in solution, heteroleptic Cu(I) complexes based on
pyridyl-triazole have been less investigated. Moreover, beyond
the increased stability, our motivation is enforced by the
straightforward preparation of such ligands. In this work we
followed the two-steps synthesis reported by Bizzarri et al.,[14]

consisting of a Sonogashira cross-coupling reaction between
one or two equivalents (for the dichelating diimine) of 2-
bromo-6-methyl-pyridine and one equivalent of phenylacety-
lene or 1,4-diethynylbenzene, respectively, followed by a
Huisgen cycloaddition with an excess of NaN3 at high temper-
ature. The charged Cu(I) complexes CuLH and Cu2L’H2 were
prepared in dichloromethane (DCM) at room temperature
under argon (Ar) atmosphere, by dissolving DPEPhos and
Cu(NCCH3)4BF4 together with the corresponding ligand. The
neutral complexes CuL and Cu2L’ were obtained via deprotona-
tion by washing the DCM solution of the respective charged
complexes with a saturated aqueous solution of K2CO3. In
Figure 1, next to the chemical structures of the four complexes,
the crystal of the charged dinuclear Cu(I) complex is shown.

Suitable crystals for X-ray diffractometry were obtained only for
the charged species, by slow evaporation of solvent (CDCl3).
The colorless crystals of Cu2L’H2 have a monoclinic system with
a C2/c space group, whilst the mononuclear CuLH crystals are
tetragonal with P43212 space group, as reported earlier.[14] In
both cases, the geometry around the Cu(I) nuclei is pseudote-
trahedral. While the N Cu-N angles are very similar in the
mononuclear and in the dinuclear complexes, (circa 79.9° for
both), the P Cu P angles are smaller in Cu2L’H2 (111.2°

compared to 114.6° for CuLH). Dihedral angles between the
N Cu N plane and the P Cu P plane are 92.8° for CuLH and
91.3° for Cu2L’H2. Those values are similar to those calculated
for the S0 ground state (see below). Selected bond lengths and
angles are reported in Table SI–1. The complete crystallographic
set can be found in the Crystallographic Cambridge Database
Center.

Mass spectrometric analysis and fragmentation of ionic

complexes

The ionic complexes CuLH and Cu2L’H2 were analyzed by
electrospray ionization mass spectrometry (ESI-MS) from differ-
ent solvents (DCM, acetonitrile, methanol) and isolated in an
ion trap for interrogation by collision-induced (CID) and UV
laser photodissociation (UV PD).

The mononuclear compound [CuLH](BF4) is detected from a
methanolic solution as intact molecular ion: [CuLH]+ at m/z 836
(nominal mass). The dinuclear compound [Cu2L’H2](BF4)2, how-
ever, is observed as the deprotonated monocationic species
[Cu2L’H]

+ at m/z 1595 and upon ESI from the precursor
[Cu2L’H2](PF6)2 observed both as a [Cu2L’H]

+ and the counter
ion complex [Cu2L’H2]

2+(PF6)
 (m/z 1741). Identification of all

species was achieved by comparison of the according isotope
patterns (see Figure SI-9). CID and UV PD of [CuLH]+ both lead
mainly to the loss of the neutral ligand LH, so that [Cu-
(DPEPhos)]+ (m/z 601) is detected as ionic fragment. UV PD of

Figure 1. Chemical structures of the Cu(I) complexes investigated in this work (left). Molecular structure of Cu2L’H2 (right).
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[Cu2L’H]
+ leads mainly to the loss of N2, while CID favours the

cleavage of DPEPhos, giving the fragment [Cu(L’H)
Cu(DPEPhos)]+ (m/z 1057), and to a lower amount again to the
formation of [Cu(DPEPhos)]+. UV PD and CID of [Cu2L’H2]

2+

(PF6)
 results in [Cu2L’H]

+ as the main fragment, whereas the
cleavage of [Cu(DPEPhos)]+ and of LH is also observed. UV PD
of [Cu2L’H2]

2+(PF6)
 leads additionally to the loss of N2 and

DPEPhos. In summary, the compound cations have been
identified mass spectrometrically and their ion trap isolation
proved possible which is a prerequisite for further gas phase
laser spectroscopy (see below). CuLH gave intense molecular
signals, whereas [Cu2L’H2]

2+ deprotonates easily to form the
probably quite stable [Cu2L’H]

+ . Overall, the dissociation path-
ways following thermal (CID) or photoexcitation (UV PD) are
similar and limited in variety.

Electrochemical properties and Stern-Volmer quenching

The redox properties of the mononuclear and dinuclear
complexes were investigated by cyclic voltammetry (CV) in
acetonitrile for the charged species[14] and in N,N-dimeth-
ylformamide for the neutral compounds. Tetrabutylammonium
hexafluorophosphate (TBAPF6) was used in all cases as support-
ing electrolyte. The redox potentials are reported versus
ferrocene oxidation, as recommended by IUPAC[19] and the
voltammograms are shown in the Supporting Information (see
Figure SI–76). In oxidation, we can identify a one-electron
process assigned to the oxidation of the copper metal Cu(I)/
Cu(II). This process is irreversible for all four complexes. More-
over, there is a light difference when comparing the oxidation
potentials of the charged with the neutral species, taking into
account that slight discrepancies might also be due to the
different solvent used. In particular the neutral compounds CuL
and Cu2L’ oxidize almost 1000 mV earlier than the correspond-
ing charged species (see Table 1). This is in agreement with the
fact that in the neutral species CuL and Cu2L’, the Cu(I) nuclei
are coordinated by a negatively-charged diimine, which can
stabilize the oxidized form of copper more than the neutral
ligand in complexes CuLH and Cu2L’H2. In the reduction, one
irreversible process is present for all complexes around  2.6 V
for the neutral species and  2.7 V for the charged complexes.
This redox process is localized on the diimine ligand and the
100 mV difference has to be ascribed to the diverse influence of
the solvent used. As the first oxidation can be associated to the
HOMO level in solution of the corresponding sample, the redox

process correlates well with the theoretical calculation, as it is
mainly localized on the metal core Cu(I). On the other side, the
reduction processes are associated to the LUMO levels, and the
localization on the diimine is also in agreement with quantum
chemical calculation (see below). These assignments are
confirmed also by the emission profiles of the four complexes.
In fact, the observed emission is broad and unstructured, which
is typical for metal-to-ligand charge transfer states.

As we have previously shown for the charged complexes,[14]

the investigated Cu(I) complexes undergo an oxidative quench-
ing with a nickel(II) 1,4,8,11-tetraazacyclotetradecane (cyclam)
complex: Ni(cyclam)Cl2, known to reduce CO2 to CO.[20] This is
demonstrated by Stern-Volmer analysis, which was done in air-
equilibrated solutions of the Cu complexes by addition of
known aliquots of the nickel(II) complex (Figure SI-75). Accord-
ing to the Stern-Volmer equation, we can extract the apparent
quenching constant kq from the Stern-Volmer constant KSV (see
Table 1). The quenching rate is diffusion limited for each Cu(I)
complex, having a kq of the order of magnitude of 1010 s 1M 1.
When comparing the values between the mononuclear com-
plexes CuLH and CuL, the quenching is twice faster for the
protonated compound. This is true also if we compare the
quenching rate of the charged mononuclear and dinuclear
complexes (CuLH and Cu2L’H2). Nevertheless, we observe
almost no difference between the quenching rates of the
charged and neutral dinuclear complexes, as well as the neutral
mononuclear and dinuclear complexes. With this, we have
demonstrated how these Cu(I) complexes undergo an oxidative
quenching and can potentially act as photosensitizers. Never-
theless, a photoactivated catalysis for CO2 reduction involves
many components and the reaction parameters have to be
chosen accurately. Thus, although preliminary photocatalytic
tests were done, their results are still not satisfying. Optimiza-
tions of the conditions are ongoing and are out of the target of
the present work.

Quantum chemical calculations

Quantum chemical computations were performed in order to
serve three purposes. Firstly, we have simulated the ground
state absorption (GSA) spectra of CuL, CuLH, Cu2L’, and Cu2L’H2

in order to compare these with the experimental GSA spectra
measured in CH2Cl2, measured as neat film, and as obtained
from gas phase UV laser photodissociation action spectroscopy.
Secondly, we have determined the equilibrium structures of the
long-lived excited triplet states of CuL, CuLH, Cu2L’, and Cu2L’H2

in order to compare the corresponding computed excited state
harmonic vibrational frequencies with the experimental struc-
tural characterization by step-scan FTIR spectroscopy (in KBr
pellets). Thirdly, we have optimized the equilibrium structures
of low-lying singlet and triplet excited states of the mono-
nuclear complexes in order to obtain insight into the flattening
distortion (FD) that may occur in the excited states.[8b,11,21]

We have performed quantum chemical computations at the
density functional theory (DFT) and time-dependent DFT
(TDDFT) levels using the functionals B3LYP[22] and PBE0[23] in

Table 1. Electrochemical potentials of the ground and excited state vs. Fc/
Fc+ and quenching constants.[a]

Sample Eox/V Ered /V KSV
[c]/ M 1 kq

[d]/s 1 M 1

CuLH 1.30  2.65 1900 3.5 1010

Cu2L’H2 1.93  2.65 3270 1.7 1010

CuL 0.49[b]  2.54[b] 630 1.5 1010

Cu2L’ 0.37 [b]  2.56[b] 1190 1.4 1010

[a] In acetonitrile (0.1 M TBAPF6). [b] in N,N-dimethylformamide (0.1 M
TBAPF6). [c] KSV is the slope of the linear fit I0/I=1+ [Q]. [d] kq=KSV/ .
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Kaiserslautern and in Karlsruhe, respectively. Using these two
functionals, the TDDFT optimized equilibrium structures of the
low-lying singlet and triplet excited states of the mononuclear
systems (CuL and CuLH) mutually agree very well, giving
confidence to having found meaningful structures. States of
ligand-centered pp

* and MLCT character are found as a
function of the geometry, making these computations very
challenging for TDDFT. For the dinuclear systems, the structural
flexibility is even more difficult to handle at the TDDFT level
because of the possible mutual orientations of the two
fragments and the occurrence of localized (on one fragment)
and delocalized (on both fragments) excited states. Therefore,
for the systems Cu2L’, and Cu2L’H2, we focus in the following on
the geometry optimization of the first triplet excited states and
the computation of their harmonic vibrational frequencies at
the level of spin-unrestricted DFT theory (UDFT). We suspect that
the dinuclear systems can be excited locally at both mono-
nuclear fragments of the dinuclear complex, leading to two
nearly degenerate localized excited states and an asymmetric
complex. Alternatively, two delocalized states (symmetric and
antisymmetric) may be found. Not surprisingly, the coordination
of the Cu ion in the locally excited state of the dinuclear
complex was found to be very similar to the coordination of the
Cu ion in the mononuclear complex.

For the computation of the GSA spectra, we have employed
the GW/Bethe-Salpeter equation (GW/BSE) approach.[24] We
have chosen the GW/BSE method because we expected to be
dealing with charge-transfer states and since TDDFT is known
to fail for long-range charge-transfer excited states.[25] The GW/
BSE calculations were based on ground-state DFT calculations
with the PBE0 functional,[23] which is common in GW/BSE
computations.[24b,c]

For the computation of the equilibrium structures and
harmonic vibrational frequencies of the first excited triplet
states of the four systems, we have optimized the Kohn-Sham
determinant in terms of a UDFT calculation with two unpaired
electrons (spin quantum number MS=1). Since this is a ground-
state type optimization, charge-transfer issues are much less
severe than at the TDDFT level. Here, we employed the B3LYP-
D3(BJ) level of DFT,[22,26] as done already with great success in
many of our earlier works. See, for example Goswami et al. and
references therein.[27]

We have optimized the geometries of the S0, S1, and T1
states of CuL and CuLH at the TDDFT and UDFT (for T1) levels
using the functionals PBE0 and B3LYP. The results obtained
with these two functionals mutually agree very well and so do
the TDDFT and UDFT results for the T1 states. The main finding
is that FD is observed for all of the excited states except for the
T1 state of CuL. For the latter state, the dihedral angle between
the P Cu P and N Cu N planes is nearly 90°, whereas this
angle is reduced by ca. 10° in the other three excited states (S1
and T1 of CuLH and S1 of CuL). We furthermore note that the
metal-to-ligand charge-transfer (MLCT) character is significant
for the S1 and T1 excited states of CuLH and for the S1 state of
CuL, whereas it is basically absent in the T1 state of CuL. A
natural population analysis of the hole and particle unrelaxed
difference densities of the T1 state of CuL (in its own T1-

optimized geometry) shows that the 3d orbitals of Cu
contribute only 1–3% to the unrelaxed hole density (values
highlighted with red color in Tables SI-12–SI-14). This contribu-
tion is significantly larger (10-40%) for the states that show FD.

Static absorption in condensed and gas phase

The static electronic ground state absorption (GSA) spectra
(Figure 2) of the four complexes in DCM as well as neat film are
quite similar (besides different overall extinction coefficients),
with increasing absorption only below 400 nm. CuLH and
Cu2L’H2 in DCM show a pronounced shoulder around 350 nm,
assigned to a MLCT transition from the Cu atom to the MPyrT-
respectively the (MPyrT)2Ph-ligand.

[14] This shoulder is not as
good observable in the neutral systems, possibly due to
stronger overlap with ligand-centered (LC) * transitions
below 350 nm[14] and less pronounced MLCT character (see
Comparison of condensed phase absorption spectra with the
theoretical prediction).

In gas phase, i. e. in a room temperature ion trap, we have
recorded UV PD action spectra of the ionic complexes which
should represent UV absorption spectra (Figures 3, SI-23 and SI-
26).[28] The species [CuLH]+ (Figure 3, blue trace) shows two
bands at 270 nm and 305 nm and a less intense feature at ca.
350 nm. The UV PD spectrum of [Cu2L’H]

+ also reveals two
bands (270 nm, 315 nm; Figure 3, green trace), however with
reversed intensities and a broad shoulder (centered at ca.
330 nm) on the long wavelength side extending up to 400 nm.
Additionally, a weak feature could be located at ca. 370 nm. The
UV PD spectrum of [Cu2L’H2]

2+(PF6)
 (Figure 3, red trace) is

similar to the one of [Cu2L’H]
+ . However, the broad shoulder at

330 nm is no longer observed, but a weaker band plateau at ca.
350 nm. The absorption spectrum of [CuLH](BF4) (Figures 2 and
3) in DCM overlaps well with the gas phase spectrum, but
exhibits less pronounced structures. Instead, it shows a plateau-
like shoulder at 290 nm and a shoulder at 350–370 nm. In
solution (MeOH, DCM) the spectra of the dinuclear
[Cu2L’H2](BF4)2 and [Cu2L’H2](PF6)2 complexes are both red-

Figure 2. Static UV/Vis absorption spectra of CuL, CuLH, Cu2L’ and Cu2L’H2 in
DCM (solid) as decadic ext.-coeff. (solvent contributions subtracted), and as
transparent neat film (dotted) in OD units (offset above 400 nm due to
scattering), at room temperature. Excitation for UV/Vis fs-TA at 350 nm.

Chemistry—A European Journal 
Full Paper
doi.org/10.1002/chem.202102760

15256Chem. Eur. J. 2021, 27, 15252–15271 www.chemeurj.org © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH



shifted with respect to the spectra of the mononuclear ones
(Figure SI-24). They display a similar behavior with more distinct
band structure in gas phase (Figure SI-25). In addition, the
absorption spectra obtained in methanol reveal a slight blue-
shift by ca. 15 nm with respect to DCM (Figure SI-24), but nearly
no change in spectral shape.

In summary, the gas phase spectra exhibit two pronounced
band structures in the region of the plateau feature found in
solution. The solution spectra are slightly red-shifted with
respect to the gas phase spectra which we ascribe to
stabilization by solvation, however the onsets on the red side of
all spectra (at ca. 400 nm) are very similar.

Comparison of condensed phase absorption spectra with the

theoretical prediction

The comparison of the recorded spectra in solution with the
calculated spectra (PBE0/evGW-BSE/def2-TZVP, Figure 4) shows

a good agreement. Since solvent effects have not been
included, there is better agreement with the obtained UV PD
spectra in gas phase (Figure 3). The calculations show that in
the excitation range of 340–355 nm, MLCT transitions or *
transitions localized on the pyridyl-triazole residue with some
MLCT character are excited (Figure 4). For energetically higher
excitations, transitions of different nature are expected, where
the corresponding molecular orbitals are localized on the
nitrogen-containing ligand as well as on the phenyl groups of
the phosphine ligand. Those energetically higher lying tran-
sitions show * as well as MLCT character (for a more detailed
discussion, see Supporting Information chapter 13 and 14). Of
interest to note is the theory-predicted but absent red-shifted
band at about 400 nm of the Cu2L’H2 species. This may indicate
that the calculated structure found is not the structure present
in the experiment and therefore shows slightly different
electronic properties. The electronic excitations of the opti-
mized structures (gas phase) were also calculated with TDDFT,
but showed a poorer agreement with the experimentally
recorded spectra. (Even after the application of COSMO, a better
match could be achieved, but the intrinsic problem of under-
estimating the energy of MLCT transitions could not be
compensated (see Supporting Information chapter 14). In
general, the TDDFT calculations show the same electronic
transitions as the evGW-BSE calculations, but significantly red-
shifted.)

Excited state dynamics on ultrafast time scale

Ultrafast pump-probe experiments were applied to study the
primary processes after photoexcitation, such as FC-state
relaxation, FD, IVR and ISC. Their entanglement is crucial for the
formation of long-lived, functionally important states, which are
then further characterized by step-scan FTIR, TCSPC and micro-
second transient photodissociation (see below). In order to
distinguish between matrix-related and intrinsic effects we used
femtosecond UV/Vis transient absorption (fs-TA) for solution
and solid phase, as well as femtosecond transient photo-
dissociation ( -PD) for gas phase conditions.

Figure 3. UV PD spectra of [CuLH]+ , [Cu2L’H]
+ and [Cu2L’H2]

2+(PF6)
 and the

calculated absorption spectra of [CuLH]+ and [Cu2L’H2]
2+ obtained at PBE0

evGW-BSE/def2-TZVP level and convoluted with 1500 cm 1 full width at half
maximum (FWHM).

Figure 4. Comparison of static UV/Vis absorption spectra of CuL, CuLH, Cu2L’ and Cu2L’H2 in DCM (solid lines) and calculated vertical transitions (dashed lines,
PBE0/evGW-BSE/def2-TZVP, Gaussian convolution with FWHM=1500 cm 1). The transition densities of the respective S1 states are plotted with the isovalue of
�0.0015a0

 3, where green represents a gain and orange a loss of electron density. Corresponding natural transition orbitals are depicted in Figure SI-78.
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Femtosecond UV/Vis transient absorption (fs-TA) in solution

and solid phase

UV/Vis fs-TA experiments were performed with excitation at
350 nm. The results are shown in Figure 5 for DCM and in
Figure SI-13 for solid neat film as early (a) and late (b) difference
spectra, decay associated spectra (DAS) from global analysis
according to Equation (3) (c), and absorbance transients with fit
(d). In all samples a global, positive excited state absorption
(ESA) appears within system-response, evolves on the ps-
timescale and merges into a long-lived-state (with lifetime
@1ns) absorption (A0), identified as triplet state (T1), which is
further characterized by step-scan FTIR, TCSPC and -PD in the
following chapters. The very similar A4, with 4�1–2 ns, is only
shown for completeness and not assigned to a specific photo-

physical relaxation process. Inspection of the DAS and related
time constants (see Table 2) shows that - besides specific
differences discussed below - in all samples the overall spectro-
temporal evolution is quite similar and well described by
(similar) three processes. For the reasoning of their assignment
we resort in the following to the very much resembling results
on the chemically akin neutral mononuclear system [(DPEPhos)
Cu(PyrTet)],[8b] featuring a tetrazole- instead of phenyltriazol-
unit and a pyridyl- instead of a sterically demanding meth-
ylpyridyl-substituent. This chemical similarity is given accord-
ingly for the mononuclear subunits of the dinuclear Cu2L’ and
Cu2L’H2.

(i) For the sub-ps dynamics (A1) neither phase-state (solution
vs. film) nor charge effects are observed. This strongly suggests

Figure 5. UV/Vis fs transient absorption of CuL (far left), CuLH (left), Cu2L’ (right) and Cu2L’H2 (far right) in DCM. Excitation at 350 nm. (a) Sub-ps difference
spectra; (b) 1–250 ps difference spectra; (c) DAS; (d) Absorbance transients at specific wavelengths with tetraexponential fit. Data in (a) and (b) are smoothed
via 10-point FFT-filter.

Table 2. Static absorption properties and excited state dynamics, obtained by ultrafast spectroscopy of CuL, CuLH, Cu2L’ and Cu2L’H2 in solution and film,
and of [CuLH]+, [Cu2L’H]

+ and [Cu2L’H2]
2+(PF6)

 in gas phase, at pump=350 nm.

Complex ext. coeff. in CH2Cl2 at 350 nm/103 M 1cm 1 CH2Cl2 solution/ps gas phase/ps neat film/ps

1 2 3 4 1 2 3 4

CuL 6.9�0.3 0.3�0.1 6.3�0.5 20�2 �1650 0.10�0.06 3.2�0.5 20�3 �300
CuLH 4.3�0.8 0.4�0.1 3.2�0.4 32�3 �2000 0.2�0.1 6.5�0.7 48�5 �650
[CuLH]+ – 0.7�0.1 – – >800 – – – –
Cu2L’ 10.5�0.7 0.2�0.1 2.9�0.4 33�3 �1000 0.2�0.1 4�1 25�4 �600
Cu2L’H2 9.1�1.4[a] 0.4�0.1 3.6�0.4 49�5 �2000 – – – –
[Cu2L’H]

+ [b] – <0.1 7.2�0.7 – >800 – – – –
[Cu2L’H2]

2+ (PF6)
 – 0.26�0.03 6.0�0.4 – >800 – – – –

[a] refinement with respect to Bizzarri et al.[14] [b] species observed as deprotonation product in gas phase from [Cu2L’H2]
2+ .
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a relaxation process, which is not significantly influenced by the
molecular environment. Thus, A1 ( 1�0.3 ps) is assigned to
Franck-Condon (FC) state dynamics via intramolecular vibra-
tional relaxation or internal conversion.

(ii) For [(DPEPhos)Cu(PyrTet)],[8b] A2 ( 2) has been associated
with flattening distortion (FD of ca. 40°), accompanied by
vibrational relaxation respectively cooling on the same, early
ps-timescale. This was based on mid-IR fs-TA and UV/Vis
anisotropy experiments (directly measuring the viscosity de-
pendent angular evolution of the corresponding transition
dipole moments), a pronounced spectral difference between
solution and solid film (significantly hindered FD in the latter),
as well as TDDFT calculations.

In fact, our TDDFT calculations predict for both mononu-
clear complexes FD in the relaxed S1 state (Tables 4 and SI-9),
the small magnitude of which can be related to the sterically
demanding methyl group.[29] Note that for [(DPEPhos)
Cu(PyrTet)] in solution, FD has been associated with a spectral
blue-shift of the ESA on the early ps-timescale.[8b] We do not
observe such a blue-shift for the four complexes, possibly due
to their small FD as compared to [(DPEPhos)Cu(PyrTet)]).

Further, mid-IR investigations on [(DPEPhos)Cu(PyrTet)]
revealed characteristics of vibrational cooling (VC) on the same
time scale, suggesting the same process for the four complexes.
Thus, based on phase state characteristics (see below) of CuL,
CuLH and Cu2L’, as well as TDDFT calculations on the
monomers and the reports on [(DPEPhos)Cu(PyrTet)] we assign
A2 ( 2�3–6 ps) to FD in solution in combination with VC.

Considering the similarity of all four A2, this assignment holds
equally for both monomers and dimers.

The rigidity of the solid state counteracts large amplitude
distortions[30] and changes VC characteristics, reflected by the
altered A2. Due to the comparatively small FD amplitude
predicted for CuL and CuLH in S1, FD (or its onset) may occur in
solid state as well, however, in different extent compared to
solution.

(iii) A3 ( 3�20–50 ps) describes the formation of a long-lived
excited state, which is reasonable for triplet states.
Experimental[8a] and theoretical[31] studies on [(DPEPhos)
Cu(PyrTet)] made an unambiguous assignment of ISC to this
time scale. Furthermore, the similarity of A3 in the dynamics of
the neutral [(DPEPhos)Cu(PyrTet)][8b] with those of the four
complexes (in particular of the neutral CuL) is obvious. Thus,
based on the formation of a long-lived state with 3 and
literature reports on the very similar complex [(DPEPhos)
Cu(PyrTet)], A3 ( 3) is assigned to ISC for the four complexes.
However, ultrafast ISC on the sub-ps timescale as suggested by
a theoretical investigation cannot be excluded.[32] Influences of
charge and nuclearity are discussed below.

Although charge, nuclearity and phase are not observed to alter
the spectro-temporal evolution (and thus the described proc-
esses) dramatically, they do lead to variations that are discussed
in context with the respective processes in the following.

(i) The only (small) differences of A1 in all samples concern
negative or positive sign above ca. 550 nm. Among the solution
samples, the dinuclear systems show negative, the mononu-
clear systems positive sign. All solid samples show positive sign,
irrespective of being mono- or dinuclear, charged or neutral.
Thus, FC-relaxation appears basically unchanged with respect
to charge, nuclearity and phase, with phase possibly having the
strongest impact.

(ii) The TDDFT calculations predict the strongest (but small) FD
for CuL in the relaxed S1 ( 16.9°, Table 4) and, interestingly, its
complete reversal in the relaxed T1 ( 0.7°). At first sight, the
results of GW/BSE calculations of the ground state, predicting
predominantly * character for S1 excitation (Figure 4, Table
SI-13), appear contradictory to the occurrence of FD (requiring
MLCT). However, one can expect that small structural fluctua-
tions may alter the electronic transitions significantly (see S0
and S1 geometries in Table SI-13), thereby changing the

Table 3. Photophysical properties of the long-lived excited states of CuL, Cu2L’, CuLH and Cu2L’H2.

Complex lem / nm tem / s t/ s (amplitude) F/%

CH2Cl2/Ar KBr, 290 K KBr, 10 K CH2Cl2/Ar KBr, 290 K[a] KBr, 5 K[a] gas phase CH2Cl2/Ar
CuL 555 520 516 1.8 12 203 – 7
CuLH 554[14] 500 507 0.9[14] 20 234 2 (55%) 5[14]

18 (45%)
Cu2L’ 564 519 511 2.9 44 64 – 10
Cu2L’H2 556[14] 519 536 2.8[14] 9.4 225 – 14[14]

[a] Given values are average lifetimes av.

Table 4. Calculated dihedral angles [°] between the planes defined by
P Cu P and N Cu N (DFT/B3LYP-D3(BJ)/def2-TZVP). Flattening angles
compared to the S0 state are given in brackets, with the angles of both Cu
moieties for Cu2L' and Cu2L’H2. For the T1 states of these dinuclear systems
both the symmetric and the asymmetric structures are listed, including the
relative energies.

Complex S0
(B3LYP)

T1 (TDDFT/
B3LYP)

T1 (UDFT/B3LYP) S1 (TDDFT/
B3LYP)

CuL 90.6 89.9 (-0.7) 89.9 ( 0.7) 73.7 ( 16.9)
CuLH 92.8 84.2 (-8.6) 81.0 ( 11.8) 80.3 ( 12.5)
Cu2L' 89.6 – 91.7/91.7 (2.1/2.1)

(sym., 0 kJ/mol)
78.3/90.2 ( 11.3/0.6)
(asym., 30.9 kJ/mol)

–

Cu2L'H2 91.3 – 92.5/81.5 (1.2/ 9.8)
(asym., 0 kJ/mol)

–

89.9/89.9 ( 0.4/ 0.4)
(sym., 19.7 kJ/mol)
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character from predominantly * to predominantly MLCT,[33]

enabling FD and its reversal with ISC. For CuL the strong
influence of the molecular structure on the electronic states is
also exemplified by TDDFT calculations on the triplet manifold,
where small alterations of the FD angle converge to three
energetically close-lying structures (within 16 kJ/mol, Table SI-
19), with either * or MLCT character (Figure SI-89 and SI-91).
In contrast, for CuLH only one structural minimum (with clear
MLCT character, see Figure SI-93, Table SI-13) was identified.

The result of the TDDFT calculations on CuL (FD and its
reversal, Table 4) correlates well with the nearly mirror-image of
A2 and A3, solely observed for CuL among all solution samples.
For the neutral system the reversal of FD could reflect a formally
(partial) reduction from Cu(II) to Cu(I) in the excited MLCT state
(charge backdonation). In contrast, the protonated ligands of
CuLH and Cu2L’H2 are more electronegative and thus they are
less prone to backdonate (stabilizing MLCT character). In
agreement, the CV data show a lower oxidation potential for
the neutral complexes, since the negatively charged ligand
stabilizes the oxidized Cu atom (Cu(II)) by a charge donation
(see Electrochemical properties) - already without a MLCT-
induced additional ligand-centered negative charge. This is the
case for CuL.

For the dinuclear Cu2L’, a comparable process is not
suggested by fs-TA data. Due to the difficulties with optimizing
S1 structures of the dinuclear complexes at the TDDFT level (see
Quantum chemical calculations), theoretical predictions must
be taken with care. For the dinuclear complexes, LC (Cu2L’) or
MLCT (Cu2L’H2) vertical transitions are predicted (GW/BSE level,
see Supporting Information chapter 13) and thus a clear effect
on occurrence of FD is expected, in addition to altered
relaxations pathways in general. Interestingly, despite the
different predicted transitions, the fs-TA measurements revealed
nearly identical spectra (Figure 5) in solution. This astonishingly
high similarity strongly suggests that the same electronic
relaxation processes take place in both dimers (neutral and
charged) in solution, independent of the predicted LC (Cu2L’)
and MLCT (Cu2L’H2) excitation. Hence, due to the very floppy
character of the dimers and the high similarity of the fs-TA data
we assume that different structures are present in equilibrium
in solution in a quite similar ratio for both dimers. The general

structural flexibility of the dimers seems to be reflected by the
phase dependencies observed for Cu2L’.

(iii) ISC ( 3) appears to be slower in the dinuclear systems
(when systems with same charge are compared) for both
solution and solid phase, possibly owed to conjugation
expansion[34] in the dinuclear systems. In addition, the charged
systems show a slightly slower ISC (when systems with same
nuclearity are compared), for both solution and solid phase. The
reason is possibly a reduced influence of spin-orbit coupling on
ISC, due to a more efficient separation of the electron from the
copper atom, which seems conceivable when taking solely the
electrostatic properties of the nitrogen-ligand into account.
Further support for the significant participation of the copper
atom on ISC is given by TDDFT calculations (on the monomers).
In the S1-state both monomers reveal FD which persists in the
triplet state solely for the charged monomer and not for the
neutral one (reversal FD). This implies an effective reduction of
Cu(II) to Cu(I) in the neutral system. Consequently, the stronger
influence of the copper atom on ISC seems evident for the
neutral systems.

Femtosecond transient photodissociation ( -PD) in gas phase

UV pump-NIR probe -PD spectroscopy[35] was conducted on
the isolated ionic complexes [CuLH]+ , [Cu2L’H]

+ and
[Cu2L’H2]

2+(PF6)
 in an ion trap mass spectrometer (with time

delays up to 800 ps and the pump wavelength set to 350 nm),
whereas the probe wavelength was fixed at 1200 nm for
multiphoton excitation and fragmentation. An important pre-
requisite for obtaining transients by this method, however, is
that the interrogation by the probe pulse should lead to
different fragmentation efficiencies (or different fragment
species) for the primary electronically excited state in compar-
ison to the subsequently reached states, which are produced by
(electronic) relaxation processes, for example IC or ISC.[35b,36]

Characteristic transients of the three species for a maximum
time delay of 180 ps are displayed in Figure 6, kinetic fit results
are given in Table 2. Additionally, transients for different
maximum time delays are presented in Figures SI-14–SI-21.

Figure 6. Normalized transient fragmentation ion intensity of a) [CuLH]+ , b) [Cu2L’H]
+ and c) [Cu2L’H2]

2+(PF6)
 for a 200 ps time delay window with

pump=350 nm at 0.3 J and probe= 1200 nm at 130 J.
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The -PD data on [CuLH]+ (Figure 6, a) show after photo-
excitation mainly the fast population of a long-living excited
state (>800 ps). A closer look in the 10 ps and 2 ps time delay
windows (Figure SI-14) reveals possibly low-frequency wave
packet modulations (with an oscillation period of ca. 1 ps,
associated with a frequency of ca. 30 cm 1). The -PD trace was
fitted so that the amplitude of the chosen function was
adjusted with a damped sine curve in order to fit the oscillatory
behavior. The resulting damping time constant (0.7�0.1 ps),
which, however, can only be estimated with large uncertainty,
correlates with the fast time constants found in solution (0.4 ps)
and in film (0.2 ps; Table 2). The according wavepacket motion
could relate to some low-frequency large amplitude relaxation,
for example flattening distortion (FD), which was recently
observed by optical and X-ray spectroscopy in solution for
copper phenanthroline complexes to dephase in the sub-ps
regime, but showing higher vibrational frequencies than
observed here.[21a,37] For the related [(DPEPhos)Cu(PyrTet)]
complex FD was found on a longer time scale of a few ps.[8b]

However, no additional time constants were found here in gas
phase in longer 1–50 ps time delay windows. A possibility,
which we cannot completely exclude, is that intermediate time
constants (as observed in TA solution dynamics, see above)
relate to states with low contrast in probe amplitude and elude
our -PD analysis technique (see discussion above). However,
since we have no further indications for such an assumption,
we conclude that in gas phase a very fast decay of the primary
excited state (presumably by FD/IVR/ISC) is followed up by
population of a long-living state (possibly of triplet character),
which points, upon comparison of the related solution dynam-
ics by TA, towards a strong acceleration of ISC rate in gas phase.
A similar behavior was recently observed for the photo-
dynamics of the dinuclear platinum metal complex
[Pt2(pop)4H2]

2 (pop=P2H5O2
2 ) in gas phase[38] and discussed in

terms of closing the “dissipation-to-solvent” channel and the
increase of ligand backbone flexibility, both of which should
increase the ISC rate in gas phase.

The transient photodissociation data of [Cu2L’H]
+ (Fig-

ure 6b) exhibit a very short time constant (<0.1 ps) and an
intermediate time constant (~6 ps) leading again towards a
long-living state. These data agree acceptably with time
constants from transient absorption (TA) measurements for
[Cu2L’H2]

2+ obtained in solution (DCM) (0.4 ps and 3.6 ps),
where additionally a third time constant of ~49 ps was found
and assigned to ISC in comparison to former results on
structurally similar copper complexes (see above).[8b] In gas
phase we would assign tentatively the sub-ps time constant to
IVR (possibly also FD) and the ~6 ps time constant to ISC,
clearly slower than in the monomeric complex [CuLH]+ , which
could also result from increased conjugation of the dimer.[34]

Moreover, the -PD measurements implicate (also in agreement
with the TA results from condensed phase dynamics) that a
longer-living excited state (>800 ps) exists. Its long intrinsic
lifetime was obtained by a new ns pump/fs probe setup and
gave a decay in the s regime (see Microsecond transient
photodissociation ( -PD) in gas phase).

Finally, the transient photodissociation data of [Cu2L’H2]
2+

(PF6)
 (Figure 6c) reveal a very similar dynamical behavior as

the just presented deprotonated [Cu2L’H]
+ species. From the

fitting analysis of the -PD transients we obtain again a fast
sub-ps time constant (0.26 ps) and an intermediate constant
(6.0 ps). Eventually a long-living state is formed which decays
only in the s regime. Thus, here also agreement with the first
two time constants from solution dynamics is observed.
However, also here we would assign a clear acceleration of ISC,
although it is slower than for the monomeric complex [CuLH]+ .

In summary, all three ionic species show in gas phase the
fast population of a long-living state, presumably a triplet state,
consistent with the overall observations of dynamics in
condensed phase. The intermediate dynamics (in the few ps
and few tens of ps regime) obtained in solution are hardly
observed in the gas phase. Only a time constant of ~6–7 ps was
revealed for the dinuclear species. So, we conclude that i)
solvent relaxation (and energy transfer to solvent) is involved in
these ps processes and ii) ISC dynamics are strongly accelerated
in gas phase for all species, where the ISC rate seems to be
slower for the dinuclear ([Cu2L’H]

+ , [Cu2L’H2]
2+(PF6)

 ) vs. the
mononuclear ([CuLH]+) complexes. The same qualitative de-
pendence on nuclearity was found for the condensed phase
ultrafast dynamics.

Excited state dynamics on the nano- and microsecond time

scale

Luminescence in solution and solid phase

As ultrafast spectroscopy evidenced long-lived excited states
with lifetimes of nanoseconds or longer, static and time-
resolved luminescence spectroscopy was applied to analyze
potential emissions. Indeed, all four complexes show lumines-
cence in the solid state (KBr matrix, neat film) and in solution
(CH2Cl2) after UV excitation. Broad emission bands centered at
555–500 nm are observed, depending on the complex and the
medium (Table 3), which are common values for Cu(I) com-
plexes with emissive MLCT states.[1c,5,14,16b] The emission maxima
in CH2Cl2 (Figure SI-28, Table 3) are red-shifted by up to 64 nm
compared to the solid state (KBr matrix) luminescence (Fig-
ure SI-29, Table 3), which may be explained by a more efficient
structural relaxation in the electronically excited state in the
liquid phase (see also respective discussion on FD in solution vs.
solid media in the fs-TA section).[12a,30] At the same time, the
emission maxima in solution are almost unaffected by the
charge and the nuclearity of the complexes. However, the
impact is much larger in the solid state (KBr matrix) with, for
example the emission maximum of CuLH being blue-shifted by
19 nm and 29 nm as compared to Cu2L’H2 at 290 K and 10 K,
respectively (see below and Table 3). Similar results were
obtained in the solid phase by probing neat films (Figure SI-30),
so that the influence of KBr is insignificant here.

The effects of charge and nuclearity on the luminescence
energy (via the respective emission maxima) can be considered
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in the sense of two body cooperativity[39] by applying the
following Equation (1):

DEcoop ¼ E Cu2L
0

H2

 �

 E Cu2L
0 �

 

2 E CuLHð Þ  E CuLð Þð Þ
(1)

Interestingly, the values for DEcoop are not equal to zero in
all the studied media and amount to absolute values of up to
1600 cm 1 in the solid state at 10 K (see below), which is a
contribution of 8% (Table SI-4). The DEcoop values in the solid
phase are throughout negative, while positive numbers are
obtained in CH2Cl2. This means that the effects of charge and
nuclearity on the emission properties are not additive, indicat-
ing negative (solid state) and positive (CH2Cl2) cooperative
effects, respectively. The magnitude of the observed lumines-
cence shifts is of the order or even larger than the effects
obtained, for example experimentally for dinuclear iridium,
palladium and platinum containing transition metal complexes
with (2-dimethylamino)-4-(2-pyrimidinyl)pyrimidine ligands.[39b]

The photoluminescence quantum yield amounts to 5–14%
in deaerated CH2Cl2 with a luminescence decaying monoexpo-
nentially with a lifetime of t=0.9–2.9 s (Table 3). In general,
these values are quite high compared to related Cu(I)
complexes,[5,8c,40] which directly correlates with the throughout
small flattening angles in the excited state (Tables 4 and SI-9,
see also fs-TA and step-scan FTIR spectroscopy). It is important
to mention that in CH2Cl2 the lifetimes of the dinuclear systems
are longer than those of the mononuclear analogues, paralleled
by higher photoluminescence quantum yields. In the solid state,
the emission shows a bi- or triexponential decay with an
increased average lifetime of av=9.4–44 s (290 K) compared
to the monoexponential decay constants in solution (Table 3).
This increase from the liquid to the solid phase may be
explained by the absence of non-radiative deactivation chan-
nels via solvent molecules in the KBr matrix and the smaller
excited state distortions in the more rigid medium further
slowing down non-radiative deactivations.[12a,30] The average
decay constant av was calculated by considering the time
constants 1, 2 (and 3) with their relative contributions (Eq. (4)),

where one should be aware that av is appropriate to discuss
relative trends, but cannot be directly assigned to one specific
excited state. In detail, the emission decay in the solid state is
composed of two dominating (�80% in total) long-lived
components of several microseconds (up to 94 s in KBr at
290 K, Table SI-5). The bi- or triexponential decay in the solid
state might result from contributions of energetically higher
substates or different microenvironments (e.g. distance to
counter ions, packing effects, solvent molecules in the crystal
lattice) in the solid sample. Considering the literature reports on
related Cu(I) complexes, two separate long-lived triplet states
are less likely due to a fast spin-lattice relaxation between the
triplet sublevels at 290 K[16a,41] and at the same time a potential
thermally activated delayed fluorescence mechanism (see
below) does rather not involve two distinct excited triplet
states, at least in the solid state.[13] This means that two different
excited states in one molecule are improbable with respect to
the literature. However, the biexponential decays on the micro-
second time scale observed in the gas phase by transient
photofragmentation rather indicate two different electronically
excited (micro)states (see Femtosecond transient photodissocia-
tion in gas phase), so that this point can unfortunately not be
fully answered by the applied time-resolved methods.

The above mentioned average emission lifetime of av=9.4–
44 s at 290 K could be assigned either to phosphorescence or
delayed fluorescence. In the literature many reports on Cu(I)
complexes describe thermally activated delayed fluorescence
(TADF) at room temperature by an efficient reverse intersystem
crossing from the lowest excited triplet state to the lowest
excited singlet level and subsequent delayed fluorescence to
the electronic ground state.[5,16, 42] To achieve a deeper under-
standing for potential thermally activated deactivation proc-
esses, temperature-dependent static and time-resolved lumi-
nescence investigations were performed on KBr pellets. Cooling
of KBr samples of the four complexes to 170 K/130 K red-shifts
the static emission spectrum by 250–780 cm 1, which is
characteristic for the inhibition of a TADF mechanism at lower
thermal energy and phosphorescence from the triplet state T1
(Figures 7 and SI-31–SI-33). Surprisingly, this initial red-shift
turns into a blue-shift of 210–720 cm 1 when the sample is

Figure 7. Static emission spectra of CuLH in a KBr matrix at 10–290 K (left). Average lifetime av of CuLH at temperatures of 5–290 K (right).
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further cooled down to 10 K. Hence, this indicates two opposite
effects at low temperature. The blue-shift may result from an
inhibited excited state relaxation at low temperature, which is
termed as “rigidochromism” in the literature.[43] Indeed, this
effect is typical for 3MLCT states and is definitely conceivable for
the emissive triplet states (see following section on temperature
dependent luminescence lifetimes) of the four complexes.

The blue-shift may be smaller for CuLH/Cu2L’H2 as a result
of their higher intrinsic flexibility (see fs-TA in the condensed
phase, step-scan FTIR spectroscopy and DFT calculations).
Beside the described spectral shifts, pronounced shoulders
appear at temperatures of�50 K, particularly for CuL (Figure SI-
31). These shoulders are separated by approx. 1000 cm 1 and
are assigned to a vibrational progression. Indeed, the measured
FTIR ground state spectrum reveals several vibrations around
1000 cm 1 (Figure SI-43).

For a deeper elucidation of the radiative deactivation
mechanisms, time-resolved luminescence studies were per-
formed at temperatures down to 5 K. Interestingly, the average
luminescence lifetime tav increases sharply between approx-
imately 250–130 K by a factor of approx. 7–9 to values of tav=
203–234 s (5 K) for CuL, CuLH and Cu2L’H2 (Figures 7, SI-35
and SI-37). This should result from a significant contribution of
thermally activated delayed fluorescence at room temperature
and a steadily growing contribution of long-lived phosphor-
escence from the T1 state at low temperature. Assuming that
the S1 and T1 states are in thermal equilibrium, the following
equation[16a] can be considered to get an estimation of the
energy separation ~E between the T1 and S1 states:

t Tð Þ ¼
3þ expð DE

kTÞ
3

t T1ð Þþ
1

t S1ð Þ expð 
DE

kTÞ
(2)

where kT is the thermal energy, t(S1) and t(T1) are the intrinsic
fluorescence and phosphorescence lifetimes and the factor 3 is
introduced to consider three triplet substates. The experimental
temperature-dependent trend of tav can be very well fitted with
Equation (2) with energy barriers of 800–960 cm 1 for CuL,
CuLH and Cu2L’H2. The observations for the temperature
dependent evolution of the luminescence lifetimes and the
deduced energy gaps E (800–960 cm 1 according to Equa-
tion (2)) correlate with the spectral red-shifts (550–780 cm 1)
observed upon cooling from 290 K to 170/130 K (Table SI-6).
The slightly lower values obtained from the static spectra
should result from the blue-shift at low temperature. Overall,
the experimental E values are similar to the S1 T1 gaps of
related complexes reported in the literature.[5] However, the
experimental values are lower than those obtained by the DFT/
PBE0 and DFT/B3LYP calculations for the mononuclear systems
(Tables SI-11 and SI-18). Furthermore, the fit based on
Equation (2) gives an approximation of the intrinsic S1 and T1
lifetimes (S1) and (T1) amounting to 40–170 ns and 180–
230 s, respectively (Table SI-5). Interestingly, (T1) is slightly
higher for the dinuclear system Cu2L’H2 compared to the
mononuclear analogue CuLH, in analogy to the lifetimes
observed in CH2Cl2 solution (Table 3). This correlation might

indicate pure phosphorescence in solution, which may result
from increased S1 T1 energy gaps.

In contrast to the three systems CuL, CuLH and Cu2L’H2

with strongly temperature dependent luminescence lifetimes,
the average time constant of Cu2L’ only increases by approx. a
factor of 1.5 with a high value of tav=44 s at 290 K (Table 3,
Figure SI-36), so that Equation (2) is not applicable. This
indicates efficient phosphorescence also at 290 K in the solid
state and at most a small contribution of TADF. Hence, the
photoluminescence behavior of Cu2L’ strongly differs from the
emission properties of the other three complexes, which can
also be understood as a kind of cooperative effect. The absence
of (efficient) TADF also explains the very small spectral red-shift
of only 250 cm 1 upon cooling, which does not necessarily
result from a suppression of a TADF process.

Considering the full picture of the luminescence properties
in the condensed phase, charge and nuclearity do not have a
systematic influence on emission maxima and lifetimes (includ-
ing intrinsic time constants). At the same time, it was observed
that the effects are clearly not additive with respect to charge
and nuclearity, so that they could be evaluated in the sense of
two-body cooperativity. The most surprising point is that the
temperature-dependent behavior is significantly different for
Cu2L’, which may be explained by an efficient phosphorescence
combined with a very moderate reverse intersystem crossing at
room temperature. In the next step, we move to the analysis of
the long-lived electronically excited states in the gas phase to
achieve further information on their intrinsic properties.

Microsecond transient photodissociation ( -PD) in gas phase

In order to complement the luminescence lifetime data of the
preceding paragraph, we evaluate now the intrinsic electronic
lifetimes, i. e. lifetimes of the isolated chromophore units
without interaction with solvent molecules, counter ions or
matrix environment, on the microsecond time scale. This
investigation serves to verify the assignment of electronic
states, assess environmental influences and excludes processes
like excimer or exciplex formation and can, naturally, only be
achieved under gas phase conditions. Therefore we utilized an
upgraded laser setup (see Experimental Section), where an
additional ns kHz OPO laser was synchronized with the existing
femtosecond laser system, it is now possible to perform excited
state lifetime measurements by transient pump-probe photo-
dissociation ( -PD) for long-living states, for example triplets,
employing (electronically scanned) time delays in the ns-ms
regime.[44] This novel approach is of special interest for non-
luminescent, isolated systems which can hardly be interrogated
otherwise for their intrinsic lifetimes.

The complex cation [CuLH]+ was thus investigated by ns
pump (350 nm)/fs probe (1200 nm) with a time resolution of ca.
50 ns and a time delay of up to 200 s. The -PD result (Table 3)
shows a biexponential decay for [CuLH]+ (~2 s, ~18 s) as
displayed in Figure 8. Unfortunately, we could not study the
[Cu2L’H]

+ and [Cu2L’H2]
2+(PF6)

 complex using this technique
due to too small ns pump/fs probe contrast signal. The lifetimes
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for [CuLH]+ are clearly longer than the results from DCM
solution and correspond well to results obtained by TCSPC
luminescence ([CuLH](BF4), 290 K, KBr matrix; Table 3) of 20 s
as recorded at the slightly longer excitation wavelength of
390 nm.

In summary, using a new ns/fs pump-probe -PD setup we
were able to obtain the intrinsic s lifetime of a photocatalyti-
cally active ionic species under isolated conditions in an ion
trap mass spectrometer. The results give strong support for a
long-lived excited state (triplet state), point towards significant
quenching in DCM solution and relate relatively well to
luminescence lifetimes in KBr matrix for [CuLH]+ .

Structural characterization of the long-lived excited states in

solid phase by step-scan FTIR

Subsequent to the clear evidence of long-lived (microseconds)
excited states in the time-resolved luminescence and photo-
fragmentation (gas phase) studies, which are populated after
UV excitation and femtosecond deactivation processes (see fs-
TA spectroscopy in the condensed and gas phase), we
conducted step-scan FTIR experiments to analyze the structures
of the long-lived electronically excited states. The step-scan
technique has previously been successfully applied to transition
metal complexes,[45] including the structural characterization of
di- and tetranuclear Cu(I) complexes.[46]

Prior to the step-scan FTIR investigations, ground state FTIR
spectra of solid samples (KBr pellets) were recorded at 20 K and
290 K. The ground state FTIR spectra of the four compounds are
very similar (Figure SI-42), as the differences mostly result from
the absorption of the BF4

 counterion at 1250–950 cm 1 (see IR
spectrum of NaBF4 in KBr as a reference for the anion, Figure SI-
51) in case of the charged systems CuLH and Cu2L’H2 (Figure SI-
42). Furthermore, the ground state IR absorption is hardly
influenced by temperature (Figures SI-43–SI-46). The exper-
imental ground state spectra are in very good agreement with
the calculated IR spectra (B3LYP-D3(BJ)/def2-TZVP), where one

should be aware that the counter ions were not considered in
the calculations for the protonated species (Figures 9, SI-47–SI-
50). The theoretical spectra enabled the assignment of the
different absorption bands to specific vibrations, which are for
the most part delocalized (Tables SI-7 and SI-8).

The samples were then excited with a 355 nm UV laser
pulse at 20 K and 290 K to measure step-scan difference spectra
(Figures SI-52–SI-59) and thus analyze small but nevertheless
significant vibrational changes in the solid medium. In these
difference spectra, averaged over the first microsecond after
laser excitation, the peaks pointing in negative direction are
almost identical to the corresponding vibrations in the
electronic ground state and result from the depopulation of the
electronic ground state. At the same time, the peaks pointing in
positive direction are assigned to the populated long-lived
electronically excited states. It should be mentioned here that
the difference spectra show a compound specific positive offset
of unclear origin, so that also the absorbance values of the
negative peaks are mostly positive. For this reason, no reliable
excited state lifetimes could be extracted from the step-scan
data in this particular case. Nevertheless, it is obvious from the
transient FTIR data that the complexes show lifetimes of at least
several microseconds at 290 K and 20 K in the solid state, in full
agreement with the time-resolved luminescence experiments in
solid phase (see also microsecond -PD). This underlines that
the lowest excited triplet state is probed in the step-scan FTIR
experiments. Note that also at 290 K with occurrence of a TADF
mechanism mainly the lowest triplet state T1 should contribute

Figure 8. Normalized transient fragmentation ion intensity of [CuLH]+ for a
90 s time delay window; ns pump (350 nm, 1 J) and fs probe (1200 nm,
130 J) experiment.

Figure 9. Excited state IR spectrum (1.0% of the ground state spectrum
added to the step-scan difference spectrum) and calculated T1 spectrum of
CuLH (top). Static FTIR ground state spectrum (KBr pellet, 20 K) and
calculated S0 spectrum of CuLH (bottom). Calculations: (TD-)DFT/B3LYP-
D3(BJ)/def2-TZVP, scaled by 0.975, FWHM=8 cm 1, Gaussian profile. The
bands marked with asterisks are discussed in the text.
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to the step-scan spectrum, as the intrinsic lifetime of the S1
state is much shorter (see luminescence spectroscopy).

For a better direct comparison between the IR absorption in
the electronic ground state and in the electronically excited
state the pure excited state IR absorption spectra were
generated by addition of 0.5–2.0% (depending on the sample
and temperature) of the ground state spectrum to the step-
scan difference spectrum to compensate the negative bands
(Figures SI-60–SI-63). The low ground state contribution results
from the small number of molecules in the pellet excited by
each laser pulse. The obtained excited state IR spectra can then
be directly compared to the corresponding ground state
spectra, where it is observed that strong excited state specific
peaks are observed for CuLH (Figure SI-60) and Cu2L’H2 (Figure
SI-63). The mentioned peaks are observed at wavenumbers
where the IR absorption in the electronic ground state is much
weaker or even completely absent. For instance, these bands
are localized at 1539, 1320 and 1285 cm 1 for CuLH (see
asterisks in Figure 9). Excited state specific features of similar
intensity were obtained for Cu2L’H2 (see asterisks in Figure SI-
63), whereas the effects were weaker for CuL (Figure SI-61). This
is a first indication for smaller geometrical distortions in the
excited triplet state for CuL (see below). Beside the investiga-
tions in the KBr matrix, Cu2L’H2 was measured as neat film with
spectra very similar to those obtained in KBr, so that matrix
effects are not relevant here (Figure SI-64).

Comparing the excited state IR spectra at 20 K with those
recorded analogously at 290 K, it is observed that the effects
are principally the same (Figures SI-60–SI-63). However, the
excited state specific features are weaker at 290 K compared to
20 K, which may result from the coupling of vibrational modes
in the region of approx. 1700–1000 cm 1 with thermally
populated low frequency vibrations. These couplings induce
vibrational broadening, so that the transient IR absorption
features are then hard to probe experimentally.

For a more profound structural characterization of the
excited triplet states of the mononuclear complexes CuL and
CuLH, the experimental excited state IR spectra were directly
compared to the theoretical T1 spectra. Generally, the exper-
imental spectra are in good agreement with the corresponding
calculated spectra obtained by TDDFT and UDFT (B3LYP-D3(BJ)/
def2-TZVP). Interestingly, the intense excited state specific
features of CuLH observed experimentally are very well
reproduced by theory (TDDFT). Hereby, it should be mentioned
that all the TDDFT optimizations with different starting
structures (e.g. with different dihedral angles) converged into
the same minimum structure. Analogous results were obtained
by calculating the triplet state as ground state (UDFT) (Figure
SI-66). Similar statements hold for CuL with the main difference
that there are no pronounced excited state specific features, as
described above (Figures SI-61 and SI-65). Furthermore, an
important point is that TDDFT yielded three energetically close-
lying triplet states (within 16 kJ/mol, Table SI-19), so that
corresponding harmonic frequency calculations could give an
even better agreement between experiment and theory, which
is however beyond the focus of this work.

The good agreement between the experimental and
theoretical excited state IR spectra allowed a deeper analysis of
the excited triplet geometries and the underlying electronic
characters, especially with respect to the flattening distortion
(FD) under consideration of the change of the calculated
dihedral angle between the planes defined by P Cu P and
N Cu N in the excited triplet state (Tables 4 and SI-9). In the
case of CuL, the dihedral angle is almost identical in the ground
state and in the T1 state with values of 90.6° and 89.9°,
respectively (considering (TD-)DFT/B3LYP, see also UDFT in
Tables 4 and SI-9). This is confirmed by the large similarities
between the ground and excited state spectra observed
experimentally as well as the good correlation between the
experimental and calculated T1 spectra. A different situation is
observed in the case of CuLH, with a significant FD of 8.6° from
the ground state to the triplet state. This was confirmed
experimentally by the strong changes in the excited state IR
spectrum compared to the ground state, in accordance with
the simulated S0 and T1 IR spectra. Hence, the protonation of
the triazole ring leads to an increased flexibility and persistent
FD of the complex (CuLH vs. CuL, see also fs-TA in the
condensed phase), which is explained by the efficient oxidation
of Cu(I) to Cu(II) (inducing FD) and transfer of electron density
to the electronegative triazole ligand. The electronegative
character of the protonated systems correlates with the higher
redox potentials of CuLH and Cu2L’H2 compared to their neutral
analogues (Table 1). However, the observed FDs are throughout
small compared to the much larger flattening angle of 40° for
the related complex [(DPEPhos)Cu(PyrTet)][8b] and other mono-
nuclear Cu(I) complexes.[5,47] For both mononuclear complexes,
CuLH and CuL, the populated long-lived triplet state shows a
significant MLCT contribution according to the differential
electron and spin densities calculated by TDDFT and UDFT,
respectively (Figures SI-88 and SI-89 for CuL; Figures SI-92 and
SI-93 for CuLH, see also natural population analysis in Tables SI-
12–SI-14). However, a ligand-centered * contribution domi-
nates over the MLCT character for CuL, which should arise from
the intrinsically negatively charged triazole ligand making a
shift of electron density from the Cu center to the ligand less
advantageous.

With respect to the dinuclear complexes, the experimental
excited triplet IR spectra of Cu2L’ and in particular Cu2L’H2 show
significant differences compared to the ground state spectra
indicating structural changes (Figures SI-62 and SI-63). At the
same time, the excited state spectra of both complexes
resemble each other, but are clearly not identical, which may
result from distinct geometries even though their ultrafast
dynamics are very similar (Figures SI-71 and SI-74) (see fs-TA in
the condensed phase).

For the dinuclear complexes Cu2L’H2 and Cu2L’ two different
triplet minimum structures were obtained by UDFT with a
symmetric and an asymmetric structure for each complex. In
the symmetric triplet the FD is identical on each Cu subunit
with very small changes compared to the electronic ground
state of  0.4° and 2.1° for Cu2L’H2 and Cu2L’, respectively
(Tables 4 and SI-9). The asymmetric triplets, for their part, show
a much larger FD on one Cu subunit of  11.3° for Cu2L’ and
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 9.8° for Cu2L’H2, whereas the other Cu center is mostly
unaffected (Tables 4 and SI-9). Interestingly, the asymmetric
triplet is energetically lower by 19.7 kJ/mol compared to the
symmetric one for Cu2L’H2, while it is the other way around for
Cu2L’ (+30.9 kJ/mol for the asymmetric triplet) (Table 4).

Comparing the corresponding calculated IR spectra of the
described triplet states with the experimental IR spectra, it is
observed that the spectrum of the asymmetric triplet state of
Cu2L’H2 gives a good description of the excited state specific
features observed by step-scan FTIR (Figure SI-68). The theoret-
ical spectrum of the symmetric triplet state, however, shows
three intense bands in the region of 1350–1420 cm 1, which
were not found experimentally. Nevertheless, as described in
the introductory part on quantum chemical calculations, one
should be aware of the very large conformational flexibility of
the mononuclear systems, so that other triplet conformers may
give an even better agreement with the experiment. Consider-
ing the currently available data set, the found asymmetric and
energetically most stable triplet state with a local FD on one Cu
unit is assigned to the experiment. As the spin density is mainly
localized on one copper core, the pyridyl-triazole ligand and the
phenyl bridge, the triplet state is of localized 3MLCT character
(Figure SI-103).

This discussion is less evident for the deprotonated complex
Cu2L’, where the calculated IR spectra of both triplet states
(symmetric and asymmetric) are both in reasonable agreement
with the experiment (Figure SI-67). For the symmetric and
energetically lowest triplet state the strong calculated band at
1360 cm 1 is not obviously present in the measured excited
state spectrum, but might contribute via a broad absorption to
the particularly large offset in this region. Furthermore, it
cannot be excluded that the very high calculated intensity of
the band results partially from a methodical artefact. Finally, no
unambiguous assignment of a calculated triplet state to the
experiment is possible for Cu2L’ by considering solely the
measured and calculated IR spectra. However, the symmetric
triplet state being 30.9 kJ/mol lower in energy, it is conceivable
that this one is finally populated. The spin density of this triplet
state is mainly localized on the pyridyl-triazole ligand and the
phenyl bridge, indicating a * transition on the bridging
ligand (Figure SI-98). The absence of a significant oxidation of a
Cu center thus explains the small FD.

According to the experimental results at both 20 K (Figur-
es SI-69–SI-70) and 290 K (Figures SI-72–SI-73), the excited state
spectra of the dinuclear systems do not correspond to the sum
of the spectra of the underlying mononuclear subunits, which
can be attributed to a cooperative effect.

Summarizing the step-scan FTIR analysis, it should be said
that the protonated mononuclear system clearly has a higher
flexibility compared to the neutral one (consider FD angles,
Tables 4 and SI-9) according to step-scan FTIR spectroscopy in
combination with theory. Considering the dinuclear systems, it
is concluded that the different triplet characters (3MLCT for
Cu2L’H2 and * for Cu2L’) and the resulting differing geo-
metries (asymmetric for Cu2L’H2 and symmetric for Cu2L’) would
explain the discrepancies in the experimental excited state
spectra.

Conclusion

Applying a broad range of physicochemical methods together
with high-level quantum chemical calculations we here present
a comprehensive photochemical and photophysical character-
ization of a set of closely related complexes, that build on the
CuL unit with a methylpyridyl-triazole (MPyrT)/DPEPhos ligand
system and differ in charge and nuclearity. Including condensed
phase (solution and solid state, i. e. neat films and KBr matrix) as
well as gas phase conditions, this concerted approach allows to
explore - in a synoptic manner - the impact of a large variety of
physical parameters on the molecular structure in the ground
and electronically excited states, and their ultrafast and long-
term dynamics by non-radiative and radiative, i. e. luminescent,
deactivation.

In particular, our investigations demonstrate that a small
variation (protonation/deprotonation) in the ligand sphere,
going from the negatively charged MPyrT (in CuL) to the
neutral one (in CuLH), leads to profound changes in the
photochemistry and dynamics of the complexes. The mono-
nuclear neutral CuL and cationic CuLH complexes exhibit (in
part) strikingly different behavior with respect to 1) their
electrochemical reactivity (strong shift to lower oxidation
potential for CuL), 2) oxidative quenching, 3) electronic
absorption (red-shift of CuL), 4) ultrafast dynamics (time
constants and excited state spectra support flattening distortion
(FD) relaxation in S1 for CuL and CuLH but reversal of FD in T1
for CuL) and 5) long-lived electronically excited state vibrational
and structural properties (small changes for CuL but strong
changes for CuLH with respect to the IR spectra of S0 and T1
state). However, the condensed phase luminescence spectra
and lifetimes are very similar for both mononuclear complexes
supporting the formation of a long-lived triplet state, with
further proof for its intrinsic nature by the gas phase dynamics
results, and temperature characteristics of a TADF process.

This behavior is well supported and rationalized by
electronic structure calculations at TDDFT, UDFT and GW-BSE
(Bethe-Salpeter equation) level for ground (S0) and excited
states (S1, T1). Additionally, theory served to provide simulations
for the absorption spectra of the investigated species in
agreement with experimental results in gas and condensed
phases and allowed for assignment of the relevant electronic
transitions and vibrational modes.

It should be emphasized that the exploration and ration-
alization of such sensitivity on ligand-sphere modifications is
highly important for applications, for example as OLEDs or
photosensitizers, and should ultimately guide efficient com-
pound optimization.

The interpretation of the results for the dimers Cu2L’ and
Cu2L’H2, with the latter structure revealed here for the first time,
turned out to be more challenging both from an experimental
and a theoretical perspective. A difference in electrochemical
reactivity is observed as for the mononuclear complexes, but
their absorption spectra are very similar. Moreover, the ultrafast
dynamics of the dinuclear Cu2L’ resemble very much those of
Cu2L’H2, despite their different charge. Also, their luminescence
spectra and lifetimes in solid state and solution are similar, but
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from the lifetimes-temperature dependence we assigned a
TADF process to Cu2L’H2, whereas only a very moderate effect
of thermal energy was observed for the deactivation in Cu2L’.
The latter shows lower RISC efficiency than the monomer CuL,
where a more effective restriction of specific vibrations via
intermolecular interactions in the solid state sample may take
place, as discussed by Li et al. for closely related complexes.[48]

However, the dimers T1 vibrational spectra show significant
and distinct differences compared to the respective S0 vibra-
tional spectra, suggesting structural changes such as FD, yet
with subtle structural differences comparing the two dimers. It
is noted, that also significant differences are observed between
the T1 vibrational spectra of the mono- and the dinuclear
systems. This implies that the coupling between the monomer-
like units in the respective neutral or charged dinuclear system
efficiently alters the (structural) dynamics observed in Cu2L’ and
Cu2L’H2 in a non-additive manner to a certain extent. Interest-
ingly, from the theoretical analysis the UDFT geometry
optimizations of the T1 states of the dinuclear complexes let us
expect that they would rather behave in the same manner as
their mononuclear counterparts. The calculated dihedral angles
in the T1 state show no FD for Cu2L’ but decent FD (ca. 10°) for
Cu2L’H2 for the respective lowest energy structures. Thus, with
respect to charge, FD is predicted by theory for the dinuclear
systems in the same qualitative way as for the mononuclear
ones. This was confirmed for Cu2L’H2 by considering the
experimental and calculated T1 spectra with the assignment of
the asymmetric triplet structure (excitation on one monomeric
unit) to the experiment. However, the same considerations for
Cu2L’ do not allow an unambiguous conclusion on this issue
with the current set of calculations. Thus, it is concluded that, at
the present state, the calculations do not fully support the
experimental results for the dinuclear systems. Reasons for this
might be found in the coexistence of conformers of the
dinuclear systems in solution, respectively neat film or KBr
matrix, which might alter significantly kinetic relaxation rates
and pathways (e.g. branching reactions to various T states), as
well as excited electronic state energies. These factors are not
taken into account by the current calculations.

To sum up, there is a limited and not so clear-cut influence
of charge for the dimeric complexes and we have experimen-
tally observed some results that point towards non-additive
interaction between the CuL moieties. However, a cooperative
interaction is difficult to ascertain at the current level of
research. On the contrary, our theoretical analysis predicts
symmetry and symmetry breaking for the electronically excited
states of Cu2L’ and Cu2L’H2, respectively, where the former
might point to some degree of cooperative interaction but
reveals no structural change compared with the related
monomer CuL.

Finally, we have presented here a class of four copper
diimine complexes that allow for a unique study to investigate
the interdependence of a great variety of photophysical and
photochemical processes over nine orders of magnitude in time
(scales) on both charge and nuclearity with a connection to
application. We believe that the opportunities to explore the
photochemistry of this compound class are not exhausted but

rather offer possibilities to tackle important questions of current
(inorganic) photochemistry, like symmetry breaking in the
excited state,[49] design of efficient earth-abundant
photosensitizers[50] and cooperative interactions in multimetallic
complexes[15] in the future.

Experimental Section

Synthesis

Syntheses were performed according the literature.[14] Experimental
details are given in the Supporting Information.

Crystal structure determinations

The single-crystal X-ray diffraction of Cu2L’H2 study was carried out
on a Bruker D8 Venture diffractometer with PhotonII detector at
123(2) K using Cu K radiation ( =1.54178 Å) or Mo K radiation
( =0.71073 Å). Dual space methods (SHELXT)[51] were used for
structure solution and refinement was carried out using SHELXL-
2014 (full-matrix least-squares on F2).[52] Hydrogen atoms were
refined using a riding model. A semi-empirical absorption correc-
tion was applied. The central phenyl moiety and solvent molecules
CDCl3 were disordered (see cif-files for details). Cu2L’H2 : colorless
crystals, C94H74CuN8O2P4 · 2 BF4 · 8 CDCl3, Mr=2735.18, crystal size
0.22×0.18×0.14 mm, monoclinic, space group C2/c (No. 15), a=
44.0823(10) Å, b=10.6559(2) Å, c=31.5479(8) Å, =125.145(1)°,
V=12117.6(5) Å3, Z=4, =1.499 Mg/m 3, (Cu-K )=6.32 mm 1,
F(000)=5496, T=123 K,2 max=144.6°, 88283 reflections, of which
11937 were independent (Rint=0.036), 740 parameters, 892 re-
straints (see cif-file for details), R1=0.092 (for 10461 I >2 (I)), wR2=

0.272 (all data), S=1.03, largest diff. peak / hole=2.10 (in solvent
CDCl3) /  1.11 eÅ 3. Deposition Number 2084996 (Cu2L’H2) contains
the supplementary crystallographic data for this paper. These data
are provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service.

Computational details

All quantum-chemical calculations in Karlsruhe were performed
with the TURBOMOLE program package.[53] The resolution-of-the-
identity (RI) approximation was used for all two-electron integrals.
The equilibrium geometries were optimized at the PBE0-D3(BJ)
level of theory,[26,54] and the electronic excitations were calculated at
the CD-evGW(10)/BSE level of theory (eigenvalue-only self-consis-
tent GW (evGW)[55] employing contour deformation (CD)[24c] for
highest 10 occupied and lowest 10 unoccupied orbitals followed by
the Bethe-Salpeter equation (BSE)[24a,b] approach). For further
computational details see Supporting Information. The quantum-
chemical calculations performed in Kaiserslautern were done as
follows: the crystal structures were used as input structures.
Geometry optimizations were performed with the Berny algorithm
of Gaussian 09[56] by using energies and gradients computed by
TURBOMOLE.[53a] All calculations were performed with the functional
B3LYP with dispersion correction (no three-body interaction)
(D3(BJ)).[26,54a]

Static spectroscopy

Static UV/Vis absorption spectra were recorded on Jasco-V670 and
Perkin Elmer Lambda 900 spectrophotometers. Solutions were
prepared in cuvettes of 1 or 10 mm optical path length. The spectra
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of solid samples were recorded on single thin transparent films on
CaF2 substrate. Decadic extinction coefficients in DCM were
determined via ground state absorption spectra at given concen-
tration and optical path length. The presented extinction coef-
ficients are averaged over the results achieved at both instruments,
error bars corresponding to the absolute deviations.

Femtosecond transient absorption in solution and solid

phase

The UV/Vis fs-TA pump-probe measurements were performed
based on a Ti : Sa chirped pulse regenerative amplifier system
(Coherent Libra, 120 fs pulse duration FWHM, 4 mJ/pulse at 800 nm,
1 kHz repetition rate). The excitation pulses with 240–380 nJ per
pulse at 350 nm were generated by an optical parametric amplifier
(Light Conversion TOPAS-Prime)) with focal width of �100 m
FWHM at sample position. The probe pulses (broad spectral
continuum) were generated from weak pulses at 800 nm via self-
phase-modulation in a moving CaF2 window, with focal width of
�40 m at sample position. The probe pulses were spectrally
dispersed and detected with an integrated 512-pixel PDA camera
device (Stresing). For time delay (up to 1 ns) between pump and
probe pulse, a delay stage (Physik Instrumente, PI) was used and
each second pump pulse was blocked by a chopper to obtain
pump-induced absorbance differences. Pump- and probe-pulse
were superimposed in the sample with polarization in magic angle
(54.7°) configuration. Time-zero at each probe-wavelength and
system response time (260 fs) were obtained by pump-probe
experiments in oxazin-4 or coumarine-152 dyes. For the solution
experiments the complexes were dissolved in DCM (UVASOL
grade), with an optical path length of 1 mm and optical density of
1 at the excitation wavelength (350 nm). Thin films of pure CuL,
CuLH and Cu2L’ (not for Cu2L’H2, due to poor solubility) were
obtained via spin-coating (Ossila, Spin Coater 3.0) from DCM-
solutions with optical density of 0.35–0.47 at 350 nm and effectively
doubling the OD by matching two films of each kind face-to-face.
During measurements samples were rotated and moved perpendic-
ular to the laser beam to provide fresh sample conditions. Static
absorption spectra were taken before and after the fs-experiments
to ensure sample integrity. All experiments were performed at
room temperature. The pump-induced absorption difference data
A(t, ) of the transient UV/VIS experiments were analyzed using

the multiexponential global fit function

DA t; lð Þ ¼ A0 lð Þ þ
X

N

i¼1

Ai lð Þ � e
 t=ti (3)

with the decay-associated spectra (DAS) Ai( ), and the correspond-
ing time constants i, beginning at time delay of 200 fs.

Luminescence spectroscopy

Emission and excitation spectra in solution were recorded with a
Fluoromax 4 from Horiba Jobin. All the solutions were air-free by
letting Ar bubbling inside for 10 minutes at least. Lifetime experi-
ments were performed by time-correlated single-photon counting
method (TCSPC) with a DeltaTime kit for DeltaDiode source on
FluoroMax systems, including DeltaHub and DeltaDiode controller.
NanoLED 370 was used as the excitation source ( =366 nm). Static
temperature dependent (20–290 K at the sample) emission spectra
were recorded in the solid state with a FluoroMax-2 (Horiba Jobin-
Yvon) spectrometer using a closed cycle helium cryostat (ARS
Model DE-202 A). The cryo cooler was equipped with a copper
pellet holder and CaF2 windows. KBr pellets of the four complexes
were prepared by mixing (1.5 mg for CuL and CuLH; 2.2 mg for

CuL’ and CuL’H) with dry KBr (ca. 200 mg, stored in a compartment
dryer at 80 °C, purchased from Merck) and grinding to a homoge-
neous mixture. Neat films were prepared by spraying a solution of
the compound in CH2Cl2 on a CaF2 substrate (13 mm diameter,
1 mm thick), followed by evaporation of the solvent. The
luminescence lifetimes were determined with the time-correlated
single photon counting technique (TCSPC) at temperatures of 5–
290 K with an analogous cryostat (ColdEdge, 101 J cryocooler). Data
were recorded with a DeltaFlex (Horiba Scientific) spectrometer. The
sample was excited with short light pulses of a SpectraLED
(390 nm) and the emission monochromator was set to the
corresponding emission maximum (lmax=500–541 nm). The emit-
ted light was detected with a picosecond photon counting (PPT)
detection module. In all the time-resolved luminescence experi-
ments a long pass filter (475 nm or 500 nm) was mounted between
the sample and the emission monochromator to prevent scattered
excitation light from reaching the detector. Average lifetimes were
calculated using the amplitude average lifetime, which is defined
by

tav ¼
X

i

aiti (4)

Step-scan FTIR spectroscopy

Step-scan FTIR experiments were performed with a Bruker Vertex
80v FTIR spectrometer, operated in the step-scan mode. Temper-
ature dependent measurements were performed at 290 K and 20 K
by the use of KBr pellets and neat films. The samples were prepared
as described for the solid state luminescence spectroscopy and
cooled using the cryostat ARS Model DE-202 A. A liquid-nitrogen-
cooled mercury cadmium telluride (MCT) detector (Kolmar Tech.,
Model KV100-1-B-7/190) with a rise time of 25 ns, connected to a
fast preamplifier and a 14-bit transient recorder board (Spectrum
Germany, M3I4142, 400 MS s 1), was used for signal detection and
processing. The laser setup includes the Q-switched Nd:YAG lasers
Innolas SpitLight 1000.2 and Innolas SpitLight Evo I generating
pulses with a band-width of 6 ns at repetition rates of 10 Hz and
100 Hz, respectively. Apart from the measurements on KBr pellets
of the neutral systems CuL and Cu2L’ at 20 K (10 Hz), all the
experiments were performed at 100 Hz. The third harmonic
(355 nm) of the Nd:YAG laser was used for sample excitation. The
UV pump beam was attenuated to 2.0 mJ and 0.2 mJ per shot at a
diameter of 9 mm for measurements on KBr pellets and neat films,
respectively. The beam was directed onto the sample and adjusted
to have a maximal overlap with the IR beam of the spectrometer.
The sample chamber was equipped with anti-reflection-coated
germanium filters to prevent the entrance of laser radiation into
the detector and interferometer compartments. The time delay
between the start of the experiment and the UV laser pulse was
controlled with a Stanford Research Systems DG535 delay generator
and the time where the laser pulse reached the sample was set as
zero point in all spectra. The temporal resolution was set to 20 ns
or 100 ns. The spectral region was limited by undersampling to 0–
1975 cm 1 or 988–1975 cm 1 with a spectral resolution of 4 cm 1

resulting in 1110 and 555 interferogram points, respectively. An IR
broad band filter (850–1750 cm 1) and the CaF2 windows (no IR
transmission <1000 cm 1) of the cryostat prevented problems
when performing a Fourier transformation (i. e. no IR intensity
outside the measured region should be observed). FTIR ground
state spectra were recorded systematically to check for sample
degradation. A more detailed description of the step-scan setup is
given elsewhere.[46a,b,57]
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Ion-trap mass spectrometry (ESI-MS)

Ion-trap mass spectrometric analyses were performed using a Paul-
type 3D quadrupole ion trap mass spectrometer (Bruker Daltonics,
amaZon speed) which was modified for laser irradiation
experiments.[35a,58] For examination of trapped ions in positive ion
mode, solutions of [CuLH]BF4, [Cu2L’H2](BF4)2 and [Cu2L’H2](PF6)2 in
methanol (c=10 6 M) were electrosprayed (ESI needle at 4.5 kV) at
a continuous infusion rate of 120 l h 1 with coaxial flow of
nitrogen sheath gas (7 psi, 483 mbar) as support. Also, nitrogen was
used as drying gas (4 l min 1, 180 °C) to assist the desolvation
process. The mass-spectra were recorded in enhanced resolution
scan mode (8100 amu s 1, ca. 0.25 FWHM) with a mass isolation
window of ~m/z=9. The instrument was controlled using the
trapControl 7.4 software (Bruker Daltonics) and spectra were
analyzed using the dataanalysis 4.4 software (Bruker Daltonics).

Gas phase UV-photodissociation (UV PD, -PD)

The experimental setup for photodissociative action spectroscopy
was described elsewhere in detail.[35b,59] Shortly, a femto- or nano-
second, respectively, UV-pump ( pump: 350–370 nm, 0.3 J) beam is
focused (f=50 cm) and quasi-collinearly combined with a femto-
second NIR-probe ( probe: 1200 nm, 130 J) beam in a Paul-type ion
trap (~1 mm diameter) through fused silica window (3 mm thick-
ness) of the modified mass spectrometer. For static photodissocia-
tion spectra only the pump beam (femto- or nanosecond pulses,
respectively) is used and manually scanned in 3–5 nm steps in the
range of 240–400 nm with a constant pulse energy (2 J) controlled
by neutral density filters and an irradiation time of 100 ms, so that
each ion packet was irradiated with ~100 UV pulses followed by
mass spectrometric analysis. The individual (Y i) and total fragment
yields (TFY) were calculated from the resulting mass spectra using

Y i ¼ Fi=ð
X

Fi þ PÞ (5)

TFY ¼
X

Fi=ð
X

Fi þ PÞ (6)

where Fi and P were the integrated mass peak intensities of the
fragments and precursor ions and

P

Fi represents the sum of all
fragment product intensities. For static PD spectra the resulting
fragment yields were normalized to photon number using

N ¼ Epulse � l=ðh � cÞ (7)

For -PD experiments an average of 12 scans for each time window
was used. A convolution of a Gaussian system response function
with a multiexponential decay function in accordance with

S tð Þ ¼
X

i

Aiðexp  
t

ti

� �

� g t; t0; tp
 �

(8)

was used to fit the transient data using Origin 2021 software (ti
decay time constants, t0 time zero, tp FWHM of Gaussian, Ai

amplitude of ti).

Femto- and nanosecond time-resolved transient

photodissociation ( -PD)

The femtosecond pump-probe experiments were performed using
a Ti : Sa chirped pulse cryogenic regenerative amplifier system
(KMLabs, Wyvern 1000™) with an output pulse of ~ 780 nm
(982 Hz, 3.1 W, FWHM ~50 fs). This pump beam was split in order
to pump two nonlinear frequency converters (Light Conversion,

TOPAS-C) to generate tunable wavelength output (tuning range:
240–2600 nm). A delay stage (Physik Instrumente, PI) was used to
generate time delay between pump and probe pulses for femto-
second transient photodissociation measurements. For the ns
pump/fs probe experimental setup with two pulsed laser systems,
the femtosecond amplified laser output (at ca. 1 kHz) is used as the
master clock and a ns kHz laser system (see below) is synchronized
with electronically variable time delay between the ns pulse and
the following (next) fs pulse. The femtosecond seed laser pulse is
picked up by a fast photodiode (Thorlabs, DET10 A/M) to start a
delay generator (Stanford Research Systems, Model DG645) which
then triggers at appropriate delay a second, the main, delay
generator. This configuration is used because of the necessity of a
negative pump-probe delay ~t<0 which functionality is not
offered in the used delay generators.[44] The first delay generator
creates a variable pre-delay which is variably controlled by the data
acquisition PC using a LabView2018 program. The main delay
generator is triggered by the first one and generates two trigger
output pulses for the EKSPLA NT242: first a pump trigger signal and,
at appropriate delay, second a Q-switch trigger signal which
eventually releases the ns laser pulse. For an in operando check of
the time overlap of the two pulses another fast photodiode (Soliton
EOT ET-2000) at the optical output of the ion trap was used and the
signal monitored on an oscilloscope (Tektronix DPO4101B). The
resulting time delay has a time window of up to 200 s. The time
resolution is currently limited by a jitter in the regenerative
amplifier switchout of the Wyvern system to ca. 50 ns, but it should
be possible to reduce it to <1 ns.

Nanosecond kHz OPO laser system

Nanosecond laser pulses were generated using a tunable diode-
pumped OPO Laser System (EKPSLA, NT242). The 1064 nm
fundamental pulse generated by a Q-switched diode-pumped Nd:
YAG pump laser NL210 with a pulse duration of 4–6 ns and a
repetition rate of 1 kHz was split and frequency doubled to 532 nm.
Lastly, the third harmonic beam was generated to pump the
nonlinear type-II BBO crystals for the OPO processes to obtain
wavelengths in the range of 405–2600 nm. To achieve shorter
wavelengths, a second harmonic and a sum frequency generator
were used combining with the remaining fundamental Nd:YAG
beam. The resulting wavelengths could be easily adjusted in the
range of 210–2600 nm.
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General methods and procedure

For a detailed overview of the used methods, please refer to the experimental section in the manuscript.

Synthetic procedures and analyses

Procedure for the synthesis of the ligands and the final charged complexes were reproduced from Bizzarri et al.[1]

CuLH. DPEPhos (247.2 mg, 0.46 mmol) and Cu(CH3CN)4 BF4 (148.7 mg, 0.47 mmol) were dissolved in 20 ml of dry and freshly distilled 
CH2Cl2, under argon atmosphere. The reagents stirred for half an hour at room temperature, before the ligand LH (108.8 mg, 0.46 mmol) 
was added. The solution became immediately bright yellow. After 4 hours, the solvent was evaporated by reduced pressure. The residue 
was dissolved in a minimum amount of CH2Cl2 and recrystallized by slow diffusion of C6H12. The obtained white crystals were filtrated 
and dried under vacuum. Yield: 302.5 mg, (71.1%). 1H NMR (300 MHz, 298K,CDCl3) δ: 14.41 (broad s, 1H, NH), 7.75-7.58 (m, 10H), 
7.53-7.38 (m, 12H), 7.27-7.25 (m, 5H), 7.13 (m, 4H), 6.98-6.85 (m, 6H), 2.19 (s, 3H). 13C NMR (400 MHz, 298K,CDCl3) δ: 159.56; 159.50; 
159.44; 158.87; 153.04; 144.76; 139.62; 137.72; 136.24; 135.96; 135.52; 133.34; 132.59; 131.83; 130.56; 130.24; 129.797; 129.38; 
129.09; 128.98; 127.76; 126.77; 126.65; 126.53; 125.34; 121.46; 121.12; 117.43; 78.29-77.65 (CDCl3); 26.09. 31P NMR (400 MHz, 
298K,CDCl3) δ: -14.85. HRMS (ESI): 837.20 (z=1) (C50H40CuN4OP2

+); 601.09 (z=1) (C36H28CuOP2)+

CuL. The charged complex CuLH (100 mg, 0.11 mmol) were dissolved in CH2Cl2. This solution was transferred in a separatory funnel 
and washed three times with a saturated solution of K2CO3. The organic phase was dried under MgSO4, filtered and solvent was 
evaporated under reduced pressure. After a column in silica gel using CH2Cl2/ MeOH (2%) as eluent, the final neutral complex was 
obtained. Yield: 88.4 mg, 0.106 mmol (95.9%).1H NMR (400 MHz, 298K, CDCl3) δ 7.73 (s, 3H), 7.60 – 7.27 (m, 12H), 7.21 (q, J = 6.8, 
6.3 Hz, 7H), 7.07 (s, 3H), 6.90 (dq, J = 22.3, 7.6, 7.2 Hz, 8H), 6.75 (s, 1H), 6.66 (dd, J = 7.9, 4.1 Hz, 2H), 1.95 (s, 3H). 13C NMR (101 
MHz, CDCl3) δ 159.56, 159.50, 159.44, 158.87, 137.72, 136.24, 135.96, 135.52, 133.34, 132.59, 131.83, 130.57, 130.24, 129.83, 129.38, 
128.96, 127.76, 126.78, 126.65, 126.53, 125.34, 121.46, 121.12, 117.43, 78.29, 77.65, 26.08. HRMS (ESI): 837.20 (z=1) (C50H39CuN4OP2 

H+); 601.09 (z=1) (C36H28CuOP2)+

Cu2L’H2. Under Ar atmosphere, DPEPhos (372 mg, 0.691 mmol) and Cu(CH3CN)4 BF4 (217 mg, 0.691 mmol) were dissolved in 25 ml of 
dry and freshly distilled CH2Cl2. The reagents stirred for half an hour at room temperature, before the ligand L’H2 (136.2 mg, 0.345 mmol) 
was added (a small amount of CH3CN might be necessary to increase the solubility of the ligand). After 10 hours, the solvent was 
evaporated by reduced pressure. The residue was dissolved in a minimum amount of CH2Cl2 and recrystallized by slow diffusion of C6H12. 
The obtained colorless crystals were filtrated and dried under vacuum. Yield: 453.7 mg, 0.256 mmol (74.2%). 1H NMR (400 MHz, 
298K,CDCl3) δ: 14.08 (broad s, 2H, NH), 7.90 (t, J = 7.8 Hz, 2H), 7.61 (d, J = 8.0 Hz, 2H), 7.56 (s, 4H), 7.43 (s, 8H), 7.31 – 7.21 (m, 14H), 
7.17 (dd, J = 7.5, 1.6 Hz, 6H), 7.08 (t, J = 7.6 Hz, 8H), 7.01 (d, J = 7.7 Hz, 3H), 6.89 (q, J = 8.1, 7.5 Hz, 8H), 6.73 (q, J = 5.8 Hz, 7H), 6.67 
– 6.59 (m, 4H), 1.94 (s, 6H).13C NMR (126 MHz, 298K,CDCl3) δ: 158.47; 134.61; 132.19; 130.19; 128.78; 128.57; 124.75; 120.23; 99.99; 
78.24-77.94 (CDCl3); 26.94; 25.22. 31P NMR (400 MHz, 298K,CDCl3) δ: -13.99.  HRMS (ESI): 1685.35 (z=1) 
(C94H74Cu2N8O2P4

+BF4)+;1596.34 (z=1) (C94H73Cu2N8O2P4)+; 798.68 (z =2) (C94H74C u2N8O2P4)2+ ; 601.09 (z=1) (C36H28CuOP2)+

Cu2L’. The charged complex Cu2L’H2 (118.9 mg, 0.07 mmol) was dissolved in CH2Cl2. This solution was transferred in a separatory 
funnel and washed three times with a saturated solution of K2CO3. After each extraction, a white precipitate was formed and filtrated out. 
This precipitate was collected. It is only slightly soluble in dichloromethane, therefore addition of MeOH is necessary to have a 
concentrated solution. After a column in silica gel using CH2Cl2/ MeOH (4%) as eluent, the final neutral complex was obtained. Yield: 79.8 
mg, 0.05 mmol (71.4%). Due to low solubility, only a proton NMR was possible.1H NMR (300 MHz, 298K,CDCl3) δ:  δ 7.69 – 7.48 (m, 
10H), 7.42 (d, J = 8.0 Hz, 3H), 7.21 (d, J = 6.6 Hz, 9H), 7.18 – 6.93 (m, 24H), 6.93 – 6.82 (m, 9H), 6.76 (q, J = 6.2 Hz, 7H), 6.65 – 6.52 
(m, 4H), 1.92 (s, 6H).
HRMS (ESI): 1597.341 (z=1) (calcd. for C94H72Cu2N8O2P4 H+), 1596.343 (calcd. for C94H72Cu2N8O2P4); 601.09 (z=1) (C36H28CuOP2)+

Table SI-1: Selected bond lengths (Å) and bond angles (deg) for Cu2L’H2 and CuLH.

Bond lengths (Å) Bond angles (deg)

CuLH Cu2L’H2 CuLH Cu2L’H2

Cu1-N11 2.038(4) 2.055 (4) N11-Cu1-N1 79.93(15) 79.98 (14)
Cu1-N1 2.095(4) 2.095 (4) N11-Cu1-P2 123.20(12) 114.98 (11)
Cu1-P2 2.2168(13) 2.2364 (11) N1-Cu1-P2 125.78(12) 117.19 (10)
Cu1-P1 2.2742(13) 2.2506 (13) N11-Cu1-P1 102.51(13) 111.66 (11)

N1-Cu1-P1 104.44(12) 118.39 (10)

P2-Cu1-P1 114.59(5) 111.17 (4)
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NMR spectroscopy

Figure SI-1: 1H NMR in CDCl3 (7.26 ppm) of CuLH.

Figure SI-2: 13C NMR in CDCl3 (77.16 ppm) of CuLH.
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Figure SI-3: 1H NMR in CDCl3 (7.26 ppm) of CuL.

Figure SI-4: 13C NMR in CDCl3 (77.16 ppm) of CuL.
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Figure SI-5: 1H NMR in CDCl3 (7.26 ppm) of Cu2L’H2.

Figure SI-6: 13C NMR in CDCl3 (77.16 ppm) of Cu2L’H2.
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Figure SI-7: 1H NMR in CDCl3 (7.26 ppm) of Cu2L’.

Figure SI-8: 13C NMR in CDCl3 (77.16 ppm) of Cu2L’.
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Mass spectrometric measurements

Figure SI-9: Mass spectrometric isotope pattern of [CuLH]+, [Cu2L’H]+ and [Cu2L’H2]2+(PF6)- with the corresponding 
simulation.

Figure SI-10: Mass spectrum of [CuLH](BF4) sprayed from a DCM solution and a MeOH solution, giving the target 
signal at m/z 837 for [CuLH]+.

Figure SI-11: Mass spectrum of [Cu2L’H2](BF4)2 sprayed from a DCM solution and a MeOH solution, giving the target 
signal at m/z 1597 for [Cu2L’H]+. Mass spectra of [Cu2L’H2](BF4)2 samples solved in DCM and MeOH.

Figure SI-12: Mass spectrum of [Cu2L’H2](PF6)2 and [Cu2L’H2](BF4)2 sprayed from a MeOH solution, giving the 
target signal at m/z 1597 for [Cu2L’H]+ and at m/z for [Cu2L’H2]2+(PF6)-.
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UV/Vis fs transient absorption of CuL, CuLH and Cu2L’ as transparent film

Figure SI-13: UV/Vis fs transient absorption of CuL (left), CuLH (middle) and Cu2L’ (right) as transparent film. 
Excitation at 350 nm. (a) Sub-ps difference spectra; (b) 1–250 ps difference spectra; (c) DAS; (d) Absorbance transients 
at specific wavelengths with tetraexponential fit. Data in (a) and (b) are smoothed via 10-point FFT-filter.
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UV/Vis fs transient photodissociation of [CuLH]+, [Cu2L’H]+ and [Cu2L’H2]2+(PF6)- in 
gas phase 

Figure SI-14: Normalized transient fragmentation ion intensity of [CuLH]+ for a 4 ps (left) and 10 ps (right) time window.

Figure SI-15: Normalized transient fragmentation ion intensity of [CuLH]+ for a 200 ps (left) and 600 ps (right) time window.

Figure SI-16: Normalized transient fragmentation ion intensity of [Cu2L’H]+ for a 4 ps (left) and 10 ps (right) time window.
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Figure SI-19: Normalized transient fragmentation ion intensity of [Cu2L’H2]2+(PF6)- for a 4 ps (left) and 20 ps (right) time window. 

Figure SI-17: Normalized transient fragmentation ion intensity of [Cu2L’H]+ for a 60 ps (left) and 200 ps (right) time window. 

Figure SI-18: Normalized transient fragmentation ion intensity of [Cu2L’H]+ for a 400 ps (left) and 800 ps (right) time window. 
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Table SI-2: Excited state dynamics in gas phase, obtained by ultrafast spectroscopy of [CuLH]+, [Cu2L’H]2+ and [Cu2L’H2]2+(PF6)- 

measured at λpump= 350 nm and λprobe= 1200 nm. 

Complex ions t1 / ps t2 / ps t3 / ps 

[CuLH]+ 0.7 ± 0.1 - > 800 

[Cu2L’H]
+ < 0.1 7.2± 0.7 > 800 

[Cu2L’H2]2+ (PF6)- 0.26 ± 0.03 6.0 ± 0.4 > 800 

 
 
 
 
 
 
 
  

Figure SI-20: Normalized transient fragmentation ion intensity of [Cu2L’H2]2+(PF6)- for a 100 ps (left) and 200 ps (right) time 
window. 

Figure SI-21: Normalized transient fragmentation ion intensity of [Cu2L’H2]2+(PF6)- for a 600 ps time window. 



12

µs transient photodissociation of [CuLH]+ in gas phase

Table SI-3: Excited state dynamics in gas phase, obtained by a ns pump/fs probe setup of [CuLH]+ measured at λpump= 350 nm 
and λprobe= 1200 nm.

Complex ions t1 / µs t2 / µs

[CuLH]+ 5 ± 0.1 35 ± 7

Figure SI-22: Normalized transient fragmentation ion intensity of [CuLH]+ for a 70 µs time window.
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Absorption spectra in gas/liquid phase and the comparison to the calculations 

Figure SI-24: Absorption spectra of [CuLH](BF4), [Cu2L’H2](BF4)2 and [Cu2L’H2](PF6)2 in MeOH and DCM.
           

Figure SI-23: UVPD spectra of [CuLH]+, [Cu2L’H]+ and [Cu2L’H2]2+(PF6)- and the components [Cu-
DEPPhos]+ and its protonated ligand [LH2]+.
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Figure SI-26: UVPD spectra of [CuLH]+, [Cu2L’H]+ and [Cu2L’H2]2+(PF6)- in comparison with the calculated absorption spectra 
and the stick spectra of [CuLH]+ and [Cu2L’H2]2+ obtained at PBE0 evGW-BSE/def2-TZVP level and convoluted with 1500 cm-1 

FWHM. The assignments of the states were taken from Table SI-10.

Figure SI-25: UVPD spectra of [CuLH]+, [Cu2L’H]+ and [Cu2L’H2]2+(PF6)- , absorption spectra of [CuLH](BF4), [Cu2L’H2](BF4)2

and [Cu2L’H2](PF6)2 as well as the calculated (stick) spectra of [CuLH]+, [Cu2L’H]+ and [Cu2L’H2]2+ obtained at B3LYP/D3-
BJ/def2-TZVP/def2-SV(P) level of theory.

S1

S2S3,4

S1
1
S2

S3

SS4
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Figure SI-27: UVPD spectra of [CuLH]+, [Cu2L’H]+ and [Cu2L’H2]2+(PF6)- and the calculated absorption spectra of [CuLH]+, 
[Cu2L’H]+ and [Cu2L’H2]2+ obtained at B3-LYP/D3-BJ/def2-TZVP/def2-SV(P) level of theory and convoluted with 1500 cm-1 

FWHM. 
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Luminescence spectroscopy

9.1 Static luminescence spectroscopy

Figure SI-28: Static emission spectra of CuL, CuLH, Cu2L’ and Cu2L’H2 in dichloromethane.

Figure SI-29: Static emission spectra of CuL, CuLH, Cu2L’ and Cu2L’H2 in a KBr matrix at 290 K.

Figure SI-30: Static emission spectra of CuL, CuLH, Cu2L’ and Cu2L’H2 as neat film at room temperature.
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Figure SI-31: Static emission spectra of CuL in a KBr matrix at 10 – 290 K. 

Figure SI-32: Static emission spectra of Cu2L’ in a KBr matrix at 10 – 290 K.  

Figure SI-33: Static emission spectra of Cu2L’H2 in a KBr matrix at 10 – 290 K. 
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Table SI-4: Cooperative effects  !"##$ obtained from the luminescence maxima in the KBr matrix (290 K and 10 K), as neat film 
and in CH2Cl2.  !"##$ values are given in wavenumbers and the relative contributions in percent, respectively. 

 
lem / cm−1 (nm) Δ&'(() / 

Cu2L’H2 Cu2L’ CuLH CuL cm−1 

KBr, 290 K 519 519 500 520 −1540 (−8 %) 

KBr, 10 K 536 511 507 516 −1600 (−8 %) 

Neat film, RT 515 522 504 518 −810 (4 %) 

CH2Cl2, RT 556 564 554 555 +190 (1 %) 

 

  

Figure SI-34: Static emission spectra of CuL, CuLH, Cu2L’ and Cu2L’H2 in a KBr matrix at 10 K. 
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9.2 Time-resolved luminescence spectroscopy 

Table SI-5: Average luminescence lifetimes *av and underlying time constants t1, t2 and t3 (relative contributions are given in 
parentheses) at 290 K and 5 K (KBr;  lex = 390 nm). 

Complex T / K lem / nm +1 / µs +2 / µs +3 / µs +av / µs +(S1) / ns +(T1) / µs 

CuL 

290 520 - 4.8 (37 %) 16 (63 %) 12 
110 180 

5 516 8.3 (9 %) 108 (46 %) 340 (45 %) 203 

CuLH 

290 500 - 9.4 (40 %) 27 (60 %) 20 
170 230 

5 509 - 115 (36 %) 300 (64 %) 234 

Cu2L’ 

290 523 6.8 (20 %) 21 (45 %) 94 (35 %) 44 
- - 

5 511 8.3 (12 %) 30 (52 %) 130 (36 %) 64 

Cu2L’H2 

290 519 0.2 (23 %) 7.2 (44 %) 19 (33 %) 9.4 
40 230 

5 535 10 (12 %) 106 (24 %) 308 (64 %) 225 

 

  

Figure SI-35: Plot of the average lifetime +av against temperature for CuL (KBr, lex = 390 nm). The data point at 5 K 
(marked in grey) somehow deviates from the behavior in the region of 5 – 290 K and was not considered in the fit. 
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Figure SI-36: Plot of the average lifetime +av against temperature for Cu2L’ (KBr, lex = 390 nm). 

Figure SI-37: Plot of the average lifetime +av against temperature for Cu2L’H2 (KBr, lex = 390 nm).  
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Table SI-6: Experimental singlet-triplet energy gaps ΔE(S1−T1) estimated from the temperature-dependent behavior of the 
average lifetime *av (cf. eq. 2 in the manuscript) and the red-shift of the emission maximum. 

Complex 

ΔE(S1−T1) / cm−1 

According  
+av (eq. 2) 

According 
to shift of lmax 

CuL 800 570 

CuLH 820 550 

Cu2L’H2 960 780 

 

  

Figure SI-38: Measured luminescence decay of CuLH in the solid state at 290 K (KBr, lex = 390 nm, lem = 
500 nm). The red curve represents the biexponential fit and the lower trace shows the residuals. 

Figure SI-39: Measured luminescence decay of CuLH in the solid state at 5 K (KBr, lex = 390 nm, lem = 507 nm). The red 
curve represents the biexponential fit and the lower trace shows the residuals. 
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Figure SI-40: Measured luminescence decay of Cu2L’H2 in the solid state at 290 K (KBr, lex = 390 nm, lem = 519 nm). 
The red curve represents the biexponential fit and the lower trace shows the residuals.  

Figure SI-41: Measured luminescence decay of Cu2L’H2 in the solid state at 5 K (KBr, lex = 390 nm, lem = 536 nm). The 
red curve represents the biexponential fit and the lower trace shows the residuals.  
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Static and step-scan FTIR spectroscopy

Figure SI-42: Ground state FTIR spectra at 20 K (KBr) of CuLH and Cu2L’H2 (upper trace) as well as CuL and Cu2L’

(lower trace).

Figure SI-43: Ground state FTIR spectra of CuL at 290 K and 20 K (KBr).
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Figure SI-45: Ground state FTIR spectra of Cu2L’ at 290 K and 20 K (KBr). 

 

 

 

 

 

 

 

 

 

 

 

  

Figure SI-44: Ground state FTIR spectra of CuLH at 290 K and 20 K (KBr). 
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Figure SI-47: Ground state FTIR spectrum at 20 K (KBr) of CuL and calculated S0 spectrum. Calculations: DFT/B3LYP-
D3(BJ)/def2-TZVP, scaled by 0.975, FWHM = 8 cm−1, Gaussian profile. 

 

 

 

 

  

Figure SI-46: Ground state FTIR spectra of Cu2L’H2 at 290 K and 20 K (KBr). 
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Figure SI-48: Ground state FTIR spectrum at 20 K (KBr) of CuLH and calculated S0 spectrum. Calculations: DFT/B3LYP-
D3(BJ)/def2-TZVP, scaled by 0.975, FWHM = 8 cm−1, Gaussian profile. 
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Figure SI-49: Ground state FTIR spectrum at 20 K (KBr) of Cu2L’ and calculated S0 spectrum.  Calculations: DFT/B3LYP-
D3(BJ)/def2-TZVP, scaled by 0.975, FWHM = 8 cm−1, Gaussian profile. 

Figure SI-50: Ground state FTIR spectrum at 20 K (KBr) of Cu2L’H2 and calculated S0 spectrum.  Calculations: DFT/B3LYP-
D3(BJ)/def2-TZVP, scaled by 0.975, FWHM = 8 cm−1, Gaussian profile. 
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Figure SI-51: Ground state FTIR spectrum of NaBF4 in KBr at room temperature. 

Figure SI-52: Ground state FTIR and step-scan difference spectra (lex = 355 nm, KBr) of CuL at 20 K. 
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Figure SI-53: Ground state FTIR and step-scan difference spectra (lex = 355 nm, KBr) of CuL at 290 K. 

Figure SI-54: Ground state FTIR and step-scan difference spectra (lex = 355 nm, KBr) of CuLH at 20 K. 
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Figure SI-56: Ground state FTIR and step-scan difference spectra (lex = 355 nm, KBr) of Cu2L’ at 20 K. The region shaded 
in grey is an artefact. 

 

 

 

 

 

 

 

 

 

 

  

Figure SI-55: Ground state FTIR and step-scan difference spectra (lex = 355 nm, KBr) of CuLH at 290 K. 
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Figure SI-58: Ground state FTIR and step-scan difference spectra (lex = 355 nm, KBr) of Cu2L’H2 at 20 K. 

 

 

 

 

 

 

 

 

 

 

 

  

Figure SI-57: Ground state FTIR and step-scan difference spectra (lex = 355 nm, KBr) of Cu2L’ at 290 K. 
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Figure SI-59: Ground state FTIR and step-scan difference spectra (lex = 355 nm, KBr) of Cu2L’H2 at 290 K. 

Figure SI-60: Ground state FTIR and excited state spectra of CuLH (KBr) at 20 K (upper trace) and 290 K (lower trace). 
Excited state specific bands are marked with asterisks. 
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Figure SI-61: Ground state FTIR and excited state spectra of CuL (KBr) at 20 K (upper trace) and 290 K (lower trace). 
Excited state specific bands are marked with asterisks. 

Figure SI-62: Ground state FTIR and excited state spectra of Cu2L’ (KBr) at 20 K (upper trace) and 290 K (lower trace). 
Excited state specific bands are marked with asterisks. 
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Figure SI-63: Ground state FTIR and excited state spectra of Cu2L’H2 (KBr) at 20 K (upper trace) and 290 K (lower trace). 
Excited state specific bands are marked with asterisks.  

Figure SI-64: Step-scan difference spectra (lex = 355 nm) of Cu2L’ in KBr and as neat film at 20 K. The region shaded in 
grey is an artefact.  
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Figure SI-65: Excited state spectrum of CuL at 20 K (KBr) and calculated T1 spectra. Calculations: TDDFT and 
UDFT/B3LYP-D3(BJ)/def2-TZVP, scaled by 0.975, FWHM = 8 cm−1, Gaussian profile. 

Figure SI-66: Excited state spectrum of CuLH at 20 K (KBr) and calculated T1 spectra. Calculations: TDDFT and 
UDFT/B3LYP-D3(BJ)/def2-TZVP, scaled by 0.975, FWHM = 8 cm−1, Gaussian profile. 
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Figure SI-67: Excited state spectrum of Cu2L’ at 20 K (KBr) and calculated spectra of the symmetric and asymmetric T1 
structures. Calculations: UDFT/B3LYP-D3(BJ)/def2-TZVP, scaled by 0.975, FWHM = 8 cm−1, Gaussian profile. Excited state 
specific bands are marked with asterisks. 

Figure SI-68: Excited state spectrum of Cu2L’H2 at 20 K (KBr) and calculated spectra of the symmetric and asymmetric T1 
structures. Calculations: UDFT/B3LYP-D3(BJ)/def2-TZVP, scaled by 0.975, FWHM = 8 cm−1, Gaussian profile. Excited state 
specific bands are marked with asterisks. 
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Figure SI-69: Excited state spectra of Cu2L’ and CuL at 20 K (KBr). Pronounced differences are marked with asterisks. The 
strong peak with intensities higher than one in the spectrum of Cu2L’ is an artefact. 

Figure SI-70: Excited state spectra of Cu2L’H2 and CuLH at 20 K (KBr). Pronounced differences are marked with asterisks. 
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Figure SI-71: Excited state spectra of Cu2L’ and Cu2L’H2 at 20 K (KBr). Pronounced differences are marked with asterisks. 
The strong peak with intensities higher than one in the spectrum of Cu2L’ is an artefact. 

Figure SI-72: Excited state spectra of Cu2L’ and CuL at 290 K (KBr). Pronounced differences are marked with asterisks. 
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Figure SI-73: Excited state spectra of Cu2L’H2 and CuLH at 290 K (KBr). Pronounced differences are marked with asterisks. 

Figure SI-74: Excited state spectra of Cu2L’ and Cu2L´H2 at 290 K (KBr). Pronounced differences are marked with asterisks. 
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Table SI-7: Calculated vibrational modes and frequencies of CuLH of singulet ground state and triplet (UDFT) state. 
wavenumber / cm-1 vibrational mode (S0) vibrational mode (T1) 

1603 n(C=C) pyridine moiety  

1600  n(C=C) terminal phenyl (triazole) moiety 

1594 n(C=C) diphenyl ether moiety n(C=C) diphenyl ether moiety 

1576 n(C=C) diphenyl ether moiety n(C=C) DPEPhos, delocalized 

1575 n(C=C) pyridyl-triazole moiety  

1568  n(C=C) diphenyl ether moiety 

1557  n(C=C) pyridyl-triazole moiety 

1516  n(C=C) + d(C-H) pyridyl-triazole moiety 

1504  n(C=C) + d(C-H) pyridyl-triazole moiety 

1496 d(C-H) terminal phenyl (triazole) moiety  

1486  d(C-H) terminal phenyl (phosphine) moiety 

1479 d(C-H) pyridyl-triazole moiety, delocalized  

1473 d(C-H) diphenyl ether moiety d(C-H) diphenyl ether moiety 

1464 d(C-H) diphenyl ether moiety d(C-H) diphenyl ether moiety 

1440 d(C-H) DPEPhos, delocalized d(C-H) DPEPhos + d(C-H3), delocalized 

1439 d(C-H) DPEPhos, delocalized  

1358  d(N-H) triazole moiety 

1323  d(C-H) + n(C=N)  pyridine moiety 

1306  n(C=N) + n(C=C) pyridyl-triazole moiety,delocalized 

1286  d(C-H) + n(C=C) pyridyl-triazole moiety, delocalized 

1272 d(C-H) diphenyl ether moiety  

1266  n(C=N) + n(C=C) pyridyl-triazole moiety,delocalized 

1263 d(C-H) diphenyl ether moiety d(C-H) diphenyl ether moiety 

1221  d(C-H) pyridine moiety 

1219 n(C-O-C) diphenyl ether moiety  

1214  n(C-O-C) diphenyl ether moiety 

1175 d(C-H) pyridine moiety  

1163 d(C-H) diphenyl ether moiety  

1134 n(C=N/C=C) pyridyl-triazole moiety  

1128 n(C=P) + d(C-H) diphenyl ether moiety  

1121 n(C=P) + d(C-H) diphenyl ether moiety  

1113  d(C-H) + n(N=N) pyridyl-triazole moiety 

1098 n(C-P) terminal phenyl (phosphine) moiety n(C-P) terminal phenyl (phosphine) moiety 

1096 n(C-P) terminal phenyl (phosphine) moiety  

1093  n(C-P) terminal phenyl (phosphine) moiety 

1091  n(C-P) terminal phenyl (phosphine) moiety 

1082  d(C-H) ) terminal phenyl (triazole) moiety 

1072 n(C-P) diphenyl ether moiety, delocalized  

1069  n(C-P) diphenyl ether moiety, delocalized 

1066  n(N=N) triazole moiety 

1020 n(N=N) triazole moiety  
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Table SI-8: Calculated vibrational modes and frequencies of CuL of singulet ground state and triplet (UDFT) state. 
wavenumber / cm-1 vibrational mode (S0) vibrational mode (T1) 

1609 n(C=C) terminal phenyl (triazole) moiety  

1601 n(C=C) pyridine moiety  

1592  n(C=C) diphenyl ether moiety 

1575 n(C=C) + d(C-H)  diphenyl ether moiety n(C=C) + d(C-H)  diphenyl ether moiety 

1567 n(C=C) + d(C-H) pyridine moiety n(C=C) pyridine + terminal phenyl (triazole) moiety 

1534 n(C=C) pyridyl-triazole moiety  

1526  n(C=C) pyridine + terminal phenyl (triazole) moiety 

1505  n(C=C) + d(C-H)  pyridyl-triazole moiety 

1500  n(C=C) + d(C-H)  pyridyl-triazole moiety 

1488 d(C-H) pyridine moiety, delocalized  

1485  d(C-H) terminal phenyl (DPEPhos) moieties 

1473 d(C-H) diphenyl ether moiety d(C-H) diphenyl ether moiety 

1464 d(C-H) diphenyl ether moiety, delocalized d(C-H) diphenyl ether moiety 

1459  d(C-H) terminal phenyl (triazole) moiety 

1450  d(C-H3) 

1439 d(C-H) DPEPhos, delocalized d(C-H) DPEPhos, delocalized 

1437  d(C-H) DPEPhos, delocalized 

1436  d(C-H) DPEPhos, delocalized 

1434 
d(C-H) DPEPhos, delocalized d(C-H) DPEPhos + terminal phenyl (triazole) 

moiety 

1413  d(C-H) pyridine moiety 

1310  n(C=N) + n(C=C) pyridyl-triazole moiety 

1303  n(C=N) pyridine moiety 

1280 n(C=N) + n(C=C) pyridyl-triazole moiety n(C=N) + d(C-H) pyridyl-triazole moiety 

1271 d(C-H) diphenyl ether moiety  

1261 d(C-H) diphenyl ether moiety d(C-H) diphenyl ether moiety 

1251  d(C-H) + n(N=N) pyridyl-triazole moiety 

1240  d(C-H) + n(N=N) pyridyl-triazole moiety 

1220  n(C-O-C) diphenyl ether moiety 

1218 n(C-O-C) diphenyl ether moiety  

1170 d(C-H) pyridine moiety  

1126 d(C-H) pyridine moiety  

1120 n(N=N) triazole moiety  

1117 n(C=P) + d(C-H) diphenyl ether moiety  

1112  d(C-H) + d(C=N) pyridyl-triazole moiety 

1097 n(C-P) terminal phenyl (phosphine) moiety n(C-P) terminal phenyl (phosphine) moiety 

1096 n(C-P) terminal phenyl (phosphine) moiety n(C-P) terminal phenyl (phosphine) moiety 

1094  n(C-P) terminal phenyl (phosphine) moiety 

1047 
 n(C=N) + n(N=N) pyridyl-triazole moiety, 

delocalized 

1072 n(C-P) diphenyl ether moiety  

1024 n(N=N) triazole moiety  

1021  n(N=N) triazole moiety 

1007  d(C=C) terminal phenyl (triazole) moiety 
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Stern-Volmer plots

Cyclic voltammetry

Figure SI-75: Claudia. Stern-Volmer plots for the oxidative quenching by Ni(cyclam)Cl2 for: (a) mononuclear Cu 
complexes CuLH and CuL; (b) dinuclear Cu complexes Cu2L’H2 and Cu2L’.

Figure SI-76: Cyclic voltammetry of the complexes investigated in this work. CuLH and Cu2L’H2 were measured in ACN 
(0.1M TBAPF6); CuL and Cu2L’ were measured in DMF (0.1M TBAPF6). Every cyclic voltammogram is recorded at a scan 
rate of 100 mv/s and potentials are reported versus Fc/Fc+ couple.
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Quantum chemical calculations performed in Karlsruhe

13.1 General procedures

All quantum-chemical calculations were performed with the TURBOMOLE program package.[2] The resolution-of-the-identity (RI) 
approximation was used for all two-electron integrals. The equilibrium geometries were optimized at the PBE0-D3(BJ) level of theory,[3]

and the electronic excitations were calculated at the CD-evGW(10)/BSE level of theory (eigenvalue-only self-consistent GW (evGW)[4]

employing contour deformation (CD)[5] for highest 10 occupied and lowest 10 unoccupied orbitals followed by the Bethe–Salpeter equation 
(BSE)[6] approach). The def2-TZVP basis set[7] was taken for Cu, P, N and C atoms in pyridine, triazole and central benzene ring, and the 
def2-SV(P) basis set[7] was taken for the rest of the atoms. 

All orbital and auxiliary basis sets were taken from the TURBOMOLE basis-set library.[2] The "Coulomb-fitting" auxiliary basis sets 
(denoted jbas) were used in the ground-state DFT computations, and the "MP2-fitting" auxiliary basis sets (denoted cbas) were used in 
the excited-state TDDFT and GW/BSE computations. The ground-state density functional theory (DFT) computations were carried out 
with the modules DSCF and RIDFT, and the self-consistent field convergence criterion scfconv = 8 and DFT grid 4 were used. The 
geometry optimization was considered converged when the change in energy and cartesian gradients reached thresholds of 10−7 and 
10−4 Hartree, respectively. The excited-state TDDFT and GW/BSE computations were carried out with the ESCF module, and the 
convergence criterion rpaconv = 6 was used. Furthermore, in evGW, the damping parameter was set to η = 0.001 in order to achieve 
rapid convergence. In CD-GW, 128 grid points were used, also 128 parameters were taken in the Padé approximant. 

13.2 Structures of the ground and excited states

The ground-state structures of the dinulear species exhibit Ci symmetry, and thus the two dihedral angles are equal. This is not the case 
for the excited state, except that Cu2L’ is almost Ci symmetric in its T1 state.

Table SI-9: Calculated dihedral angles [°] between the N-Cu-N and P-Cu-P planes. The PBE0 functional was used.
Complex S0 (DFT) T1 (TDDFT) T1 (UDFT) S1 (TDDFT)

CuL 90.1 91.2 91.6 77.7
CuLH 92.5 83.5 77.6 80.8
Cu2L’ 89.8 - 91.5 / 91.5 91.9 / 88.3

Cu2L’H2 93.1 - 80.1 / 93.1 92.7 / 84.5

Overall, the excited state distortions from the theoretical calculations are very subtle. 

For the triplet excited state, the distortions are more pronounced for the protonated species than the neutral species. For the neutral 
species, the calculated dihedral angle between the N-Cu-N and P-Cu-P planes in the T1 state only changed by less than 2° compared to 
the S0 state. Hence, there is hardly any distortion in the excited states. On the contrary, the dihedral angles of the protonated species in 

the T1 state revealed prominent flattening distortions, especially for CuLH, where a distortion of 15° was observed. Therefore, the 

protonation of the triazole ligand yields a significant increase of the flexibility. 

For the singlet excited state, the distortions are slightly more pronounced for the mononuclear species than the dinuclear species. 
Especially, for the neutral species, the calculated dihedral angle of Cu2L’ in the S1 state only changed by ~2° compared to the S0 state, 
while a change of ~12° was observed for CuL.

13.3 Excited state calculations at the S0 geometry

For the protonated species, the absorption band in the visible region with relative maximum at 359 nm (CuLH) and 343 nm (Cu2L’H2) 
corresponds to the characteristic MLCT absorption band (Figure SI-77). This is also confirmed by an NTO analysis (Figure SI-78). The 
prolonged tail of Cu2L’H2 at 402 nm is assigned to a MLCT transition too. 

For the neutral species, the first absorption band at 333 nm (CuL) and 328 nm (Cu2L’) is mainly centered on the ligand, corresponding 
to the charge-transfer from the triazole moiety and benzene bridging unit to the pyridine moiety, while the copper atoms are hardly 
involved. 



   

 

 44  

 

 

  

Figure SI-77: Absorption spectra (FWHM = 750 cm-1) calculated using PBE0 evGW-BSE/def2-TZVP at the optimized S0 
geometries. 
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Figure SI-78 Dominating occupied (blue/yellow) and virtual (red/white) natural transition orbitals (NTOs) of the MLCT excitation 
in the visible region calculated at PBE0 evGW-BSE/def2-TZVP level. For further details see Table SI-10 and for atomic orbital 
contributions see Table SI-13. 
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Table SI-10: Electronic absorptions (vertical) calculated at PBE0 evGW-BSE/def2-TZVP level (cf. Figure SI-78). 
a) CuL 

state ∆E / eV, v / cm-1, λabs / nm 
(osc. strength) character 

S1 3.72, 30037, 333 (0.2460) 
HOMO -> LUMO+1 (47.6%) 

HOMO-2 -> LUMO+1 (18.9%) 
HOMO-1 -> LUMO+1 (13.7%) 

S2 3.78, 30497, 328 (0.0575) HOMO-2 -> LUMO+1 (59.2%) 
HOMO -> LUMO+1 (13.5%) 

S3 4.01, 32321, 309(0.0683) HOMO-1 -> LUMO+1 (52.0%) 
HOMO -> LUMO+1 (29.6%) 

S4 4.15, 33477, 299 (0.0450) HOMO -> LUMO (66.3%) 
HOMO-1 -> LUMO (16.8%) 

  
b) CuLH 

state ∆E / eV, v / cm-1, λabs / nm 
(osc. strength) character 

S1 3.46, 27877, 359 (0.0879) HOMO -> LUMO (85.9%) 

S2 3.72, 29996, 333 (0.0228) HOMO-2 -> LUMO (46.8%) 
HOMO-3 -> LUMO (32.2%) 

S3 4.07, 32819, 305 (0.0118) 
HOMO-1 -> LUMO (47.2%) 
HOMO -> LUMO+1 (19.5%) 

HOMO-1 -> LUMO+1 (10.2%) 

S4 4.08, 32922, 304 (0.0202) HOMO -> LUMO+1 (67.1%) 
HOMO-1 -> LUMO (21.6%) 

  
c) Cu2L’ 

state ∆E / eV, v / cm-1, λabs / nm 
(osc. strength) character 

S1 3.78, 30474, 328 (0.7782) HOMO -> LUMO+2 (59.8%) 

S2 3.91, 31514, 317(0.0374) 
HOMO-4 -> LUMO+2 (29.7%) 
HOMO-2 -> LUMO+2 (14.2%) 
HOMO-5 -> LUMO+5 (11.7%) 

S3 3.97, 32011, 312 (0.0960) 

HOMO-2 -> LUMO+2 (23.4%) 
HOMO-1 -> LUMO+1 (19.2%) 
HOMO-1 -> LUMO+3 (15.9%) 

HOMO-2 -> LUMO (10.2%) 

S4 4.04, 32558, 307 (0.1308) 
HOMO-1 -> LUMO+1 (27.4%) 

HOMO-2 -> LUMO (20.2%) 
HOMO-2 -> LUMO+2 (11.4%) 

  

  
d) Cu2L’H2 

state ∆E / eV, v / cm-1, λabs / nm 
(osc. strength) character 

S1 3.08, 24843, 403 (0.1341) HOMO -> LUMO (67.5%) 
HOMO-1-> LUMO+1 (20.8%) 

S2 3.38, 27259, 367(0.0248) 
HOMO-6 -> LUMO (35.5%) 

HOMO-7 -> LUMO+1 (31.9%) 
HOMO-6 -> LUMO+2 (10.5%) 

S3 3.61, 29126, 343 (0.1858) 

HOMO -> LUMO+2 (33.2%) 
HOMO-1 -> LUMO+1 (24.0%) 

HOMO -> LUMO (15.2%) 
HOMO-1 -> LUMO+4 (10.6%) 

S4 3.79, 30607, 327 (0.0294) 
HOMO-2 -> LUMO (35.2%) 
HOMO-4 -> LUMO (16.8%) 

HOMO-3 -> LUMO+1 (15.7%) 
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13.4 Singlet–triplet gaps 
 

The singlet–triplet energy gap (ΔEST) was determined as the difference of the first singlet and triplet excitation based on the ground 
state (ΔEST(S0)), first triplet excited state (ΔEST(T1)) and between the first singlet and triplet excited state electronic structures 
(ΔEST(S1/T1)), respectively. 
  

 
Table SI-11: Singlet–triplet energy gaps calculated at PBE0 evGW-BSE/def2-TZVP level. 

Complex ΔEST(S0) / eV ΔEST(T1) / eV ΔEST(S1/T1) / eV 
CuL 0.73 0.82 0.12 

CuLH 0.21 0.24 0.09 
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Table SI-12: Natural population analysis (NPA) of the hole and particle unrelaxed difference densities of various singlet and triplet excited 
states computed at the TDDFT level with the PBE0 functional. Calculations were performed for the six equilibrium geometries presented 
in Table SI-5. The notation T1 (U) refers to the UDFT optimized structure. Excitation energy (E in eV), wavelength (, in nm) and oscillator 
strength (fosc, mixed length/velocity representation) are given, as well as the weight (in %) of the most important pair of natural transition 
orbitals. The values under “Hole” and “Particle” refer to the contribution of the respective Cu orbitals to the hole and part icle difference 
density, respectively. 

 

  

        Hole Particle 

Mol. Geom. Dihedral State E / eV , / nm fosc % s p d s p d 

CuL S0 90.1 S1 3.40 365 0.0087 99.1 -0.000 -0.072 -0.308 0.000 0.003 0.019 

   S2 3.51 353 0.1366 98.6 -0.000 -0.060 -0.314 0.001 0.022 0.033 

   T1 2.86 433 -- 92.3 -0.000 -0.003 -0.031 0.000 0.006 0.021 

   T2 3.12 397 -- 86.9 -0.001 -0.075 -0.203 0.000 0.004 0.015 

 S1 77.7 S1 2.03 611 0.0083 99.9 -0.000 -0.089 -0.361 0.002 0.004 0.007 

   S2 2.80 443 0.0549 99.4 -0.000 -0.090 -0.406 0.000 0.029 0.027 

   T1 1.90 652 -- 99.7 -0.001 -0.087 -0.320 0.002 0.004 0.008 

   T2 2.61 475 -- 95.9 -0.000 -0.081 -0.370 0.000 0.041 0.032 

 T1 91.2 S1 2.88 430 0.2353 99.5 -0.000 -0.010 -0.133 0.000 0.009 0.029 

   S2 3.19 388 0.0216 99.6 -0.000 -0.021 -0.162 0.001 0.003 0.011 

   T1 2.02 613 -- 97.0 -0.000 -0.001 -0.031 0.000 0.005 0.018 

   T2 3.01 412 -- 77.5 -0.000 -0.041 -0.205 0.000 0.006 0.028 

 T1 (U) 91.6 S1 2.89 429 0.2329 99.4 -0.000 -0.010 -0.135 0.000 0.009 0.029 

   S2 3.20 387 0.0209 99.6 -0.000 -0.021 -0.166 0.001 0.003 0.011 

   T1 2.03 612 -- 97.1 -0.000 -0.001 -0.030 0.000 0.005 0.019 

   T2 3.00 413 -- 86.8 -0.001 -0.038 -0.218 0.000 0.007 0.030 

CuLH S0 92.5 S1 3.25 381 0.0622 99.5 -0.000 -0.098 -0.332 0.000 0.006 0.024 

   S2 3.71 334 0.0025 61.9 -0.000 -0.123 -0.489 0.000 0.005 0.036 

   T1 3.04 408 -- 94.8 -0.000 -0.074 -0.337 0.000 0.009 0.046 

   T2 3.19 389 -- 78.0 -0.000 -0.011 -0.045 0.000 0.002 0.011 

 S1 80.8 S1 1.93 644 0.0202 99.8 -0.003 -0.085 -0.387 0.001 0.013 0.025 

   S2 2.69 460 0.0122 98.6 -0.002 -0.084 -0.373 0.000 0.013 0.027 

   T1 1.78 697 -- 99.8 -0.003 -0.086 -0.398 0.002 0.019 0.034 

   T2 2.59 479 -- 97.6 -0.002 -0.076 -0.347 0.000 0.017 0.030 

 T1 83.5 S1 2.14 580 0.0529 99.7 -0.000 -0.096 -0.416 0.000 0.005 0.039 

   S2 2.90 427 0.0078 96.3 -0.001 -0.092 -0.399 0.001 0.012 0.021 

   T1 1.85 669 -- 99.8 -0.001 -0.099 -0.436 0.000 0.010 0.051 

   T2 2.78 446 -- 94.5 -0.001 -0.082 -0.349 0.001 0.015 0.019 

 T1 (U) 77.6 S1 2.02 612 0.0377 99.7 -0.002 -0.094 -0.424 0.000 0.010 0.044 

   S2 2.82 440 0.0056 96.9 -0.002 -0.093 -0.395 0.000 0.011 0.029 

   T1 1.76 705 -- 99.9 -0.003 -0.095 -0.427 0.001 0.014 0.057 

   T2 2.70 458 -- 96.8 -0.002 -0.083 -0.360 0.000 0.016 0.030 
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Table SI-13: Natural population analysis (NPA) of the hole and particle unrelaxed difference densities of various singlet and triplet excited 
states computed at the evGW/BSE level with the PBE0 functional. Calculations were performed for the six equilibrium geometries 
presented in Table SI-5. The notation T1 (U) refers to the UDFT optimized structure. Excitation energy (E in eV), wavelength (, in nm) 
and oscillator strength (fosc, mixed length/velocity representation) are given, as well as the weight (in %) of the most important pair of 
natural transition orbitals. The values under “Hole” and “Particle” refer to the contribution of the respective Cu orbitals to the hole and 
particle difference density, respectively. 

 

  

        Hole Particle 

Mol. Geom. Dihedral State E / eV , / nm fosc % s p d s p d 

CuL S0 90.1 S1 3.72 333 0.2199 97.0 -0.000 -0.020 -0.091 0.001 0.011 0.035 

   S2 3.78 328 0.0546 98.1 -0.000 -0.124 -0.360 0.000 0.016 0.040 

   T1 2.81 441 -- 91.5 -0.000 -0.001 -0.011 0.000 0.006 0.021 

   T2 3.25 382 -- 63.9 -0.001 -0.010 -0.015 0.002 0.003 0.005 

 S1 77.7 S1 2.44 507 0.0110 99.8 -0.000 -0.079 -0.219 0.001 0.003 0.016 

   S2 3.04 408 0.0667 98.2 -0.000 -0.053 -0.229 0.000 0.016 0.033 

   T1 2.27 547 -- 98.6 -0.000 -0.082 -0.194 0.002 0.003 0.016 

   T2 2.79 445 -- 86.8 -0.001 -0.027 -0.153 0.000 0.015 0.034 

 T1 91.2 S1 2.94 421 0.3461 99.0 -0.000 -0.001 -0.027 0.000 0.006 0.025 

   S2 3.26 381 0.0006 99.2 -0.000 -0.121 -0.413 0.000 0.009 0.033 

   T1 1.92 654 -- 96.4 -0.000 0.000 -0.009 0.000 0.004 0.018 

   T2 2.90 428 -- 79.0 -0.000 -0.011 -0.083 0.000 0.005 0.021 

 T1 (U) 91.6 S1 2.93 423 0.3396 99.0 -0.000 -0.001 -0.025 0.000 0.006 0.025 

   S2 3.24 383 0.0006 99.3 -0.000 -0.120 -0.414 0.000 0.009 0.034 

   T1 1.91 649 -- 96.7 -0.000 0.000 -0.007 0.000 0.004 0.019 

   T2 2.90 428 -- 80.3 -0.000 -0.013 -0.091 0.000 0.005 0.021 

CuLH S0 92.5 S1 3.46 359 0.0809 98.9 -0.001 -0.105 -0.371 0.000 0.007 0.028 

   S2 3.72 333 0.0204 98.3 -0.000 -0.110 -0.511 0.000 0.009 0.038 

   T1 2.96 419 -- 63.2 0.000 -0.002 -0.008 0.000 0.000 0.002 

   T2 3.16 392 -- 76.7 -0.001 -0.056 -0.245 0.000 0.008 0.040 

 S1 80.8 S1 1.96 632 0.0226 99.7 -0.001 -0.077 -0.266 0.000 0.004 0.008 

   S2 2.91 426 0.0063 95.5 -0.001 -0.079 -0.268 0.001 0.011 0.039 

   T1 1.79 693 -- 99.6 -0.001 -0.076 -0.258 0.000 0.002 0.005 

   T2 2.50 497 -- 75.0 -0.002 -0.003 -0.058 0.001 0.014 0.035 

 T1 83.5 S1 2.10 590 0.0587 99.6 -0.000 -0.101 -0.446 0.000 0.006 0.042 

   S2 3.07 404 0.0182 63.9 -0.007 -0.079 -0.456 0.000 0.008 0.031 

   T1 1.79 692 -- 99.7 -0.001 -0.101 -0.448 0.000 0.010 0.052 

   T2 2.68 463 -- 72.3 -0.000 -0.006 -0.105 0.001 0.004 0.023 

 T1 (U) 77.6 S1 1.94 641 0.0407 99.7 -0.002 -0.100 -0.446 0.000 0.010 0.045 

   S2 2.96 419 0.0001 82.7 -0.003 -0.097 -0.446 0.000 0.010 0.029 

   T1 1.65 750 -- 99.7 -0.003 -0.099 -0.437 0.001 0.014 0.055 

   T2 2.63 471 -- 69.7 -0.000 -0.009 -0.074 0.000 0.003 0.017 
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Table SI-14: Natural population analysis (NPA) of the hole and particle unrelaxed difference densities of various singlet and triplet excited 
states computed at the GW/cBSE level with the PBE0 functional. Calculations were performed for the six equilibrium geometries 
presented in Table SI-5. The notation T1 (U) refers to the UDFT optimized structure. Excitation energy (E in eV), wavelength (λ in nm) 
and oscillator strength (fosc, mixed length/velocity representation) are given, as well as the weight (in %) of the most important pair of 
natural transition orbitals. The values under “Hole” and “Particle” refer to the contribution of the respective Cu orbitals to the hole and 
particle difference density, respectively. 

  

        Hole Particle 

Mol. Geom. Dihedral State E / eV , / nm fosc % s p d s p d 

CuL S0 90.1 S1 3.85 322 0.2468 97.0 0.000 -0.007 -0.078 0.000 0.012 0.034 

   S2 3.94 315 0.1635 98.5 0.000 -0.128 -0.400 0.000 0.016 0.040 

   T1 3.13 396 -- 95.8 0.000 -0.001 -0.011 0.000 0.008 0.026 

   T2 3.70 335 -- 67.4 0.000 -0.074 -0.193 0.000 0.010 0.028 

 S1 77.7 S1 2.52 491 0.1073 99.8 -0.001 -0.091 -0.339 0.002 0.004 0.007 

   S2 3.14 395 0.6862 98.4 0.000 -0.086 -0.387 0.000 0.030 0.025 

   T1 2.40 517 -- 99.5 0.000 -0.087 -0.305 0.002 0.004 0.008 

   T2 2.96 418 -- 95.3 0.000 -0.084 -0.361 0.000 0.038 0.029 

 T1 91.2 S1 3.06 405 0.3369 98.4 0.000 -0.001 -0.030 0.000 0.007 0.025 

   S2 3.41 363 0.7363 99.4 0.000 -0.116 -0.406 0.000 0.009 0.031 

   T1 2.24 552 -- 96.9 0.000 0.000 -0.008 0.000 0.005 0.019 

   T2 3.18 390 -- 91.1 -0.001 -0.032 -0.194 0.000 0.007 0.028 

 T1 (U) 91.6 S1 3.05 406 0.3316 98.3 0.000 -0.001 -0.029 0.000 0.007 0.026 

   S2 3.39 365 0.7835 99.4 0.000 -0.117 -0.414 0.000 0.009 0.032 

   T1 2.23 556 -- 97.0 0.000 0.000 -0.008 0.000 0.005 0.021 

   T2 3.17 391 -- 92.1 -0.001 -0.034 -0.206 0.000 0.007 0.029 

CuLH S0 92.5 S1 3.54 350 0.7856 99.0 -0.001 -0.101 -0.359 0.000 0.007 0.025 

   S2 3.88 320 0.1414 98.4 0.000 -0.104 -0.528 0.000 0.008 0.034 

   T1 3.34 372 -- 98.6 -0.001 -0.090 -0.372 0.000 0.009 0.044 

   T2 3.54 350 -- 70.2 0.000 -0.006 -0.021 0.000 0.001 0.006 

 S1 80.8 S1 2.06 602 0.2260 99.7 -0.003 -0.089 -0.407 0.001 0.014 0.025 

   S2 2.98 416 0.9938 97.4 -0.002 -0.087 -0.398 0.000 0.013 0.026 

   T1 1.92 646 -- 99.6 -0.004 -0.088 -0.410 0.002 0.018 0.032 

   T2 2.88 431 -- 88.3 -0.002 -0.069 -0.336 0.001 0.014 0.025 

 T1 83.5 S1 2.21 561 0.6012 99.4 -0.003 -0.104 -0.398 0.000 0.009 0.041 

   S2 3.17 392 0.6697 72.2 -0.003 -0.093 -0.431 0.000 0.008 0.029 

   T1 1.95 637 -- 99.6 -0.003 -0.102 -0.403 0.001 0.011 0.052 

   T2 3.02 411 -- 85.0 -0.002 -0.071 -0.451 0.001 0.009 0.042 

 T1 (U) 77.6 S1 2.05 603 0.4222 99.5 -0.002 -0.099 -0.435 0.000 0.009 0.042 

   S2 3.04 408 0.1810 92.1 -0.003 -0.097 -0.429 0.000 0.010 0.028 

   T1 1.81 685 -- 99.6 -0.003 -0.099 -0.431 0.001 0.012 0.051 

   T2 2.94 422 -- 79.6 -0.003 -0.084 -0.407 0.000 0.012 0.029 
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Quantum chemical calculations performed in Kaiserslautern

14.1 General procedures

Theoretical calculations: The crystal structures were used as input structures. Geometry optimizations were performed with the Berny 
algorithm of Gaussian 09[8] by using energies and gradients computed by Turbomole 7.5.[2] All calculations were performed with the DFT 
functional B3LYP with dispersion correction (no three-body interaction) (D3(BJ))[3a, 3b] and the def2-TZVP basis set as implemented in 
Turbomole. For the dinuclear complexes the def2-SV(P) basis set was used for H Atoms to reduce the calculation time. Absorption 
spectra were simulated by using TDDFT and calculating 100 electronic excitations in the singlet manifold. Solvent effects were modulated 
by using the conductor-like screening model (COSMO). Obtained geometries were tested for minimum structures by application of 
frequency calculations, for which no imaginary modes were found for the mononuclear complexes. The vibrational frequencies are scaled 
by a factor of 0.975, which is typical for the chosen method and basis set, to minimize the differences between the experimental and 
calculated frequencies. A gaussian convolution with a full-width at half-maximum of 4 cm-1 was applied to the calculated vibrational 
transitions and a gaussian convolution with a full-width at half-maximum of 1500 cm-1 was applied to simulate the broadening of electronic 
transitions.

14.2 Structures of the ground and excited states

Figure SI-79: Definition of dihedral angle ϕ for all complexes.

Table SI-15: Calculated dihedral angles ϕ [°] between the planes defined by P-Cu-P and N-Cu-N (TDDFT/B3LYP-D3(BJ)/def2-
TZVP) in the gas phase.

Complex S0 (DFT) T1 (TDDFT) T1 (UDFT) S1 (TDDFT)

CuL 90.6 89.2 89.9 73.7
CuLH 92.8 84.2 81.0 80.3
Cu2L’ 89.6 - 91.7/91.7 -

Cu2L’H2 91.3 - 92.5/81.5 -

In general, it can be concluded that the dihedral angles of the ground states of the four complexes differ only slightly. However, the 
methods used seem to predict some degree of flattening for the excited states of the mononuclear complexes. While the neutral complex 
CuL shows little change of the dihedral angle in the excited triplet (<1°), flattening of the angle of about 10° occurs in the protonated 
complex CuLH. The excited S1 states of both complexes show an even stronger effect, which is particularly pronounced for CuLH (approx. 
17° difference). The protonated triazole ligand seems to yield a higher flexibility for both excited states. For a better understanding of the 
electronic structures compare this with chapter 13.2.

For the dinuclear complexes, at least for the calculated T1 state of Cu2L’, only few differences can be observed. This can be explained 
by the symmetric distribution of the spin density or symmetric character of the transitions and electronic states, where both subunits of 
the complex provide a part of the electron density each. However, the T1 state of Cu2L’H2 shows a localized spin density on one 
monomeric subunit, which is responsible for the change of the dihedral angle. 



   

 

 52  

 

14.3 Vertical electronic transition spectra of mononuclear complexes 
 

To simulate the absorption spectra of the investigated complexes, vertical electronic transitions of the optimized structures were calculated 
by using RPAS singlet excitations (TDDFT) as implemented in Turbomole. 

Figure SI-80: Comparison of static absorption spectrum (black) and calculated spectrum of CuL in dichloromethane (blue) and 
gas phase (pink, TDDFT; green, PBE0 evGW-BSE from chapter 13.3). 
 

Due to a more physical representation of the observed spectrum, the simulated spectrum of CuL in dichloromethane (Figure SI-80) will 
be used to characterize the electronic transitions. It has to be mentioned that the energetic order of LUMO and LUMO+1 swapped by 
applying the Conductor-like Screening Model (COSMO). The oscillator strength of the respective transition stays approximately the same 
so that the S1 transition with COSMO represents the S2 transition in gas phase and vice versa. This is only the case of the neutral species 
CuL. In general, the calculated transitions with COSMO are blue shifted compared to the gas phase transitions. 

The gas phase transitions computed with PBE0 evGW-BSE show an excellent agreement with the static spectra regarding the spectral 
position of the first excitations.  

According to Table SI-16 (TDDFT) excitations between 340 and 355 nm can be attributed mainly to the first transition which, according 
to the TDDFT calculations, can be characterized as a MLCT transition with a small pp* character. The comparison with chapter 6.3 shows 
that the transitions are described mainly by a pp* transition and small contributions of MLCT.  

The intrinsic problem of TDDFT to describe MLCT transitions energetically too low can be used here as the main cause of the discrepancy. 
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Figure SI-81: Comparison of static absorption spectrum (black) and calculated spectrum (blue) of CuL in dichloromethane. 
 

 

Table SI-16: Calculated electronic transitions of CuL (TDDFT, COSMO). 
state -. / cm-1 λ / nm osc. strength % donor orbital acceptor orbital 

S1 27045 370 0.890E-01 98 HOMO LUMO 
S2 27808 360 0.305E-01 96 HOMO LUMO+1 
S4 28929 346 0.597E-01 95 HOMO LUMO+2 

S5 29924 334 0.253E-01 
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Figure SI-82: Transition involved molecular orbitals HOMO-2, HOMO-1, HOMO; LUMO, LUMO+1 and LUMO+2 of CuL in 
dichloromethane (COSMO). Isosurface value of 0.05. 
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Figure SI-83: Transition involved molecular orbitals LUMO+3, LUMO+4, LUMO+5; LUMO+6 and LUMO+7 of CuL in 
dichloromethane (COSMO). Isosurface value of 0.05. 
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Figure SI-84: Comparison of static absorption spectrum (black) and calculated spectrum of CuLH in dichloromethane (blue) and 
gas phase (pink, TDDFT; green, PBE0 evGW-BSE from chapter 13.3). 
  

 

Due to a more physical representation of the observed spectrum, the simulated spectrum of CuLH in dichloromethane (Figure SI-84) will 
be used to characterize the electronic transitions. In general, the calculated transitions with COSMO are slightly red shifted (except the 
early transitions) compared to the gas phase transitions. 

The comparison shows that PBE0 evGW-BSE is more suitable to describe the first energetically low lying transitions (excitations between 
340 and 355 nm). In this case, both methods describe the same MLCT transitions, which can be characterized as a charge transfer from 
the copper center to the pyridyl-triazole ligand. 
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Figure SI-85: Comparison of static absorption spectrum (black) and calculated spectrum (blue) of CuLH in dichloromethane. 
 
 

Table SI-17: Calculated electronic transitions of CuLH (TDDFT, COSMO). 
state -. / cm-1 λ / nm osc. strength % donor orbital acceptor orbital 

S1 25644 390 0.786E-01 97 HOMO LUMO 
S3 29163 343 0.209E-01 94 HOMO LUMO+1 
S4 29594 338 0.130E-01 96 HOMO LUMO+2 
S6 30878 324 0.108 90 HOMO LUMO+3 

S7 31432 318 0.369E-01 
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Figure SI-86: Transition involved molecular orbitals HOMO-5, HOMO-4, HOMO-3; HOMO-2, HOMO-1, HOMO, LUMO and 
LUMO+1 of CuLH in dichloromethane (COSMO). Isosurface value of 0.05. 
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Figure SI-87: Transition involved molecular orbitals LUMO+2, LUMO+3, LUMO+4; LUMO+5, LUMO+6, LUMO+7, LUMO+8 and 
LUMO+9 of CuLH in dichloromethane (COSMO). Isosurface value of 0.05. 
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14.4 Singlet–triplet gaps 
 
The singlet–triplet energy gap (ΔEST) was determined as the difference between the total energies of the optimized lowest excited 
singlet and triplet structures. 
 
 
Table SI-18: Calculated singlet–triplet energy gaps (TDDFT, gas phase). 

Complex ΔEST / cm−1 ΔEST / eV 

CuL 1770 0.22 
CuLH 1730 0.21 
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14.5 Properties of excited states 
 

 

Figure SI-88: Spin density (isovalue = 0.01) of UDFT triplet state (as ground state) of CuL. The spin density is mainly localized 
on the conjugated pyridyl-triazole ligand with a small contribution on the metal cation. This indicates a pp* transition with a small 
contribution of a MLCT transition. 
 
 

 

Figure SI-89: Differential density (isovalue = 0.005, cyan=loss magenta=gain of electron density) of the optimized TDDFT first 
triplet state (T1) of CuL. The transition is mainly localized on the conjugated pyridyl-triazole ligand with a small contribution on the 
metal cation. This indicates a small contribution of a MLCT transition from the metal center to the ligand. The main contribution 
derives from a pp* transition. 
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Figure SI-90: Differential density (isovalue = 0.005, cyan=loss, magenta=gain of electron density) of the optimized TDDFT first 
singlet state (S1) of CuL. The transition is mainly localized on the metal center and on the phenyl groups of the chelating phosphine 
ligand, which indicates a MLCT transition. 
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Table SI-19: Calculated dihedral angles ϕ [°] (difference to equilibrium S0 geometry) and relative energies [kJ∙mol-1] of the 
calculated triplet states of CuL (TDDFT/B3LYP-D3(BJ)/def2-TZVP) in the gas phase.  

CuL excited T state dihedral angles ϕ  ΔET / kJ·mol-1 

T1 89.2 (-1.5) 0 
T2 82.7 (-7.9) 3.5 
T3 107.8 (17.2) 16.2 

 
In order to better understand the influence of the flexibility on the electronic state character of compounds CuL and CuLH, the dihedral 
angle ϕ was slightly changed in both positive and negative directions. This affected the character of the transition, resulting in three 
different electronically excited states being found in the optimization as for a T1 state for compound CuL. In the case of the CuLH, 
corresponding calculations converged to the same T1 structure, showing that the excited triplet states in this case are clearly energetically 
distinct. 

 

 
Figure SI-91: Differential density (T2 left, T3 right, isovalue = 0.005, cyan=loss, magenta=gain of electron density) of the optimized 
TDDFT triplet states of CuL. The character of the transition is heavily influenced by the orientation of the dihedral angle ϕ. 

 
In contrast to the previously described first triplet state (T1), both energetically higher lying triplet structures show a MLCT transition but 
with acceptor orbitals localized on different ligands. This shows how the orientation (negative or positive change of the dihedral angle) of 
the FD has a huge impact on the occupied molecular orbitals. However, the calculations were performed only in gas phase and the 
influence of the environment was neglected. Corresponding solvent effects can have a great influence on the energetic position of the 
molecular orbitals involved and can further raise or lower the energy of the states. 
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Figure SI-92: Spin density (isovalue = 0.01) of UDFT triplet state (as groundstate) of CuLH. The spin density is mainly localized 
on the conjugated pyridyl-triazole ligand and on the metal cation. This indicates a MLCT transition from the metal center to the 
ligand. 

 

Figure SI-93: Differential density (isovalue = 0.005, cyan=loss, magenta=gain of electron density) of the optimized TDDFT first 
triplet state (T1) of CuLH. The transition is mainly localized on the conjugated pyridyl-triazole ligand and on the metal cation. This 
indicates a MLCT transition from the metal center to the ligand. 
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Figure SI-94: Differential density (isovalue = 0.005, cyan=loss, magenta=gain of electron density) of the optimized TDDFT first 
singlet state (S1) of CuLH. The transition is mainly localized on the conjugated pyridyl-triazole ligand and on the metal cation. This 
indicates a MLCT transition from the metal center to the ligand. 
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14.6 Vertical electronic transition spectra of dinuclear complexes 
 

Figure SI-95: Comparison of static absorption spectrum (black, in dichloromethane) and calculated gas phase spectra (pink, 
TDDFT; green, PBE0 evGW-BSE from chapter 13.3) of Cu2L’. 
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Figure SI-96: Comparison of static absorption spectrum (black, in dichloromethane) and calculated spectrum (pink, gas phase) 
of Cu2L’. 
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Table SI-20: Calculated electronic transitions of Cu2L’ (TDDFT). 
state -. / cm-1 λ / nm osc. strength % donor orbital acceptor orbital 

S1 25143 398 0.218 
53 
30 

HOMO 
HOMO 

LUMO 
LUMO+2 

S2 25628 390 0.358 
58 
22 
10 

HOMO 
HOMO 

HOMO-1 

LUMO+2 
LUMO 

LUMO+1 

S3 27141 368 0.544E-01 
64 
9 
9 

HOMO 
HOMO-1 
HOMO-1 

LUMO+4 
LUMO+5 
LUMO+3 

S4 27320 366 0.309E-01 
31 
31 
15 

HOMO-2 
HOMO-1 
HOMO 

LUMO 
LUMO+1 

LUMO 

S7 28613 349 0.619E-01 

20 
17 
12 
10 

HOMO 
HOMO-2 
HOMO-4 
HOMO-1 

LUMO+6 
LUMO+2 
LUMO+2 
LUMO+3 

S9 29181 343 0.319E-01 

31 
22 
18 
10 

HOMO-2 
HOMO-1 
HOMO 

HOMO-1 

LUMO+4 
LUMO+5 
LUMO+4 
LUMO+3 

S10 29229 342 0.462E-01 

28 
15 
14 
11 

HOMO 
HOMO-4 
HOMO-1 
HOMO-4 

LUMO+10 
LUMO 

LUMO+1 
LUMO+2 

S16 30695 326 0.447E-01 

33 
12 
11 
9 

HOMO 
HOMO-2 
HOMO-1 
HOMO 

LUMO+12 
LUMO+8 
LUMO+9 

LUMO+14 

S19 31067 322 0.749E-01 
66 
10 

HOMO 
HOMO-1 

LUMO+16 
LUMO+15 

S29 32593 307 0.861E-01 
24 
19 
16 

HOMO-5 
HOMO-4 
HOMO-3 

LUMO+3 
LUMO+8 
LUMO+9 

S35 33190 301 0.111 
29 
21 
8 

HOMO-1 
HOMO-2 
HOMO 

LUMO+15 
LUMO+16 
LUMO+16 
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Figure SI-97: Transition involved molecular orbitals HOMO-5 to LUMO+16 of Cu2L’. Isosurface value of 0.05. 
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Figure SI-98: Spin density (isovalue = 0.01) of lowest and symmetric UDFT triplet state (as groundstate) of Cu2L’. The spin 
density is mainly localized on the conjugated pyridyl-triazole ligand and the phenyl bridge. This indicates a pp* transition on the 
bridging ligand. Interestingly, the spin density is distributed symmetrically on both units of the complex. 
 

 

Figure SI-99: Spin density (isovalue = 0.01) of asymmetric UDFT triplet state (as groundstate, DE = 30.9 kJ/mol) of Cu2L’. The 
spin density is mainly localized on one copper core and the conjugated pyridyl-triazole ligand. This indicates a MLCT transition 
from one copper core to the ligand. Interestingly, the spin density is distributed asymmetrically in contrast to the lowest lying triplet 
state.  
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Figure SI-100: Comparison of static absorption spectrum (black, in dichloromethane) and calculated gas phase spectra (pink, 
TDDFT; green, PBE0 evGW-BSE from chapter 13.3) of Cu2L’H2. 
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Figure SI-101: Comparison of static absorption spectrum (black, in dichloromethane) and calculated spectrum (pink, gas phase) 
of Cu2L’H2. 
  

Table SI-21: Calculated electronic transitions of Cu2L’H2 (TDDFT). 
state -. / cm-1 λ / nm osc. strength % donor orbital acceptor orbital 

S1 19199 521 0.392E-01 97 HOMO LUMO 

S2 23633 423 0.175 
63 
27 

HOMO-1 
HOMO 

LUMO+1 
LUMO+2 

S12 29409 340 0.360E-01 
44 
38 
6 

HOMO-1 
HOMO 

HOMO-1 

LUMO+6 
LUMO+5 
LUMO+4 

S13 30235 331 0.608E-01 
60 
30 

HOMO-10 
HOMO-12 

LUMO 
LUMO 

S15 30656 326 0.718E-01 
43 
17 
13 

HOMO-5 
HOMO-14 
HOMO-4 

LUMO+1 
LUMO 

LUMO+2 

S16 30743 325 0.824E-01 
36 
21 
13 

HOMO-14 
HOMO-5 
HOMO-2 

LUMO 
LUMO+1 
LUMO+2 

S17 30834 324 0.883E-01 
39 
26 
12 

HOMO-2 
HOMO-3 

HOMO-14 

LUMO+2 
LUMO+1 

LUMO 

S19 31153 321 0.237 

28 
26 
13 
12 
11 

HOMO-14 
HOMO-26 
HOMO-20 
HOMO-22 
HOMO-24 

LUMO 
LUMO 
LUMO 
LUMO 
LUMO 
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Figure SI-102: Transition involved molecular orbitals HOMO-26 to LUMO+6 of Cu2L’H2. Isosurface value of 0.05. 
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Figure SI-103: Spin density (isovalue = 0.01) of lowest UDFT triplet state (as groundstate) of Cu2L’H2. The spin density is mainly 
localized on one copper core, the conjugated pyridyl-triazole ligand and the phenyl bridge. This indicates a MLCT transition from 
one copper core to the ligand. Interestingly, the spin density is distributed asymmetrically in contrast to the neutral complex. 
 

 

Figure SI-104: Spin density (isovalue = 0.01) of symmetric UDFT triplet state (as groundstate, DE = 19.7 kJ/mol) of Cu2L’H2. The 
spin density is mainly localized on the copper cores, the conjugated pyridyl-triazole ligand and the phenyl bridge. This indicates a 
MLCT transition from the copper cores to the bridging ligand. Interestingly, the spin density is distributed symmetrically on both 
units of the complex. 
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17 Summary and Outlook 
 

The present work consists of static and time-resolved infrared and luminescence spectroscopy on 

photoactive transition metal complexes based on earth-abundant metals like e.g. chromium, 

vanadium and copper showing interesting photophysical and/or photochemical properties. On the 

one hand, systems with a visible (VIS) and in particular near-infrared (NIR) luminescence are of 

growing interest for e.g. organic light emitting diodes and in medicine as molecular sensors. On the 

other hand, photosensitizers for photocatalytic applications are crucial in green chemistry, dealing 

with the conversion of solar energy into so-called solar fuels, where the reduction of water to 

molecular hydrogen and the reduction of carbon dioxide to carbon monoxide can be given as 

examples. This plethora of applications motivates current research to replace available systems 

based on rare and expensive elements like ruthenium or iridium by more abundant elements. The 

investigation of such photophysical and photochemical dynamics on time scales from nanoseconds 

to milliseconds supports the design of new systems based on abundant metals.         

 

Highly luminescent chromium(III) and vanadium(III) complexes 

Within this context, the first part of this work is dedicated to the analysis of deep red and NIR 

emissive mononuclear, close to octahedral chromium(III) and vanadium(III) complexes, which have 

been synthesized in the group of Prof. Dr. Katja Heinze. The investigated chromium(III) complexes 

[Cr(tpe)2]
3+ (tpe = 1,1,1-tris(pyrid-2-yl)ethane) and [Cr(bpmp)2]

3+ (bpmp = 2,6-bis(2-

pyridylmethyl)pyridine) emit around 750 nm and 720 nm, respectively. The low-energy 

phosphorescence occurs from the low lying electronically excited doublet states (2E and 2T1 in 

idealized Oh symmetry) to the electronic ground state. Temperature-dependent luminescence 

spectroscopy in the solid state (290 – 5 K) revealed that two distinct excited doublet states 

contribute to the luminescence at room temperature, while only the most stable excited state 

contributes at low temperature. This was confirmed by time-resolved FTIR spectroscopy, which was 

applied to analyze the long-lived electronically excited doublet states. In fact, small but significant 

changes between the transient excited state IR spectra at 20 K and 290 K suggest that the relative 

contribution of two slightly differing excited states depends on the available thermal energy. 

Furthermore, temperature has a particularly large impact on the emission properties in the case of 

[Cr(bpmp)2]
3+, where the integrated emission and the lifetime increase by a factor of 10 and 50 upon 

cooling to 5 K, respectively. Apart from the differing emission wavelengths, the broad emission of 

[Cr(tpe)2]
3+ covering ~1000 cm−1 contrasts to the sharp luminescence of [Cr(bpmp)2]

3+ with a full 
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width at half maximum of ~130 cm−1. This effect is attributed to the inversion center in [Cr(tpe)2]
3+ 

with a strongly Laporte-forbidden (Laporte rule for dd transitions) luminescence, where the emissive 

transition is only enabled by coupling to vibrations of ungerade symmetry. 

An analogous strategy was applied to the related vanadium(III) systems [V(ddpd)2]
3+ and VCl3ddpd 

(ddpd = N,N´-dimethyl-N,N´-dipyridine-2-ylpyridine-2,6-diamine), which have also been synthesized 

by the group of Prof. Dr. Katja Heinze. Interestingly, an NIR II luminescence with a broad band at 

1000 nm and a sharp peak at 1135 nm was observed for [V(ddpd)2]
3+ in frozen butyronitrile solution 

at 20 K using the new NIR luminescence setup installed within this thesis. The dual NIR II emission 

most likely results from the zero-field splitting in the electronic ground state. The NIR II luminescence 

was not observed by applying the KBr pellet technique, which probably results from self-quenching. 

However, a blue fluorescence was detected for the KBr sample, complementary to the emission 

investigations in (frozen) solution performed by the group of Prof. Dr. Michael Seitz. The NIR II 

luminescence is assigned to the phosphorescence from the low energy electronically excited singlet 

states, which is confirmed by the lifetimes of several hundred nanoseconds obtained by step-scan 

FTIR spectroscopy at 20 K. Considering the blue and NIR II emission bands separated by almost 2 eV, 

it is concluded that intersystem crossing from the triplet to the singlet manifold is rather inefficient 

and that the system requires further optimization. In contrast to [V(ddpd)2]
3+, an NIR II emission with 

two clearly separated peaks in the region of 1050 – 1350 nm was observed in the solid state for the 

closely related VCl3ddpd by using either KBr pellets or neat powder. The integrated emission 

increased by a factor of 1.5 upon cooling from 290 K to 200 K before stagnation, so that efficient non-

radiative deactivation processes must be active at room temperature. This statement is also true for 

the perdeuterated system VCl3(ddpd-[D17]), however with throughout much higher intensities. The 

absence of a blue fluorescence might be an indication for a more efficient intersystem crossing 

compared to [V(ddpd)2]
3+.  

 

Spin crossover in a chromium(II) complex 

Besides the presented chromium(III) complexes, the chromium(II) complex [Cr(ddpd)2]
2+ with its d4 

electron configuration, synthesized by the group of Prof. Dr. Katja Heinze via reduction of the 

corresponding chromium(III) complex, was investigated as a candidate for thermal spin crossover. 

Small shifts in the static FTIR spectrum upon cooling from 290 K to 20 K are in accordance with the 

magnetic measurements performed by the groups of Prof. Dr. Katja Heinze and Prof. Dr. Joris van 

Slageren, which confirm a spin crossover phenomenon. Temperature-dependent studies in the far 

infrared may yield further information by probing the Cr−N stretching vibra|ons. Step-scan FTIR 
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spectroscopy evidenced long-lived electronically excited states with lifetimes of several 

microseconds, which indicates a spin-flip upon excitation with UV light. This effect is similar to the 

light-induced excited spin state trapping effect (LIESST) in iron complexes and is term of future 

investigations.           

 

Photophysics and photochemistry of chromium(0), molybdenum(0) and tungsten(0) complexes        

In cooperation with the group of Prof. Dr. Biprajit Sarkar the photophysics of chromium(0), 

molybdenum(0) and tungsten(0) complexes  with a bidentate pyridyl mesoionic carbene ligand of the 

1,2,3-triazol-5-ylidene type and carbonyl co-ligands have been studied. These investigations were 

motivated by the absorption of red light in the solid state, indicating energetically low-lying 

electronically excited states. Indeed, luminescence spectroscopy revealed two low-energy emission 

bands at ca. 670 – 700 nm and ca. 920 nm, slightly depending on the metal center and also 

temperature. An important point is that the NIR band tails up to 1300 nm, hence far into the NIR II 

region. The quantum yields are highest for tungsten with values of 1.7 ∙ 10-4 and 1.4 ∙ 10−3 in the solid 

state at room temperature for the VIS and NIR emission bands, respectively. At low temperature the 

integrated VIS luminescence increases and reaches lifetimes of several hundred nanoseconds. Step-

scan FTIR spectroscopy revealed two distinct excited triplet states, which were assigned to the dual 

emission. Hereby, the lifetime of the NIR emissive triplet state turned to reach high values above 

100 μs at low temperature. In combination with density functional theory (DFT) calculations 

performed by my colleague Patrick Di Martino-Fumo, the visible emission was assigned to a 3MLCT 

process, while the character of the NIR emissive excited state has to be elucidated by further 

quantum chemical calculations. 

Even if the investigated luminescent carbonyl complexes are quite stable, they show photochemical 

reactivity upon irradiation with high intensity UV light in organic solvents like e.g. acetonitrile or 

pyridine. The photochemical reaction turned out to be faster than the time-resolution (~50 ns) of 

step-scan FTIR spectroscopy and more efficient in the stronger  -donating and �-accepting pyridine 

compared to acetonitrile. A more surprising result was the reversibility of the reaction, as the 

photoproduct reacts back to the educt in a slow dark reaction over several minutes for acetonitrile 

and up to hours for pyridine. Hereby, molybdenum was shown to form more stable photoproducts 

than chromium. Further spectroscopic and quantum chemical calculations are currently performed 

to identify the photoproduct(s), including an extension to investigations on the tungsten complex.   
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Highly luminescent copper(I) complexes      

Organometallic systems based on the highly abundant metal copper represent a very promising 

alternative for organic light emitting diodes, where cheap manufacturing on industrial level is 

accessible via solution processing. Potential candidates consisting of binuclear copper(I) complexes 

with a 2-(diphenylphosphino)pyridine (PyrPhos) or a 4-Methyl-2-(diphenylphosphino)pyridine 

(MePyrPhos) ligand bridging the two Cu(I) centers of a butterfly-shaped Cu2I2 cluster and 

coordinating fluorinated ancillary phosphine ligands  have been investigated within this work. These 

complexes have been synthesized in the group of Prof. Dr. Stefan Bräse, where fluorination and the 

introduction of trifluoromethyl groups were chosen to increase the solubility with regard to solution 

processing. In this work, luminescence spectroscopy in solution revealed that in particular a complex 

with trifluoromethyl groups on the ancillary phosphine ligands shows not only a higher solubility, but 

also a higher stability in organic solution compared to related unfluorinated complexes. At the same 

time, the photophysical studies in the solid state, consisting of luminescence and step-scan FTIR 

spectroscopy at variable temperature, confirmed that the deactivation via thermally activated 

delayed fluorescence is not significantly affected compared to the unfluorinated analogues.       

Besides the investigations on binuclear Cu(I) complexes, tetranuclear Cu(I) complexes with an 

approximately octahedral Cu4X4 cluster (X = I, Br, Cl) and 4-Methyl-2-(diphenylphosphino)pyridine 

(4-MePyrPhos) or 6-Methyl-2-(diphenylphosphino)pyridine (6-MePyrPhos) bridging ligands have 

been studied. Interestingly, the systems with 6-MePyrPhos bridging ligands showed a pronounced 

luminescence thermochromism with a low energy emission around 600 nm that is only observed at 

higher temperature (e.g. ≥ 50 K for iodide) and a more intense higher frequency blue luminescence 

at low temperature (e.g. ≤ 130 K for iodide). The most interesting system is the iodide containing 

complex, where the population of the emissive excited states is fully inverted upon cooling from 

290 K to 20 K. In combination with time-correlated single photon counting at different temperatures, 

the high and low energy emission bands have been assigned to two distinct triplet states. Up to now, 

this thermochromism has been well-known for cuban-like clusters, but has been rarely reported for 

such octahedral systems. Showing a complete reversal of the excited state population at low 

temperature, the iodide complex was an ideal benchmark system to characterize two different 

electronically excited states within one single molecule by step-scan FTIR spectroscopy at 20 K and 

290 K. In combination with time-dependent DFT calculations performed by my colleague Patrick Di 

Martino-Fumo, the thermochromism was assigned to a large structural rearrangement within the 

Cu4X4 cluster with a change from a so-called open- to a closed-butterfly arrangement of the four Cu(I) 

centers upon heating to 290 K. This is the first structural analysis of such a luminescence 
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thermochromism based on spectroscopic data. The halide exchange did not show a large impact on 

this structural change.          

 

Copper(I) complexes as photosensitzers 

Apart from their applications as luminophores, copper(I) complexes are promising candidates as 

photosensitizers in photoredox catalysis. In this context, a mononuclear Cu(I) complex containing the 

so-called biipo ligand (16H-benzo-[4’,5’]-isoquinolino-[2’,1’:1,2]-imidazo-[4,5-f]-[1,10]-phenanthrolin-

16-one) has been investigated, whereby the ruthenium(II) analogue was considered for comparison. 

These systems have been synthesized by the groups of Prof. Dr. Stefanie Tschierlei and Dr. Michael 

Karnahl. Step-scan FTIR spectroscopy in the solid state, in combination with DFT calculations 

performed by my colleague Patrick Di Martino-Fumo, revealed a long-lived dark electronically excited 

triplet state, which is localized on the biipo ligand. The long lifetime of the Cu(I) complex reaching 

439 μs at 20 K is an important step towards photocatalytic applications. It is worth mentioning that 

investigations on such long-lived excited states are particularly challenging, as the widely applied 

time-correlated single photon counting technique fails to probe non-luminescent excited states. 

Furthermore, the mentioned Cu(I) and Ru(II) complexes were confirmed to produce singlet oxygen by 

detection of the corresponding NIR emission band, whereas the free ligand does not. This underlines 

that the combination of a metal (Cu(I) or Ru(II)) with biipo indeed enables properties that are not 

achievable by the organic biipo ligand itself.     

In a related project the photophysics of a series of mono- and binuclear Cu(I) systems containing 

either one or two [(DPEPhos)Cu(I)(MPyrT)]0/+ subunits (MPyrT = 6’-methyl-pyrid-2’-yl-1H-1,2,3-

triazole) have been investigated. The four considered systems have been synthesized by the group of 

Dr. Claudia Bizzarri. The focus of this study was the analysis of the impact of dimerization 

(combination of two monomeric units to yield a binuclear complex) and protonation of the MPyrT 

ligand on the photophysical properties. Temperature-dependent luminescence investigations in the 

solid state showed that thermally activated delayed fluorescence is involved at 290 K for all four 

systems. The phosphorescence lifetimes of up to 234 μs at 5 K confirm the presence of long-lived 

triplet states, which are of great importance with regard to efficient photocatalysis. No obvious 

cooperative effects could be concluded by comparing the protonated and deprotonated 

mononuclear systems to their binuclear counterparts. However, step-scan FTIR spectroscopy and 

DFT calculations demonstrate that ligand protonation has a large impact on the character of the 

mentioned long-lived triplet state. In fact, ligand protonation favors a metal-to-ligand charge transfer 

character, whereas the deprotonated analogues are rather of ligand-centered �-�∗ character. The 
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mentioned DFT calculations were performed by my colleague Patrick Di Martino-Fumo. In future 

investigations photocatalytic reactions involving this kind of photosensitizers will be followed by 

time-resolved FTIR spectroscopy, where the reduction of carbon dioxide to carbon monoxide can be 

cited as an example.               

Overall, these studies document a significant advance in the spectroscopic characterization of 

photophysical and photochemical dynamics in transition metal complexes and should support the 

development of even more efficient systems for practical applications.  

In the future, besides the optimization of complexes based on earth-abundant metals, another 

milestone would be to extend the studies to metal-free organic systems. 
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18 Zusammenfassung und Ausblick 
 

In der vorliegenden Arbeit wurden photoaktive Übergangsmetallkomplexe mit häufig 

vorkommenden Metallen wie Chrom, Vanadium und Kupfer sowie außergewöhnlichen 

photophysikalischen und photochemischen Eigenschaften mittels statischer und zeitaufgelöster 

Infrarot- und Lumineszenzspektroskopie charakterisiert. Hierbei sind einerseits Systeme mit einer 

Emission im sichtbaren oder nahinfraroten Spektralbereich von zunehmendem Interesse für 

beispielsweise organische Leuchtdioden oder als molekulare Sensoren in der Medizin. Andererseits 

sind Photosensibilisatoren von zentraler Bedeutung in der grünen Chemie zur Umwandlung von 

Sonnenenergie in sogenannte solare Brennstoffe, wobei die Reduktionen von Wasser zu 

molekularem Wasserstoff und Kohlendioxid zu Kohlenmonoxid als Beispiele genannt werden können. 

Diese Vielfalt an praktischen Anwendungen motiviert die laufende Forschung, Metallkomplexe mit 

seltenen und teuren Elementen wie Ruthenium oder Iridium gegen häufigere Metalle zu ersetzen. 

Die durchgeführten Untersuchungen der photophysikalischen und photochemischen Dynamik auf 

Nano- bis Millisekunden-Zeitskala tragen zur Entwicklung neuer Systeme bei, welche auf häufigeren 

Elementen basieren.  

 

Hoch-lumineszente Chrom(III)- und Vanadium(III)-Komplexe 

In diesem Zusammenhang ist der erste Teil dieser Arbeit der Analyse von rot- bzw. nahinfrarot-

emittierenden, mononuklearen, nahezu oktaedrischen Chrom(III)- und Vanadium(III)-Komplexen 

gewidmet, welche im Arbeitskreis von Prof. Dr. Katja Heinze synthetisiert wurden. Die untersuchten 

Chrom(III)-Komplexe [Cr(tpe)2]
3+ (tpe = 1,1,1-Tris(pyrid-2-yl)ethan) und [Cr(bpmp)2]

3+ (bpmp = 2,6-

Bis(2-pyridylmethyl)pyridin) emittieren um 750 nm bzw. 720 nm. Deren niederenergetische 

Phosphoreszenz erfolgt ausgehend von den elektronisch angeregten Dublett-Zuständen (2E und 2T1 in 

idealisierter Oh Symmetrie) in den elektronischen Grundzustand. Temperaturabhängige 

Lumineszenzuntersuchungen (290 – 5 K) ergaben, dass die Emission bei Raumtemperatur aus zwei 

getrennten elektronisch angeregten Dublett-Zuständen erfolgt, während bei tiefer Temperatur nur 

der energetisch günstigste Zustand an der Emission beteiligt ist. Dies wurde über die weitere 

Charakterisierung der langlebigen elektronisch angeregten Dublett-Zustände mittels zeitaufgelöster 

Step-scan FTIR Spektroskopie bestätigt. Genauer gesagt deuten die kleinen, aber dennoch 

signifikanten Unterschiede zwischen den IR-Spektren im elektronisch angeregten Zustand bei 20 K 

und 290 K auf eine thermisch beeinflusste relative Population dieser Energieniveaus hin. 

Insbesondere für den Komplex [Cr(bpmp)2]
3+ ergab sich ein sehr ausgeprägter Anstieg der 
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integrierten Lumineszenz und der Emissionslebensdauer um den Faktor 10 bzw. 50 beim Kühlen auf 

5 K. Abgesehen von den abweichenden Emissionswellenlängen, unterscheiden sich die Komplexe 

[Cr(tpe)2]
3+ und [Cr(bpmp)2]

3+ darin, dass die Lumineszenzbande mit ~1000 cm−1 beim erstgenannten 

wesentlich breiter ist als beim zweitgenannten mit einer Halbwertsbreite von lediglich ~130 cm−1. 

Die breite Bande des Komplexes [Cr(tpe)2]
3+ ergibt sich aus dessen Inversionssymmetrie mit einem 

streng Laporte-verbotenen (Laporte-Regel für dd-Übergänge) lumineszenten Übergang, womit die 

Emission nur über Kopplungen mit Schwingungen ungerader Symmetrie ermöglicht wird.  

Eine analoge Strategie wurde auf die verwandten Vanadium(III)-Systeme [V(ddpd)2]
3+ und VCl3ddpd 

(ddpd = N,N´-dimethyl-N,N´-dipyridin-2-ylpyridin-2,6-diamin) angewendet, welche ebenfalls in der 

Gruppe von Prof. Dr. Katja Heinze synthetisiert wurden. Interessanterweise wurde für den Komplex 

[V(ddpd)2]
3+ in gefrorener Butyronitril-Lösung eine NIR II-Lumineszenz mit dem im Rahmen dieser 

Arbeit neu aufgebauten NIR-Moduls detektiert. Die duale NIR II-Emission mit einer breiten Bande bei 

1000 nm und einem scharfen Peak bei 1135 nm resultiert vermutlich aus der Nullfeldaufspaltung im 

elektronischen Grundzustand. Die Abwesenheit dieser NIR II-Lumineszenz bei Messungen in einer 

KBr-Matrix ist wohl auf Selbstauslöschung zurückzuführen. Allerdings wurde bei Messungen an KBr-

Presslingen des Komplexes, komplementär zu den im Arbeitskreis von Prof. Dr. Michael Seitz in 

(gefrorener) Lösung durchgeführten Experimente, eine blaue Fluoreszenz detektiert. Die NIR II-

Emission wird einer Phosphoreszenz, ausgehend von elektronisch angeregten Singulett-Zuständen, 

zugeordnet, was durch die Lebensdauern von mehreren hundert Nanosekunden aus den Step-scan 

Experimenten bestätigt wird. Aus dem großen energetischen Abstand zwischen der blauen 

Fluoreszenz und der NIR II-Phosphoreszenz lässt sich ableiten, dass die Interkombination von der 

Triplett- in die Singulett-Mannigfaltigkeit nicht so effizient ist und an dieser Stelle noch 

Optimierungspotential besteht. Im Gegensatz zu [V(ddpd)2]
3+ wurden für VCl3ddpd bei 

Feststoffuntersuchungen zwei klar separierte Emissionsbanden im Bereich von 1050 – 1350 nm 

beobachtet, wobei entweder reines Pulver oder KBr-Presslinge spektroskopiert wurden. Bei Kühlung 

der Proben von 290 auf 200 K erhöhte sich die integrierte Lumineszenz um den Faktor 1,5, womit bei 

Raumtemperatur nicht-strahlende Desaktivierungskanäle deutlich beitragen müssen. Diese Aussage 

gilt auch für den perdeuterierten Komplex VCl3(ddpd-[D17]), wo die Intensitäten aber durchgehend 

höher sind. Die Abwesenheit einer blauen Fluoreszenz ist ein Hinweis für eine effizientere 

Interkombination im Vergleich zu [V(ddpd)2]
3+.  
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Spin Crossover in einem Chrom(II)-Komplex 

Neben den untersuchten Chrom(III)-Komplexen wurde der Chrom(II)-Komplex [Cr(ddpd)2]
2+, welcher 

in der Gruppe von Prof. Dr. Katja Heinze über eine Reduktion des entsprechenden Chrom(III)-

Komplexes synthetisiert wurde, mit seiner d4-Elektronenkonfiguration als Kandidat für Spin Crossover 

untersucht. Kleine spektrale Verschiebungen im statischen FTIR Spektrum beim Herunterkühlen der 

Probe von 290 auf 20 K sind im Einklang mit den magnetischen Untersuchungen der Arbeitsgruppen 

von Prof. Dr. Katja Heinze und Prof. Dr. Joris van Slageren, die einen Spin Crossover-Prozess 

bestätigen. Temperaturabhängige Messungen im fernen Infrarotbereich zur Analyse der Cr−N 

Streckschwingungen würden hierbei vermutlich noch weitere Informationen liefern. Untersuchungen 

mittels Step-scan FTIR Spektroskopie ergaben die Population von langlebigen elektronisch 

angeregten Zuständen mit Lebensdauern von mehreren Mikrosekunden bei Licht-Anregung, was für 

einen Spin-Wechsel spricht. Dieser Effekt ist ähnlich zu den für Eisen-Komplexe bekannten Licht-

induzierten Übergängen aus einem low-spin in einen high-spin-Zustand, wofür in der Literatur oft die 

Abkürzung LIESST (engl. light-induced excited spin state trapping) verwendet wird, und ist Teil 

zukünftiger Untersuchungen. 

 

Photophysik und Photochemie von Chrom(0)-, Molybdän(0)- und Wolfram(0)-Komplexen   

In Kooperation mit der Gruppe von Prof. Dr. Biprajit Sarkar wurden photophysikalische Analysen an 

Chrom(0)-, Molybdän(0)- und Wolfram(0)-Komplexen mit einem bidentaten Liganden,  bestehend 

aus einer Pyridyl- und einer mesoionischen Carben-Einheit des 1,2,3-Triazol-5-yliden Typs, und 

Carbonyl-Coliganden durchgeführt. Diese Untersuchungen wurden durch eine Absorption von rotem 

Licht motiviert, da dieses Verhalten auf energetisch niedrig liegende elektronisch angeregte Zustände 

hinweist. Tatsächlich ergab sich eine duale Emission mit zwei niederenergetischen Banden, wobei die 

Maxima je nach Metallzentrum und Temperatur bei 670 – 700 nm und um ca. 920 nm lokalisiert sind. 

Ein wichtiger Punkt besteht darin, dass die niederenergetische Flanke der NIR-Bande sich bis 

1300 nm und somit weit in den NIR II-Bereich erstreckt. Die höchsten Quantenausbeuten werden im 

Fall von Wolfram mit Werten von 1,7 ∙ 10-4 für die sichtbare Emission und 1,4 ∙ 10−3 für die NIR 

Lumineszenz im Feststoff bei Raumtemperatur erreicht. Bei tiefer Temperatur kommt es zu einem 

deutlichen Anstieg der Lebensdauer der roten Emission mit Zeitkonstanten von einigen hundert 

Nanosekunden. Gleichzeitig ergaben sich mittels Step-scan FTIR Spektroskopie zwei langlebige 

Triplett-Zustände, die der dualen Emission zugeordnet wurden. Hierbei erreichte der NIR-

emittierende Triplett-Zustand eine Lebensdauer von über 100 μs bei tiefer Temperatur. In 

Kombination mit theoretischen Berechnungen mittels Dichtefunktionaltheorie (DFT), welche von 
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meinem Kollegen Patrick Di Martino-Fumo durchgeführt wurden, konnte die sichtbare Emission 

einem 3MLCT-Prozess zugeordnet werden, während der Charakter der NIR-Emission über weitere 

theoretische Berechnungen aufgeklärt werden muss.  

Obwohl die erwähnten Carbonyl-Komplexe eine recht hohe Stabilität aufweisen, wurde bei 

intensiver UV-Bestrahlung in organischen Lösungsmitteln wie Acetonitril oder Pyridin eine 

photochemische Reaktivität beobachtet. Die photochemische Reaktion erwies sich als schneller als 

die Zeitauflösung des Step-scan FTIR Experiments und lief mit dem starken  -Donor und �-Akzeptor 

Pyridin effizienter ab als in Acetonitril. Ein überraschendes Ergebnis bestand darin, dass es nach 

Bildung des Photoprodukts zu einer langsamen, dunklen Rückreaktion kam, die in Acetonitril 

Minuten und in Pyridin bis zu Stunden in Anspruch genommen hat. Weiterhin waren die 

Photoprodukte mit Molybdän stets stabiler als die mit Chrom. In laufenden spektroskopischen und 

quantenchemischen Untersuchungen sollen die Photoprodukte klar identifiziert werden, sowie die 

photochemischen Studien auf den Wolfram-Komplex erweitert werden.  

 

Hoch-lumineszente Kupfer(I)-Komplexe     

Organometallische Systeme, basierend auf dem häufig vorkommenden Metall Kupfer, stellen eine 

vielversprechende Alternative für organische Leuchtdioden dar, wobei in günstigen 

Produktionsverfahren die Leuchtstoffe in gelöster Form verarbeitet werden. Als potentielle 

Kandidaten wurden in dieser Arbeit binukleare Cu(I)-Komplexe untersucht, wobei die Cu(I)-Zentren 

eines schmetterlingsförmigen Cu2I2 Clusters über 2-(Diphenylphosphino)pyridin (PyrPhos) oder 4-

Methyl-2-(diphenylphosphino)pyridin (MePyrPhos) verbrückt sind und fluorierte Phosphine als 

Hilfsliganden fungieren. Diese Komplexe mit Fluorierung oder Trifluormethyl-Einheiten wurden in der 

Gruppe von Prof. Dr. Stefan Bräse, mit der Absicht die Löslichkeit in Hinblick auf eine Verarbeitung in 

gelöster Form zu verbessern, entwickelt und synthetisiert. In dieser Arbeit ergab sich aus 

Emissionsmessungen in Lösung, dass Trifluormethylgruppen an den Hilfsliganden nicht nur die 

Löslichkeit steigern, sondern auch zu einer Erhöhung der chemischen Stabilität in organischer Lösung 

im Vergleich zu den unfluorierten Komplexen beitragen. Gleichzeitig ergaben temperaturabhängige 

Step-scan FTIR und Lumineszenzstudien in fester Phase, dass der Mechanismus der thermisch 

aktivierten verzögerten Fluoreszenz sich gegenüber dem in den entsprechenden unfluorierten 

Komplexen nicht signifikant unterscheidet.  

Neben den Studien an binuklearen Cu(I)-Systemen wurden auch tetranukleare Cu(I)-Komplexe mit 

einem näherungsweise oktaedrischen Cu4X4 Cluster (X = I, Br, Cl) und 4-Methyl-2-
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(diphenylphosphino)pyridin (4-MePyrPhos) oder 6-Methyl-2-(diphenylphosphino)pyridin (6-

MePyrPhos) als verbrückende Liganden untersucht. Interessanterweise zeigten die Systeme mit 

verbrückenden 6-MePyrPhos Liganden eine stark thermochrome Lumineszenz mit einer 

niederenergetischen Emission um 600 nm, die nur bei hohen Temperaturen beobachtet wurde (z.B. 

≥ 50 K für Iodid) und einer intensiveren blauen Emission bei tiefer Temperatur (z.B. ≤ 130 K für 

Iodid). Das interessanteste System ist hierbei der Iodid-Komplex mit einer kompletten Inversion der 

relativen Besetzung der emittierenden angeregten Zustände beim Herunterkühlen von 290 auf 10 K. 

In Kombination mit zeitaufgelöster Lumineszenzspektroskopie (time-correlated single photon 

counting, TCSPC) bei verschiedenen Temperaturen konnten die hoch- und niederenergetischen 

Emissionsbanden zwei getrennten Triplett-Zuständen zugeordnet werden. Bis zum jetzigen Zeitpunkt 

wurde eine derartige thermochrome Lumineszenz insbesondere für Cuban-artige Cluster berichtet, 

während diese für oktaedrische Systeme bislang selten ist. Mit einer kompletten Inversion der 

Besetzung zweier elektronisch angeregter Zustände bei tiefer Temperatur stellte das Iodid-System 

ein ideales Referenzsystem zur Charakterisierung von zwei getrennten elektronisch angeregten 

Zuständen in einem einzigen Molekül über Step-scan FTIR Spektroskopie bei 20 und 290 K dar. Unter 

Berücksichtigung von Berechnungen mittels zeitaufgelöster Dichtefunktionaltheorie, welche von 

meinem Kollegen Patrick Di Martino-Fumo durchgeführt wurden, ließ sich der strukturelle Ursprung 

der Thermochromie einer ausgeprägten geometrischen Veränderung innerhalb des Clusters von 

einer sogenannten geöffneten zu einer geschlossenen schmetterlingsartigen Anordnung der Cu(I)-

Zentren beim Übergang von 20 auf 290 K zuordnen. Dies ist die erste strukturelle Charakterisierung 

einer derartigen Thermochromie basierend auf spektroskopischen Daten. Hierbei gab es keine 

signifikante Abhängigkeit der geometrischen Umlagerung vom Halogen.                       

 

Kupfer(I)-Komplexe als Photosensibilisatoren 

Neben deren Verwendung als Luminophore sind Kupfer(I)-Komplexe vielversprechende Kandidaten 

als Photosensibilisatoren in der Photoredoxkatalyse. In diesem Zusammenhang wurden ein 

mononuklearer Cu(I)-Komplex und als Vergleich der verwandte Ruthenium(II)-Komplex, welche beide 

den sogenannten biipo-Liganden (16H-benzo-[4’,5’]-isoquinolino-[2’,1’:1,2]-imidazo-[4,5-f]-[1,10]-

phenanthrolin-16-on) enthalten, untersucht. Beide Systeme wurden von den Gruppen von Prof. Dr. 

Stefanie Tschierlei und Dr. Michael Karnahl synthetisiert. Step-scan FTIR Spektroskopie ergab in 

Kombination mit DFT-Berechnungen meines Kollegen Patrick Di Martino-Fumo einen langlebigen 

elektronisch angeregten Triplett-Zustand, welcher auf dem biipo-Liganden lokalisiert ist. Hierbei stellt 

die lange Lebensdauer des Cu(I)-Komplexes von 439 μs bei 20 K einen wichtigen Schritt hin zu 
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photokatalytischen Anwendungen dar. An dieser Stelle ist es wichtig zu erwähnen, dass die 

Untersuchung von langlebigen dunklen elektronisch angeregten Zuständen eine große 

Herausforderung darstellt, da die weit verbreitete TCSCP-Technik nur lumineszente Zustände 

abfragen kann. Weiterhin wurde für die Cu(I)- und Ru(II)-Komplexe, im Gegensatz zum nackten biipo-

Liganden, die Bildung von Singulett-Sauerstoff über dessen charakteristische NIR-Emissionsbande 

bestätigt. Dies unterstreicht, dass über die Kombination der Metall-Zentren mit dem Liganden 

Eigenschaften erzielt werden, die mit dem organischen Liganden als solches unzugänglich sind.  

In einem verwandten Projekt wurde die Photophysik von ein- und zweikernigen Kupfer(I)-Komplexen 

mit einer bzw. zwei [(DPEPhos)Cu(I)(MPyrT)]0/+-Untereinheiten (MPyrT = 6’-Methyl-pyrid-2’-yl-1H-

1,2,3-triazol) untersucht. Die vier berücksichtigten Komplexe wurden in der Gruppe von Dr. Claudia 

Bizzarri synthetisiert. Der Fokus dieser Studie lag auf der Analyse des Einflusses von einer 

Dimerisierung (Kombination von zwei monomeren Einheiten zu einem binuklearen Komplex) und 

einer Protonierung des MPyrT-Liganden auf die photophysikalischen Eigenschaften. Zeitaufgelöste 

Untersuchungen an Feststoffproben ergaben, dass bei allen vier Systemen bei 290 K eine thermisch 

aktivierte verzögerte Fluoreszenz beteiligt ist. Die Phosphoreszenz-Lebensdauer von bis zu 234 μs bei 

5 K bestätigt die Anwesenheit von langlebigen Triplett-Zuständen, was für eine effiziente 

Photokatalyse von großer Bedeutung ist. Beim Vergleich der mononuklearen Komplexe mit ihren 

binuklearen Analoga ergaben sich keine offensichtlichen kooperativen Effekte. Allerdings zeigte die 

Step-scan FTIR Spektroskopie in Kombination mit theoretischen Berechnungen, dass die 

Protonierung des Liganden einen großen Einfluss auf den Charakter des langlebigen Triplett-Zustands 

hat. Genauer gesagt besteht das Verhalten darin, dass bei Protonierung ein Metall-zu-Ligand-

Ladungstransfer bevorzugt ist, während für die deprotonierten Analoga eher ein Liganden-zentrierter 

�-�∗ Charakter vorliegt. Die erwähnten DFT-Berechnungen wurden von meinem Kollegen Patrick Di 

Martino-Fumo durchgeführt. In zukünftigen, weiterführenden Studien sollen photokatalytische 

Reaktionen unter Verwendung derartiger Photosensibilisatoren mittels zeitaufgelöster 

Infrarotspektroskopie verfolgt werden, wobei die Reduktion von Kohlendioxid zu Kohlenmonoxid als 

Beispiel genannt werden kann.       

Insgesamt dokumentieren diese Studien einen bedeutenden Fortschritt in der spektroskopischen 

Charakterisierung der photophysikalischen und photochemischen Dynamik in 

Übergangsmetallkomplexen und sollten die Entwicklung von noch effizienteren Systemen für 

praktische Anwendungen unterstützen.  
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Ein weiterer Meilenstein für die Zukunft wäre neben der Optimierung von Komplexen, die auf 

häufigen Metallen basieren, die Ausweitung der Untersuchungen auf metallfreie organische 

Systeme.       
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19 Appendix: Further Joint Publications 
 

19.1 Transient FTIR spectroscopy after one- and two-colour excitation on a highly 

luminescent chromium(III) complex 

 

19.1.1 Preamble 

Temperature-dependent step-scan FTIR and luminescence spectroscopy were performed by Patrick 

Di Martino-Fumo and myself. The measurements are partly included in my master thesis and were 

finalized within this work. Patrick Di Martino-Fumo performed the DFT calculations. Patrick Di 

Martino-Fumo and myself were supervised by Markus Gerhards and Gereon Niedner-Schatteburg. 

Wolfram Seidel measured the Raman spectra. The data were interpreted by contributions from all 

coauthors. The manuscript was written by Katja Heinze and myself. Markus Gerhards designed the 

project. The manuscript was revised by contributions from Katja Heinze, Gereon Niedner-

Schatteburg and myself.      
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Transient FTIR spectroscopy after one- and
two-colour excitation on a highly luminescent
chromium(III) complex†

Pit Boden,a Patrick Di Martino-Fumo,a Gereon Niedner-Schatteburg, a

Wolfram Seidel, b Katja Heinze *c and Markus Gerhards ‡
a

The development of photoactive transition metal complexes with Earth-abundant metals is a rapidly

growing research field, where a deeper understanding of the underlying photophysical processes is of

great importance. A multitude of potential applications in the fields of photosensitizing, optical sensing,

photoluminescence and photoredox catalysis motivates demanding spectroscopic studies. We applied a

series of high-level spectroscopic methods on the previously reported highly luminescent chromium(III)

complex [Cr(ddpd)2](BF4)3 (ddpd = N,N0-dimethyl-N,N0-dipyridine-2-ylpyridine-2,6-diamine) possessing

two near-IR emissive doublet states with microsecond lifetimes. Luminescence measurements were

performed at temperatures down to about 10 K, showing a remarkable rise of the integrated emission

intensity by more than a factor of three. The emissive doublet states were structurally characterized by

transient FTIR spectroscopy at 290 K and 20 K, supplemented by ground state FTIR and Raman

spectroscopy in combination with density functional theory. According to emission and step-scan FT-IR

spectroscopy, the stronger luminescence at lower temperature arises from decreased non-radiative

decay via energy transfer to CH vibrational overtones and increased radiative decay based on lowered

symmetry. Pump/pump/probe (FTIR) and pump/dump/probe (FTIR) schemes were developed to

modulate the excited doublet state populations at 290 and 20 K as a function of specific near-IR pump

vs. dump wavelengths. The effect of the second near-IR pulse can be explained by combinations of

excited state absorption, ground state absorption and stimulated emission. The successful establishment

of these two-colour step-scan FTIR experiments is an important step towards profound studies on

further transition metal complexes with energetically close-lying excited states in the near future.

1 Introduction

The development of photoactive transition metal complexes

with Earth-abundant and in particular first-row transition

metal ions is a challenging and rapidly growing research

field.1–11 It is motivated by the desire to replace precious metals

and rare-earth elements by Earth-abundant metal ions in the

fields of photosensitizing,1,2 photoluminescence,3,4 and photo-

redox reactions.5–8 Unprecedented luminescence properties of

new, molecular compounds of abundant first-row transition

elements emerged only in the last few years.12 These landmark

results include the first luminescent iron(III) complexes,9,10,13 a

luminescent cobalt(III) complex,14 isonitrile complexes of

chromium(0),15 molybdenum(0)16 and nickel(0),17 as well as a

first luminescent vanadium(III) complex18 and the strongly

luminescent chromium(III) complex [Cr(ddpd)2]
3+ 13+ (Fig. 1).19–22

The so-called molecular ruby 13+ based on the tridentate strong-

field ddpd ligand (N,N0-dimethyl-N,N0-dipyridine-2-ylpyridine-2,6-

diamine) shows exceptionally high photoluminescence quantum

yields and excited state lifetimes of its lowest energy spin–flip

states at 776/739 nm in acetonitrile.19,22,23 A lifetime of 899 ms and

a quantum yield of 12.0% are reached in deaerated acetonitrile.19

In addition, this complex is perfectly photostable in water, even

under alkaline conditions.19 The related chromium(III) complex

[Cr(tpe)2]
3+ (tpe = 1,1,1-tris(pyrid-2-yl)ethane) achieved a high

quantum yield with a record lifetime of 4500 ms due to its

exceptionally high symmetry.24

These complexes already turned out as auspicious candidates

in molecular temperature (210–373 K),20 hydrostatic pressure25
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and oxygen sensing19 as well as in photophysical26,27 and photo-

chemical applications.21

The high quantum efficiency and stability of these chromium

complexes were accessible with the strongly s-donating tridentate

ligand ddpd, inducing a large ligand-field splitting, and thus

suppressing undesired non-radiative deactivation processes via

back-intersystem crossing.19,23 Under oxygen free conditions, a

highly relevant non-radiative decay pathway for excited 13+ is

energy transfer from the chromium(III) cation to high energy

oscillators in the nearby environment enabled by the low emission

energy. Deuteration of the ligand and the solvent attenuates this

particular loss mechanism leading to quantum yields of 30% and

lifetimes of 2300 ms.23,28

In order to be able to devise further successful luminescent

materials based on spin–flip emissions, a deep understanding of

the unique excited state dynamics of 13+ and structural information

on excited state geometries are essential. Initial transient-absorption

spectroscopic investigations on the pico- to nanosecond timescale

demonstrate that the long-lived emissive doublet states of 13+ are

reached within 3.5 ps after excitation of the ligand-field/LMCT

absorption band at 440 nm.21

The time-resolved step-scan FTIR technique is an ideal tool

for the characterization of electronically excites states of transition

metal complexes24,29–36 and photochemical processes37–40 on time

sales of nanoseconds to milliseconds. To obtain information on

excited state populations and excited state distortions of the long-

lived doublet states of the molecular ruby 1(BF4)3 (Fig. 1), the

present work reports luminescence and time-resolved FTIR

spectroscopy at variable temperature, supplemented by static

Raman spectroscopy. In this particular case, the emitting doub-

let states of 1(BF4)3 can be elegantly probed by the step-scan

technique due to their long lifetimes. Step-scan FTIR investigations

have already been conducted successfully on transition metal

complexes with copper, palladium and ruthenium metal centres,

as well as vanadium(III) and chromium(II) featuring sufficiently long-

lived excited states.18,29–31,34–36,41 However, the vibrational features

of the excited doublet states of chromium(III) complexes have only

been investigated on a single system to the best of our knowledge,

namely the complex [Cr(tpe)2]
3+.24

An approach to modulate and to observe relative populations

of electronically excited states is the application of at least two-

colour methods coupled to transient FTIR spectroscopy. A

two-colour step-scan FTIR experiment has been applied to the

phytochrome photocycle by Kottke et al., whereby the reverse

reaction to the educt species was stimulated by a second laser

flash subsequent to the initial laser-induced photochemical

reaction followed by step-scan FTIR.39 Yet, there are no reports

on pump/pump and pump/dump FTIR probe schemes with

two consecutive resonant laser pulses of different wavelengths

preceding the probing of the sample with step-scan FTIR

spectroscopy. In the context of transition metal complexes, the

idea of this new scheme is to tune the population of long-lived

electronically excited states by application of double resonant

laser processes. Complex 1(BF4)3 with two energetically close-

lying excited doublet states (separated by 710 cmÿ1 in the solid

state) and sharp, separated emission bands in combination with

a high photochemical stability is a suitable model system to

explore such two-colour experiments. The pump/pump/probe

(FTIR) and pump/dump/probe (FTIR) techniques should enable

the modulation of the population of these long-lived doublet

states. A new laser set-up has been installed and coupled to the

FTIR spectrometer in order to perform the laser-induced pump/

pump and pump/dump experiments coupled with the step-scan

FTIR set-up as probe at cryogenic and room temperature.

The electronic ground state of 1(BF4)3 is characterized by static

FTIR and Raman spectroscopy, supported by density functional

theory (DFT) calculations. Furthermore, phosphorescence

measurements at variable temperature under cryogenic conditions

permit a deeper understanding of the temperature-dependent

photophysical processes.

2 Experimental section
2.1 Synthesis of [Cr(ddpd)2](BF4)3 (1(BF4)3)

The synthesis of complex 1(BF4)3 has been described earlier.19

Specific sample preparations (solution, KBr pellet) are described

in the respective sections.

2.2 Luminescence spectroscopy

Static measurements. The emission spectra of KBr pellets

were recorded with a FluoroMax-2 (Horiba Jobin Yvon) device

using the cryostat described below.

Time-resolved measurements. The luminescence lifetimes

were determined with the time-correlated single photon count-

ing technique (TCSPC). Data were recorded with a DeltaFlex

(Horiba Jobin Yvon) spectrometer. The sample was excited with

short light pulses (1.3 ns full width at half maximum) of a

NanoLED (389 nm) and the emission monochromator was set

to 780 nm. The emitted light was detected with a picosecond

photon counting detection module (PPD) after passing a long

pass filter (600 nm) and the monochromator. The detector unit

included a fast-rise photomultiplier (PMT) with an integral GHz

timing preamplifier, a constant fraction discriminator and a

regulated high voltage supply.

2.3 Raman spectroscopy

All Raman spectra were recorded at a LabRAM HR Vis spectro-

meter of Horiba Jobin Yvon. The spectrometer was equipped with

the following laser systems: 473 nm (air-cooled solid state laser),

Fig. 1 Molecular structure of 1(BF4)3 (distorted O symmetry) and coordi-

nate system.
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532 nm (air-cooled, frequency doubled Nd:YAG laser), 633 nm

(HeNe Laser), 785 nm (air-cooled diode laser).

2.4 Time-resolved step-scan FTIR spectroscopy

The general experimental setup for step-scan measurements

has been described in earlier works29–31 and is only described

briefly here, while the new laser system for two-colour step-scan

experiments is presented in more detail.

Experimental setup. All the time-resolved FTIR experiments

were performed with the FTIR spectrometer Bruker Vertex 80v,

operated in the step-scan mode. A liquid-nitrogen-cooled mercury

cadmium telluride (MCT) detector (Kolmar Tech., Model KV100-1-

B-7/190) with a rise time of 25 ns, connected to a fast preamplifier

and a 14-bit transient recorder board (Spectrum Germany,

M3I4142, 400 MS/s), was used for signal detection and processing.

The laser setup includes two Q-switched Nd:YAG lasers (Innolas

SpitLight 1000, Innolas SpitLight Evo I) generating pulses with a

band-width of 6–8 ns at repetition rates of 10 Hz and 100 Hz,

respectively. The frequency doubled (532 nm) radiation of the

Nd:YAG laser (10 Hz) was used as a pump source for a tunable dye

laser (Sirah, PrecisionScan) and the third harmonic (355 nm, 10 Hz

or 100 Hz) of the Nd:YAG lasers was used directly for sample

excitation. Radiation of 781 nm, 785 nm (styryl 8 in dimethyl-

sulfoxide) or 741 nm (styryl 8 in methanol) was generated with

the dye laser, the optical grating achieving a spectral bandwidth

of 0.0036 nm. Thus, pump (355 nm)/pump or dump (741, 781,

785 nm)/probe (FTIR) experiments can be performed. The

355 nm laser beam was attenuated to about 2.0 mJ per shot,

while the dye laser radiation was adapted to 10–12 mJ per shot,

both at a diameter of 9 mm. The beams were directed onto

the sample from opposite directions and adjusted to have a

maximal overlap with the IR beam of the spectrometer. The

sample chamber was equipped with anti-reflection-coated

germanium filters to prevent the entrance of laser radiation

into the detector and interferometer compartments. The temporal

resolution of the 14-bit transient recorder board was set to 50 ns.

The step-scan measurement was started 19.8 ms before the

Q-Switch of the Nd:YAG laser was triggered, which means that

the experiment was initiated about 20 ms before the laser pulse(s)

reached the sample. This time was set as zero point in all spectra

and the time delay between the start of the experiment and the

laser pulse(s) was controlled with a Stanford Research Systems

DG535 delay generator. In double resonance experiments the time

delay between the two laser pulses was about 11 ns. Up to 3328

coadditions were recorded at each interferogram point, depending

on the spectrum (e.g. 208 scans with each 16 coadditions at every

interferogram point). The spectral region was limited by under-

sampling to 0–1975 cmÿ1 (or 988–1975 cmÿ1) with a spectral

resolution of 4 cmÿ1 resulting in 1110 (or 555) interferogram points.

An IR broad band filter (850–1750 cmÿ1) and CaF2 windows (no

transmission o1000 cmÿ1) were used to prevent problems when

performing a Fourier transformation (i.e. no IR intensity outside the

measured region should reach the detector). FTIR ground state

spectra were recorded systematically to check for sample integrity.

Preparation of KBr pellets. The KBr pellet technique was

applied successfully several times for step-scan FTIR investigations

on transition metal complexes.24,29,31,34,36,42 For the preparation of

KBr pellets, 1(BF4)3 (ca. 0.75 mg) was mixed with dry KBr (ca.

200 mg, stored in a compartment dryer at 70 1C) and ground

to a homogeneous mixture. This mixture was filled in an

evacuable pellet die with a diameter of 13 mm and sintered

at a pressure of 0.75 GPa. The strongest peak in the ground

state spectrum at 1435 cmÿ1 showed an absorption of about

0.8 OD with the mentioned concentration.

Cryogenically cooled KBr pellets. Measurements with cryo-

genically cooled KBr pellets (temperatures down to about 20 K

at the sample) were performed with a closed cycle helium

cryostat (ARS Model DE-202A). The cryo cooler was equipped

with a copper pellet holder and CaF2 windows. The cryostat was

hanging from a rack into the sample compartment without

touching the spectrometer to prevent vibrations of the cooler to

be transferred to the instrument. Two adjustable tables allowed

the exact positioning of the cryostat in the sample compartment.

Solutions. Investigations in acetonitrile-d3 (o0.02% water,

99.8% D), purchased from VWR Chemicals, were performed

under argon atmosphere. A 4mM solution of 1(BF4)3 as well as an

optical cell composed of housing and CaF2 windows, separated

by two Mylars spacers with a thickness of 250 mm, were used.

The sample was exchanged in regular intervals and the sample

compartment was purged with argon.

3 Quantum chemical calculations

The crystal structure19 of 13+ was used as an input structure.

Geometry optimizations were performed with the Berny algorithm

of Gaussian 0943 by using energies and gradients computed by

Turbomole 7.3.44 All calculations were performed with the DFT

functional B3LYP as implemented in Turbomole using the resolu-

tion of identity and the def2-TZVP basis set. The electronic ground

state structures (quartet) were calculated by unrestricted DFT

(UDFT) with similar results as reported previously from B3LYP/

TZVPP calculations.25 IR and Raman absorption spectra were

simulated by applying frequency calculations on the optimized

geometries. The vibrational frequencies are scaled by factors of

0.98 and 0.96 in the spectral region below 1700 cmÿ1 and in the

region of 2800–3200 cmÿ1, respectively,45 to compensate for the

harmonic approximation and thus minimize the differences

between the experimental and calculated wavenumbers. Convolution

of the theoretical frequencies was performed by using a pseudo-Voigt

profile (50% Gaussian, 50% Lorentzian) with a full width at half

maximum (FWHM) of 15 cmÿ1 (IR) or 8 cmÿ1 (Raman).

4 Results and discussion
4.1 Temperature dependent luminescence

The temperature-dependent emission properties of 1(BF4)3 were

investigated in the solid state (KBr pellet) covering a temperature

range from 290 K down to about 10 K (Fig. 2). This expands the

studies in solution (210–373 K) reported earlier to very low

temperature.20 Wavelengths of 355 nm or 420 nm excited the

sample into a higher state of the quartet manifold (4T1,
4T2 and
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LMCT states, Fig. 3). Intersystem crossing (ISC) to the doublet

states (derived from 2T1 and
2E states), vibrational relaxation and

equilibration results in dual phosphorescence at 290 K with two

clearly distinguishable bands at 780 nm and 739 nm, similar

to the corresponding experiments in solution (Fig. 2 and Fig. S1,

S2, ESI†).19,20 The excitation wavelength has no significant

influence on the emission pattern and hence on the final

equilibration of the doublet states.

The dual phosphorescence has been assigned to the energetically

lowest microstates of the electronic states 2T1 and
2E (in idealized O

symmetry), in accordance with high-level CASSCF(7,12)/NEVPT2

calculations.25 In a perfectly octahedral complex, the microstates

of the 2T1 and 2E states would be degenerate. Here, we encounter

some tetragonal distortion, which lifts such degeneracy. The

calculated energy levels of these microstates and the relevant

electronic transitions are summarized in Fig. 3.25 The energy

difference between these emissive microstates of different

orbital parentage (2T1,
2E) amounts to only 710 cmÿ1 (0.09 eV)

according to the solid state emission spectrum.

Lowering the temperature decreases the relative intensity of

the high frequency emission band compared to the lower

energy band. At about 170 K, the high-energy band vanishes

below the detection limit (Fig. 2 inset and Fig. S1, S2, ESI†).

Boltzmann-type behaviour of the relative intensities and hence

populations is confirmed between 290 K and 170 K (Fig. S3,

ESI†), similar to solution experiments in this temperature

range.20 The Boltzmann plots for lex = 355/420 nm gave consistent

results with an average energy gap of 840 cmÿ1 necessary for the

repopulation of the energetically higher emissive 2E microstate

from the lowest microstate of 2T1 parentage (Fig. S3, ESI†). This

energy difference agrees with the energy gap of 710 cmÿ1 obtained

from the emission maxima. Clearly, thermal energy at lower

temperature is insufficient to populate the 2E state. Upon cooling

from 290 K to 10 K, the low-energy emission band sharpens and

shifts bathochromically by 80 cmÿ1 from 780 nm to 785 nm. An

isosbestic point at 783 nm is present in the 100–10 K temperature

range (Fig. 2 and Fig. S1, S4, ESI†). Vibrational fine structure

appears as well suggesting that the phosphorescent transition

activates less vibrational modes in the 4A2 ground state. The

unconventional bathochromic shift suggests that the lowest-

energy microstate of the 2T1 manifold (labeled a2T1 in the

following) is slightly stabilized at lower temperature, possibly

by geometrical distortions. A similar effect of structure pertur-

bation has been suggested for the emission properties of 1(BF4)3
under increasing hydrostatic pressure.25

With respect to the integrated emission intensity (from 727

to 827 nm), three distinct temperature regions are discernible,

irrespective of the excitation energy lex = 355 nm/420 nm (Fig. 4).

Between 290 K and 170 K the intensity increases moderately,

whereas a plateau appears between 170 K and 70 K (Fig. 2, 4

and Fig. S1, ESI†). A huge linear increase in intensity occurs below

50 K. At an excitation wavelength of lex = 355 nm, the red-shift is

accompanied by a strong rise of the integrated emission intensity

Fig. 2 Phosphorescence spectra of 1(BF4)3 as KBr pellet between 290 K

and 10 K. The inset shows the region of the transition at about 739 nm,

where the low energy emission is normalized to 1 for better visibility of the

high energy band.

Fig. 3 Qualitative Jablonski diagram of 1(BF4)3 based on CASSCF(7,12)-

NEVPT2 calculations of 13+ in its D2 ground state geometry.25 The calculated

occupation of the 3d orbitals in the different microstates is indicated (the ‘‘+’’

sign indicates a mixture of the two major electron configurations). The

emission wavelengths are valid for 1(BF4)3 (KBr pellet) at 290 K (ISC: inter-

system crossing, IC: internal conversion, IVR: internal vibrational relaxation;

thin lines correspond to vibrational levels, thicker lines to electronic states).

Fig. 4 Temperature-dependent integrated emission intensity at lex = 355 nm

(black) and lex = 420 nm (green) of 1(BF4)3 relative to the respective

intensity at 290 K. Uncertainties are indicated by error bars. The three

temperature regions delimited by the coloured areas (red, grey and blue)

are discussed in the text.
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by more than a factor of 3 (corresponding to factor a of 7 for the

band maximum) compared to the integrated emission at 290 K.

However, excitation by lex = 420 nm increases the emission merely

by a factor of 2.2 when cooling from 290 K to 10 K. This might

result from a less pronounced non-radiative deactivation upon

lower energy excitation at 290 K, leaving less room for enhance-

ment by temperature lowering (see below).

Obviously, radiative pathways (kr) are favoured at lower

temperature over the non-radiative ones (knr) with two different

mechanisms being operative. The increase of the luminescence

intensity from 290 K to 170 K may result essentially from the

less efficient non-radiative deactivation of the luminescent doublet

states via high energy oscillators.23,28 Indeed, with the strong CH

vibration involving mainly the hydrogen atoms closest to the metal

centre at 3071 cmÿ1 and an anharmonicity constant of xe E

59 cmÿ1,23,28 the fourth vibrational overtone of the aromatic CH

stretching is estimated at 13585 cmÿ1 (736 nm). This energy is

almost resonant with the emission energy of the high-energy

doublet state (739 nm; Fig. 2 and Fig. S5, S6, ESI†). As this state

is depopulated at lower temperature, the spectral overlap integral

reduces and the non-radiative decay diminishes.

The impressive luminescence gain below 50 K (Fig. 4) may

be explained by less efficient thermally activated non-radiative

decay knr of the excited states below 50 K.24 Subtle but significant

geometrical distortions of the a2T1 state (see below and Fig. 6) and

its lower energy at lower temperature (Fig. 2) lead to displacement

of its excited state potential well horizontally and vertically relative

to the ground state potential modifying the rates of non-radiative

pathways. Small distortions of the emissive state also entail a lower

symmetry to the otherwise close to centrosymmetric [CrN6]

chromium core. This should lift Laporte’s parity rule for dd

transitions in centrosymmetric complexes with an inversion

centre and enhances the electronic transitions (kr).
24

4.2 Vibrational spectroscopy of ground and excited states

In order to obtain vibrational data and structural information

of the electronic ground state (4A2) of 1(BF4)3, we recorded static

FTIR (from 1700 to 930 cmÿ1 in a KBr matrix) (Fig. 5 and

Fig. S7, ESI†) and Raman (from 1700 to 250 cmÿ1 as powder,

lex = 473, 532, 633 nm) spectra (Fig. 5 and Fig. S9, ESI†). Weak

resonance Raman effects were observed with 473 nm excitation

for bands at 627, 717 and 1266 cmÿ1 (Fig. S9, ESI†). The

experimentally observed IR and Raman spectra of the electronic

ground state are both in excellent agreement with the vibrational

pattern predicted by DFT calculations on 13+ (UDFT/B3LYP/def2-

TZVP) (Fig. 5 and Fig. S7–S9, ESI†) enabling an assignment of the

vibrational bands (Table 1). The stretching vibrations of the BF4
ÿ

counter ion strongly contribute to the broad absorption feature

between 1000 and 1200 cmÿ1, as confirmed by the IR spectrum of

NaBF4. Other than that, the BF4
ÿ counter ion seems to cause little

effect on either the IR or the Raman spectrum of 1(BF4)3.

Considering these spectra, however, it has to mentioned that

a quite large deviation of 6 cmÿ1 was observed between the

peaks at 1614 and 1608 cmÿ1 in the Raman and IR spectra,

respectively, which are assigned to the same vibration (Table 1).

The discrepancies might result from the differing sample

preparations (KBr pellet vs. neat powder) and/or a contribution of

the underground to the rather weak peak in the Raman spectrum.

Furthermore, small deviations between experiment and

calculation arise from the use of a single scaling factor (0.98),45

which is a common practice with respect to the limited spectral

region. The absorption bands of 13+ arise from CQC and CQN

stretching vibrations, C–H bending and rocking oscillations,

as well as Cr–N stretching and rocking vibrations. Although

the overall complex cation is not centrosymmetric, several

characteristic vibrational bands are much stronger in the Raman

Fig. 5 Ground state Raman spectrum of 1(BF4)3 (black, lex = 532 nm) with

calculated 4A2 ground state Raman spectrum of 13+ (orange) and ground

state FTIR spectrum of 1(BF4)3 (red) with calculated 4A2 ground state IR

spectrum of 13+ (green) (UDFT/B3LYP/def2-TZVP), scaled by 0.98,

pseudo-Voigt profile, FWHM = 15 cmÿ1 (IR) and 8 cmÿ1 (Raman).

Table 1 Assignment of the dominant vibrations of 1(BF4)3 in the ground

state (static Raman and FTIR spectra) and in the electronically excited state

at 20 K (positive bands in the step-scan difference spectrum). The bands

are assigned according to UDFT/B3LYP/def2-TZVP calculations on 13+

(py = pyridine)

Ground state Excited state

AssignmentRaman FTIR Step-scan

1614 1608 1600 nsym(C2–C3/C5–C6) of terminal py
1586 — — nasym(C3–C4/C4–C5) and n(C–N) of

terminal py
— 1584 1576 nsym(C2–C3/C5–C6) of central py
1571 1569 1562 nasym(C3–C4/C4–C5)
1494 — — d(C–H) of Me
— 1498 1481 d(C–H) of py, n(C–N/C–C)
— 1435 1414 d(C–H) of py
1428 — — d(C–H) of py and Me
— 1368 — nasym(py–N–py), d(C–H) of py
— 1345 — nasym(py–N–py), d(C–H) of py
1315 — — d(C–H) and n(C–N/C–C) of py
1286 — d(C–H), n(C–N) of py
1266 — — d(C–H), n(C–N/C–C)
— 1239 1246 nsym(py–N–py), d(C–H) of py
— 1140 — d(C–H) of py, n(N-Me)

1035 1012 n(Cr–N), breathing of terminal py
1028 — — nsym(py-N-py), nsym(Cr–N), breathing of py
— 948 — d(Cr–N), v(py-N-py), d(C–H) of py
717 — — nsym(Cr–N), d(C–N/C–C) of py
681 — — d(C–N/C–C) of py
627 — — nsym(Cr–N), d(C–N/C–C) of py
513 — 1009 d(py-N-py), d(C–N/C–C) of terminal py
283 — — d(Cr–N)
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(e.g. 1028 and 1286 cmÿ1) than in the IR spectrum and vice versa

suggesting a ‘‘pseudo-centre of symmetry’’ which certainly applies

for some Cr–N vibrations of the inner coordination sphere. In fact,

several low frequency vibrations below 1035 cmÿ1 are assigned to

combination modes involving the Cr–N bonds, both with idealized

g and u symmetry. The geometry and especially the local symmetry

around the chromium centre certainly play a major role for the

radiative rate constant kr as suggested above. The most prominent

IR and Raman bands are listed and assigned in Table 1, further

information is collected in the ESI† (Tables S1 and S2).

In order to vibrationally and structurally characterize the

long-lived electronically excited states, pump/step-scan FTIR

probe spectra were recorded at 20 K and at 290 K with an

excitation wavelength of 355 nm. Fig. 6 (top) shows the pump/

step-scan FTIR probe spectra 0.5 to 5.0 ms after excitation and

the ground state FTIR spectra at 20 K and 290 K. After 0.5 ms, the

final excited doublet states are populated and thermally

equilibrated.21 The negative bands in the difference spectra

result from depopulation of the 4A2 ground state and correlate

well with the corresponding bands in the ground state FTIR

spectrum within 4 cmÿ1 (Table 1). The small shifts between the

minima of the negative bands in the step-scan difference

spectrum and the maxima in the ground state spectrum arise

from the superposition of positive and negative bands in the

difference spectrum. The positive bands in the step-scan spectra

belong to the populated electronically excited state(s).

As suggested from the emission data, at 20 K only the lowest

microstate of the 2T1 state is populated, while at 290 K the

microstate derived from the 2E state is also populated to some

extent. With an energy gap of B840 cmÿ1 (see above) between

the lowest microstates, the Boltzmann-weighted population of

the 2E-derived microstate amounts to less than 2% at 290 K.

This small fraction is hard to discern in the step-scan IR

spectrum at 290 K. Furthermore, the 2E spin–flip state features

a very similar electron density as the ground state (Fig. 325) and

consequently a similar geometry and force constants leading to

IR spectral characteristics resembling that of the ground state.

Consequently, mainly the a2T1 microstate is visible both at 20 K

and at 290 K in the step-scan FTIR spectra.

Nearly all the positive bands in the step-scan spectra are

significantly red-shifted with respect to the corresponding bands

in the ground state spectrum (Table 1 and Table S3, ESI†). These

significant bathochromic shifts indicate a distinctly different

geometry in the excited a2T1 microstate with some elongated/

weakened bonds. Specifically, there is the Cr–N stretching

vibration at 1035 cmÿ1 in the IR spectrum (slightly super-

imposed by absorption bands of BF vibrations, yet unambiguously

observed at 1024 cmÿ1 in the PF6
ÿ salt19) in the ground state

(20 K), which is strongly red-shifted in the excited state, as listed

in Table 1. Hence, this shift is probably induced by changes of

the Cr–N bond lengths and N–Cr–N bond angles. A distorted

geometry along the x or y axis in the a2T1 microstate (Fig. 1 and 3)

might be favoured by an unsymmetrical (dyz)
2(dxz)

0(dxy)
1 or

(dyz)
0(dxz)

2(dxy)
1 orbital occupation as has been suggested by

CASSCF-NEVPT2 calculations.25

For a direct comparison of the excited state absorption at

20 K and 290 K, the pure excited state spectra were generated by

adding 1.5% of the FTIR ground state spectrum to the corres-

ponding step-scan difference spectrum to just suppress the

negative bleach bands and thus obtain the pure IR spectra of

the doublet state(s) (Fig. 6 (bottom)). The excited state spectra at

20 K and 290 K show similar band shapes and are assigned to the

a2T1 microstate, as described above. Yet, significant differences and

band splittings around 1460 cmÿ1 indicate that temperature has an

influence on the excited state geometries. These observations con-

firm the structural distortions at low temperature suggested above

which mitigate Laporte’s parity rule. This temperature dependence

only affects the excited state structure (with an unsymmetric

3d-electron distribution), as the ground state FTIR spectra at

20 K and 290 K are almost superimposable (Fig. 6 top).

Ground state and step-scan IR spectra were additionally

recorded in acetonitrile-d3 solution at 290 K under argon atmo-

sphere (Fig. S11, S12 and Table S4, ESI†). The IR frequencies

and band shapes are quite similar to the ones observed in a KBr

matrix. Consequently, the solution vs. solid state environment

only marginally affects the structure of 1(BF4)3 in the long-lived

excited doublet states and matrix effects are not pronounced.

The time evolution of the step-scan IR spectra was probed by

extracting different time slices (0–2; 20–22; 48–50 ms) after laser

excitation at 20 K in KBr (Fig. S13, ESI†). The entire step-scan

difference spectrum decreases in intensity with ongoing time

after laser excitation while the vibrational pattern remains time

Fig. 6 Top: Pump (355 nm)/step-scan FTIR probe spectra of 1(BF4)3 0.5 to

5.0 ms after excitation at 20 K (blue) and 290 K (red) and ground state FTIR

spectra at 20 K (blue) and 290 K (red). Bottom: Excited state spectra

obtained by addition of 1.5% of the ground state spectrum to the corres-

ponding step-scan difference spectrum at 20 K (blue) and 290 K (red).
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independent. Clearly, the electronic ground state is recovered

while the excited state(s) are depopulated without any contribution

of long-lived intermediate states. Time traces of the most signifi-

cant positive and negative peaks in the difference spectra delivered

lifetimes based on the step-scan data at 290 K and 20 K in the KBr

matrix. The biexponential global fit yields two time constants of

22 � 1 ms (86%) and 1.3 � 0.1 ms (14%) at 290 K (Fig. S14 and S15,

ESI†), whereas lifetimes of 145� 1 ms (93%) and 11.7� 0.3 ms (7%)

were obtained at 20 K (Fig. S14 and S16, ESI†). An analogous

biexponential behavior was obtained in acetonitrile-d3 solution at

290 K (Fig. S17, S18 and Table S5, ESI†).

For comparison, time-correlated single photon counting

(TCSPC) measurements were performed at 290 K in the solid

state (KBr pellet) at the emission maximum of lem = 780 nm. The

triexponential fit gives two major components of 27 � 3 ms (91%)

and 1.0 � 0.1 ms (7%) as well as a minor component on the

nanosecond time scale (Fig. S19 and Table S5, ESI†). The micro-

second contributions attributed to two emissive energetically

close-lying doublet microstates agree with the corresponding

lifetimes obtained from the step-scan data. These microstates

can be tentatively assigned to either two different emissive

doublet states of a single chromium(III) site or to two different

microenvironments in the medium (13+ with differently close

contacts to counter ions and co-crystallized solvent molecules in

the microcrystalline state or different ion-pairs in solution). The

minor (2%) fastest component is likely an electronic artefact. As

the time resolution of the step-scan experiment had to be set to

50 ns, this fast process is definitely not observed in the step-scan

experiment irrespective of its origin.

4.3 Pump/dump/probe and pump/pump/probe experiments

Beyond the influence of temperature on the population of

electronically excited states, pump/dump/step-scan FTIR probe

and pump/pump/step-scan FTIR probe experiments may be used

to control the relative population of the emissive microstates of

the 2T1 and 2E states. In these two-photon experiments, the

sample (KBr pellet) was first excited with a 355 nm laser pulse,

as in the case of the step-scan investigations presented above.

This electronic excitation is followed by a second laser pulse with

a time delay of about 11 ns, i.e. after completion of the ultrafast

ISC and IC/IVR processes which occur on the ps timescale.21

Wavelengths of 781/741 nm and 785 nm were chosen for the

second pulse, corresponding to the maxima of the phosphores-

cence bands at 290 and 20 K, respectively. To suppress the

influence of external fluctuations, all two-photon measurements

were performed by recording step-scan FTIR spectra alternatively

with and without the second laser pulse. Typically, the signal-to-

noise ratio in the step-scan spectra is best in the spectral region

above 1200 cmÿ1, so influence of noise has to be taken into

account for smaller peaks in the lower frequency region. In

particular for the two-colour experiments, effects for the weak

signals below 1100 cmÿ1 should be handled with care and not

overinterpreted.

The two-colour experiment using pulses of 355 nm and

781 nm was first performed at 290 K. Fig. 7 displays the obtained

difference spectra of the one- and two-colour experiments.

Clearly, the 781 nm radiation has a small but significant influence

on the spectral intensities, while the frequencies of the bands are

not significantly affected. Nearly all the positive and negative

bands are stronger in the step-scan spectrum of the two-colour

experiment, compared to the difference spectrum obtained with

only 355 nm excitation (asterisks in Fig. 7).

Generally, the second pulse in a two-colour experiment could

lead to additional ground state absorption (GSA) increasing the

excited state population, to excited state absorption (ESA) or

stimulated emission (SE) with a decrease of the population of

the excited state for the latter one (Fig. 8).

The observed increase in intensity of many significant bands

induced by the 781 nm pulse may originate from a second

pump process (GSA), although the 4A2 to 2T1 GSA transition is

Fig. 7 Pump (355 nm)/pump (781 nm)/step-scan FTIR probe (black) and

pump (355 nm)/step-scan FTIR probe (red) spectra of 1(BF4)3 0.5 to 5.0 ms

after excitation, both at 290 K. The bands marked with asterisks are

discussed in the text.

Fig. 8 Jablonski diagram of 13+ showing the electronic transitions that

may be induced by the second laser pulse in the 355/781 nm and 355/

741 nm pump/pump/step-scan FTIR probe or pump/dump/step-scan FTIR

probe experiments at (a) 290 K, 781 nm, (b) 20 K, 781 nm and (c) 20 K,

741 nm. (IC: internal conversion, IVR: internal vibrational relaxation, GSA:

ground state absorption, ESA: excited state absorption, SE: stimulated

emission; arrows indicate electronic transitions, thick lines correspond to

electronic states, thinner lines to vibrational levels.)
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spin and symmetry forbidden and consequently the effect

would be only small. Nevertheless, the intrinsically forbidden

resonant excitation from the electronic ground state to the

doublet manifold has already played a key role in molecular

photon upconverting systems, where [Cr(a-diimine)3]
3+ units

acted as sensitizer.46–48 At first sight, the energy of a 781 nm

photon is insufficient to induce an excitation from the electronic

ground state to the lowest excited state a2T1. However, DFT

calculations revealed that 13+ possesses low frequency vibrational

modes with wavenumbers down to 20 cmÿ1. The thermal energy

at 290 K should be sufficient to populate higher states of such low

frequency vibrations in the electronic ground state, which are

energetically in the region of the relaxation energy. Under these

conditions, the laser pulse of 781 nm excites 13+ from the

vibrationally excited electronic 4A2 ground state to the lowest

excited doublet state leading to a pump/pump effect at 290 K

(Fig. 8a, GSA). As this transition is forbidden by the spin and

dipole selection rules, pump/pump effects modify the signal

intensities only weakly. Additionally, a second (spin-allowed)

excitation from a2T1, populated after the 355 nm excitation pulse,

to higher excited doublet states cannot be excluded (ESA,

upconversion).49,50 However, an ESA to yield high-energy doublet

states above the emissive ones should not contribute significantly

to the presented IR spectra for two reasons. The extinction

coefficients of the excited state at low energies are very low and

the lifetimes of the higher excited doublet states are small ({ns),21

so that rapid repopulation of the lowest doublet state(s) is very

likely giving no net spectral change at this time resolution.

To reduce the thermal energy available for high vibrational

states, the analogous two-colour experiment (355 nm/781 nm)

was performed at 20 K. Fig. 9 shows the resulting difference

spectra, where the effects partially depend on the type of vibration.

However, the negative bands are generally less intense in the

step-scan spectrum of the two-colour experiment, compared to

the difference spectrum obtained with only 355 nm excitation

(asterisks in Fig. 9), whereas the intensity of the positive bands

is mostly unaffected. Due to the low thermal energy at 20 K, an

excitation from low frequency vibrations in the electronic

ground state to the lowest excited doublet state is even less

likely than at 290 K. Yet, it is still feasible (pump/pump process)

as the absorption and emission spectra in the solid state (single

crystal) overlap in the region around 781 nm,19 resulting from

the low relaxation energy. The global decrease in intensity of the

negative bands in the two-photon experiment may result from a

dump process induced by the 781 nm laser pulse. Stimulated

emission (SE) with depopulation of the a2T1 microstate and

recovery of the electronic ground state 4A2 is conceivable, so that

a pump/dump process seems to occur (Fig. 8b). The pump/

pump and pump/dump processes are probably both operative

with the latter dominating. This explains the weaker effects

compared to the corresponding experiment at 290 K. An ESA

from the energetically lowest 2T1 microstate to higher states is

also possible, but should not contribute to the observed step-

scan difference spectra due to the low extinction coefficients of

the doublet states and short lifetimes of higher energy levels.21

To support these interpretations, step-scan difference spectra

were recorded using only the 781 nm radiation for excitation at

290 K and 20 K (Fig. S20, ESI†). In fact, the spectrum obtained at

290 K displays weak negative and positive bands while the

spectrum obtained at 20 K shows essentially no intensity,

suggesting that direct 4A2 to 2T1 excitation is irrelevant at

20 K as the thermal energy is insufficient to populate higher

vibrational states of the electronic ground state significantly.

To consider the red-shift of the main emission band to

785 nm at low temperature, the double resonance experiment

at 20 K was performed with wavelengths of 355 nm and 785 nm

instead of 355/781 nm. The wavelength of 785 nm corresponds

to the emission maximum at 20 K, so that a stronger dump

effect (SE) was expected compared to the analogous experiment

with 335/781 nm. However, most positive and negative bands

were slightly stronger in the two-colour experiment, compared

to the step-scan spectrum obtained with 355 nm excitation

only, indicating a weak second pump process (asterisks in

Fig. S21, ESI†). Consequently, a superposition of pump/dump

and pump/pump effects is probable, with the latter one dominating.

The second excitation may again be explained by the fact that the

absorption and emission spectra overlap in the spectral region

around 785 nm.19 The phosphorescence maximum indicates

favourable Franck–Condon factors, which may enable an excitation

from the electronic ground state to a2T1with 785 nm radiation. This
4A2 to 2T1 transition was confirmed by measurements performed

with only 785 nm radiation at 20 K, yielding a step-scan

spectrum with positive and negative features indicating an

electronic excitation (Fig. S22, ESI†).

Two-photon FTIR investigations were also performed at 20 K

using radiation of 355/741 nm, corresponding to the maximum

of the higher energy phosphorescence band (microstate of 2E

origin) (Fig. S23, ESI†). In general, the positive and negative IR

peaks are more intense in the double resonance spectrum than

in the single colour step-scan spectrum (asterisks in Fig. S23,

ESI†). This effect might arise from a pump–pump process with

a second resonant excitation from the electronic ground state

Fig. 9 Pump (355 nm)/dump (781 nm)/step-scan FTIR probe (black) and

pump (355 nm)/step-scan FTIR probe (red) spectra of 1(BF4)3 0.5 to 5.0 ms

after the laser shot(s), both at 290 K. The bands marked with asterisks are

discussed in the text.
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4A2 into a higher vibrational level of the 2T1 microstate or a

direct excitation to the 2E microstate induced by the 741 nm

laser pulse, followed by IC to the a2T1 microstate in the latter

case (Fig. 8c). In addition, a second excitation can occur from

the long-lived microstates to higher excited states (ESA, Fig. 8c),

but these transitions should again not contribute significantly

to the presented step-scan spectra.

A step-scan spectrum was recorded using only the 741 nm

radiation for excitation to confirm this interpretation (Fig. S24,

ESI†). A difference spectrum with negative peaks corresponding to

bands in the ground state spectrum was obtained. Additionally, a

broad positive band is observed around 1475 cmÿ1, which is also

present in the 355 nm step-scan spectrum. The mentioned bands

indicate an excitation from the ground state to a microstate of the
2T1 manifold or a 2E-derived microstate induced by the 741 nm

laser pulse followed by IC to the a2T1 microstate.

The presented results for the two-colour experiments prove

the suitability of our experimental setup for the new methods

pump/pump/probe (FTIR) and pump/dump/probe (FTIR). To

our knowledge, these are the first examples for this kind of

multi-photon experiments using the step-scan technique.

5 Conclusions

Temperature-dependent luminescence and vibrational spectro-

scopy (static FTIR, static Raman, step-scan FTIR) yielded a deeper

understanding of the luminescent lowest excited doublet states of

the strongly emissive chromium(III) complex 1(BF4)3, as well as of

the electronic ground state. Novel two-pulse step-scan experiments

furthermore modulated the excited doublet state populations.

In the temperature range from 290 to 170 K the emissive

doublet states deriving from 2T1 and
2E states (in O symmetry) are

populated according to a Boltzmann distribution both in solution

and in the solid state. A smaller spectral overlap between the

emission bands and the overtones of aromatic CH vibrations,

which weakens this undesired non-radiative deactivation channel,

explains the luminescence increase between 290 and 170 K.

Between 170 and 70 K, the quantum yield remains rather constant,

while the integrated emission intensity increases by more than a

factor of three relative to 290 K upon cooling the sample from 70 to

about 10 K. This probably results from less efficient non-radiative

and more efficient radiative decay at lower temperature. The latter

effect might originate from excited state distortions at low

temperature mitigating Laporte’s rule. Step-scan IR spectra

confirm the excited state distortion at low temperature. This

structural change might be a consequence of an unsymmetrical

(dyz)
2(dxz)

0(dxy)
1 electron configuration of the lowest 2T1-derived

microstate, in contrast to a 2E-derived microstate and the
4A2 ground state with symmetrical (dyz)

1(dxz)
1(dxy)

1 electron

configurations. This experimentally substantiates quantum

chemical predictions (from CASSCF/NEVPT2 calculations)25 of

a 2T1-derived microstate below a 2E-derived microstate and

guides the developments of further near-IR emitters based on

the d3 electron configuration and the design of the excited state

energies and geometries.

The presented new kind of two-colour experiments are

suitable tools to influence the relative populations of electronically

excited states by pump or dump processes. The rather small effects

observed with 13+ result from the fact that the transitions between

the 4A2 ground state and the doublet state derived from 2T1 and
2E

levels, triggered by the second laser pulse, are all spin and

symmetry forbidden. Nevertheless, 13+ turned out to be a suitable

model system for exploring the new kind of two-pulse techniques

pump/dump/step-scan FTIR probe and pump/pump/step-scan

FTIR probe for the first time. Key excited state reactions, namely

pumping and stimulated emission, of the famous solid state ruby

laser51 are modelled by the molecular ruby 13+. Current studies

attempt to transfer this two-colour step-scan approach to other

photostable emitters with less forbidden transitions expecting

much higher efficiencies.
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T. Baumann and S. Bräse, Chem. – Eur. J., 2014, 20(22), 6578.

5 B. M. Hockin, C. Li, N. Robertson and E. Zysman-Colman,

Catal. Sci. Technol., 2019, 9(4), 889.

6 O. S. Wenger, J. Am. Chem. Soc., 2018, 140(42), 13522.

7 J. K. McCusker, Science, 2019, 363(6426), 484.

8 C. B. Larsen and O. S. Wenger, Chem. – Eur. J., 2018, 24(9), 2039.
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L. Häggström, T. Ericsson, L. Lindh, A. Yartsev, S. Styring,

P. Huang, J. Uhlig, J. Bendix, D. Strand, V. Sundström,

P. Persson, R. Lomoth and K. Wärnmark, Science, 2019,

363(6424), 249.

14 A. K. Pal, C. Li, G. S. Hanan and E. Zysman-Colman, Angew.

Chem., Int. Ed., 2018, 57(27), 8027.
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Angew. Chem., Int. Ed., 2013, 52(49), 12833.
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19.2 Structural Characterization and Lifetimes of Triple-Stranded Helical Coinage 

Metal Complexes: Synthesis, Spectroscopy and Quantum Chemical Calculations 

 

19.2.1 Preamble 

The step-scan FTIR investigations were performed by Patrick Di Martino-Fumo, Manuel Zimmer and 

myself. Patrick Di Martino-Fumo and Willem Klopper conducted the DFT calculations. Patrick Di 

Martino-Fumo, Manuel Zimmer and myself were supervised by Markus Gerhards.  

Hanna E. Wagner synthesized the complexes and performed the analytical characterization as well as 

the electrochemistry. Hanna E. Wagner worked under the supervision of Frank Breher. Markus 

Gerhards designed the concept. The manuscript was written by contributions from all coauthors.     
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&Cooperative Effects

Structural Characterization and Lifetimes of Triple-Stranded
Helical Coinage Metal Complexes: Synthesis, Spectroscopy and
Quantum Chemical Calculations

Hanna E. Wagner,[b] Patrick Di Martino-Fumo,[a] Pit Boden,[a] Manuel Zimmer,[a]

Willem Klopper,*[c] Frank Breher,*[b] and Markus Gerhards*[a]

Abstract: This work reports on a series of polynuclear

complexes containing a trinuclear Cu, Ag, or Au core in com-

bination with the fac-isomer of the metalloligand

[Ru(pypzH)3](PF6)2 (pypzH=3-(pyridin-2-yl)pyrazole). These

(in case of the Ag and Au containing species) newly

synthesized compounds of the general formula

[{Ru(pypz)3}2M3](PF6) (2 : M=Cu; 3 : M=Ag; 4 : M=Au) con-

tain triple-stranded helical structures in which two rutheni-

um moieties are connected by three N-M-N (M=Cu, Ag, Au)

bridges. In order to obtain a detailed description of the

structure both in the electronic ground and excited states,

extensive spectroscopic and quantum chemical calculations

are applied. The equilateral coinage metal core triangle in

the electronic ground state of 2–4 is distorted in the triplet

state. Furthermore, the analyses offer a detailed description

of electronic excitations. By using time-resolved IR spectros-

copy from the microsecond down to the nanosecond

regime, both the vibrational spectra and the lifetime of the

lowest lying electronically excited triplet state can be deter-

mined. The lifetimes of these almost only non-radiative trip-

let states of 2–4 show an unusual effect in a way that the

Au-containing complex 4 has a lifetime which is by more

than a factor of five longer than in case of the Cu complex 2.

Thus, the coinage metals have a significant effect on the

electronically excited state, which is localized on a pypz

ligand coordinated to the Ru atom indicating an unusual co-

operative effect between two moieties of the complex.

Introduction

Nowadays, large heterometallic complexes still lack thorough

spectroscopic investigation, in comparison to the large

number of investigations on mononuclear[1, 2] and polynuclear

homometallic[3, 4–6] complexes. Especially, heterometallic transi-

tion metal complexes are extremely demanding regarding

high-level spectroscopic experiments, which is one reason

there are so few examples found in the literature.[7] The other

reason is that the computational capabilities, which are evolv-

ing constantly, have been a limiting factor to understand ex-

perimental results in the past, especially with respect to calcu-

lations of IR spectra of electronically excited states. Here a full

multi-spectroscopic analysis, combined with high level theoret-

ical calculations, is applied to a series of pentanuclear com-

plexes containing three coinage metals.

Complexes consisting of nitrogen donor atoms and coinage

metals are frequently occurring protagonists in the field of co-

ordination chemistry. These compounds are not only of high

interest because of their wide variety of structural motifs, also

a lot of studies concerning the possible applications of these

materials (including catalysis,[8] medicine[9] and ionic liquids[10])

have already been performed and demonstrate the manifold-

ness of these compounds.[11] The heteroaromatic ligand 3-(pyri-

din-2-yl)pyrazole (pypzH) comprises three N-donor atoms and,

thus, offers the opportunity of combining several metal atoms

in one complex. This ligand can be related to the popular 2,2’-

bipyridine ligand (bipy), where tris(bipyridine)ruthenium(II) is

probably the most famous representative of its metal com-

plexes.[12] Owing to the additional nitrogen donor, 3-(pyridin-2-

yl)pyrazole combines the possibilities to coordinate a rutheni-

um atom in the octahedral way and to further coordinate

more metal atoms after deprotonation. This strategy is related

to the upcoming supramolecular approaches in catalysis in-
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volving organometallic complexes.[13,14] For example, van der

Vlugt et al. reported on preorganized dinuclear gold com-

plexes for selective catalysis.[14] The first synthesis and X-ray

structural analysis of a triple-stranded helical supramolecular

complex between two tris{(3-pyridin-2-yl)pyrazole}ruthenium(II)

moieties bridged by three copper(I) atoms was reported by

Wong et al.[15] in 1997.

In 2014, an article of Ward et al.[16] resumes the supramolec-

ular complex focusing on its role in the separation of the fac-

and mer-isomers of the ruthenium-containing metalloligand

[Ru(pypzH)3](PF6)2 (1), in that case synthesized as hexafluoro-

phosphate salt. They showed that only the facial isomer has

the ability to form a triple-stranded copper complex, see

Figure 1.

Intrigued by those promising compounds, we decided to

further investigate the reactivity of the ruthenium-based

metalloligand (1) towards the other coinage metals. Due to

the close spatial proximity of the three metal atoms incorpo-

rated between the two ruthenium(II)-centered ligands, interest-

ing redox and photochemical properties were anticipated. In

order to obtain a characterization of the structures both in the

electronic ground and excited states, extensive spectroscopic

investigations and quantum chemical calculations are required.

Alongside X-ray diffraction studies, 1H NMR, UV and especially

FTIR spectroscopy as well as time-resolved (step-scan) FTIR (TR-

FTIR) spectroscopy were applied to complexes 2–4 (Figure 1

and Figure 2). Yielding data of lifetimes in the nanosecond (ns)

and microsecond (ms) time-range, the (TR) step-scan FTIR

method is especially suited to investigate photophysical and

photochemical processes in transition metal complexes,[17]

such as photo-activated reactions,[17,18] or excitation and relaxa-

tion processes in electronic states.[2, 4–6,19–21] In combination

with high level quantum chemical calculations, structural

changes between different electronic states or different reac-

tion states can be unveiled.

The TR-FTIR investigations have been performed using the

sample in its solid form embedded in a KBr-matrix. This tech-

nique, presented first by Palmer et al.[20] and established in the

Gerhards group,[2,5, 6, 21] has several advantages for the investi-

gation of transition metal complexes, for example, an extreme-

ly large spectral window, the pellets are almost oxygen free

(without the need of the pump-freeze technique and the use

of inert gas) and can be reused. Furthermore, this technique

enables the measurement of complexes that have a poor solu-

bility or dissociate in IR feasible solvents, as KBr is an interfer-

ence-free matrix.

In addition to the multi-spectroscopic studies, electrochemi-

cal investigations were performed by cyclic voltammetry which

can be correlated to the UV/Vis data and ionization energies.

Results and Discussion

Crystallography

The already described copper complex crystallizes in the trigo-

nal space group R3c due to a C3 rotation axis within the mole-

cule. The silver and the gold complex both crystallize in the

monoclinic space group C2/c with half of the molecule in the

asymmetric unit. This reduced symmetry is most likely caused

by the residual solvent molecules within the crystal lattices of

3 and 4. In all three complexes, three (pypz)-M-(pypz) chains

connect two RuII centers to a triple-stranded helix, which are

bridged by almost linear N-M-N entities (Figure 2). The crystal

structures of all three coinage metal complexes show only

minimal differences. The moiety of the ruthenium-based

metalloligand of the three different complexes does not reveal

any significant differences neither regarding the bond lengths

nor the angles between the different atoms. A slight difference

can be observed in the distances between the coinage metals

embedded in the strands of the helical structure. The gold

complex shows the largest interatomic distance of 360 pm

whereas the coinage metals in the silver complex seem to be

closest (328 pm). With 335 pm (ØCu···Cu) the copper complex

is comparable with the distances in the silver complex.

This leads to the conclusion that an expected correlation of

the distance between the coinage metals and their atom size

Figure 1. Synthesis of the target compounds 2 (M=Cu), 3 (M=Ag), and 4

(M=Au).

Figure 2. Molecular structures of the silver (3, left) and the gold complex (4,

right). The anion [PF6]
ÿ , solvent molecules and hydrogen atoms have been

omitted for clarity, displacement ellipsoids are drawn at the 30% probability

level. Selected bond lengths [pm] and angles [8] for 3 : Ru1ÿN1 207.6(6) ;

Ru1ÿN2 205.0(6) ; Ag1ÿN3 207.0(6) ; Ag2ÿN6 207.3(6) ; Ag1ÿN9 208.6(6) ;

Ag1···Ag2 323.28; Ag1···Ag1’ 335.32; N3-Ag1-Ag9 176.7(3). For 4 : Ru1ÿN1

206.1(13); Ru1ÿN2 204.8(13); Au1ÿN3 199.6(15) ; Au2ÿN6 199.7(16) ; Au1ÿN9

194.1(16); Au1···Au2 355.4; Au1···Au1’ 363.6; N3-Au1-N9 178.6(6). See also

Table 1.
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cannot be observed. With a Ag···Ag distance of 329 pm the

silver atoms in 3 are well within the range (271–365 pm) of

proposed argentophilic interactions.[22] The Au···Au distance of

Ø360 pm is slightly longer than the distances in complexes

where aurophilic interactions (270–350 pm) are discussed.[23]

The MÿN bonds of all three complexes vary between 185 and

207 pm. The copper complex shows a MÿN bond length of

185 pm, whereas the silver complex comprises the longest

contact of 207 pm, slightly above the AuÿN distances of

200 pm in 4. Similar compounds in which copper(I) is coordi-

nated by pyrazole moieties also show CuÿN bond lengths of

about 185–187 pm.[24,25] Compared to other silver complexes

where Ag+ is coordinated by a pyrazolyl N-donor (211 and

225 pm), the AgÿN bond length in 3 is slightly shorter.[24,26]

The same statement can be made for the gold complex and

similar compounds known from the literature.[27] All three

strands connecting the pyrazolyl ligands via a coinage metal

center are essentially linear and show angles between 174 and

179 degrees. Most relevant structural parameters are compiled

in Table 1. The described crystal structures are in very good

agreement with the geometries obtained from FTIR spectros-

copy in combination with quantum chemical calculations (cf.

FTIR spectroscopy).

UV/Vis spectroscopy and quantum chemical calculations

In the next step, UV/Vis spectroscopy was performed to get a

deeper insight into the electronic properties of the complexes.

Figure 3 shows the experimental electronic absorption spectra

(UV/Vis) of 2, 3 and 4 in CH2Cl2. These spectra were computed

(in the gas phase) at the level of TDDFT (cf. section Theoretical

Methods).

The TDDFT spectra (Figure 4) compare well with their experi-

mental counterparts (Figure 3). In both the computational and

experimental spectra, the bands centered at about 375 and

440 nm are blue-shifted for the Au complex relative to the cor-

responding bands of the Cu and Ag systems. Similarly, the

computations correctly reproduce the experimental observa-

tion that the very strong absorption at ca. 300 nm of the Ag

complex is blue-shifted with respect to the bands of the Cu

and Au complexes.

To obtain insight into the UV/Vis spectra, we computed the

transition densities for all transitions that contribute to a given

band, the underlying transitions being of the same character,

respectively. These transition densities were then added

(weighted with the oscillator strength of the respective transi-

tion) to yield one transition density for visualization of the

character of the absorption band.[28]

Figure 5 shows the UV/Vis spectrum of the Cu complex with

all underlying transitions (blue sticks) (see Figures SI11 and

SI12 for 3 and 4 as well as Table S1). The weighted average

transition densities for the bands A through C of Figure 5 are

depicted on Figure 6 for 2 (see Figures SI13 and SI14 for 3 and

Table 1. Selected bond lengths [pm] and angles [8] of 2, 3, and 4.

Cu (2) Ag (3) Au (4)

RuÿN 205 206 205

Ru···Ru 674 706 680

M···M 335 329 360

NÿM 185 207 200

N-M-N 175 177 179

Figure 4. Computed UV/Vis spectra of 2, 3 and 4, obtained from TDDFT cal-

culations at the M06/def2-TZVP level (def2-SV(P) for H).

Figure 5. Computed UV/Vis spectrum of 2, obtained from TDDFT calculations

at the M06/def2-TZVP level (def2-SV(P) for H).Figure 3. Experimental UV/Vis spectra of 2, 3 and 4 in CH2Cl2.
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4). All excitations with substantial oscillator strength and at

wavelengths larger than 325 nm (bands A and B) can be char-

acterized as metal-to-ligand charge-transfer (MLCT) transitions,

where electron density is transferred from the Ru centers to

the pyridine rings of the ligands (see Table SI1 and Figures

SI15, SI16 and SI17). These observations are similar to the be-

havior of the related benchmark complex [Ru(bpy)3](PF6)2 with

an intense MLCT absorbance in the visible region (around

450 nm).[29] Just below 300 nm (band C), the main excitation is

an MLCT with M being the coinage metal bridge (see Table SI1

and Figures SI15, SI16 and SI17). Electron density is transferred

from the coinage metal centers and to a smaller extend the

pyrazole units to the pyridine moieties. At this point it should

be mentioned that the calculated spectrum of the Ru metalloli-

gand [Ru(pypzH)3]
2+ shows a UV/Vis absorbance pattern which

is similar to the spectra of the supramolecular complexes, but

blue-shifted by about 50 nm (Figures SI18 and SI19). The ex-

change of the coinage metals does not have a significant influ-

ence on orbital shapes, but is responsible for the described

small spectral shifts. Further analysis on the electronic proper-

ties was performed by cyclic voltammetry (cf. next chapter).

The ground-state structures were optimized in D3 point-

group symmetry for all the complexes. To simulate the experi-

mental step-scan FTIR spectrum, we have also optimized the

equilibrium geometry of the lowest lying triplet state and eval-

uated its harmonic vibrational frequencies (cf. chapter on FTIR

and TR-FTIR spectroscopy). The calculations on the triplet state

were done in C1 point-group symmetry, yielding a symmetry-

broken solution with all of the spin density located on one of

the Ru centers (Figure SI20).

Cyclic voltammetry

Electrochemical investigations were performed in order to fur-

ther elucidate the influence of the coinage metals on the elec-

tronic properties with respect to the RuII/RuIII redox potential.

All complexes undergo two quasi-reversible RuII/RuIII oxidations

(in all cases vs. the Fc/Fc+ couple, cf. Figure 7). For 2, the oxi-

dations are observed at E01/2=0.23 V and E01/2=0.12 V with

DE01/2=110 mV. Also 3 shows those two quasi-reversible oxida-

tions that appear at E01/2=0.20 V and E01/2=0.11 V; in this case,

the gap is slightly smaller with only DE01/2=90 mV. In the gold

complex 4, the potentials of both RuII/RuIII oxidations are anod-

ically shifted to E01/2=0.32 and E01/2=0.20 V). Thus, 4 shows

the largest difference of DE01/2=120 mV between both quasi-

reversible oxidations (Figure 7). The small separation between

the redox potentials of the two Ru metalloligands indicates

that the second oxidation is influenced by the lack of electron

density on the other subunit. As the measured DE01/2 values do

not correlate with the spatial distance between the Ru centers

(cf. crystallography and calculated geometries) it is suggested

that the electronic interaction[30] involves the coinage metal

bridges and is not an interaction through space.

The experimental redox potentials E01/2 were compared with

the first and second ionization energies (IE) of 2, 3 and 4 com-

puted at the G0W0 and evGW levels (cf. section Theoretical

Methods; see Table 2). At both levels, the 2nd IE is ca. 0.04 eV

higher than the 1st IE. The IEs of 3 are 0.01 eV smaller than

those of 2, but the IEs of the gold complex 4 are largest.

Interestingly, the IEs are in very good agreement with the

trends observed for the measured E01/2 values, where the high-

est redox potential is reached for 4. This observation also cor-

relates with the effects observed in the UV/Vis spectra as the

absorbance bands assigned to transitions of electron density

Figure 6.Weighted average transition densities of 2 for the bands A

through C of Figure 5. Green corresponds to a gain while orange indicates a

loss of electron density (isovalue: �0.005 aÿ3
0 ).

Figure 7. Cyclic voltammograms of 2, 3 and 4 in CH2Cl2. All measurements

at room temperature vs. the Fc/Fc+ couple; scan rate v=100 mVsÿ1, Pt/

[nBu4N][PF6]/Ag.

Table 2. Experimental E01/2 [V] and DE01/2 [mV] values and calculated ionization energies [eV] (evGW or G0W0/M06/def2-TZVP) of 2, 3, and 4.

1st E01/2 2nd E01/2 DE01/2 1st IE G0W0/evGW 2nd IE G0W0/evGW

Cu (2) 0.12 0.23 110 7.38/7.56 7.42/7.60

Ag (3) 0.11 0.20 90 7.36/7.55 7.41/7.59

Au (4) 0.20 0.32 120 7.41/7.58 7.44/7.62
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from the Ru centers to the ligands are blue-shifted for com-

plex 4 compared to 2 and 3. Hence, a higher amount of

energy is required to subtract electron density from the Ru

centers in the case of 4.

FTIR and TR-FTIR spectroscopy

FTIR investigations of the electronic ground state of 2–4 yield

IR spectra showing multiple intense peaks in the region be-

tween 1700 and 1300 cmÿ1. Further, less intense peaks are ob-

served at lower frequencies (Figures 8, SI24, SI27 and SI30).

In order to obtain vibrational assignments, DFT calculations

were performed. The experimental ground state FTIR spectra

of 2–4 are well described by quantum chemical calculations

(Figure 9, and Figures SI25, SI28 and SI31), although peak shifts

between calculated and experimental frequencies are observed

with the calculated ones being lower than the experimental

values. It is important to mention that the chosen scaling

factor of 0.965 was determined according to the experimental

absorption band at 1605 cmÿ1 in the spectrum of 2. A com-

plete description of the vibrational modes can be found in the

Supporting Information (Tables SI2–SI4).

Step-scan FTIR investigations on 2–4 in the time-range be-

tween 0 to 500 ns after irradiation with a 355 nm laser pulse

result in difference spectra with very sharp and well resolved

bands (Figure 9, and Figures SI24, SI27, SI30). The negative

peaks indicate the depopulation of the electronic ground

state. Positive absorption bands result from vibrations of the

populated electronically excited state(s) and are redshifted and

lower in intensity compared to the negative bleach bands. This

is a general observation for all three complexes. The sharp pos-

itive and negative absorption bands can be explained by the

comparison of the calculated spectra of the electronic ground

and excited states (Figure 9, and Figures SI25, SI28 and SI31).

Concerning the excited state calculations, the lowest lying trip-

let T1 state was considered for each complex, as the obtained

microsecond excited state lifetimes (cf. section Excited state

Lifetimes) clearly disagree with the S1 state and a spin allowed

transition from an excited state to the ground state. There are

only small differences between the ground state and excited

state spectra which is the reason for the observation of very

narrow peaks in the difference spectra. The different vibration-

al frequencies result from the geometry changes after electron-

ic excitation (cf. section quantum chemical calculations). Fur-

thermore, the vibrational transitions calculated for the elec-

tronically excited state have lower values than the transitions

of the electronic ground state. This is also reflected in the ex-

perimental step-scan IR spectrum. As expected from the inter-

pretation based on Figure 9 (here for complex 2), the overall

comparison of experimental and theoretical spectra is very

good which is also valid for complexes 3 and 4 (Figures SI28

and SI31).

The infrared spectroscopy allows the investigation of struc-

tural differences between 2–4, in the ground state as well as in

the electronically excited state. By comparison of the structures

obtained from DFT calculations, it is possible to discuss the in-

fluence of the coinage metal cations on the helical structure

and, thus, their influence on the obtained IR spectra.

The comparison of the D3-symmetrical singlet states (elec-

tronic ground state, Tables 3, SI5, SI7 and SI9) shows that the

Figure 8. Comparison of the measured FTIR ground state spectra of (2)

(black), (3) (red) and (4) (blue).

Figure 9. Step-scan FTIR spectrum 0 to 500 ns after irradiation of 2 (red) and

calculated IR spectrum of the electronic ground state (green) and excited

state (orange) (10 cmÿ1 gauss. convolution). Abscissa of the calculated IR

spectra scaled by 0.965. The positive peaks in the transient IR spectrum refer

to the electronically excited states whereas the negative ones belong to the

electronic ground state.

Table 3. Selected calculated distances [pm] and angles [8] of 2, 3 and 4

in the electronic ground state. Level of theory: M06/def2-TZVP, def2-SV(P)

for H, def2-ecp for Ru.

Cu (2) Ag (3) Au (4)

S0 RuÿN1 210 210 210

M···M 348 329 354

A(M3)ÿRu 310 339 327

T1 RuÿN1a 265 262 262

Ma···Mb 355 330 348

Mb···Mc 388 361 386

Mc···Ma 362 348 378
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silver complex contains the smallest coinage metal triangle

and the smallest distances among the precious metal cations.

The gold complex shows the largest coinage metal-to-metal

distances, whereas copper lies in between 3 and 4. This shows

that the structures obtained by combining IR spectroscopy

and theory are in a good agreement with the conducted stud-

ies of the crystal structures.

In addition, it is notable that the silver complex shows the

largest distance between the midpoint of the coinage triangle

center and the ruthenium cations, whereby the distance be-

tween a silver cation and the Ru center is almost identical to

that of the analogue gold complex. Another important aspect

is the coordination of the coinage metal cation by the nitrogen

atom N3 of the pyrazoline units (Figure 11). These units contrib-

ute significantly to the observed band at ca. 1360 cmÿ1. This vi-

bration is redshifted for 3 compared to 4, whereas the fre-

quency of 2 lies in between (Figure 8). The DFT calculations re-

produce the relative position of this band correctly for all three

complexes (Figure SI34). The influence of the coinage metal,

the size of the coinage metal triangle as well as the resulting

coordination/overlap of the orbitals with the pyrazole unit can

therefore be probed via this band. Indirectly, the octahedral

coordination of the ruthenium centers is also influenced, since

the coinage metal triangles twist the helical structure.

In the triplet state (electronically excited state) all three

structures show very similar tendencies with respect to

changes of geometry (Tables 3, SI6, SI8 and SI10). This is mainly

due to the occupation of the singly occupied molecular orbital

(SOMO) in the excited triplet state, which is of s* antibonding

character and weakens the N1-Ru coordination with a signifi-

cant increase of the corresponding bond length (Figures SI21,

SI22 and SI23). The entire system is influenced and, due to the

geometric changes, the D3 symmetry is thereby suspended.

The coinage metal triangle is distorted and no longer forms an

equilateral triangle. This is clearly visible in the M···M distances

and angles as well as in the coordination distances between

N2a,b,cÿRu. This also has an influence on the band at approx.

1355 cmÿ1 (pyrazole unit). Again, the DFT calculations repro-

duce the relative positions of this band for each complex as

observed in the transient step-scan difference spectra

(Figure 10) and in the experimental excited state spectra (Fig-

ure SI33), which are generated by addition of a certain per-

centage of the corresponding ground state spectrum to the

step-scan spectrum to suppress the negative bleach bands. It

should be noted that only one half of the complex (separation

plane is the triangular plane) shows strong changes (Figure 11)

and the unaffected side corresponds to the singlet state. The

full geometry information of structures obtained from DFT cal-

culations are given in the SI.

These results show that transient step-scan FTIR spectrosco-

py is a very powerful method to determine even smallest geo-

metrical changes upon electronic excitation of excited states

with lifetimes in the nanosecond to microsecond regime (see

next paragraph), even for large polynuclear metal containing

complexes, which have not been investigated so far by step-

scan spectroscopy.

Excited state lifetimes

In order to obtain the lifetimes of electronically excited states,

it turns out that complexes 2–4 show an almost vanishing lu-

minescence. Thus, no lifetimes can be obtained by analyzing

the luminescence decay times. Substances 2–4 are text book

examples for a series of molecular complexes, which show

almost exclusive radiationless decay after electronic excitation.

In order to analyze these lifetimes, transient IR spectroscopy

offers an ideal tool.

From the step-scan spectra recorded as a function of time

delay with respect to the excitation pulse at 355 nm, decay

curves were obtained. By performing global fits (Figures SI26,

SI29 and SI32) biexponential decay curves are obtained. The

first component is in the nanosecond regime and can be at-

tributed to internal conversion processes (see for example,

Refs. [5] and [6]). The second most prominent component

(about 85%) is in the microsecond regime resulting in lifetimes

of 3.3 ms for 2, 6.7 ms for 3 and 17.7 ms for 4. These microsec-

ond lifetimes can be assigned to radiationless decay from the

Figure 10. Comparison of the step-scan FTIR difference spectra 0 to 500 ns

after irradiation of the complexes 2–4 containing Cu, Ag and Au, respective-

ly.

Figure 11. Calculated excited state structure of 2, showing one half of the

complex with one Ru unit (separation plane is the triangular plane), affected

by the structural changes with respect to the ground state. Hydrogen atoms

have been omitted for clarity.
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lowest excited T1 state to the ground state. The long lifetimes

in the microsecond region further confirm the assignment of a

triplet state to the step-scan difference spectrum. A very inter-

esting result is the strong dependency of the lifetimes with re-

spect to the coinage metal. At the same time, the calculations

predict a charge transfer from one ruthenium center to a coor-

dinating ligand without any contribution of the coinage

metals, which are not involved in the S0 to T1 transition (Fig-

ures SI21, SI22 and SI23). The lifetime of the gold complex 4 is

more than five times higher than the corresponding time con-

stant obtained for the copper species 2. This is a surprising

result that may indicate a kind of “inverse” heavy atom effect

with respect to the lifetimes of the triplet states. This effect is

induced by the coinage metal, which is not implicated into the

S0 to T1 electronic transition in a direct way. The excited state

lifetimes seem to correlate with the changes of the M···M dis-

tances upon electronic excitation to the T1 state (Table 3). In

the case of Cu (2), all three M···M distances are longer in the

excited state compared to the ground state, whereas one

M···M gap is unaffected in the case of Ag (3) and one M···M dis-

tance is even shortened in the excited state of Au (4). Smaller

distances and thus stronger interactions between the coinage

metals in the T1 state might lead to longer time constants.

The excited state lifetimes are not accessible by lumines-

cence and thus transient IR spectroscopy is an ideal method to

analyze these lifetimes and reveal unusual cooperative effects

between different parts (coinage metal center vs. ruthenium-

based moiety) of the complexes.

Conclusions

In this work, we have described the synthesis as well as the

spectroscopic and theoretical characterization of three triple-

stranded helical complexes [{Ru(pypz)3}2M3](PF6) (2 : M=Cu; 3 :

M=Ag; 4 : M=Au). The molecular structures were identified

by X-ray diffraction, NMR and FTIR spectroscopy. Furthermore,

electrochemical measurements and (transient) FTIR spectrosco-

py on 2–4 illustrate the slight but nevertheless important dif-

ferences between all three compounds. The UV/Vis spectra

could be clearly explained by quantum chemical calculations.

Time-resolved step-scan FTIR investigations on 2–4 in combi-

nation with DFT calculations, offer structural changes in the

lowest lying electronically excited state (T1), which was popu-

lated by laser excitation. Thus, the influence of the coinage

metal centers on the vibrational frequencies was investigated,

where small but significant differences were observed. The ex-

cited state shows a distortion of the M3 ring of 2–4 leading to

a reduction in symmetry and further to changes also in the vi-

brational frequencies of the ligands. The investigated com-

plexes show no luminescence but from the time-resolved IR

spectra, excited state lifetimes could be determined. The excit-

ed states (located on a ligand attached to ruthenium) almost

only decay radiationless. These lifetimes in the microsecond

regime are significantly influenced by the coinage metal lead-

ing to an increase by more than a factor of five by going from

copper to silver and gold. This interesting “inverse” heavy

atom effect could be of interest in future studies and it may

also influence (photo)catalytical activities on a reactive center

with a second metal center in vicinity but not really involved

in the reaction indicating a kind of cooperative effect.

Experimental Section

Experimental setups

All manipulations were carried out with standard Schlenk line and

dry-box techniques in a dry argon atmosphere. Methylene chloride

and acetonitrile were freshly distilled in an argon atmosphere from

calcium hydride. Toluene, diethyl ether and tetrahydrofuran were

dried using sodium/benzophenone ketyl. CD2Cl2 and CD3CN were

vacuum transferred from calcium hydride into thoroughly dried

glassware equipped with Young Teflon valves.

All other reagents were purchased from Aldrich or Roth and used

without further purification.
1H and 13C NMR spectra were recorded with Bruker AV 300 and 400

spectrometers in dry deuterated solvents. The chemical shifts are

expressed in parts per millions and 1H and 13C signals are given rel-

ative to TMS. Coupling constants J are given in Hertz as positive

values regardless of their real individual signs. The multiplicity of

the signals is indicated as s, d, q, sept or m for singlets, doublets,

quartets, septets or multiplets, respectively. The assignments were

confirmed as necessary with the use of 2D NMR correlation experi-

ments. IR spectra were measured with a Bruker Alpha spectrometer

using the attenuated total reflection (ATR) technique on powder

samples, and the data are quoted in wavenumbers (cmÿ1). The in-

tensity of the absorption band is indicated as vw (very weak), w

(weak), m (medium), s (strong), vs. (very strong) and br (broad).

Melting points were measured with a Thermo Fischer melting

point apparatus and are not corrected.

Elemental analyses were carried out in the institutional technical

laboratories of the Karlsruhe Institute of Technology (KIT).

Cyclic voltammetry measurements were performed with a suitable

potentiostat and an electrochemical cell within a glovebox. We

used a freshly polished Pt disk working electrode, a Pt wire as

counter electrode, and a Ag wire as (pseudo) reference electrode

([nBu4N][PF6] (0.1m) as electrolyte). Potentials were calibrated

against the Fc/Fc+ couple (internal standard).

UV/Vis experiments were performed with a Shimadzu UV-1650 UV/

vis spectrometer in CH2Cl2 solutions (0.002 mmLÿ1) that were mea-

sured in 10 mm path length quartz cells at 20 8C. The spectra were

recorded relatively to the pure solvent.

The general experimental setup for step-scan measurements has

been described in detail in earlier works,[4–6] so that only a brief de-

scription of the general setup is given here.

For the preparation of KBr pellets, compounds 2–4 (ca. 2 mg) were

mixed with dry KBr (ca. 200 mg, stored in a compartment dryer at

80 8C) and ground to a homogeneous mixture. This mixture was

filled into an evacuable pellet die with a diameter of 13 mm and

sintered at a pressure of 0.75 GPa. Measurements were conducted

under vacuum at room temperature.

All the time-resolved FTIR experiments were performed with the

FTIR spectrometer Bruker Vertex 80v, operated in the step-scan

mode. A liquid-nitrogen-cooled mercury cadmium telluride (MCT)

detector (Kolmar Tech. , Model KV100-1-B-7/190) with a rise time of

25 ns, connected to a fast preamplifier and a 14-bit transient re-

corder board (Spectrum Germany, M3I4142, 400 MSsÿ1), was used

for signal detection and processing.
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The laser setup used for the measurements on 2 includes a Q-

switched Nd:YAG laser (Lumonics HY 750) generating pulses with a

band-width of about 10 ns at a repetition rate of 10 Hz. The setup

was modified for 3–4 with the implementation of a 100 Hz Nd:YAG

laser (Innolas SpitLight Evo I). The third harmonic (355 nm) of the

Nd:YAG laser was used directly for sample excitation. The UV

pump beam was attenuated to about 3.5 mJ (2)/ 2.0 mJ (3–4) per

shot at a diameter of 9 mm. The beam was directed onto the

sample and adjusted to have a maximal overlap with the IR beam

of the spectrometer. The sample chamber was equipped with anti-

reflection-coated germanium filters to prevent the entrance of

laser radiation into the detector and interferometer compartments.

The temporal resolution of the 14-bit transient recorder board was

set to 5 ns. The step-scan measurement was started 2 ms before

the laser pulse reached the sample. Hence this time was set as

zero point in all spectra. The time delay between the start of the

experiment and the laser pulse was controlled with a Stanford Re-

search Systems DG535 delay generator. The spectral region was

limited by under-sampling to 0–1975 cmÿ1 or 988–1975 cmÿ1 with

a spectral resolution of 4 cmÿ1 resulting in 1110/555 interferogram

points, respectively. An IR broad band filter (850–1750 cmÿ1) and

CaF2 windows (no IR transmission <1000 cmÿ1) prevented prob-

lems when performing a Fourier transformation (i.e. , no IR intensity

outside the measured region should be observed). FTIR ground

state spectra were recorded systematically to check if there is no

sample degradation.

Theoretical methods

The TURBOMOLE program package[31] was used for all computa-

tions, and the equilibrium geometries (singlet and triplet as

ground states) of the complexes were determined at the M06/

def2-TZVP [def2-SV(P) for H)][32] level, using def2-ecp pseudopoten-

tials for Ru, Ag and Au.[33]

Vertical transitions were computed (in the gas phase) at the same

level of computation. The computed spectra were visualized using

Gaussian broadening with a value of 2500 cmÿ1 for the full width

at half maximum. The length representation was used for the com-

putation of the oscillator strengths.

The harmonic vibrational frequencies were computed using a

shared-memory parallelized version[34] of the AOFORCE module of

the TURBOMOLE program package.

G0W0 and evGW calculations were performed to obtained quasipar-

ticle energies (IEs) for the HOMO and HOMO-1 orbitals levels. The

M06/def2-TZVP orbitals were used and the analytic continuation

and contour deformation techniques were applied for G0W0 and

evGW, respectively.[35]

Synthesis

In order to synthesize the title compounds, both reactions were

carried out analogous to the procedures established by Wong and

Ward.[15,16] With the aim of obtaining higher yields and easing the

purification of the expected complexes, only the pure fac-isomer

of the ruthenium-containing metalloligand (1) was used. The sepa-

ration of the two isomers was carried out as described by Ward

et al. who showed that the pure fac-isomer is accessible by repro-

tonation of the isolated copper complex 2, as this complex is only

formed with this isomer. The pure fac-isomer was synthesized as

hexafluorophosphate 1. Upon isolation, we were able to obtain

the until now unpublished crystal structure of the pure fac-isomer

(Figure SI10).

The fac-isomer of [Ru(pypzH)3](PF6)2 crystallizes in the trigonal

spacegroup P3̄c1 and the ruthenium center is octahedrally coordi-

nated by the nitrogen chelate ligands. Bond lengths and angles of

this metalloligand (Figure SI10) are very similar to the related com-

pound [Ru(bipy)3](PF6)2.
[36]

Also, the copper intermediate 2 obtained during the isomer sepa-

ration was synthesized in substantial amounts for further compari-

son.

The silver complex 3 (Figure 2) was synthesized by the reaction of

1 with an excess of silver tetrafluoroborate in the presence of NEt3.

The reaction mixture immediately turned red and an orange solid

precipitated. After purification, 3 was isolated as a red powder in

good yields (68%).

The gold complex 4 was obtained with a yield of 64% by similar

procedures.

The synthetic procedures are described in more detail in the Sup-

porting Information.
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19.3 Thermally Activated Delayed Fluorescence and Phosphorescence Quenching in 

Iminophosphonamide Copper and Zinc Complexes 

 

19.3.1 Preamble  

The temperature-dependent step-scan FTIR investigations were performed by Sophie Steiger and 

myself. The DFT calculations were conducted by Sophie Steiger. Sophie Steiger and myself were 

supervised by Markus Gerhards and Gereon Niedner-Schatteburg.  

Bhupendra Goswami, Thomas J. Feuerstein and Ravi Yadav performed the synthesis as well as the 

analytical characterization and were supervised by Peter W. Roesky. The temperature-dependent 

luminescence spectroscopy was performed by Sergei Lebedkin, supervised by Manfred M. Kappes. 

The manuscript was written by contributions from all coauthors.   
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Thermally Activated Delayed Fluorescence and
Phosphorescence Quenching in Iminophosphonamide
Copper and Zinc Complexes

Bhupendra Goswami++,[a] Thomas J. Feuerstein++,[a] Ravi Yadav,[a] Sergei Lebedkin,[b]

Pit J. Boden,[c] Sophie T. Steiger,[c] Gereon Niedner-Schatteburg,[c] Markus Gerhards+,[c]

Manfred M. Kappes,[b, d] and Peter W. Roesky*[a]

Abstract: The synthesis of copper and zinc complexes of four
variably substituted iminophosphonamide ligands is pre-
sented. While the copper complexes form ligand-bridged
dimers, the zinc compounds are monomeric. Due to different
steric demand of the ligand the arrangement of the ligands
within the dimeric complexes varies. Similar to the structurally
related iminophosphonamide complexes of alkali metals and
calcium, the steady-state and time-resolved photolumines-
cence (PL) of four of the seven compounds studied here as
solids in a temperature range of 5–295 K can be described
within the scheme of thermally activated delayed
fluorescence (TADF). Accordingly, they exhibit bright blue-
green phosphorescence at low temperatures (<100 K), which
turns into delayed fluorescence by increasing the temper-

ature. However, unusually, the fluorescence is practically
absent in two copper complexes which otherwise still con-
form to the TADF scheme. In these cases, the excited singlet
states decay essentially non-radiatively and their thermal
population from the corresponding low-lying triplet states
efficiently quenches PL (phosphorescence). Three other
copper and zinc complexes only exhibit prompt fluorescence,
evidencing a wide variation of photophysical properties in
this class of compounds. The excited states of the copper
complex with especially pronounced phosphorescence
quenching were also investigated by low-temperature time-
resolved infrared spectroscopy and quantum chemical calcu-
lations.

Introduction

The term imino-aza-phosphorus(V)-ligand covers a wide variety
of ligands containing both nitrogen and phosphorus atoms.
The common feature of these ligands is the presence of one or
more terminal R N=P units.[1] Amongst this class are the
monoanionic diiminophosphinates of the general formula [R2P-
(NR’)2]

 , which are alternatively termed iminophosphonamides.
In analogy to amidinates which are often compared with
carboxylates, they can be regarded as the nitrogen analogues
of phosphinate anions [R2PO2]

 .[2] Like amidinates, iminophos-
phonamides are chelating ligands, forming four-membered

metallacycles upon metal coordination. Therefore, these com-
pounds also belong to a general class of NXN donor ligands.
Among these ligands, iminophosphonamides deserve special
interest due to several features: (i) Due to the zwitterionic
nature of the R2P

+(NR’ )2 (NPN) ligand the -donor properties
of the nitrogen atoms are enhanced.[3] For instance, recently,
Nakata et al. found both experimentally and theoretically that
iminophosphonamide-chlorosilylene is a stronger -donor in
comparison with the common non-heterocyclic carbenes
(NHCs) and silylenes (NHSis).[4] (ii) Due to a rather long P N
bond of approx. 1.60 Å iminophosphonamides exhibit a wider
bite angle than amidinates or, more generally, other NXN
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bidentate chelating ligands like boraamidinates (X=BR),[5]

triazenides (X=N)[6] and sulfinamidinates (X=SR).[7,8] (iii) Besides
the -donor strength, the high steric demand of the pentava-
lent phosphorous atom further contributes to the stabilization
of metal centers. (iv) Finally, yet importantly, a 31P nucleus in
the ligand backbone may beneficially serve as a spectroscopic
marker for monitoring chemical transformations.[9]

Moreover, metal complexes of iminophosphonamides are
attractive from the photophysical point of view. Indeed, metal
coordination of ligands containing both phosphorous and
nitrogen sites has frequently resulted in compounds demon-
strating interesting photoluminescence (PL) properties.[10] This
holds true also for iminophosphonamides. Recently, we re-
ported on the alkali metal complexes of a chiral iminophos-
phonamine ligand.[11] In the solid state, in contrast to the
fluorescent ligand, these complexes show efficient blue-green
long-lived phosphorescence at low temperatures (<100 K) and
thermally activated delayed fluorescence (TADF)[12] above
�150 K with quantum yields of up to 36% at room temper-
ature. This surprising difference has been attributed to the
dimeric ligand arrangement in the alkali metal complexes,
enabling symmetry-breaking intramolecular charge transfer
between the ’monomeric’ ligand units, which can strongly
enhance intersystem crossing (ISC) and triplet formation.[13]

The TADF is then facilitated by a small energy gap (�400–
700 cm 1) between the relaxed excited singlet (S1) and first
triplet (T1) states of the iminophosphonamine ligand and its
complexes. This results in thermal population of the S1 state
from the lower-lying triplet state and in S1 fluorescence
dominating at elevated temperatures. Similar observations were
made for the related calcium complexes.[14]

These findings encouraged us to investigate coordination of
the iminophosphonamine ligands with other metals, including
transition metals. Herein we report on the synthesis of copper(I)
and zinc(II) iminophosphonamide complexes. Copper(I) com-
plexes are generally characterized by a large impact of the
metal centers on the PL properties as well as a high number of

reported TADF emitting compounds.[15] Copper(I) complexes of
NXN ligands are known to adopt dinuclear forms with two
closely arranged metal centers, which may result in metal-
lophilic interactions.[16] Additionally, linear structures are usually
observed with parallel-aligned ligands. In contrast, zinc(II)-NXN
complexes, due to a central tetrahedral coordination sphere,
generally form monometallic structures with orthogonally
arranged ligands.

Depending on the metal and ligand substituents, a very
different PL behavior was observed for the copper(I) and zinc(II)
iminophosphonamide complexes studied as solids in a temper-
ature interval of 5–295 K, ranging from prompt fluorescence to
TADF and long-lived phosphorescence. We moreover utilized
step-scan FTIR analysis to characterize the excited triplet state
of a selected copper complex and its dynamics on the micro-
second time scale. The spectroscopic experiments were sup-
ported by density functional theory (DFT) modelling.

Results and Discussion

At first the synthesis was focused on copper(I) complexes of the
four differently substituted, previously described
iminophosphonamide ligands. As a starting point the lithiated
ligand [Li2{(R)-PEPIA}2] ((R)-PEPIA=P,P-diphenyl-N,N’-bis((R)-1-
phenylethyl)phosphinimidic amide) was reacted with copper(I)
chloride in a metathesis reaction to yield the dinuclear copper(I)
complex [Cu2{(R)-PEPIA}2] (1) (Scheme 1). The 1H NMR spectrum
of 1 is quite similar to that of the lithiated ligand. The most
pronounced difference is the 3JPH constant for the coupling
between the iPr-CH protons and the phosphorous atom, which
amounts to 3JPH=18.8 Hz for 1 and 3JPH=21.6 Hz for [Li2{(R)-
PEPIA}2]. The 13C{1H} NMR spectrum is comparable to the
spectrum of the parent compound as well. However, a notably
larger chemical shift of =39.6 ppm is observed in the 31P{1H}
NMR spectrum of 1 ( =20.6 ppm for [Li2{(R)-PEPIA}2]). Further-
more, whereas a pseudo-quartet resonance due to 2JPLi coupling

Scheme 1. Synthesis of compounds 1–7.
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is observed for the lithium complex, a singlet resonance is
detected for the copper compound 1 (Figure S3.3). In the IR
spectrum of 1 (Figure S4.1) the lack of any vibration modes
above 3054 cm 1 indicates the absence of N H groups. Single
crystals suitable for X-ray crystallography were grown by
recrystallization from n-hexane, whereby complex 1 crystallizes
in the chiral orthorhombic space group P212121. As expected,
the molecular structure of compound 1 in the solid state
represents a dinuclear molecule in which two copper(I) ions, in
close contact, bridge two ligands. The Cu1···Cu2 distance of
2.534(2) Å is in the usual range for cuprophilic interactions.[17]

The NPN angles (N1-P1-N2 110.1(5)° and N4-P2-N3 110.3(5)°)
are slightly widened in comparison with the X-ray data for the
starting compound (N1-P1-N2 108.52(14)° and N3-P2-N4
99.7(2)° in [Li2{(R)-PEPIA}2]). Moreover, the N1-P1-P2-N3 torsion
angle between the two ligands of 140.223(2)° in 1 is not far
from 180°, which is ascribed to the affinity of copper(I) ions for
the linear coordination geometry as well as to the reduction of
steric restrains between the nitrogen substituents. Accordingly,
the phenyl moieties on the nitrogen atoms N1 and N3 protrude
below the paper plane in Figure 1, while the respective moieties
on N2 and N4 emerge from it.

Next, we moved on to the synthesis of the Cu(I) complex of
the bulkier asymmetric ligand (R)-HPEDippPIA ((R)HPEDippPIA=P,P-
diphenyl-N-((R)-1-phenylethyl),N’-(2’,6’-diisopropylaniline)-
phosphinimidic amide). The protonated ligand was straight-
forwardly reacted in a one-pot synthesis with equivalent
amounts of potassium bis(trimethylsilyl)amide (KHMDS) and
CuCl. After workup [Cu2{(R)-PE

DippPIA}2] (2) was obtained as a
white crystalline solid. All resonances in the 1H and 13C{1H} NMR
spectra (Figures S3.4 and S3.5) can be assigned to the
respective Dipp and PE substituents as well as to the aromatic
protons. Furthermore, a similar chemical shift of the singlet
resonance in the 31P{1H} NMR ( =38.0 ppm) is observed for
complex 2 in comparison to 1.

This signal is significantly shifted downfield as compared to
the phosphorous resonance at =-10.9 ppm for (R)-HPEDippPIA.
Single crystals of 2 were obtained after recrystallization from
hot toluene. The compound crystallizes in the tetragonal chiral
space group P43212. The molecular structure shows that two
copper centers are bridged by the iminophosphonamide

ligands, in a structure similar to that of 1 and the related
structure [{Ph2P(NSiMe3)2}2Cu2].

[16a] The two flanking Dipp groups
in complex 2 are trans positioned, probably to minimize the
steric repulsion. The NPN angles (N1-P1-N2 109.5(2)°) in the
molecular structure of complex 2 (Figure 1) are nearly identical
to the NPN angles for 1. However, the ligands in 2 are aligned
nearly coplanar with a N1-P1-P2-N4 torsion angle of 179.66(2)°.
This is attributed to the higher steric demand of the two Dipp
substituents. The Cu-N bond lengths are almost identical and
lie in the range of previously reported complexes. The Cu1···Cu2
distance of 2.5324(7) Å is nearly the same as observed for 1.

The next step in the systematic study of the influence of the
ligand steric demand on the structure and photophysical
properties of the copper(I) complexes was the synthesis of
complex 3 with four Dipp substituents incorporating the achiral
symmetric ligand P,P-diphenyl-N,N’-bis(2,6-diisopropylphenyl)
phosphinimidic amine (H-DippPIA).[9] The desired product
[Cu2{DippPIA}2] (3) was obtained by a similar one-pot procedure
as described for 2 (Scheme 1) in form of colorless crystals. In the
1H NMR and 13C{1H} NMR spectra of 3 all signals can be ascribed
to the Dipp substituted iminophosphonamide ligand. The
multiplicity is also in full agreement with the deprotonated
symmetrically substituted ligand. However, the singlet reso-
nance in the 31P{1H} NMR spectrum of 3 ( =8.4 ppm) is
significantly shifted to lower ppm in comparison with 1 and 2.
Complex 3 crystallizes in the monoclinic space group P21/n with
half of a molecule in the asymmetric unit. Like complex 2,
compound 3 has an inversion center in the middle of the
molecule. The structural features of 3 are almost similar to those
observed for 1 and 2. The intermetallic Cu1···Cu1’ interaction in
3 is 2.5292(10) Å, which is consistent with that observed in the
related compounds [{(2,6-Me2C6H3N)2C(H)}2Cu2]

[18] and [{iPrNC
(Me)NiPr}2Cu2].

[19] The N1-Cu1-N2’ bond angle amounts to
176.82(12)° which is close to linearity and in consistence with
the arrangements in complexes 1 and 2. The respective Cu1-N1
and Cu1’-N2 bond lengths of 1.895(3) and 1.886(3) Å in 3 are
slightly longer than those observed for [{(2,6-Me2C6H3N)2C-
(H)}2Cu2] (1.869(1) Å). Furthermore, the N1-P1-P1’-N1’ torsion
angle of 180.00(2)° in 3 is the highest of compounds 1-3,
presumably because of the higher steric demand induced by
the Dipp-groups.

Figure 1. Molecular structure of compounds 1–4 (from left to right) in the solid state. Structural parameters are given in the supporting information.
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After the successful isolation of the binuclear copper
complexes 1-3, the substituent groups were altered to increase
the -character of the ligand. It is well known that, functional-
ized extended -conjugated systems may strongly influence
photophysical properties, for example due to intermolecular -

interactions.[20] In this regard, the [(R)-NEPIA] ligand ((R)-
NEPIA=P,P-diphenyl-N,N’-bis((R)-1-naphthylethyl)phosphin-
imidic amide) was prepared, featuring naphthyl groups at the
nitrogen centers. [Cu2{(R)-NEPIA}2] (4) was obtained from the
salt metathesis reaction of CuCl and the potassium salt of [(R)-
NEPIA] (Scheme 1). After extraction and standard workup
procedure, it was isolated as a colorless solid. The 1H NMR
spectrum of complex 4 (Figure S3.10) is consistent with a
symmetric arrangement in solution. More precisely, the charac-
teristic doublet of quartets at =5.12 (3JPH=16.3 Hz, 3JHH=

6.4 Hz) is assigned to the naph(CH)CH3 protons, whereas the
doublet at =1.9 ppm (3JHH=6.5 Hz) is attributed to the naph
(CH)CH3 protons. In the 13C{1H} NMR spectrum (Figure S3.11),
the methine and methyl moieties can be assigned to the
resonances at =50.6 ppm (naph(CH)CH3) and =31.3 ppm
(naph(CH)CH3), respectively.

The purity of the complex can be assessed by the detection
of a single resonance at =40.2 ppm in the 31P{1H} NMR
spectrum, which is significantly shifted upfield as compared to
=38.0 ppm in the dicopper(I) complex 2. Complex 4 crystal-

lizes in the orthorhombic chiral space group P212121 with one
molecule in the asymmetric unit. The Cu1···Cu2 distance in
complex 4 amounts 2.5054(8) Å, which is within the typical
range of cuprophilic interactions.[17] The N1-Cu1-N4 (175.6(2)°)
and N2-Cu2-N3 (174.7(2)°) bond angles are close to linearity.
Furthermore, the P-N contact lengths in 4 are almost equal (P1-
N1 1.611(4), P1-N2 1.608(4), P2-N3 1.611(4) and P2-N4 1.612(4)),
suggesting delocalization of the anionic charge over the NPN
backbone.

Next, we focused on the synthesis of zinc(II) complexes. As a
starting point, two equivalents of the protonated
iminophosphonamide (R)-HPEPIA were reacted in a base
elimination reaction with dimethyl zinc to yield the Zn(II)
complex [Zn{(R)-PEPIA}2] (5) (Scheme 1). The 1H and 13C{1H} NMR
spectra of 5 (Figures S3.13 and S3.14) appear quite similar to
the corresponding spectra for the Cu(I) complex 1. In consis-
tency in the 31P{1H} NMR spectrum a single resonance is

observed at =35.7 ppm which is located in a comparable
range as for 1–4. Furthermore, the complex can be clearly
detected via EI mass spectrometry as a molecular peak [M+] at
m/z=910.3507 (Figure S5.2). Single crystals of compound 5

were obtained from n-pentane. The complex crystallizes in the
triclinic space group P1 with two molecules in the asymmetric
unit. The Zn N bond lengths are all in a narrow range of
2.025(3)–2.054(3) Å. Besides the iminophosphonamide bite
angles (N1-Zn-N2 74.34(12)° and N3-Zn1-N4 74.48(12)°), all N-
Zn-N angles are in the range of 128.19(13)–130.83(13)°. There-
fore, the Zn(II) core is coordinated distorted tetrahedrally by the
four nitrogen atoms, which is in agreement with the calculated
distortion parameters with the program SHAPE 2.1
(Table S6.2).[21] Furthermore, the two ligands are aligned nearly
perfectly opposite towards each other, with a nearly rectangular
torsion angle of N1-P1-P2-N3 of 92.92(2)° (Figure 2).

Furthermore, in order to vary the ligand in the coordination
sphere of a Zn(II) complex, the (R)-HPEDippPIA ligand was reacted
with ZnPh2 in a molar ratio of 2 :1 (Scheme 1), which resulted in
the formation of the homoleptic zinc complex [Zn{(R)-
PEDippPIA}2] (6). The disappearance of the NH resonance in the
1H NMR spectrum indicated the successful formation of
complex 6. Furthermore, the 1H NMR spectrum of 6 exhibits a
single set of resonances suggesting a certain degree of
symmetry in solution. The Ph(CH)CH3 signal appears as a
doublet of quartets in the aliphatic region at =3.79 ppm
(3JPH=18.57, 3JHH=6.53 Hz). A doublet at =1.37 ppm (3JHH=
6.52 Hz) is assigned to the Ph(CH)CH3 protons. The purity of
complex 6 was further confirmed by the detection of only one
peak at =37.5 ppm in the 31P{1H} NMR spectrum, which is
significantly shifted downfield compared to =–10.9 ppm for
(R)-HPEDippPIA. Complex 6 crystallizes in the orthorhombic space
group P212121 with one molecule in the asymmetric unit. The
central zinc atom is coordinated by four nitrogen atoms of two
[(R)-PEDippPIA] ligands. However, in contrast to compound 5 the
central zinc atom is closer to a square planar coordination
geometry with nearly parallelly aligned NPN backbones, as
indicated by the calculated distortion parameters (Figure S6.8
and Table S6.2). In order to minimize the steric repulsion, the
Dipp groups adopt trans positions with respect to the central
metal core. Furthermore, due to the unsymmetrical nature of
the ligand the Zn N bonds are not identical and are in the

Figure 2. Molecular structure of compounds 5, 6 and 7 (from left to right) in the solid state. Structural parameters are given in the supporting information.
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range of 1.994(3)–2.197(3) Å. The bite angles of the iminophos-
phonamides in complex 6 (N1-Zn-N2 72.06(11)° and N3-Zn-N4
71.94(10)°) are slightly narrower than the corresponding bite
angles in 5.

In order to synthesize a zinc analogue of complex 3, ZnPh2

was reacted with HDippPIA in a 1 :2 molar ratio. However,
formation of the heteroleptic complex [{DippPIA}ZnPh] (7) was
observed in contrast to the homoleptic complexes 5 and 6. This
might be due to the sterically hindered nature of HDippPIA
which prevents the coordination of two ligands on the same
Zn(II) metal center. Complex 7 could be reproduced with a 1 :1
molar ratio of the reagents (Scheme 1) and exhibits good
solubility in common organic solvents such as thf, diethylether
and toluene and is even slightly soluble in n-pentane. The
heteroleptic nature of complex 7 was confirmed by 1H NMR
spectroscopy and no signs of ligand redistribution to a
homoleptic complex were observed. The aromatic resonances
appear in the range of =7.63–6.77 ppm. The characteristic
septet of the CH(CH3)2 moiety appears at =3.88 ppm (3JHH=
6.81 Hz), whereas the CH(CH3)2 resonance appears as doublet at
=1.03 ppm (3JPH=6.87 Hz). In the 13C{1H} NMR spectrum, the

resonances at =29.4 ppm and =24.1 ppm can be attributed
to CH(CH3)2 and CH(CH3)2, respectively. In the 31P{1H} NMR
spectrum, the appearance of a single peak at =17.2 ppm
further indicates the purity of the product. The molecular
structure of 7 is similar to that of the related [{DippPIA}ZnMe]
and [{DippPIA}ZnEt] complexes reported by Stasch.[9]

The Zn-N (Zn-N1 2.027(2) Å and Zn-N2 1.996(2) Å) and Zn-C
(Zn-C37 1.931(3) Å) bond lengths in 7 are consistent with those
in related complexes. The N1-Zn-N2 acute bite angle of
74.50(8)° in complex 7 is wider than that of 65.9(2)° in the
related amidinate complex [{MeC(NDipp)2}2Zn].

Photoluminescence properties

The structures and dimeric ligand arrangements of the bime-
tallic copper complexes 2, 3 and especially 1 are close to those
of the previously reported iminophosphonamide alkali metal
complexes [M2{(R)-PEPIA}2] (M=Li, Na, K, Rb and Cs, see
Scheme 1).[11] The monometallic zinc complexes 5 and 6

coordinating two iminophosphonamide ligands are analogous
to the calcium complexes [Ca{(R)-PEPIA}2].

[14] In view of the
bright phosphorescence and thermally activated delayed
fluorescence (TADF) observed for the alkali metal and calcium
derivatives,[11,14] a comparison with PL properties of the copper
and zinc complexes 1–7 appears particularly interesting.
Figures 3 and 4 show PL excitation (PLE) and emission spectra
of the solid (polycrystalline) samples of 1–4 and 5–7, respec-
tively, at selected temperatures between 5 and 295 K, together
with the emission intensity as a function of temperature. The
spectra at further intermediate temperatures are presented in
Figures S7.1-7 in the supporting information. Below T�50 K all
complexes intensely emit at 450–530 nm under UV photo-
excitation. The onset of absorption (PLE) at 360–400 nm (shifted
to ca. 330 and 450 nm in 7 and 6, respectively) is consistent
with the white to pale yellow appearance of the powder

samples. Similar spectra were observed for the alkali metal and
calcium complexes, indicating related structures.[11,14] The low-
temperature emission of the latter and dimeric complexes 1–3

and 5 shares the same origin: it is phosphorescence with a
lifetime from tens of microseconds to a few milliseconds. The
phosphorescence is a major relaxation channel at low temper-
atures, referring, for instance, to the quantum efficiency, PL, of
�100% for 1 and 5 at T=5 K, as estimated from the PL
temperature dependences and PL values measured at room
temperature using an integrating sphere (see the supporting
information). Furthermore, similar to the alkali metal and
calcium complexes, 1–3 and 5 show a TADF-characteristic
temperature dependence of the PL decay time, , as illustrated
in Figure 5 for 5. Here a strong decrease of in the temperature
interval from 100 to 200 K reflects a transition from phosphor-

Figure 3. Left: Normalized photoluminescence excitation (PLE) and emission
(PL) spectra of the solid bimetallic copper compounds 1–4 at temperatures
between 5 and 295 K. The PL/ PLE spectra were excited at 350 (1), 340 (2),
340 (3) and 350 nm (4) and recorded at 480 (1), 450 (2), 460 (3) and 500 nm
(4), if not indicated otherwise. Right: Integral PL intensities versus temper-
ature in the range of 5–295 K (also shown on the logarithmic scale for 2 and
3 in Figures S7.2 and S7.3).

Figure 4. Left: Normalized photoluminescence excitation (PLE) and emission
(PL) spectra of the solid monometallic zinc complexes 5–7 at temperatures
between 5 and 295 K. The PL/ PLE spectra were excited at 330 (5), 380 (6),
and 300 nm (7) and recorded at 480 (5), 520 (6) and 450 nm (7). Right:
Integral PL intensities versus temperature in the range of 5–295 K.
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escence ( =4.5 msec) to delayed fluorescence (with an effec-
tive decay time of 24 sec at 295 K). The red curve in Figure 5
represents a fit of the experimental data to the simple TADF
model of the thermally equilibrated singlet (S1) and triplet (T1)
states (for details see the supporting information).[12a,c–e,17]

According to this model, the energy separation E between
these states is about 1000 cm 1 in 5 and 500 cm 1 in 1

(Figure S7.10). These values compare well to those determined
for the alkali metal and calcium complexes.[11,14] However,
delayed fluorescence in 1 and 5 has a relatively low quantum
efficiency (9 and 3%, respectively, at 295 K). The S1 state in
these compounds apparently decays to the ground state mostly
nonradiatively. Accordingly, the PL intensity rapidly drops over
the phosphorescence-to-TADF crossover temperature interval
(Figures 3, 4). Similarly moderate delayed fluorescence efficien-
cies were found for the related lithium, cesium and calcium
compounds.[11,14] Remarkably, this trend towards lower
fluorescence quantum efficiency becomes dramatic in the
copper complexes 2 and 3, which emit practically no
fluorescence at all. On the other hand, as mentioned above,
they show the TADF-characteristic temperature dependence of
the PL (phosphorescence) decay time, correlating with a strong,
thermally activated decrease of the emission intensity. These
parameters vary especially spectacularly in 3: over the narrow
temperature interval of 75–130 K, decreases from ca. 280 to 1
sec (Figure S7.12), while the PL intensity falls by more than

1000-fold (Figure S7.3). By further increasing the temperature
above 150 K, the emission vanishes completely. Such photo-
physical behavior can still be described within the TADF
framework, assuming that the excited singlet state S1 relaxes to
the ground state S0 virtually completely via internal conversion,
i. e. nonradiatively (Figure 6). Thermally activated population of
S1 via reversed intersystem crossing (rISC) from the lower but
energetically close-lying, triplet state T1 can thus effectively
deplete T1.

By analogy with TADF, one can designate the last process as
“thermally activated phosphorescence quenching”. To the best
of our knowledge, such behavior has not yet been described in

literature - likely not due to its rarity, but rather due to a still
limited number of detailed low-temperature photophysical
studies of metal complexes, particularly those without any PL at
room temperature. Indeed, it is well established that a small
energy gap E(S1-T1) generally correlates with a low oscillator
strength/ radiative rate (kS1r) of the S1!S0 fluorescence.

[12c] This
is mirrored in long S1 lifetimes defined for efficient TADF
emitters, typically up to hundreds of nanoseconds (kS1r�
107 s 1). For instance, the S1 intrinsic lifetime of 230 nsec was
estimated for the sodium iminophosphonamide complex.11

Apparently, the efficiency of such ’slow’ fluorescence critically
depends on suppression of the nonradiative decay, i. e. internal
conversion S1!S0 (typical rate kS1n �109–1010 s 1 in organic and
metallorganic luminophores).[22] This is one of the reasons why
the design of efficient TADF emitters is challenging. In this
context, the copper complexes 2 and 3 just exemplify the case
of a highly dominating nonradiative decay of S1 (kS1n @ kS1r).

Applying the model of equilibrated S1 and T1 states (Eq. S1)
to 2 and 3 yields E(S1-T1) �250 and 950 cm 1, respectively
(Figures S7.11 and S7.12). However, the assumption of thermal
equilibrium between S1 and T1 is likely not valid, considering
the efficient nonradiative decay of S1 and a high ratio of E to
the thermal energy, kT, at the crossover temperature (�10 for
3). If the nonradiative decay of S1 is much faster than the ISC
channel S1!T1, the expression for the temperature-dependent
phosphorescence decay time, (T), reduces to (Eq. (1))

t Tð Þ ¼
t T1ð Þ

1þ t T1ð Þ A exp  
DE

kT

� �

(1)

where (T1) is the intrinsic phosphorescence lifetime and A·exp
(- E/kT) represents the rate of thermally activated reversed
intersystem crossing (rISC) between the T1 and S1 states. Note,
however, that both Equations (1) and (S1) yield practically the
same estimates for the energy separation E, as a result of a

Figure 5. PL decay time of Zn complex 5 versus temperature. PL was excited
at 337 nm with a nsec-pulsed laser, recorded at 470 nm and approximated
with monoexponential decay curves (Figure S7.9). The red line is a fit to the
TADF model of equilibrated states (Eq. (S1) in the supporting information).
This estimates the S1-T1 energy separation in 5 to be about 1000 cm 1.

Figure 6. Scheme of photophysical processes suggested for copper com-
plexes 2 and 3 (colored arrows: photoexcitation and emission transitions). It
is similar to the standard TADF scheme valid for energetically close-lying
relaxed excited singlet state S1 and triplet state T1, facilitating thermally
activated reverse intersystem crossing (rISC) from T1 to S1. However, in
difference to TADF, S1 in 2 and 3 efficiently relaxes to the ground state S0
nonradiatively as practically no fluorescence from S1 is observed (crossed
green arrow). It is assumed that the triplet manifold is mainly populated via
intersystem crossing from the vertically excited singlet states *S1,n.
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strong variation of (T) (over three orders of magnitude in 3),
which is described by the exponential factor exp(- E/kT). The
experimental estimate of E for the complex 3 was supported
by calculations (see below).

In contrast to the compounds discussed above, the PL of 6,
7 and the major emission of 4 at 500 nm represent prompt
fluorescence, also at cryogenic temperatures, with a lifetime
<5 nsec (time resolution of the apparatus used). Such different
behavior can be explained by their particular ligand structure
and crystal packing. [(R)-NEPIA] ligands of 4 possess phenyl and
naphthyl groups. In solid 4, these groups of neighboring
molecules arrange themselves roughly in parallel, at inter- and
intramolecular separation distances of 4.1 Å (Figure S6.5). Such
arrangement can enable weak -stacking interactions. In
addition to the fluorescence, 4 shows a minor broad emission
at 700 nm, which decays within microseconds (Figure 3). Both
bands only moderately depend on the temperature. We
tentatively ascribe these emissions to, respectively, singlet and
triplet excimers or excitons generated in the stacked phenyl-
naphthyl units.

The poor triplet formation (absence of phosphorescence /
TADF) in 6 might be related to the nearly planar coordination of
the NPN backbones of two iminophosphonamide ligands
around the zinc atom. In contrast, a strongly bent or twisted
geometry is observed in the zinc complex 5 as well as in the
dimeric iminophosphonamide complexes of alkali metals and
calcium. As mentioned in the introduction, we have attributed
the origin of phosphorescence / TADF in the latter compounds
to intramolecular charge transfer between the ’monomeric’
ligand units, resulting in enhanced intersystem crossing (ISC)
and triplet formation.[13] This process is expected to strongly
depend on the mutual ligand configuration. For instance, the
efficient triplet formation in dimers of BODIPY fluorescent dye
molecules - also attributed to intramolecular charge transfer -
has only been observed for the orthogonally arranged mono-
meric units and ceased in their planar configuration.[23] A similar
effect may occur in 6. Somewhat in contradiction to this
rationalization, the phosphorescent copper complexes 1–3 also
demonstrate a planar arrangement of the two NPN backbones
(see above). However, the efficient triplet formation in these
complexes can be attributed to the heavy atom effect of the
two copper atoms. According to the calculated frontier
molecular orbitals of 3 (Figure S9.1), the copper centers are
directly involved in the electronic transitions. The highest and
lowest molecular orbitals are largely localized on the copper
centers and the iminophosphonamide ligands, respectively.
Correspondingly, the lowest energy excitation is of mainly
metal-to-ligand charge transfer character, similar to many
copper(I) d10 systems reported in the literature.[15d]

Finally, the zinc complex 7 is the only example among the
studied compounds of a single iminophosphonamide ligand
coordination. Accordingly, this complex does not match the
above scheme suggested for the dimeric iminophosphonamide
metal complexes and does not demonstrate efficient triplet
formation (a significant effect of zinc on ISC in 7 can be safely
ruled out). Instead 7 only shows prompt fluorescence. It is
intense at low temperatures, decreases strongly upon increas-

ing the temperature, and likely results from a solely ligand-
localized excitation.

Step-scan FTIR spectroscopy and DFT

modelling

Time-resolved step-scan FTIR investigations were performed for
the copper complex 3 containing the bulky ligands DippPIA in
particular to further characterize its long-lived excited triplet
state. 3 was chosen as it shows the most surprising temper-
ature-dependent PL behavior (see above). The samples for
transient FTIR experiments were prepared as KBr pellets, a
technique which was introduced by Palmer et al.[24] and has
been established in the Gerhards group over the last few
years.[25] For instance, a series of bi- and tetranuclear OLED
(organic light emitting diode) – relevant Cu(I) complexes has
recently been investigated with this technique.[25a,c,26]

The measured steady-state (ground state) FTIR spectrum of
3 is in perfect agreement with the IR spectrum calculated within
density functional theory (DFT) (Figure 7). Hence, the exper-
imental absorption bands could be assigned to specific
vibrations which are listed in the supporting information
(Table S8.1). Practically no change in the ground state IR

Figure 7. a) Upper trace: FTIR steady-state (ground state, S0) spectra of 3 at
20 and 150 K. Lower trace: Calculated IR transitions and simulated IR
spectrum of the S0 state. B) Upper trace: experimental excited state IR
spectra of 3 at 20, 70, 120 and 150 K obtained from the step-scan difference
spectra (averaged over 2 s after laser pulse). The asterisks indicate distinct
bands characteristic for the excited state. Lower trace: Calculated IR
transitions and simulated IR spectrum of the T1 state. Calculations: DFT/
B3LYP-D3(BJ)/def2-TZVP, IR absorption frequencies scaled by 0.975, con-
volution with Gaussian profiles, FWHM=8 cm 1.
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spectrum was observed between 20 K and room temperature,
indicating the persistent crystal structure. The sample was then
excited at 20–150 K with 355 nm laser pulses and time-resolved
difference IR spectra were recorded. The spectrum shown in
Figure S8.1 was averaged over the first 2 s after the laser pulse
(see supporting information for further details).

For a better direct comparison of the measured IR
absorption in the electronic ground (S0) and excited states
(Figure 7), the IR absorption spectrum of the latter was
generated by addition of 3.5% of the ground state spectrum to
the step-scan difference spectrum in order to suppress the
negative bands resulting from depopulation of S0. Interestingly,
a new band is observed at 1505 cm 1, where the S0 state does
not absorb, so that this feature is specific for the excited state.
Additionally, a distinct peak is observed at 1259 cm 1 in the
excited state, instead of a shoulder in the S0 spectrum. The
described impact of UV excitation on the IR absorption
indicates structural changes. The corresponding excited state
can be assigned to the triplet state of 3.

Indeed, the experimental excited state spectrum is in good
agreement with the calculated spectrum of the lowest triplet
state T1 (calculated by unrestricted DFT (UDFT)) with respect to
the spectral positions (Figure 7b). The observed specific
absorption band slightly above 1500 cm 1 most likely corre-
sponds to the prominent doublet of peaks in the calculated
spectrum at 1528 and 1507 cm 1. This doublet is an aromatic C-
C-stretching vibration in the phenyl substituents on the
phosphorous atom of the ligand, whereas the band at
1259 cm 1 corresponds to a combined mode involving C-N
stretching motion.

Step-scan FTIR investigations were then performed addi-
tionally at 70 K, 120 K and 150 K for comparison with the PL
data (Figures 7 and S8.2). The corresponding excited state
spectra and the underlying step-scan difference spectra are
similar to that at 20 K. The absorption around 1505 cm 1

diminishes with the temperature, but is recognizable till at least
120 K. Even at 150 K there might be a very weak excited state
absorption around 1500 cm 1. This assertion is supported when
comparing the step-scan spectra averaged over 0–0.5 s and
3.0–3.5 s after laser excitation, where a decay over time is
visible to some extent in this spectral region (Figure S8.3). At
the same time, the peak at 1259 cm 1 is visible in all four
spectra. This difference might be due to broadening of the
former band at higher temperatures, for example, via coupling
to low-energy modes, thus making it difficult to probe
spectroscopically. The significant similarities between the
excited state spectra at different temperatures are consistent
with the same (major) excited state being involved.

Its lifetime was determined from the step-scan data by
considering the decay of the most prominent positive and
negative bands in the difference IR spectrum over time after
laser excitation. These bands were first fitted separately (see, for
example, Figure S8.4 for the bleach band at 1199 cm 1 at 20 K),
yielding input values for a global fit over all chosen bands. A
biexponential decay was determined at all probed temper-
atures (Figures S8.5–8) with strongly temperature-dependent
time constants. The time constants of the main component of

about 140 and 83 s (contribution of 95 and 86%) at 20 and
70 K, respectively, are in reasonable agreement with the PL data
(taking into account the different sample preparations and
excitation laser intensities in these experiments). On the other
hand, the step-scan IR spectroscopy still detects the excited
state with an effective lifetime of about 11 s at 150 K
(Table S8.2), whereas the steady-state PL signal is very weak
and decays on the sub-microsecond time scale at this temper-
ature (see above). This discrepancy might indicate that the
photophysical scheme in Figure 6 – primarily focused on the
emissive excited states - is oversimplified for 3 and some other
non-emissive long-lived (triplet) state might be involved. It may
be minor below 100 K, but dominant over microseconds after
laser pulse excitation at higher temperatures. This issue requires
further investigation. In addition to the frontier molecular
orbitals (Figure S9.1), we illustrate the electronic character of
the T1 state of 3 by a spin density plot (Figure 8).

It clearly indicates spin localization on the phenyl groups,
nitrogen atoms and, to a minor extent, on the copper atoms.
This correlates with the structural changes in the excited state:
for instance, asymmetric NPN bite angles of 98.4° and 108.1°

were calculated for the two iminophosphonamide units of 3 in
the T1 state, compared to the equal angles of 108.5° in the S0
state. The structural parameters of the S0 and T1 states are listed
in the supporting information (Table S9.1).

Conclusions

We described the synthesis of a series of binuclear Cu(I) and
mononuclear Zn(II) iminophosphonamide complexes. Four
differently substituted iminophosphonamide ligands were em-
ployed. Except the Zn complex 7 with a single iminophosphon-
amide ligand, they all adopt coordination of two ligands to the
metal centers, similar to the structurally related alkali metal and
calcium complexes.[11,14] Due to the different steric demand of
the substituents the arrangement of the complexes in the solid-
state varies slightly, which influences the photophysical proper-

Figure 8. Spin density of 3 in its T1 state (isovalue: 0.01 a.u.) (DFT/B3LYP-
D3(BJ)/def2-TZVP). It localizes mainly at the phenyl rings and the N atoms of
the iminophosphonamide ligand.
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ties. Some of the Cu(I) and Zn(II) complexes show bright long-
lived phosphorescence in the solid state at low temperatures
(<100 K), which transforms into thermally activated delayed
fluorescence (TADF) at elevated temperatures - similar to their
alkali metal and calcium analogues. While the PL of two Cu
complexes (2, 3) can also be described within the TADF scheme,
there is a qualitative difference insofar as these complexes,
involve the non-emissive relaxed singlet excited state S1 coupled
by intersystem crossing (ISC) to the low-lying emissive triplet
state T1. Accordingly, 2 and 3 show bright phosphorescence
below �80 K, its thermally activated quenching in the narrow
temperature interval above �80 K, and practically no PL above
�150 K. Transient step-scan FTIR spectroscopy on the Cu
complex 3 allowed further probing of the T1 state. The step-
scan FTIR spectra revealed a characteristic T1 state vibration
assigned to the phenyl stretching mode on the basis of DFT
calculations. This mode in turn fingerprints the structural
relaxation of 3 upon population of the T1 state. In contrast, two
Zn complexes (6, 7) were found to exhibit solely prompt
fluorescence. The poor triplet formation in these compounds
was attributed to their particular ligand coordination. The
present work thus further illustrates the very diverse PL proper-
ties of metal complexes based on iminophosphonamide
ligands.

Remarkably, the energy levels of the S1 and T1 states appear
rather similar (and energetically close to each other) in most of
iminophosphonamide metal complexes studied so far.[11,14] In
this regard, the specific ligand structure and coordination
arrangement primarily affect the rates of transitions within a
common framework of ground and excited states. Of particular
interest is the possibility to strongly influence ISC efficiency and
corresponding triplet formation (as well as TADF output) via
subtle changes in ligand design and choice of the metal
centers/ coordination.

From application point of view, the iminophosphonamide
metal complexes studied so far cannot compete in terms of
quantum efficiency and, very importantly, processing with well-
established TADF emitters like purely organic 2,4,5,6-tetra(9H-
carbazol-9-yl)isophthalonitrile.[12b] However, we believe that
both synthetic and photophysical potential of this class of
luminescent metal complexes is by far not fully explored and
may promise further examples with interesting (and perhaps
also practically relevant) photophysical properties.

Experimental Section

Experimental details are given in the supporting information. The
supporting information also compiles crystallographic and spectro-
scopic data for all new compounds (1H, 13C{1H}, 31P{1H} NMR, IR,
Raman and PL spectra), as well as additional data from step-scan
FTIR experiments and DFT calculations.

Deposition numbers 2075954 (1), 2075955 (2), 2075956 (3),
2075957 (4), 2075958 (5), 2075959 (6), and 2075960 (7) contain the
supplementary crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service.
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