




 

 

Photochemistry and Ultrafast Dynamics of  
Mass-selected Multinuclear Coinage Metal Complexes 

Studied by Electronic Photodissociation Ion Spectroscopy 
in an Ion Trap 

 

Vom Fachbereich Chemie der Technischen Universität Kaiserslautern zur Verleihung des akademischen Grades „Doktor der Naturwissenschaften“ 
genehmigte Dissertation 

(D 386) 

 

 

vorgelegt von 

Dipl.-Chem. Sebastian Volker Kruppa 

geboren in Tübingen 

 

Betreuer: Priv.-Doz. Dr. C. Riehn 

Datum der wissenschaftlichen Aussprache: 15.01.2021 

 





 

 

Die vorliegende Arbeit wurde im Zeitraum von April 2015 bis Oktober 2020 im 

Fachbereich Chemie der Technischen Universität Kaiserslautern unter Betreuung 

von Priv.-Doz. Dr. C. Riehn angefertigt. 

 

 

Datum des Antrags der Eröffnung des Promotionsverfahrens: 06.07.2020 

 

 

Promotionskommision: 

Vorsitzender   Prof. Dr. W. R. Thiel 

1. Berichterstatter  Priv.-Doz. Dr. C. Riehn 

2. Berichterstatter  Prof. Dr. Dr. G. Niedner-Schatteburg 

 





 

 

 

 

 

 

Meinen Eltern gewidmet 

 

 

 

 

 

 

 

 

 

 

 

„Chemistry is a science of  

analogies and coincidence“ 

- Pekka Pyykkö – 

 





 

 

List of Publications 

This thesis is based on the following publications. 

Publication 1: 

„Ultrafast Excited-State Relaxation of a Binuclear Ag(I) Phosphine Complex in Gas 

Phase and Solution“ 
S. V. Kruppa, F. Bäppler, W. Klopper, S. P. Walg, W. R. Thiel, R. Diller, C. Riehn 
Physical Chemistry Chemical Physics, 2017, 19(34), 22785-22800 
doi: 10.1039/C7CP04128D 

Publication 2: 

„Vibrational Coherence Controls Molecular Fragmentation: Ultrafast Photodynamics 

of the [Ag2Cl]+ Scaffold“ 
S. V. Kruppa, F. Bäppler, C. Holzer, W. Klopper, R. Diller, C. Riehn 
The Journal of Physical Chemistry Letters, 2018, 9(4), 804-810 
doi: 10.1021/acs.jpclett.7b03167 

Publication 3: 

„Photoinitiated Charge Transfer in a Triangular Silver(I) Hydride Complex and its 

Oxophilicity“ 
S. V. Kruppa, C. Groß, X. Gui, F. Bäppler, B. Kwasigroch, Y. Sun, R. Diller, W. Klopper, 
G. Niedner-Schatteburg, C. Riehn, W. R. Thiel 
Chemistry A European Journal, 2019, 25(48), 11269-11284 
doi: 10.1002/chem.201901981 

Publication 4: 

„Gas-Phase Photoluminescence and Photodissociation of Silver-Capped Hexagold 

Clusters“ 
J.-F. Greisch, A. Ballester-Caudet, S. V. Kruppa, Z. Lei, Q.-M. Wang, C. Riehn, F. 
Remacle 
The Journal of Physical Chemistry A, 2018, 122(27), 5799-5810 
doi: 10.1021/acs.jpca.8b01864 

Publication 5: 

„Fragmentation pathways of dianionic [Pt2(µ-P2O5H2)4 +X,Y]2- (X,Y = H, K, Ag) species 

in an ion trap induced by collisions and UV photoexcitation“ 
S. V. Kruppa, Y. Nosenko, M.-O. Winghart, S.P. Walg, M.M. Kappes, C. Riehn 
International Journal of Mass Spectrometry, 2016, 395, 7-19 
doi: 10.1016/j.ijms.2015.11.007 



 

 

Conference Proceedings: 

1. „Ultrafast Vibrational and Electronic Dynamics of Metal-Metal Interactions 

Studied by Transient Photo-Induced Dissociation (Gas Phase) and Transient 

Absorption (Solution)” 

S. V. Kruppa, F. Bäppler, Y. Nosenko, S. P. Walg, R. Diller, C. Riehn 
Conference Proceedings, XX International Conference on Ultrafast 
Phenomena (UP 2016), Santa Fe, USA, OSA Technical Digest, 2016, paper 
UW4A.33 
doi: 10.1364/UP.2016.UW4A.33 

2. „Excited state vibrational coherence in a binuclear metal adduct: wave packet 

phase dependant molecular fragmentation under variation of ligand size” 

S. V. Kruppa, F. Bäppler, C. Holzer, F. Dietrich, R. Diller, W. Klopper, C. Riehn 
Conference Proceedings, XXI International Conference on Ultrafast 
Phenomena (UP 2018), Hamburg, Germany, EPJ Web Conf., 2019, 205, 
09019 
doi: 10.1051/epjconf/201920509019 

The following publications incidentally emerged from scientific cooperations. 

Joined Publications: 

1. „Time-resolved photoelectron spectroscopy of a dinuclear Pt(II) complex: 

Tunneling autodetachment from both singlet and triplet excited states of a 

molecular dianion” 
M.-O. Winghart, J.-P. Yang, M. Vonderach, A.-N. Unterreiner, D.-L. Huang, L.-
S. Wang, S. Kruppa, C. Riehn, M.M. Kappes 
The Journal of Chemical Physics, 2016, 144, 054305 
doi: 10.1063/1.4940795 

2. „Bimetallic d10‐Metal Complexes of a Bipyridine Substituted N‐Heterocyclic Carbene” 
C. Kaub, S. Lebedkin, A. Li, S. V. Kruppa, P. H. Strebert, M. M. Kappes, C. 
Riehn, P.W. Roesky 
Chemistry A European Journal, 2018, 24(23), 6094-6104 
doi: 10.1002/chem.201705757 

 



 

 

List of Abbreviations and Acronyms 

AC   Alternating current 

API   Atmospheric pressure ionization 

BBO   β-barium borate (BaB2O4) 

cc   Cross correlation 

CEM   Channel electron multiplier 

CI   Chemical ionization 

CID   Collision-induced dissociation 

CMC   Coinage metal complex 

CPA   Chirped-pulse amplification 

CRM   Charge residue mechanism 

CT   Charge transfer 

cw   Continuous wave 

Cy   Cyclohexyl, C6H11- 

DC   Direct current 

DPSS   Diode-pumped solid state laser 

EA   Electron affinity 

EC   Electron capture ionization 

EI   Electron impact ionization 

ESI   Electrospray ionization 

ETD   Electron transfer dissociation 

ETR   Electron transfer reduction 

FA   Fluoranthene, C16H10 



 

 

FC   Franck-Condon 

fs   Femtosecond (1fs = 10-15 s) 

FT   Fourier transform 

fwhm   Full width at half maximum 

GVD   Group velocity dispersion 

HOMO  Highest occupied molecular orbital 

IC   Internal conversion 

ICC   Ion charge control 

IE   Ionization energy 

IEM   Ion evaporation mechanism 

IR(M)PD  Infrared (multiple) photon dissociation 

ISC   Intersystem crossing 

IVR   Intramolecular vibrational energy redistribution 

KIT   Karlsruhe Institute of Technology 

KLM   Kerr-lens modelocking 

Laser   Light amplification by stimulated emission of radiation 

LC   Ligand-centered 

LM(M)CT  Ligand-to-metal(-metal) charge transfer 

LUMO   Lowest unoccupied molecular orbital 

MC   Metal-centered 

Me   Methyl, CH3- 

MLCT   Metal-to-ligand charge transfer 

MMCT   Metal-to-metal charge transfer 



 

 

MS   Mass spectrometer / mass spectrometry 

MS-1   „amaZon speed“ mass spectrometer (Bruker Daltonics) 

MS-2   „amaZon ETD“ mass spectrometer (Bruker Daltonics) 

m/z   Mass-to-charge ratio 

nCI   Negative chemical ionization 

Nd:YAG  Neodymium (Nd3+):yttrium aluminium garnet (Y3Al5O12) 

NHC   N-heterocyclic carbene 

NIR   Near infrared 

OC   Output coupler 

OPA   Optical parametric amplifier/amplification 

PD   Photodissociation 

PEEK   Polyether ether ketone polymer 

PES   Photoelectron spectroscopy /  

(PH)OLED  (Phosphorescent) organic light-emitting diode 

PL   Photoluminescence 

ps   Picosecond (1ps = 10-12 s) 

QIT, 3D-QIT  Paul-type (three-dimensional) quadrupole ion trap 

RC   Reaction coordinate 

RE   Resonant excitation/ejection 

RF   Radiofrequency 

RM   Rear mirror 

RRKM   Rice-Ramsperger-Kassel-Marcus theory 

SOC   Spin-orbit coupling 



 

 

TA   Transient absorption 

Ti:Sa   Titanium (Ti3+):sapphire (Al2O3) 

TM   Transition metal 

−PD   Transient photodissociation 

TUK   Technische Universität Kaiserslautern 

UV   Ultraviolet 

Vis   Visible 

WLC   White-light continuum 

YAG   Yttrium aluminium garnet (Y3Al5O12) 

YLF   Yttrium lithium fluoride (YLiF4) 

 



 

 

Table of Contents 

Part I: Introduction, Theoretical Background and Methodology 

1. Femtochemistry of Transition Metal Complexes ............................................... 1 

2. The Metallophilicity Phenomenon .......................................................................... 7 

3. Aim and Motivation ....................................................................................................13 

4. Outline ............................................................................................................................19 

4.1. Publication 1 (PCCP) ......................................................................................................... 20 

4.2. Publication 2 (JPCLett) ..................................................................................................... 21 

4.3. Publication 3 (ChemEurJ) ............................................................................................... 22 

4.4. Publication 4 (JPCA) .......................................................................................................... 23 

4.5. Publication 5 (IJMS) ........................................................................................................... 24 

5. Electronic Photodissociation Ion Spectroscopy ...............................................27 

5.1. Static UV-PD action spectroscopy ............................................................................... 27 

5.2. Transient photodissociation (-PD) detection scheme .................................... 35 

6. Experimental Setup and Methods .........................................................................47 

6.1. Quadrupole ion trap mass spectrometer (QIT-MS) ........................................... 47 

6.1.1. Electrospray ionization (ESI) ion source ............................................... 49 

6.1.2. Ion transfer optics ............................................................................................ 52 

6.1.3. Negative chemical ionization (nCI) source ........................................... 54 

6.1.4. Working principle of Paul type ion trap and mass analysis ......... 55 

6.1.5. Detector unit........................................................................................................ 61 

6.1.6. Mass isolation and tandem MS (MSn) ...................................................... 62 

6.1.7. Modifications of MS-1 ..................................................................................... 63 

6.2. Femtosecond laser system ............................................................................................. 66 

6.2.1. Principle of mode-locked laser operation ............................................. 66 

6.2.2. Ti:Sa gain medium ............................................................................................ 70 



 

 

6.2.3. Kerr-lens mode-locking (KLM) .................................................................. 70 

6.2.4. Optical chirp ........................................................................................................ 72 

6.2.5. Ti:Sa oscillator system .................................................................................... 74 

6.2.6. Chirped-pulse amplification (CPA) .......................................................... 76 

6.2.7. Ti:Sa regenerative CPA system (Wyvern 1000) .................................. 77 

6.2.8. Wavelength converter system (TOPAS-C) ............................................. 80 

6.2.9. Overview of PD/-PD experimental setup ............................................ 84 

7. Danksagung ................................................................................................................. 87 

8. References .................................................................................................................... 91 

Part II: Published Work 

Publication 1 (PCCP) 

Publication 2 (JPCLett) 

Publication 3 (ChemEurJ) 

Publication 4 (JPCA) 

Publication 5 (IJMS) 

Conference Proceedings 

Joined Publications 

Appendix 

Curriculum Vitae 

Eidestattliche Erklärung 

 

 



 

 

Part I: Introduction, Theoretical Background and 

Methodology 

 





 

1 

1. Femtochemistry of Transition Metal Complexes 

At the fundamental atomic level, chemical reactions, that is, the transformation from 

reactants into products, emanate from ultrafast dynamic primary processes that 

involve the breaking and formation of chemical bonds along with changes in 

electronic and structural configurations, proceeding on the timescale of molecular 

vibrations within tens to hundreds of femtoseconds (1 fs = 10-15 s). Consequently, 

one major goal in the field of chemistry is to obtain a „molecular movie“ of a chemical 

reaction, by following the evolution of an elementary process along its reaction 

pathway in real time. This should lead to a deeper insight into reaction mechanisms 

and intermediate states governing chemical reactivity.  

 

Fig. 1.1 Typical timescales of dynamical example phenomena highlighting ultrafast 

nonradiative elementary processes. Inset: illustrated singlet/triplet state potential curves for 

bimetallic complexes featuring metallophilic contacts (see chapter 2) as a function of metal-

metal distance. Sketches taken from Refs. [1-3]. 

The growing field of Femtochemistry, which was pioneered by the 1999 Nobel 

laureate Ahmed Zewail [4-7], is concerned with the exploration of ultrafast reaction 

dynamics [8], especially within the transition-state region of molecular elementary 

reactions (short-lived transient states), following the motion of electrons and 

atomic nuclei with fs time resolution. The major focus of this research area lies on 
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the investigation and tracking of light-induced ultrafast processes (excited-state 

dynamics), where photons represent reagents or products of photochemical 

reactions [9]. The reason for using (laser) light as the „tool of choice“ originates in the 

advent of sophisticated optical techniques that can readily produce and amplify 

femtosecond laser pulses (pulse duration 𝑡𝑝 < 100 fs, see chapter 6.2) in 

combination with the high speed of light (in vacuum, 𝑐 ≈ 3·108 m/s), which in turn 

facilitates the measurement of ultrafast excited-state relaxation processes, by 

utilizing a so called „pump-probe“ scheme [5].  

In a pump-probe spectroscopic experiment (see chapter 5.2) an ultrashort optical „pump“ pulse resonantly excites an ensemble of molecules, initiating the ensuing 

excited-state relaxation dynamics and photo-reactions, and serves as a temporal 

reference point („time zero“, 𝑡0). After a specified time delay (∆𝑡) the dynamic 

excited-state population is interrogated by a second „probe“ pulse, whose time delay 

with respect to the pump pulse is controlled via an optical delay line by changing its 

optical pathway. In an ideal case, the absorption of probe pulses is specific to 

particular transient states (excited-state absorption) or rapidly generated 

photoproducts, and induces a specific system response (signal), e.g. change in 

absorption, fluorescence or fragment yield, provided that the molecular target 

system is transparent for the probe irradiation in its electronic ground state. By 

repeated measurements with sequential increments of pump-probe delay (∆𝑡), the 

time evolution of excited-state population transfer is sampled. The resulting 

transient signal 𝑆(∆𝑡), is then fitted by applying appropriate kinetic models from 

which the time constants (𝜏𝑖), reflecting the lifetime of specific transient states, can 

be extracted. The most commonly extablished ultrafast spectroscopic techniques 

are transient broadband absorption spectroscopy (TA) [10-11], transient fluorescence 

up-conversion [10-13] and time-resolved photoelectron spectroscopy [11, 14].  

Upon photoexcitation, proceeding within ~ 1 fs [15], a so called Franck-Condon (FC) 

excited state [15] ( =̂ localized wavepacket [9]) is prepared, based on a „vertical“ 

excitation within the Born-Oppenheimer approximation [16], meaning that the system 

retains its nuclear geometry during electronic excitation. In this FC excited state the 
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system is typically in the ground state geometry, shifted from the equilibrium 

structure of the excited state potential surface, and all the ensuing elementary 

processes are launched from this starting point. Following photoexcitation, energy 

is redistributed within the electronic and vibrational configuration space of the 

system via a variety of ultrafast nonradiative deactivation pathways [11], typically 

involving structural changes (e.g. isomerization [17]) and crossings between 

singlet/triplet excited states, such as: intramolecular vibrational energy 

redistribution (IVR) [18-20], singlet-singlet / triplet-triplet internal conversion (IC) [20], 

singlet-triplet intersystem crossing (ISC) [20-23], charge transfer (CT) [20, 24], fast 

photodissociation (PD) in the case of small di/tri-atomic molecules [5], as well as 

solvent reorientation dynamics [25-28]. All these processes can occur within the range 

of femtoseconds to picoseconds (10-15 - 10-12 s) [11, 29] (see Fig. 1.1) and the lowest-

energy excited state is typically populated as an outcome (e.g. a long lived triplet 

excited state).  

However, the classical simplistic picture that excited-state evolution proceeds 

sequentially through temporally well separated elementary relaxation processes in 

a cascade type scheme, which may be a reasonable assumption for most purely 

organic molecules (𝜏𝐼𝑉𝑅 << 𝜏𝐼𝐶 << 𝜏𝐼𝑆𝐶), does not necessarily hold in the case of metal 

based molecular complexes, clusters or organometallic compounds. On the 

contrary, the early excited-state dynamics of ligand-facilitated transition metal (TM) 

complexes can become quite convoluted due to the fact that they exhibit a high 

density of electronic and vibrational states which can couple with each other. As a 

result the elementary relaxation processes typically proceed on similar timescales, 

competing with each other (𝜏𝐼𝑉𝑅 ⋚ 𝜏𝐼𝐶 ⋚ 𝜏𝐼𝑆𝐶) [11-12, 15, 29-30], which has been nicely 

demonstrated for the polypyridyl prototype complexes [M(bpy)3]2+ (M = Fe, Ru; bpy = 2,2‘-bipyridine) [11, 30-32]. Consequently, the elucidation of the excited state 

deactivation scheme for TM complexes and the assignment of experimentally 

determined time constants can become convoluted and may, in some cases, 

correspond to the kinetics of population transfer from one state into the other rather 

than being inherent to individual elementary processes [11].  
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In the context of light-induced dynamical phenomena and photochemistry, TM-

based molecular complexes have attracted great interest over the last decades [33-

35]. They feature unique photophysical and photochemical properties that make 

them favorable for various potential applications, encompassing (photo)catalysis [15, 

36], solar energy conversion (e.g. photovoltaic devices) [37-39], light emitting devices 

such as (phosphorescent) organic light-emitting diodes ((PH)OLEDs) [11, 40-42], 

chemical sensors [43-45], and light conversion into mechanical energy by so-called 

artificial molecular machines [46-49]. Additionally, TM-based compounds provide 

versatile tuning opportunities by chemical modifications (e.g. type of metal, 

nuclearity and ligands with functional groups), by which their emission properties 

can be controlled (quantum yield, emission wavelength, lifetime of emissive states) 

[35]. Many of their unique photophysical properties, differing from purely organic 

molecules, originate from the propensity of TM-based chromophors for efficient 

photo-induced charge separations enabled by the existence of intramolecular 

charge transfer states, governing photo-redox reactivity, with either metal-to-

metal- (MMCT), ligand-to-metal- (LMCT), or metal-to-ligand-(MLCT) charge-

transfer character [15]. In addition, very fast ISC and spin-change dynamics are often 

observed on account of energetically closely-lying singlet and triplet states and large 

spin-orbit coupling (SOC) constants of the metals [11]. However, there is growing 

evidence that SOC by itself may not be the most determining parameter with respect 

to ultrafast ISC dynamics [29-30]. For example, for the prototypical binuclear platinum 

complex [Pt2(pop)4]4- (pop = (P2O5H2)2-), a rather slow ISC rate has been found 

(𝜏𝐼𝑆𝐶 = 10-30 ps) [10-11] when compared to mononuclear [M(bpy)3]2+ (M = Fe, Ru) 

complexes (𝜏𝐼𝑆𝐶 ≤ 30 fs) [11, 30-32], despite higher nuclearity and larger atomic 

number.  

It is therefore an open and intriguing question, how metal nuclearity influences ISC 

rates and electronic and structural relaxation dynamics. Systematic investigations 

on simple binuclear models systems, exhibiting two metal centers in direct 

proximity to each other (M-M) (see Fig. 1.1), are therefore promising starting points 

in dealing with this topic. Among them are ligand-stabilized closed shell d10 coinage 

metal complexes (CMCs, M = Cu+, Ag+, Au+) that feature metallophilic contacts [50] 
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(see chapter 2), having received particular interest due to their intense room 

temperature luminescent properties [41, 45]. In this case, the auspicious elucidation 

of metal-centered excited state relaxation dynamics can potentially provide 

additional information from vibrational coherences [10, 51-55], enabled by coherent 

photoexcitation of FC-active metal-localized vibrational modes. These are to some 

extend decoupled from the ligand framework and provide information about the 

strength and character of M-M bonding interactions [10, 50].  

Since the interpretation of time-resolved experimental data of TM-based systems is 

usually ambiguous, often lacking information in order to distinguish between 

several kinetic models and the fact that environmental effects such as solvent 

dynamics typically being superimposed on and/or influence the intrinsic 

intramolecular deactivation pathways [25, 27-28, 53, 56], reliable predictions by 

sophisticated computational methods are highly desirable to rationalize the 

physico-chemical processes involved in the early excited-state dynamics. However, 

the simulation of ultrafast excited-state molecular dynamics, especially for larger 

molecules containing transition metals (tens to hundreds of atoms), is quite a 

challenge for theory due to the high density of electronic states, spin-orbit and 

nonadiabatic coupling between states and large dimensionality of the problem [21, 

29]. Therefore, the development of new experimental time-resolved tools, enabling 

the investigation of isolated and well defined systems in the gas phase, is crucial in 

order to assess the intrinsic intramolecular excited-state dynamics, to evaluate 

environmental effects (solvent molecules and counterions) on deactivation 

pathways by comparision between the isolated vs solvated system, and to provide 

benchmark data for theory.  

To summarize, the characterization of the photo-induced dynamics (excited state 

lifetimes, relaxation pathways, quantum yields, reactivity) of coinage-metal based 

molecular complexes, governing their photophysical, (photo)chemical and 

(photo)catalytic properties, is of fundamental interest and of high importance for 

the development, rational design, and synthetic optimization of new photonic 

materials for enhanced optical and catalytic processes. 
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2. The Metallophilicity Phenomenon 

Over the last few decades there has been a large number of observations which are 

suggestive of distinct inter- and intra-molecular attractive interactions, involving 

formally positively charged metal ions with a closed-shell [d10] and [d10,s2] 

electronic configuration (e.g. Cu+, Ag+, Au+ and Tl+) [57-62] as well as a pseudo-closed 

shell [d8] electronic configuration (e.g. Pt2+) [10, 50, 63-64]. On first glance, these homo- 

and/or heterometallic weak noncovalent „(M+-M+)“ bonding situations seem 

counterintuitive owing to the expectation of internuclear electrostatic repulsion. 

Since the concept of chemical bonding is paramount in chemistry, the question of 

the nature of this unconvential attraction, which appears to elude classical bonding 

concepts, is of fundamental interest [62-63, 65-70]. In fact, there is a rapidly growing 

number of publications on the subject of these metallophilic interactions (see Fig. 

2.1).  

 

Fig. 2.1 Number of publications by year based on a Web of Science survey on the topic „metallophilic interactions“, indicating a clear rise in interest on the topic (data retrieved 

november 2019).  

Most prominently, the metallophilic attraction beween d10 coinage metal ions have 

been suggested and repeatedly reviewed and scrutinized [62-63, 65-66, 69, 71-72]. Meanwhile, the terms „aurophilicity“ [68, 70, 73-75], „argentophilicity“ [72] and, more controversially, „cuprophilicity“ [71, 76] have been well established. This 
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nomenclature is linguistically derived from the latin words for the respective metals 

(Au: aurum, Ag: argentum, Cu: cuprum) and the greek word „philein“ which translates as „affinity“ [72]. According to Schmidbaur [68, 72], the variety of possible 

metallophilic bonding situations can be classified into a) intermolecular attraction 

(unsupported), and b) intramolecular M-M bonding, facilitated/enforced either by 

bridging ligands (semi-/fully-supported) or hyper-coordination by a central atom 

e.g. hypervalent carbon [77-79] (see Fig. 2.2).  

 

Fig. 2.2 Categories of intra/inter-molecular metallophilic interactions (indicated by dotted 

blue lines).  

The observation of metallophilic attraction, lacking a specific directionality, is not 

limited to metal pairs. Compounds of the univalent coinage metal ions (Cu+, Ag+, Au+, 

[nd10(n+1)s0] n=3, 4, 5) often display the propensity to form aggregates such as 

dimers, oligomers, clusters and two-/three-dimensional metallopolymers, which 

can display unique optical properties [35, 61, 72, 80-81]. This tendency for self-assembly 

is associated with a delicate interplay between various noncovalent interactions 

(driving forces) including among others: electrostatic attraction/repulsion, 

dispersion, hydrogen bonding and d10-d10 metallophilic bonding [62, 72]. It is therefore 

not further surprising that metallophilic bonding is highly sensitive towards 

environmental effects such as metal-solvent/-counterion interactions and other 

external stimuli (e.g. pressure, temperature, concentration) [56, 70, 82-87]. Thus, 

experimental studies with controlled and systematically parametrized settings are 

key for the elucidation of this phenomenon [57, 88]. In a recent study [82], the 
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unequivocal correlation between luminescence energy and Au-Au distance was 

evidenced, whereby metal-metal interaction could be enforced by the systematic 

increase of pressure in a diamond-anvil cell. Intriguingly, there seem to be an 

apparent correlation between luminescence properties and metal-metal distance, 

and therefore intermetallic interaction. Given the sheer complexity of prevailing 

forces in molecular systems, it is difficult to isolate the particular contribution of 

metallophilic bonding. Nearly isomorphic multinuclear model systems, allowing for 

the systematic variation of a single chemical parameter at a time (metal centers, 

nuclearity, ligands, counterions, charge state), are therefore a good starting point, in 

order to achieve a meaningful evaluation of intermetallic bonding strength and 

verifiable relationship between molecular structure and physicochemical 

properties [57, 75]. Thus, there is a clear need for a fundamental understanding of 

synergistic metallophilic attraction, with the objective of being able to tune 

photophysical properties of complexes by design [61, 81, 89]. Potential applications 

encompass luminescent materials, (chemo)sensors, (photo)catalysts, and 

(PH)OLEDs [35, 43-45, 83-84, 90-93]. Regarding the vast complexity of the topic of closed-

shell metallophilic interactions, being still subject of controversial debate [62-63, 65-70, 

72, 74], the following questions are integral: Which are the deciding criteria that 

indicate whether metallophilic attractions are operational? How can the 

intermetallic bonding/interaction energy be quantified? What are the origins of this 

seemingly unusual of chemical bonding? 

The presence of d10-d10 metallophilic contacts is most often recognized by X-ray 

crystallographic data, revealing short intermetallic separations significantly below 

the sum of van der Waals radii (𝑟𝑣𝑑𝑊 see Tab. 2.1) of the coinage metal atoms („sub-

van der Waals contact“) [63, 68, 72, 88, 94]. In this context, the lower end in the range of 

metallophilic M-M distances (M= Cu, Ag, Au), is marked by the covalent bond length 

observed for the respective M2 dimers in the gas phase (see Tab. 2.1). However, 

judging metallophilic attraction solely based on metal-metal distance and the sub-

van der Waals contact criterion is questionable since many other factors which can 

also determine intermetallic distances, involving ligands and counterions, need to 

be taken into account (packing/steric effects, coordination mode and number, 
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charge delocalization, non-covalent interactions) [72]. As for the concept of van der 

Waals radii of atoms, several definitions and differing values (𝑟𝑣𝑑𝑊) have been put 

forward [67, 94-97]. Therefore, the oversimplified evaluation of metallophilic 

interactions based on pairwise sum of van der Waals radii (Σ𝑟𝑣𝑑𝑊) should be taked 

with reservation [67]. However, as a general rule, metallophilic attraction is expected 

to decrease in strength with increasing coordination number [72]. This is mostly 

relevant in the case of Cu+ and Ag+ ions since they can easily adopt coordination 

numbers larger than two. In contrast, Au+ centers exhibit the distinct propensity to 

be in a linear two-coordinate state [70].  

Tab. 2.1 Summary of parameters relevant for the discussion of M-M interactions (M = Cu, Ag, 

Au), 2 ⋅ 𝑟𝑣𝑑𝑊: pairwise sum of van der Waals radii; 𝑟𝑖𝑜𝑛: ionic radii of M+; 𝑟𝑒: equilibrium 

distance in M2 dimer; 𝜈e: harmonic frequency of M-M stretching mode; 𝐷𝑒: binding energy. Last 

column: structural and vibrational parameters of [M2(LCy)2](anion)2 compounds (see Fig. 4.1 

A, LCy = bis(dicyclohexylphosphino)methane, anion = PF6-, ClO4-, CF3SO3-). 𝑟𝑀−𝑀: ground state 

M-M distance; 𝜈𝑀−𝑀 and 𝐹𝑀−𝑀: vibrational frequency and force constant of M-M stretching 

mode. 

M 2 ⋅ 𝑟𝑣𝑑𝑊 

/Å  

𝑟𝑖𝑜𝑛 (M+) 

/Å  

M2 dimer in gas phase 

(𝑟𝑒/Å; 𝜈e/cm-1; 𝐷𝑒/kJmol-1) 

[M2(LCy)2](anion)2,  

(𝑟𝑀−𝑀/Å; 𝜈𝑀−𝑀/cm-1; 𝐹𝑀−𝑀/mdyn Å-1) 

Cu 2.80 [94], 1.13 [98] (2.22; 266; 201) [99-100] (2.73; 104; 0.20) [57] 

Ag 3.44 [94] 1.33 [98] (2.53; 192; 163) [72, 99, 101] (2.96; 80; 0.20) [57] 

Au 3.32 [94] 1.25 [98] (2.47; 191; 224) [99] (2.92; 88; 0.45) [57] 

 

A better diagnostic tool for the evaluation of attractive d10-d10 interactions is the 

occurrence and frequency of the M-M vibrational stretching mode (�̃�𝑀−𝑀) [102]. Thus, 

the intermetallic bond strength in binuclear compounds can generally be correlated 

with vibrational force constants (𝐹𝑀−𝑀), which can be derived from data of Raman 

spectroscopic experiments and enable a better comparison between systems [50, 57, 

72, 103-104]. A prototypical example for fully-supported d10-d10  interactions is 

represented by the [M2(LCy)2]2+ system (LCy = bis(dicycloheylphosphino)methane, M 

= Cu, Ag, Au, see Fig. 4.1 A) [57], featuring sub-van der Waals contacts for all 

homometallic congeners (𝑟𝑀−𝑀, cf. Tab. 2.1). In this case, low frequency stretching 

vibrations in the range of �̃�𝑀−𝑀 = 80-104 cm-1 were reported, indicative of 
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significant „M+-M+“ bonding contributions in the electronic ground state [57]. Here, 

the largest force constant was obtained for the Au-Au system (𝐹𝐴𝑢−𝐴𝑢 = 0.45 mdyn 

Å-1, 1 mdyn = 10-8 N), which is approximately double the value found for the Ag-Ag 

congener (𝐹𝐴𝑔−𝐴𝑔 = 0.20 mdyn Å-1), although both intermetallic distances 𝑟𝐴𝑢−𝐴𝑢 

(2.92 Å) and 𝑟𝐴𝑔−𝐴𝑔 (2.96 Å) were found to be similar (Tab. 2.1). Based on structural 

and spectroscopic data of a selected set of bimetallic compounds, an empirical linear 

correlation between intermetallic distance 𝑟𝑀−𝑀 and ln(𝐹𝑀−𝑀) was found [57]. In 

addition, metallophilic bonds in multinuclear coinage complexes can also be 

correlated with distinct UV/Vis absorption and photoluminescence characteristics 

originating from ligand-to-metal-metal charge transfer (LMMCT) or metal-centered 

(MC) transitions [57, 72, 84].  

Despite the large variety of available structural data on closed-shell coinage metal 

contacts, only a few experimental studies exist on the determination of their bond 

energy. Based on experimental evidence (e.g. temperature-dependent NMR and 

Raman spectroscopy [69]) and predictions by theory, the binding energy for aurophilic „Au+-Au+“ pairs is estimated to be in the range of approx. 20-65 kJ/mol 

[62-63, 68, 70-73, 75], which is comparable or slightly larger to that of hydrogen bonding 

[105-107]. In addition, the wide range of evidenced M-M distances (𝑟𝐴𝑢−𝐴𝑢: 2.8-3.5 Å) 

[70] is indicative of a flat potential energy profile, placing aurophilicity in the category 

of weak forces in between standard van der Waals attraction and hydrogen bonding  

[70]. A recent combined experimental and theoretical study on the fragmentation 

behavior of isolated ([(LH)AuCl]+···[(L‘)AuCl]) dimers in gas phase assessed the „pure“ aurophilic interactions energy to be 25-30 kJ/mol [75]. Concerning the 

comparison of homometallic bond strength among Cu+, Ag+ and Au+ centers, 

aurophilic interactions are considered to be the strongest or similar in strength than 

argentophilic bonding, whereas cuprophilic interactions are typically much more difficult to discern. Hence, the order of „M+-M+“ bonding strength is suggested to be Au ≥ Ag > Cu [57, 62, 65, 70-72, 76]. However, it should be noted that there are also reports of argentophilic interactions exceeding those between „Au+-Au+“ centers [58, 108]. In addition, the existence of the presumable „weak“ cuprophilic interactions were the 
first to be demonstrated among the coinage metals, by combined X-ray and electron 
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diffraction experiments on cuprous oxide (Cu2O) [109-110]. In summary, it has to be 

noted that the order of metallophilic bond energies among the coinage metal triad 

is still controversial and subject to debate, presumably since the origin of this 

attraction is still not fully understood and may also be strongly dependent on the 

nature of the ligands and other inherent factors of the respective systems [66]. On this 

topic, Pyykkö fittingly commented: „When comparing the three coinage metals, only silver is normal“ [69].  

A similar picture of ambiguity is drawn concerning the mechanism of metallophilic 

bonding. Despite the fact that several computational studies have been conducted 

over the years, utilizing a variety of high-level theoretical methods, no consensus on 

the origin of closed-shell metal-metal attraction has been reached [58, 65-67]. The most 

commonly accepted theory suggest that this phenomenon can be regarded as 

another case of an electron correlation / London dispersion type interaction which 

is enhanced by relativistic effects [62-63, 69-70, 73-74, 111-112]. The best indication for the 

dispersion character of metallophilic bonding is represented by theoretical studies 

predicting a „ 𝑉(𝑅) ∝  − 𝑅−6“ dependency for interatomic potential energy curves 𝑉(𝑅) (𝑅: metal-metal distance) [69, 74]. Since metallophilic attractions are stronger than „typical“ van der Waals bonding interactions [69, 111], the term „Super van der 

Waals interaction“ has also been put forward [69, 73]. However, besides dispersion, 

electron correlation and relativistic effects, it has also been suggested that both 

orbital interactions and Pauli repulsion may also play a significant role concerning „M+-M+“ bond strength [65-66, 83]. In summary, the metallophilicity phenomenon is 

most likely based on a collective set of synergetic, system-specific interactions 

which are difficult to entangle.  
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3. Aim and Motivation  

The chief topic of this thesis lies in the exploration of photo-enhanced d8/d10 

metallophilic interactions and the question on how they govern ultrafast dynamical 

as well as structural and reactive molecular properties of multinuclear coinage 

metal complexes.  

 

Fig. 3.1 Left: Illustration of (photo)-induced metallophilic bonding between cationic d8/d10 

metal centers (M) accompanied by shortening of metal-metal distance in electronic excited 

states. Middle: Scheme of molecular orbitals involved in metallophilic bonding as result of 

photoexcitation [10, 28, 50, 53-59, 64, 102, 113-119] or reductive electron transfer [64, 120-121]. Symmetries 

of metal-centered (MC) molecular orbitals are labeled with regard to the M-M axis as bonding (σ) or antibonding (σ*). Right: Frontier orbitals of the binuclear [Pt2(pop)4]4- (pop = (P2O5H2)2-

) complex taken from Ref [122] (see Fig. 4.1 D). 

Metallophilicity [68, 72], i.e attractive interactions between closed-shell d8/d10 metal 

cations, can give rise to new electronic states which often lead, after ptotoexcitation, 

to enhanced intermetallic bonding (M-M) as illustrated by Fig. 3.1. The 

photoexcitation of these metal-metal bonding excited states typically involve the 

promotion of an electron from a metal-centered (MC) orbital with M-M antibonding 

character (or from a ligand-centered (LC) orbital) [121, 123] into a M-M bonding 

orbital, resulting in significant shortening of the M-M distance [10, 28, 50, 53-59, 64, 102, 113-

119]. Intriguingly, the selective excitation of these chromophors can be leveraged to 
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facilitate and probe vibrational wavepackets (coherent nuclear motion) that 

oscillate with the frequency of the Franck-Condon active (M-M) stretching normal 

modes, giving access to information on the type and strength of intermetallic 

chemical bonding [10, 28, 54-55, 113, 124]. Alternatively, metallophilic bonding can also be 

enhanced by reductive electron transfer (e.g. by electrochemical reduction [64, 120] or 

by gas phase anion-cation reactions [121]). 

The methods addressed in this thesis were mainly developed within the framework 

of the collaborative research center „Cooperative Effects in Homo- and Heterometallic 

Complexes (abbrev. 3MET)“, which is a collaboration of the Technische Universität 

Kaiserslautern (TUK) and the Karlsruhe Institute of Technology (KIT) [125]. Among 

others, the main objective of 3MET is the assessment of intermetallic electronic 

coupling in multinuclear transition metal complexes, aiming for an understanding 

on a fundamental level in order to predict and potentially tailor their optical, 

magnetic, and catalytic properties. Of particular interest are synergetic interactions 

between multiple metal centers, so called cooperative effects, which have been 

categorized according to a) functional, b) enthalpic and c) entropic cooperativity, 

within the terminology of 3MET [125-127]. As an example, functional intermetallic 

cooperative effects manifest themselves e.g. in specific optical properties, which are 

absent or significantly differ from those in homologous or related systems 

comprising only a single metal center, e.g. characteristic metal-centered electronic 

transitions, luminescence, energy/electron transfer processes, and vibrational 

coherences. Specifically, this work was conducted within the 3MET project C4 titled 

Ultrafast Molecular Dynamics in Metal Complexes [125] which constitutes a 

collaboration between Prof. Dr. R. Diller (TUK, physics department) and Priv.-Doz. 

Dr. C. Riehn (TUK, chemistry department), combining methods of time-resolved 

laser spectroscopy both in the gas phase (Riehn) and condensed/bulk phase (Diller). 

This combination of experimental techniques facilitates the investigating of 

transition-metal-based complexes as molecular ions in isolation, as well as in an 

environment of solvent molecules and counterions, aiming to distinguish intrinsic 

intramolecular photophysical properties from those brought about from the 

chemical environment.  
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For these investigations, firstly, suitable molecular target systems had to be 

identified that fulfill the following requirements: a) exhibit potential metallophilic 

contacts, b) show distinct absorption features, providing selective optical access to 

metal-metal bonding excited states, in absence of superimposing ligand-centered 

chromophors (spectroscopically „silent“ ligands), c) bear a net electric charge 

(cations or anions) and d) be stable enough to be transferred into the gas phase by 

electrospray ionization (ESI). Additionally, the target systems should ideally 

support a modular approach that allow for small chemical modifications without 

major structural changes, enabling the direct comparison of photophysical 

properties of congeners by isomorphic exchange of type and number of metal ions 

(homo/hetero-metallic, nuclearity), ligand moieties (homo/hetero-leptic) and 

counterions. An overview of selected systems that partially or fully satisfy these 

parameters is provided in the next section (Fig. 4.1). 

In essence, this thesis focuses on gas phase studies on mass-selected multinuclear 

d8/d10 coinage metal complexes (M = Pt2+ / Cu+, Ag+, Au+), combining electrospray 

ionization mass spectrometry (ESI-MS) and laser ion spectroscopy in order to 

explore their static and dynamical photo-physical properties and the role of 

functional cooperative metallophilic interactions therein. For this purpose, intact 

molecular precursor ions (𝑷𝑛±, 𝑛 = 1-3) were „gently“ transferred into the gas phase 

by electrospraying respective analyte sample solutions. The ESI ion source is 

connected to a commercial three-dimensional quadrupole ion trap mass 

spectrometer (3D-QIT-MS) enabling the isolation of mass-selected ions, their 

storage, and subsequent mass analysis. In addition, the 3D-QIT is modified to accept 

UV/Vis/NIR radiation from a fs laser system used to photoexcite the trapped precursor ions. The versatile capabilities of the „Paul-type“ ion trap in combination 
with laser irradiation represents a „gas-phase photochemical ion laboratory“ [128-129]. 

It provides a powerful platform to study the gas phase reactivity and dissociation 

pathways of stoichiometrically well-defined target systems when subjected to 

multiple activation/dissociation methods such as a) „heating“ by multiple collisions 

with neutral helium atoms (CID), b) exoergic reductive electron transfer or 

dissociation by anion-cation recombinations (ET(D/R)) and c) ultraviolet laser 
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radiation ((UV)-PD). In the context of this work, an „arsenal“ of complementary ion-

trap based mass spectrometic and laser spectroscopic techniques was employed 

(see Fig. 3.2). Only by this multi-method approach, the intricate task of evaluating 

the intrinsic optical and structural properties and cooperative effects of 

multinuclear transition metal complexes could be approached.  

 

Fig. 3.2 Mass spectrometric and laser spectroscopic methods employed within the context of 

this thesis for the investigation of gaseous transition metal complexes in an ion trap (ET(D/R) 

[121, 130-132], CID [133-141], (UV)-PD [129, 142-151], -PD [152-161]). Complementary experimental and 

theoretical methods that were utilized by cooperation partners within the collaborative 

research center (3MET) [125] and the FELIX laboratory [162] (combined ET(D/R)/IRMPD [163]) 

are highlighted. 

In particular, static photodissociation (UV-PD) and time-resolved pump-probe (-

PD) action spectroscopic techniques were employed on trapped ions (close to room 

temperature) to ascertain electronic transition energies and to fathom ultrafast 

excited-state deactivation kinetics following resonant photoexcitation. For this type 

of action spectroscopy [129, 147], instead of measuring the direct absorption of photons, 

the photo-induced fragmentation of stored precursor ions is monitored in 

percentage of detectable ionic fragments after hundreds of milliseconds of storage 

time (chapter 5.1). In the case of -PD experiments, transient changes in the 
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fragmentation pattern (relative increase/decrease of fragment-specific signal 

Intensities) are monitored as a function of pump-probe time delay (chapter 5.2).  

Previous to this work, methods combining ESI ion sources with time-of-flight (TOF) 

or quadrupole ion-trap (QIT) mass spectrometers and femtosecond laser sources, 

developed for time-resolved photodissociation ion spectroscopy, had already been 

pioneered to protonated amino acids [154-155, 159], dipeptides [153, 157] and other 

aromatic organic molecules [156, 158]. One major objective of this thesis is to ascertain 

whether the -PD method can be effectively deployed on cationic/anionic 

multinuclear TM complexes (with their high density of electronic states, and fast ISC 

dynamics) and to optimize the appropriate experimental conditions (e.g. pulse 

energy, wavelength, number of pulses, polarization, temporal and spatial overlap). 

It was therefore an important question whether triplet excited-state populations of 

metal complexes can be probed within this detection scheme and also whether 

information of electronic, vibrational or rotational coherences could be mapped 

onto transient fragment yields.  

Furthermore, the suitability of primary and secondary ionic fragments as valid 

reporters of excited-state dynamics had to be clarified, given the large potential of 

information scrambling by: interplay and combinations between various 

fragmentation pathways, the large separation of timescales between signal-

generating processes (fs-ps excited-state dynamics, (fs)-µs dissociation depending 

on the fragmentation mechanism, ion detection after milliseconds), and effects of 

multiphoton absorption, photoexcitation of fragments (multiple-pulse experiment) 

and secondary fragmentation (dissocation of fragments). 
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4. Outline 

This thesis is mainly based on five peer-reviewed publications (Publication 1-5) [121, 

123, 164-166] covering the mass spectrometric and laser spectroscopic characterization 

of ionic multinuclear coinage metal complexes. A brief overview of the investigated 

molecular systems pertaining to each individual research study is provided below 

(Fig. 4.1).  

 

Fig. 4.1 Overview of studied multinuclear target systems featuring metallophilic contacts [121, 

123, 164-168]. The molecular ions under investigation encompass: A) bisphosphine-bridged di-

silver complexes [Ag2(LCy/Me)2]2+ (LCy = dcpm = bis(dicyclohexylphosphino)methane, LMe = 

dmpm = bis(dimethylphosphino)methane) and the chlorido adducts [Ag2(Cl)(LCy/Me)2]+, B) a 

triangular tri-silver hydride complex [Ag3(H)(LCy)3]2+, C) (BF4)- adducts of an octaedric 

hexagold cluster containing a hypercoordinated carbon center and two Ag+ ions at its apexes 

[Au6Ag2(C)(dppy)6+(BF4)x/(x-1)(-H)0/1](4-x)+ (x = 1, 2; dppy = 2-pyridyl-diphenylphosphine, 

schematic structure modified from Ref. [169] ), D) dianionic H+, K+, Ag+ adduct species of the 

pyrophosphite-stabilized, square-planar diplatium complex [Pt2(pop)4+X,Y]2- (X,Y = H, K, Ag, 

pop = (P2O5H2)2-).  
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4.1. Publication 1 (PCCP) 

Ultrafast Excited-State Relaxation of a Binuclear Ag(I) Phosphine Complex in Gas 

Phase and Solution, S. V. Kruppa, F. Bäppler, W. Klopper, S. P. Walg, W. R. Thiel, R. 

Diller, C. Riehn, Physical Chemistry Chemical Physics 2017, 19(34), 22785-22800 

(2017 PCCP HOTArticles). [164] 

Publ. 1 reports on the excited state dynamics of the bisphosphine-bridged binuclear 

silver complex [Ag2(LCy)2]2+ (see Fig. 4.1 A), exhibiting short argentophilic contacts 

(dAg-Ag = 2.94 Å [170]). Motivated by previous resonance Raman investigations of 

[M2(LCy)2]2+ (M = Cu, Ag, Au) [57] congeners and a fs time-resolved study on 

[Au2(LCy)2]2+ in solution and solid state [56], the [Ag2(LCy)2]2+ system has been 

selected for comparison of gas phase and solution dynamics. Moreover, it features 

UV optically transparent aliphatic phosphine ligands (LCy) which allow specific 

addressing of the „[Ag2]“-chromophore by UV-irradiation. It has been established 

before that excitation of the dipole-allowed 1MC(dσ*-pσ) transition is accompanied 
by contraction of the Ag-Ag distance as a result of enhanced intermetallic bonding 

in the electronically excited state [57]. Here, the consequences of photo-enhanced 

metallophilic bonding in the [Ag2(LCy)2]2+ model system are explored with respect 

to absorption/luminescene properties, ultrafast excited-state relaxation pathways 

and gas-phase reactivity. The relevant electronic states were characterized by 

recording the gas-phase UV photodissociation spectra and absorption/luminiscence 

spectra in acetonitrile, and assigned on the basis of quantum chemical calculations 

of the size-reduced [Ag2(LMe)2]2+ model (cyclohexyl groups substituted for methyl 

groups) on the coupled-cluster singles-doubles (CC2) level of theory. The results of 

transient photodissociation (-PD) ion spectroscopy and femtosecond transient 

absorption (TA), gas phase and solution phase experiments, respectively, are 

presented and compared in order to disentangle and evaluate the intramolecular 

(intrinsic) and intermolecular (solvent and counterion related) processes. In 

addition, the suitability of primary and secondary ionic fragments as valid markers 

for PD/ -PD ion spectroscopy, in the wavelength as well as in the time domain, was 

explored with respect to potential scrambling of information (e.g. multi-photon/-
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pulse absorption and „dark“ fragmentation channels). Collisional- and photo-

induced dissocation pathways were elucidated by means of multi-stage MS2 and MS3 

CID/PD experiments. 

4.2. Publication 2 (JPCLett) 

Vibrational Coherence Controls Molecular Fragmentation: Ultrafast Photodynamics of 

the [Ag2Cl]+ Scaffold, S. V. Kruppa, F. Bäppler, C. Holzer, W. Klopper, R. Diller, C. Riehn, 

The Journal of Physical Chemistry Letters, 2018, 9(4), 804-810. [123] 

Publ. 2 focuses on the photophysical properties of the „[Ag2Cl]+“ scaffold under 

isolated conditions. Having the d10-d10 complexes [Ag2(LR)2]2+ (R = Cy, Me) already 

idenified as versatile model systems, enabling the study of intrinsic molecular 

properties [164], the leading questions of this investigation were how the addition of 

anions (e.g. halides) to the „[Ag2]2+“ core affects metal-metal interaction, excited-

state dynamics, including generation of coherent vibrational wavepackets, and gas 

phase reactivity. To this end, both [Ag2(Cl)(LCy)2]2+ and [Ag2(Cl)(LMe)2]2+ molecular 

ions, were generated via ESI from appropriate sample solutions and mass 

spectrometrically characterized in an ion trap. Their gas phase UV spectra, obtained 

via UV-PD ion spectroscopy, are presented and compared. In addition, quantum 

chemical computations on the size-reduced [Ag2(Cl)(LMe)2]2+ system report on the 

assignment of electronically excited states, their character, and ground state 

geometric structure. Finally, the femtosecond excited state dynamics of mass-

selected [Ag2(Cl)(LCy)2]2+ precursor ions were studied in an ion trap at room 

temperature, utilizing the previously introduced pump-probe transient 

photodissociation (-PD) method, detailing unexpected correlations between the 

phase of vibrational wavepackets and reported fragment types and yields. 
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4.3. Publication 3 (ChemEurJ) 

Photoinitiated Charge Transfer in a Triangular Silver(I) Hydride Complex and its 

Oxophilicity, S. V. Kruppa, C. Groß, X. Gui, F. Bäppler, B. Kwasigroch, Y. Sun, R. Diller, 

W. Klopper, G. Niedner-Schatteburg, C. Riehn, W. R. Thiel, Chemistry A European 

Journal, 2019, 25(48), 11269-11284 (VIP Paper, Cover Picture). [121] 

Publ. 3 represents a multidisciplinary and comprehensive photophysical and 

chemical characterization of the novel triangular silver(I) hydride complex 

[Ag3(H)(LCy)3]2+ ( =̂ [P]2+, Fig. 4.1 B) in the gas and bulk phases (crystal, solution), 

reporting on its chemical synthesis, molecular structure, electronic states, optical 

absorption/luminescence properties and gas phase reactivity. Building on previous 

work on binuclear phosphine-stabilized silver complexes (Publ. 1 and 2) [123, 164], the 

objective here was to increase the nuclearity of metal centers while utilizing the spectroscopically „inert“ LCy bis-phosphine ligands. The design of this equilateral triangular „[Ag3H]“ core was inspired by previous reports on the related 

[Ag3(H)(LPh)3]2+ (R = Ph, phenyl) [171] and [Cu3(H)(LCy)3]2+ [172] complexes. 

Complementary analytic methods were used including NMR, X-ray diffraction, 

CID/ETD mass spectrometric techniques, UV/Vis absorption and luminescence, and 

UV-PD laser spectroscopy along with high-level quantum chemical computations. In 

particular, the gas phase reactivity of [P]2+, i.e. fragmentation pathways and ion/ion 

or ion/neutral reactions, was explored in an ion trap as a function of collision-

induced („thermal“), photo-induced, and electron transfer (reduction) ion activation 

methods. The latter leads to the formation of radical monocations which exhibit an 

unprecedented activation of dioxygen (O2) in the ion trap. Focusing on the „[Ag3H]“-

centered chromophore, the electronic structure and nature of electronic transitions 

were elucidated via UV-PD ion and UV/Vis absorption/luminescence spectroscopy 

in concert with (GW-BSE) quantum chemical calculations. 
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4.4. Publication 4 (JPCA) 

Gas-Phase Photoluminescence and Photodissociation of Silver-Capped Hexagold 

Clusters, J.-F. Greisch, A. Ballester-Caudet, S. V. Kruppa, Z. Lei, Q.-M. Wang, C. Riehn, 

F. Remacle, The Journal of Physical Chemistry A, 2018, 122(27), 5799-5810. [165] 

Publ. 4 scrutinizes the combined radiative and non-radiative 

deactivation/fragmentation pathways of gaseous phosphine-stabilized, silver-

capped hexaauriomethane clusters of type [Au6Ag2(C)(dppy)6+(BF4)x](4-x)+ and 

[Au6Ag2(C)(dppy)6+(BF4)(x-1)(-H)](4-x)+ (x = 1, 2; dppy = 2-pyridyl-

diphenylphosphine, see Fig. 4.1 C). These complexes feature a hypercoordinated 

carbon center and Au-Au and Ag-Au interactions within the bicapped octahedral „Au6Ag2“ motif. Polynuclear Au(I) complexes have attracted considerable interest 

due to their bright, long-lived luminescence in the visible spectral region [77, 173-174], 

making them promising candidates for application in (PH)OLEDs or luminescence 

sensing [91]. The Au(I)-Ag(I) target compound [Au6Ag2(C)(dppy)6](BF4)4 is a functionalized derivative of the „Schmidbaur-type“ cluster [Au6(C)(PPh3)6](BF4)2 

[79], with PPh3 phosphine ligands replaced by dppy, providing coordination sites for 

additional silver(I) ions. The doping of Ag/Au clusters with respective heterometals, 

is generally targeted towards the optimization of their luminescence properties 

(intensity and quantum yield) [77, 173, 175-176]. Here, for the investigated 

[Au6Ag2(C)(dppy)6](BF4)4 system, the addition of two Ag(I) ions results in a strong 

enhancement of luminescence intensity in solution, presumable due to steric 

shielding of the cluster core and the generation of new emissive states [77, 173]. The 

fact that the chemical environment, such as solvent molecules and counterions, has 

been found to drastically impact the excited-state dynamics and luminescence 

properties of [Au6Ag2(C)(dppy)6](BF4)4 [174] was the chief motivation for the here 

presented gas phase study, combining Photoluminescence (PL) and 

Photodissociation (PD) laser spectroscopy. Here, PD and PL spectra of mass-

selected precursor cations, generated via ESI, were recored in order to elucidate the 

influence of BF4- counterions, the cluster charge state, and losses of „HBF4“ on the 

optical properties of the cluster. Dual emission observed by PL was traced back to 
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emission of fragment ions presumably formed by loss of the capping Ag(I) ions. In 

addition, TD-DFT calculations supported the assignment of the electronic 

transitions and emissive triplet states. 

4.5. Publication 5 (IJMS) 

Fragmentation pathways of dianionic [Pt2(µ-P2O5H2)4 +X,Y]2- (X,Y = H, K, Ag) species 

in an ion trap induced by collisions and UV photoexcitation, S. V. Kruppa, Y. Nosenko, 

M.-O. Winghart, S.P. Walg, M.M. Kappes, C. Riehn, International Journal of Mass 

Spectrometry, 2016, 395, 7-19. [166] 

Publ. 5 explores the collisional and photo-induced dissociation pathways of H+, K+, 

Ag+ countercation adducts of the prototypical d8-d8 diplatinum complex 

[Pt2(pop)4]4- (see Fig. 4.1 D), representing the first gas phase study of this well-

known and extensively in solution investigated anionic complex [10, 15, 50, 115]. 

[Pt2(pop)4]4- is known for its unique photochemical properties featuring a platinum-

centered 1MC(dσ*-pσ) transition, which is associated with an enhancement of Pt-Pt 

bonding interaction in electronic excited states and concomitant shortening of the 

Pt-Pt distance upon photoexcitation [10, 115]. Additionally, [Pt2(pop)4]4- in its long-

lived triplet excited state is prone to form exciplexes with Ag+/Tl+ in aqueous 

solution. In the case of „Ag/[Pt2(pop)4]“ exiplexes, a linear axial coordination motiv „Ag-Pt-Pt-(Ag)“ was proposed on the basis of time-resolved X-ray studies in solution 

and supported by DFT calculations [176]. However, the molecular structures of Ag(I) 

adducts of [Pt2(pop)4]4-, in the electronic ground state had been unknown. In order 

to close this knowledge-gap, mass-selected [Pt2(pop)4+X,Y]2- (X,Y = H, K, Ag) 

molecular dianions were probed by laser irradiation in an ion trap. The observed 

fragment channels, i.e. electron detachment, ionic and neutral fragmentation, are 

strongly influenced by counterion coordination. A side-on cation binding motif was 

inferred from these results and compared to DFT calculated molecular structures. 

Finally, the UV-PD ion spectra of [Pt2(pop)4+X,Y]2- are presented and shown to 

match nicely (for X,Y = H, K) the UV absorption spectrum of K4[Pt2(pop)4] in aqueous 

solution.   
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In addition to Publications 1-5, two conference proceedings [167-168] and two joined 

publications [14, 177] are enclosed. For the two conference proceedings [167-168]: the 

first one reports preliminary results on the [Ag2(LCy)2]2+ and [Ag2(Cl)(LCy)2]+ species 

(see Fig. 4.1 A) which are elaborated in greater detail in Publ. 1 (PCCP) and Publ. 2 

(JPCLett); the second builds upon the findings of Publ. 2 (JPClett) and additionally 

covers preliminary data on the size-reduced [Ag2(Cl)(LMe)2]+ system in comparison 

to [Ag2(Cl)(LCy)2]+. For the two joined publications [14, 177]: the first one accounts for 

static and time-resolved photoelectron spectroscopy of gaseous [Pt2(pop)4+H,H]2- 

ions (see Fig. 4.1 D) that has been conducted by Dr. Marc-Oliver Winghart in the 

group of Prof. Dr. Kappes (KIT, Karlsruhe), in parallel to the research presented in 

Publ. 5 (IJMS); the second relates to the doctoral thesis of Dr. Christoph Kaub [178] 

from the group of Prof. Dr. Roesky (KIT, Karlsruhe), and contains the mass 

spectrometric characterization of NHC (N-heterocyclic carbene) complexes of d10 

metal cations (M = Cu+, Ag+, Au+, Zn2+, Cd2+,Hg2+). 
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5. Electronic Photodissociation Ion Spectroscopy 

5.1. Static UV-PD action spectroscopy 

In contrast to conventional absorption spectroscopy, which is based upon the 

measurement of light absorption of a sample according to the Lambert-Beer law [20], 

the low density of ions that are typical attainable in the gas phase makes it 

challenging to detect the according subtle differences in light intensities. Although 

direct optical absorption spectra of gaseous ions have been successfully recorded 

[179-182], methods based on so called „action spectroscopy“ [20, 129, 142-151] which depend 

on an observable action as a related consequence of light absorption 

(photoresponse), are more widespread due to the fact that they are usually 

technically less demanding [183] and generally provide a better signal-to-noise ratio. 

Among them, photodissociation (PD) action spectroscopy relies on monitoring the 

extent of fragmentation of targeted (multiple) charged precursor ions (𝑷𝑛±, 𝑛≥1, see 

Fig. 5.2) in a mass spectrometer as surrogate signal for photon absorption as a 

function of wavelength. Selected reviews that give an overview on photodissociation 

techniques for the field of ion spectroscopy are provided by Refs. [129, 180, 184-188]. 

Besides other photon-based ion activation/dissociation methods in X-ray [189-190] 

and infrared [191-192] spectral ranges, this thesis is primarily focused on electronic PD 

spectroscopy utilizing UV/(Vis) photons (abbrev. UV-PD). The experimental setup, combining a „Paul“-type quadrupole ion-trap mass spectrometer (3D-QIT) with two 

wavelength-tunable femtosecond laser systems, is described in detail in the 

experimental section (chapter 6). Conceptionally, the 3D-QIT facilitates the isolation 

of a gaseous ensemble of spatially confined, mass-selected target ions („ion cloud“) 
that can be stored for a controlled timeframe within tens to hundreds of 

milliseconds (𝑡𝑓𝑟𝑎𝑔., chapter 6.1.6), during which the precursor species can interact 

with a laser beam (multiple-shot experiment, pulse repetition rate ~ 1 kHz). 

Subsequently, mass analysis is performed yielding a mass spectrum of remaining 

precursor and photofragment ion signal intensities as a function of mass-to-charge 
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ratio (m/z). Hence, the main observables in a UV-PD spectroscopic experiment are: 

intensity of ion signals, m/z, and photon energy 𝐸ℎ𝜈 or wavelength 𝜆, see Fig. 5.1).  

 

Fig. 5.1 Schematic representation of the correlation between resonant single-photon 

absorption (gas phase absorption spectrum, grey line) and photodissociation action (PD action 

spectrum, black dots) as a function of photon energy (𝐸ℎ𝜈). a) Schematic energy diagram 

corresponding to UV/(Vis) photoexcitation of gaseous precursor ions from their electronic 

singlet ground state (𝑆0) into 𝑆𝑛 (𝑛≥1) excited states, and ensuing dynamical processes within 

the excited-state manifold (FC: Franck-Condon state, 𝑆𝑚/𝑇𝑚: excited singlet/triplet states, 𝑛≥𝑚). b) Exemplified potential curves along a dissociative reaction coordinate (RC), distinguishing between a „repulsive“ or „bound“ character of respective fragmenting states 

(vibrationally excited 𝑆𝑛 , 𝑆0, 𝑆𝑚/𝑇𝑚 states). c) Illustrated PD action spectrum (𝐸ℎ𝜈  versus 

dissociation cross section 𝜎𝑑𝑖𝑠𝑠.).  

Figuratively speaking, the ion trap represents an ideal „test tube“ [191] for the study 

of gas-phase reactions and intrinsic optical properties of analyte ions under isolated 

conditions, i.e. the absence of solvent molecules, counter ions or other 

environmental effects. In principle, PD action spectra should be directly comparable 

to calculated electronic spectra, thereby providing a benchmark for the accuracy of 

computational methods. By comparing gas phase absorption with absorption in 

condensed phase, information on molecule-solvent or molecule-counterion 

interactions may be obtained e.g. from solvatochromic shifts [145, 193-195]. An 

additional advantage is the low sample requirement paired with the sensitive ion 

detection, rendering PD spectroscopy a powerful investigative tool for the 
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characterization of reaction intermediates or other transient species which are 

difficult to detect by conventional solution-phase methods [129].  

In the following, the principle of UV-PD spectroscopy will be simply elucidated with 

the aid of Fig. 5.1. Energetically, electronic transitions are generally linked with 

vibrational excitation of the FC modes of the respective chromophor (initial energy 

deposition). Here, the „strength“ of the electronic (vibronic) transition, reflected by 

the cross section for photon absorption 𝜎𝑎𝑏𝑠.(𝜆), is approximately governed by the 

electronic transition moment as well as the respective FC factors [20], and hence is 

dependent on photon energy (wavelength) [196]. The main premise in order to be 

able to reconstruct the linear gas phase absorption spectrum (𝜎𝑎𝑏𝑠. vs. photon 

energy, grey inset of Fig. 5.1) from photofragment mass spectra, is the assumption 

of a linear relationship (proportionality) between 𝜎𝑎𝑏𝑠.(𝜆) and the experimentally 

determined dissociation cross section 𝜎𝑑𝑖𝑠𝑠.(𝜆). This begs the questions of which 

conditions have to be satisfied for this (𝜎𝑑𝑖𝑠𝑠. ∝ 𝜎𝑎𝑏𝑠.) to be true and which 

parameters play a decisive role in this context. 

First, following photon absorption, the energy that is imparted on the system must 

be sufficiently large to induce dissociation on the timescale of the experiment 

(tens/hundreds of milliseconds, see chapter 6.1.6), thereby generating fragment ion 

signals. Therefore, the photon energy (𝐸ℎ𝜐) must be at least larger than the 

activation energy (𝐸𝑎) of the lowest energy fragmentation pathway [197-198]. One of 

the hallmarks of using UV(Vis) irradiation is, that a single, instantanously absorbed 

UV photon provides access to fragmentation pathways with activation energies 

within the range of ~ 3-6 eV (~ 300-600 kJ/mol), in contrast to the step-wise energy 

transfer occuring during IRMPD [129, 186-187] or CID [133, 137-138, 141] activation methods. 

In addition, it has to be noted that the internal energy of gaseous photo-activated 

ions is conserved for a longer time period (milliseconds) inside the 3D-QIT, since 

thermalization of the ion cloud mainly proceeds by collisional cooling [199] with 

helium buffer gas (𝑇𝑖𝑜𝑛𝑠 ~ 300 K, 𝑝𝐻𝑒 ≈ 10−3 mbar, ~ 30 collisions/ms [166] ), in 

contrast to the condensed phase of liquids or solid matrices where molecules are energetically coupled to a surrounding „heat bath“. 
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Second, the respective electronic states in which dissociation proceeds („fragmenting states“) play a significant role on type of activated fragmentation 
pathways and dissociation mechanisms, and are directly linked with the dynamic 

ultrafast energy conversion and redistribution processes (IVR/IC/ISC, see Fig. 

5.1 a). It has been shown that differences in fragmentation mechanisms, depending 

on the initially excited states accessed at different photon energies, can lead to a 

large variability within fragment-specific action spectra and fragment branching 

ratios [200]. Hence, for the interpretation of action spectra, the fragment-specific 

behaviour has to be monitored carefully. Although it is experimentally very 

challenging to ascertain the underlying fragmentation mechanisms [201-204] as well 

as the fragmenting states, one may define two distinct processes, namely: direct and 

indirect dissociation, respectively [153, 158, 184-185, 196, 200, 205]. 

In the case of a direct mechanism, photoexcitation leads to immediate dissociation 

(sub tens of fs) without significant energy redistribution or coupling to other internal degrees of freedom. This is typically observed in the case of a „repulsive“ 
(nearly barrierless) character of the excited state potential energy surface (Fig. 

5.1 b). Alternatively, fragmentation can directly follow from a „bound“ excited state 
potential energy surface, exhibiting a small dissociation barrier („predissociative“ 

state [184]), if the „initial“ vibrational energy along the reaction coordinate is larger 

than 𝐸𝑎 (Fig. 5.1 b). Examples of direct dissociation pathways are e.g. electron 

detachment [14, 200], hydrogen atom loss [153, 158] or cleavage of other smaller 

fragments [5, 184, 196], partially bearing state-specific character. 

In the case of an indirect mechanism, dissociation is hindered by a potential barrier 

or some other dynamical constraint, and is therefore proceeded by dynamical 

processes such as internal vibrational energy redistribution (IVR) and the conversion of electronic energy into vibrational energy (IC, ISC). This „delayed“ 
fragmentation can take place in the vibrationally hot ground state (𝑆0) or hot 

electronically excited states (𝑆𝑚/𝑇𝑚) after sufficient internal energy is accumulated 

within the reaction coordinate (Fig. 5.1 b) to overcome the dissociation barrier (𝐸𝑎), 

or via coupling to a repulsive excited state potential. As a result, the rate of 
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fragmentation strongly depends on coupling between states and energy 

redistribution pathways and therefore largely differs from system to system within 

the temporal range of hundreds of fs up to several ms [5, 196, 205-206]. Within this 

context, the size of the target system as well as the large state density of multinuclear 

transition metal complexes may be limiting factors [185], since internal energy may 

be statistically (ergodically) redistributed among the many size-dependent internal 

degrees of freedom, resulting in a sort of „energy dilution“ and therefore the 

suppression of fragmentation.  

Furthermore, the underlying fragmentation mechanisms depend on the charge state 

of precursor ions and may therefore be categorized into a) neutral loss, b) ionic 

fragmentation and c) electron detachment as summarized in Fig. 5.2. 

 

Fig. 5.2 Types of unimolecular dissociation reactions of photon-activated cationic or anionic 

precursor species 𝑷𝑛± including a) dissociation of a neutral moiety 𝑁0, leaving a charged 

fragment 𝐹𝑛±, b) fragmentation of a multiple charged ion under separation of charge [207-208] 

yielding the complementary fragments 𝐹1𝑚± and 𝐹1(𝑛−𝑚)± (𝑛 ≥ 2, 𝑚 < 𝑛), c) electron 

detachment in the case of anionic precursor species [14, 149, 208]. UV/(Vis) photons (ℎ𝜐) and 

charge states (𝑛, 𝑚) are indicated in violet and blue, respectively. 

Third, a procedure for estimating the absorption cross section from mass 

spectrometrical data is presented in the following. In a simplified model, assuming 

single-photon absorption and detection of all ionic fragments (absence of „dark 

channels“), further neglecting the m/z-dependent detection efficiency of the mass 

spectrometer, 𝜎𝑎𝑏𝑠. can be approximated according to Eq. (5.1):  
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𝜎𝑎𝑏𝑠.(𝜆) ∝ 𝑌𝑡𝑜𝑡.(𝜆, 𝑄𝑑𝑖𝑠.)𝑁𝜆⏟        𝜎𝑑𝑖𝑠𝑠.′ (𝜆) ∙ 1𝑄𝑑𝑖𝑠.(𝜆) (5.1) 

where 𝑌𝑡𝑜𝑡.: total fragment yield (Eq. (5.3)), 𝑁𝜆: number of photons per laser pulse 

at wavelength 𝜆 (Eq. (5.2)), and 𝑄𝑑𝑖𝑠.: photodissociation quantum yield ( =̂ ratio of 

the number of fragmenting precursor ions to the number of photoexcited ions). 

 𝑁𝜆 = 𝐸𝑝𝑢𝑙𝑠𝑒 ∙ 𝜆ℎ𝑐  (5.2) 

𝐸𝑝𝑢𝑙𝑠𝑒: laser pulse energy, ℎ: Planck constant (ℎ = 6.62608·10-34 Js [209]), 𝑐: speed of 

light in vacuum (𝑐 = 2.99792458·108 m/s [209]). 

The wavelength-dependent total fragment yield 𝑌𝑡𝑜𝑡.(𝜆), representing the extent of 

photo-induced dissociation, can be calculated according to Eq. (5.3) for the example 

of monocationic precursor/fragment ions: 

 𝑌𝑡𝑜𝑡.(𝜆) = ∑ 𝐹𝑖+𝑖𝑷+ + ∑ 𝐹𝑖+𝑖  (5.3) 

where, 𝐹𝑖+ and 𝑷+: signal intensity of ionic fragment species 𝑖 and precursor ions, 

respectively (integrated over their respective isotope patterns).  

If the number of laser pulses 𝑁𝑝𝑢𝑙𝑠𝑒 are kept constant (multi-shot experiment, 𝑌𝑡𝑜𝑡. 
and 𝑄𝑑𝑖𝑠. both dependent on 𝑁𝑝𝑢𝑙𝑠𝑒), the gas-phase absorption spectrum can be 

reconstructed from mass-spectrometric data as „fragment yield spectra“ by 
normalizing 𝑌𝑡𝑜𝑡.(𝜆) to the number of photons per laser pulse (𝑁𝜆) at each 

wavelength position, a term that is denoted as 𝜎𝑑𝑖𝑠𝑠.′ (𝜆) in Eq. (5.1). It should be 

noted that 𝜎𝑑𝑖𝑠𝑠.′ (𝜆) is a unitless quantity, as it is difficult to measure 𝜎𝑎𝑏𝑠. in absolute 

units. According to Eq. (5.1) it is clear that the premise of a linear relationship 

between dissociation and absorption cross-sections (𝜎𝑑𝑖𝑠𝑠. ≈ 𝜎𝑑𝑖𝑠𝑠.′ ∝  𝜎𝑎𝑏𝑠.) is only 

met, provided that the photodissociation quantum yield (𝑄𝑑𝑖𝑠.), which is difficult to 
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access experimentally and generally not known, is approximately constant over the 

spectral range that is investigated (ideally 𝑄𝑑𝑖𝑠. = 1). However, in practise 𝑄𝑑𝑖𝑠. may 

be dependent on wavelength and the involved fragmenting electronic states, or be 

strongly influenced by competing non-fragmenting pathways such as radiative and 

collisional cooling (Fig. 5.4). In addition, the photodissociation cross section may 

also be determined from the Lambert-Beer law giving a „−ln (𝑌𝑡𝑜𝑡.(𝜆))“ type 

expression for 𝜎𝑎𝑏𝑠. [149]. 

Alternatively, the gas phase absorption spectrum can be derived from the depletion 

of the precursor ion signal by calculating the ratio of depleted (laser on) to 

undepleted (laser off) ion intensity as a function of photon energy [147]. This has the 

advantage that there is no loss of signal intensity, or potential loss of information, in 

the case of non-detectable fragments („dark“ fragmentation channels). 

Consequently, the PD depletion spectrum may be a better representative for the 

absorption spectrum. However, depletion measurements are generally more noisy 

and are only feasible in case of a significant decrease in precursor ion signal e.g. by 

using single pulses of high-power ns lasers (in the mJ range). However, signal 

fluctuations originating from the ion source, laser pulse instabilities and possible 

multi-photon excitations have to be considered. In the context of this work the focus 

was put on recording fragment yield spectra, since in most cases depletion of 

precursor ions was only as high as a few percent.  

In summary, PD spectroscopy is a prevalent tool for measuring gas-phase ion 

absorption spectra where the net energy deposition via photoexcitation can, to 

some extend, be experimentally controlled by photon energy (wavelength), pulse 

intensity, number of pulses and pulse repetition rate. However, there are several 

caveats and effects which may lead to scrambling of information and therefore 

complicate the interpretation of PD action spectra: In particular, a) multiple photon 

absorption, having been shown to strongly influence the shape of PD spectra [147], b) 

the existence of various isomers of the target species (same m/z ratio) [150], c) 

secondary fragmentation processes originating from photon absorption of trapped 

photofragments (multiple-shot experiment), d) non-detectable „dark“ fragments or 
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species with overlapping isotope patterns, e) the quantum yield for dissociation 𝑄𝑑𝑖𝑠.(𝜆) (Eq. (5.1)) being strongly dependent on 𝜆 or influenced by non-fragmenting 

deactivation pathways such as luminescence and collisional cooling, f) imperfect 

overlap between ion cloud and laser beam or change in ion illumination by variable 

beam profile influencing photon density [210], and generally g) the dependence of 

fragmentation rates on, size of the target system (number of internal degrees of 

freedom), photon energy, fragmentation mechanisms (e.g. electron 

photodetachment [148, 166]), fragmentation kinetics [211], and fragmenting electronic 

states.  

These effects could lead to a „mismatch“ between the acquired action and 
absorption spectrum [185]. In addition, fragmentation pathways may be strongly 

dependent on the nature of charges (single/multiple charged, anionic/cationic, see 

Fig. 5.2). For instance, multiply-charged anionic systems usually display electron 

detachment as the prevalent channel for dissociation which may appear on different 

time scales and according efficiencies (fast „direct“ detachment, excited-state tunnel 

detachment, and thermionic emission) [14, 149], therefore representing varyingly 

efficacious marker for photon absorption [185]. However, since only a proportionality 

between fragment yield and absorption cross section suffices in order to obtain 

spectroscopic information, electronic PD yield spectroscopy is meanwhile 

widespread for different classes of molecular systems [147-151, 183, 195, 212-214].  
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5.2. Transient photodissociation (-PD) detection scheme  

The transient photodissocation (-PD) technique utilizes a „pump-probe“ detection 

scheme [152] with the objective of monitoring the time evolution of electronic excited 

target states for a mass-selected ensemble of trapped precursor ions by means of a 

characteristic mass spectrometric signal. As is the nature of action ion spectroscopy, 

this is achieved in an „indirect“ way by recording the relative variations in 

intensities of ionic photofragments as a function of time delay ∆𝑡 between fs pump 

and probe pulses [164]. In order to qualitatively describe the operating principle of 

time-resolved PD spectroscopy, the following questions will be elucidated further 

on: How can the pump-probe delay (∆𝑡) be controlled within the fs-to-ps temporal 

range? What irradiation parameters for pump and probe beams are desirable (pulse 

energy, wavelength)? How can a transient change in the fragmentation pattern that 

specifically comprises intricate information of excited-state deactivation kinetics be 

rationalized? What types of signals are conceivable? How can the state-specific time 

constants (𝜏𝑖) be derived from -PD data? 

The relative pump-probe delay is controlled by a motorized optical delay line that 

changes the optical path length (∆𝑥) of the probe beam with respect to the pump 

beam according to ∆𝑡 = ∆𝑥 𝑐⁄ = 2∆𝑥′ 𝑐⁄  (see chapter 6.2.9, ∆𝑥′: moved distance 

along the translation stage relative to a referenced starting position, c: 

2.99792458·108 m/s [209], ∆𝑥′: 3 µm ≈̂ ∆𝑡: 20 fs). Here, the continuous time evolution 

of the system (𝑡) is repeatedly sampled for defined increments of ∆𝑡. It may be noted 

in passing that 𝑡 and ∆𝑡 are two different independent parameters, the latter 

constituting a indirect measurement of time by the optical delay stage (observable: ∆𝑥′), and congruency is only obtained with respect to a common temporal reference point „time zero“ (𝑡0). Time zero can be approximately described as the time at 

which the ions are irradiated by the pump pulse, and is technically defined as the 

time delay ∆𝑡 for which both pump and probe pulse arrive simultaneously at the ion 

cloud. The temporal reference point (𝑡0) can be derived from kinetic fits of 

experimental data, or by a separate measurement e.g. from the pump-probe cross-

correlation signal obtained by multiphoton ionization of gaseous furan molecules in 
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the ion trap [164] (see chapter 6.1.7). For the experiments discussed within this 

thesis, the translation stage was continuously moved at a reasonable low speed 

during the continuous acquisition of averaged mass spectra (chapter 6.1). As a 

result, every data point was obtained from an averaged mass spectrum correlated 

to an averaged small interval of ∆𝑡 (∆∆𝑡) depending on the the duty cycle of the mass 

spectrometer. 

Whereas pump photons are utilized for resonant excitation of the electronic target 

state (e.g. 𝑆0 → 𝑆1), it is advantageous to select a probe wavelength (𝜆𝑝𝑟) that is off-

resonance with any transitions from the electronic ground state (𝑆0 → 𝑆𝑛) in order to prevent „probe-only“ and „probe-pump“ induced signal artifacts. Ideally, 𝜆𝑝𝑟 

should be resonant with excited-state absorption of the singlet/triplet states that 

are under investigation (e.g. 𝑆1 → 𝑆𝑛, 𝑇1 → 𝑇𝑚). However, in practice it is more 

expedient to utilize a fixed wavelength in the near-infrared spectral range for a 

multitude of target systems (NIR, 𝜆𝑝𝑟: 1150-1200 nm), since excited-state 

absorption properties of molecular ions are rarely known and laborious to measure 

in the gas phase. In addition, all the states involved in the photodeactivation of the 

system are usually not known to begin with (e.g. spectroscopically „dark“ states are 

not deducible from static PD spectra). The choice of a fixed probe wavelength in the 

NIR can be justified by the fact that TM-based molecular complexes exhibit a high 

density of states, making it more probable that some non-resonant multiphoton-

probe absorption processes may proceed from electronically excited states. As a 

consequence of the multiphotonic character of probe absorption, with inherent 

small cross sections (𝜎𝑝𝑟, 𝜎𝑝𝑟′ , see Fig. 5.3), the pulse energy of the probe beam 

should be significantly larger than for the pump beam (𝐸𝑝𝑢𝑙𝑠𝑒,𝑝𝑟 ~ 100-200 µJ, 𝐸𝑝𝑢𝑙𝑠𝑒,𝑝𝑢~ 0.1-2 µJ) [123, 152, 160, 164, 215]. The drawback of this procedure is that the 

excited states accessed by multiphoton-probe absorption are rather elusive. For the 

choice of 𝐸𝑝𝑢𝑙𝑠𝑒,𝑝𝑢 a trade-off between operating in the single-photon absorption 

regime and preparing a large enough initial excited-state population of precursor 

ions, to obtain a good signal/noise ratio, has to be considered.  
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Fig. 5.3 a) Hypothetic -PD detection scheme and Jabłoński diagram exemplified for closed-

shell CMCs in the gas phase. An ensemble of precursor ions is resonantly excited from 

electronic ground state (𝑆0 → 𝑆1) via pump single-photon absorption with cross section 𝜎𝑝𝑢, 

generating the transient excited-state population 𝑁𝑆1(𝑡). Branching probabilities for 

nonradiative deactivation processes are denoted by 𝑤𝑥 (𝑥 = IC, ISC, dd: direct dissociation). 

Energetically higher singlet/triplet excited states (𝑆𝑛 , 𝑇𝑚; 𝑛,𝑚 > 1) are accessed via excited-

state probe (multi)photon absorption (𝜎𝑝𝑟 , 𝜎𝑝𝑟′ ), resulting in an increase in the internal energy 

of the ions. This is accompanied with a change in fragmentation efficiency of photofragments 

F1-4 through alterations in the population of fragmenting states (orange dots) as well as 

dissociation rate constants (𝑘𝑗) and therefore branching ratios (𝛼𝑗=1,2 = 𝑘𝑗 ∑ 𝑘𝑗𝑗⁄ , 𝛼3 = 𝑤𝑑𝑑 =𝑘3 (𝑘3 + 𝑘𝐼𝐶′ )⁄ , 𝛼4 = 1) as indicated by thickness of solid black arrows. Inset: pump-probe 

scheme highlighting the time dependence of excited state population 𝑁(𝑡) (𝑡0: time zero, ∆𝑡(𝑝𝑢,𝑝𝑟): time delay between pump and probe pulses, sketch of stop clock modified from Ref. 

[216] ). b) Top: Schematic fragmentation pattern (intensity distribution of fragment ion signals) 

obtained following „pump-only“ excitation. Bottom: difference plots indicating the respective 

change in fragment intensity following „pump+probe“ absorption at ∆𝑡 ≥ 0. c) Schematic time 

evolution of fragment-specific signals (e.g. fragment yield 𝑌𝑗) as a function of ∆𝑡.  
In order to rationalize the detection scheme of the -PD method, it may be expedient 

to contemplate conceivable mechanisms that lead to transient signal generation for 

a specific model case. To this end, a hypothetical example was constructed (see Fig. 

5.3) by adapting the model scheme initially suggested for biomolecules by Jovet [158-
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159] and Weinkauf [157], to be representative for (multinuclear) transition metal 

complexes.  

On that basis (Fig. 5.3), an initial excited-state population  𝑁𝑆1(𝑡0) shall be generated 

at 𝑡0 by an optical pump pulse whose fixed photon energy is resonant with the lowest 

energy electronic transition (𝑆0 → 𝑆1). From this point on, the excited state reaction 

dynamics is initiated and evolves with relative time (𝑡). For the sake of simplicity, 

the following assumptions and simplifications are applied:  

a) The initial population  𝑁𝑆1(𝑡0) is prepared by single-photon absorption and the 

depopulation of 𝑆1 obeys first-order unimolecular kinetics according to  𝑁𝑆1(𝑡) ∝  𝜎𝑝𝑢 ⋅ 𝑒(−𝑡 𝜏⁄ ) (𝜏: time constant, time in which  𝑁𝑆1(𝑡) decays to 1 𝑒⁄  of its initial value 

at 𝑡0), assuming that 𝑁𝑆1(𝑡0) ∝ 𝜎𝑝𝑢. 

b) 𝑆1 is exclusively deactivated by two competing parallel pathways with branching 

probabilities 𝑤𝐼𝐶 = 𝑘𝐼𝐶 (𝑘𝐼𝐶 + 𝑘𝐼𝑆𝐶⁄ ) and 𝑤𝐼𝑆𝐶 = 𝑘𝐼𝑆𝐶 (𝑘𝐼𝐶 + 𝑘𝐼𝑆𝐶⁄ ), respectively (𝑘𝑥: 

rate constant for 𝑥=IC, ISC process), determining 𝜏 = 1 (𝑘𝐼𝐶 + 𝑘𝐼𝑆𝐶)⁄ . 

c) All photoexcited precursor ions that undergo IC dissociate in the vibrational excited „hot“ 𝑆0 state with branching ratios 𝛼𝑗 = 𝑘𝑗 ∑ 𝑘𝑗𝑗⁄  for the two competing 

dissociation pathways (𝑗 = 1, 2).  

d) A triplet excited-state population  𝑁𝑇1(𝑡) is generated by a percentage of 

photoexcited ions undergoing ISC. Since triplet excited states are usually long lived 

(~ µs) compared to the observation time window in a typical pump-probe 

experiment utilizing a optical delay line (~ 1 ns), the time evolution of  𝑁𝑇1(𝑡) should 

mainly dependent on fast population transfer from 𝑆1, neglecting potential 

deactivation pathways of 𝑇1. Furthermore, for the sake of simplicity it is assumed 

that no additional fragments may directly originate from 𝑇1. For example, the excess 

internal energy distributed among the vibrational degrees of freedom may be 

smaller than the lowest-energy dissociation barrier and deactivation of 𝑇1 proceeds 

slowly via collisional cooling.  
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In summary, based on the assumptions made above, only a single fragmenting state 

(„hot“ 𝑆0, see Fig. 5.3 a) is populated as consequence of single-photon pump 

absorption, giving exclusive access to the ionic fragments F1 and F2 in absence of the 

probe beam. As a result, the „pump only“ fragmentation pattern (Fig. 5.3 b), i.e. the 

intensity distribution for detected F1 and F2 fragments, would be obtained by mass 

analysis after a controlled ion storage time of ~ 100 ms (𝑡𝑓𝑟𝑎𝑔., see chapter 6.1.6). 

In the case of excitation by consecutive pump and probe pulses, excited-state probe 

absorption can occur at a given time delay (∆𝑡 ≥ 0) with cross sections 𝜎𝑝𝑟 (𝑆1 → 𝑆𝑛) 

and 𝜎𝑝𝑟′  (𝑇1 → 𝑇𝑚), respectively (typically 𝜎𝑝𝑟 > 𝜎𝑝𝑟′ ). Here probe-absorption for 

ions in electronic ground state shall be excluded. Consequently, at a given ∆𝑡 a 

portion of excited-state populations 𝑁𝑆1(𝑡) and 𝑁𝑇1(𝑡) is removed and transferred 

into energetically higher states, generating populations 𝑁𝑆𝑛  and 𝑁𝑇𝑚 , respectively. 

During these immediate processes, the total number of electronically excited ions 

remains constant, according to 𝑁𝑆1 = 𝑁𝑆1′ + 𝑁𝑆𝑛 and 𝑁𝑇1 = 𝑁𝑇1′ + 𝑁𝑇𝑚  (𝑁𝑆1 , 𝑁𝑇1: 

populations at 𝑡 = ∆𝑡 immediately prior to probe absorption and 𝑁𝑆1′ , 𝑁𝑇1′ : remaining 

populations at 𝑡 = ∆𝑡 immediately after probe absorption). It should be noted, that 

the time evolution of states generated by probe absorption is intangible in a two-

pulse excitation scheme and not further relevant in this context. Here, the crucial 

point is that the quantities of 𝑁𝑆𝑛  and 𝑁𝑇𝑚  are directly correlated with the transient 

populations 𝑁𝑆1(𝑡) and 𝑁𝑇1(𝑡) as well as 𝜎𝑝𝑟 and 𝜎𝑝𝑟′  at a given point in time, and 

ideally correlated with a change in fragmentation pattern. The latter may be 

achieved if 𝑆𝑛, 𝑇𝑚 states are differently coupled to the fragmenting states compared 

to the situation without probe excitation, or lead to the population of additional 

fragmenting states. A transient ion signal may then be observed in the event that the „fragmentation efficiency“ (see Eq. (5.4)) for any fragmentation pathway 𝑗 is 

considerably modified (F1, F2) or new state-specific fragments are accessed (F3, F4, 

see Fig. 5.3 a). Hence, for successive delays ∆𝑡, information of the time evolution of 

the initially excited 𝑆1 state can be indirectly imparted on both 𝑁𝑆𝑛  and 𝑁𝑇𝑚  

populations.  
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In the hypothetical model that is contemplated here, the specific fragments F3 and 

F4 (𝛼4 = 1) shall be generated in 𝑆𝑛 and 𝑇𝑚 states, respectively e.g. by fast direct 

dissociation (see chaper (5.1)). Additionally, 𝑆𝑛 is deactivated by two competing 

pathways, direct dissociation (𝑤𝑑𝑑 = 𝑘3 (𝑘3 + 𝑘𝐼𝐶′ )⁄ = 𝛼3) and internal conversion 

(𝑤𝐼𝐶′ ), respectively. Accordingly, the „hot“ 𝑆0 electronic ground state (fragmenting 

state pertaining to F1 and F2) can be accessed via IC either from 𝑆1 or 𝑆𝑛, determining 

the available amount of its internal vibrational energy (𝐸(𝑆𝑛) > 𝐸(𝑆1)). According to 

RRKM theory [217], unimolecular dissociation rate constants depend on internal 

vibrational energy of the excited precursor ion and dissociation barriers along the 

reaction coordinates. It can therefore be rationalized that the branching ratios of 

fragment channels 𝑗 = 1, 2 following either pump+probe absorption (𝛼𝑗′ = 𝑘𝑗′ ∑ 𝑘𝑗′𝑗⁄ ) 

or pump-only absorption (𝛼𝑗 = 𝑘𝑗 ∑ 𝑘𝑗𝑗⁄ ) may drastically differ due to different 

amounts of available internal vibrational energy as illustrated in Fig. 5.3 a (thickness 

of arrows). 

The channel-specific (𝑗) transient ion signals 𝑆𝑗(𝑡) may thus be qualitatively 

described by Eqs. (5.4)-(5.6): 

 
𝑆𝑗=1,2(𝑡) ∝ 𝜎𝑝𝑟 ⋅  𝜎𝑝𝑢𝑒(−𝑡 𝜏⁄ )⏟      ∝ 𝑁𝑆1(𝑡)⏟          ∝ 𝑁𝑆𝑛

⋅ (𝛼𝑗′𝑤𝐼𝐶′ − 𝛼𝑗𝑤𝐼𝐶)⏟          change in "frag. eff." in "hot" S0 frag.  state 
 

(5.4) 

 𝑆3(𝑡) ∝ 𝜎𝑝𝑟 ⋅  𝜎𝑝𝑢𝑒(−𝑡 𝜏⁄ ) ⋅ 𝑤𝑑𝑑  (5.5) 

 
𝑆4(𝑡) ∝ 𝜎𝑝𝑟′ ⋅ 𝑤𝐼𝑆𝐶  𝜎𝑝𝑢(1 − 𝑒(−𝑡 𝜏⁄ ))⏟              ∝ 𝑁𝑇1(𝑡)⏟                ∝ 𝑁𝑇𝑚

 
(5.6) 

where 𝑡: relative time with respect to 𝑡0; 𝜏 = 1 (𝑘𝐼𝐶 + 𝑘𝐼𝑆𝐶)⁄ : lifetime of 𝑆1 state; 𝑘𝐼𝐶 , 𝑘𝐼𝑆𝐶: IC, ISC rate constants;  𝜎𝑝𝑢: pump-absorption cross section; 𝜎𝑝𝑟 and 𝜎𝑝𝑟′  probe-

absorption cross section for 𝑆1 and 𝑇1 state, resp.; 𝑁𝑥: number of precursor ions in 𝑥 =  𝑆1,𝑛, 𝑇1,𝑚 excited states (𝑛,𝑚 > 1); 𝛼𝑗′ = 𝑘𝑗′ ∑ 𝑘𝑗′𝑗⁄ , 𝛼𝑗 = 𝑘𝑗 ∑ 𝑘𝑗𝑗⁄ : fragmentation 

branching ratios with respective dissociation rate constants 𝑘𝑗 following 
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pump+probe and pump-only excitation, resp.; 𝑤𝑦: branching probability of 

processes 𝑦 = 𝐼𝐶, 𝐼𝑆𝐶, 𝑑𝑑 (dd = direct dissociation). 

It is clear from Eqs. (5.4)-(5.6) that, for a particular fragment channel 𝑗, a transient 

ion signal can only be generated (𝑆𝑗(𝑡) ≠ 0), if the fragmentation efficiency is 

modified (𝛼𝑗′𝑤𝐼𝐶′ − 𝛼𝑗𝑤𝐼𝐶 ≠  0) either due to significant change in fragmentation 

branching ratios (𝛼𝑗′ ≠ 𝛼𝑗) or a change in population of respective fragmenting 

states (e.g. 𝑤𝐼𝐶′ ≠ 𝑤𝐼𝐶). The relative changes in the fragmentation pattern as a result 

of probe photon absorption (𝜎𝑝𝑟, 𝜎𝑝𝑟′ ≠ 0) can be highlighted by difference intensity 

plots (Fig. 5.3 b, bottom), obtained by subtracting the fragment ion signals observed 

by pump-only excitation from the fragment intensities generated by pump+probe 

excitation at a specific ∆𝑡. Here, a decrease in intensity of fragment F1 and 

concomitant increase in F2 and F3 ion signal would be obtained for ∆𝑡=0, since 𝛼1′ <𝛼1, 𝛼2′ > 𝛼2, 𝑤𝐼𝐶′ ≈ 𝑤𝐼𝐶 , 𝛼3 = 𝑤𝑑𝑑 > 0 (Fig. 5.3 b,c; Eqs. (5.4)-(5.6)). Note, that the 

ensuing transient increases/decreases in F1-3 ion signals (∆𝑡 >0) all correspond to 

the depopulation of the 𝑆1 state, since the respective sign of 𝑆𝑗(𝑡) (positive or 

negative) is determined by the terms (𝛼𝑗′𝑤𝐼𝐶′ − 𝛼𝑗𝑤𝐼𝐶) and (𝛼3), respectively. As time 

evolves (∆𝑡 ≫ 0), the exponentially decaying transients (F1-3) approach the pump-

only fragmentation level (Fig. 5.3 c, indicated by dotted lines) due to 𝑁𝑆𝑛 → 0. Since 

the fragment F4 originates from 𝑇1 excited state, its transient signal increases 

according to (1 − 𝑒(−𝑡 𝜏⁄ )), converging to a constant intensity for ∆𝑡 ≫ 0 (here, 𝑁𝑇𝑚(𝑡) is approx. constant for ∆𝑡 ≫ 0). 

In order to extract information on lifetime of excited states from a -PD experiment 

(time constants 𝜏𝑖), the transients have to be fitted according to suitable kinetic 

models. In practise, a multi-exponential decay behavior of transient ion signals is 

often observed [123, 152-153, 157, 159-160, 164, 215, 218]. However, it is basically impossible to 

determine the underlying deactivation scheme from -PD data alone, owing to the 

fact that information on type and number of populated (fragmenting) excited-states 

may not be directly related to or deducible from the relative changes in the 

fragmentation pattern as well as ambiguities in the -PD signal generation process 
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(information scrambling, non state-specific fragments, fixed 𝜆𝑝𝑟 resulting in small 𝜎𝑝𝑟 for some excited states). For that reason, the approach of modelling -PD data as 

a sum of 𝑛 exponential (decay) functions that are numerically convoluted with a 

Gaussian function according to Eqs. (5.7)-(5.8) [10, 219], has been well established. The 

Gaussian („instrument response function“)[219] represents a mathematical weight of 

the signal, taking the change in overlap between the temporal profiles of pump and 

probe pulses into account. 

 𝐹𝑗(𝑡) =∑𝐴𝑖 ⋅ 𝑒(−𝑡 𝜏𝑖⁄ )⨂ 𝑔(𝑡, 𝑡0, 𝑓𝑤ℎ𝑚)𝑛
𝑖=1  (5.7) 

𝐹𝑗(𝑡): kinetic fit of transient signal for channel 𝑗, 𝑛: number of time constants, 𝜏𝑖: 
time constant of the 𝑖th one-exponential decay, 𝐴𝑖: decay associated amplitudes, 𝑡0: 

time zero, 𝑓𝑤ℎ𝑚: full width at half maximum of Gaussian 𝑔()[220], ⨂: convolution 

operator [220]. 

 

𝐹𝑗(𝑡) = 𝐹0,𝑗 + ∑ [𝐴𝑖 ⋅ 0.5 ⋅ exp (0.5 ⋅ (𝑤𝜏𝑖)2 − (𝑡 − 𝑡0)𝜏𝑖 )𝑛𝑖=1
⋅ (1 + erf ( 1√2 ⋅ ((𝑡 − 𝑡0)𝑤 − 𝑤𝜏𝑖)))] 

(5.8) 

𝐹0,𝑗: ordinate offset, 𝑤 = 𝑓𝑤ℎ𝑚 2√2ln (2)⁄ : width of Gaussian, erf (): error function 

[220] (result from convoluting a exponential function with a Gaussian function [219]). 

In addition, the time-profiles of ion signals may contain oscillatory components 

originating from quantum coherence phenomena such as vibrational [10, 123] and 

electronic coherence [221-222]. Accordingly, additional oscillatory terms 𝐹𝑜𝑠𝑐(𝑡) (see 

Eq. (5.9)) can be added to Eq. (5.8). In the case of vibrational coherence an oscillating 

pump-probe signal may be rationalized by time-dependent probe-absorption cross 

sections 𝜎𝑝𝑟(𝑡), originating in time-dependent Franck-Condon factors determined by 

the evolution of the nuclear wave packet.  
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𝐹𝑜𝑠𝑐(𝑡) =  𝐴𝑜𝑠𝑐 ⋅ 𝑠𝑖𝑛 (2𝜋 ⋅ 𝑡𝑡𝑜𝑠𝑐 + 𝜑) ⋅ 0.5 ⋅ exp (0.5 ⋅ (𝑤𝜏𝑑)2 − (𝑡 − 𝑡0)𝜏𝑑 )
⋅ (1 + erf ( 1√2 ⋅ ((𝑡 − 𝑡0)𝑤 − 𝑤𝜏𝑑))) 

(5.9) 

𝐴𝑜𝑠𝑐: oscillation associated amplitude, 𝑡𝑜𝑠𝑐: oscillation period, 𝜑: oscillation phase, 𝜏𝑑: decoherence time. 

In summary, the principle of -PD ion spectroscopy is based upon a transient change 

in the fragmentation pattern as a result of excited-state probe absorption. Here, the 

time-dependent ion signals correlate with a probe-induced transfer of excited-state 

population that ultimately results in variation of fragmentation efficiency or specific 

dissociation products within the fragmenting states of the photoexcited system. 

In reality, the excited-state dynamics of molecular ions are usually rather 

complicated, making -PD signals difficult to interpret due to a multitude of 

unknown parameters. On that account, some additional aspects and caveats are 

discussed in the following: 

First, since the total number of electronically excited ions at 𝑡0 does not change 

directly during the probe-(multi)photon absorption process, the total number of 

fragments should also remain constant, assuming that every excited ion dissociates 

prior to mass analysis. Consequently, an overall increase in ion signal intensity for 

every single fragment should not be possible to observe at 𝑡0. As if contrary to this, 

however, an increase in total fragment yield (Eq. (5.3)) has been experimentally 

observed [123, 160, 164, 223] and is indicative of collisional and radiative cooling 

processes (non-fragmenting pathways) effectively competing with dissociation. In 

order to remedy this seeming contradiction, an effective cooling rate constant 𝑘𝑐,𝑒𝑓𝑓 

could be considered for dissociation branching ratios: 𝛼𝑗 = 𝑘𝑗 (∑ 𝑘𝑗𝑗⁄ + 𝑘𝑐,𝑒𝑓𝑓). On 

these grounds, if no dependence of the precursor ion signal on pump-probe delay is 

observed [224], meaning that intensity is merely redistributed among all fragment ion 
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signals, this may be an indication that photodissociation occurs very fast with 

respect to radiative and collisional cooling. 

Second, contributions of all fragmenting states leading to a specific fragment 𝑗 need 

to be considered. Hence, the possibility that several different fragmenting states 

may lead to the production of the same product ion has to be taken into account. In 

addition, the primary ionic fragments (see Fig. 5.4) may further sequentially 

dissociate depending on their imparted internal vibrational energy, resulting in the 

generation of a multitude of secondary dissociation products (secondary 

fragments). All this would lead to „scrambling“ of information and potential „weakening“ of transient signals by compensating contributions (e.g. different signs, 

Eq. (5.4)).  

Third, excited-state deactivation of photoexcited molecular ions could be 

considered as a complex cascading network of coupled, inter-dependent 

unimolecular elementary steps [138]. These sequential and/or parallel (competing) 

processes can occur on different or overlapping timescales (fs-ms), potentially 

involving a multitude of excited states as schematically illustrated by Fig. 5.4. 

Therefore, in order to account for more sophisticated kinetic deactivation schemes 

of excited-state populations 𝑁𝑠𝑡𝑎𝑡𝑒(𝑡), the qualitative descriptions for transient 

signals 𝑆𝑗(𝑡) (Eqs. (5.4)-(5.6)) may be modified depending on available information 

and complexity of the target system. For example, given the case that an initially 

excited state 𝑆1 almost exclusively decays via ISC (𝑘𝐼𝑆𝐶 ≫ 𝑘𝐼𝐶  → 𝑤𝐼𝐶 ≈ 0, Fig. 5.3) 

and the populated 𝑇1 state subsequently decays via ISC (𝑘𝐼𝑆𝐶′ ) into 𝑆0 ground state 

(𝑆1 𝑘𝐼𝑆𝐶→  𝑇1 𝑘𝐼𝑆𝐶′→  𝑆0), the time-dependant populations 𝑁𝑆1(𝑡) and 𝑁𝑇1(𝑡) could be 

approximated by the following expressions:  
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 𝑁𝑆1(𝑡) ∝  𝜎𝑝𝑢𝑒(−𝑘𝐼𝑆𝐶⋅𝑡) (5.10) 

 𝑁𝑇1(𝑡) ∝  𝜎𝑝𝑢 ⋅ 𝑘𝐼𝑆𝐶 (𝑘𝐼𝑆𝐶′ − 𝑘𝐼𝑆𝐶) ⋅⁄ [𝑒(−𝑘𝐼𝑆𝐶⋅𝑡) − 𝑒(−𝑘𝐼𝑆𝐶′ ⋅𝑡))] (5.11) 

According to the example model presented above (Fig. 5.3, Eqs. (5.10),(5.11)) the 

transient for fragment F4  (𝑆4(𝑡), see Eq. (5.6)) would, in this case, contain 

contributions from two exponential decay functions (𝑘𝐼𝑆𝐶, 𝑘𝐼𝑆𝐶′ ), whereas the 

transients 𝑆𝑗=1−3(𝑡) would only contain information on 𝑆1 lifetime (𝜏𝑆1 = 1 (𝑘𝐼𝑆𝐶)⁄ ).  

 

Fig. 5.4 Exemplified kinetic scheme highlighting a cascading network of coupled 

sequential/parallel elementary processes following UV/(Vis) photon absorption of a 

monocationic precursor species (𝑷+) in the gas phase. Rate constants (𝑘) and branching 

probabilities (𝑤) pertaining to dissociation and energy redistribution processes determine the 

internal energy and population of fragmenting states (illustrated as orange dot), which in turn 

govern state-specific branching ratios (𝛼𝑗) of dissociations channels (𝑗). Typical timescales 

(system specific): 𝑘𝑑𝑑  > 𝑘𝐼𝑉𝑅, 𝑘𝐼𝐶, 𝑘𝐼𝑆𝐶 > 𝑘𝑟𝑐 ≥ 𝑘𝑖𝑑 >(≥) 𝑘𝑐𝑐(𝑝𝐻𝑒), 𝑝𝐻𝑒 : helium pressure in the ion 

trap. 
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Last, the probe-absorption cross section may typically decrease for energetically 

lower-lying electronic states that are populated within the deactivation cascade (e.g. 𝜎𝑝𝑟 > 𝜎𝑝𝑟′ , Fig. 5.3), accompanied with a decrease in pump-probe signal intensity 

over time. This may be attributed to an „energy dilution“ within the (vibronic) 

excited-state manifold, the non-resonant multi-photonic character of probe 

absorption making transition from lower-states statistically less likely, or a change 

in Franck-Condon factors due to structural rearrangement of nuclei in excited-states 

[225].  
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6. Experimental Setup and Methods 

6.1. Quadrupole ion trap mass spectrometer (QIT-MS) 

The mass spectrometric experiments discussed within this thesis were performed 

utilizing two seperate quadrupole ion trap mass spectrometers (QIT-MS), amaZon 

speed (abbrev. MS-1) and amaZon ETD (abbrev. MS-2), respectively both from 

Bruker Daltonics and both equipped with an „Apollo II“ electrospray ionization (ESI) 
ion source. MS-1 is modified for laser access to the QIT [163] and for an additional 

feed of neutral gas (mainly furan vapour, C6H6O) into the trap via the helium 

trapping gas line (chapter 6.1.7). MS-2 provides no laser access and is used only for 

MS experiments. It contains a negative chemical ionization (nCI) source, facilitating 

the option for electron-transfer dissociation/reduction (ETD/ETR) experiments 

(chapter 6.1.3). The nitrogen nebulizing/drying gas was supplied from nitrogen 

bottles (Air Liquide, N2-purity: 99.999%) for MS-1, whereas MS-2 was connected to 

a nitrogen generator (N2-purity: 99%). Both QITs were purged by helium buffer gas 

from gas bottles (Air Liquide, He-purity: 99.999%). Accordingly, MS-1 was mainly 

used for static and time-resolved laser photodissociation (PD/-PD) spectroscopy 

and MS-2 was exclusively used for collisional-induced dissociation (CID) and 

ETD/ETR experiments. Since both mass spectrometers are almost identical in any 

other instrumental aspects, a summarizing general schematic is depicted in Fig. 6.1, 

highlighting the four main unit components of the MS: a) ESI source, b) ion funnels 

and ion-transfer optics, c) nCI source (only MS-2) and d) ion trap module (QIT), 

which will be discussed in the following sections. Both QIT-MS instruments were 

controlled by the trapControl software (Bruker Daltonics, version 7.1 / 7.2 for MS-1 

/ MS-2 resp.) and could be operated in different scan modes, influencing mass range, 

scan speed, high vacuum pressures and resolution. These parameters are 

summarized in Tab. 6.1 for the most commonly used scan modes: „Ultra scan“ (us), „enhanced resolution“ (er), and „maximum resolution“ (mr) – excluding „XtremeScan“ and „Extended mass range“.  
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Fig. 6.1 Top: 3D schematics and main components of the amaZon Speed (MS-1) and amaZon 

ETD (MS-2) quadrupole ion trap mass spectrometers (Bruker Daltonics) with modification for 

optical access to the trapped ions (MS-1). Adapted from Ref. [163]. The green line describes the 

path of the ions throughout the MS. Bottom: Schematic view highlighting liquid sample 

introduction, supply of nebulizing and desolvation nitrogen gas, optical access for external 

UV/Vis/NIR laser irradiation and helium trapping gas line modified for inlet of an additional 

gas (MS-1, chapter 6.1.7). Adapted from Ref. [124]. 

Tab. 6.1 Overview of amaZon speed/ETD scan modes and associated experimental 

parameters. Adapted from Ref. [124] 

Scan mode Mass range a)  

(m/z) 

Scan Speed  

/ us-1 

Resolution  

FWHM / u 

Typical pressure c) 

/ mbar 

Ultra scan (us) 70 - 3000 ~ 32500 ~ 0.4 ~ 6·10-6 

Enhanced resolution (er) 50 - 3000 ~ 8100 ~ 0.3 ~ 6·10-6 

Maximum resolution (mr) 50 - 3000 ~ 5200 ~ 0.1 b) ~ 5·10-6 

a) The experimental m/z window is further limited by the „lower mass cutoff“ which is 

dependent on isolation and MS/MS parameters. 

b) For multiple charged ions (z > 2). 

c) Pressure in the high vacuum chamber surrounding the QIT. 
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6.1.1. Electrospray ionization (ESI) ion source 

Electrospray ionization (ESI) is an important ionization technique, allowing for the 

soft transfer of analytes from solution into the gas phase as intact molecular ions 

with little or no fragmentation. This facilitates the investigation of molecules 

ranging in size from small inorganic ions and complexes up to larger 

(bio)macromolecules, typically observed as multiple charged species (𝑧 > 1)[226]. ESI 

belongs to atmospheric pressure ionization (API) methods [227] and allows for the 

investigation of solution-phase chemical processes by gas-phase mass 

spectrometric detection. The development of ESI is attributed to the early works of 

Dole and co-workers [228] and the pioneering improvements by Fenn et al. [229-232], for 

which J. B. Fenn was awarded the nobel prize in chemistry in 2002 [233]. It is noted, 

that rather than a true ionization method that actively creates ions, ESI is in essence 

a solution-to-gas-phase transfer method that requires ions or charge „tags“ to begin 

with. Although ESI is regarded as a relatively soft technique, electrochemical 

processes, that change the oxidation state of analyte molecules, can occur at the 

spray electrode (e.g. the reduction of metal ions: Ag+ +e- → Ag0).  

The experimental setup of the Apollo II ESI source and its basic operating principle 

are briefly described in the following (see Fig. 6.2). The ESI sprayer assembly 

consists of a concentric, double-walled stainless steel capillary with a narrow inner 

tube (spraying needle) through which a dilute sample solution (e.g. 

MeCN/MeOH/H2O, c ≈ 10-5-10-7 M) is continuously supplied by means of a syringe 

pump (Fig. 6.2 ①, typical flow rates: 120-180 µl h-1). The spraying needle is situated 

inside a ferrule and connected to a zero dead volume union, which is joined with the 

syringe (Hamilton, sample volume = 250, 500 µl) by two plastic fittings and a approx. 

30 cm long PEEK tubing (PEEK = polyether ether ketone polymer, inner diameter Ø = 0.005“). In order to pneumatically assist nebulization and droplet dispersion, a 

coaxial flow of nitrogen sheath gas is applied through the outer tube of the sprayer 

assembly (5-7 psi, 345-483 mbar). The spray shield (Fig. 6.2 ③) is held at a high 

voltage of~ 3-5 kV relative to the electrically grounded spraying needle. 
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Fig. 6.2 Schematic overview of the Apollo II ESI source adapted from Refs. [234-235]. ① ESI 

sprayer assembly, ② spray chamber, ③ spray shield and capillary entrance cap, ④ waste 

line for solvents and neutral molecules, ⑤ temperature controlled dry gas heater, ⑥ metal-

coated glass capillary for desolvation. Inset: Illustration of the ESI process and disintegration 

of charged droplets adapted from Refs. [234-235].  

In order to assist the desolvation process and disintegration of charged droplets a 

counter-propagating stream of heated nitrogen gas (flow: 3-4 l min-1, T = 180-220 

°C), relative to the ion flow, is supplied by a temperature controlled dry gas heater. 

The evaporated solvent- and residual neutral molecules are removed via the waste 

line by a small negative pressure (Fig. 6.2 ④). A thin inlet glass capillary assists the 

desolvation process and separates the atmospheric pressure region from the first 

vacuum stage of the mass spectrometer, restricting gas flow by a narrow orifice (Fig. 

6.2 ⑥, inner diameter Ø ≈ 0.6 mm [235]). This desolvation capillary is metal coated 

at both ends and attached with two entrance/exit caps by two canted coil springs 
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(gold), which physically achieve the electric contact. A potential difference between the entrance cap and the spray shield of ≈ 500 V focuses the analyte ions directly 

onto the the capillary entrance, which are consequently driven through the 

desolvation capillary by an additional electrostatic gradient (potential difference of ≈ 500 V between entrance and exit of the capillary) and the pressure gradient 

between spray chamber and first vacuum stage. The exiting ions are further 

electrostatically (80-280 V) and fluid-dynamically drawn towards the entrance of 

the dual ion funnel system (Fig. 6.3) [234]. 

In the following, the process of transfering ions from liquid phase to the gas phase 

via ESI is described. However, the intricate details such as production mechanisms 

and physical properties of isolated ions still remain imperfectly understood [227, 233, 

236-237]. The working principle of ESI is similar to an electrolytic cell, whereby the 

charge transport between the electrodes (spray needle and spray shield) occurs in 

the gas phase at atmospheric pressure [227]. In short, the process can conveniently 

be divided into three stages [227]: a) initial charged droplet formation, b) droplet 

disintegration by repeated solvent-evaporation / Coulombic-explosion cycles and 

ultimately, c) the gaseous ion formation/liberation. 

a) The applied high voltage electric field induces an electrophoretic separation of 

positive and negative charges whereby an excess of either positive or negative 

charges accumulates at the surface of the emerging liquid, depending on the applied 

polarity (positive / negative ion mode) [137]. When a critical field strength is reached, 

the meniscus of the eluent is deformed into the so called Taylor cone [238] (see Fig. 

6.2) from which a fine jet of highly charged droplets is continuously ejected due to 

the surface tension being exceeded by the electrostatic forces [239]. After a small 

distance, the jet breaks apart into a rapidly expanding plume of microdroplets 

because of electrostatic repulsion [233].  

b) The initially emitted droplets undergo rapid solvent evaporation by collisions 

with neutral gas molecules resulting in an increase in charge density until the 

Rayleigh limit [240] is reached, where the Coulombic repulsion between the charges 
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overcome the surface tension [137, 236]. Multiple fission events create smaller and 

highly charged offspring droplets which further disintegrate in sequential 

evaporation / Coulomb fission events, creating a fine aerosol of nanodroplets which 

expand towards the entrance of the spray shield. 

c) Two meachanisms are put forward to explain the formation of desolvated ions 

from charged droplets, although others have been suggested [236]: The Ion 

evaporation mechanism (IEM) [236, 241-242] describing the direct emission of ions from 

the droplet surface when the electric field strength is sufficiently high. And the 

charge residue mechanism (CRM) [228, 236, 243] assuming that after creation of a droplet 

with a single ion, solvent evaporation proceeds until the ion is completely isolated. 

A summarizing review of these ion release mechanisms is provided by Ref. [236]. 

Another aspect of ESI is the energetics of the ions which determine their extent of 

fragmentation and reactivity [137]. The generated ions cross the high pressure 

desolvation region and take up in internal energy. It has been demonstrated that 

their internal energy distribution is close to a thermal Boltzmann distribution [137, 

244] with a „characteristic temperature“ of 𝑇𝑐ℎ𝑎𝑟.≈ 700 K (for nitrogen nebulizer gas) 

[245] correlating with the heat capacity of the employed sheath gas. The hot ions are 

thermalized by collisional cooling with helium buffer gas inside the quadrupole ion 

trap (Fig. 6.4). 

6.1.2. Ion transfer optics 

The ions exiting the desolvation capillary are expanded with the nitrogen carrier gas 

into the first vacuum stage housing the first ion funnel [246-248] (Fig. 6.3). As a result 

of the drop in pressure the ions are accelerated and tend to diverge, wherefore a 

two-stage off-axis ion funnel system [234] is used for ion-beam focusing and efficient 

transfer into the multipole transfer stage. It consists of a first ion funnel with wide 

entry aperture and a smaller second funnel, which is located in the second vacuum 

stage (Fig. 6.3). Both ion funnels comprise a stack of closely spaced, concentric ring 

electrodes with central apertures of subsequently decreasing inner diameters.  
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Fig. 6.3 Ion transfer optics of amaZon mass spectrometers MS-1 and MS-2, including the dual 

RF ion funnel stage and the RF multipole ion guide system. The path of ions through the system 

is indicated in green. Bottom: Schematic depiction of generation of fluoranthene radical anions 

(FA•-) within the nCI source (MS-2) and their extraction for ETD experiments. Adapted from 

Refs [124, 234, 249]. 

A radiofrequency (RF) voltage is supplied with opposite phases for adjacent ring 

electrodes, creating an inhomogeneous oscillating electric field that radially 

confines the ions, which are in turn thermalized by ion-neutral collisions. An 

additional axial potential gradient (DC voltage gradient between the first and last 

ring electrode) efficiently transports the ions through the funnel cone towards the 

small funnel exit orifices. The concentric funnel axis is offset relative to the capillary 

axis in order to avoid contaminations since only charged particles are transported 

by the electric field, whereas neutrals (sample and solvent molecules) hit the outer 
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funnel plates and are evacuated from the system. After exiting the small second 

funnel aperture, the focused ion stream is transported via a RF multipole ion 

transfer optic (hexa- and octopoles) ending with a gate and focusing lens assembly. 

The gate lens, located before the QIT, only allows ions to pass through into the trap 

during the accumulation phase of the scan sequence (see Fig. 6.6) in order to avoid 

contaminations during mass-selective operations (e.g. mass isolation, MSn, mass 

scan). 

6.1.3. Negative chemical ionization (nCI) source  

Chemical ionization (CI) [250-251] is defined as a process by which ionized species are 

formed via ion-molecule reactions between gaseous neutral analyte molecules 

(here: fluoranthene (FA), C16H10) and ions generated from a reagent gas (here: 

methane), involving the transfer of an electron, proton or other charged moieties 

[237, 252]. If the outcome is the production of negatively charged analyte ions it is 

referred to as negative chemical ionization (nCI) [252]. However, this definition is 

misleading since in this case, the ionization of neutral FA molecules proceeds by 

electron-neutral molecule reactions via electron capture (EC) [253] of low kinetic 

energy electrons (EC-nCI). The nCI source is located directly underneath and 

perpendicular to the RF multipole transfer optics (see Fig. 6.3) and is utilized for the 

generation of fluoranthene radical anions (FA•-, m/z 202) [254]. These are transferred 

into the QIT and used for electron-transfer dissociation/reduction (ETD/ETR) [130-

131] experiments. The ETD technique plays a significant role in the field of proteomics 

[130, 255-257] and has recently been applied to metal complexes [121, 131-132]. The 

operating principle of the nCI source (Fig. 6.3) is as follows:  

A heated wolfram filament is used for thermionic emission of „primary“ electrons 

that are accelerated to typically ≈ 70 eV in the ionization chamber, where methane 

as reactant gas is continuously infused (𝑝𝐶𝐻4 ≈ 0.1 mbar [258]). The energetic 

electrons collide with neutral CH4 molecules (ionization energy, IE = 12.61(1) eV 

[259]), producing a series of cations via electron-impact ionization (EI)[260] including: 

CH4•+, CH3+, CH2•+, CH+, C•+ [251, 261]. These cations undergo a cascade of ion/molecule 

reactions (eg. with CH4, H2O, O2), forming additional „secondary“ and „tertiary“ ions 
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[251]. For each EI event, less energetic secondary electrons are generated which, in 

turn, can produce additional low-energy electrons via EI, further lowering their 

energy. In addition, electrons are thermalized by inelastic collisions with methane 

background gas [253]. As a result, a methane/CI plasma is formed, whereby methane 

serves as „mediator/buffer“ gas being a source of low energy electrons (< 1 eV) that 

can be resonantly captured by gaseous FA molecules [253].  

The gaseous fluoranthene molecules are supplied by sublimation of the solid inside 

a heated crucible (𝑇𝑠𝑢𝑏 ≈ 60 °C). The formation of the stable fluoranthene radical 

anions (FA•-) proceeds via electron capture (EC) of low-energy electrons by the 

neutral FA molecules, since FA exhibits the highest cross section for EC at ≈ 0.2 eV 

[262] and a positive electron affinity (EA) of 0.63 eV (FA + e- → FA•-) [263]. The high 

methane background pressure, relative to the concentration of gaseous FA 

molecules, suppresses electron-impact ionization of fluoranthene (IE = 7.9(1) eV 

[264]), which would lead to significant fragmentation. Analyte ions (multiple charged 

precursor cations) and reagent anions (FA•-) are transferred consecutively into the 

QIT by the same multipole ion guide, controlled by repulsive voltages applied either 

at the desolvation capillary exit (ESI) or by a gate lens (nCI, Fig. 6.3). The load of FA 

anions into the trap is controlled via a set „ion charge control“ (ICC) value (typically 

ICC ≈ 5·105). After the dual injection of anions and cations, electron transfer 

reactions are facilitated by lowering the „low-mass cutoff“ parameter of the ion trap 

(see Fig. 6.5), resulting in the contraction of the ion cloud during a set ion-ion reaction time window (typically ≈ 100 ms) [249]. 

6.1.4. Working principle of Paul type ion trap and mass analysis  

The three-dimensional quadrupole ion trap (3D-QIT) operates with an oscillating 

radiofrequency (RF) quadrupolar electric field that can be used in order to trap 

positively and negatively charged ions alike. As a result, they experience dynamic 

(as a function of time) „restoring“ forces that drive them toward the center of the 

trap, confining them in 3D-space over a period of time. The development and design 

of this device was pioneered by Paul and Steinwedel [265]. Wolfgang Paul was 

awarded with the Nobel prize in physics 1989 [266]. Hence, it is often referred to as 
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Paul-type ion trap. This QIT is not only a ion storage device, but can also be utilized 

for mass selection and mass analysis, making it a powerful analytic tool which can 

be combined with multiple mass-spectrometric (CID, ETD, MSn) and ion 

spectroscopic (PD/-PD) techniques (see chapter 5).  

 

Fig. 6.4 Schematic cross section of the QIT assembly comprising the two end cap electrodes, 

the ring electrode and a scheme of the subsequent conversion dynode detector unit [124].  

The basic design of the QIT module, as integrated in the amaZon mass 

spectrometers, consists of an assembly of three electrodes and a subsequent ion 

detector unit (Fig. 6.4). The ring electrode, possessing a hyperbolically shaped inner 

surface with an inner radius 𝑟0, is located in between two hyperbolic end caps 

(entrance and exit caps) at a distance 𝑧0 between its center and the tip of each cap 

electrode. The near hyperbolic profiles of the electrodes are necessary to generate 

a three-dimensional quadrupole trapping field (Fig. 6.5). Accordingly, the electrode 

assembly possesses near cylindric symmetry (cf. Fig. 6.4), so that the motion of ions 
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can be described by the cylinder coordinates (𝑟, 𝑧) with the center of the QIT as 

reference point [134]. Both end caps have small central apertures through which ions 

are gated periodically into the QIT by a gate lens, or pass through to the detector 

unit, respectively. The use of the QIT as mass spectrometer is facilitated by the 

possibility to extract ions of a specified 𝑚/𝑧 (mass-to-charge) ratio along the 𝑧 axis 

through the cap electrodes. The means by which this can be achieved and the 

principle of ion trapping/storing is elaborated in the following. 

In general, the dynamic quadrupole potential 𝜙(𝑟, 𝑧, 𝑡) applied to the electrodes can 

be mathematically described by Eqs. (6.1),(6.2) [134, 267]. In simplified terms this 

functions consists of a static „saddle“-shaped potential function 𝜙(𝑟, 𝑧) =  (𝑟2 −2𝑧2) (depicted in Fig. 6.5), dependent on the radial (𝑟) and axial (𝑧) cylinder 

coordinates, which is modulated by a time-dependent term 𝜙0(𝑡) (Eq. (6.2)). The 

latter consists of an DC amplitude 𝑈𝐷𝐶 and the primary radiofrequency voltage term 𝑈𝐴𝐶 cos(𝛺𝑡) with a driving angular frequency 𝛺 and an RF amplitude 𝑈𝐴𝐶 . The 

constants 𝑟0 and 𝑧0, depend on the construction of the QIT electrode arrangement 

(cf. Fig. 6.4). 

 𝜙(𝑟, 𝑧, 𝑡) = 𝜙0(𝑡) ∙ (𝑟2 − 2𝑧2)⏟      𝜙(𝑟,𝑧) ∙ 1(𝑟02 + 2𝑧02) + 2𝜙0(𝑡)𝑧02(𝑟02 + 2𝑧02) (6.1) 

 𝜙0(𝑡) = 𝑈𝐷𝐶 + 𝑈𝐴𝐶𝑐𝑜𝑠 (𝛺𝑡) (6.2) 

In practice, both end caps are electrically grounded during ion storage operation of 

the amaZon MS whereby a primary RF voltage at a constant radiofrequency (𝑈𝐴𝐶  ≈ 
400-800 Vp-p, 𝛺 2𝜋⁄  = 781 kHz) is applied exclusively to the ring electrode, 

generating the oscillating trapping potential without an additional DC voltage (𝑈𝐷𝐶  

= 0, „RF-only mode“). In consequence, the ions experience a parabolic „Dehmelt“ 

pseudopotential well [268] in each 𝑧 and 𝑟 direction, which drives the ions towards 

the QIT centre. The time-dependent modulations of the electric field is driven by the 

RF voltage (𝜙0(𝑡)) and can in simple terms be envisioned as a rotation of the saddle 

shaped potential surface (see Fig. 6.5). Hence, for illustration purposes, one could 
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think of a mechanical analog device consisting of a rotating saddle („electric potential“) on top of which different weighted spheres („ions“) are placed. 

Depending on their masses and the saddle-rotation frequency they can exhibit stable „rolling“ oscillating trajectories when certain criterias are met [266].  

 

Fig. 6.5 Top: Potential surface plots of oscillating quadrupolar trapping field as a function of 

radial and axial cylinder coordinates (𝑟, 𝑧), driven by the primary RF voltage at fixed angular 

frequency 𝛺. Note that the third coordinate axis is scaled differently for the left and right 

surface plot, respectively. Bottom: Section of the Mathieu stability diagram in the region of 

simultaneous axial and radial stability in (𝑎𝑧, 𝑞𝑧) space adapted from Ref. [134]. Iso-𝛽𝑧 lines are 

drawn diagonally. The operating line for ion storage (red), the low-mass cutoff ejection point 𝑞𝑧,𝑒𝑗𝑒𝑐𝑡 , and the working point for resonant axial ion ejection by an auxilary dipole field applied 

to the end caps, resonating at the angular frequency 𝜔𝑟𝑒𝑠 , are indicated. 
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The time-dependent ion trajectories are described by a set of differential equations, 

which were first solved by the French mathematician Mathieu [269] and are hence 

referred to as Mathieu equations [134]. The solutions of the Mathieu equations, 

especially those describing stable ion trajectories in both axial (𝑧) and radial (𝑟) 

directions, which is a prerequisite for ion trapping, can be expressed in a pictorial 

manner in terms of a stability diagram as a function of the Mathieu parameters 𝑎𝑢 

(Eq. (6.3)), 𝑞𝑢 (Eq. (6.4)), and 𝛽𝑢 (𝑢 = 𝑟, 𝑧) [134] (see Fig. 6.5). The 𝛽𝑢 parameter (0 ≤𝛽𝑢 ≤ 1) is a complicated function of 𝑎𝑢, and 𝑞𝑢 and is correlated with the secular 

frequencies 𝜔𝑢, which describe the two fundamental frequency components (𝜔𝑟,  𝜔𝑧) of three-dimensional ion motion inside the ion trap [134] (Lissajous orbits in 

shape of a figure-of-eight [266-267]). 

 𝑎𝑧 = −2𝑎𝑟 = −16𝑧𝑒𝑈𝐷𝐶𝑚(𝑟02+2𝑧02)𝛺2 ∝ 𝑈𝐷𝐶 ∙ (𝑚𝑧 )−1 ∙ 𝑐𝑜𝑛𝑠𝑡.  (6.3) 

 𝑞𝑧 = −2𝑞𝑟 = 8𝑧𝑒𝑈𝐴𝐶𝑚(𝑟02+2𝑧02)𝛺2 ∝ 𝑈𝐴𝐶 ∙ (𝑚𝑧 )−1 ∙ 𝑐𝑜𝑛𝑠𝑡.  (6.4) 

Since 𝑈𝐷𝐶 = 0 (→ 𝑎𝑢 = 0) and 𝛺 = const, the most important Mathieu parameter to 

consider is 𝑞𝑧, which is proportional to the AC amplitude 𝑈𝐴𝐶  and reciprocally 

proportional to mass-to-charge ratio (𝑚/𝑧) of the ions. Consequently, ions with 

larger masses exhibit lower 𝑞𝑧 values than those with smaller ones, at a fixed 𝑈𝐴𝐶  

amplitude and identical charge states (𝑞𝑧(𝑚1) < 𝑞𝑧(𝑚2) given  𝑚1 > 𝑚2). The 

boundary conditions for stability fall within an operating line in the Mathieu stability 

diagram (Fig. 6.5). Depending on the applied RF amplitude applied to the ring 

electrode, ions at certain m/z values that fall within the boundries of the stability 

diagram (0 < 𝛽𝑢 < 1) along the operating line and are trapped. Accordingly, if an 

ion reaches 𝑞𝑧 values above 𝑞𝑧,𝑒𝑗𝑒𝑐𝑡 ≈ 0.9, representing the low-mass cuttoff, it 

becomes unstable (area of axial instability) and is ejected out of the trap in 𝑧 

direction.  

In order to enhance the trapping efficiency, helium is introduced into the QIT as 

buffer gas. It removes „excess“ kinetic/internal energy by ion-neutral collisions, 
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thermalizing the trapped ion ensemble (background pressure inside QIT, 𝑝𝐻𝑒 ≈ 10-3 

mbar, hardshere collisional rate ≈ 30 (ms)-1 assuming 𝑇=300K and a cross section 

of 100 Å2 [166]). Additionally, collisional cooling in helium „bath“ gas induces a spatial 

focusing of the ion cloud towards the center of the trap, which is beneficial for 

overlapping with laser beam irradiation and also significantly improves sensitivity 

and mass resolution during mass analysis, presumably originating from the better 

defined starting point for ion ejection [270-271]. Laser-induced fluorescence imaging 

experiments of trapped ion ensembles inside a similarly constructed QIT yielded 

Gaussian-shaped ion cloud profiles with fwhm ≈ 600 µm in radial and fwhm ≈ 200 
µm in axial dimension, respectively [272]. Interestingly, this study demonstrated that 

increasing the number of trapped ions (space-charge density) resulted in an 

expansion of the imaged ion cloud mainly in radial direction, whereas changes in 

axial direction were small in comparison [272]. Additionally, an onion-like 

stratification was observed, whereby ions with lower 𝑚/𝑧 (higher 𝑞𝑧) are located 

around the center surrounded by layers of ions with larger 𝑚/𝑧 (lower 𝑞𝑧) values.  

As described previously, the range of masses (𝑚/𝑧) that can simultaneously trapped 

is restricted by the low-mass cuttoff point at 𝑞𝑧,𝑒𝑗𝑒𝑐𝑡 ≈ 0.9. Additionally, increasing 𝑈𝐴𝐶  results in larger 𝑞𝑧 values for given mass-to-charge ratios (cf. Eq. (6.4)) and 

corresponds to a „right shift“ along the operating line in the Mathieu stability 

diagram (Fig. 6.5). Consequently, the trapped ions can so to speak be moved along 

the „scan line“ by linear ramping the RF amplitude over time in order to 

consecutively achieve axial instability at the working point 𝑞𝑧,𝑒𝑗𝑒𝑐𝑡 in the order of 

ascending 𝑚/𝑧 ratio. Thus, at maximum half of the successively scanned out ions can 

reach the detector unit. When the RF ramping rate and correlation between 𝑈𝐴𝐶  and 

the 𝑚/𝑧 ratio is precisely known (Eq. (6.4)), e.g. by calibrating the mass 

spectrometer with a series of ions of defined masses, the thus created ion intensity 

versus time profile can be converted into a mass spectrum. This technique is called 

mass-selective axial ejection [267], but is no longer in use due to its inefficiency and 

inflexibility. 
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All modern commercial QIT-MS employ the resonant excitation/ejection (RE) 

technique [134, 234], also named axial modulation, by which mass analysis is also 

achieved through mass-selective instability, however in a slightly different manner 

utilizing an auxiliary dipole field. In this mode an auxiliary dipolar RF voltage 

(∓𝑈𝑟𝑒𝑠 cos(𝜔𝑟𝑒𝑠𝑡)) is applied to the cap electrodes (Fig. 6.4). As result of the dynamic 

quadrupole field, ions undergo oscillating trajectories described by a set of 

independent axial and radial characteristic secular frequencies, which are lower 

than half of the driving RF angular frequency 𝛺 due to their moments of inertia. The 

fundamental secular frequency for axial movement in between the two end-cap 

electrodes, 𝜔𝑧 = 0.5 ∙ 𝛽𝑧 𝛺 [268], is dependent on 𝑞𝑧 (𝛽𝑧 increases as 𝑞𝑧 increases, cf. 

Fig. 6.5) and therefore inversely proportional to 𝑚/𝑧. In the case of the applied 

auxillary RF being in resonance with the characteristic ion oscillation frequency 

(𝜔𝑟𝑒𝑠 =̂ 𝜔𝑧), energy will be transferred resulting in an increase of the amplitude of 

axial motion, a displacement from the centre of the QIT, and ultimately mass-

selective ion ejection. The amaZon mass spectrometers perform mass analysis by 

ramping up the amplitudes of the primary and auxillary RF voltages in parallel (see 

(6.6)), whereby the auxiliary angular frequency is constantly held at 𝜔𝑟𝑒𝑠 = 𝛺/3. 

Hence, ion ejection is achieved at a lower 𝑞𝑧 value (𝑞𝑧 < 𝑞𝑧,𝑒𝑗𝑒𝑐𝑡) compared to the 

classical mass-selective axial ejection technique, as illustrated Fig. 6.5. 

6.1.5. Detector unit 

Ions enter the detector unit through a gate lens which allows only for scanned out 

ions to be detected and prevents unnecessary aging of the detector during isolation 

or fragmentation steps (discussed below). The detector comprises a Daly-type 

conversion dynode [124, 234, 273] in combination with a continuous dynode electron 

multiplier / channel electron multiplier (CEM) [124, 274-275]. Ion packages of adjacent 𝑚/𝑧 values are accelerated towards the metal surface (aluminium) of the 

conversion dynode held at a high potential (few kV), of polarity that is suitable to 

attract either positively or negatively charged ions alike. In consequence, the 

impinging ions create secondary electrons (ion-to-electron conversion) which are 

accelerated towards the CEM. The secondary electrons that strike the input face of 
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the electron multiplier produces additional multiple electrons that are accelerated 

down the channel by positive bias and thus creates an electron avalanche. The thus 

created electric current is converted into a voltage by a load resistor and then 

further converted into a digital intensity signal by an analog to digital converter 

(ADC) [237]. 

6.1.6. Mass isolation and tandem MS (MSn) 

 

Fig. 6.6 Schematic time segments for ion accumulation (blue), 𝑚/𝑧 scan (red) and multi-stage 

MSn (green, n = number of mass-selective operations) experiments, highlighting the timing of 

the gate lens located before the QIT and the amplitudes of primary and auxiliary RF voltages 

as a function of acquisition time. Segments: 1: Clear trap (5 ms), 2: Ion accumulation time 

(typically 0.01 - 50 ms), 3: Isolation delay (5 ms), 4: Precursor ion isolation, 5: fragmentation 

delay, 6: Fragmentation (applied aux. RF) or ion storage (no aux. RF) during a typical time period of 40 ms ≤ 𝑡𝑓𝑟𝑎𝑔 ≤ 120 ms, 7: Scan delay (5 ms), 8: Mass-selective resonant ejection – 

mass scan. Adapted from Ref. [234]. 

The above discussed resonant excitation technique, applying a dipolar RF field at 

the end caps, can also be used in order to isolate a single ionic species within a 
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narrow specified 𝑚/𝑧 range or even a single isotopologue. During mass isolation a 

wideband composite of auxiliary RF frequencies are used to simultaneously excite 

and eject all ions that fall outside the specified 𝑚/𝑧 range [234]. Subsequently, the 

isolated precursor ions can be resonantly excited at their axial secular frequency in 

order to increase their kinetic energy, promoting collision-induced dissociation 

(CID) by ion-helium collisions (variable fragmentation amplitude 𝑈𝑟𝑒𝑠  typically in 

the 0-3 Vp-p range, Fig. 6.4 ), or be subjected to other types of ion activation (e.g. PD, 

ETD) within a set time window (𝑡𝑓𝑟𝑎𝑔, see Fig. 6.6). These Tandem mass 

spectrometric experiments, abbreviated MS/MS or MSn, generally involve the use of 

at least two consecutive mass-selective operations (n ≥ 2) in conjunction with 
dissociation processes or ion-ion/neutral chemical reactions that induce a change 

in mass or charge state of isolated precursor ions. This flexibility of the QIT-MS is 

particulary useful for the exploration of secondary fragmentation pathways by 

multi-stage MSn≥3 experiments that allow the isolation and subsequent investigation 

of fragments (or fragments of fragments). In practice, the number of MSn operations is limited to n ≤ 4-5 since a significant loss of ions by at least one order of magnitude 

occurs at each mass-selective stage. A typical schematic sequence of ion 

accumulation, multi-stage MSn steps and mass analysis is provided by Fig. 6.6. 

6.1.7. Modifications of MS-1  

The amaZon speed mass spectrometer (MS-1) was modified for laser spectroscopy 

by creating optical access to the ion cloud inside the QIT (see Fig. 6.7). The 

modifications of the instrument were implemented in cooperation with Bruker 

Daltonics with the support of Dr. C. R. Gebhardt. In doing so, the top of the high 

vaccum chamber cover (𝑝 ≈ 10-6 mbar inside the chamber), housing the QIT module, 

was equipped with two openings for the beam path and a breadboard for mounting 

optical elements. The first opening, through which the laser beam enters the system, 

is connected to a tube (height = 14 cm) by a viton O-ring. On top of this tube and the 

second opening, two fused silica optical windows (thickness = 3 mm, W1 and W2 

Fig. 6.7) are mounted and also sealed by means of two viton O-rings. The tube is 
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needed in order to achieve a larger beam diameter of the focused laser beam at the 

position of the optical window (W1) to prevent damage. 

 

Fig. 6.7 Left: Schematics of the quadrupole ion trap that was modified for optical access. W1, 

W2: fused silica optical windows, TB: tube, RE: ring electrode, M1, M2: mirrors inside the 

vacuum chamber, MH: mirror holder, CE: cap electrodes. Laser beam path is indicated in red. 

Adapted from Ref. [163]. Right: cross section of the modified ring electrode with two concentric 

drilled holes. x-axis points towards the observer. 

In addition, two diametrically opposite holes were drilled perpendicular to the 

surface of the ring electrode (RE) of the Paul trap (Fig. 6.7), providing an optical path 

through the center of the ion cloud. The openings begin with a diameter of 6 mm 

which, at the last 3 mm of the pathway, gradually taper to smaller orifices of 2 mm 

diameter at the inner surface of the RE (see Fig. 6.7 right). The latter smaller holes 

serve as apertures for beam alignment and also reduce the loss of helium 

background gas that is continuously infused into the trap, thereby ensuring proper 

performance of the mass spectrometer. After the incoming laser beam traverses 
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through W1, TB and the QIT, it is subsequently reflected out of the vacuum chamber 

by two mirrors (M1, M2) that are mounted at a 45° angle below the trap. The mirror 

mount is attached to the support rods of the QIT. 

 

Fig. 6.8 Schematic of the gas inlet line added to the helium controller of the amaZon MS (MS-

1). PV: plug valve. Adapted from Ref. [225]. 

Furthermore, a gas inlet line (Fig. 6.8) was added to the helium gas line of the mass 

spectrometer (MS-1) in order to introduce additional gaseous neutral compounds 

into the ion trap. It is connected to the helium controller that regulates helium buffer 

gas flow, achieving a constant helium pressure inside the QIT (𝑝𝐻𝑒 ≈ 10-3 mbar). The 

additional gas flow is controlled by a leak valve (sapphire poppet) followed by a 

narrow capillary (PEEK, inner diameter ø ≈ 180 µm, length = 1m). The gas line 

allows for the injection of either a) gas from a pressured cylinder (e.g. SF6) or b) 

vaporization of a volatile substance (e.g. furan, C4H4O) that is placed into a sample 

holder. The infusion of furan vapor into the QIT serves for the measurement of the 

multiphoton ionization cross-correlation (cc) signal, that allows for the estimation 

of temporal resolution and time zero during time-resolved photodissociation 

experiments (-PD). A detailed description of the operating procedure for the 

introduction of furan is provided by Refs [224-225].  
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6.2. Femtosecond laser system  

6.2.1. Principle of mode-locked laser operation 

In the following, the basic concept of the mode-locking technique, which provides 

access to femtosecond laser pulses, is described in an intuitive manner. A more 

detailed and mathematical description is given in Refs. [276-278]. Given a laser 

resonator of cavity-length 𝐿, only longitudinal modes with frequencies that satisfy 

the standing wave condition 𝜈 = 𝑛 ∙ 𝑐/2𝐿  (𝑛: integer, 𝑐: speed of light in vacuum) 

can oscillate, provided that their losses are smaller than the gain by the laser 

medium as illustrated in Fig. 6.9. The result is a optical frequency „comb“ with 
equidistant spacing by 𝜈𝑟 = 𝑐/2𝐿 which may, for the sake of simplicity, be centered 

around a central frequency 𝜈0. The spectral width Δ𝜈𝐿 = 𝑁 ∙ 𝜈𝑟 (𝑁: number of 

oscillating modes) depends on the spectral gain profile of the laser medium (Δ𝜈𝐿 ∝ 

emission band width of gain material, see Fig. 6.9 a). The time-dependent part of the 

electric field 𝐸𝑞(𝑡) of the longitudinal modes 𝑞 (𝑞: integer) can be approximated by 

plane waves according by Eq. (6.5): 

 𝐸𝑞(𝑡) = 𝑅𝑒[𝐸𝑞 ∙ 𝑒𝑖(𝜔𝑞𝑡+𝜑0𝑞)]  (6.5) 

where 𝐸𝑞: field constant, 𝜔𝑞 = 2𝜋 ∙ 𝜐𝑞: angular frequency, 𝜑0𝑞: phase constant. Note 

that in the following only the real part of the complex wave equations is refered to, 

and the 𝑅𝑒[… ] notation is omitted for the sake of conciseness. Modelocking is 

achieved in the case that all longitudinal modes 𝑞 are forced to oscillate with a fixed, 

linear phase relationship between each other, which is e.g. satisfied by 𝜑0𝑞 = 𝜑0 

(𝜑0 = 𝑐𝑜𝑛𝑠𝑡.). As a result, the electric fields of all modes interfere constructively at 

precise, repetitive time intervals 𝑇𝑟 = 1/𝜈𝑟, adding up to a maximum in total field 

strength as illustrated by Fig. 6.9. In contrast, if the phases 𝜑0𝑞 are random, the superimposed total field is „noisy“ due to random constructive and desctructive 

interference.  
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Fig. 6.9 a) Schematic depiction of an optical frequency comb of equidistant (𝜈𝑟 = 𝑐/2𝐿) 

oscillating longitudinal modes 𝑞 centered around frequency 𝜈0, with an spectral width of Δ𝜈𝐿 = 𝑁 ∙ 𝜈𝑟  (𝑁 = number of modes, 𝜈𝑟  = frequency difference between adjacent modes). Inset: 

schematic illustration of a laser resonator with an optical cavity length of 𝐿. RM: rear mirror 

(highly reflective), OC: output coupler. b) Time-evolution of the electric field 𝐸(𝑡) for 

individual longitudinal modes q at frequencies 𝜈𝑞 = 𝜈0 ± 𝑛 ∙ 𝜈𝑟  (𝑞, 𝑛: integer, color code 

corresponds to panel a) in the mode-locked regime (see Eqs. (6.5),(6.6); 𝜑0𝑞 = 𝜑0 = 0, 𝐸𝑞 =𝐸0). c) Electric field of superposition of the harmonic waves shown in panel b, representing a 

periodic pulse train with period 𝑇𝑟 = 1/𝜈𝑟 and with an envelope function ±𝜉(𝑡) in time 

domain (Eq. (6.8), indicated in gray). d) Intensity 𝐼(𝑡) = |𝐸(𝑡)|2 of the mode-locked pulse train 

with estimated single pulse duration of 𝑡𝑝 ≈ 𝑇𝑟/𝑁, inspired by Refs. [276-277].   
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Given the simplified case that 𝜑0𝑞 = 𝜑0 and  𝐸𝑞 = 𝐸0, the superposition of 𝑁 

longitudinal modes in the mode-locked regime can be described by Eq. (6.6) [277], 

with 𝜔𝑟 = 2𝜋 ∙ 𝜈𝑟 and 𝑁 = (2𝑛 + 1): number of modes, 𝑛, 𝑞: integer. 

 𝐸(𝑡) = 𝑁 ∙ 𝐸0 ∑ 𝑒𝑖([𝜔0+𝑞∙𝜔𝑟]𝑡+𝜑0)𝑛
𝑞=−𝑛  (6.6) 

In general, the time-dependent function of an electromagnetic wavepacket can be 

described by Eq. (6.7) representing a carrier wave 𝑒𝑖𝜔0𝑡, whose amplitude is 

modulated by the time-dependent „envelope“ function 𝜉(𝑡), where 𝜑(𝑡): time-

dependent phase, 𝜔0: central frequency. 

 𝐸(𝑡) = 𝜉(𝑡) ∙ 𝑒𝑖(𝜔0𝑡+𝜑(𝑡)) (6.7) 

In our simple example (Fig. 6.9, 𝜑(𝑡) = 0, assumptions made above), 𝜉(𝑡) represents 

a periodic „envelope“ function expressed by Eq. (6.8) (derivation in Ref. [277], see 

gray lines in Fig. 6.9). 

 𝜉(𝑡) = 𝐸0 sin [𝑁(𝜔𝑟𝑡 + 𝜑0)/2]sin [(𝜔𝑟𝑡 + 𝜑0)/2]  (6.8) 

Since the electric field of a pulse can not be directly measured, it is convenient to 

refer to the pulse intensity 𝐼(𝑡) ∝ |𝐸(𝑡)|2, which is proportional to the square of the 

total electric field amplitude (Fig. 6.9 d). The pulse duration 𝑡𝑝 can be approximated 

by 𝑡𝑝 ≈ 𝑇𝑟/𝑁 [277]. This is an important relationship, highlighting that the pulse 

duration is inversely proportional to the total number of oscillating longitudinal 

modes 𝑁, and therefore also inversely proportional to the spectral width ∆𝜐𝐿 (Eq. 

(6.9)).  

 𝑡𝑝 ∝ 1𝑁  ∝  1Δ𝜈𝐿 (6.9) 
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Hence, a broad bandwidth of frequencies is needed in order to obtain ultrashort 

laser pulses. For the sake of simplicity, it is more straightforward to only regard a 

single ultrashort optical puls, since the output of a mode-locked resonator 

constitutes a repetitive „pulse train“. A single pulse (wavepacket) can be described 

by Eq. (6.7), where the pulse envelope 𝜉(𝑡) is given by a non-periodic function such 

as e.g. a 𝐺𝑎𝑢𝑠𝑠𝑖𝑎𝑛(𝑡) or 𝑠𝑒𝑐ℎ(𝑡) (hyperbolic secant) function, representing typical 

pulse shapes. Within this approximation, the pulse envelope 𝜉(𝑡) (time domain) and 

the corresponding spectral envelope 𝜉(𝜔) (frequency domain) are mathematically 

linked via the Fourier- and inverse Fourier transform (FT), respectively. The so called „time-bandwidth product“ (Eq. (6.10)) is a direct consequence of the Fourier 

transform, providing a relationship between the pulse duration Δ𝑡𝑓𝑤ℎ𝑚 and the 

spectral bandwidth Δ𝜈𝑓𝑤ℎ𝑚, which can be seen in analogy to the „Heisenberg 

uncertainty principle“ [279].  

 ∆𝑡𝑓𝑤ℎ𝑚 ∙ ∆𝜈𝑓𝑤ℎ𝑚 =  𝐾 (6.10) 

 

Fig. 6.10 Schematic illustration of the inverse proportionality between pulse duration and 

spectral width as a result of the Fourier transform. Typical central wavelength of Ti:Sa at ≈ 800 
nm ≈ 375 THz. 

Note, that both Δ𝑡𝑓𝑤ℎ𝑚 and Δ𝜈𝑓𝑤ℎ𝑚 of Eq. (6.10) refer to the intensities 𝐼(𝑡) and 𝐼(𝜈), 
resp. (see Fig. 6.10) and is 𝐾 a pulse-shape dependent constant. For example 𝐾 = 

0.441 for a Gaussian (𝐼(𝑡) = exp (−(4𝑙𝑛2)𝑡2/2Δ𝑡𝑓𝑤ℎ𝑚2 )) and 𝐾 = 0.315 for a 

hyperbolic secant function (𝐼(𝑡) = 𝑠𝑒𝑐ℎ2(1.76𝑡/Δ𝑡𝑓𝑤ℎ𝑚)), resp [277]. If the time-

bandwidth relation of Eq. (6.10) is satisfied, the pulse is regarded as „Fourier-

limited“ (in absence of a „chirp“, as discussed later on) or „bandwidth-limited“. The 
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Fourier limit corresponds to the shortest achievable pulse duration at a given 

spectral bandwidth. 

6.2.2. Ti:Sa gain medium 

As mentioned before, the generation of ultrashort (fs) laser pulses requires a broad 

spectral emission width, which is typically fulfilled by a solid-state or dye laser 

medium. Nowadays, the self-modelocked titanium:sapphire (Ti:Sa) laser, which was 

developed in the 1990s [280-283], is the „working horse“ in many laboratories with the 

most widespread use. The Ti:Sa medium [284] consists of monocrystalline sapphire 

(Al2O3) which is doped with titanium Ti3+ ions and provides several desirable 

physical/optical properties, making it ideal for the application in ultrashort 

oscillator and amplifier systems.The favorable characteristics of Ti:Sa crystals 

encompass e.g.: a) a broad gain-bandwidth (∆𝜆𝑓𝑤ℎ𝑚 ≈ 235 nm centered around ≈ 
800 nm [284-285], ∆𝜈𝑓𝑤ℎ𝑚 ≈ 100 THz); b) a broad absorption band centered at ≈ 500 
nm [284], ideal for pumping with frequency-doubled (2𝜔) Nd:YAG or Nd:YLF lasers 

(𝜆𝑒𝑚 ≈ 532 nm and 527 nm, resp.)[277]; c) high damage threshold; d) thermal 

conductivity (reducing thermal lensing effects [286]) and d) Kerr nonlinearity, which 

is exploited for Kerr-lens self-modelocking (KLM) [287] as described below. 

6.2.3. Kerr-lens mode-locking (KLM)  

As already discussed, a broad emission spectrum is a prerequisite for an ultrashort 

laser pulse, but additionally its generation requires a fixed phase relationship 

between its frequency components (Fig. 6.9). Mode-locking can be achieved by 

several active and passive mechanism [276-277]. In general, mode-locking requires an 

effect which ensures that within the laser cavity, the ultrashort pulse regime 

experiences a higher gain than the continuous wave (cw) regime. This is achieved 

by decreasing the losses for the former and increasing losses of the latter regime in 

the cavity, suppressing modes with random phase relations. Here, only one specific type will be described, the so called „Kerr-lens modelocking“ (KLM) technique, which 
is based on self-locking by utilizing the optical Kerr effect [287]. The Kerr effect is a 

nonlinear (𝜒(3)) process [276-277, 288], where the refractive index 𝑛 of the material is 

dependent on the light intensity 𝐼 (Eq. (6.11)): 
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 𝑛(𝐼) = 𝑛0 + 𝑛2 ∙ 𝐼 (6.11) 

where 𝑛0 and 𝑛2 are the linear and nonlinear refractive index, resp. (for sapphire: 𝑛0 ≈ 1.76 @ 800-900nm [289], 𝑛2 ≈ 3∙10-16 cm2/W @ 800-900 nm [290]). If the 

propagating laser beam exhibits e.g. a radial Gaussian intensity profile 𝐼(𝑟) =𝐺𝑎𝑢𝑠𝑠𝑖𝑎𝑛(𝑟), the refractive index also follows a radial gaussian profile 𝑛(𝑟). As a 

result the Kerr medium behaves as a lens, which focuses the propagating beam until 

linear diffraction balances this self-focusing effect [276]. It follows, that high peak 

intensities of of 𝐼 ≈ 1011 W/cm2 [285] are necessary (see Eq. (6.11)) to significantly 

change the refractive index in order to induce the nonlinear self-focusing.  

This is only achieved by mode-locked fs pulses. Fig. 6.11 schematically illustrates 

the resulting beam-waist narrowing of the pulsed mode during the propagation 

through the Ti:Sa crystal as a result of the Kerr lens. By placing an aperture inside 

the cavity, the losses for the cw regime can be increased („hard aperture“ KLM [287]). 

However, the used Griffin-W (KMLabs) Ti:Sa oscilator setup is based on „soft aperture“ KLM [287], where the spatial gain profile, induced by the tightly focused 

pump beam (532 nm), constitutes a natural aperture. Thus high intensity phase-

locked modes are stronger focused and exhibit a larger overlap with the collinear 

narrow pump beam, resulting in higher amplification compared to „off-phase“/cw 
modes (Fig. 6.11).  

 

Fig. 6.11 Illustration of soft aperture Kerr-lens modelocking (KLM) based on the self focusing 

effect on cw and pulsed mode of a Ti:Sa oscillator. 
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6.2.4. Optical chirp 

Ultrashort pulses are subjected to dispersion when propagating through dispersive 

media e.g. optics or the Ti:Sa crystal itself. This induces a temporal broadening 

(increase in pulse duration) and a change of the instantanous frequency („chirp“). 
For a Fourier-limited pulse the instantaneous frequency 𝜔(𝑡) is constant (

𝑑𝑑𝑡𝜑(𝑡) = 

const., see Eqs. (6.7),(6.12)). However for pulses which exhibit an optical chirp, the 

carrier frequency 𝜔(𝑡) changes in time 
𝑑𝑑𝑡𝜑(𝑡) = 𝑓(𝑡).  

 𝜔(𝑡) = 𝜔0 + 𝑑𝑑𝑡𝜑(𝑡) (6.12) 

For the simple case that 𝜑(𝑡) follows a quadratic law in time (neglecting higher 

order terms) a chirped pulse can be described by Eq. (6.13), where 𝜉∗(𝑡) is the 

broadened pulse envelope compared to its Fourier-limit (e.g. Gaussian) and 𝑏 is a 

constant.  

 𝐸(𝑡) = 𝜉∗(𝑡) ∙ 𝑒𝑖(𝜔0𝑡+𝑏𝑡2) (6.13) 

As illustated by (6.12), depending on the sign of 𝑏, the instantaneous frequency is 

either more blue (postivie chirp) or red (negative chirp) in the leading edge of the 

pulse. Owing to dispersion, each frequency component of the optical pulse travels at 

different velocities (phase and group velocities) through the material, which is the 

physical origin of the chirp. The spectral phase of each frequency (frequency 

domain) can be approximated in a Taylor series around the central frequency 𝜔0 

(Eq. (6.14)) [277, 285]. 

 Φ(𝜔) =∑ 1𝑛! 𝑑𝑛Φ(𝜔)𝑑𝜔𝑛∞
0 |𝜔0 (𝜔 − 𝜔0)𝑛 (6.14) 



6. Experimental Setup and Methods 

73 

 

Fig. 6.12 Schematic illustration of Gaussian pulses according to Eqs. (6.12),(6.13), that exhibit 

a) a positive chirp (𝑏 > 0), b) no chirp (Fourier-limited) and c) a negative chirp (𝑏 > 0). The 

respective pulse envelope functions are indicated (dotted gray lines). The areas beneath the 

Gaussian envelopes are equal for a)-c) due to energy conservation. 

The first two terms (𝑛 = 0, 1) have no influence on pulse duration, whereas the third 

term 
12 𝑑2Φ(𝜔)𝑑𝜔2 (𝜔 − 𝜔0)2 increases the pulse duration (calculated by reverse Fourier 

transform [276-277]). The term 
𝑑2Φ𝑑𝜔2 (Eq. (6.15)) is called second-order dispersion or 

group velocity dispersion (GVD) and dependent on the material (𝐿𝑚: path length 

through material, 𝑛(𝜆): refractive index, 𝑐: speed of light in vacuum, GVD(air) = 0.02 

fs2/cm and GVD(sapphire) = 581.18 fs2/cm, at 𝜆 = 800 nm [285]).  

 
𝑑2Φ(𝜔)𝑑𝜔2 = 𝜆3𝐿𝑚2𝜋𝑐2 𝑑2𝑛(𝜆)𝑑𝜆2  (6.15) 

Since the Ti:Sa medium induces a positive chirp (GVD > 0), this needs to be 

compensated by dispersive optical elements that, in turn, induce an equal negative 

GVD in order to achieve near Fourier-limited pulses. To this end, an arangement of 

a prism pair and a mirror is commonly used in fs oscillator systems as illustrated by 

Fig. 6.13 [291]. 
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Fig. 6.13 Illustration how the positive GVD of a chirped pulse can be compensated by a prism 

pair and mirror arrangement (prism compressor). Each prism (typically fused silica) induces 

a positive GVD, however the red components have a longer pathway through the second prism, 

whereas the blue components have a larger travel distance through air. By choosing a delicate 

arangement, the prism pair can induce an overall negative GVD.  

6.2.5. Ti:Sa oscillator system  

Fig. 6.14 shows the optical setup and beam path of the Griffin-W (KMLabs) KLM Ti:Sa 

oscillator system as integrated into the Wyvern 1000 (KMLabs) system. The laser 

cavity consists of a highly reflective rear mirror (RM) and an output coupler mirror 

(OC, ≈ 10 % transmittance) in a compact folded resonator design, utilizing three dielectric „folding“ mirrors (DM1-3). A frequency doubled Nd:YAG cw laser (Opus 

532, Laser Quantum [292]) is used for pumping (532 nm, 2.25 W), focused into a Ti:Sa 

crystal (dimensions: 3x5x5 mm) through a lens (FL, focal length: 10 cm) and 

dumped after passing the two curved dichroic mirrors (CM1-2, radius of curvature: 

10cm) of the resonator cavity. Two prisms both mounted on single-axis translation 

stages, controlled by stepper motors, are used for compensating for GVD. The cavity 

is aligned so that both cw and mode-locked modes are stable. Kerr-lens self mode-

locking is usually achieved by a back and forth translation of prism 1 (P1). A low 

rotational speed dust filter (DF) was installed to minimized contamination of the 

optics. The resonator output (in modelocked mode: 𝜆𝑐𝑒𝑛𝑡𝑒𝑟 ≈ 785 nm, fwhm = 55-65 

nm, 78 MHz, 130-140 mW, 𝑡𝑝𝑢𝑙𝑠𝑒 ≈ 20 fs) passes through a „pickoff“ window before entering the stretcher of the CPA system. Reflection of the „pickoff“ window are 

guided into a photo diode (PD) and a spectrometer fiber probe (SFP), resp. in order 

to monitor the generated pulse train (Fig. 6.15 a) and the emission spectrum (Fig. 

6.15 b) in parallel. 
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Fig. 6.14 Schematic beam path and layout of the Griffin-W (KMLabs) Ti:Sa oscillator as 

integrated into the Wyvern 1000 (KMLabs) system. FL: focusing lens, CM1-2: curved mirrors, 

DM1-3: dielectric mirrors, P1-2: prisms, RM: rear mirror, OC: output coupler, DF: dust filter, 

PD: photodiode, SFP: spectrometer fiber probe. 

 

Fig. 6.15 a) Oscilloscope trace of the photodiode (Rigol DS1302CA, 2 channel, 300 MHz, 

2Gsa/s, scale division: vertical = 50 mV, horizontal = 20 ns) displaying a typical pulse train of 

the Griffin-W oscillator in the mode-locked regime. b) Corresponding spectrum picked up by 

the spectrometer fiber probe (𝜆𝑐𝑒𝑛𝑡𝑒𝑟  ≈ 785 nm, fwhm = 57 nm). 
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6.2.6. Chirped-pulse amplification (CPA) 

The chirped-pulse amplification (CPA) technique facilitates the generation of 

femtosecond pulses with high peak power in the terawatts range (1 TW = 1012 W) 

and is typically used in combination with the broad-bandwidth Ti:Sa laser medium 

[285]. The CPA technique was developed by Gérard Mourou and Donna Strickland [293] 

and awarded with the Nobel Prize in physics in 2018 [294]. The challenge for the 

amplification process of ultrafast optical pulse is, that the high pulse intensities 

easily exceed the damage threshold of the amplifier medium or other optical 

elements in the amplifier. In the CPA scheme (Fig. 6.16) this is circumvented by first 

lengthening the pulse duration („stretching“ in time) by the means of dispersive 

optics, e.g. a diffraction-grating arrangement, whereby the peak power is 

significantly reduced by ~ three orders of magnitude (fs → ps). The chirped pulse is 

then amplified in multiple passes through the laser medium inside the amplifier and 

subsequently compressed back near the input pulse duration by a second grating 

pair by reversing the GVD imparted by the stretcher and amplifier.  

 

Fig. 6.16 Scheme of chirped-pulse amplification. 

The utilized CPA laser system, described in the next section, is based on the so called 

regenerative amplifier scheme. The regenerative amplifier operates by selecting a single stretched „seed“ pulse from a pulse train by a polarization-selective optical 

element [295]. The selected pulse is trapped within a cavity and amplified in multiple 

round-trip passes (20-40) through a pumped gain medium and ultimately switched-
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out through a thin-film polarizer after rotating its polarization plane by a Pockels 

cell after the amplification process has reached its maximum (saturation). 

6.2.7. Ti:Sa regenerative CPA system (Wyvern 1000) 

In the following, a brief introduction of the optical layout and mode of operation of 

the Wyvern 1000 (KM Labs) CPA fs laser system is described [296-297] and illustrated 

by Fig. 6.17.  

 

Fig. 6.17 Schematic setup of the Wyvern 1000 (KMLabs) cryogenically cooled, Ti:Sa 

regenerative chirped-pulse amplifier (CPA) system. Abbreviations: 𝜆/2: half-wave plate; 𝜆/4: 

quarter-wave plate; FL: focusing lens; DCM1-2: dichroic mirrors; A-RM1-2: highly reflective 

rear mirrors of the regenerative amplifier cavity; FT: optical filter; CAM: charge-coupled 

device (CCD) camera; PD: photodiode; PC: Pockels cell; TFP1-2: thin film polarizers; FR: 

Faraday rotator; M1-4: mirrors; CVM: convex mirror; L: converging lens (CVM+L constitute a 

telescope for beam expansion); CM: curved mirror; S-G: stretcher grating, C-G1-2: compressor 

gratings. Modified from Ref. [225] 

The seed beam, originating from the Griffin-W oscillator (130-140 mW, ≈ 20 fs, 
horizontally polarized), passes over mirror M1 into the stretcher. There, it is temporaly chirped (≈ 20 fs → ≈ 100 ps, positive chirp) by being reflected four times 

by the dispersive stretcher grating (S-G) following a complicated beam path on three 
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individual height levels parallel to the laser breadboard [296]. Additionally, the beam 

is colliminated at the entry and exit by a curved mirror (CM). The imposed GVD („stretching factor“) is determined by the distance of the stretcher-grating (S-G) to 

the curved mirror (CM), which is the advantage of this single grating layout. 

Therefore, a knob („GVG-screw“) by which S-G can be translated parallel to the CM 

for GVD control, is situated externally of the Wyvern housing. The temporally 

stretched ps pulses exit the stretcher at a lowered height, are picked of by mirror 

M1 and guided into the Faraday isolator consisting of a thin film polarizer (TFP2), a 

Faraday rotator (FR) and a half-wave plate (λ/2) (see Fig. 6.17).  

The working principle of the Faraday isolator is as follows: At the entrance the beam is horrizontally (p, from German „parallel“) polarized and is hence transmitted through TFP2. Subsequently, the polarization plane of „forward“ propagating pulses 
(into amplifier) are rotated by 90° to vertical (s, from German „senkrecht“) by the 
Faraday rotator and rotated back again to horizontal by a subsequent 𝜆/2 plate. On 

the other hand, pulses leaving the amplifier are p-polarized and therefore turned 

into s-polarized by the 𝜆/2 plate before the FR. Since the polarization of counter-

propagating light (from amplifier) is not affected by the Faraday rotator, the vertical 

polarized amplified pulses are reflected by the thinfilm polarizer TFP2 and directed 

into the compressor. By this setup the amplified pulses are effectively prevented 

from returning back into the stretcher, in order to avoid damaging of the delicate 

optics. Before entering the compressor, the beam is expanded by a telescope (by a factor of ≈ 10), consisting of a convex mirror (CVM) and a converging lens (L), to 

reduce heating of the compressor optics, and the polarization is rotated to 

horizontal by another 𝜆/2 plate. 

The temporally stretched (100 ps), p-polarized pulses enter the regenerative 

amplifier cavity by transmission through the thin-film polarizer TFP1. A 𝜆/4 plate, 

located directly after TFP1, effectively rotates the plane of polarization by 90° after 

each trip between the highly reflective cavity mirrors A-RM2 and A-RM1. In the case 

that the high speed pockels cell (PC) [295] (see Fig. 6.17) is switched off, the pulses 

undergo only one round trip in the amplifier cavity as follows:  
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Starting from TFP1, the beam traverses the 𝜆/4 plate twice, after being reflected by 

A-RM1, resulting in rotation of the polarization plane by 90° (to vertical). The s-

polarized beam is then reflected by TFP1 and steered into the vacuum chamber 

which is equipped with Brewster-angle windows and houses the amplifier medium. 

The Ti:Sa crystal is cryogenically cooled down to 𝑇 ≈ 50 K (PT90 Cryostat, CP950 

He-compressor, Cryomech) in order to avoid thermal lensing [298] and increase gain 

[297, 299]. After passing the vacuum chamber, the beam is returned back by A-RM2, 

reflected by TFP1 towards A-RM1, p-polarized by passing the λ/4 plate twice, and 

ultimately transmitted through TFP1 out of the amplifyer cavity. The operation 

principle of the regenerative amplifier is based on the fact that a single stretched 

pulse can be selected and trapped inside the amplifier cavity as long as a high voltage 

is applied to the Pockels cell, typically for a few ns [295]. The PC in the „switched on“ 
state acts as a quarter-wave plate and „counteracts“ the change in polarization plane 

that is induced by the 𝜆/4 plate. As a result, the trapped beam remains s-polarized 

and is reflected by TFP1 each passing, whereas new incoming pulses can not enter 

the cavity since they effectively remain p-polarized and are transmitted by TFP1.  

The amplification process takes place in multiple round trips, whereby the amplification „build-up“ of the last three passes can be detected by a photodiode 
(PD) and monitored by an oscilloscope. The frequency-doubled LPD-200 MQG pump 

laser of the amplifier (Lee Laser, 532 nm, 17-18 W, pulse duration ≈ 100 ns) is 
synchronized with the PC timing to optimize amplification and avoid pre/post 

pulses. Additionally, the spatial overlap between the seed and pump beam at the 

Ti:Sa crystal is imaged by a CCD camera. After amplification, the positive chirp 

imparted by the stretcher and additional optics is compensated by means of two 

parallel gratings (C-G1 and C-G2) within the compressor. The amplified beam enters 

the compressor by passing over the top of mirror M3. After being diffracted by the 

two gratings, the beam is retro-reflected at a lower height by the dielectric „roof“ 

mirror M4 and is ultimately leaving the compressor by the „pickoff“ mirror M3. The 

amplified pulse power is typically 3.8-4.0 W at a repetition rate of ≈ 1kHz and pulse 
duration of 40-50 fs. An abstracted CPA scheme of the Wyvern 1000 system and a 

typical spectrum is provided by Fig. 6.18.  
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Fig. 6.18 Schematic overview of the Wyvern 1000 (KMLabs) fs Ti:Sa oscillator/cryogenic, 

regenerative CPA laser system, including the two frequency doubled (2𝜔) Opus 532 (Laser 

Quantum) and LDP-200MQG (Lee Laser) diode-pumped-solid-state (DPSS) Nd:YAG pump 

lasers, respectively. Central wavelength and fwhm of emission band, pulse repetition rate, 

output power and pulse duration are indicated. A typical laser emission spectrum of the 

Wyvern 1000 system is shown in the bottom right. 

The amplification factor is calculated according to 
𝐸𝑎𝑚𝑝.  𝑝𝑢𝑙𝑠𝑒𝐸𝑖𝑛𝑝𝑢𝑡 𝑝𝑢𝑙𝑠𝑒 = 2.3 ∙ 106, where 𝐸𝑎𝑚𝑝.  𝑝𝑢𝑙𝑠𝑒 = 4 W1 kHz = 4 mJ; 𝐸𝑖𝑛𝑝𝑢𝑡 𝑝𝑢𝑙𝑠𝑒 = 0.14 W80 MHz =  1.75 nJ. 

6.2.8. Wavelength converter system (TOPAS-C) 

For the generation of wavelength-tunable pump and probe pulses (see chapter 5.2), 

two collinear optical parametric amplifier systems [300] (TOPAS-C, Light Conversion, TOPAS: „Travelling-Wave Optical Parametric Amplifier of White-Light Continuum 

System“) were utilized. The TOPAS-C system is an automated two-stage optical 

parametric amplifier (OPA) of white-light continuum (WLC) that comprises: a 
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white-light continuum generator, a pre-amplifier stage, and a power-amplifier stage. 

Its optical layout is shown in Fig. 6.19 [301]. 

 

Fig. 6.19 Schematic optical layout of the TOPAS-C (Light Conversion) system. Some optics for 

beam expansion and collimination were omitted for clarity [301]. Adapted and modified from 

Refs [225, 301]. ① pump beam from Wyvern-1000 system (780 nm, 1.2/1.5 mJ, ≈50 fs); ② pump 

for pre-amplification stage; ③ pump for amplification stage; ④ seed for white-light 

continuum generation; ⑤ white-light continuum (WLC); ⑥ pump for parametric pre-

amplification of WLC; ⑦ pre-amplified signal; ⑧ amplified signal+idler and residual pump 

(780 nm). D1-2: beam dumps; NC1-2: non linear crystals (BBO), BS1-2: beam splitters (≈ 80-

98% reflectivity); DS1-2: delay stages (computer controlled rotation/translation); VND: 

variable neutral-density filter; TD: dispersive plate; WLG: white-light continuum generation 

in sapphire plate; DCM1-3: dicroic mirrors; Mix1-2: mixing stages housing BBO crystals; 

WS1+2: pair of wavelength separators.  

After entering the system, the pump (Ti:Sa CPA, 780 nm, 1.2/1.5 mJ, ≈50 fs) is split 
into two paths by a beam splitter (BS1, (≈ 80-98% reflectivity). The reflected high 

energy beam ③ is used as pump in the power-amplification stage, whereas the 

transmitted low energy fraction ② is used in the pre-amplifier. The latter passes 

through two Brewster angled plates mounted on computer controlled rotation 

stages (DS2) that change the length of the beam path and thereby control the 

temporal delay between pump and seed pulses in the power-amplifier stage. A 

second beam splitter (BS2) reflects ≈ 80 % for usage as pump in the pre-amplifier ⑥. The beam that is transmitted by BS2 passes through a variable neutral density 

filter and is retro reflected (DS1) and focused onto a sapphire plate for the 

generation white-light continuum (WLC). A dispersive plate (TD) stretches the WLC 

in time. Pump and WLC beams are combined by DCM1 and non-linearly overlapped 
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inside the pre-amplifier BBO crystal (NC1) where the parametric amplification 

process takes place.  

Wavelength tuning in the pre-amplification stage is achieved by changing the 

temporal delay between the stretched WLC pulse and the pump pulse by means of a 

motorized translation stage (DS1) and tilt of the crystal angle for optimal phase-

matching. The generated idler and pump beam are dumped (D1), whereas the signal 

beam is used as seed for the second amplification stage. In the power-amplifier the 

pre-amplified signal is collinearly overlapped with the high-energy pump beam ③ 
inside a second nonlinear crystal (NC2). As a result, amplified signal and idler beams, 

encompassing a spectral range of 1140-1620 nm and 1520-2500 nm, resp. can be 

generated. In summary, the wavelength tuning is controlled by the delay stages DS1 

and DS2 and the crystal angles (NC1 and NC2). Two external frequency mixer stages 

are located after the TOPAS-C system and are used to extend the tuning range to 

240-2500 nm through various nonlinear optical schemes as summarized in Tab. 6.2. 

The residual pump radiation can be dumped by a dicroic mirror DCM3, in case it is 

not needed for further non-linear optical processes. A pair of dielectric wavelength 

separators are mounted after the two mixer stages in order to filter undesirable 

residual radiation (see Fig. 6.19 and Fig. 6.20).  
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Tab. 6.2 Summary of non-linear optical processes (NLP) and tuning ranges for mixer 1 and 2 

stages of the TOPAS-C systems. I: ider; S: signal, SHI/S second harmonic of idler/signal, SFI/S 

sum frequency generation mixing idler/signal with residual pump (780 nm), FHI/S fourth 

harmonic of idler/signal, SHSFI/S second harmonic of SFI/S. For details see Ref. [301]. 

NLP (wave) wavelength range / nm 

I 1520-2500 

S 1140-1620 

SHI 795-1160 

SHS 570-810 

SFI 525-580 

SFS 472-527 

FHI 400-485 

FHS 285-400 

SHSFI 262.5-287.5 

SHSFS 236-263.5 

 

 

Fig. 6.20 Tuning curves of the two TOPAS-C systems labeled as a) „T7“ (pump: 1.2 mJ) and b) „T6“ (pump: 1.5 mJ) in Fig. 6.21, respectively. The nonlinear output schemes are labeled 

according to Tab. 6.2. Colored areas indicate the wavelength ranges of separators that were 

used after the two mixer stages. Taken from Ref. [225]. 
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6.2.9. Overview of PD/-PD experimental setup 

The complete experimental setup for static and time-resolved photodissociation ion 

spectroscopy is depicted in Fig. 6.21. The output of the fs Ti:Sa KLM oscillator / CPA 

amplifier system (4mJ, 780 nm, 50 fs, 1 kHz) was split into three beam branches by 

the beam splitters BS1 and BS2. One branch (1.3 mJ) was used for WLG in a transient 

absorption/reflectivity setup (solution phase experiments) in cooperation with the 

group of Prof. Dr. Diller (TUK, physics department). The other two beams were used 

as pump of two identical optical parametric generator/amplifier systems, which 

were utilized for independent wavelength tuning in order to generate UV pump 

pulses (T7, spectral widh ~ 3 nm @ 260 nm) and NIR probe pulses (T6, typical at ≈ 
1150 nm). Before entering the TOPAS-C systems the beam diameter was reduced 

(1/𝑒2 width < 8 mm) by telescope 1 and 2, respectively (requirement of the systems 

[301]). Two sets of wavelength separators were used to filter radiation of „parasitic“ 

waves and pulse energies were controlled by two variable neutral density filters. 

The optical path of the probe pulses was varied utilizing a motorized single axis 

delay stage (Physik Instrumente) with a mounted retroreflector (RF, protected silver 

coating) for controlling the temporal delay with respect to pump pulses. Both beams were quasi collinearly combined (≈0.8°) and focused (𝑓 = 40/50 cm) through a fused 

silica window (3 mm thickness) onto the center of the ion cloud (≈ 1 mm diameter). 

The relative angle of pump and probe polarization planes was set to ≈ 54.7° by a 
variable half-wave plate (Berek compensator). The pulse repetition rate could be 

reduced by means of an optical chopper. A beam shutter was synchronized with the 

QIT-MS in order to allow radiation of the ion cloud only during the fragmentation 

time window (𝑡𝑓𝑟𝑎𝑔).  
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Fig. 6.21 Schematic setup for PD/-PD experiments combining a tunable femtosecond 

pump/probe laser setup with a modified Paul-type ion trap mass spectrometer (QIT-MS, 

amaZon speed). Abbrev.: TA/TR: transient absorption/reflectivity, BS: beam splitter, fs-osc: 

femtosecond oscillator, CPA: chirped pulse amplification, Cryo.: cryostate, OPG/OPA: optic 

parametric generator/amplifier, DP: diode pumped, Mix. Crys.: mixing crystals, WS: 

wavelength separators, ND: neutral density, RF: retro reflector, BC: Berek compensator, HM: 

half mirror, BD: beam dump.  
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Ultrafast excited-state relaxation of a binuclear
Ag(I) phosphine complex in gas phase and solution†

S. V. Kruppa, ‡
a F. Bäppler,‡b W. Klopper,c S. P. Walg,d W. R. Thiel, a

R. Diller *b and C. Riehn *ae

The binuclear complex [Ag2(dcpm)2](PF6)2 (dcpm = bis(dicyclohexylphosphino)methane) exhibits a

structure with a close silver–silver contact mediated by the bridging ligand and thus a weak argentophilic

interaction. Upon electronic excitation this cooperative effect is strongly increased and determines the

optical and luminescence properties of the compound. We have studied here the ultrafast electronic

dynamics in parallel in gas phase by transient photodissociation and in solution by transient absorption.

In particular, we report the diverse photofragmentation pathways of isolated [Ag2(dcpm)2]
2+ in an ion

trap and its gas phase UV photodissociation spectrum. By pump–probe fragmentation action spectro-

scopy (lex = 260 nm) in the gas phase, we have obtained fragment-specific transients which exhibit a

common ultrafast multiexponential decay. This is fitted to four time constants (0.6/5.8/100/41000 ps),

highlighting complex intrinsic photophysical processes. Remarkably, multiexponential dynamics

(0.9/8.5/73/604 ps) are as well found for the relaxation dynamics in acetonitrile solution. Ab initio calculations

at the level of approximate coupled-cluster singles-doubles (CC2) theory of ground and electronically excited

states of the reduced model system [Ag2(dmpm)2]
2+ (dmpm = bis(dimethylphosphino)methane) indicate a

shortening of the Ag–Ag distance upon excitation by 0.3–0.4 Å. In C2 geometry two close-lying singlet states

S1 (
1MC(ds*–pp), 1B, 4.13 eV) and S2 (1MC(ds*–ps), 1A, 4.45 eV) are found. The nearly dark S1 state has not

been reported so far. The excitation of the S2 state carries a large oscillator strength for the calculated vertical

transition (266 nm). Two related triplets are calculated at T1 (3.87 eV) and T2 (3.90 eV). From these findings

we suggest possible relaxation pathways with the two short time constants ascribed to ISC/IVR and propose

from the obtained similar values in gas phase that the fast solution dynamics is dominated by intramolecular

processes. A further relaxation by IC/IVR in the triplet manifold is likely to account for the observed intermediate

time constants. For the acetonitrile relaxation dynamics additional modifications are invoked based on solvent-

induced shifts of the energy levels and the possible formation of solvent and counterion exciplexes on a

longer timescale.

1. Introduction

Metal–metal (M–M) interaction in molecular transition metal
compounds is a chief topic in the field of inorganic cluster
chemistry and homogeneous catalysis,1–7 e.g. in the transmetallation

step of metal-catalyzed decarboxylative coupling reactions.8 The
fundamental understanding of the binding situation between
metal centers, in particular for closed-shell d10–d10 coinage
metal cations and also d8–d8 complexes with unique optical
and luminescence properties, is an ongoing subject to theo-
retical and experimental investigations.5,9–13 The discovery of the
archetypical binuclear d8–d8 [Pt2(pop)4]

4� ([Pt2(m-P2O5H2)4]
4�)

complex14 and the continuous elucidation of its remarkable
photophysical properties15,16 particularly kindled an interest in
the spectroscopy and dynamics of similar luminescent binuclear
d10–d10 metal complexes.5,17 Among them, the phosphine–
ligand supported [M2(m-dcpm)2] (M = Cu, Ag, Au; dcpm =
bis(dicyclohexylphosphino)methane, see Fig. 1) metal
complexes18–20 are known for exhibiting 1MC(ds*–ps) electronic
transitions, which give rise to UV bands in the 250–380 nm
region and broad, strongly redshifted luminescence recognized
in the visible region as exciplex formation in solution.21,22
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The aliphatic phosphine ligand (dcpm) is optically transparent
in this wavelength region, which facilitates the spectroscopic
assignment. The electronic excitation is accompanied by
enhancement of the (M–M) binding and contraction of the
(M–M) distance21 as explored by UV-Vis and resonance Raman
spectroscopic investigations.18–20 Intriguingly, already their
electronic ground state molecular structure commonly displays
M–M distances shorter than the sum of their van der Waals
radii indicating metallophilic interactions.23

Since the extent of metallophilic interaction depends on the
nature of the metal centers, the ligand coordination environ-
ment, and the nuclearity, it should be possible to specifically
tailor (by chemical synthesis) the photochemical and lumines-
cence properties of such M–M systems. Potential applications
encompass e.g. engineered light-emitting (self-assembled) func-
tional materials,9,24 sensory/(bio)diagnostic applications10,25,26 and
the photocatalytic cleavage of DNA.27 Hence, it is of crucial
importance to understand the fundamental and intrinsic nature
of metallophilic interactions andmoreover their dynamic response
to photoexcitation at least for the simple bimetallic case.

The ultrafast dynamics of d10–d10 systems, although decisive
for their photochemical properties, are still rather unexplored
and studies are scarce.20,28 In this article we focus on the
exploration of the spectroscopic and ultrafast dynamic proper-
ties of [Ag2(dcpm)2]

2+ (Fig. 1), to investigate the consequences
of argentophilicity23 with respect to photoexcitation dynamics.
In order to distinguish and separate intrinsic dynamics from
environmentally affected ones, we conduct these studies, both
at room temperature, in solution and in the gas phase. In detail,
we studied the excited state dynamics of the Ag2-centered
1MC(ds*–ps) excited state by means of transient absorption
spectroscopy (TA) in acetonitrile and by transient photo-
dissociation29,30 (t-PD), i.e. pump–probe fragmentation action
spectroscopy, in a mass spectrometric ion trap.31–33 These
experiments are supported by ab initio quantum chemical
calculations at the level of approximate coupled-cluster
singles-doubles (CC2) theory, which provides a treatment
of electron correlation that is deemed imperative for the

description of metallophilic interaction.34 The energies, structures
and multiplicities of ground and electronically excited states
are obtained for a size-reduced model system [Ag2(dmpm)2]

2+

(dmpm = bis(dimethylphosphino)methane). These theoretical
results by way of their geometries and energetics set constraints
that govern the possible scenarios of the electronic relaxation
pathway for the photoexcited [Ag2(dcpm)2]

2+ complex.

2. Experimental methods, materials
and computational details
Materials

[Ag2(dcpm)2](PF6)2 was synthesized according to established
procedures18 and characterized via UV-absorption spectroscopy
using a Lambda 950 UV/Vis/NIR spectrometer (PerkinElmer,
c = 60 mM in acetonitrile, LC-MS grade) and 31P NMR spectro-
scopy (168.1 MHz, MeCN-d3, see Fig. S3, ESI†), d 32.9 ppm
(dm, J = 516.1 Hz), �144.7 (qi., J = 732.9 Hz); Lit.:18 31P NMR
(202 MHz, CD3Cl3), d 36.3 (dm, J = 690 Hz).

Ion trap mass spectrometry

ESI-MS was performed using a 3D quadrupole ion trap mass
spectrometer (amaZon speed, Bruker Daltonics) modified for
laser irradiation experiments35,36 by electrospraying sample
solutions of [Ag2(dcpm)2](PF6)2 (c = 10�6 M, acetonitrile,
LC-MS grade) at a continuous infusion rate of 120 ml h�1

assisted by nitrogen sheath gas (5–7 psi, 345–483 mbar). Nitrogen
as drying gas was set to a flow rate of 4 l min�1 at 180 1C and the
spraying needle was held at 4.5 kV. Themass-isolation windowwas
typically Dm/z = 4 selecting the full isotope pattern of molecular
precursor species m/z 515 (low mass cutoff at ca. m/z 140). Helium
pressure inside the trap was estimated to B10�3 mbar. For
collision-induced dissociation (CID) experiments a resonance
excitation voltage was applied to the endcaps of the trap
accelerating the isolated precursor ions which then undergo
multiple collisions with the He buffer and eventually generate
fragments. The instrument was controlled and data analysis
was performed with software provided by Bruker.

Femtosecond laser system

Femtosecond laser pulses were generated using a titanium:
sapphire (Ti:Sa) chirped pulse cryogenic regenerative amplifier
system (Wyvern 1000t, KMLabs). The oscillator and amplifier
stages were pumped by a diode-pumped solid state laser (Opus
532) and a frequency doubled Nd3+:YAG laser (LDP-200MQG,
Lee Laser), respectively. The output pulse train (B780 nm,
fwhm B 30 nm, B4 W, 982 Hz, Dt B 50 fs) was split into
three beams to pump two identical nonlinear frequency converters
(TOPAS-C, Light Conversion, tuning range: 240–2600 nm, abbrev.
TC1 and TC2). The third beamwas used for broad-band continuum
white-light generation (330–760 nm, WL) by means of self-phase
modulation in a constantly moving CaF2-window. The relative
linear polarization between the pump and probe pulses for the
TC1/TC2 (transient photodissociation, t-PD) and the TC1/WL
(transient absorption, TA) experiment was set to B54.71 by a

Fig. 1 Schematic structure of [Ag2(dcpm)2]
2+, dcpm = bis(dicyclo-

hexylphosphino)methane.
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half-wave plate (Berek compensator). Temporal delay between
the pump and probe pulses was controlled using a single axis
delay stage (Physik Instrumente, PI) varying the optical path
length of TC2 respective to TC1 or TC1 respective to WL. Pulse
energies were controlled by variable neutral density filters.

Gas phase photodissociation (PD, s-PD)

The experimental setup for PD (static) and t-PD (time-resolved)
experiments was depicted36 and described elsewhere in
detail.29,30,37 Briefly, quasi collinearly combined (B0.81) UV-
pump (lpump: 275–245 nm, 1 mJ, TC1) and NIR-probe (lprobe:
1150 nm, 150–160 mJ, TC2) beams were focused ( f = 50 cm)
through a fused silica window (3 mm thickness) onto the ion
trap center (B1 mm diameter). For PD experiments only the
pump beam (TC1) is used and stepwise wavelength scanned in
the range of 240–350 nm at constant pulse energy (B2 mJ,
spectral width Dl B 2–4 nm, see Fig. S6, ESI†). Each isolated
precursor ion packet was irradiated with B118 UV pulses (PD)
orB98 pump/probe pulse pairs (t-PD), respectively, followed by
fragment mass analysis.

From the resulting mass spectrum the individual (Yi) and
total fragment yields (TFY) are calculated as Yi = Fi/(SFi + P) and
TFY = SFi/(SFi + P), respectively. Fi and P are the integrated
mass peak intensities of product species i and precursor ions,
respectively and SFi is the sum of all fragment ion signals. For
PD spectra the fragment yields were normalized to the number
of photons N = Epulse�l/(h�c). Furthermore, a scaling factor of
1.43 is applied in the range of 237–263 nm compared to the
longer wavelength range (262–287 nm). This accounts for a
change in the nonlinear optical output scheme of the TOPAS
system, which in turn requires a reoptimization of the overlap
of the laser beam with the ion cloud. The scaling factor has
been obtained from measurements in the wavelength overlap
region of both tuning ranges.

We noticed upon irradiation of the mass spectrometer
entrance window by the (for PD) necessary UV laser intensities
(ca. 0.3 GW) the quick (Bminutes) development of a red
luminescence in the fused silica. This prompted us to record
the transmittance of the window in the 240–290 nm range at
equivalent photon density to the PD experiments (see Fig. S7,
ESI†), which gave a ca. 20% reduced transmittance atB240 nm
compared with B290 nm. However, a correction of the PD
spectrum based on these values was not performed, since the
fragment yield exhibits a non-linear, fragment-specific power
dependence (see discussion in section 3.3, Fig. S8, ESI†). Moreover,
from cross-correlation measurements (see below) we confirmed
that the laser pulse duration and thus t-PD experiments were not
affected by this fused silica luminescence.

For t-PD experiments individual 4 ps (9 cycles), 40 ps
(6 cycles), 400 ps (4 cycles) and 1600 ps (4 cycles) scans were
averaged, processed by introducing an ordinate offset correc-
tion (4 ps scan as reference) due to fluctuating fragmentation
yields at negative time delay and concatenated (32–72 averaged
mass spectra/data point).

The time zero position and cross correlation was estimated
by measuring the multiphoton ionization of neutral furan

(C4H4O) molecules which were introduced at small concen-
tration into the ion trap with the trapping gas (He) (see Fig. S21,
ESI†). The transient data was fitted by convoluting a Gaussian
system response function with a multiexponential decay
function according to S(t) = SiAi(exp(�t/ti) � g(t,t0,tp)) using
the Origin 2015G software (ti decay time constants, t0: time
zero, tp: fwhm of Gaussian, Ai: amplitude of ti component, see
eqn (S1) and (S2), ESI† for fit formula).

Absorption and luminescence spectroscopy (solution)

Static absorption spectra were recorded with a Jasco V-670 spectro-
photometer and PerkinElmer Lambda 950 spectrometer.
Fluorescence spectroscopy was performed with a Perkin-Elmer
LS 55 Fluorescence Spectrometer. Acetonitrile (Uvasol grade)
was used.

Transient UV/Vis absorption spectroscopy (solution)

[Ag2(dcpm)2](PF6)2 was dissolved in MeCN (Uvasol grade) with
the concentration set to ca. 1.4 OD units in the absorption
maximum at 261 nm in a CaF2 sample cell (25 mm diam., 1 mm
pathlength). The cuvette was moved constantly to exchange the
irradiated sample volume on a shot-to-shot basis. Steady state
absorption spectra were recorded before and after each tran-
sient absorption measurement, in order to evaluate and ensure
sample integrity. Only minor degradation was observed. The
focal width of the exciting laser beam (l = 262 nm, E B 400 nJ)
was 75 mm (fwhm) at the sample position. The spectrally
dispersed probe pulses were detected with an integrated 512
pixel PDA camera device (Stresing). Chopping the probe-pulses
at half the repetition rate of the pump-pulses the pump
induced absorbance change DA(l,t) was detected on a shot-to-
shot basis. Pump–probe cross-correlation of 150 fs (fwhm) was
determined by the rise of the pump-induced signal DA(l,t). The
dataset was fitted by convoluting a Gaussian system response
function with a multiexponential decay function according to
DA(l,t) = [A0(l) + SiAi(l)�exp(�t/ti)]� g(t,t0,tp) using the Glotaran
1.5.1 software (ti: decay time constants, t0: time zero, tp: fwhm
of Gaussian, Ai(l): decay associated spectra, DAS). In addition,
singular value decomposition analysis (SVD) was applied to
determine the number of spectral species. The results from the
TA experiments, i.e. the fitted time constants and DAS were
reproduced within given errors by evaluation of various sample
batches, as well as measurements with reduced excitation
energy (200, 400, 600 nJ per pulse), to exclude artifacts from
two-photon absorption processes and degradation. The experi-
ments were performed at room temperature.

Computational details

We have chosen to perform quantum chemical calculations at
the coupled cluster (CC) level of theory since an advanced
treatment of electron correlation is considered to be important
for the description of metallophilic systems.34 These high-level
computations of electronic and molecular structure for explora-
tion of the [Ag2(dcpm)2]

2+ target ion were undertaken for a
reduced molecular model system replacing the cyclohexyl groups
by methyl groups on the phosphine ligands (i.e. [Ag2(dmpm)2]

2+,
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dmpm = bis(dimethylphosphino)methane). This was necessary in
order to keep the CPU time and costs manageable. We believe
that, despite the reduced ligand size, the relative energies of the
different electronic states of the model complex should closely
match those of [Ag2(dcpm)2]

2+ since they are mainly determined
by the Ag2 chromophoric unit. Thus, valuable and realistic
insights into the electronic structure of [Ag2(dcpm)2]

2+, e.g. given
by the vertical and adiabatic excitation and emission energies for
singlets and triplets, should emerge from these calculations.
A similar strategy was applied by other groups on different
computational levels.21,38,39

The ab initio computations were performed at the coupled-
cluster singles-and-doubles level in the CC2 approximation40,41

with the TURBOMOLE program package.42,43 We used the
def2-TZVPP basis set44 with an effective core potential for Ag
substituting 14 core orbitals.45 The 1s orbitals of C and 1s, 2s and
2p orbitals of P were not included in the correlation treatment.

3. Results and discussion
3.1 Mass spectrometry and photodissociation pathways

Electrospray ionization MS of acetonitrile solution of
[Ag2(dcpm)2](PF6)2 in the cationic mode gives an overview mass
spectrum (Fig. S5, ESI†), which is dominated by the corres-
ponding molecular peak besides smaller contributions of
counter ion adducts. The elemental composition and charge
state of the [Ag2(dcpm)2]

2+ ion (m/z 515, nominal mass) were
unequivocally assigned by the excellent agreement of the experi-
mental and simulated isotopic patterns (cf. inset Fig. 2(a)). The
precursor ion [Ag2(dcpm)2]

2+ is isolated in the ion trap for all
subsequent laser spectroscopic and dynamic investigations.

Upon photoexcitation at lex = 260 nm of isolated
[Ag2(dcpm)2]

2+ thirteen different fragmentation products could
be observed (Fig. 2(b)) in the range of m/z 211 to m/z 819. These
fragments originate from two major pathways: (i) ionic frag-
mentation by fission into singly charged products (charge
separation) and (ii) neutral loss fragmentation by cleavage of
neutral moieties (charge retention). Furthermore, these photo-
fragmentation pathways are categorized into four groups asso-
ciated with primary/secondary ionic fragmentation (IFp/IFs) and
single/multiple neutral loss(es) (NLp/NLs) as listed in Table 1.
This diverse dissociation pattern motivated us to investigate the
connectivity and pathways in detail by multiple MS2 and MS3

experiments (Fig. S15–S19, ESI†) to determine whether the
detected fragment ions (Fig. 2(b)) originate from primary disso-
ciation channels or are formed via secondary ones. The resulting
overview photofragmentation scheme (Fig. 3) is elucidated in the
following.

Primary and secondary ionic fragmentation (IFp)/(IFs). The
schematic ionic fragmentation pathways of [Ag2(dcpm)2]

2+ are
depicted in Fig. 3 (left). Three different photo-induced IFp
pathways are observed:

(A) intra-ligand fission into CH2P(Cy)2
+ (m/z 211, F13) and the

corresponding m/z 819 (F1) fragment (Table 1) retaining the
Ag2 core.

(B) Loss of a complete dcpm ligand and concomitant formal
‘‘H�’’ transfer from this phosphine ligand to the Ag2 core
yielding the (dcpm � H)+ product (m/z 407, F6) and presumably
a [Ag2(H)dcpm]+ hydride species (m/z 623, F2), similar to the
previously reported [Ag2(H)dppm]+ ion46 (see Table 1, schematic
structure depicted in Fig. S20, ESI†). Notably, the ion signal of
(dcpm � H)+ is also superimposed by the protonated ligand
species ((dcpm + H)+, m/z 409) which is produced via secondary
fragmentation processes (see Tables S2 and S3, ESI†).

(C) Symmetric fission into two equal [Ag(dcpm)]+ units (m/z
515, Fdark). Although this channel cannot be directly observed
(‘‘dark channel’’), since its ion signal is superimposed with the
intense [Ag2(dcpm)2]

2+ precursor signal at equal m/z ratio,
its existence is inferred from the presence of mono-cationic
species at m/z 326 (F9) and m/z 244 (F12, Table 1). Those are
assigned as secondary fragmentation products of [Ag(dcpm)]+

Fig. 2 Photodissociation mass spectra of [Ag2(dcpm)2]
2+ (m/z 515) at (a)

lprobe = 1150 nm (160 mJ, B98 pulses) and (b) lpump = 260 nm (1 mJ,
B98 pulses), respectively. Integer nominal masses are indicated with
charge states in parentheses, asterisks denote contributions of multiple
species to the isotope pattern differing by the number of hydrogens (see
Table 1 and Tables S2–S4, ESI†). Color coding for masses indicates the
respective fragmentation processes in analogy to Fig. 3. Insets: (a) Experi-
mental (black line) and simulated (blue bars) isotope pattern of isolated
precursor ions without irradiation. (b) N indicates the number of Cy/(Cy-H)
losses. (c) Difference mass spectrum (Diff. MS) for pump + probe experi-
ment obtained by subtracting the mass spectrum at negative pump–probe
time delay (B�1 ps) from the mass spectrum at positive delay (B3 ps).
Positive and negative Diff. MS signals correspond to an enhancement and
depletion, respectively when the UV-excited [Ag2(dcpm)2]

2+ ions absorb
probe pulses at 1150 nm.
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Table 1 Photofragment assignments of [Ag2(dcpm)2]
2+ (see Fig. 2b), (Cy = C6H5). Integer nominal masses (m/z) and charge states (z/e) are indicated. For

the sake of simplicity the photofragments are categorized into four groups associated with primary and secondary ionic fragmentation (IFp, IFs), single
neutral loss (NLs) and multiple neutral losses (NLp). Photofragment yield percentages relative to the total yield (Yi/YTFY) are given (258 nm, 2 mJ, 118 pulses)

Label m/z z/e Assigned formula Fragments lost Category Yi/YTFY/% (258 nm, 2 mJ)

F1 819 1 [Ag2P3(CH2)(Cy)6]
+ [P(CH2)(Cy)2]

+ IFp 8
F2 623 1 [Ag2P2(CH2)(Cy)4H]+ [P2(CH2)(Cy)3(Cy-H)]+ IFp 2
P 515 2 [Ag2P4(CH2)2(Cy)8]

2+ Precursor —
Fdark

b 515 1 [AgP2(CH2)(Cy)4]
+ [AgP2(CH2)(Cy)4]

+ IFp/IFs —
F3

a 474 2 [Ag2P4(CH2)2(Cy)7H]2+ (Cy-H) NLp 20
[Ag2P4(CH2)2(Cy)7]

2+ (Cy)
F4 462 2 [AgP4(CH2)2(Cy)8]

2+ Ag0 NLp 3
F5 433 2 [Ag2P4(CH2)2(Cy)6H]2+ (Cy), (Cy-H) NLs 21
F6

a 407 1 [P2(CH2)(Cy)3(Cy-H)]+ [Ag2P2(CH2)(Cy)4H]+ IFp 3
(409) [P2(CH2)(Cy)4H]+ ‘‘[Ag2P2(CH2)(Cy)3(Cy-H)]+’’ IFs

F7
a 392 2 [Ag2P4(CH2)2(Cy)5H2]

2+ (Cy), 2(Cy-H) NLs 17
(391) [Ag2P4(CH2)2(Cy)5H]2+ 2(Cy), (Cy-H)

F8
a 351 2 [Ag2P4(CH2)2(Cy)4H3]

2+ (Cy), 3(Cy-H) NLs 14
(350) [Ag2P4(CH2)2(Cy)4H2]

2+ 2(Cy), 2(Cy-H)
F9

a 326 1 [P2(CH2)(Cy)3H]+ ‘‘[AgP2(CH2)(Cy)4]
+, Ag0, (Cy-H)’’ IFs 5

(325) [P2(CH2)(Cy)3]
+ ‘‘[AgP2(CH2)(Cy)4]

+, Ag0, (Cy)’’
F10 310 2 [Ag2P4(CH2)2(Cy)3H4]

2+ (Cy), 4(Cy-H) NLs 1
F11

a 269 2 [Ag2P4(CH2)2(Cy)2H6]
2+ 6(Cy-H) NLs 2

269 [Ag2P4(CH2)2(Cy)2H5]
2+ (Cy), 5(Cy-H)

(268) [Ag2P4(CH2)2(Cy)2H4]
2+ 2(Cy), 4(Cy-H)

F12
a 244 1 [P2(CH2)(Cy)2H2]

+ ‘‘[AgP2(CH2)(Cy)4]
+, Ag0, 2(Cy-H)’’ IFs 1

(243) [P2(CH2)(Cy)2H]+ ‘‘[AgP2(CH2)(Cy)4]
+, Ag0, (Cy-H), (Cy)’’

F13 211 1 [P(CH2)(Cy)2]
+ [Ag2P3(CH2) (Cy)6]

+ IFp/IFs 4

a Contributions of multiple species to the isotope pattern relatively differing in number of hydrogens (cf. Tables S2–S4, ESI species with minor
contributions to the isotope pattern are given in parentheses). b Ion signal is superimposed with the strong precursor ion signal (m/z 515,
see Fig. S15, ESI).

Fig. 3 (left) Simplified ionic fragmentation scheme (cleavage into two monocationic moieties, cf. Table 1) upon UV excitation. Asterisks indicate
additional hydrogen transfer yielding a hydride-bridged species (m/z 623, see Table 1 and Fig. S20, ESI†) similar to the previously reported [Ag2(H)dppm]+

ion.46 (right) Fragmentation scheme of [Ag2(dcpm)2]
2+ precursor ions (m/z 515, P) based on MS2 (black solid arrows) and MS3 (dashed and dotted arrows)

collision- and photo-induced dissociation experiments (CID, PD, cf. Fig. S15–S19, ESI†). Main fragmentation products (integer nominal masses)
are categorized into four groups based on primary, secondary ionic fragmentation processes (IFp: red, IFs: yellow) and single, multiple neutral losses
(NLp: green, NLs: blue), respectively. N indicates number of Cy + (Cy-H) losses. The [Ag(dcpm)]+ species (m/z 515) cannot be directly observed from
fragmentation of [Ag2(dcpm)2]

+ (m/z 515) since the ion signals overlap (indicated by gray solid arrow). Therefore it was generated via CID of the halide
adduct [Ag2(Cl)(dcpm)2]

+ (m/z 1065) and subsequently photodissociated in a MS3 step (dotted arrows, see Fig. S16, ESI†).

PCCP Paper



22790 | Phys. Chem. Chem. Phys., 2017, 19, 22785--22800 This journal is© the Owner Societies 2017

by subsequent neutral losses, since their corresponding mono-
cationic counterparts could not be observed.

This could be also verified in a MS3 PD experiment of isolated
[Ag(dcpm)]+ precursors generated via CID of [Ag2(Cl)(dcpm)2]

+

(see Fig. S15, ESI†), yielding the m/z 326/325 (F9) photoproducts
at lex = 260 nm. Furthermore, [Ag(dcpm)]+ can be generated as a
product ion from m/z 623 (F2) and m/z 462 (F4) ions (see Fig. S18
and S19, ESI†).

Single neutral loss (NLp). The intense PD product ion signal
at m/z 474 (F3) is assigned to a superposition of two species
corresponding to loss of either a cyclohexyl radical (Cy)� or a
cyclohexene (Cy-H), respectively (Table 1 and Table S2, ESI†).
For the latter it is reasonable to assume that a b-hydrogen of the
leaving Cy moiety is transferred to a phosphorus atom, since
the (Cy-H) carbene is certainly thermodynamically less favored.
The thermodynamics of Cy/Cy-H loss fragmentation pathways
are given in the ESI.† The loss of (Cy)� leads to a radical dication
(P�2+) that probably stabilizes by further (Cy)� loss, also mani-
fested in the relatively large signal intensity of the fragment
ions that underwent a loss of an even number of Cy units vs. the
odd-numbered Cy losses. Thus the ion signal at m/z 433 (loss of
two Cy units) is also considered as stemming from a single
pump–probe photoexcitation.

The weak photofragment signal at m/z 462 (F4) might result
from an electron transfer to a silver center leading to the
observed loss of neutral Ag0. This could be an indication for
an excited state with ligand-to-metal charge transfer (1,3LMCT)
character. Notably, this channel could not be accessed by CID
(see Fig. S15, ESI†) and is therefore specific to fragmentation
via the photoexcited state. However, our theoretical analysis
(see below) does not support the existence of CT states in the
energy range of the first excited state, so that it could be
tentatively ascribed to result from two-photon excitation.

Multiple neutral losses (NLs). Upon photoexcitation frag-
ments are observed which could be assigned to N�((Cy)/(Cy-H))
losses, i.e. up to N = 6. Since the calculated average carbon-
phosphorus dissociation energy (BDE) 4300 kJ mol�1,47 the
photon energy at 258 nm equals B464 kJ mol�1 and the
precursor ion cloud is irradiated with multiple UV pulses (see
Experimental section), it is possible that those products are
formed in secondary fragmentation processes stemming from
multiple irradiation events. MS3 experiments of isolated
N�(Cy)/(Cy-H) loss fragments as precursor ions for subsequent,
secondary PD (lex = 260 nm, 2 mJ, 118 pulses) confirm this
possibility, but also reveal that irradiation of a fragment inter-
mediate directly leads (again) to multiple N�(Cy)/(Cy-H) losses
(see Fig. S17, ESI†). Furthermore, threshold experiments at very
low laser intensity or with a small number of laser pulses (10 pulses,
see Fig. S10–S12, ESI†) disclosed that already under these conditions
the fragment ions due to multiple neutral losses appear. Also, at the
relatively low total yield of B2.5% at 100 irradiation laser pulses
(conditions of Fig. 2(b)) we believe that the probability of generating
fragment ions by successivemultiple irradiation is very small so that
these contributions can be neglected.

Finally, we conclude from this general analysis of fragmen-
tation pathways that we have identified the primary ionic and

neutral fragmentation steps and related fragment ions and
their connections for the UV-PD of [Ag2(dcpm)2]

2+. The frag-
mentation pattern is however not arrested at this primary level
but modified by secondary processes mainly driven by excess
energy from the photoexcitation. We exclude a significant contri-
bution to the fragment yield by multiple irradiation events,
i.e. further irradiation of fragment ions. Thus, we emphasize, that
primary and secondary fragments are valid markers for the
photodissociation action spectroscopy in the wavelength and time
domain for [Ag2(dcpm)2]

2+ that we present in the following.
Comparison of PD and CID results. In order to elucidate the

fragmentation pathways further, we like to point out that the
photo- and collision-induced dissociation channels of
[Ag2(dcpm)2]

2+ differ drastically (Fig. S15 and Table S1, ESI†).
No asymmetric IFp products (m/z 819, 211, 623, 407) under
retention of the Ag2 core are observed by CID. Instead, the main
dissociation channel seems to be the symmetric ionic fission
(m/z 515) as indicated by observation of multiple secondary IFs
products of [Ag(dcpm)]+.

We therefore assume, that the photodissociation of
[Ag2(dcpm)2]

2+ mainly proceeds via long lived electronically
excited (probably triplet) states rather than from vibrationally
hot ground state levels (populated by IC). The quantification of
the electronically excited states lifetimes will be given in the
following chapters of this work.

Furthermore, we interpret this difference in fragmentation
patterns (PD vs. CID) as an indication for the strengthening of
the Ag–Ag argentophilic interaction in the electronically excited
states of [Ag2(dcpm)2]

2+ since the barrier for symmetric IF upon
photoexcitation appears to be increased compared to the
electronic ground state. This also opens competing asymmetric
IF and NL fragmentation pathways from the photoexcited states.

3.2 Computational results

Using coupled-cluster theory in the CC2 approximation, we
began our study by investigating the model compound
[Ag2(dmpm)2]

2+, dmpm = bis(dimethylphosphino)methane in
two conformations of different symmetry (see Fig. S27–S29,
ESI†). One conformer exhibits C2v symmetry, the other C2h

symmetry, differing in the relative orientation of the bridging
CH2 group of the dmpm ligands. Both conformers exhibit
similar Ag–Ag distances (cf. Table S6, ESI†) and are nearly
isoenergetic (E(C2v) � E(C2h) = 0.1 kJ mol�1). However, we then
found that both conformers exhibit an imaginary harmonic
vibrational frequency (12.5i cm�1 for the C2v and 10.6i cm�1 for
the C2h structure), and a subsequent geometry optimization of
the C2h structure along the corresponding normal mode finally
led to a structure of C2 symmetry (Fig. 4). This structure was
found 1.3 kJ mol�1 below the C2h structure and is a true
minimum on the potential energy hypersurface. In the C2

structure, the Ag–Ag distance amounts to 2.91 Å, which is about
0.03 Å shorter than in the C2v and C2h structures, and the
P–Ag–Ag–P dihedral angle is 1601.

Electronically excited states of singlet and triplet character
were studied in all three symmetries. The low-lying states are charac-
terized as HOMO - LUMO and HOMO - LUMO+1 excitations.
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Fig. 4 shows the molecular orbital diagrams including the HOMO,
LUMO and LUMO+1 orbitals for the C2 structure (the orbitals are
indistinguishable for the three structures). With respect to the
symmetry labels, note that in the C2v structure, the x-axis goes
through the two Ag nuclei (as usual, the axis of rotation is chosen as
z-axis). In the C2h and C2 structures, the z-axis goes through the two
Ag nuclei.

The electronic excitations to the LUMO and LUMO+1 orbitals
give rise to two closely lying electronic states S1 and S2,
respectively. In the C2v structure, both states display B1 sym-
metry while in the C2h and C2 structures, the two states display

Bg/Au and B/A symmetry, respectively (see Table 2 and Table S6,
ESI†). The two singlet states can also be characterized as
1MC(ds*–pp) and 1MC(ds*–ps), respectively. The S1 state with
nearly zero oscillator strength has not been reported so far for
this system. A similar dark S1 (1MC(s*–p)) state was theoreti-
cally predicted for the d10–d10 [Au(CN)2

�]2 dimer.48 The excita-
tion of the S2 state carries large oscillator strength and agrees in
wavelength and character with results from former calculations
at similar model systems and other levels of theory.21,38

The energies of the corresponding singlet and triplet states
are given in Table 2 and Table S6 (ESI†). Clearly, the differences
between the three structures are insignificant. This becomes
immediately clear by comparing their simulated UV/Vis spectra
(Fig. 5b). The absorption bands at ca. 266 nm of the three
structures are almost indistinguishable. Hence, all three con-
formers seem to be equally well-suited models for the system
of interest (with cyclohexyl-phosphino ligands). The CC2 single-
excitations vector of the 1B excited state attaches a weight
of 89% to the HOMO - LUMO excitation, the CC2 single-
excitations vector of the 1A excited state attaches a weight of
87% to the HOMO- LUMO+1 excitation. A further discussion
of the calculated electronic transitions will be given in compar-
ison to the experimental data in the next chapter. A more
detailed summary of all excitation energies, oscillator strengths
and geometry parameters for the C2v, C2h and C2 symmetries
is provided in the ESI† (Table S6). We have also optimized
the equilibrium structures of the singlet (S1 and S2) and triplet
(T1 and T2) excited states. The results of these geometry

Fig. 4 (left) MO diagram showing the HOMO, LUMO and LUMO+1 levels
for structures of the model compound [Ag2(dmpm)2]

2+ exhibiting C2v, C2h

(see Fig. S27–S29, ESI†) and C2 symmetry, respectively. Iso-surface plots at
�0.04 (a0)

�3/2 for C2 symmetry are depicted. (right) Molecular structure of
[Ag2(dmpm)2]

2+ (C2 symmetry); color code (capped sticks): Ag (silver),
P (yellow), C (cyan), H (white).

Table 2 Calculated (CC2/TZVPP) electronic adiabatic transitions, absorptions (vertical), emissions (vertical) and optimized Ag–Ag distances for the C2

conformer of the [Ag2(dmpm)2]
2+ (dmpm = bis(dimethylphosphino)methane) model complex, compared to experimental absorption/emission of

[Ag2(dcpm)2]
2+ in different chemical environments. Data on related model systems taken from ref. 18, 21, 38 and 50 are listed for comparison (dpm =

bis(diphosphanyl)methane)

Species (level of theory) Point group State (sym.)
Adiab.
trans./eV

Vert. trans./eV, labs/nm
(oscillator strength)

Vert. em./eV, lem/nm
(oscillator strength) d(Ag–Ag)/Å

Theory
[Ag2(dmpm)2]

2+ C2 S0 (
1A) 2.91

(CC2/TZVPP) S1 (
1B) 4.13 4.48, 277 (0.004) 3.82, 324 (0.008) 2.56

S2 (
1A) 4.45 4.67, 266 (0.41) 4.25, 292 (0.38) 2.66

T1 (
3A) 3.90 4.10, 302 3.74, 331 2.66

T2 (
3B) 3.87 4.16, 298 3.60, 345 2.58

[Ag2(dpm)2]
2+ C2h S0 2.93

(TD-DFT)38 T1 332 2.66
S1 262

[Ag2(dpm)2]
2+ Ci S0 (

1Ag) 3.16
(MP2/TD-DFT/CIS)21 S1 (

1Au) 302 (0.09) 2.98
T1 (

3Au) 356 3.06

[Ag2(dpm)2(MeCN)2]
2+ S0 (

1Ag) 3.07
(MP2/TD-DFT/CIS)21 S1 (

1Au) 256 (0.13) 366 (0.09) 2.99
T1 (

3Au) 424 3.05

Experiment
[Ag2(dmpm)2](PF6)2 254 (EtOH)50 3.04 (crystal)50

[Ag2(dcpm)2]
2+ 258 (in vacuum)

[Ag2(dcpm)2](PF6)2 261 (MeCN) 381, B600 (MeCN) 2.94 (crystal)18

260 (MeOH) 349, B441, B615 (MeOH)
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optimizations are given in Table 2 and in the ESI.† Moreover,
it is important to note that the energetic order of the triplet T1

and T2 states is reversed upon optimization of the equilibrium
geometries of these states. In C2 symmetry, for example, T1 =

3A

and T2 =
3B, whereas after optimization T1 =

3B and T2 =
3A.

3.3 UV absorption, photodissociation and computational

spectrum

The UV absorption spectrum of [Ag2(dcpm)2](PF6)2 in MeCN
(Fig. 5(a)) displays a distinct band centered at 261 nm (lmax =
261 nm18) which is assigned to a silver centered 1MC(4ds*-
5ps) transition originating from argentophilic interaction. This
assignment for the solution spectrum is supported by results
from the literature on TD-DFT calculations (lcalc = 256 nm21)

and resonance Raman experiments.18 Furthermore, ligand centered
contributions can be excluded since the dcpm ligand is optically
transparent in the investigated spectral region substantiating the
assumption of a purely Ag2-centered chromophore.

The UV PD spectrum of gaseous [Ag2(dcpm)2]
2+ ions (Fig. 5(a))

closely resembles the absorption spectrum in MeCN solution,
peaking at lmax B 258 nm, with a small blueshift (�450 cm�1)
and a slightly narrowed band. The former is in accordance with
the small solvatochromism observed in solution phase (Table 2).
The solvent induced-shift in MeCN might originate from a weak
Ag� � �NCCH3 interaction in the ground and a to some extent
stronger interaction in the electronically excited state.18,21

In analogy to the solution, we ascribe the characteristic band
at 258 nm in gas phase to the Ag2-centered

1MC(4ds*- 5ps)
transition. Interestingly, the spectral shape of the channel
specific PD spectra (Fig. S14, ESI†) is similar for all fragment
ions. The energy dependence of the total fragment yield of
[Ag2(dcpm)2]

2+ reveals a one-photon absorption process indi-
cated by a slope nB 1 on a double logarithmic plot (see Fig. S8,
ESI†). Therefore the comparison to solution absorption spectra
is justified.37,49 The energy dependence of the channel-specific
yields, however, reveals slopes in the range of n = 0.4–2.2 which
points to some contributions by multi-photon excitation.

The spectral assignment for [Ag2(dcpm)2]
2+ is in good agree-

ment with the results of our CC2/def2-TZVPP calculations for
the [Ag2(dmpm)2]

2+ model system. It predicts the main dipole-
allowed transition at lcalc = 266 nm (HOMO–LUMO+1,
1MC(ds*–ps), see Fig. 5(b) and Table 2) for the C2 type
structure. In our ion trap experiment at room temperature it
is not possible to distinguish between energetically so close
isomers and probably a mixture of the species (C2h, C2v, C2) is
present and subject to our study (Fig. S27, ESI†). However, from
the calculations additionally a weakly dipole-allowed transition
at lcalc = 277 nm was found (see Table 2) whose contribution
to the experimental spectrum cannot be excluded. Ligand-
centered electronic transitions do not have to be considered
since the key feature of the dcpm ligand is its optical trans-
parency in the mid-UV spectral region, which allows for the
selective excitation of the Ag2 chromophore.18 The choice of the
[Ag2(dmpm)2]

2+ model and the level of calculations is strongly
supported by the obtained ground state Ag–Ag distance (2.91 Å)
which is in good agreement with the data from the X-ray
analysis (cf. Table 2). This structural parameter sensitively
controls the type and intensity of the dominating electronic
transitions.

Fig. 5(c) and (d) display the most important occupied and
virtual natural transitional orbitals (NTOs), respectively, illustrating
the photoinduced Ag–Ag bonding interaction in the 1MC(ds*–ps)
excited state which results in a shortening of the Ag–Ag distance by
Ddcalc B �0.25 Å (cf. Table 2) for the C2 structure. This structural
feature of the excited state was similarly obtained before by TD-DFT
calculations on comparable model systems21,38 (see Table 2)
and also extracted from analysis of resonance Raman
investigations.18,19 In particular, from the latter experimental
study a shortening of the Ag–Ag distance by �0.2 Å was
estimated in response to the photoexcitation at 262 nm.

Fig. 5 (a) UV-PD total yield spectrum of gaseous [Ag2(dcpm)2]
2+ ions

(open circles, 2 mJ, 118 pulses) compared to the UV absorption in MeCN at
room temperature (solid line, c = 60 mM, PF6 salt). Spectra are normalized
to unity, PD total yield at maximum (258 nm) corresponds to B4%. Error
bars represent one standard deviation (�1s, at least 170 mass spectra). The
line profile (dotted line, fit by sum of 2 Gaussians) is shown to guide the
eye. Green arrows indicate pump wavelengths for t-PD experiments.
(b) Calculated electronic absorption spectra (Gaussian broadening, fwhm =
0.4 eV) of the [Ag2(dmpm)2]

2+ model complex for its nearly isoenergetic C2

(black solid line), C2h (blue dashed line) and C2v (red dotted line), isomers.
Stick spectra indicate symmetry allowed transitions. Insets (c) and (d) show
the most important occupied and virtual natural transitional orbitals
(iso-surfaces at 0.04 (a0)

�3/2), respectively, of the 1MC(ds*–ps) transition
at 266 nm for the C2 isomer.
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We like to emphasize here an important finding of our
quantum chemical analysis: the optically dark S1 states (1Bg,
1B1 and

1B in C2h, C2v and C2 symmetry, respectively) have been
obtained for the first time. These states are positioned ca.

0.3 eV lower in energy than the optically accessible S2 (1Au,
1B1,

1A) states. The S1 states NTOs display an electronic transition
of metal-centered p-type character with only very low oscillator
strength. They also exhibit a shortening in the Ag–Ag distance
with respect to the ground state, comparable to the values of the
S2 and triplet states. Although the S1 states are not directly
populated by photoexcitation, they may be crucial stepping levels
for the relaxation of the primary excited S2 states.

3.4 Transient photodissociation (s-PD) in the ion trap

In order to investigate the ultrafast excited-state dynamics of the
initially excited 1MC(ds*–ps) state of gaseous [Ag2(dcpm)2]

2+ ions,
we use transient photodissociation (t-PD),29,30 a pump–probe
fragmentation action spectroscopy. Hereby, the fragment yield
was monitored as a function of relative time delay between UV
pump (245, 260, 275 nm, respectively as indicated in Fig. 5) and
NIR probe pulses (1150 nm). Note, that the UV pump excitation
(pump-only) induces a delay time independent fragmentation
signal and the NIR irradiation (probe-only) yields a vanishingly

small signal (cf. Fig. 2). Hence, the S/N ratio of the t-PD signal is
governed by the increase in the fragmentation yield and/or change
in the fragmentation pattern induced by the NIR probe excited
state absorption, compared to the sum of pump-only and probe-
only yields. This phenomenological requirement for t-PD is
fulfilled, when the fragment yield/pattern depends on the internal
energy of the excited ions and/or the probe absorption cross
section or fragmentation pathways specific for the excited states
are accessed during the electronic deactivation process.29,31–33

For [Ag2(dcpm)2]
2+ we observe a small total fragment yield

(B2.6%, 260 nm, 1 mJ) upon UV pump excitation (see ordinate
offset in Fig. 6 and 7(b)). The precursor ions are transparent for
the 1150 nm NIR wavelength in the electronic ground state
(cf. Fig. 2(a)). Thus, upon temporal overlap of pump/probe
pulses an enhancement in intensity of all individual fragment
signals and corresponding depletion for the precursor ion
signal is observed as shown in the difference mass spectrum
(Diff. MS, Fig. 2(c)). The latter was obtained by subtracting the
mass spectrum at negative pump–probe time delay (B�1 ps)
from the one at positive delay (B3 ps). The change in intensity
of the ion signals reflects the change in fragmentation yield
between the initially excited state and higher excited states reached
by (multi-photon) NIR excited-state absorption. This enhancement

Fig. 6 Comparison between the t-PD total fragmentation yield signal (TFY) and its individual channel-specific transients of [Ag2(dcpm)2]
2+ (lpump =

260 nm, lprobe = 1150 nm). Fragment specific yield signals were globally fitted (black lines) using the parameters obtained from tetra-exponential fit of the
TFY signal (see Fig. S23 and S24, ESI,† Table 3), only releasing ordinate offsets and decay associated amplitudes. Individual relaxation contributions are
shown as colored lines (t1: magenta, t2: green, t3: blue, t4: cyan), time delay after 4.5 ps is plotted on a logarithmic scale.
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can reach, under the here applied conditions, up to a factor of 6–7,
nearly independent of fragment channel. Since no new dissociation
channels were accessed and the excited-state absorption induced
dissociation displays similar fragment intensity ratios compared
to the pump-only fragmentation pattern, the probe-enhanced
fragmentation signal seems to be mainly governed by the increase
in internal energy of the ions. This is observed for primary (NLp,
IFp) as well as secondary (NLs, IFs) fragment ions which indicates
that the signal intensity of the latter fragments also reflects the
dynamics of the primary processes and further supports our
comprehensive analysis based on the total fragment yield which
will be discussed in the following.

Fig. 6 depicts the channel specific t-PD transients as well as
the corresponding trace for the total fragment yield (TFY), i.e.
sum of all fragment channel signals, upon resonant excitation
at 260 nm. From a detailed fitting analysis of all of these traces
we conclude that the transients of the different channels can be

reduced to a general time evolution scheme based on four
decay constants (t1–t4) that are very similar for all traces but
differ in their respective weighting amplitudes (A1–A4, see
Fig. S23, S26 and Table S5, ESI†). Also, the TFY transient could
be mathematically best reproduced by a tetra-exponential decay
fit (cf. Experimental methods) revealing four, each by an order
of magnitude separated, time constants on ultrafast, intermediate,
slow and ns timescales, respectively (t1–t4: 0.55(2), 5.8(4), 100(7),
41000 ps, Table 3). A direct comparison between tri- and tetra-
exponential decay fits as well as residuals is shown in the ESI†
(cf. Fig. S24). Technically, the fragment-specific transients were
now globally fitted using the fixed lifetimes obtained from the
TFY-fit while releasing ordinate offsets and amplitudes. Fits to
these traces illustrating the individual contributions of the time
constants (t1–t4) are additionally plotted (Fig. 6). Hereby, a
good agreement between tetra-exponential fits and channel
specific transient signals were observed for nearly all primary
and also for secondary fragmentation channels (with the largest
deviation being noticed for the fragment m/z 310). A rationali-
zation for this apparent variation in the amplitudes over the
different fragment channels could be only given by detailed
consideration of the signal-generating process for pump–probe
fragmentation action spectroscopy (t-PD). The amplitudes
related to the time constants and thus electronically excited
state lifetimes do not exclusively reflect populations, but give
additionally differences in excited state cross sections or differences
in the number and type of higher lying excited states reachable
for the probe laser interrogation. This could lead to an individual
fragmentation pattern for a specific electronically excited state (see
Fig. S23, ESI†). For example, the high ratio of amplitudes of t1/t4 in
m/z 211 and m/z 819 means that the first/short-lived state is
fragmenting stronger into this channel than the long-lived state
(t4). On the other hand, for m/z 407 and m/z 623 the t1 and t4

amplitudes are very similar. In this way, the ‘‘fragment pattern/
spectrum’’ reflects to some extent an excited state spectrum, as
known from TA and thus global fitting should be suitable.
However, the cross sections and also the higher electronic
states are generally not known and the probe absorption is
not necessarily resonant, but of multi-photonic character. The
current status of our research renders a more detailed model-
ling of the signal-generating process not possible. Nonetheless,
the comprehensive and consistent fitting result comprising all

Fig. 7 Transient PD total yield signals (open circles) of [Ag2(dcpm)2]
2+ as a

function of time delay between UV-pump (lpump = (a) 245 nm, (b) 260 nm,
(c) 275 nm; 1 mJ; B98 pulses) and NIR-probe pulses (lprobe = 1150 nm;
(a) 150 mJ, (b) 160 mJ, (c) 150 mJ; B98 pulses). Time delay after 4.5 ps is
plotted on a logarithmic scale. Best kinetic fits (black solid lines) were
obtained using a parallel relaxation model by convolution of a Gaussian
and tetra-exponential decay function (Fig. S24 and S25, ESI†). Time
constants, standard errors (in parentheses) and their individual relaxation
contributions (colored solid lines, t1: magenta, t2: green, t3: blue, t4: cyan)
are shown. The pump-only fragmentation yield is indicated as dashed line
(negligible probe-only PD yield).

Table 3 Comparison of relaxation time constants as a function of
excitation wavelength (lpump) and environment (gas phase/solution) for
kinetic fits shown in Fig. 8 and 9. Errors given in parentheses correspond to
standard errors. Normalized amplitudes are defined as nAi = Ai/(SiAi)� 100.
The respective widths (fwhm) of fitted instrument response functions (IRF,
Gaussian) are indicated

lpump/nm

In vacuum In MeCN

245 260 275 262

t1/ps, (nA1/%) 0.49(5), (55) 0.55(2), (53) 0.4(1), (39) 0.9(1)
t2/ps, (nA2/%) 4(1), (18) 5.8(4), (21) 4.3(7), (22) 8.5(1)
t3/ps, (nA3/%) 35(9), (14) 100(7), (14) 68(6), (20) 73(2)
t4/ps, (nA4/%) 515(43), (13) 1564(94), (12) 1162(56), (19) 604(18)
IRF: fwhm/fs 158(10) 185(5) 162(29) 150(25)
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major transient fragment signals gives us confidence that the
recorded change in total fragment yields by t-PD reflects the
intrinsic relaxation dynamics of the initially excited state
1MC(ds*–ps) of [Ag2(dcpm)2]

2+ under ion trap conditions. The
remarkable result is, that we observe an intrinsically multi-
exponential electronic relaxation after photoexcitation of isolated
[Ag2(dcpm)2]

2+ with time constants from the sub-ps to the ns
regime (see Table 3) which points to the involvement of several
excited states and a complex pathway already for this ‘‘naked’’
silver-centered chromophore.

In order to learn more on the nature of the underlying
excited state processes we have performed t-PD studies at
different pump wavelengths within the UV absorption band
of the complex. The t-PD traces at lpump = 245 and 275 nm,
respectively, obtained by exciting at the edges of the absorption
band reveal similar tetra-exponential decay dynamics (Fig. 7(a)
and (c)). The relevant fit parameters are summarized in Table 3.
Hereby, the short and intermediate time constant (averaged:
t1 B 0.5 ps, t2 B 5 ps) are nearly not affected by excitation
wavelength, whereas t3 and t4 significantly decrease at higher,
but also at lower excitation energy. Notably, an increase of the
TFY by a factor of B6 (TFY(pu+pr)/TFYpu) is observed at time
zero, independent of the pump wavelength (lpu = 245, 260,
275 nm, respectively), while the best S/N ratio is observed for
excitation at the absorption maximum at 260 nm. This behavior
suggests that the same excited state is populated by pump
excitation of different absorption cross sections depending on
the excitation wavelength.

3.5 Transient absorption (TA) spectroscopy in acetonitrile

Transient absorption measurements on [Ag2(dcpm)2]
2+ in aceto-

nitrile with excitation at 262 nm were performed between 330
and 600 nm with pump–probe delay times up to 1.2 ns.
Absorbance difference spectra (ADS) at various delay times and
corresponding absorbance transients at selected probe wave-
lengths are shown in Fig. 8 (top) and Fig. 9, respectively. The
ADS data show an instantaneous rise of excited state absorption
(ESA) between ca. 440 and 600 nm which decays multiexponen-
tially in the covered time range. The early evolution is different
around 350 nm where an initial signal increase (caused by decay
of stimulated emission (SE) or rise of ESA) within tens of
picoseconds and a concomitant spectral red-shift of absorbance
strength is observed with a subsequent slow signal decay. At 1 ns
time delay a strong residual product spectrum with a life-time
much longer than 1 ns is observed. The absorbance transients
at 355, 420 and 600 nm (Fig. 9) illustrate the complex and
progressive dynamics of photoexcited [Ag2(dcpm)2]

2+/MeCN with
spectrally varying ESA/SE contributions.

Global analysis (cf. Experimental methods) reveals decay
associated spectra A1–A4 and A0 (Fig. 8 (bottom)). Best fit results
were obtained with a sum of four exponentials, i.e. t1 = 0.9� 0.1 ps,
t2 = 8.5� 0.1 ps, t3 = 73� 2 ps and t4 = 604� 18 ps, whereas three
exponentials led to significant fit residua. This is supported by SVD
analysis. A1 and A2 are of small amplitude and of similar spectral
shape with a distinct negative band around 360 nm and positive
absorbance strength above ca. 440 nm. They reflect the early signal

evolution with t1 and t2 in the respective spectral regions of the
difference spectra in Fig. 8 (top) as described above. Considering
this timescale and the spectral characteristics, these dynamics are
assigned to decay of SE or rise of ESA below, and decay of ESA
above ca. 440 nm. Assuming ESA changes as dominating processes,
the observed spectro-temporal evolution is consistent with blue-
shifting absorption strength in the course of interconverting con-
secutive excited electronic states or by intramolecular vibrational
relaxation and vibrational cooling. A3 and A4 comprise spectrally
complementary absorbance strength (ESA) in the low- and high
energy region. A0, the strongest and long living component (c1 ns)
extends over the entire spectral range with increasing ESA strength
in the high energy region.

4. Discussion of dynamics in gas phase
and solution
Gas phase (ion trap)

Based on the results of the t-PD experiments in gas phase and
the quantum chemical calculations we like to propose different
scenarios for ultrafast relaxation pathways that are conceivable
in isolated photoexcited [Ag2(dcpm)2]

2+ ions after UV photo-
excitation (Fig. 10, left). We leave out the largest time constant
because its determination contains a significant error due to

Fig. 8 (top) TA difference spectra of [Ag2(dcpm)2](PF6)2 (MeCN, lex =
262 nm) at various pump–probe time delays (colored solid lines). (bottom)
Decay associated spectra (DAS) obtained from global analysis (tetra-
exponential model, cf. Experimental methods). Related time constants
t1–t4 (cf. Table 3) are indicated in parentheses.
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the limited experimental delay time and its small amplitude,
so that its correct physical value is rather vague.

Firstly, photoexcitation into the S2 state (1MC(ds*–ps),
experimental labs. B 260 nm) generates ions with approxi-
mately 0.22 eV of excess energy (1774 cm�1, vertical transition –
adiabatic transition as estimated from CC2 calculations,
cf. Table 2) with presumably vibrational excitation in the Ag–Ag
mode (ca. 10–12 quanta, n(Ag–Ag) = 150–180 cm�1).19

From this starting point we can invoke different possible
ways for the molecular system to relax into the lowest triplet
manifold. These pathways are sketched in the state diagram in
Fig. 10 (left), but have to be regarded as mere combinations
constructed from the experimental time constants (three pro-
cesses, each with order of magnitude difference in kinetics) and
the theoretically derived energy levels (two singlet states, two
triplet states) within the accessible energy region. For these
gas phase dynamics data additional information, e.g. from gas
phase luminescence,49,51 could be of help in the future for
assignment of the obtained time constants to elementary
processes. The strategy of this work is to combine quantum
chemical calculations and TA dynamics from solution with our
gas phase results. However, the general lack of ultrafast data
for such systems (i.e., multinuclear coinage metal phosphine
complexes) with the exception of ref. 20, 28 and 52–54, in
particular, the lack of relevant gas phase data renders this
evaluation quite challenging. One considerable aspect is that
the gas phase investigations are performed on microcanonical
systems (constant energy, at least for the timescale of the
electronic dynamics), whereas in solution energy transfer to the
solvent is significant, often efficient and can start immediately
after excitation. However, we believe that the eight cyclohexyl
substituents on the phosphine ligands may act like an enormous
dissipative heat bath so that the dynamics in both phases become
comparable. This justifies the non-horizontally arrows drawn for
the different processes in Fig. 10 (left) taking place under gas

Fig. 9 Absorption transients of [Ag2(dcpm)2](PF6)2 (MeCN, lex = 262 nm)
for selected wavelengths (a) 355 nm, (b) 420 nm and (c) 600 nm (see
Fig. 8). Tetraexponential global fit (black lines, cf. Table 3) and individual
decay contributions (t1 = 0.9 ps, red; t2 = 8.5 ps, orange; t3 = 73 ps, purple;
t4 = 604 ps, green; constant offset, blue) are plotted. Errors given in
parentheses correspond to standard errors.

Fig. 10 Proposed simplified excited state deactivation pathways and timescales for the 1MC(ds*–ps) excited state of [Ag2(dcpm)2]
2+ in gas phase (left)

and in MeCN at room temperature (right). Gas phase: different alternative sequential pathways are indicated by black and green arrows, respectively.
Deactivation via either routes proceeding in parallel cannot be excluded. Gray arrow indicates deactivation processes on timescales beyond our
experimentally accessible timeframe. Note that the total internal energy of excited gaseous ions remains constant within our ps timeframe of
observation. Hence, vertical and diagonal arrows are mainly drawn for stylistic reasons. Solution phase: red arrows indicate alternative paths for
processes correlated with t2 (8.5 ps). Dashed gray lines indicate luminescence (cf. Fig. S1, ESI†).
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phase conditions. At the current status of our research we have to
leave the interpretation on this basic descriptive level.

Thus, the short time constant t1 could be ascribed to an
efficient ISC, not unusual for metal containing complexes and
recently assigned to the Au2 congener in solution,20 or IVR
within the S2 state or IC to the dark, lower energy S1 state.
We cannot give a clear preference for any of these first steps.
The ISC time constant for the related d8–d8 [Pt2(pop)4]

4�

complex in gas phase has been estimated to be 0.7 ps.55

A similar rate was recently reported for MeCN solution, whereas
a strong solvent influence, slowing down ISC by more than a
factor of 10, was found for other solvents.15,16,56 In other recent
accounts, a two-channel reaction model for ISC in [Pt2(pop)4]

4�

was suggested. It contained a direct, temperature independent
ISC path and a parallel temperature dependent way via a
deactivating, yet unknown, state.16,57

In summary, for [Ag2(dcpm)2]
2+ we propose that both of the

first two time constants (t1, t2) are probably related to the
ISC process and preceding or following IVR/IC. An activation
barrier could not be observed. From our calculations we would
estimate upon triplet formation the total excess energy to be
B6200 cm�1 (4.67–3.90 eV, Table 2). Furthermore, the third
time constant t3 is certainly related to IVR/IC redistribution
within the triplet manifold. We have found, albeit with less
accuracy, additionally a ns time component (t4) which could be
ascribed tentatively to the return (via ISC) to the electronic
ground state. This first working model within the experimental
and theoretical constraints gives possible intrinsic electronic
relaxation pathways for [Ag2(dcpm)2]

2+ in gas phase but has to
be refined by further experiments and calculations. However, it
should be emphasized that its dynamics is (already) intrinsically
of multiexponential nature.

Solution (acetonitrile)

Solute–solvent interaction is anticipated to alter structure and
electronic state energies of the isolated [Ag2(dcpm)2]

2+ complex,
thereby modulating its static properties as well as the relaxation
dynamics after photoexcitation, and invoking additional deac-
tivation pathways.

As described above (Fig. 5), the solvatochromic shift of
electronic ground state absorption in MeCN compared to the
isolated species is only small (ca. �450 cm�1), whereas lumi-
nescence is observed at 381 nm and, weaker, at 600 nm (Fig. S1,
ESI†). Both luminescence bands originate from the same
excited state as shown by the accordance between their excitation
spectra and the ground state absorption spectrum (in MeCN),
peaking at 261 nm (Fig. S2, ESI†). Since the absorption spectra of
isolated [Ag2(dcpm)2]

2+ and the complex in solution are basically
identical (Fig. 5), the observed dual luminescence is not due to an
inhomogeneous ground state distribution in solution but rather
due to the formation of two different luminescent molecular
species after excitation of [Ag2(dcpm)2]

2+.
Dual luminescence with emission wavelengths similarly

red-shifted with respect to ground state absorption has been
observed earlier for a number of related phosphine–ligand
supported metal complexes [M2(dcpm)2] (M = Cu, Ag, Au) in

solution.20–22,58,59 The common photophysical feature of these
systems is the 1MC(ds*–ps) electronic transition, leading to a
shortening of the M–M bond,19,21 giving grounds to expect
similar mechanisms for intra- and intermolecular molecular
relaxation pathways. The strongly red-shifted luminescence
bands have been attributed to exciplex formation between the
excited complex and solvent molecules on a fast, picoseconds
time-scale or dissolved anions/counterions on slower time-
scales.58,59

For example, Ma et al.20 suggested sub-ps ISC for photo-
excited (lexc = 280 nm) [Au2(dcpm)2]

2+ in MeCN and formation
(B4 ps) of a long living solute–solvent exciplex exhibiting a
very broad luminescence around 480 nm. These findings were
supported by quantum chemical calculations on the photo-
excited [Au2(dpm)2]

2+ model system (dpm = bis(diphosphino)-
methane) interacting with MeCN molecules, revealing lumines-
cence strongly red-shifted with respect to that in the absence of
MeCN.60

For a different d8–d8 complex ([Ir2(dimen)4]
2+, dimen = para-

diisocyanomenthane) recently a microscopic scenario for the
solvation relaxation was presented based on ultrafast diffuse
X-ray scattering.13 QM/MM calculations on this (excited)
complex in MeCN showed the fast (a few ps) reorientation of
an Ir-coordinating solvent molecule, rapidly adapting to
the altered electron density distribution, the contraction of
the Ir–Ir bond and the accompanying pronounced ligand
deformation. We note that the dimen ligands, in contrast to
the dcpm ligands used in this study, are very flexible with
small moments of inertia and therefore easily distorted and are,
due to the polar isocyanide groups, themselves interacting with the
solvent.13

In turn for the [Ag2(dcpm)2]
2+ complex under study, our

calculations for the unsolvated species reveal (vertical) emission
from the T2(

3B) at 345 nm with (vertical) ground state absorption
at 266 nm (experiment: 261 nm, Table 2). The additional red-
shift to the observed emission at 381 nm is likely linked to
interaction with the solvent. Thus, our observation of dual
luminescence and multiexponential kinetics on time-scales up
to the nanosecond regime is consistent with firstly fast substrate
(MeCN) binding of the excited complex and secondly slower
formation of a long living (41 ns) anion (counterion) exciplex
with even more red-shifted luminescence.

Besides its impact on ‘‘static’’ absorption and emission,
solvent-induced alteration of electronic coupling brings along
changes of transition rates between electronic states and corres-
ponding kinetic branching ratios. This concerns in particular IC
and ISC as exemplified for the related d10–d10 Au2 complex20 and
the d8–d8 Pt2 complex (cf. above). In addition, collision-assisted
intra- and intermolecular energy redistribution and relaxation
(including vibrational cooling) in molecules of this size, affects,
and in general accelerates, the relaxation dynamics on time-
scales up to 20 ps or more.61–65 Thus, given the number of the
most probably participating excited electronic states (S2, S1, T2, T1),
at present the proposed kinetic scheme given in Fig. 10 (right) can
only be of preliminary character. Based on the features in A1 and A2
we suggest two intersystem crossing pathways, followed by internal
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conversion within the triplet manifold. We propose the formation
of long living exciplexes of the excited [Ag2(dcpm)2]

2+ complex and
a solvent molecule, as suggested for the Au2 congener in MeCN,20

or an available counterion. Note, that this simplified kinetic
scheme incorporates, without contradiction, essential features of
the gas-phase working model shown in Fig. 10 (left).

In addition, we note that no vibrational wavepacket
dynamics has been observed for [Ag2(dcpm)2]

2+ by us, neither
in solution nor in gas phase. This is remarkable, since the
complex displays a pronounced metal–metal geometry change
which is held responsible for the observation of coherent
wavepackets in the related [Ir2(dimen)4]

2+ and [Pt2(pop)4]
4�

binuclear complexes.15,66 Coherent nuclear vibrations have also
been observed for excited-state complexes of [Au(CN)2

�]2 and
[Au(CN)2

�]3 induced by strong Au–Au interaction.28,52–54

We tentatively ascribe the distinct behavior of [Ag2(dcpm)2]
2+ to

the efficient ‘‘heat sink’’ of the ligand moiety which is strongly
coupled to damp the Ag stretch by ligand backbone bending and
dissipation into low frequency cyclohexyl modes. Further intrica-
cies for observation of vibrational wavepackets in such systems
have been treated by QM/MM simulations in a recent
contribution.67 It should be noted, however, that we recently
reported in a preliminary study the observation of wavepackets
upon counterion modification of the binuclear metal scaffold.36

In summary, the remarkable similarity of the specific number
and the values of the time constants observed for the isolated and
the solvated (MeCN) [Ag2(dcpm)2]

2+ complex by t-PD and TA,
respectively, suggests that its photoinduced relaxation dynamics
is dominated by intramolecular processes, presumably involving
transitions between the electronic states S2, S1, T2 and T1 as well as
intramolecular energy redistribution. In solution, the initiated
intramolecular dynamics are probably modulated by intermolecular
interactions, such as exciplex formation, solvation and vibrational
cooling.

5. Conclusion

Our results for a binuclear d10–d10 complex provide interesting
and complex primary photophysics and -chemistry. This is
caused by metal–metal interaction, which gives rise to specific
and strong metal-centered 1MC(ds*–ps) electronic transitions,
a pronounced geometry change and coupling to other singlet
and triplet states as well as, in solution, a multitude of
subsequent or parallel intermolecular processes. For a better
understanding of the dynamics we present here an approach
combining high level quantum-chemical calculations for char-
acterization of relevant electronic states with both gas phase
and solution fs time-resolved pump–probe spectroscopy, exem-
plified on the [Ag2(dcpm)2]

2+ complex. It had been chosen for
its spectroscopically ‘‘silent’’ ligand sphere and with the goal to
unravel experimentally intra- and intermolecular dynamics
with a strong support from theory for evaluation of the intrinsic
molecular properties.

The results from the quantum chemical CC2 method applied
to the structurally simplified model system [Ag2(dmpm)2]

2+

provided accurate excited state energies and geometries and
reproduced nicely the experimental UV absorption spectrum
for [Ag2(dcpm)2]

2+. The computational results are also in quali-
tative agreement with former results on simpler model systems.
However, we report on an additional, energetically lower, dark
singlet state (S1) with 1MC(ds*–pp) character, that could be
accessed via electronic relaxation and might be involved in the
deactivation dynamics. The obtained two, nearly degenerate,
triplet states account for the reported luminescence and sub-
sequent internal conversion dynamics.

The gas phase results by CID and t-PD have been carefully
analyzed with respect to all fragment channels. We scrutinized
the fragmentation pathways and found strong support for their
usage as reporters of transient dynamics, also benchmarking
the t-PD method. As result of the multiexponential fitting of
the total fragment yield decay curve, we report time constants
0.6/5.8/100/41000 ps for lex = 260 nm.

The acetonitrile solution results by TA show broad excited
state absorptions that give by global fitting comparable
dynamics with time constants 0.9/8.5/73/604 ps. The solvent
is involved by stabilization of levels (see triplet emission) and
by cooling, i.e. transfer of excess energy. On the longer time-
scales probably exciplex formation sets in.

As we demonstrate here, at least for this specific binuclear
complex, already the isolated system exhibits intricate, multi-
step dynamics after photoexcitation, emphasizing its intrinsic,
intramolecular deactivation pathways and mechanisms. Thus,
our approach to combine quantum chemical, gas phase and
solution studies for one particular complex is an important step
forward to disentangle intramolecular (metal chromophore and
ligand related) and intermolecular (solvent and counterion
related) processes in the important class of luminescing metal–
metal complexes. We put here for the first time [Ag2(dcpm)2]

2+

into the spotlight of ultrafast spectroscopy and provide the
application of a new methodology for the exploration of the
photodynamics of multi-metallic chromophores. Work will be
expanded by employing related binuclear complexes under
systematic variation of the metal ions, ligands, counter ions
and solvent.
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36 S. V. Kruppa, F. Bäppler, Y. Nosenko, S. P. Walg, R. Diller
and C. Riehn, International Conference on Ultrafast Phenomena,
2016, UW4A.33.

37 S. V. Kruppa, Y. Nosenko, M.-O. Winghart, S. P. Walg, M. M.
Kappes and C. Riehn, Int. J. Mass Spectrom., 2016, 395, 7–19.

38 G. S. M. Tong, S. C. F. Kui, H.-Y. Chao, N. Zhu and
C.-M. Che, Chem. – Eur. J., 2009, 15, 10777–10789.

39 Q.-J. Pan and H.-X. Zhang, J. Phys. Chem. A, 2004, 108,
3650–3661.

40 O. Christiansen, H. Koch and P. Jørgensen, Chem. Phys.

Lett., 1995, 243, 409–418.
41 C. Hättig and F. Weigend, J. Chem. Phys., 2000, 113, 5154–5161.
42 F. Furche, R. Ahlrichs, C. Hättig, W. Klopper, M. Sierka and

F. Weigend, Wiley Interdiscip. Rev.: Comput. Mol. Sci., 2014,
4, 91–100.

43 TURBOMOLE v6.5 2013, a development of University Karlsruhe
and Forschungszentrum Karlsruhe GmbH 1989–2007, TURBO-
MOLE GmbH, since 2007, available from www.turbomole.com.

44 F. Weigend and R. Ahlrichs, Phys. Chem. Chem. Phys., 2005,
7, 3297–3305.
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ABSTRACT: The recently introduced pump−probe frag-
mentation action spectroscopy reveals a unique observation of
excited state vibrational coherence (430−460 fs) in the
isolated metal complex [Ag2(Cl)(dcpm)2)]

+ (dcpm = bis-
(dicyclohexylphosphino)methane) containing the [Ag2Cl]

+

scaffold. After photoexcitation by an 1XMCT transition (260
nm) in an ion trap, an unexpected correlation between specific
fragment ions (loss of HCl/Cl− vs loss of dcpm) and the phase
of the wave packet is probed (1150 nm). Based on ab initio
calculations, we assign the primary electronically excited state
and ascribe the observed coherences (72−78 cm−1) to contain
predominantly Ag−Ag stretch character. We propose specific
probe absorption and vibronic coupling at the classical turning
points to switch remarkably early on between the different fragmentation pathways. The overall excited state dynamics are fitted
to a multiexponential decay with time constants: 0.2−0.4/3−4/19−26/104−161 ps. These findings open new perspectives for
further dynamics investigations and possible applications in photocatalysis.

L igand-stabilized multimetallic complexes are currently
attracting a lot of attention in spectroscopic and dynamics

investigations due to their broad application potential, e.g., in
organic light emitting diodes (OLEDs), sensors, and photo-
catalysts.1 The improvement of functionality and efficiency of
these compounds by rational design is crucially based on the
understanding of subtle aspects of metal−metal interaction
showing in electronic states ultrafast dynamics.2,3 Thus, gaining
insights into intrinsic femtosecond dynamics of the metal core
moiety is of utmost interest, particularly if gas phase
investigations in the absence of surrounding solvent molecules
could be performed.4 To this end we feature here results
utilizing a newly implemented mass- and charge-selective gas
phase approach for ultrafast dynamics of large multimetallic
complexes at room temperature.5 It allows us to analyze
quantum effects (damped vibrational wave packets) in the
electronically excited state revealing a delicate correlation
between a mass spectrometric observable and the wave packet’s
phase. We expect that these results give perspectives for further
mechanistic theoretical and experimental investigations and
stimulate fundamental studies for control of photocatalyst
activation processes.
Metal−metal interaction in multinuclear, ligand-bridged

coinage metal (d10−d10) complexes affords electronic states

that give rise to strong broadband luminescence, sensitive
response to external stimuli, and specific photocatalysis.1

Among others, typical examples of such systems are given by
bis-phosphino-bridged dimeric CuI, AgI, or AuI complexes.2

These have been intensively studied in solution and solid
state by luminescence and resonance Raman spectroscopy
since they feature a significant shortening in the metal−metal
distance (rM‑M) upon electronic excitation of 1MC(dσ*−pσ)
states. For the complex [Ag2(dcpm)2)]

2+ (dcpm = bis-
(dicyclohexylphosphino)methane, LCy) ΔrM‑M ≈ − 0.2 Å is
observed, indicating strong metallophilic interaction in the
excited state.3

These dicationic systems are easily complexed by anionic, in
particular halide, counterions which give rise to new electronic
states of 1XMCT character.6−8 Related halogen-bridged copper
dimers play a key role for the development of new efficient and
tunable OLED materials based on coinage complexes.9 For
photocatalysis, a very recent study on the related [Ag2H]

+

scaffold, introduced a new concept for releasing H2 from formic
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acid, backed up by mass spectrometric analysis with computa-
tional modeling of the reaction path.10

Surprisingly, ultrafast time-resolved studies on these systems
are still very rare, although the course for the possible excited-
state deactivation pathways is likely decided on very rapidly
after photoexcitation. Recently, Ma et al.11 applied femtosecond
transient absorption (TA) spectroscopy to [Au2(L

Cy)2)]
2+ in

acetonitrile (MeCN). We studied comprehensively the related
Ag congener [Ag2(L

Cy)2)]
2+ isolated in an ion trap and in

MeCN solution.4 Related complexes are found in ligand
bridged d8−d8 systems, e.g., [M2(dimen)4]

2+ (M = Rh, Ir;
dimen = 1,8-diisocyanomenthane) and [Pt2(pop)4]

4− (pop =
pyrophosphite, H2P2O5

2−) as the most prominent ones.12−14

These complexes have been thoroughly investigated in solution
by ultrafast time-resolved spectroscopy15 and front edge X-ray
methods.16

Here, we report on the gas-phase femtosecond dynamics, in
particular excited state coherent vibrational motion, of the
chlorido adduct of a binuclear silver phosphine complex:
[Ag2(Cl)(L

Cy)2]
+, abbreviated [Ag2Cl]

+ (Figure 1). This

molecular monocation was isolated in an ion trap and analyzed
by photodissociation (PD) and transient photodissociation
action spectroscopy (τ-PD).4,5,17 In the latter method, after a
pump pulse (one-photon resonant electronic excitation), a
variably time-delayed probe pulse (multiphoton NIR excita-
tion) interrogates the sample and “projects” the photoinduced
ultrafast dynamics of the involved excited states by their state
specific cross sections onto the transient fragment ion yield.
Furthermore, we study by quantum chemical methods the
relevant electronic states and structures of [Ag2Cl]

+, which as a
149-atom system poses a challenge to theory. Thus, we report
plausible interpretations furnished by ab initio calculations for a
size-reduced molecular model system, i.e., [Ag2(Cl)(dmpm)2]

+

(dmpm = bis(dimethylphosphino)methane, LMe).
The presentation of our data is organized as follows: first we

describe the mass spectrometric characterization of [Ag2Cl]
+

followed then by reporting its UV spectrum and computational
results on structure and electronic transitions. Finally, we
provide femtosecond transient data and close with a simplified
model focusing on the early picosecond dynamics.
Gaseous [Ag2Cl]

+ ions are generated by electrospraying an
acetonitrile solution of [Ag2(L

Cy)2](PF6)2 and [NBu4]Cl (1:1)
yielding the chloride adduct [Ag2(Cl)(L

Cy)2]
+ (m/z 1065),

unambiguously identified by its isotope pattern (Figure S3).
Upon collision-induced dissociation (CID) the major fragmen-

tation channel was found to be the loss of a LCy ligand (m/z
657). At a smaller percentage loss of AgCl(LCy), and loss of
HCl or AgCl was observed. By contrast, upon photoexcitation
at 236 nm a broader fragmentation pattern is obtained (Figure
S7, Table S2). Using pump−probe excitation (260 nm/1150
nm) we observe an increase in total fragment yield and the
appearance of new fragment ions. Noteworthy here is the loss
of Cl− by the back dissociation of the halide adduct (Figures S3
and S4).
Based on this analysis and additional results on the excited

state dynamics (presented later) we divide the fragment
channels into three groups (Tables 1 and S1): a group of

fragments gF1 appears mostly by the loss of AgCl or Cl +
PCH2(Cy)2, gF2 exhibits the loss of HCl or Cl

−, while the gF3

fragments show mostly loss of one ligand (LCy).
In order to characterize the structure of [Ag2Cl]

+ and its
change upon photoexcitation, we have performed quantum
chemical computations on the size-reduced model system
[Ag2(Cl)(L

Me)2]
+, where the cyclohexyl groups of the

phosphine ligand have been replaced by the smaller methyl
groups. We have employed this approach recently successfully
for the study of the nonchlorido [Ag2(L

Cy)2]
2+ complex.4 In

order to obtain more information on the electronically excited
states, the equilibrium geometries were optimized at the CC2/
def2-TZVPP and PBE0-D3(BJ) levels in C2v symmetry. At the
PBE0-D3(BJ) geometries, quasi-particle energies were deter-
mined at the eigenvalue-only self-consistent GW level (evGW),
and singlet excitation energies were determined from the
Bethe-Salpeter equation (BSE).18

The ground state minimum structure as calculated at the
CC2/def2-TZVPP level in C2v (1A1) symmetry displays a
bridging, symmetrically positioned chloride ion and an Ag−Ag
distance of 2.87 Å, only slightly shorter than calculated before
for the [Ag2(L

Me)2]
2+ complex (Tab. S5).4 The distance of Cl

with respect to the Ag−Ag axis dCl‑(AgAg) amounts to 2.18 Å and
the Ag2P4 frame is nonplanar. The ligands are slightly bent from
the Ag−Ag axis, given by the angle ∠(P−Ag−P) = 165°.
Additionally, we have located four electronically excited singlet
states related to 1XMCT (1A1,

1B1,
1B2) and 1MC (1A2)

transitions and corresponding triplets (see Figure 2 and Tables
S7−S9 for energies, oscillator strengths, and natural transition
orbitals).
The UV-PD spectrum of isolated [Ag2Cl]

+ (Figure 2a)
exhibits a plateau-like absorption at 250−280 nm and a
stronger band rising up at 240 nm. Both features resemble

Figure 1. Schematic structure of [Ag2Cl]
+. H atoms omitted.

Table 1. Main Photofragments of [Ag2Cl]
+a

group m/z assigned formula loss
rel.
phase %

precursor 1065 [Ag2(Cl)(L
Cy)2]

+

gF1 923 [Ag(LCy)2]
+ AgCl (∼π) 35

819 [Ag2(L
Cy)(P(Cy)2)]

+ Cl,
P(CH2)
(Cy)2

28

gF2 1029 [Ag2(L
Cy)2 -H)]

+ HCl ∼π 51

515 [Ag2(L
Cy)2]

2+ Cl− 49

gF3 657 [Ag2(Cl)(L
Cy)]+ LCy 0 69

326 (P2(CH2)(Cy)3H)
+ Ag2(Cl)

(LCy),
(Cy-H)

21

aDetails provided in Table S1. Percentages of gF1‑3 signals are
indicated. LCy = P2(CH2)(Cy)4, Cy = (C6H11).
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closely the absorption spectrum of [Ag2Cl]
+ in MeCN solution

([Ag2(L
Cy)2]

2+ with an excess of [NBu4]Cl), which is consistent
with the calculated small change of dipole moment upon
excitation (−0.93 D, CC2/def2-TZVPP). It further agrees with
its luminescence excitation spectrum (Figures S13 and S14).
Our evGW-BSE calculation on the model complex [Ag2(Cl)-

(LMe)2]
+ resulted in an electronic spectrum with similar but

shifted features (Figure 2b). It predicts the main dipole allowed
transition at λcalc = 279 nm (HOMO−1 → LUMO, 1XMCT-
(1B1), see Figure 2b and Table S8). A weakly dipole-allowed
transition was found at λcalc = 242 nm (HOMO−2 → LUMO,
1XMCT(1B2)) probably also contributing to the experimental
spectrum.
Since we cannot completely rule out an influence of the

phosphorus substituents on the spectra, e.g., by ligand
backbone bending, we have performed a reference UV-PD
experiment employing the LMe ligand, which gave a spectrum
that agrees well with the calculated one and supports our
quantum theoretical assignment (Figure 2c). Note that the LMe

ligand is pyrophoric, which renders its mass spectrometric
handling difficult, preventing a complete study for [Ag2(Cl)-
(LMe)2]

+ here (Figure S6).
In the following, we will present and discuss the femtosecond

time-resolved data obtained by ion trap pump−probe (260
nm/1150 nm) fragmentation.5 The fragment-specific transients
(gF1−3, Figure 3) are analyzed by fitting each of these to a sum
of exponentials (Table S3).

Similar to the nonchlorido adduct [Ag2(L
Cy)2]

2+,4 a multi-
exponential decay with four time constants 0.2−0.4/3−4/19−
26/104−161 ps is observed with the total lifetime being clearly
shorter compared to [Ag2(L

Cy)2]
2+. Moreover and remarkably

we observe pronounced oscillatory features (period ∼430−460
fs) for the transients of gF2 and gF3, that can be fitted to a
strongly damped sine function (dephasing time constant =
0.18−0.47 ps) and assigned to vibrational wave packets. The
Fourier transformation of these features provided frequencies
of 72 and 78 cm−1, respectively (Figure 3). We exclude the
assignment to an electronic coherence,14 since no closely lying
electronic state is known and no polarization dependence was
observed (cf. Figure S10). Note, that accompanying experi-
ments in MeCN solution gave no hints on coherent wave
packet activity (Figure S15). It is further noted that the
occurrence and observation of vibrational wave packets in such
metal complexes seems to depend sensitively on the internal
vibrational mode structure and interaction of the specific
system with its environment and is not easily predictable.19

Evidently, the dephasing time constant (τd) falls into the
range of the first time constant (τ1), which could be assigned to
either (a) intramolecular vibrational redistribution (IVR), (b)

Figure 2. (a) Normalized UV-PD spectrum of [Ag2Cl]
+ (black circles)

compared to absorbance of [Ag2(L
Cy)2](PF6)2/[NBu4]Cl (1:2.6) in

MeCN (c = 5.7 mM). (b) Calculated electronic absorption (fwhm =
0.4 eV) and stick spectra (PBE0-D3(BJ)/evGW-BSE/def2-SVPD) for
the [Ag2(Cl)(L

Me)2]
+ model system (C2v). Inset: most important

occupied (red-white) and virtual (yellow-blue) natural transition
orbitals for the 1B1 and

1B2 transitions at 279 and 242 nm, respectively
(isosurfaces at 0.05 (a0)

−3/2). (c) Experimental normalized UV-PD
spectrum of [Ag2(Cl)(L

Me)2]
+.

Figure 3. (a−c) Grouped τ-PD signals (gF1−3, open circles) for λpu/λpr
260 nm/1150 nm at magic angle. Note that data for pump−probe
delay >2.4 ps is plotted on a logarithmic scale. Best kinetic fits (black
lines), individual contributions (colored lines, τ1: magenta, τ2: green,
τ3: blue, τ4: cyan) and residuals are shown (Table S3). Insets: Fourier
transforms of residuals obtained by subtracting tetra-exponential decay
contribution (black solid lines) and of fitted oscillating components
shown in panel d (red dotted lines), respectively. (d) Oscillating parts
of transients fits (gF1: blue, gF2: red, gF3: black; pump-only
fragmentation yields were subtracted) and dephasing time constants
(τd).
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internal conversion (IC) into the energetically lower lying 1A1

excited state, or (c) fast intersystem crossing (ISC) into the
triplet manifold. All three processes are expected to change the
cross-section for (multiphoton) probe absorption and should
therefore be detectable with our experimental method. Based
on the experimental gas phase data alone, a definite assignment
is not possible. Consequently, we suggest, as in ref 4, that the
two fast time constants are related to a combination or
sequence of IVR/IC/ISC processes, whereas the two slower
ones should be related to relaxation processes within the triplet
manifold.
However, here, we like to highlight the unexpected

observation that the wave packet’s oscillation exhibits a phase
shift of ∼ π between the signals of the different grouped
fragments (Figure 3d). We found that the transient for gF2
(loss of HCl/Cl−) displays a phase shift of ∼ π compared to the
one for gF3 (loss of LCy). For the transient of gF1 (loss of
AgCl) we note a delay, in accordance with an ∼π phase shift,
accompanied by a strongly damped oscillation (Table 1, Table
S3). We would like to emphasize that the formation of
fragment ions, which is key to the detection scheme for pump
probe action spectroscopy, is usually considered to be a slow
process (μs regime) and based on statistical decay. Therefore, it
is intriguing to see in these examples of dissimilar
fragmentation channels that a switch between the correspond-
ing fragmentation pathways is operative already at very early
time delay (∼400 fs).
The questions now arising are: To which excited-state

vibrational mode of [Ag2Cl]
+ can we assign the observed

coherent wave packet? And how can we rationalize the phase
shift between the transients of different fragment channels?
The initiation of vibrational wave packets by photoexcitation

is a frequent observation in ultrafast spectroscopy and occurs
when an electronically excited state is structurally shifted in a
certain coordinate from the ground state.16,20−22 Since no
experimental results on the low-frequency vibrations of
[Ag2Cl]

+ are available, we extracted the modes for the ground
state from our quantum chemical calculation, with the excited
states frequencies being computationally too costly.
Six low-frequency normal modes between 60 and 100 cm−1

(Figure S17) were obtained including Cl bending δ(Ag2−Cl) ∼
72 cm−1, and two modes with Ag−Ag stretching character at
ν(Ag−Ag) ∼ 76 cm−1 and ∼95 cm−1, respectively. We neglect
low-frequency modes from the cyclohexyl units of LCy upon
choosing the LMe ligand for the computations. However, we
believe that Franck−Condon activation of cyclohexyl modes
can be disregarded due to presumed small structural changes in
the cyclohexyl groups upon photoexcitation.
Thus, for assignment of the coherences we have to rely on

qualitative reasoning. Upon inspection of the calculated excited
state structure (1B1, Table S5), we find the strongest relative
change in the distance dAg−Ag (−3.6%) and the angle ∠(P−Ag−
P) (+3.3%) so that both coordinates would qualify for the
formation of wave packets. However, we would assume modes
with strong ligand bending character to shift to lower values for
the experimentally investigated LCy ligand compared to LMe

(computational model) due to its larger reduced mass.
Therefore, we propose to assign the wave packet motion to the
νAg−Ag stretching vibration in the 1B1 state, concluding that
enforcement of intermetallic interaction leads to the vibrational
wave packet in [Ag2Cl]

+.
The phase shift between the transient’s modulation of the

HCl/Cl− loss (gF3) and ligand loss (gF2) channels could now

only be understood assuming a dif ferent probe transition and
absorption cross section for the wave packet state at the inner
respectively outer turning point of the potential (Figure 4). Thus,
the Ag−Ag distance serves as a sensitive coordinate to steer the
probe excitation into higher-lying electronic states. This
eventually leads to either loss of a phosphine ligand possibly
via another XMCT (or LMCT) state weakening the Ag−P
bonds at long Ag−Ag distance or a loss of HCl/Cl−, possibly
via an ion pair state [(Ag2)

2+Cl−] at short Ag−Ag distance with
an associated large dissociation energy. The latter was estimated
to be 798 kJmol−1 (CC2/def2-TZVPP) and 744 kJmol−1

(PBE0-D3(BJ)/def2-SVPD), respectively. Hence, this ionic
fragmentation pathway ([Ag2(Cl)(L

Cy)2]
+
→ [Ag2(L

Cy)2]
2+ +

Cl−) would be accessible by a UV (260 nm) + 3 NIR (1150
nm) multiphoton absorption process.
The characteristics of the gF1 channel (loss of AgCl) could

be assigned to an electronic coupling (IC) at shorter Ag−Ag
distance to the computed, lower lying dark state (1A1),
accompanied by quick dephasing of the wave packet (Figure 4).
It is noted that this picture of photoexcitation and

fragmentation pathways of [Ag2Cl]
+ is a qualitative one at

the current status of our research, in particular since knowledge
on the higher-lying electronic states and on the fragmentation
mechanisms of this system is incomplete. For the future,
simulations of the nonadiabatic dynamics and resulting
fragmentations would be very desirable.23 Also, we cannot
completely rule out contributions of secondary processes that
influence the final types of fragments, but the detected phase
relation between the primary losses of LCy (gF2) and HCl/Cl−

(gF3) is clear-cut and undisputable. Thus, the experimental
results and their possible rationalization puts the spotlight on
new and unexpected photochemical aspects of these binuclear
metal complexes that might possibly be used in the future to
actively control their behavior after photoexcitation. Note that,
e.g., the elimination of HCl is a known key step for base-free
activation of Ru(II) transfer hydrogenation catalysts.24

We conclude that [Ag2Cl]
+ represents a versatile model

system for the class of d10−d10 transition metal complexes,
enabling the exploration of subtle intrinsic properties such as
excited state metal−metal interaction as well as quantum
coherence effects. Here we report an unprecedented correlation

Figure 4. Simplified potential energy level diagram highlighting probe
absorption cross sections (σpr) modulated by the wavepacket. Triplet
states not shown.
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between the phase of coherent wave packet dynamics,
tentatively assigned to vibrational coherence of predominantly
Ag−Ag stretching mode character, and the generation of
specific fragment ions. This observation is based on ion-trap
pump−probe fragmentation action spectroscopy of isolated
gaseous target ions and uniquely demonstrates the utilization of
coherence for switching of chemical reactivity via specif ic
f ragmentation pathways, as challenged in a recent contribution.21

Given the absence of environmental influences this study
provides benchmark data for further theoretical and exper-
imental investigations and should stimulate the development of
theoretical methods. Extended studies on [Ag2Cl]

+ and related
systems in terms of varying ligands, metals, and bridging groups
are underway and will yield further insights into ultrafast
excited-state processes for ligand-stabilized multinuclear metal
complexes. Further applications of our findings in fundamental
studies for control of photocatalytical processes present
stimulating perspectives for the future.

■ MATERIALS AND METHODS

Sample Preparation. Synthesis and characterization of the
compound [Ag 2 (d cpm) 2 ] (PF 6 ) 2 (d cpm = b i s -
(dicyclohexylphosphino)methane, LCy) were reported else-
where.3,4 The [Ag2(Cl)(L

Cy)2]
+ precursor ions ([Ag2Cl]

+,
chloride adduct of [Ag2(L

Cy)2]
2+) were generated via electro-

spray ionization (ESI) from sample solutions of [Ag2(L
Cy)2]

-

(PF6)2 and [NBu4]Cl (tetrabutylammonium chloride, 97%,
Sigma-Aldrich) in acetronitrile (HPLC grade, c = 10−7 M,
stoichiometric ratio 1:1). [Ag2(Cl)(L

Me)2]
+ (LMe = bis-

(dimethylphosphino)methane) ions were produced by electro-
spraying solutions of LMe (97%, Sigma-Aldrich), AgPF6 (98%,
Sigma-Aldrich), and [NBu4]Cl (97%, Sigma-Aldrich) in
acetonitrile (1:1:1 stoichiometric ratio, c = 10−6 M). Due to
the fact that LMe is pyrophoric, a stock solution of LMe in
degassed MeCN (c = 10−3 M) was prepared in a nitrogen
atmosphere and subsequently further diluted.
Quadrupole Ion Trap Mass Spectrometry and Collision-Induced

Dissociation (CID). Electrospray ionization mass spectrometry
(ESI-MS) was performed utilizing a 3D quadrupole ion trap
mass spectrometer (amaZon speed, Bruker Daltonics) modified
for laser irradiation experiments.25,26 The ion source was
operated in positive ESI mode and sample solutions were
electrosprayed by continuous infusion into the ESI chamber
(120−180 μl h−1) assisted by nitrogen sheath gas (7 psi, 483
mbar). The electrospray needle was held at 4.5 kV and nitrogen
dry gas was used to assist desolvation (4 L min−1, 180 °C). The
mass isolation window was typically Δm/z = 8 selecting the full
isotope pattern of [Ag2Cl]

+. The scan range was m/z = 50−
1200 with a scan speed of 32.500 m/z s−1 (UltraScan mode, m/
z ∼ 0.3 fwhm, full width at half-maximum) and 8.100 m/z s−1

(Enhanced Resolution mode, m/z ∼ 0.25 fwhm) for τ-PD and
UV-PD experiments, respectively. To initiate collision-induced
dissociation a resonance excitation voltage was applied to the
end-caps of the Paul-type ion trap in order to accelerate the
isolated precursor ions, which then undergo multiple collisions
with the Helium buffer gas with subsequent fragmentation and
mass analysis. The instrument control and data analysis was
performed using standard Bruker Daltonics software.
Static and Time-Resolved Photodissocation (PD/τ-PD) Experi-

ments (Gas Phase). The experimental setup is described in detail
elsewhere.4,5,26 Briefly, femtosecond pulses are generated in a
(Ti:Sa) chirped pulse cryogenic regenerative amplifier system
(Wyvern 1000, KMLabs) generating an output pulse train

(∼780 nm, fwhm ∼30 nm, ∼ 4W, 982 Hz, Δτ ∼ 50 fs), which
is used to pump two identical nonlinear frequency converters
“T1” and “T2” (TOPAS-C, Light Conversion, tuning range
240−2600 nm). Their relative linear polarization was set to
∼54.7° by a variable half-wave plate (Berek compensator) and
pulse energies were controlled by variable neutral density filters.
NIR-probe pulses (1150 nm) were temporally delayed with
respect to UV-pump pulses (260 nm) by varying the optical
path length utilizing a single axis delay stage (Physik
Instrumente, PI) with a mounted retroreflector. Both beams
where quasi collinearly combined (∼0.8°) and focused ( f = 50
cm) through a fused silica window (3 mm thickness,
transmittance in the spectral range of 240−285 nm is reported
in the Supporting Information (SI) of ref 4) into the ion trap
center of the mass spectrometer (∼1 mm diameter). The ion
cloud was illuminated during a fragmentation time window of
120 and 100 ms for PD and τ-PD experiments, respectively.
Static PD spectra were recorded stepwise at each wavelength

position in the range of 237−350 nm at constant pulse energy
of 2 μJ (spectral width Δλ ∼ 2−4 nm, see SI of ref 4). From the
resulting PD mass spectra the fragment specific (Yi) and total
fragment yields (TFY) are calculated as Yi = Fi/(ΣFi + P) and
TFY = ΣFi/(ΣFi + P), respectively. Fi and P are the integrated
mass peak intensities of photo products i and precursor ions,
respectively and ΣFi is the sum of all fragment ion signals.
Additionally, Yi and TFY were normalized to the number of
photons N = Epulse·λ/(h·c). Different nonlinear optical output
schemes of “T1” and/or wavelength filters are employed in the
ranges of 237−263 nm, 263−287 nm, and 287−350 nm,
respectively, requiring a reoptimization of the laser beam
overlap with the ion cloud. Therefore, PD spectra were
concatenated by scaling factors obtained from overlapping data
points of the respective tuning ranges.
For time-resolved τ−PD experiments (λpu = 260 nm, Epulse =

1 μJ; λpr = 1150 nm, Epulse = 150 μJ; ∼98 pulses) individual
short (6 ps, 10 cycles), intermediate (40 ps, 6 cycles) and long
scans (600 ps, 4 cycles) were averaged (40−80 mass spectra/
data point) and concatenated by introducing an ordinate offset
correction (6 ps scan as reference) to account for fluctuating
fragment yields at negative pump−probe delays. The time zero
position and cross correlation (typical fwhm ∼200 fs, cf. SI of
ref 4) was estimated by measuring the multiphoton ionization
of neutral furan (C4H4O), which was introduced at small
concentration into the ion trap with the trapping gas (He).
Fragment-specific transients exhibiting similar temporal profiles
were summed up and categorized into three grouped signals
gF1−gF3 (see Table S1, Figures 3, S3, and S9). Data analysis
was performed by fitting a convolution of a Gaussian (system
response) with exponential decay functions and damped sine
function (eq S1).
Computational Methods. We have chosen Green’s function

(evGW-BSE) and coupled-cluster (CC2 approximation)
approaches for calculations of electronic excitations since an
advanced treatment of electron correlation and charge transfer
(XMCT transitions, halogen-to-metal charge transfer) is
necessary. In order to describe the electronic and molecular
structures of the target ion [Ag2(Cl)(L

Cy)2]
+ and also of the

nonchlorido adduct [Ag2(L
Cy)2]

2+, the computations were
performed for the size-reduced model systems [Ag2(Cl)-
(LMe)2]

+ and [Ag2(L
Me)2]

2+, respectively, by substituting the
cyclohexyl groups by methyl groups on the phosphine ligand in
order to reduce CPU time (see Figures S1 and S2). We
recently showed for the [Ag2(L

Cy)2]
2+ system that this
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approach gives realistic predictions for electronic transitions
since the relative energies of electronic excited states are
predominantly determined by the Ag2 and Ag2Cl chromophoric
moieties, respectively.4 A similar strategy was applied by other
groups.27−29

CC2 Approach. The coupled-cluster computations were
performed at exactly the same level as in ref 4 in the CC2
approximation30,31 with the TURBOMOLE program pack-
age.32,33 We used the def2-TZVPP basis set34 with an effective
core potential for Ag substituting 14 core orbitals.35 The 1s
orbitals of C and the 1s, 2s, and 2p orbitals of P and Cl were not
included in the correlation treatment.
evGW-BSE Approach. Using the TURBOMOLE program

package,32,33 the ground-state equilibrium geometries were
optimized at the PBE0-D3(BJ) level36−39 in C2v symmetry (for
both [Ag2(Cl)(L

Me)2]
+ and [Ag2(L

Me)2]
2+). At these geo-

metries, quasi-particle energies were determined at the
eigenvalue-only self-consistent GW level (evGW)40,41 and
singlet excitation energies were determined from the Bethe−
Salpeter equation (BSE).18 Recently,42 it was shown that the
evGW-BSE approach is equally efficient for singlet valence,
Rydberg, and charge-transfer excitations, providing an accuracy
comparable to the accuracy achievable with wave function
methods such as CASPT2 and EOM-CCSD. The computations
were performed in the def2-SVPD basis set (but only def2-
SV(P) for hydrogen).34,43 For [Ag2(L

Me)2]
2+, this basis set of

atomic orbitals comprises 420 basis functions, while the
corresponding auxiliary basis set “cbas”44 used for the
resolution-of-the-identity (RI) approximation comprises 1626
auxiliary basis functions. For [Ag2(Cl)(L

Me)2]
+, the numbers

are 447 and 1704. The evGW damping parameter was set to η
= 0.02 Eh. The def2-SVPD basis set for Ag includes an energy-
adjusted ab initio pseudopotential35 that replaces the [Ar]3d10

core.
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Photoinitiated Charge Transfer in a Triangular Silver(I) Hydride
Complex and Its Oxophilicity

Sebastian V. Kruppa+,[a] Cedric Groß+,[a] Xin Gui,[b] Florian B-ppler,[c] Bjçrn Kwasigroch,[a]

Yu Sun,[a] Rolf Diller,[c] Wim Klopper,[b] Gereon Niedner-Schatteburg,[a, d] Christoph Riehn,*[a, d]

and Werner R. Thiel*[a]

Abstract: The photoexcitation of a triangular silver(I) hydride

complex, [Ag3(m3-H)(m2-dcpm)3](PF6)2 ([P](PF6)2, dcpm=bis(di-

cyclohexylphosphino)methane), designed with “UV-silent”

bis-phosphine ligands, provokes hydride-to-Ag3 single and

double electron transfer. The nature of the electronic transi-

tions has been authenticated by absorption and photodisso-

ciation spectroscopy in parallel with high-level quantum-

chemical computations utilizing the GW method and Bethe–

Salpeter equation (GW-BSE). Specific photofragments of

mass-selected [P]2+ ions testify to charge transfer and com-

peting pathways resulting from the unique [Ag3(m3-H)]
2+

scaffold. This structural motif of [P](PF6)2 has been unequivo-

cally verified by 1H NMR spectroscopy in concert with DFT

and X-ray diffraction structural analysis, which revealed short

equilateral Ag–Ag distances (dAgAg=3.08 a) within the range

of argentophilic interactions. The reduced radical cation [P]C+

exhibits strong oxophilicity, forming [P++O2]C
++ ,which is a

model intermediate for silver oxidation catalysis.

Introduction

Multinuclear coinage metal hydrides (CMHs) are fascinating

synthetic targets that show promising applications in energy

storage, as model systems for the exploration of metallophilic

interactions,[1] and also recently in photocatalysis.[2] Binuclear

systems often feature a bridging hydride (m2-H) structural

motif,[3] a situation best described as three-center, two-electron

bonding,[4] but hydride-“capping” (m3-H) and even m(4–6)-H coor-

dination modes have been reported for higher nuclearities.[5]

Beginning with Wurtz’s synthesis of polymeric CuH in the

19th century,[6] copper hydrides are the longest-known and

best-studied CMHs. Recently, the first monoligated dimeric

copper hydrides were isolated by using N-heterocyclic carbene

(NHC) ligands.[7] The key chemical transformations that are

mediated by CMHs encompass reduction reactions, for exam-

ple, the hydrogenation of carbonyl compounds or CO2,
[8] as

well as hydrosilylations (ketones)[8a] and other hydrogenations

(alkenes and alkynes).[2a] In catalytic studies the application of

copper hydrides dominates today,[2a,9] but interesting perspec-

tives on silver[2a,10] and gold or heterometallic species have

been reported[11] and have gained in importance on account of

their distinctive (photo)reactivity.[2a,12] With regard to the pho-

tochemistry of CMHs and also transition-metal hydrides, their

chemical dynamics are largely unexplored but they provide an

interesting variety of photoproducts, as reviewed recently.[2b]

For instance, monohydride complexes show homolytic M@H

bond splitting, reductive elimination of RH (R=alkyl, O-alkyl,

etc.), photoisomerization, or proton and hydride transfer, de-

pending on the composition of the complex and the environ-

ment.[2b, 13] Thus, there is a clear motivation for additional stud-

ies to correlate the physico-optical properties of CMHs (UV

spectra, cross-sections, types of transitions), their molecular

structures (hydride coordinating motif), and the primary photo-

products.

Specifically, silver-based hydrides such as [AgnH]
+ (n=2, 4,

6) “bare” cluster cations have lately been put in the spotlight

through comprehensive gas-phase studies of their preparation

and reactivity, utilizing ion-trap multistage mass spectrometric

techniques (MSn).[14] Also, Ag2H
+ , the simplest binuclear proto-

type system, has been scrutinized by laser-induced fragmenta-

tion spectroscopy together with high-level quantum-chemical

calculations.[3a]

In this work, we focused on silver metal hydrides stabilized

by bis-phosphine ligands LR [LR=R2P-CH2-PR2, with R=CH3

(Me), C6H5 (Ph), C6H11 (Cy)] . Pioneering gas-phase studies of the

molecular ion [Ag2(H)(L
Ph)]+ highlighted the key importance of
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CMHs for catalysis, revealing its reactivity with formic acid to

yield [Ag2(O2CH)(L
Ph)]+ accompanied by the loss of H2 and fol-

lowed by collisional-activated CO2 extrusion to regenerate the

hydride-bridged dinuclear silver catalyst ion, which closes the

circle.[3b,11b] By replacing the phenyl by cyclohexyl moieties

([Ag2(H)(L
Cy)]+), it was demonstrated that the silver-mediated

protodecarboxylation cycle was not disrupted and an en-

hanced reactivity of the bimetallic hydride towards formic acid

was observed (R: Cy>Ph).[3b] In another study on the trinuclear

dihydride [Ag3(m2-H)2(L
Ph)]+ fragment ion, photoexcitation

under vacuum led to the release of H2, whereas collisional-in-

duced dissociation (CID) mainly led to the loss of AgH, thereby

demonstrating electronic-state-specific reactivity.[15] However,

the assignment of silver-hydride-centered electronic transitions

for LPh-stabilized complexes was not clear cut and indeed is

complicated owing to the significant involvement of ligand-

centered p–p* transitions.[3b,15]

Because our research interest is focused on the static and

dynamic exploration of cooperative metallophilic interac-

tions[16] within d8/d10 electron configurations,[17] we prefer to in-

vestigate molecular targets that provide absorption features

for direct optical metal-centered excitation. To this end, we

herein report on the synthesis of the triangular silver hydride

complex [Ag3(m3-H)(m2-L
Cy)3]

2+ ([P]2+ , LCy=bis(dicyclohexylphos-

phino)methane) featuring the UV/Vis spectroscopically inno-

cent, alkylated bis-phosphine ligands LCy. This was motivated

by preliminary studies on related triangular Ag/Cu CMHs[5e,f]

and also binuclear [M2(L
Cy)2]

2+ (M=Ag, Au) complexes.[17b,c, 18] In

addition, the relative binding energy of LCy is advantageously

higher than that of LPh, as revealed by an ion-trap CID investi-

gation of [Aun(PR3)m]
+ /2+ (n=1–11, m=1–8, R=Me, Ph, Cy).[19]

Thus, the expected stability of [P]2+ facilitates parallel studies

in the gas phase and in solution. Finally, we note in passing

that recently there has been growing interest in the prepara-

tion of (atomically precise) ligand-protected silver subnano-

and nanoclusters by the reduction of silver(I) salts with NaBH4,

with the emphasis on [P]2+ being a potential intermediate in

cluster growth or a building block of larger entities.[5h,8a,20]

We present herein the synthesis and also the X-ray diffrac-

tion and NMR structural analyses of the triangular silver hy-

dride complex [P](PF6)2 supported by DFT calculations. The

gas-phase reactivity of [P]2+ was explored by mass spectromet-

ric techniques, in particular, comparing the CID, photoinduced

dissociation (PD), and electron-transfer dissociation (ETD) acti-

vation methods. Furthermore, the core-centered optical prop-

erties (absorption and luminescence) of [P]2+ in solution and

in the gas phase were investigated in parallel by utilizing pho-

todissociation (PD) laser spectroscopy. High-level quantum-

chemical calculations based on the Bethe–Salpeter formalism

facilitated the assignment of electronic transitions by transition

density plots. Finally, we describe an unexpected gas-phase re-

activity towards molecular oxygen, a newly observed reaction

type for silver radical cations, as a result of single-electron re-

duction by ETD in an ion trap.

Results and Discussion

Synthesis and structural examination

The trinuclear silver(I) complex [Ag3(m3-H)(m2-L
Cy)3](PF6)2

([P](PF6)2, L
Cy
=dcpm= (C6H11)2PCH2P(C6H11)2) was prepared ac-

cording to a modified literature procedure by the addition of

sodium borohydride to a well-stirred suspension of dcpm and

silver(I) hexafluorophosphate in acetonitrile at room tempera-

ture (Scheme 1).[5e,f] The deuterido congener was analogously

synthesized by using sodium borodeuteride.

Single crystals of [P](PF6)2 suitable for X-ray diffraction struc-

tural analysis were obtained by the slow diffusion of diethyl

ether into a solution of the silver complex in acetonitrile under

protection from light. [P](PF6)2 crystallizes in the orthorhombic

space group Fdd2 with eight molecules in the unit cell. The

solid-state structure of [P](PF6)2 reveals three silver(I) centers

that are m3-bridged by a central hydrido ligand and m2-bridged

by the three LCy bis-phosphine ligands, resulting in a distorted

trigonal-planar coordination environment for each silver(I) site

(Figure 1a and Figure S1 in the Supporting Information). The

most obvious structural feature of [P](PF6)2 is its nearly equilat-

eral triangular (m3-H)Ag3 core. Within this structure, the average

Ag–Ag distance is 3.082 a, which is in the range of argento-

philic d10–d10 interactions (see Table 1, Svan der Waals radii=

3.44 a).[1a,21] A C2 axis running through the atoms Ag1 and H1

determines the symmetry of the (P
_
P)3Ag3(H) core (Figure 1a,

inset). A similar structure with comparable symmetry was ob-

tained by quantum-chemical structure optimization at the

DFT/PBE-D3(BJ)/def2-SV(P)/(def2-TZVP for hydride) level for the

isolated [P]2+ cation (Figure 1b, inset, and Table 1). The com-

puted Ag@P bond lengths and P-Ag-Ag-P dihedral angles are

similar to the experimental values, whereas the Ag–Ag dis-

tance was calculated to be slightly shorter (see Table 1). The

main difference between the experimental and computed

structures lies in the position of the central hydrogen atom

and the accompanying Ag@H1 distances. The calculation gave

a clear preference for a position that is located out of the Ag3

plane by around 0.6 a, whereas the experimental results point

more to an in-plane hydride localization, as proposed for the

Cu3H congener.[5f] However, a small displacement of the hydri-

do ligand cannot be completely ruled out. Moreover, it is ex-

Scheme 1. Synthesis of [Ag3(m3-H)(m2-L
Cy)3](PF6)2

(LCy=dcpm= (C6H11)2PCH2P(C6H11), r.t.= room temperature).
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pected that hydride tunneling equilibrates possible structural

asymmetries.[3a]

Several structurally characterized hydrido silver(I) com-

pounds are documented in the literature, ranging from mono-

nuclear systems to small clusters with less than 10 silver nuclei.

Bertrand and co-workers reported the first isolated structure of

a mononuclear silver(I) hydride complex, [(NHC)AgH], in 2017,

which is stabilized by a very bulky N-heterocyclic carbene

ligand.[22] However, due to the disordering of silver(I) ions, the

position of the hydrido ligand could not be unambiguously lo-

cated. By trapping this compound with B(C6F5)3, a stable

adduct with a nearly linear CNHC-Ag-H-B arrangement was iso-

lated (dAgH=1.81 a). The analogous copper(I) hydride species

crystallizes as the dimer [(NHC)Cu(m2-H)]2, which exhibits two

bridging hydrido ligands (dCuH=1.50, 1.64 a).[22] A few years

earlier, a binuclear NHC-stabilized complex, [(NHC)2Ag2(m2-H)]
+ ,

was reported by Sadighi and co-workers.[8e,23] In this complex,

the Ag@H distance is 1.69 a,[8e] which is distinctly shorter than

those in the [(NHC)AgH][B(C6F5)3] adduct
[22] and the herein re-

ported trinuclear [P](PF6)2 complex. In addition, the average

Ag–Ag distance in [P](PF6)2 (dAgAg=3.08 a) is significantly

longer than that in [(NHC)2Ag2(m2-H)]
+ (dAgAg=2.81 a),[8e] which

can be rationalized by the enhanced charge repulsion in the

trinuclear, dicationic complex.

Furthermore, larger nanosized AgnH (n=7–11) clusters with

a single interstitial hydride, stabilized with chelating sulfur- and

selenium-based ligands, have been structurally characteri-

zed.[5g,24] In this regard, a tri-/tetra-capped tetrahedral Ag4H

core was found as the central structural motif of smaller nano-

clusters (n=7–8), whereas a hexa-capped trigonal-bipyramidal

geometry was found for undecanuclear Ag11H clusters.[24e] For

the latter case, X-ray diffraction analysis suggested that the hy-

dride is located in one of the tetrahedrons of the central trigo-

nal Ag5 bipyramid, whereas DFT predicts an energy minimum

for its position within the central trigonal plane.[24e]

For an overview, the structural parameters of a series of re-

lated bis-phosphine-stabilized, trinuclear silver(I) and copper(I)

monohydride complexes are summarized in Table 1 and will be

discussed in the following. The first bis-phosphine-stabilized,

trinuclear hydrido silver(I) complex, [Ag3(m3-H)(m3-Cl)(m2-

LPh)3](BF4), was reported in 2013 by O’Hair and co-workers, fea-

turing an additional “capping” (m3-Cl) chlorido ligand, which

deflects the hydrido ligand out of the Ag3 plane by around

0.95 a due to charge repulsion.[5d] As expected, the Ag–Ag dis-

tance of this monocationic complex is shorter (by ca. 0.2 a)

than that in the [P]2+ dicationic species. Interestingly, the cal-

culated structure of the singly reduced [P]C+ complex, which

we have observed by electron-transfer reduction in an ion

trap, exhibits similar bond distances, which also supports here

a partial reduction of the Ag3 core (Table 1 and Tables S2 and

S3 in the Supporting Information). Subsequently, in 2014, the

chloride-free [Ag3(m3-H)(m2-L
Ph)3](BF4)2 complex was discovered

by O’Hair and co-workers.[5e] This complex differs from [P]2+ of

this work only in the bridging bis-phosphine ligands (LPh in-

stead of LCy), displaying similar but slightly longer Ag–Ag dis-

tances (by ca. 0.04 a). This trend may be correlated with the

larger electron density at the s-donating phosphorus of the LCy

ligands compared with LPh.[19] In the same study, the analogous

deuterido complex [Ag3(m3-D)(m2-L
Ph)3](BF4)2 was successfully

crystallized and the position of the deuterido ligand was found

to be slightly shifted out of the Ag3 plane by around 0.3 a, as

elucidated by neutron diffraction experiments.[19] The analo-

gous copper(I) congener of [P](PF6)2, [Cu3(m3-H)(m2-L
Cy)3](PF6)2,

was successfully isolated in 2005 by Mao et al.[5f] It exhibits sys-

tematically shorter M–M (ca. 2.89 a) and M@P (ca. 2.29 a) dis-

tances compared with [P](PF6)2, with similar P-M-M-P dihedral

angles found for both congeners (Table 1).

Additionally, we utilized NMR spectroscopic techniques to

characterize the [Ag3(m3-H)(m2-L
Cy)3](PF6)2 ([P](PF6)2) system in so-

lution. According to the NMR data, [P]2+ shows D3h and not C2

symmetry in deuterated acetonitrile (see Figure 2 and Figures

Figure 1. a) Molecular structure of [Ag3(m3-H)(m2-L
Cy)3](PF6)2 in the solid state.

Hydrogen atoms and hexafluorophosphate anions have been omitted for

clarity. Inset: illustration of the pseudo-C2 axis passing through the Ag1 and

H1 atoms. Characteristic bond lengths [a] and angles [8] , with standard devi-

ations indicated in parentheses: Ag1–Ag2: 3.078(1), Ag1@P1: 2.462(3), Ag2@

P2: 2.452(3), Ag2@P3: 2.450(4), Ag1@H1: 1.781(14), Ag2@H1: 1.778(7), Ag1-

H1-Ag1_a: 120.539(2), Ag1-H1-Ag2: 119.730(2), P1-Ag1-P1_a: 128.42(13), P2-

Ag2-P3: 130.05(12), P1_a-Ag1-H1: 115.79(8), P1-Ag1-H1: 115.79(8), P3-Ag2-

H1: 114.7(4), P2-Ag2-H1: 115.2(4). b) Calculated structure of [P]2+ optimized

at the DFT/PBE-D3(BJ)/def2-SV(P) level of theory. Hydrogen atoms have

been omitted for clarity. Inset : top view.
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S2–S10 in the Supporting Information), which can be explained

by a rapid equilibration of the three bent six-membered (P-Ag-

H1-Ag-P-CH2-) rings (Figure 1a).

The ambient-temperature 1H NMR spectrum of [P](PF6)2 fea-

tures an intricate multiplet centered at d&5.31 ppm, which in-

tegrates for one hydrogen atom and is assigned to the m3-hy-

dride resonance (Figure 2a and Figures S2 and S6 in the Sup-

porting Information). Its appearance at a positive ppm value is

related to the strong magnetic deshielding of the central hy-

drogen by the three surrounding silver(I) ions and it lies within

the range of reported chemical shifts of polynuclear AgnH

complexes (n=2–11; d=@1.13 to 7.5 ppm),[5e] which strongly

depends on the ligands, nuclearity, and the overall charge of

the complexes. In comparison, the copper congener of

[P](PF6)2 displays an upfield-shifted m3-hydride resonance at d

&2.2 ppm.[5f]

The complex m3-
1H multiplet of [P](PF6)2 collapses into four

quartets in the {31P}-decoupled 1H NMR spectrum (Figure 2b),

thereby substantiating the hydride coupling (1JHAg) to three

magnetically equivalent silver nuclei for each of the four

[nAg,nAg,nAg] (n=107, 109) isotopologues, which are present

in an approximate 1:3:3:1 ratio (see Table 2). In addition the

{109Ag}-decoupled 1H NMR spectrum distinctly reveals four in-

terlacing septets over a broad range between d&5.57 and

5.07 ppm (Figure 2c, dashed lines), despite having a broad-

ened baseline (note: both 109Ag and 107Ag nuclei are nearly de-

coupled). Based on the combined information extracted from

both the 1H{31P} and 1H{109Ag} NMR spectra (Figure 2b,c) and

the fact that the 1JHAg coupling constants are almost identical

for 107Ag and 109Ag (both l= 1=2, natural abundance=52 and

48%, respectively), the difference in the chemical shifts origi-

nating from the individual isotopologues (isotopologue shift

Dd) and the 1JHAg coupling constants can be determined. Con-

sequently, the 1H{31P} resonance shown in Figure 2b can be un-

ambiguously assigned to four isolated quartets, for each of the

four isotopologues, which are separated by a chemical shift of

Dd&0.12 ppm, as opposed to being interlacing quartets. As a

result, the intricate 1H multiplet at d&5.31 ppm is assigned to

four interlaced quartets of septets (1JHAg&5.0 Hz, 2JHP=20.1 Hz)

at chemical shifts of d=5.48, 5.36, 5.25, and 5.13 ppm (see

Table 2). For comparison, O’Hair and co-workers reported a

slightly upfield-shifted hydride multiplet for the

[Ag3(H)(L
Ph)3](BF4)2 congener, centered at d=4.75 ppm, and a

similar H–P coupling (2JHP=21 Hz).[5e] However, a much larger

value for the H–Ag coupling (1JH109Ag=86 Hz, 1JH107Ag=75 Hz)

and a small isotopologue shift (Dd&0.02 ppm) was assign-

ed,[5e] in contrast to our findings for [P](PF6)2 (see Table 2).

The 31P{1H} NMR spectrum of [P](PF6)2 comprises a doublet

of multiplets at d=25.84 ppm, which only allowed the assign-

ment of 1JAgP&378 Hz, which is in the typical range for silver(I)

phosphine complexes.[25] This is also consistent with reported

Ag–P coupling constants for phosphine-stabilized silver(I) com-

plexes (1JAgP&500–640 Hz) as reported by Van Koten and co-

workers.[26] In addition, the 31P signal of the PF6
@ anions is

Table 1. Comparison of selected structural parameters for related trinuclear coinage metal hydride complexes [averaged atomic distances r̄, hydride distan-

ces to the [M3]-plane, and P-M-M-P dihedral angles (M=Ag, Cu)] obtained by XRD, DFT (PBE-D3(BJ)/def2-SV(P)/def2-TZVP for central hydrogen), and neu-

tron diffraction methods (see Tables S1–S3 in the Supporting Information for details).

Compound r̄(M@M) [a] r̄(M@H1) [a] r̄(M@P) [a] r(H1<C-[M3])-plane [a] j](P-M-M-P) j [8] Ref. Method

[Ag3(H)(L
Cy)3](PF6)2 3.08 1.78[a] 2.45 0[a] 33.9 this work XRD

[Ag3(H)(L
Cy)3]

2+ 3.02 1.85 2.46 0.62 34.4 DFT

[Ag3(H)(L
Cy)3]C

+ [b] 2.84 1.92 2.45 1.00 32.5 DFT

[Ag3(L
Cy)3]C

2+ [c] 2.89 2.47 35.5 DFT

[Ag3(H/D)(L
Ph)3](BF4)2 3.12 1.83 2.46 0.31 12.1 [5e] XRD/neut. diffr.

[Cu3(H)(L
Cy)3](PF6)2 2.89 1.67[a] 2.29 0[a] 36.4 [5f] XRD

[Ag3(H)(BH4)(L
Ph)3](BF4) 2.91 1.94[a] 2.45 0.96[a] 21.2 [5c] XRD

[Ag3(H)(Cl)(L
Ph)3](BF4) 2.90 1.92 2.44 0.95 20.2 [5d] XRD/neut. diffr.

[a] The hydride position was located in the difference Fourier map. [b] Observed by electron-transfer reduction in an ion trap. [c] Main photofragment of

[P]2+ in the ion trap.

Figure 2. a) 1H, b) 1H{31P}, and c) 1H{109Ag} m3-hydride NMR resonance of

[P](PF6)2 ([D3]MeCN, 600.1 MHz, ambient temperature).
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found at d&@144.61 ppm (septet, 1JPF=706.1 Hz), which con-

firms that no chemical modification of the counter ions oc-

curred during synthesis.

Quantum chemical calculations

To characterize the electronic ground and excited states of

[P]2+ , quantum-chemical calculations were performed with the

TURBOMOLE program package.[27] Because the commonly ap-

plied time-dependent DFT (TD-DFT) method suffers from large

deficiencies in the description of charge-transfer (CT) states,

the Bethe–Salpeter equation (BSE) approach applied within the

GW approximation was employed to calculate the electronic

excitations.[28] The def2-SV(P) basis set[29] was used with an ef-

fective core potential for silver.[30] For the central hydrogen, the

def2-TZVP basis set was used for geometry optimizations and

the def2-TZVPP basis set for calculating the electronic excita-

tion energies.

The ground-state equilibrium geometry of [P]2+ was first op-

timized in C2 symmetry at the PBE-D3(BJ) level of theory[31]

starting from the obtained X-ray diffraction structure (Fig-

ure 1a). Because the calculated harmonic vibrational frequen-

cies comprised one imaginary frequency of 257.17i cm@1, the

geometry was re-optimized in C1 symmetry yielding a true

minimum with only real harmonic vibrational frequencies (see

Figure S26 and Tables S2 and S3 in the Supporting Informa-

tion). This optimized ground-state structure is in good agree-

ment with the experimental X-ray diffraction and NMR results,

as discussed above, and was further validated by comparison

of the calculated electronic transitions with the experimental

electronic absorption spectrum of the mass-selected [P]2+ in

an ion trap.

For the optimized geometry of [P]2+ (C1), quasi-particle ener-

gies were determined at the eigenvalue-only self-consistent

GW (evGW)[32] level with the PBE0 functional. The total tensor

space was 423151, for which the standard GW using the full

spectral function was not applicable. Therefore, the calcula-

tions were performed with RI-GW (resolution-of-the-identity

GW) employing analytic continuation for HOMO and LUMO

only.[33] The resulting orbitals about the Fermi level are present-

ed in Figure 3. We observe that the HOMO–LUMO gap, which

is much too small at the PBE0 level, is increased substantially

at the evGW level, which aims to correct deficiencies in the

PBE0 orbital energies. All the other orbital levels are shifted

with the same shifts as computed for the HOMO and LUMO

levels, yielding larger excitation energies. The orbital plots

identify the electronic interactions between the hydride and

Ag3 moieties, which allows the experimental absorption spec-

trum to be unraveled (see Figure 5). Based on the quasi-parti-

cle energies obtained from the evGW calculation, the singlet

and triplet excitation energies were computed by using the

Bethe–Salpeter equation (BSE) formalism (see Tables S11 and

S12 in the Supporting Information for energies, oscillator

strengths, and natural transition orbitals).

In addition, the ground-state geometries of the formally re-

duced odd-electron species [P]C+ and [P@H]C2+ determined by

mass spectrometric techniques were optimized in the same

manner and are compared in Table 1 (see Tables S2 and S3 in

the Supporting Information for details). Both structures feature

similar, but shortened Ag–Ag distances compared with [P]2+

Table 2. Calculated and experimental natural abundance ratios and chemical shifts (m3-
1H) for all silver isotopologues of [P](PF6)2 as well as coupling con-

stants (1JHAg,
2JHP) determined from the 1H, 1H{31P}, and 1H{109Ag} NMR spectra shown in Figure 2. Literature NMR parameters for related compounds are

given for comparison.

Isotopologue of [Ag3(m3-H)(m2-L
Cy)3](PF6)2 Calcd ratio[a] Exp. ratio[b] d(m3-H) [ppm] 1J(1H–107/109Ag) [Hz] 2J(1H–31P) [Hz]

[109Ag,109Ag,109Ag] 0.8 1.0 5.48[c] 4.9–5.0[d] 20.1[d]

[109Ag,109Ag,107Ag] 2.6 3.0 5.36[c]

[109Ag,107Ag,107Ag] 2.8 3.0 5.25[c]

[107Ag,107Ag,107Ag] 1.0 1.0 5.13[c]

Compound

[Ag3(m3-H)(m2-L
Ph)3](BF4)2

[5e] 4.75 75/86 21.0

[Cu3(m3-H)(m2-L
Cy)3](CF3SO3)2

[5f] 2.20 16.0

[Ag7(m4-H)(E2P(OR)2)6] (E=S, Se; R= iPr, Et)[5g] 3.50–5.65 39.4–39.6

[a] Calculated natural abundance ratios were calculated by using the Compass Isotope Pattern software (Bruker). [b] Determined by integration of both 1H

and 1H{31P} NMR signals (600.1 MHz, Figure 2a,b). [c] It was not possible to determine whether the [109Ag3] or [
107Ag3] isotopologue was shifted to a lower

or higher field, respectively [d] Determined from the 1H NMR spectra (600.1 MHz).

Figure 3. Energy levels of the orbitals HOMO@3 to LUMO++2 of [P]2+ ob-

tained at the PBE0/def2-SV(P) and evGW@PBE0/def2-SV(P) levels of theory.

Orbitals are shown with an isovalue of :0.04a0
@3/2 (cyclohexyls and methyl-

ene hydrogen atoms have been omitted for clarity).
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(dAgAg=2.84 and 2.89 a, respectively), which is indicative of en-

hanced argentophilic interactions and also similar oxidation

states of their Ag3 cores. This is in accordance with the small

partial charges of the silver centers calculated for [P]C+ and

[P@H]2+ , that is, 0.19e and 0.22e, respectively (Table 3). Another

interesting aspect is the fact that the central hydrogen of [P]C+

is computed to be significantly shifted away from the Ag3

plane, by roughly an additional 0.4 a, compared with [P]2+ . A

natural population analysis revealed that it exhibits an almost

neutral charge of 0.02e. Consequently it is predicted that the

m3-H atom loses its hydridic character upon single electron

transfer ([P]2++e@![P]C+).

Mass spectrometry and gas-phase (photo)reactivity

Electrospraying a solution of [Ag3(H/D)(L
Cy)3](PF6)2 in acetoni-

trile gave rise to major mass signals at m/z 775.31 and 775.81

(most abundant masses), assigned to the molecular dication

[P]2+ , which is confirmed by the excellent agreement between

the experimental and simulated isotope patterns (calcd: m/z

775.32 and 775.83, respectively, see insets to Figures 4b and

Figure S11). The lack of further dissociation products demon-

strates the stability of this hydrido/deuterido silver(I) complex

under electrospray ionization (ESI) conditions, in accordance

with other observations on the [M3(m3-H)] (M=Cu, Ag) structur-

al motif.[5a,c–f, 8a,d,20b,34]

To explore the gas-phase reactivity of [P]2+ , we applied the

established mass spectrometric fragmentation techniques of

1) collisional-induced dissociation (CID),[17d,35] 2) laser photodis-

sociation (PD),[17b–d,g] and 3) electron-transfer dissociation (ETD)/

electron-transfer reduction (ETR),[36] because interesting details

of Ag–hydride/Ag–Ag interactions are revealed by these activa-

tions. The resulting CID, PD, and ETD mass spectra are com-

pared in Figure 4a—c, and the major dissociation pathways

are presented in Tables 4 and 5 (further details are given in the

Supporting Information).

In general, the gas-phase processes that take place in colli-

sion- or photoactivated [P]2+ can be assigned to three differ-

ent reaction types (see Table 4). First, ionic fragmentation (IF)

yielding two complementary monocations by charge separa-

tion, often accompanied by the fission of the Ag3(m3-H) cluster

core, secondly, the loss of a neutral moiety (or multiple losses)

retaining the overall charge and oxidation state of the metal

core, and lastly, reductive elimination (mainly of the hydride)

with neutral or ionic losses resulting in a formal reduction of

the Ag3 center, for example, the formation of [Ag3(L
Cy)2]

+
+

H(LCy)+ [Eq. (1) in Table 4] or [Ag3(L
Cy)3]C

2+
+HC [Eq. (6) in

Table 4] .

The latter reaction type is particularly interesting because it

generates intermediates that could be important links between

trinuclear silver hydride complexes and higher molecular clus-

ters with respect to the reduction and nucleation processes

taking place during the synthesis of silver nanoclusters in solu-

tion.[37] In the following we will point out the specific reactivity

and primary fragment channels observed for the correspond-

ing activation methods. However, we have also explored the

manifold of fragmentation pathways in multistage experiments

(MSn, n=2, 3) with combinations of activation methods and

tabulate the results in the form of a precursor/fragment con-

nectivity matrix in the Supporting Information (Table S10 and

Figures S22–S25).

Collision-induced dissociation (CID)

The CID mass spectrum of [P]2+ (Figure 4a) displays the main

complementary fragment ion pair [Ag(LCy)2]
+ (m/z 923) and

[Ag2(H)(L
Cy)]+ (m/z 623) (IF(2)) with branching ratios of Y%=47

Table 3. Calculated averaged partial charges of Ag, m3-H, and P atoms

and LCy moieties for the [P]2+ , [P]C+ , and [P@H]C2+ species based on a nat-

ural population analysis (NPA).

Species Average partial charge [e]

Ag m3-H P LCy

[Ag3(H)(L
Cy)3]

2+
+0.56 @0.59 +0.74 +0.30

[Ag3(H)(L
Cy)3]C

+
+0.19 +0.02 +0.01 +0.13

[Ag3(L
Cy)3]C

2+
+0.22 +0.03 +0.44

Figure 4. Comparison of the fragment mass spectra (MS2) of isolated [P]2+

precursor ions (m/z 773, blue diamonds) obtained by: a) collision-induced

dissociation (CID, excitation amplitude=0.7 V, 100 ms frag. time), b) photo-

dissociation (PD, 255 nm, 2 mJ, ca. 118 pulses), c) electron-transfer dissocia-

tion (ETD, 100 ms ion–ion interaction time). Inset : Experimental (black) and

simulated (blue, Gaussian profile, fwhm=0.2) isotope pattern of [P]2+ ions

after isolation. Hydrogen atoms that are highlighted in red originate from

the m3-hydride, as verified by deuteriation experiments (see Tables S5, S6,

and S8 in the Supporting Information). Asterisks indicate overlapping ion

signals (see Table S4). Blue dotted arrows mark the complementary ionic

fragmentation products according to Equations (1)–(3) (Table 4).
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and 48%, respectively (Y%=percentage of total fragment yield,

see Table S4 in the Supporting Information). Further product

ions are [Ag2(H)(L
Cy)2]

+ (m/z 1031) and [Ag(LCy)]+ (m/z 515), ob-

served at only Y%,2% (IF(3)), and the neutral loss products

[Ag3(H)(L
Cy)2]

2+ (m/z 569, Y%=3%) and [Ag2(L
Cy)2]

2+ (m/z 515,

overlapping isotope pattern with [Ag(LCy)]+).

Overall, the CID behavior of [P]2+ is similar to that of its

phenyl-substituted congener, [Ag3(H)(L
Ph)3]

2+ (LR ligands differ-

ing in R=Ph instead of R=Cy).[5e] However, there are some

slight differences: The phenyl congener dissociates exclusively

by charge separation/ionic fragmentation,[5e] which contrasts

the above-mentioned dicationic fragments (m/z 569 and 515)

found for [P]2+ and highlights the fact that “subtle” changes in

the substituents of bis-phosphine ligands impacts the gas-

phase fragmentation pathways and the stability of the coinage

metal clusters.[38] Another interesting channel (although minor

by CID) is the formation of the monocationic trinuclear silver

species [Ag3(L
Cy)2]

+ [m/z 1137, Y%<1%, Eq. (1)] , obtained by re-

ductive elimination of a protonated ligand H(LCy)+ (m/z 409,

Y%<1%). This route is common to both the phenyl and cyclo-

hexyl congeners.[5e] The source of the hydrogen for H(LCy)+ was

confirmed to originate from the m3-hydride by deuterium label-

ing and multistage MS experiments (see Tables S5 and S6 in

the Supporting Information).

Additionally, to qualitatively explore the energetic order of

the fragmentation pathways, we recorded energy-resolved CID

Table 4. Fragment assignments of the precursor ions [P]2+ (m/z 773) in the PD and CID experiments according to the separate reaction types. a) Ionic frag-

mentation (IF) and b) neutral loss (NL). LCy= (Cy)2PCH2P(Cy)2, Cy=C6H11. The origin of the hydrogen atoms was determined by deuteriation experiments

(see Tables S4, S5 and S6 in the Supporting Information). Integer nominal masses of the product ions are indicated in parentheses.

Fragments (m/z) Eq. PD/CID Fragmentation schemes

a) ionic fragmentation (IF)

[Ag3(L
Cy)2]

+
+H(LCy)+ (1) 3/3

(1137)+ (409)

[Ag2(H)(L
Cy)]++ [Ag(LCy)2]

+ (2) 3/3

(623)+ (923)

[Ag2(H)(L
Cy)2]

+
+ [Ag(LCy)]+ (3) –/3

(1031)+ (515)[a]

[Ag2(L
Cy)(LCy@H)]++ [Ag(LCy)]++HH (4) 3/–

(1029)+ (515)[a]

[Ag2(L
Cy)2@Cy)]

+
+ [Ag(LCy)]++ “HC+CyC” (5) 3/–

(947)+ (515)[a]

b) neutral loss (NL)

[Ag3(L
Cy)3]C

2+
+HC (6) 3/?

(773)[a]

[Ag3(H)(L
Cy)3@Cy)]C

2+
+CyC (7) 3/–

(732)

[Ag3(H)(L
Cy)2]

2+
+LCy (8) –/3

(569)

[Ag2(L
Cy)2]

2+
+ “[Ag(H)(LCy)]”[b] (9) 3/3

(515)[a]

[a] Superimposed ion signal due to overlapping isotope patterns of multiple ionic species. Deconvolution of the ion signal for [Ag(LCy)]+ and [Ag2(L
Cy)2]

2+

(both m/z 515) was not attempted because of sub-optimal signal-to-noise ratio and the fact that their fragmentation behavior has recently been investi-

gated in detail.[17b] [b] Note: AgH loss has been substantiated by MD simulations for a related system.[15]

Table 5. Fragment assignments of the precursor ions [P]2+ (m/z 773) for electron-transfer dissociation/reduction (ETD/ETR) experiments (LCy=

(Cy)2PCH2P(Cy)2, Cy=C6H11). The origin of the hydrogen atoms was determined by deuteriation experiments (see Table S8 in the Supporting Information).

Integer nominal masses of the product ions are indicated in parentheses.

Fragments (m/z) Eq. Fragmentation schemes

[Ag3(H)(L
Cy)3]C

+

(10)
(1546)

[Ag3(H)(L
Cy)2(L

Cy
@H)]++HC (11)

(1545)

[Ag3(H)(L
Cy)2]C

+
+LCy (12)

(1138)

[Ag3(H)(L
Cy)(LCy@H)]++ “LCy+HC” (13)

(1137)

[Ag2(H)(L
Cy)2]

+
+ [Ag(LCy)]C (14)

(1031)

[Ag2(L
Cy)2@H]

+
+ [Ag(LCy)]C+HH (15)

(1029)
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appearance/breakdown curves for [P]2+ (see Figure S13 in the

Supporting Information). As a result, it is revealed that the pro-

duction of the [Ag(LCy)2]
+/[Ag2(H)(L

Cy)]+ ion pair [m/z 923, 623,

Eq. (2)] constitutes the lowest-energy channel. This is followed

in parallel by the neutral loss pathways: @LCy [Eq. (8)] , the for-

mation of [Ag2(L
Cy)2]

2+ [Eq. (9)] , and the charge-separation

product [Ag(LCy)]+ (m/z 515), as indicated by a shift in the acti-

vation amplitudes for their ion yield onsets (see Figure S13). It

follows further that [Ag(LCy)]+ (m/z 515) is primarily formed by

secondary fragmentation from both precursors at m/z 923 and

623, as confirmed by MS3 experiments and the fact that the

onset for its complementary ion [Ag2(H)(L
Cy)2]

+ is further shift-

ed to a higher CID amplitude (see Table S10 and Figure S22).

Lastly, requiring the highest activation energy, the ionic frag-

mentation pathways leading to the generation of [Ag(LCy)]+

/[Ag2(H)(L
Cy)2]

+ [m/z 515, 1031, Eq. (3)] and H(LCy)+/[Ag3(L
Cy)2]

+

[m/z 409, 1137, Eq. (1)] are accessed in parallel.

Photoinduced dissociation (PD)

The photoinduced fragmentation pattern of [P]2+ strongly con-

trasts that evidenced by collisional activation (Figure 4a,b).

This is apparent from the strongly enhanced branching ratio

for the reductive elimination of H(LCy)+ (Y%,255nm=26%) leading

to the complementary ion [Ag3(L
Cy)2]

+ (Y%,255nm=23%) by

formal two-electron reduction of the Ag3 center. Because both

fragments have also been observed in low yield by CID (see

above), it is clear that the underlying pathway of Equation (1)

can be thermally or photo-activated, with the latter being

more efficient. In addition, this indicates that probably hy-

dride-to-silver charge-transfer states are involved in this excit-

ed-state pathway, typically proceeding on an ultrafast time-

scale, prior to dissociation.[17b,c] However, we cannot completely

rule out that [P]2+ dissociation also proceeds statistically from

highly vibrationally excited ground-state levels.

Evidence for photoinduced single electron transfer is provid-

ed by the observation of [Ag2(L
Cy)2@H]

+ (m/z 1029) and

[Ag2(L
Cy)2@Cy]

+ (m/z 947) concomitantly formed with [Ag(LCy)]+

and the formal loss of “H2” [Eq. (4)] and “HCy” [Eq. (5)] . These

results indicate that the hydride obtains radical character upon

electronic excitation, which is further substantiated by the ob-

servation of the photoinduced loss of HC, the origin of which is

also confirmed here as the bridging m3-H atom by deuterium-

labeling experiments (see Table S6 in the Supporting Informa-

tion). The isotope pattern of the thereby generated odd-elec-

tron ion [P@H]C2+ is superimposed on that of its precursor ion

signal [P]2+ (see Figure S17). To obtain the yield for this path-

way, we deconvoluted the isotope pattern (see Figures S18

and S19) and identified [P@H]C2+ as the most abundant photo-

fragment (Y%,255nm=35%, with increasing yields for shorter

wavelengths), formed by the probably lowest-energy photoin-

duced pathway.

Interestingly, a related study on the nonligated [Ag2H]
+

model system revealed that loss of HC is only facilitated by PD,

whereas collisional activation exclusively leads to the frag-

ments Ag+ and HAg.[3a] Based on theory and the experimental

evidence, it was deduced that the electronic excitation of

[Ag2H]
+ (S1 and S2 states) is followed by direct state-specific

fragmentation.[3a] Another gas-phase study of the trinuclear

phenyl-phosphine species [Ag3(H)(L
Ph)3]

2+ demonstrated that

the loss of a hydrogen atom and the reductive elimination of

H(LPh)+ can also be achieved by both electron-capture dissocia-

tion (ECD) and electron-impact dissociation (EID).[5e]

Through another route, photo-specific homolytic P@C bond

dissociation is evidenced for the [P]2+ target system by the

loss of CyC[39] yielding the odd-electron [Ag3(H)(L
Cy)3@Cy)]C

2+ di-

cation (m/z 732, Y%,255nm=9%; Table 4). This is in agreement

with the already reported PD behavior of [Ag2(L
Cy)2]

2+ ,[17b] re-

vealing that single and multiple losses of neutral CyC moieties

are observed upon photoexcitation and rationalized by en-

hanced Ag–Ag bonding interactions in the photoexcited

MC(ds*–ps) electronic state. Note, that similar attractive inter-

actions may be responsible for the seemingly enhanced Ag3

core stability observed for [P]2+ . However, contrary to the

[Ag2(L
Cy)2]

2+ species, no loss of Ag0 is detected for the

[Ag3(H)(L
Cy)3]

2+ system. This may be further explained by stron-

ger intermetallic cooperative (argentophilic) interactions in the

trimeric silver system compared with the dimeric system.

Although beyond the scope of this work, we would like to

add here that the photodissociation of the hydride-containing

fragments of [P]2+ , as studied by multistage MS, leads to some

remarkable results that underline the prevalence of photore-

ductive elimination. For instance, upon mass spectrometric iso-

lation of [Ag2(H)L
Cy]+ [m/z 623, see Table 4, Eq. (2)] and irradia-

tion at around 255 nm, we observe the gas-phase adduct

[Ag2L
Cy(O2)]C

+ (see Figure S23d in the Supporting Information).

Similarly, we find the reaction product [Ag2(L
Cy)2(O2)]C

+ (see Fig-

ure S23b) from the photodissociation of the less abundant CID

fragment [Ag2(H)(L
Cy)2]

+ [m/z 1031, Table 4, Eq. (3)] . Both dioxy-

gen adducts seem to be formed by the reaction of the corre-

sponding radical cations [Ag2(L
Cy)1/2]C

+ , presumably produced

by the reductive photoelimination of HC, with traces of O2 in

the ion trap. This is a striking pathway for ligated silver radical-

cation complexes that was not observed before; however, it is

in accordance with the gas-phase reactivity of naked silver

clusters.[40] We will discuss this reactivity in the following.

Electron-transfer dissociation/reduction (ETD/ETR)

ETD occurs in the gas-phase ion–ion recombination between,

in this case, fluoranthene radical anions (FAC@)[36b,41] and posi-

tively charged molecular targets Mn++ (n>1). Because the re-

sulting single-electron-transfer processes are exoergic (up to a

few eV), the generated odd-electron cations subsequently un-

dergo selective radical-driven dissociation, which points to the

main application of this technique in the field of MS-based

proteomics.[36a,b]

However, in ion-trap MS, the produced radical cations can

be stabilized through collisional cooling with the helium buffer

gas, thereby facilitating the investigation of labile[42] and even

highly redox-reactive intermediates.[36c] Although available for

quite some time, EDT has rarely been applied to transition-

metal complexes,[36c,43] although it is viewed as an emerging
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powerful tool, especially in conjunction with optical spectros-

copy.[36c, 44]

In our case, [P]2+ precursors are reduced by ETR to

[Ag3(H)(L
Cy)3]C

+ [[P]C+ , m/z 1546, see Table 5, Eq. (1)] . Besides

this odd-electron species, other ET-induced neutral-loss path-

ways are observed (Figure 4c and Table 5), including the for-

mation of the second most abundant product [P@LCy]C+ [m/z

1138, Eq. (12)] resulting from the dissociation of LCy ; ET and

subsequent hydrogen loss [[P@H]+ , m/z 1545, Eq. (11), source

of hydrogen: LCy, see Table S8 in the Supporting Information] ;

the loss of [AgLCy]C yielding [Ag2(H)(L
Cy)2]

+ [m/z 1031, Eq. (14)]) ;

and other secondary fragments. In contrast, it has been report-

ed that the phenyl congener of [P]2+ did not yield intact singly

reduced monocations under electron-capture dissociation con-

ditions, but exclusively secondary fragmentation products.[5e]

Interestingly, the loss of a protonated ligand, H(LCy)+ , which

would yield the neutral radical [Ag3(L
Cy)2]C, is not observed

upon ETD, although the ionic fragment [Ag3(L
Cy)2]C

++ is generat-

ed by both CID and PD of [P]2+ .

Surprisingly, we observed for the reduced species [P]C+ and

[P@LCy]C+ a hitherto undocumented reactivity of ligated silver

complexes towards the formation of dioxygen adducts by ion–

molecule reaction with trace amounts of O2 present in the ion

trap. Thus, the species [P++O2]C
+ (m/z 1578) and [P@LCy++O2]C

+

(m/z 1170) are produced (Figure 4c). Multistage MS3 experi-

ments revealed that the signal intensity of [P++O2]C
+ is directly

proportional to the ion storage time (see Figure S16 in the

Supporting Information).

It is remarkable that only the odd-electron species [P]C+ and

[P@LCy]C+ seem to have an enhanced reactivity towards O2,

whereas no adduct species are observed for any of the even-

electron precursors. This is indicative of the reactivity towards

molecular oxygen being directly correlated with the spin state

of the cluster core, thereby making the mere oxidation of the

phosphine ligands unlikely. In support of this hypothesis, it is

well established in the literature that spin-conservation rules

can mediate ion–molecule gas-phase reactivity.[45] This is fur-

ther substantiated by the observation that odd-electron bare

silver clusters[46] as well as aluminum hydride clusters[47] exhibit

an increased reactivity towards 3O2. Our data hence provide

additional evidence that spin-conservation rules need to be

considered to explain the gas-phase reactivity, not only for

bare metal clusters, but also for ligated metal complexes.

Optical properties and electronic structure

UV/Vis absorption spectroscopy in the gas phase and solution

UV spectroscopic investigations of phosphine-facilitated silver

hydride clusters in isolation are scarce.[3, 15] Besides the reported

characterization of the bare [Ag2H]
+ model system,[3a] silver hy-

dride clusters often comprise ligands that contain aromatic

groups such as phenyl moieties (LPh), and hence spectroscopic

investigations suffer from the drawback that metal-core-cen-

tered (MC) and ligand-centered (p–p*) transitions are superim-

posed.[3b,5c,15, 20a] Here, we focused on UV-“silent” LCy ligands to

elucidate the intrinsic electronic properties of the “(Ag3H)
2+”

cluster core as discussed in the following.

The UV-PD action spectrum of gaseous precursor ions [P]2+

(Figure 5a, black circles) displays several features: A low-inten-

sity band centered at around 320 nm, a broad asymmetric

band peaking at around 252 nm with a shoulder at around

270 nm, and a rising edge of the fragment yield to higher

photon energies starting at around 245 nm. The total fragment

yield displays a linear dependence on the laser pulse energy

(0.2–2.0 mJ, see Figure S21 in the Supporting Information),

which indicates a one-photon absorption process and justifies

the comparison with the linear absorption spectrum in solu-

tion (see Figure S21).[48] In fact, the overall shape of the UV-PD

action spectrum closely resembles the absorption spectrum in

acetonitrile solution (Figure 5a, blue line), although a pro-

nounced blueshift of around 1400 cm@1 is discernible with re-

spect to the band maximum at 261 nm observed in the con-

densed phase. This is in line with the reported shifts of the

MLCT band of [Ru(bpy)3]
2+ (bpy=2,2’-bipyridine) from various

gas-phase experiments of 1000–1500 cm@1[49] and around

1100 cm@1.[50] Additionally, we note that the band at around

320 nm in the gas-phase spectrum is slightly broader and dif-

ferently structured compared with its solution counterpart, so

that the corresponding solvation shift is difficult to ascertain.

Figure 5. a) Normalized UV-PD spectrum (black circles, total fragment yield)

of [P]2+= [Ag3(H)(L
Cy)3]

2+ (m/z 773) compared with the UV absorbance spec-

trum of [P](PF6)2 in MeCN (blue, c=31 mm). Error bars represent one stan-

dard deviation (:1s, at least 150 mass spectra). The yield of the H-loss

channel [Table 2, Eq. (6)] obtained by isotope pattern deconvolution is

shown in grey (smoothed, see Figure S19 in the Supporting Information)

Inset : Calculated geometry of [P]2+ (PBE-D3(BJ)/def2-SV(P), ligand hydrogen

atoms have been omitted). b) Unscaled calculated electronic absorption

(fwhm=0.3 eV) and stick spectra [PBE0 evGW-BSE/def2-SV(P)] of [P]2+ . Inset:

transition density plots for the labeled S1, S3,4, and S5,6 transitions (isovalue:

0.001a0
@3, cyclohexyl and methylene hydrogen atoms have been omitted).

Green represents a loss of electron density whereas orange represents a

gain of electron density. Magnified spectra in the 277–360 nm range (V5,

V10) are shown as dotted lines.
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Hence, due to its low intensity and the limited spectral resolu-

tion (ca. 4 nm) of the applied femtosecond laser system, we re-

frain here from further discussion of its features.

The calculated absorption spectrum presented in Figure 5b

is in good agreement with the optical experimental spectra re-

corded in the gas phase and in solution. Based on the evGW-

BSE calculations, the weak, lowest-energy band at around

320 nm, observed both in the gas phase and in solution, is as-

signed to a 1HMCT (hydride-to-metal charge transfer) transition

(lcalcd=321 nm, S1), hence electron density is transferred

mainly from a hydride-centered orbital to a collective Ag3 orbi-

tal (LUMO), as illustrated by the transition density plot shown

in Figure 5b (see also Table S12 in the Supporting Information).

Because the LUMO facilitates cooperative binding interactions,

all the electronic transitions exhibiting significant LUMO contri-

butions are expected to enhance the stability of the Ag3 core

(Figure 3 and Table S11). Further evidence of this assignment is

provided by the fact that UV-PD mainly leads to fragments

with an intact cluster core in contrast to CID, which primarily

displays ionic core fission. The distinct shoulder (ca. 270 nm),

discernible by the apparent asymmetry of the broad PD band

in the 280–245 nm spectral range, originates from two nearly

degenerate S3 and S4 excited states (lcalcd=261 nm) with

mainly metal-centered character (1MC). Furthermore, in excel-

lent agreement with the experimental gas-phase maximum at

around 252 nm, the calculated UV absorption spectrum is

dominated by two almost degenerate transitions (S5, S6) at

lcalcd=250 nm arising mainly from charge transfer from hy-

dride to silver-centered orbitals (1HMCT), which corresponds to

the absorption maximum in MeCN at around 261 nm. The ex-

perimentally observed increase in absorption below 240 nm,

both in the gas phase and in solution, is assigned to the exci-

tation of the 1MC states (see Tables S11 and S12). We note that

the unscaled absorption spectrum calculated at the PBE0

evGW-BSE/def2-SV(P) level of theory is in excellent agreement

with the experimental data, thereby confirming the structural

and electronic characterization of [P]2+ and providing bench-

mark data for other quantum-chemical approaches.

Further evidence for the predicted hydride-to-metal CT char-

acter of the S1 and S5/6 excited states is nicely provided by the

distinct experimental fragmentation pattern observed upon

photoexcitation (see above), including 1) the main photoin-

duced fragmentation pathway being the dissociation of the

hydride (m3-H) as the neutral HC atom and 2) the second most

abundant pathway proceeding by ionic fragmentation as a

result of a formal two-electron reduction of the cluster core to

give [Ag3(L
Cy)2]

+
+H(LCy)+ .

However, the contributions of the HC atom channel are not

included in the total yield UV-PD spectrum shown in Figure 5a

(black circles). Because excitation of individual electronic excit-

ed states may lead to specific fragmentation pathways and/or

branching ratios,[3a] it is possible that the spectral information

could be scrambled. Hence, it is important for ion-trap action

spectroscopy to account for the individual channel-specific

yields as a function of excitation wavelength.[51] Thus, the su-

perimposed isotope patterns for the [P]2+ and [P@H]2+ species

were deconvoluted (see Figure S18 in the Supporting Informa-

tion) and the resulting normalized channel-specific yield spec-

trum for [P@H]2+ obtained (Figures 5a and Figure S19). This

spectrum closely resembles the shape of the total fragment

yield spectrum, which demonstrates that the latter already

comprises the relevant spectral information. We note that the

loss of HC from the [Ag2H]
+ model system was calculated to re-

quire at least 3.2 eV, and we expect a similar fragmentation

energy for [Ag3(H)(L
Cy)3]

2+ .[3a]

The channel-specific PD spectra of the main products with

abundant yields, of more than 5% (m/z 1137, 409, 732), all dis-

play similar spectral shapes (see Figure S20 in the Supporting

Information). In contrast, fragments with yields below 5% (m/z

1029, 947, 923, 623, 515, 326, 211) display a threshold-like be-

havior starting at lex&260 nm with increasing yields at higher

photon energies. Given that each ensemble of [P]2+ precursor

ions is irradiated by multiple laser pulses (ca. 118 pulses,

982 Hz), the photofragments generated by each pulse could

absorb subsequent laser pulses and fragment further (secon-

dary fragmentation). PD/PD multistage experiments, performed

by isolating photofragments with subsequent irradiation in a

MS3 step, revealed that the low-yield photofragments of [P]2+

(e.g. , multiple losses) are indeed generated by these secondary

fragmentation pathways (see Table S10). However, the wave-

length-dependent yields display no discernible state-specific

fragmentation signatures (see Figure S20). This is in accordance

with the presumptions that first, the low-yield channels require

higher excess internal energy of the precursor ions, which is

proportional to the photon energy, and secondly, that ultrafast

energy relaxation, presumably populating triplet states, occurs

prior to fragmentation.

The electronic structure and resulting photoinduced frag-

mentation of the metal hydride chromophore core certainly

depends on the metal nuclearity, the number and type of

phosphine ligands, and the overall charge. To this end, it may

be expedient to compare the obtained UV-PD spectrum of

[Ag3(H)(L
Cy)3]

2+ with the reported spectra of the ligand-free

[Ag2(H)]
+ model system,[3a] the monoligated [Ag2(H)(L

Ph)]+ spe-

cies,[3b] and the [Ag3(H)2(L
Ph)]+ ion.[15] Although the spectral fea-

tures of [Ag2(H)]
+ are very similar to those of [P]2+ below

280 nm, it is interesting that the additional silver ion and the

phosphine ligands seem to facilitate 1HMCT and 1MC transi-

tions leading to a cooperative enhancement of the argento-

philic bonding interactions. Furthermore, the lowest-energy
1HMCT transition of [P]2+ at around 320 nm seems to be spe-

cific to a ligand-supported trinuclear silver core because both

[Ag2(H)]
+ and [Ag2(H)(L

Ph)]+ species display S0–S1 transitions at

higher photon energies (<290 nm). The [Ag2(H)(L
Ph)]+ complex

exhibits a UV spectrum that is almost structureless due to the

contributions of ligand-centered p–p* transitions.[3b] The UV-PD

spectrum of the [Ag3(H)2(L
Ph)]+ monocation[15] is similar in

shape to the main absorption feature of [P]2+ originating from

the S3–S6 excited states (Figure 5). Because [Ag3(H)2(L
Ph)]+ con-

tains phenyl moieties, a clear assignment of purely metal-core-

centered electronic transitions is difficult. However, it is inter-

esting that its main PD fragment corresponds to the reductive

elimination of H2 generating the two-electron reduced

[Ag3(L
Ph)]+ complex. Because the UV photoexcitation of [P]2+
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also primarily results in reductive elimination yielding the re-

duced [Ag3(L
Cy)2]

+ species, this provides further evidence that

the photoexcitation of ligand-supported trinuclear silver hy-

dride clusters seems to favor cluster core reduction in contrast

to bimetallic silver hydride complexes.

Luminescence spectroscopy in solution

To further the general photophysical characterization of the

compound [P](PF6)2, which is a candidate for applications in lu-

minescent materials and sensing, as well as to investigate the

radiative deactivation channels, we studied its luminescence in

solutions of MeCN and MeOH. The corresponding 3D spectra

are shown in Figure 6 together with specific luminescence and

luminescence-excitation spectra. In MeCN, a single emission

maximum appears at around 490 nm (in the spectral range

shown). Its excitation spectrum essentially follows the absorp-

tion spectrum with a maximum at 260 nm (lem=500 nm, Fig-

ure 6b). In addition, an increase in the luminescence intensity

in the UV range below 400 nm is also observed. In contrast,

[P](PF6)2 in MeOH solution exhibits two luminescence features,

one centered at around 480 nm (10 nm blueshifted from the

maximum in MeCN) and a second, more intense peak at

347 nm. As in MeCN, excitation at 260 nm leads to a maximum

of the emission intensity at 500 nm (Figure 6c). However, the

excitation spectrum for lem=350 nm rises in the UV range

below 260 nm.

These observations, together with the large Stokes shift in

each solvent, suggest complex and solvent-dependent Frank–

Condon state deactivation processes such as relaxation within

the coupled singlet- and triplet-state manifold (for calculated

vertical singlet- and triplet-state energies, see Table S11 in the

Supporting Information) towards several emitting states, possi-

bly in combination with the formation of exciplexes with sol-

vent molecules or counter ions on different time scales.[17b,18] In

fact, for the dinuclear [Ag2(L
Cy)2]

2+ complex, a similar depend-

ence of the luminescence on the solvent was reported ear-

lier.[17b] Likewise, dual luminescence with emission wavelengths

similarly redshifted with respect to the ground-state absorp-

tion has been observed previously for a number of related

phosphine ligand supported metal complexes [M2(L
Cy)2]

2+ (M=

Cu, Ag, Au) in solution.[18,52] The strongly redshifted lumines-

cence bands have been attributed to exciplex formation be-

tween the excited complex and solvent molecules on a pico-

second time scale, or dissolved anions/counter ions on slower

time scales.[17,52c,d] For example, Ma et al. suggested sub-pico-

second intersystem crossing (ISC) for photoexcited [Au2(L
Cy)2]

2+

in MeCN (ca. 4 ps, lexc=280 nm) and the formation of a long-

lived solute–solvent exciplex exhibiting a very broad lumines-

cence at around 480 nm.[18] These findings were supported by

quantum-chemical calculations on the interaction of the pho-

toexcited [Au2(L
H)2]

2+ model system (LH=bis(diphosphino)me-

thane) with MeCN molecules, which revealed luminescence

strongly redshifted with respect to that in the absence of

MeCN.[53]

At the current stage of our research it is not clear how the

observed photoreductive electronic transitions as identified by

the PD ion-trap experiments and the likely subsequent hydro-

gen-transfer processes affect the photoinduced dynamics of

[P](PF6)2 in solution. However, preliminary femtosecond time-

resolved experiments in MeCN (lex=260 nm) showed that first,

basically no photodegradation is discernible over the whole

time (hours) of the experiment (see Figure S27 in the Support-

ing Information) and secondly, a complete recovery of the ini-

tial ground state after photoexcitation occurs within less than

around 10 ms. It can thus be concluded that the complex is

photochemically stable under solution conditions (MeCN). This

provides the basis for the further investigation of ultrafast pho-

toinduced dynamics in other solvents as well as in the gas

phase.[17b] Note, that reports on ultrafast processes in transi-

tion-metal complexes,[54] and especially on multinuclear metal

hydrides, remain rather scarce.[55] Moreover, we will pursue the

subject of silver hydride luminescence further, because it plays

a major role in the design and application of atomically precise

nanoclusters.[17g,56]

Figure 6. 3D luminescence spectra of [P](PF6)2 in MeCN and MeOH, together

with cuts at specific wavelengths yielding: a) the luminescence spectra

(lex=260 nm, normalized for the band at ca. 500 nm) and the luminescence

excitation spectra for b) MeCN (lem=500 nm), and c) MeOH (lem=500 and

350 nm). For comparison, the corresponding static absorption spectra are

shown (b,c). The data were collected at room temperature using a concen-

tration of 8 mmolL@1 in MeCN and 9 mmolL@1 in MeOH. Hatching: Data ex-

cluded.
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Conclusions

The silver(I) hydride complex [Ag3(m3-H)(m2-L
Cy)3]

2+ ([P]2+) pos-

sesses a nearly equilateral, triangular Ag3 core, capped by a

central m3-hydrido ligand, and is stabilized by slightly twisted

bis-phosphine ligands (dihedral twist ca. 348), as inferred from

combined experimental (X-ray diffraction, NMR) and theoretical

(DFT) structural analyses. The 1JHAg nuclear spin coupling (ca.

5 Hz) within the Ag3(m3-H) structural motif could be unambigu-

ously determined from collective 1H, 1H{31P}, and 1H{109Ag} NMR

spectra. Furthermore, extensive ion-trap mass spectrometric

studies of isolated [P]2+ ions revealed distinct fragmentation

pathways and reactivity depending on the chosen activation

method, that is, collision-induced dissociation (CID), photodis-

sociation (PD), or electron-transfer dissociation/reduction (ETD/

ETR). Whereas CID primarily leads to ionic fragmentation by

the fission of the Ag3(m3-H) core, PD mainly yields product ions

with an intact cluster metal core subsequent to photoinduced

charge transfer. This is rationalized by the photoinduced en-

forcement of Ag0–AgI/Ag0–Ag0 argentophilic interactions as a

result of the reductive elimination of HC or even proton transfer

(of the hydride atom) onto the LCy ligand.

The gas-phase photofragment action spectrum shows hy-

dride-to-Ag3 charge-transfer (1HMCT) and metal-core-centered

(1MC) transitions in the spectral range of 350–240 nm, in ac-

cordance with the hypsochromic shifts observed in MeCN solu-

tion. We highlight here the metal-centered optical absorption

of the [P]2+ system, addressable only by the choice of UV-

transparent LCy ligands. Due to the absence of a solvent/coun-

ter-ion environment in the ion trap, the intrinsic properties of

the “[Ag3(m3-H)]
2+ ” core have been explored and directly com-

pared with the results of high-level electronic-structure quan-

tum-chemical calculations performed by using the GW method

and the Bethe–Salpeter equation. This theoretical approach ex-

cellently reproduced the experimental spectra and facilitated

the assignment of the character of electronic transitions by

means of transition density plots.

Additionally, to the best of our knowledge, an unprecedent-

ed dioxygen addition reaction was observed for ligated silver

complexes at room temperature. We discovered two pathways

to initiate this reaction. First, a radical monocation [P]C++ is

formed by ETD/reduction of [P]2+ . [P]C++ then reacts promptly

with trace amounts of O2 in the ion trap. Secondly, photore-

ductive elimination of HC from [Ag2(H)(L
Cy)1,2]

+ fragments, yield-

ing [Ag2(L
Cy)1,2(O2)]C

+ under vacuum. These O2 adducts high-

light the strong oxophilicity of odd-electron multinuclear silver

complexes and are currently being further characterized in our

laboratory with respect to their corresponding O2 binding

motif.[40b,57] Agn···O2 interactions play an important role in in-

dustrial processes such as silver-catalyzed selective ethylene

epoxidation.[58] Intriguingly, dioxygen adducts of silver hydride

complexes were considered to be intermediates in the catalytic

aerobic oxidation of aldehydes.[10]

The further exploration of electronically excited states and

the corresponding radiative deactivation pathways of [P]2+ by

static luminescence spectroscopy in MeCN and MeOH revealed

distinct and bimodal luminescence with large Stokes shifts and

broad fluorescence excitation spectra, reminiscent of the re-

ported photophysical properties of related phosphine-support-

ed d10 metal complexes.[17b,18]

Our combined experimental and theoretical results hence

provide a basis for further detailed spectroscopic and ultrafast

dynamics investigations, specifically for studying metal–metal

interactions under electronic excitation and identification of

hydride charge-transfer processes. The dynamics of the latter

are largely unexplored,[55] but present essential relaxation steps

in electronically excited metal hydrides and are decisive for

their photochemistry. Moreover, we believe that they could

also be utilized to gain a mechanistic understanding and con-

trol of the growth of metal nanoclusters and hydrides.

In short, the new trisilver hydride complex [Ag3(m3-H)(m2-

LCy)3]
2+ exhibits distinctive optical and photoreactive proper-

ties. In particular, photoinduced charge transfer was revealed

here in the form of hydride-to-Ag3 single and double electron

transfer, as evidenced by the observed fragments and rational-

ized by high-level quantum-chemical theory. [P]2+ provides a

platform for studying the ultrafast dynamics of elementary

photoreactions of silver hydrides.

Experimental Section

General aspects and materials

The following chemicals were commercially available and used

without further purification: Acetonitrile (for ESI-MS, HPLC/LC-MS

grade, VWR Chemicals), AgPF6 (98%, Sigma-Aldrich), NaBH4 (98%,
Sigma-Aldrich), NaBD4 (98 atom-% D, Sigma-Aldrich), bis(dicyclo-

hexylphosphino)methane (abbr. LCy, 95%, Sigma-Aldrich). Acetoni-

trile (for synthesis) was dried by heating at reflux over phosphorus

pentoxide under a nitrogen atmosphere. Diethyl ether was dried
with a Braun MB SPS drying station and degassed by bubbling ni-

trogen through the solvent for 30 min. All the reactions were car-

ried out under an inert gas atmosphere (nitrogen) using standard

Schlenk techniques.

Synthesis of [Ag3(m3-H/D)(L
Cy)3](PF6)2

Bis(dicyclohexylphosphino)methane (327 mg, 0.80 mmol) and sil-

ver(I) hexafluorophosphate (202 mg, 0.80 mmol) were suspended

in dry and degassed acetonitrile (40 mL) and stirred for 5 min.

Sodium borohydride (30.3 mg, 0.80 mmol) or borodeuteride was

added in one portion and the mixture was stirred for 40 min result-

ing in a change from a colorless solution to a pale-yellow suspen-

sion. The suspension was filtered and the solvent removed from

the filtrate under reduced pressure to give 338 mg of a grey solid

material (69% yield). Colorless single crystals were obtained by the
diffusion of diethyl ether into a concentrated acetonitrile solution

of the product. 1H NMR (400.1 MHz, CD3CN): d=5.48, 5.36, 5.25,

5.13 (4Vqsept. , see discussion above), 2.05–1.99 (m, 18H; PCH2P,

PCH(CH2)5), 1.90–1.17 ppm (m, 120H; PCH(CH2)5) ;
13C NMR

(100.6 MHz, CD3CN): d=36.5 (24C; PCH(CH2)5), 30.2 (d, 1JPC=

109.6 Hz, 12C; PCH(CH2)5), 27.6 (d, 2JPC=37.4 Hz, 12C), 26.6 (24C;
PCH(CH2)5), 11.5 ppm (t, 1JPC=12.3 Hz, 3C; PCH2P);

31P NMR

(162.0 MHz, CD3CN): d=25.8 (dm, 6P), @144.62 ppm (sept. , 1JPF=

706.6 Hz, 2P; PF6
@). MS (ESI, most abundant isotopologue): m/z :

calcd for [Ag3H(dcpm)3]
2+ : 775.3; found: 775.3(1) ; elemental analy-

sis calcd (%) for C75H139Ag3F12P8 : C 48.95, H 7.61; found: C 49.01, H
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7.74. FTIR-ATR and FT-Raman spectra are provided in the Support-

ing Information (see Figure S26).

NMR spectroscopy

NMR spectra were recorded at ambient temperature with Bruker

Avance AMX400 (H: 400.1 MHz, 13C: 100.6 MHz, 31P: 162.0 MHz, 19F:
376.0 MHz) and AMX600 (1H: 600.1 MHz, 13C: 151.9 MHz, 31P:

243 MHz) Pulse-FT-NMR spectrometers. Deuteriated acetonitrile

([D3]MeCN, Eurisotop) was used as solvent without further purifica-

tion.

X-ray structure analysis and refinement

Single-crystal X-ray diffraction measurements were conducted with

a Gemini S Ultra diffractometer (Oxford Diffraction) and data analy-

sis was performed by utilizing the SHELXS-97 and SHELXL-97 soft-

ware packages.[59] Crystal data and refinement parameters are pro-

vided in Table 6. The structure of [P](PF6)2 was solved by using the

direct method of SIR92,[60] completed by subsequent difference

Fourier syntheses, and refined by full-matrix least-squares proce-

dures.[59] Semi-empirical absorption corrections from equivalents
(Multiscan) were carried out by utilizing the CrysAlisPro software

package (Rigaku Oxford Diffraction). All non-hydrogen atoms were

refined with anisotropic displacement parameters. In the structure,

severely disordered/partially occupied H2O and/or Et2O were also

found. To gain a better understanding of the main structure, espe-

cially because the hydride is notoriously difficult to locate in the
difference Fourier map, the SQUEEZE process integrated in

PLATON was used.[61] The hydrogen atom H1 was then observed in

the following difference Fourier synthesis, and was allowed to be

refined semi-freely with the help of distance restraints. All the

other hydrogen atoms were placed in calculated positions and re-

fined by using a riding model.

CCDC 1904223 contains the supplementary crystallographic data

for this paper. These data are provided free of charge by The Cam-

bridge Crystallographic Data Centre.

Ion-trap mass spectrometry (ESI-MS)

Electrospray ionization mass spectrometry (ESI-MS) was performed

by utilizing two similar Paul-type quadrupole ion trap mass spec-

trometers (QIT-MS) amaZon speed and amaZon ETD (Bruker Dal-

tonics) abbreviated as MS-1 and MS-2, respectively, both equipped

with an Apollo II electrospray source. Solutions of [Ag3(H/

D)(LCy)3](PF6)2 in acetonitrile (c=10@6m) were electrosprayed in pos-
itive ion mode (ESI needle at 4.5 kV) at a continuous infusion rate

(120–180 mLh@1) assisted by a coaxial flow of nitrogen sheath gas

(7—9 psi, 483–621 mbar). Dry nitrogen gas (4 Lmin@1, 180 8C) was

used to assist desolvation. MS-1/MS-2 were operated in enhanced

resolution scan mode (8100 amus@1, ca. 0.25 fwhm) controlled by

the trapControl 7.2 software. Data analysis was performed using by

the dataanalysis 4.2 software (Bruker Daltonics).

Collisional-induced dissociation (CID)

To explore the collisional-induced dissociation (CID) pathways, the

molecular [Ag3(H/D)(L
Cy)3]

2+ ([P]2+) target ions were isolated (Dm/z

5 mass isolation window) selecting all isotopologues, stored, and

accelerated by applying a resonance excitation voltage to the end
caps of the ion trap (MS-1, frag. time=100 ms). The precursor di-

cations undergo multiple collisions with the helium buffer gas

leading to fragmentation, followed by subsequent mass analysis.

Energy-resolved CID breakdown/appearance curves were acquired

(MS-2, frag. time=40 ms) by monitoring the relative abundance of

[P]2+ (Yp) and total (Ytot) and specific (Yi) fragment yields as a func-

tion of the stepwise increased excitation amplitude (Ampex). This

applied voltage corresponds to an internal energy scale of the MS
and is proportional to the collisional energy. Yp,i is the sum of all

mass peak integral intensities of precursor (Ip) and fragment (Ii) spe-

cies divided by the sum of all mass peak intensities [Yp,i= Ip,i/(SiIi+

Ip) and Ytot=SiIi/(SiIi+ Ip)] . Subsequently, Ampex was center-of-mass-
corrected according to Ampcom=AmpexmHe/(mHe+mp), in which

mHe and mp are the mass of the most abundant isotopologue of

helium and the precursor, respectively. Data analysis of the CID

curves was performed by utilizing a home-built LabView program

interfacing with the CompassXport (Bruker) software tool.

Electron-transfer dissociation/reaction (ETD/ETR)

For the electron-transfer dissociation/reduction (ETD)[36a] experi-
ments, fluoranthene (FAC@)[41] reagent ions were generated in the

negative chemical ionization source (nCI) of MS-2 (reactant temp=

60.0 8C), whereby methane was used as the mediator for low-

energy electron generation (ionization energy=70 eV). The gener-

ated radical anions were accumulated for 0.8 ms (set target ion

charge control, ICC=5V105) and subsequently injected into the

ion trap, in which ion–ion electron-transfer reactions with the [P]2+

precursor ions proceeded within a set reaction time window of

100 ms (optimized for the signal strength of [P]C++). The mass spec-

trum of the ions generated in the nCI source is provided in Fig-

ure S15 in the Supporting Information. It reveals besides FAC@

(C16H10, m/z 202), two “impurity” peaks at m/z 219 and 217, pre-

sumably assignable to the hydroxyl adduct (C16H10OH) and methyl

adduct (C16H10CH3)/fluoranthone (C16H9O), respectively.[36b,62] The

MS-2 instrument was operated in maximum resolution mode

(4650 amus@1, ca. 0.15 fwhm) with a low mass cutoff of m/z 135.

Table 6. Crystallographic data of [P](PF6)2 and details of the data collec-

tion and refinement.

empirical formula C75H139Ag3F12P8

formula mass [amu] 1840.22

crystal size [mm] 0.405V0.260V0.199

T [K] 150(2)

l [a] 1.54184

crystal system orthorhombic

space group Fdd2

a [a] 45.6021(22)

b [a] 18.9309(8)

c [a] 23.2622(8)

a, b, g [8] 90

V [a3] 20082.0(15)

Z 8

1calcd [gcm
-3] 1.217

m [mm@1] 6.312

q range [8] 4.267–62.773

Reflns. collected 9397

Indep. reflns 5359, Rint=0.0251

Data, restraints, parameters 5359, 155, 440

Final R indices [I>2s(I)][a] 0.0547, 0.1853

R indices (all data) 0.0586, 0.2015

GooF[b] 1.159

D1max,min [ea
@3] 1.417, @0.927

[a] R1=SkFo j@ jFck /S jFo j , wR2= [Sw(Fo
2
@Fc

2)2/SwFo
2]1/2. [b] GooF=

[Sw(Fo
2
@Fc

2)2/(n@p)]1/2.
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Gas-phase UV-photodissociation (PD)

The experimental setup is described in detail elsewhere.[17b,c] Briefly,

a femtosecond oscillator/cryogenic regenerative amplifier laser
system (Wyvern 1000, KMLabs), generating an output pulse train

(ca. 780 nm, fwhm&30 nm, ca. 4 W, 982 Hz, Dt&50 fs), was used

to pump a nonlinear frequency converter (TOPAS-C, Light Conver-

sion). The resulting output beam was tuned in the UV spectral

region (lex=237–350 nm, Dl&2–4 nm) and focused (f=40 cm)

onto the center of the ion trap (ca. 1 mm diameter) passing
through two fused silica windows (3 mm thickness) of the spectro-

scopically modified mass spectrometer MS-1.[63] Photodissociation

action spectra were acquired stepwise (2–5 nm steps) at a constant

pulse energy (Epulse&2 mJ) during a irradiation time window of
120 ms (ca. 118 pulses per stored ion ensemble) controlled by a

synchronized shutter. From the resulting mass spectra, the individ-

ual (Yi) and total fragment yields (Ytot) were averaged over at least

150 mass spectra for each nm position and normalized to the

number of photons N according to N=Epulsel/(hc) (h=Planck con-
stant, c= speed of light in vacuum). In the spectral ranges of 263–

287 and 283–350 nm, scaling factors, determined by overlapping

nm positions, were applied to account for the required change in

the nonlinear output scheme or spectral filters, which require re-

optimization of the laser beam/ion cloud spatial overlap. To disen-

tangle contributions of the hydrogen-loss fragment [P@H]2+

(monoisotopic m/z 772.8, notable contributions at lex<285 nm,

see Figure S17 in the Supporting Information), which is superim-

posed on the isotope pattern of [P]2+ precursor ions (monoisotop-

ic m/z 773.3), the convoluted ion signal was fitted as the weighted

sum of the theoretical normalized isotopic patterns of each species

(Gaussian broadened fwhm&0.23) by using the peak model fit al-

gorithm of the LIMSA program (Lipid Mass Spectrum Analysis, “add

in” for Excel 2003 software).[64]

Absorption and luminescence spectroscopy in solution

UV/Vis absorption and luminescence spectra were recorded by uti-
lizing a V-670 spectrophotometer (Jasco) and an LS 55 fluorescence

spectrometer (PerkinElmer), respectively. Fused silica cuvettes (d=

1 cm, SUPRASIL) were used for measurements both in MeCN and

MeOH solution (UVASOL grade).

Computational methods

All calculations were performed with the TURBOMOLE program

package.[27] The resolution-of-the-identity (RI) approximation was

used for all two-electron integrals. In geometry optimizations, DFT

computations were carried out in the module RIDFT. The self-con-

sistent field convergence criterion scfconv=8 and DFT grid m4

were used. For the optimized geometries, harmonic vibrational fre-

quencies were calculated in the module AOFORCE.[65] Subsequent-

ly, to calculate the electronic excitation energies, GW-BSE computa-

tions were carried out in the module ESCF. The evGW damping pa-
rameter was set to h=0.001, and the convergence criterion rpa-

conv=6 was used. All orbital and auxiliary basis sets were taken

from the TURBOMOLE basis-set library. The “Coulomb-fitting” auxili-

ary basis sets (jbas) were used in the ground-state DFT computa-

tions, and the “MP2-fitting” auxiliary basis sets (cbas) were used in

the GW-BSE computations. The calculations were performed with
the def2-SV(P) basis set, except that for the hydride, def2-TZVP and

def2-TZVPP were used for the geometry optimizations and excited-

state computations, respectively. For [P]2+ , this basis set comprises

1512 orbital basis functions, 5777 auxiliary basis functions for

“jbas”, and 6204 auxiliary basis functions for “cbas”.
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ABSTRACT: We report on the radiative and nonradiative
deactivation pathways of selected charge states of the
stoichiometric hexagold phosphine-stabilized ionic clusters,
[(C)(AuDppy)6Ag2·(BF4)x]

(4−x)+ with x = 2 and 3 (Dppy =
diphenylphosphino-2-pyridine), combining gas-phase photo-
luminescence and photodissociation with quantum chemical
computations. These clusters possess an identical isostructural
core made of a hyper-coordinated carbon at their center
octahedrally surrounded by six gold ions, and two silver ions at
their apexes. Their luminescence and fragmentation behavior
upon photoexcitation was investigated under mass and charge
control in an ion trap. The experimental and computational
results shed light on the electronic states involved in the
optical transitions as well as on their core, ligand, or charge transfer character. Gas-phase results are discussed in relation with
condensed phase measurements, as well as previous observations in solution and on metal−organic frameworks. The
monocationic species (x = 3) is found to be less stable than the dicationic one (x = 2). In the luminescence spectrum of the
monocationic species, a shoulder at short wavelength can be observed and is assigned to fragment emission. This fragment
formation appears to be favored for the monocation by the existence of a low lying singlet state energetically overlapping with
the triplet state manifold, which is populated quickly after photoexcitation.

■ INTRODUCTION

Ligated polynuclear gold clusters with an intense and long-
lived room temperature luminescence in the visible spectral
range as well as the ability to form nanoscale architectures are
promising OLED emitters, photochemical converters, and
luminescent reporters for sensing or imaging.1−16 The
photophysical properties of such clusters have been found to
be highly sensitive to the nuclearity, the size and shape of the
cluster core, the nature of the coordinating ligands, as well as
the Au−Au distances.17−21 The impact of counterions, on the
other hand, has been neglected so far. Furthermore, since
metal−organic frameworks (MOFs) assembled from lumines-
cent clusters have been found to display a marked dependence
of their luminescence on the solvent molecules filling their
channels,8 a deeper understanding of the interactions between
the subunits as well as a description of the nature of the
emission is needed.
In gold nanocrystals slightly larger than the metal’s Fermi

wavelength (∼0.5 nm for Au), energy levels are quantized with

profound consequences on optical, electronic, charging, and
transport processes even under ambient conditions.22,23 Not
only does catalytic and electrocatalytic activity emerge but also
enhanced optical properties such as strong nonlinear or
electro-optical effects. For the even smaller clusters inves-
tigated here (∼0.4 nm Au core), distinctive quantum
confinement effects occur. In particular, broad collective
resonances completely give way to discrete electronic
transitions among quantized levels resulting in a discrete
electronic structure and molecule-like properties such as
intrinsic magnetism and enhanced photoluminescence.4,23−25

Overall, the properties of gold clusters, formally formed here
of Au(I) atoms (closed-shell 5d10 electronic configuration), are
governed by (1) relativistic effects involving high-speed core
electrons moving close to the Au nuclei; this causes an increase
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in the effective nuclear charge leading to a radial contraction
and stabilization of the less-diffuse orbitals (such as the 6s and
6p orbitals), while more-diffuse orbitals (such as the 5d-
orbitals) expand due to the enhanced shielding effect by the
contracted s/p-orbitals;18,20 (2) configuration mixing of the
5d-orbitals with hybrid orbitals of appropriate symmetry
derived from the 6s and 6p orbitals, reportedly responsible
for Au(I)···Au(I) stabilizing interaction and Au(I)−C bonding
interaction,17−21 and (3) electron correlation.17,18,26 Alto-
gether, these three effects are often designated by the term
“aurophilic” interactions. Because of a very strong spin−orbit
coupling, excited singlet state populations of gold clusters also
typically undergo a fast intersystem crossing27 to the triplet
manifold followed by long-lived luminescence. Additionally,
some optical transitions are sensitive to the surrounding
environment as a consequence of their charge transfer
character or formation of solvent exciplexes,28,29 corresponding
either to a ligand-to-metal charge transfer (LMCT) or a metal-
to-ligand charge transfer (MLCT).30

Unlike ligand-protected Au clusters with core structure and
surface motif,4,5,31 the carbon hypercoordinated cluster studied
here, [(C)(AuDppy)6Ag2·(BF4)4] abbreviated [1·(BF4)4],
contains an octahedral Au6 core with two Ag atoms capping
two opposite Au3 triangles, and six peripheral Dppy
ligands.32,33 The hexagold core with its interstitial carbon is
characterized by short Au−Au contacts along the edges of the
polyhedra.32 Its structure is similar to that of the hexaaurio-
methane [(C)(AuPPh3)6]·(CH3OBF3)2 (PPh3 = triphenyl-
phosphine) cluster first reported by Schmidbaur and co-
workers.34 When considering the coordination of the silver
atoms by diphenylphosphino-2-pyridine ligands, the [1](BF4)4
cluster can be described as the fusion of two AgAu3 tetrahedral
moieties sharing a carbon center, each moiety similar to
[(E)(AuDppy)3Ag·(BF4)2] with E = O, S, or Se heterometallic
clusters.1 The heterometallophilic Au−Ag interaction contrib-
utes, concurrently with the diphenylphosphino-2-pyridine
ligands, to their stabilization. This affects the charge transfer
dynamics as well as the photophysical and spectroscopic
properties of the [1·(BF4)4] cluster which is characterized by
(i) an energy gap small enough that absorption in the visible
region occurs, (ii) ultrafast intersystem crossing (1−3 ps), (iii)
solvent dependent energy transfer, and (iv) temperature
dependent intensity of the phosphorescence in solution.28,32

The cluster room-temperature quantum yield of luminescence
in solution (ϕ = 0.29)32 is comparable to that of another set of
systems stabilized by heterometallophilic Au···M bonding, the
heterometallic copper−gold alkynyl complexes reported by
Koshevoy et al. (ϕ = 0.9).35

In dichloromethane at room temperature, the [1·(BF4)4]
cluster is characterized by an absorption onset about 475 nm, a
red emission with maximum between 600 and 640 nm (λex =
350 nm), and a single-exponential luminescence decay
behavior with a luminescence lifetime of 5.7 μs.28,32 Analysis
by Zhou et al. of femtosecond time-resolved transient
absorption experiments in solution using a sequential model
yields excited state dynamics by three different states (1)
1MLCT(Au) state (τ = 1−3 ps); (2) 3MLCT(Au) state (τ =
11−40 ps), and (3) 3MLCT(Ag) state (long-lived) whose
relative population can be modulated by the solvent’s polarity
and hydrogen bonding ability.28 The triplet nature of the
solution emission is supported by the significant redshift of the
emission compared to the absorption, the long luminescence
decay, as well as excited-state absorptions and dynamics

obtained from the femtosecond time-resolved transient
absorption experiments. In absence of information about the
counterions, the emission of the [1](BF4)4 cluster also appears
remarkably insensitive to the nature of the solvent28 while
porous metal−organic frameworks formed upon silver binding
of the [(C)(AuMdppz)6] (BF4)2 (Mdppz = 2-(3-
methylpyrazinyl)diphenylphosphine) derivative display signifi-
cant solvatochromism as well as a possible dual emission.8

In this work, mass spectrometric selection enables the
separate investigation of stoichiometrically homogeneous
ensembles of clusters characterized by different numbers of
tetrafluoroborate counterions.31 The photoluminescence and
photodissociation of the mass-selected [1·(BF4)x]

(4−x)+ with x
= 2,3 clusters in vacuo yields complementary information about
their radiative and nonradiative electronic deactivation path-
ways. Furthermore, given that the investigated species are
stored in the gas phase in an ion trap, their structure,
electronic, and optical properties are unconstrained by solvent
or environmental effects (packing or more generally coupling
to the environment). The experimental results can thereby be
directly compared to computations, providing benchmarks for
computational approaches. On the application side, the present
study offers a first insight into the impact of counterions and
possible dynamical equilibria on the luminescence properties
of gold cluster salts.

■ EXPERIMENTAL AND COMPUTATIONAL SECTION

Materials. The synthesis of [1](BF4)4 by Wang and co-
workers was reported elsewhere.32 The purified solid sample
was stored in the dark until dissolution in dichloromethane or
acetonitrile for electrospray ionization. The composition of the
electrosprayed species has been unambiguously established
using a SYNAPT G2S-HDMS mass spectrometer (Waters,
Manchester. U.K.).

Gas-Phase Photoluminescence. The gas-phase lumines-
cence spectra were acquired using the setup previously
described in ref 36 and subsequently modified to measure
the gas-phase photoluminescence of lanthanoid cluster-like
complexes.37,38 Briefly, it consists of a home-built temperature-
regulated (down to 82 K) quadrupole ion trap. After being
nanoelectrosprayed from a ∼ 10−4 M dichloromethane (LC-
MS grade) solution using borosilicate capillaries, the ions are
mass-selected and trapped before being photoexcited either
using a Toptica iBEAM-SMART-405-S (405 nm) or using a
Ar+-laser (Spectra Physics 2080−15S) (458 and 476 nm lines),
while being thermalized by collisions with a helium buffer gas
at a pressure of ∼0.2 mbar in order to prevent photoinduced
fragmentation. Ion photoluminescence is collected perpendic-
ularly to the excitation beam by a Zeiss EC PlanNeofluor 5x/
0.15 microscope objective imaging the ion cloud via a 3 mm
diameter aperture in one of the end-caps. It is then filtered to
eliminate scattered excitation light using long pass filters before
being focused into a fiber and sent to a spectrograph
(SpectraPro 300i, Acton Research, Roper Scientific) equipped
with 150 grooves/mm gratings and an electron-multiplying
charge coupled device for detection (Idus DV-401A-BV,
Andor).
Time resolved measurements are performed using a diode

laser (405 nm, Toptica iBEAM-SMART-405-S) operated in
pulsed mode (500 ps rise and 800 ps fall times). Instead of into
a fiber, the collected ion luminescence is focused directly onto
the aperture of a photomultiplier (Hamamatsu H7421-40)

The Journal of Physical Chemistry A Article

DOI: 10.1021/acs.jpca.8b01864
J. Phys. Chem. A 2018, 122, 5799−5810

5800

http://dx.doi.org/10.1021/acs.jpca.8b01864


coupled to a multiple-event time digitizer (P7888, FAST
ComTec).
Gas-Phase Photodissociation. UV−vis electronic action

spectra of mass-selected ions were obtained employing
photodissociation (PD) spectroscopy as described else-
where.39−42 Briefly, a ∼10−4 M acetonitrile (LC-MS grade)
solution of [1](BF4)4 was electrosprayed in positive mode
(Apollo II electrospray source, Bruker Daltonics) at an infusion
rate of 100 μL/h assisted by nitrogen sheath gas (ca. 6 psi, 414
mbar). The ions of interest (integer nominal masses m/z 1580,
1536, 1024, 995, see Table 1) were isolated selecting their full
isotope pattern, fragmented by laser irradiation, and sub-
sequently mass analyzed in a customized 3D quadrupole ion
trap mass spectrometer (amaZon speed, Bruker Daltonics).
Hereby, a shutter was synchronized with the mass
spectrometer in order to irradiate the ions only in a 100 ms
storage time window (∼98 laser pulses per stored ion
ensemble). The abundance of species m/z 1536 and 995 was
enhanced by collisional-induced dissociation (CID) of isolated
m/z 1580 and 1024 precursor species and isolated for
subsequent photodissociation (MS3 step). The femtosecond
laser system used is based on a Ti:sapphire chirped pulse
cryogenic regenerative amplifier (Wyvern 1000, KMLabs)
whose output pulse train (∼780 nm, fwhm ∼30 nm, ∼ 4W,
982 Hz, Δτ ∼ 50 fs) was used to pump two identical nonlinear
frequency converters (TOPAS-C, Light Conversion, abbre-
viated TC1 and TC2). The resulting beams (TC1, 283−403
nm; TC2, 400−480 nm) were attenuated to 2 μJ/pulse using a
neutral density filter, focused onto the ion trap center (∼1 mm
diameter), and spatially overlapped with the ion cloud. Either
of the beams (TC1, TC2) were used to obtain photo-
dissociation action spectra. These were acquired stepwise
(3−5 nm steps) by averaging at least 160 individual mass
spectra for each wavelength position. From the resulting mass
spectra the total fragment yield (TFY) was calculated as

=
∑

∑ +
TFY

F

F P

i i

i i

and normalized to the number of photons

= ·
λ

·
N Epulse h c

, where ∑i Fi is the sum of all fragment ion

signals and P represents the integrated mass peak intensity of
the precursor species. Color changes in Figure 3 indicate a
change in the nonlinear output scheme or wavelength filters
requiring a reoptimization of the laser beam/ion cloud overlap.
The respective spectral regions were scaled by factors
determined from overlapping wavelength points.
Quantum Chemical Calculation. The computed gas-

phase equilibrium geometries of the [1·(BF4)x]
(4−x)+ ions, with

x = 1, 2, 3, are based on the crystal structure reported by Wang
et al.32 The electronic structure computations were carried out
at the density functional theory level as implemented in the

Gaussian 0943 quantum chemistry suite of programs. The long-
range corrected functional CAM-B3LYP44 was used. It is well
suited on the one hand to account for the description of the
electrostatic and noncovalent interactions between the metallic
core and the tetrafluoroborates, as well as the noncovalent
interactions between the ligands, and on the other hand, to
describe excited states with moderate charge transfer.45

Relativistic effects were included using relativistic energy
corrected pseudopotentials and double-ζ basis set
LANL2DZ46,47 for the gold and silver atoms. The 6-31G(d,p)
Gaussian basis set was used for the other atoms. Equilibrium
geometries of the ground and excited states were determined.
Both singlet and triplet excited states were computed with the
linear response TD-DFT methodology and the absorption and
emission spectra obtained by convolution of the obtained stick
spectra with Gaussian line shapes (as detailed in the captions).
Partial charges on nuclei were computed using the natural
population analysis (NPA) and the natural bond orbital
(NBO) methodology.48,49

■ RESULTS AND DISCUSSION

Mass Spectrometry and Ground State Computational
Results. Upon nanospraying [1](BF4)4 solubilized in
dichloromethane, one primarily observes the [1·(BF4)3]

+ and
[1·(BF4)2]

2+ species (see Figure S1). Under mildly activating
source conditions or when spraying from more polar solvents
such as acetonitrile, the [1·(BF4)3]

+ species vanishes and the
[1·(BF4)2]

2+ species, which retains only two tetrafluoroborates,
dominates as shown in Figure 1.
Besides the [1·(BF4)2]

2+ dication, one also observes, as
minority species in Figure 1, the doubly charged [1·(BF4)−
H]2+ cluster at m/z 1537.06 (most abundant isotopologue)
formed by loss of HBF4 from the precursor. The second most
intense species under these conditions is the triply charged
[1−H]3+ at m/z 995.70 likely a product of the marginally
abundant [1·(BF4)]

3+ species (m/z 1025.04) upon HBF4 loss.
Consequently, from the very low abundance of the mono-
charged cluster ion sprayed from acetonitrile or from
dichloromethane under mildly activating conditions and the
composition of the observed species, it is suggested that a
maximum of two tetrafluoroborates bind strongly enough to
the cluster to be easily observed in the gas-phase.
This is further supported by the results of computations that

predict the existence of two binding sites with different
computed binding energies for the tetrafluoroborate (Figure
2a,b). Sites A and B are characterized by a tetrafluoroborate
binding energy of −766 and −722 kJ/mol, respectively, and a
distance from the boron atom to the central carbon of 4.396
and 7.519 Å, respectively. It appears therefore that the first pair
of tetrafluoroborates, leading to the formation of the [1·

Table 1. Total Fragment Yields and Photoluminescence Features for [1·(BF4)x]
(4−x)+ and [1·(BF4)x−1−H](4−x)+ Cluster Species

(with x = 1 and 2)

photodissociation total frag.
yield/%

species m/z nominal m/z main isotopolog. at 308 nm at 408 nm photoluminescence, λem/nm (λex = 405 nm)

[1·(BF4)2]
2+ 1580 1581.06 44 2 ∼677 (phos.)

[1·(BF4)−H]
2+ 1536 1537.06 72 26 a

[1·(BF4)]
3+ 1024 1025.04 64 8 a

[1−H]3+ 995 995.70 27 2 not investigated

[1·(BF4)3]
+ 3247 3249.13 − − ∼673 (phos.), ∼586

aNo detectable photoluminescence.
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(BF4)2]
2+ species, is preferentially located belt-wise (close to

the gold) while the second pair, leading finally to the formation
of the neutral [1·(BF4)4] species, is in the vicinity of the silver
atoms. Isomers of the [1·(BF4)x]

(4−x)+ ions with x = 2,3
investigated at the PM7 level prior reoptimization at the CAM-
B3LYP level are displayed in Figure S2.
The mass spectrometric observation (Figure 1) of the

species [1−H]3+ and [1·(BF4)−H]
2+ − both resulting from a

HBF4 loss−and the absence of signal corresponding to the
quadruply charged [1]4+ cluster indicates that upon gas-phase
dissociation, as expected, the release of the counterion as a
negatively charged tetrafluoroborate is energetically unfavor-
able contrarily to the loss of HBF4 which is documented in the
literature for isolated coinage metal complexes containing BF4

−

counterions.50

At the CAM-B3LYP level, the partial charge on the complex
metallic core is −0.570 |e| for the [1·(BF4)3]

+ complex, −0.437

|e| for the [1·(BF4)2]
2+ complex and −0.255 |e| for the [1·

(BF4)]
3+ complex.

In what follows, all species of interest are mass-selected and
isolated to achieve selective characterization of pure com-
pounds.

Gas-Phase Photodissociation. The gas-phase photo-
dissociation spectra of the [1·(BF4)x]

(4−x)+ and [1·(BF4)x−1−
H](4−x)+ clusters (with x = 1 and 2) are displayed in Figure 3.
It was not possible to detect and analyze the [1·(BF4)3]

+

species due to the electrospray source and storage conditions
of the setup employed for these investigations. We also note
that the spectrum of the [1−H]3+ species (Figure 3d) exhibits
a poor signal-to-noise ratio, significantly worse than those of
the other species and it is therefore only accessory to the
present study.

A detailed analysis of the various photofragments is provided
in the Supporting Information (Figure S4 and Tables S1 and
S2). The photofragmentation pathways of all four analyzed
species range from neutral losses (charge retention) to ionic
fragmentation (charge separation). Ionic fragmentation
proceeds mainly via the cleavage of a [Au(Dppy)2]

+ moiety

Figure 1. Electrospray mass spectrum of [1·(BF4)4] solubilized in
dichloromethane. The species formed under mildly activating in-
source conditions upon HBF4 loss are shown in the inset.

Figure 2. Equilibrium geometries of the ground state of the [1·
(BF4)x]

(4−x)+ species with x = 1, 2, and 3. (a, b) [1·(BF4)]
3+ two

binding sites for the tetrafluoroborate: site A (a) close to the gold
atoms and site B (b) closer to the silver atom. (c, d) Computed
equilibrium geometries of [1·(BF4)3]

+ (c) and [1·(BF4)2]
2+ (d) at the

CAM-B3LYP level. Tetrafluoroborates are represented as capped
sticks while Au atoms, Ag atoms and the central carbon atom are
represented as yellow, pale blue, and gray spheres, respectively. The
diphenylphosphino-2-pyridine ligand shell (Dppy) is composed of P
atoms (orange), phenyl rings with C (gray), pyridine ring (N in blue),
and H atoms (white) in wireframe representation.

Figure 3. UV/vis−photodissociation total yield spectra of gaseous
precursor species: (a) m/z 1580, (b) m/z 1536, (c) m/z 1024, and
(d) m/z 995 (nominal, 2 μJ per pulse, 98 pulses per ion cloud). Color
changes indicate a change in the nonlinear output scheme or
wavelength filters requiring a reoptimization of the laser beam/ion
cloud overlap. Error bars represent one standard deviation (±1σ, at
least 160 mass spectra).
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while neutral loss photodissociation channels primarily
encompass loss(es) of HBF4 and/or loss(es) of Dppy ligands.
The following aspects determining the obtained photo-

fragmentation yield are to be considered: the non-negligible
heat capacity due to the respectable size of the clusters, the
possible kinetic shifts pertaining to the dissociation,51 and the
competing quenching by helium inside the trap. Thus, the
recorded photodissociation action spectra (Figure 3) do not
directly reflect linear absorption spectra.52 Moreover, the
photofragment yield is only in the low laser fluence regime
proportional to the oscillator strength and the quantum yield
for dissociation. However, it was recently observed for Ru(II)
complexes under ion trap conditions that gas-phase photo-
dissociation action spectra display, albeit relatively weak
electronic excitation bands at longer wavelengths comparable
to solution absorption spectra.53,54 Laser fluence-dependent
measurements at 1−4 μJ per pulse were performed for selected
spectral regions (see Figures S14−S17) displaying no
significant dependence of spectral profiles on intensity and
therefore ensure that the PD spectra were not measured under
saturated conditions. On the basis of the observed nonlinear
increase of fragment yield upon doubling of the lase pulse
energy (cf. Figure S15), the presumable large heat capacity of
the cluster ions and the onset for HBF4 loss at ∼450 nm (266
kJ/mol), we assume the absorption of at least two photons
prior to dissociation.
The experimental spectra obtained in this work nevertheless

display a good agreement with computed data in the high
energy spectral range (see next section). In particular, all
investigated species (Figure 3a−d) exhibit an absorption
maximum at 310 nm assigned in the next section to 1LMCT
transitions. This band can conveniently be used for the
normalization of the photodissociation spectra as its computed
intensity (see later on) does not significantly change for the
different species. It should be emphasized that all spectra have
been obtained under identical mass spectrometric and laser
conditions (side-by-side measurements).
Interestingly, the photodissociation spectra of Figure 3 not

only depend on the charge state but also on the number of
associated tetrafluoroborates and the number of lost HBF4
units. The [1·(BF4)2]

2+ species is the only one which also
displays detectable luminescence in the gas phase upon
excitation in the visible (at λex = 405, 458, and 476 nm) as
discussed in the next section. While photoexcitation and
photoluminescence excitation is possible using wavelengths
longer than 400 nm, no absorption bands have been observed
in the photodissociation spectrum of this species at λex > 400
nm (Figure 3a). Moreover, its total fragmentation yield (TFY)
is below 3% in this wavelength range in contrast to the [1·
(BF4)−H]

2+ and [1·(BF4)]
3+ species. Since the other species,

with the exception of [1·(BF4)]
3+, which is not intense enough

to be efficiently isolated and therefore investigated, were not
found to lead to detectable photoluminescence under the
conditions used, we propose that [1·(BF4)2]

2+ photolumines-
cence channels efficiently compete with photodissociation.
While luminescence photoexcitation spectra could help to
elucidate these competing processes involving the cluster
excited states manifolds,52 further support for this hypothesis
also comes from the inspection of the photodissociation
spectrum of the species [1·(BF4)]

3+ (Figure 3c). Its spectrum
clearly displays a band centered about 415 nm comparable to
the absorption spectra of [1](BF4)4 in CH2Cl2.

28 Additionally,
the increase of the TFY by a factor of 3−4 suggests that

fragmentation-competing processes such as photolumines-
cence only play a minor role for this system. This behavior
is consistent with the general idea that ions with higher overall
charge are more susceptible to fragmentation than the ones of
lower charge.
The [1·(BF4)−H]

2+ cluster ion, whose structure we have not
explored in the course of this work, shows a very high
photofragment yield (Table 1) over the whole spectral range
(Figure 3b). Its photodissociation spectrum gives evidence for
absorption bands up to 460 nm. Its high reactivity probably
originates from the activated/high energy structure of the
ligand moiety formed after formal loss of a proton with the
HBF4 leaving group. This high fragment yield of [1·(BF4)−
H]2+ is in accordance with our finding (see below) that
photoluminescence was not detectable for this species.
Upon comparison of the PD spectra of cluster species

differing by the loss of a neutral HBF4 moiety (Figure 3, part a
vs part b and part c vs part d), pronounced spectral differences
in the range of 320−450 nm are evident, whose assignments
would require more detailed quantum-chemical calculations
which are beyond the scope of this paper. Presumably, loss of
HBF4 should result in change of the charge density and/or
charge density distribution of the [(C)Au6Ag2] metal core or
radical character located at the dehydrogenated ligands, leading
to new electronic states and coupling.
The channel-specific spectra are provided in the Supporting

Information (see Figures S7−S10) and display a very similar
shape compared to the total yield spectra suggesting that the
excess energy is presumably statistically distributed in all
(mostly vibrational) degrees-of-freedom (ergodic fragmenta-
tion). There is no indication of state-specific fragmentation.

Gas-Phase Photoluminescence. Gas-phase photoexcita-
tion of the [1·(BF4)x]

(4−x)+ clusters was found to lead to
detectable emission upon excitation at λex = 405, 458, and 476
nm only for the mono and doubly charged species, with x = 3
and 2, respectively. Although [1·(BF4)]

3+ could not be
unambiguously isolated on the photoluminescence setup,
based on the absorption spectra of Figure 3, the absence of
detectable emission for the abundant [1−H]3+ trication
suggests an increase in the efficiency of the nonradiative,
probably fragmentation, channels or a reduction of the
absorption cross-section as the overall charge of the cluster
increases (as the number of tetrafluoroborates decreases). At
threshold excitation, when no fragmentation occurs, the [1·
(BF4)3]

+ monocation and the [1·(BF4)2]
2+ dication have close

to identical emission profile (Figures 4 and S5). The apparent
dual emission observed for the [1·(BF4)3]

+ monocations (λex =
405 nm) with the lower energy component at close to the
same position as the dication (673 versus 677 nm) and a high
energy component (at 586 nm) shifted to the blue by 87 nm
(2200 cm−1) appears to result from intersystem crossing to the
triplet state and a fragmentation process induced by the excess
energy deposited on the cluster.
Lifetime measurements (Figure 5) were performed in order

to gain information on the nature of the transitions involved
and rule out fluorescence concomitant to phosphorescence.
While the onset of the photoluminescence signal is related to
the population of the emitting state (including the impact of
ion motion and overlap between the excitation beam and the
ion cloud), the photoluminescence decays (for the spectrally
integrated luminescence) are monoexponential, independent
of the irradiance used, and give respective lifetime values of
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20.4 ± 0.5 and 21.4 ± 0.6 μs for the [1·(BF4)3]
+ and [1·

(BF4)2]
2+ clusters, consistent with phosphorescence emission.

The fragment origin of the shoulder observed in Figure 4a is
supported by the photoluminescence of the m/z 2700
photofragment, [1·(BF4)−Ag−Dppy−2.H]+, (Figure S6).
This fragment is not ejected from the trap while recording
the emission of the [1·(BF4)3]

+ species due to a necessary
trade-off: high buffer gas pressure is needed to prevent
fragmentation; cw excitation intensity cannot be reduced
beyond a threshold (system dependent) due to limited emitted
light collection efficiency (∼0.6%); increasing the low mass
cutoff at a fixed angular frequency (300 kHz for the trap used)
implies increasing the amplitude V of the rf-potential; and
going beyond the value of V = 1090 V on the setup used (qz =
0.46 for the m/z 3248 species) leads to the formation of a
helium plasma in the trap. Furthermore, while the coexistence
of isomers is in principle possible, there is no evidence of
isomers in the ion mobility measurements performed on the

ions in their ground state. Consequently, the m/z 2700 species
generated upon photofragmentation and cotrapped with the
monocations of interest is most likely responsible for the
shoulder observed in Figure 4a.

Computations on Electronically Excites States and
Comparison to Experimental Results. Insight into the
structural and electronic changes undergone by the [1·
(BF4)x]

(4−x)+ gas-phase species as the overall charge of the
cluster increases is provided by density functional calculations.
The structures of the [1·(BF4)3]

+ and [1·(BF4)2]
2+ computed

at the CAM-B3LYP level (see Figure 2c,d) and shortly
described before are characterized by bond lengths between
the central carbon and the Au atoms of 2.162 ± 0.046 and
2.164 ± 0.047 Å, respectively. Each Au···Ag edge is bridged by
one Dppy ligand with the P atom bound to Au (2.344 ± 0.074
and 2.347 ± 0.078 Å, respectively) and the pyridyl N atom
coordinated to Ag (2.457 ± 0.103 and 2.455 ± 0.097 Å,
respectively) conferring together with the Au···Ag metal-
lophilic interactions (3.078 ± 0.201 and 2.993 ± 0.081 Å,
respectively) extra rigidity. Overall values inferred from the
computations on charged structures and crystallographic values
for the neutral species32 are found to be in good agreement.
The gas-phase computed ground state equilibrium structures

Figure 4. Emission spectra of the (a) [1·(BF4)3]
+ and (b) [1·

(BF4)2]
2+ species for ions stored in a Paul trap at 83 K. The spectra

taken at excitation wavelengths of 405, 458, and 476 nm being similar,
only the spectrum taken at 405 nm is displayed for the dication. The
spectra have been fitted using Voigt profiles (fits given as solid lines
and components as dashed lines). Irradiances: 300 W/cm2 (405 nm),
675 W/cm2 (458 nm), and 750 W/cm2 (476 nm).

Figure 5. Lifetime measurements for (a) [1·(BF4)3]
+ (405 nm, 80 W/

cm2) τ = 20.4 ± 0.5 μs and (b) [1·(BF4)2]
2+ (405 nm, 380 W/cm2) τ

= 21.4 ± 0.6 μs molecular cluster cations. The blue line corresponds
to the time the laser is on. Once stationarity has been achieved, the
laser is turned off and photoluminescence decay measured.
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retain the “capped sphere” structural motif and bond lengths
are systematically longer than those of the crystallographic
structure, the changes in structural parameters being on the
order of 0.1 Å. The elongation of the Au···C, Au···Au, Ag···C,
and Ag···N distances is expected when going from a
crystallographic structure to a gas-phase equilibrium geometry
for which there is no crystal “pressure”. In the lowest-lying
triplet state, the “capped sphere” structural motif and cluster
are perturbed but the Au···Ag and Au···P distances show no or
only minor changes compared to the singlet ground state.
The cluster equilibrium geometry, two AgAu3(Dppy)3 units

bridged by a carbon atom, favors triplet states with a high
luminescence quantum yield55 as evidenced by the emission
band reported for the [1·(BF4)4] solubilized in CH2Cl2 and
found to be between 600 nm32 and 640 nm.28 This band has
been previously assigned to phosphorescence from a low-lying

spin-forbidden excited state due to its significant red shift from
the absorption onset (at 485 nm in CH2Cl2) and long lifetime
(τ0 = 4.7 μs in CH2Cl2).

28 The gas-phase luminescence
lifetimes, being about 20 μs for the [1·(BF4)3]

+ and [1·
(BF4)2]

2+ species, are similarly ascribed to phosphorescence
(see below). Furthermore, the solution absorption band
position displays a hypsochromic (blue) shift of approximately
10 nm when the solvent is changed from CH2Cl2 or CH3CN
to CH3OH, while a larger (>35 nm) red-shift is observed in
the gas phase compared to solution measurements. Because of
the shielding of the gold-core from the environment by the
ligands (see Figure S7 for a space filling representation), it
appears likely that this gas-phase red shift compared to solution
is caused by solvent interactions either stabilizing a ligand-
centered ground state (in the case of a 3MLCT transition),
destabilizing a ligand-centered excited state (in the case of a

Figure 6. Representation of the main orbitals involved in the optical transitions of (a) [1·(BF4)3]
+ and (b) [1·(BF4)2]

2+. The MO’s involved in the
excitation of the electronic states leading to the absorption and emission spectra are separately represented. Emission mainly comes from the lowest
triplet state with singly occupied molecular orbitals (THOMO).
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3LMCT), or is induced by the number of counterions bound in
solution. The featureless gas-phase emission bands also display
characteristics typical of metal centered (MC) transitions as
discussed hereafter with the support of TD-DFT computa-
tions.
The nature of the electronic states involved in the gas-phase

photoluminescence of the [1·(BF4)3]
+ and [1·(BF4)2]

2+

species has been investigated at the TD-DFT CAM-B3LYP
computational level. Mainly, two types of transitions can be
distinguished in the absorption and emission spectra of the
species studied. On the one hand, there are excitations
involving molecular orbitals “purely” localized on the metallic
core (Figure 6). On the other hand, there are excitations
between core localized and ligand localized MO that yield
electron charge transfer from the metallic core to the ligands
(MLCT) or reciprocally (LMCT).
The three HOMO, HOMO−1, HOMO−2 orbitals of the

[1·(BF4)3]
+ cluster are nearly degenerate and mainly consist of

Au core orbitals (see Supporting Information, Figure S8).

They correspond to a set of superatomic p orbitals56 localized
on the cluster core. The LUMO resembles a superatomic d
orbital delocalized on the Au core split by more than 2.3 eV
from the other much higher in energy d-like superatomic
orbitals. The LUMO+1 up to LUMO+6 MO’s, on the other
hand, are preferably localized on the Dppy ligand shell. A
representation of the main MO’s involved in the optical
transitions of the [1·(BF4)3]

+ cluster is displayed in Figure 6a.
The highest occupied and lowest unoccupied MO’s of the

[1·(BF4)2]
2+ cluster are very similar to those of [1·(BF4)3]

+

cluster (see Supporting Information, Figure S9). The three
highest occupied MO’s of the [1·(BF4)2]

2+ cluster mainly
consist of Au core orbitals with a superatomic p character56

while the core-centered superatomic d-like LUMO is separated
from similar d-like orbitals by more than 5 eV and the LUMO
+1 to LUMO+6 MO’s are delocalized on the Dppy surface
ligands, as displayed in Figure 6-b.
The shifted computed absorption and emission spectra of

[1·(BF4)3]
+ are displayed in Figure 7-a,b. The computed

Figure 7. Computed absorption (left) and emission (right) spectra of (a, b) [1·(BF4)3]
+ and (c, d) [1·(BF4)2]

2+ at the TD-DFT CAM-B3LYP
level. Absorption profiles (red) are obtained at the equilibrium geometry of the S0 state and spectrum convolution has been done using Gaussian
functions with variance σ = 0.085 eV. Emission spectra are computed at the equilibrium geometry of the S1 and T1 states. The computed absorption
and emission profiles have been respectively red-shifted in energy by 0.682 (a) and 0.701 eV (c) and blue-shifted in energy by 0.536 (b) and 0.265
eV (d) in order to match the main features of the experimental photodissociation and photoluminescence spectra (see text). The gas-phase
experimental data is displayed in black. The accuracy of computed excitation energies at the TD-DFT level is expected to be about 0.5−1 eV,
depending on the character of the excited states.
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absorption and emission profiles have been respectively red-
shifted in energy by 0.682 (a) and 0.701 eV (c) and blue-
shifted in energy by 0.536 (b) and 0.265 eV (d) in order to
match the main features of the experimental photodissociation
and photoluminescence spectra. For the absorption, the onset
of the 310 nm band shared by all species (see Figure 3) and
assumed to be similar for the [(C)(AuDppy)6Ag2·(BF4)3]

+

monocation was taken as reference while for the emission the
parameters were adjusted such as to match the observed triplet
emission. The absorption spectrum of [1·(BF4)3]

+ (Figure 7a)
shows multiple molecule-like singlet-type bands at 420, 334,
303, and 275 nm associated with core-centered as well as
metal-to-ligand charge transfer (1MLCT) transitions. The low
energy tail explains photoexcitation in the visible range up to
476 nm. The computed emission spectrum of Figure 7-b
displays multiple bands corresponding to (1) experimentally
unobserved excited singlet fluorescence (556, 442, and 393
nm, orange line) with the weak 556 and 442 nm bands
corresponding to core-centered transitions while the peak at
393 nm corresponds to a ligand-to-metal charge transfer
transition, (2) mostly metal-centered lowest triplet state
phosphorescence (678 nm, green line), and (3) excited
triplet−triplet emission (about 672, 614, and 522 nm, blue
line) associated with ligand-to-metal charge transfer (LMCT)
transitions in all three cases. Only a single intense
phosphorescent transition was found computationally (Figure
7b, green line), which agrees with the simple luminescent band
profile measured experimentally. Accordingly, an energy
diagram is provided in Figure 8.

The shifted computed absorption and emission spectra of
[1·(BF4)2]

2+ are plotted in Figure 7c,d. The absorption
spectrum (Figure 7c) shows multiple molecule-like bands at
434, 337, 297, and 274 nm associated with core-centered and
metal-to-ligand charge transfer (1MLCT) transitions. Once
again the low energy tail explains the experimentally observed
excitation up to 476 nm. The marked difference around 420
nm between the absorption spectrum computed for the [1·
(BF4)2]

2+ species and the photodissociation spectrum (Figure
7c) is, as previously mentioned, likely due to the effectively
competing radiative (photoluminescence) channel, the emitted
energy being unavailable for fragmentation. It should be noted

that the solution (CH2Cl2) absorption spectrum of [1](BF4)4
also exhibits a broad, although weak, band in the 380−470 nm
region.28

The computed emission spectrum of Figure 7d corresponds
to (1) experimentally unobserved singlet-type fluorescence
bands significantly blue-shifted compared to the [1·(BF4)3]

+

cluster (orange line). Of those, only the 470 nm singlet-type
fluorescence band corresponding to a core-centered transition
involving fluorescence from the lowest excited singlet state is
visible in the computed spectrum (the other bands being
significantly higher in energy), (2) a mostly core-centered
triplet phosphorescence band at 677 nm (green line) used as in
the previous case as reference for the computed spectra, and
(3) multiple excited triplet−triplet emission band (659, 575,
486, and 460 nm band, blue line) associated with ligand-to-
metal charge transfer (LMCT) transitions. Overall, the single
intense phosphorescent transition calculated for [1·(BF4)2]

2+

(Figure 7d) agrees well with the experimental one suggesting
that only the triplet phosphorescence band is experimentally
observed. A summarizing energy diagram is provided in Figure
8.
In summary, the low energy peak at about 675 nm of Figure

7 shared by both the [1·(BF4)3]
+ and [1·(BF4)2]

2+ species is
clearly identified as mostly core-centered phosphorescence
from the lowest energy triplet state while the high energy
component of [1·(BF4)3]

+ emission corresponds to the
emission from fragments. Unfortunately, we could not
unambiguously identify the fragment ions responsible. We
presume, however, that they are formed by loss of one or both
capping Ag of the Au6Ag2 cluster unit, because it was reported
that [(C)(AuDppy)6] (BF4)2 exhibits blue-shifted lumines-
cence (λem ≈ 440 nm) in CH2Cl2 solution compared to
[1](BF4)4 (λem ≈ 600 nm).32 As displayed in Figure 8, the
lowest energy triplet (T1) to S0 energy gap is about 1.83 eV
and the excited triplet (T2) to lowest energy triplet (T1) gap is
at least 1 eV. An alternative explanation to the emission spectra
involving fluorescence inside the triplet manifoldit would
imply the population of an excited triplet state via a
(sequential) two photon excitation likely requiring much
higher irradiances than the ones used hereis ruled out based
on luminescence lifetimes. A study involving time-resolved (as
well as irradiance dependent) measurements will be reported
elsewhere. Interestingly dual luminescence in the green and
orange-red regions has also been observed in assemblies of
discrete molecular decanuclear gold(I) sulfido complexes.57

The high-energy emission with a comparatively smaller
intensity has been ascribed in these systems to a metal-
perturbed intraligand phosphorescence while the low-energy
emission was tentatively assigned either to emission from
triplet states with a ligand-to-metal charge transfer (3LMCT)
or metal/core-based (ds/dp) character.57

Overall, many photophysical properties of the lowest excited
states and corresponding transitions of organometallic
compounds are determined by the extent of metal participation
in the excited state wave functions. This metal participation
not only alters their spatial extension, but also induces
significant mixtures of singlet and triplet states by spin−orbit
coupling.58 Additionally the solvent significantly affects charge
transfer processes characterized by a substantial change in
electronic distribution between the initial and final states. The
surrounding solvent molecules responding to this change can
substantially influence the electron transfer rate as well as cause
significant shifts in absorption or emission.59 Accordingly, the

Figure 8. Semiquantitative energy diagram of the lowest-energy levels
involved in the emission spectrum of the [1·(BF4)3]

+ cluster (1+) and
the [1·(BF4)2]

2+ cluster (2+) adjusted to experimental data. Orange
lines correspond to decay from the lowest excited singlet state while
dashed blue lines describe transitions to the lowest excited triplet
state. Solid green lines are associated with phosphorescence from the
“ground state” triplet to the ground state singlet. The dashed levels
correspond to the excited triplet states involved in the lowest energy
transition lines of Figure 7b,d. The horizontal colored lines
corresponds to the excitation energies (light blue 476 nm, dark
blue 458 nm, and purple 405 nm).
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present work provides valuable information about both excited
states and intramolecular charge transfer processes, which
underlie numerous conversions of light into chemical,
electrical, and/or mechanical energy, by enabling character-
ization in the absence of polarizable medium and proton
translocation.59 Differences are highlighted with solution data.
According to ref 28, the 405 nm excitation of the solvated [1·
(BF4)4] speciesthe computations of ref 28 were performed
on the [1]4+ ionselectively (though not solely) populate the
surface ligand states and correspond to a 1MLCT transition
between Au(I) and surface ligands in solution resulting in a
single emission band with 3MLCT character. In the gas phase,
while the process is essentially the same, the excess energy
deposited on the [1·(BF4)3]

+ cluster upon 405 nm excitation
(the emission is red-shifted by about 35 nm compared to
solution data) as well as intersystem crossing to the triplet
state, leads to fragmentation as evidenced from the observed
dual emission. Since the same observation is not made for the
[1·(BF4)2]

2+ species, it is suggested that the interpretation of
the solution results may be complicated by superposition
effects.

■ CONCLUSION

In summary, the experimental and computational results
reported here suggest that the main luminescence band of
the [1·(BF4)x]

(4−x)+ species originates from low lying mostly
core-centered localized triplet states. Using gas-phase measure-
ments on mass selected ions we have enabled direct
comparison with computations and thereby considerably
simplified the analysis. Gas-phase excitation at 476 nm (and
83 K) is found to involve a transition between states localized
at the cluster core and the ligand shell, followed by intersystem
crossing to the triplet manifold and a core-centered emission
from a mostly core-centered state. Dual emission is observed
for the [1·(BF4)3]

+ species upon 405 nm excitation (at 83 K).
This is rationalized by the fragmentation of the observed
species (supposedly forming an entity without capping Ag)
when the energy deposited upon excitation is sufficient for
dissociation. Interestingly, while the computed results concur
with the limited photoexcitation data, the photodissociation
spectra were found to highlight nonradiative, i.e., fragmenting
processes or the absence thereof, complementary to the
observation of photoluminescence.
Consequently, the present work provides a deeper under-

standing of the nature of the optical transitions, the impact of
tetrafluoroborates on these transitions, as well as a better
understanding of the environment dependence of ultrasmall
gold clusters’ photophysical properties. It may thereby
contribute to the rational design of tunable ligand protected
gold clusters with a fast and efficient intersystem crossing
(ISC) from the excited singlet to the light emitting triplet
states for application as emitters and sensors. In particular, the
present work suggests a systematic study of counterions effects
may help optimize properties with ion trap experiments playing
a decisive role for these studies. We have demonstrated here,
that the isolation and separate spectroscopic investigation of
different counterion adducts is feasible by this technique so
that unprecedented insights into details of microsolvation and
also their ultrafast dynamics are within reach.

■ ASSOCIATED CONTENT

*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpca.8b01864.

Mass spectrum, comparison of [1·(BF4)3]
+ and [1·

(BF4)2]
2+ isomers, unpaired electron density for [1]3+,

PD mass spectra, channel-specific PD spectra, photo-
fragments assignments, comparison emission spectra of
[1·(BF4)3]

+ and [1·(BF4)2]
2+, photoluminescence spec-

trum of m/z 2700 fragment, space filling representation
of the [1·(BF4)3]

+ cluster, MO energy diagram of [1·
(BF4)3]

+ and [1·(BF4)2]
2+, channel specific PD spectra,

and PD total yields (PDF)

■ AUTHOR INFORMATION

Corresponding Author
*(J.-F.G.) E-mail: j.greisch@uu.nl.

ORCID

Jean-Franco̧is Greisch: 0000-0002-0761-8191
Sebastian Volker Kruppa: 0000-0003-0756-2703
Quan-Ming Wang: 0000-0002-3764-6409
Christoph Riehn: 0000-0001-7021-1055
Franco̧ise Remacle: 0000-0001-7434-5245

Present Address
⊥Utrecht University, Hecklab, Padualaan 8, 3584CH, Utrecht,
The Netherlands.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This work has been supported by the Deutsche Forschungsge-
meinschaft (DFG) through CRC/TRR 88 “Cooperative
Effects in Homo- and Heterometallic Complexes (3MET)”
(Projects C4 and C7). J.-F.G. acknowledges support from the
Hector Fellow Academy (HFA) and would like to express his
deepest thanks to Prof. Manfred M. Kappes and PD Dr. Detlef
Schooss for fruitful discussions. A.B.-C. acknowledges the
University of Liege and the EU in the context of the MSCA-
COFUND-BeIPD project. F.R. acknowledges the Fonds de la
Recherche Fondamentale Collective (FRFC 2.5020.11) for
computational resources and Fonds National de la Recherche
Scientifique (FRS-FNRS) for its support. The Bundesministe-
rium für Bildung und Forschung (BMBF) through the
Helmholtz Research Program POF Science and Technology
of Nano-systems is also acknowledged by J.-F.G. for support
and for providing the necessary infrastructure.

■ REFERENCES

(1) Wang, Q.-M.; Lee, Y. A.; Crespo, O.; Deaton, J.; Tang, C.;
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a  b  s  t  r a  c t

We report on the  first  gas phase study  of  dianionic  species  [Pt2(�-P2O5H2)4 +  X,Y]2− (X,Y =  H, K, Ag)  derived
by  counterion attachment  to the  dimetallic  [Pt2(�-P2O5H2)4]4− complex (abbrev.  Ptpop).  The combined
electrospray  ionization  mass  spectrometry and  laser  spectroscopy  investigation provides intrinsic  prop-
erties  and  fragmentation pathways without solvent  interaction  in comparison  to calculations by  density
functional  theory  (DFT)  methods.  Drastic  differences between collision induced  (loss of water)  and  UV
photo-induced  fragmentation (electron photodetachment  or  loss  of Ag0) in a  quadrupole  ion trap  are
observed.  The underlying fragmentation  pathways are explored  in detail  by MSn.  Upon  UV  photoexcita-
tion  [Ptpop  +  H,Ag]2− and  [Ptpop +  2Ag]2− exhibit  dissociation  of Ag0 indicating  an intramolecular  electron
transfer,  whereas mainly  electron  photodetachment is  observed  for  [Ptpop +  2H]2− and [Ptpop +  H,K]2−.
Channel  specific  photo-induced  dissociation  spectra in the  range of 250–400  nm  reveal  the  main band
at ∼370 nm  in remarkable  resemblance  to aqueous absorption spectra. Additional  absorption  features,
distinct broadening  and spectroscopic  shifts  depending on counterions  and  fragment  channels  are  also
observed.  For  the  ground  state  structures  a side-on  coordination  of metal  counterions  to  the  [Pt2(�-
P2O5H2)4]4− framework  is deduced  based  on fragmentation pathways, results  of  geometry  optimizations
and  calculated  absorption  spectra.

© 2015  Elsevier B.V.  All  rights  reserved.

1. Introduction

The study of molecular multiply charged anions (MCAs) in gas
phase is of interest in  various areas of theoretical and experimental

Abbreviations: CID, collision-induced dissociation; COM, center of mass; CT,
charge transfer; DFT, density functional theory; ECP, effective core potential; ED,
electron detachment; ePD, electron photodetachment; ESETD, excited state electron
tunneling detachment; ESI, electrospray ionization; fs, femtosecond; IC, internal
conversion; IF, ionic fragmentation; IR-MPD, infrared multiple photon dissociation;
ISC, intersystem crossing; LMCT, ligand-to-metal charge transfer; LMMCT, ligand-
to-metal–metal charge transfer; MCA, multiple charged anion; MC, metal centered;
MMCT, metal-to-metal charge transfer; mNL, multiple neutral loss; MS,  mass spec-
trometry; NTOs, natural transition orbitals; PID, photo-induced dissociation; ps,
picosecond; Ptpop, [Pt2(�-P2O5H2)4]4−; QIT, quadrupole ion trap; RCB, repulsive
Coulomb barrier; SCE, standard calomel electrode; sNL, single neutral loss; TD-DFT,
time dependent density functional theory; TFY, total fragment yield.

∗ Corresponding author at: Fachbereich Chemie, Technische Universität Kaiser-
slautern, Erwin-Schrödinger-Str. 52-54, 67663 Kaiserslautern, Germany.
Tel.: +49 6312054859.

E-mail address: riehn@chemie.uni-kl.de (C. Riehn).

physical chemistry. For example, comparison of their peculiar reac-
tion and fragmentation behavior in gas-phase with corresponding
solution or microsolvation studies provides insights into charge
interaction and electron correlation [1–4]. The main dissociation
pathways for isolated MCAs are electron (auto)detachment, frag-
mentation into two  (or more) anions and loss of neutral fragments
[4–6]. Depending on the system, the latter occurs preferentially
although charge separation would be energetically favored. The
kinetic hindrance results from a  repulsive Coulomb barrier (RCB).
RCBs governing (auto)detachment processes originate in the inter-
play of long-range Coulomb repulsion between an anion and an
outgoing electron and short-range attractive interaction of this
electron [1–3]. The height and width of the corresponding repul-
sive Coulomb barrier influence the rate of spontaneous tunneling
autodetachment, a phenomenon which occurs in a  wide range
of electronically metastable MCAs when isolated as ground state
species in  gas-phase [7–9].  The corresponding lifetimes can be
on the order of seconds or even longer. Much faster excited
state electron tunneling detachment (ESETD) – on picosecond

http://dx.doi.org/10.1016/j.ijms.2015.11.007
1387-3806/© 2015 Elsevier B.V. All  rights reserved.

dx.doi.org/10.1016/j.ijms.2015.11.007
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Fig. 1. Schematic structure of [Ptpop]4− (left) and view along the Pt-Pt axis (right,
eclipsed conformation [65]). P–O–P bridging oxygen atoms are connected by  hollow
stereo bonds.

timescales – has been shown to occur upon photoexcitation of
MCA  chromophores [10].  This phenomenon is itself useful toward
elucidating photoinduced ultrafast relaxation dynamics within the
(excited state) RCBs of MCAs utilizing photoelectron spectroscopy
as a probe [10,11].

By attaching counterions to isolated MCAs one can tune
their electronic states and resulting optical properties. Electron
detachment rates as well as nuclear fragmentation pathways are
correspondingly influenced [5,12–14]. In turn, gas-phase measure-
ments of these processes in  counterion-MCA adducts can provide
valuable hints on the MCA’s structure and dynamics in solution
where both solvent molecules and counterions are present. Here we
have studied such countercation adducts of the multiple charged
anion [Pt2(�-P2O5H2)4]4− (Tetrakis(�-diphosphito)-diplatinate(II)
[15,16], abbrev. [Ptpop]4−). Specifically, molecular dianions
[Ptpop + X,Y]2− (X,Y =  H, K, Ag) were probed in gas phase in  a
3D quadrupole ion trap held at room temperature. The ions
are obtained by electrospray ionization of aqueous solutions of
K4[Ptpop] containing AgNO3 for  X,Y =  Ag.

[Ptpop]4− is a dimetallic complex comprised of two  square pla-
nar P-coordinated d8-Pt(II) units facing each other and bridged by
four, doubly negatively charged pyrophosphite ligands (see  Fig. 1).
It was synthesized in 1977 [17],  structurally characterized in 1980
[18] and has meanwhile been thoroughly spectroscopically studied
in solution [15,16,18–26].  [Ptpop]4− is known for its unique pho-
tochemical properties, like the photocatalytic dehydrogenation of
alcohols [27], halogen abstraction [28], its strong reducing charac-
ter as manifested by  electron transfer [29,30], photolytic cleavage
of DNA [31,32] and its strong and persisting phosphorescence at
room temperature (� ∼ 9.8 �s [19]).

Briefly, the UV–vis spectrum of Ptpop in  aqueous solution is
dominated by a strong band at 368 nm assigned to a 1A2u ← 1A1g

(1MC(d�*-p�)) transition of the Pt-Pt chromophore [26,33]. To first
order this reflects the excitation of an electron from an anti-bonding
5d�*  (dz2 derived) to a  bonding 6p�  (pz derived) orbital, which
is associated with a shortening of the Pt  Pt  bond by ∼0.24 to
0.31 Å [20,22]. This bond shortening upon excitation is  also mani-
fested in the vibrational progression observed in  low-temperature
phosphorescence [19]. Subsequently to the primary photoexcita-
tion, efficient ISC (�ISC ∼ 10 to 30 ps [21]) yields a  long-lived triplet
state 3A2u giving intense green luminescence (�max ≈  520 nm). ISC
can occur directly and (in parallel) also via an activated path-
way [19].  The ISC rates depend strongly on spin-orbit coupling
and ligand rigidity and have recently been theoretically modeled
by spin-orbit TDDFT [34,35].  Photoexcitation at 267 nm into the
weakly absorbing higher-lying 1B2u state, assigned to a 1LMMCT
transition, also leads to the luminescing triplet state via IC, energy
relaxation and ISC [20]. Recent ultrafast laser studies have docu-
mented the strong solvent dependence of the photodynamics and
revealed long-lasting vibrational wave packets [21].  The forma-
tion of the long-lived triplet state with shortened Pt Pt bond was

also substantiated by time-resolved X-ray spectroscopy in  solution
[20,22,36].

[Ptpop]4− in  this triplet state is prone to  form luminescent exci-
plexes with metal cations like Tl+ or Ag+,  and also with Au(CN)2

−,
as was  reported early-on and quantified via red shifts of  the cor-
responding luminescence bands. [37–39].  An associative exciplex
formation mechanism by diffusional encounter was proposed for
[Ptpop]* (3A2u)  and Tl+ as opposed to  the static formation from an
electronically excited [Ptpop + Tl]3− ion pair complex [38].  For the
structure of the exciplex with Tl+, an “inner-sphere”, axial coordi-
nation at the Pt-Pt unit was considered [37] and later on supported
by time-resolved X-ray studies and TDDFT calculations for Tl+ and
Ag+ [40–42].  At  high metal cation concentrations (M =  Tl+, Ag+)
red-shifted bands at 391 nm (M =  Tl+) and 396 nm (M =  Ag+) were
observed in  the absorption spectra [38,40].  However, a  conclusive
structural analysis of the corresponding ground state adducts is  still
missing. Furthermore, despite the numerous experimental and the-
oretical studies on [Ptpop]4− and its derivatives in  solution, there
are no reports on gas phase investigations for these species.

We begin to  fill this knowledge-gap here by providing results
obtained with electrospray ionization (ESI) ion trap mass spec-
trometry in  combination with UV laser photo-induced dissociation.
These techniques allow for the preparation, investigation and com-
parison of isolated species [Ptpop +  X,Y]2− (X,Y =  H, K, Ag) under
mass and charge control. We focus here on the types of  [Ptpop]4−

derived species that can be generated by electrospray ioniza-
tion in gas phase, their structures and coordination patterns. We
explore their fragmentation channels upon collisional or  photo-
excitation and relate these observations to  their MCA  character,
also under consideration of results from an accompanying photo-
electron spectroscopic investigation [43]. Furthermore, we study
how the relative yields obtained for electron detachment, ionic and
neutral fragmentation could be influenced by (H+, K+, Ag+) counter-
ion coordination and whether the counterion binding site can be
inferred from these results in comparison to DFT and to  TD-DFT
calculations. Finally, we present and compare fragment-specific
“action” spectra of the various gas phase species and discuss the
role of solvation and counterions for the spectroscopy and photo-
dynamics of [Ptpop]4− and its derivatives in  solution.

2. Experimental and theoretical methods

2.1. Sample preparation

K4[Pt2(�-P2O5H2)4] was synthesized according to established
procedures [23] with the modification that all steps were car-
ried out in an argon atmosphere. The sample was  characterized
via UV–vis absorption spectroscopy (Fig. S1) using a  Lambda 950
UV/Vis/NIR spectrometer (Perkin–Elmer). [Ptpop + X,Y]2− (X,Y =  H,
K, Ag) species were prepared by electrospraying acetonitrile/water
(1:1, v/v, LC–MS grade) solutions of (a) K4[Ptpop] ([Ptpop +  H,K]2−),
(b) K4[Ptpop] and formic acid (∼1 �l  formic acid to 1 ml solution
at c =  10−4 M, [Ptpop + 2H]2−) and (c) K4[Ptpop] and AgNO3 (99.8%
purity, stoichiometric ratio 1:2 and 1:10 for [Ptpop +  H,Ag]2− and
[Ptpop +  2Ag]2−, respectively) at c = 10−4 to 10−5 M.

2.2. Quadrupole ion  trap mass spectrometry and laser setup

The experimental setup was  previously described in detail [44].
Briefly, (precursor) ions were generated via  electrospray ionization
at an infusion flow rate of at least 2 �l/min assisted by a dry-
ing gas (nitrogen) flow rate of 3.5  l/min at 180–220 ◦C. They were
then mass-selected, fragmented and analyzed in  a 3D quadrupole
ion trap (QIT) mass spectrometer (amaZon Speed, Bruker Dalton-
ics) modified for UV laser spectroscopic applications (similar setup
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described in [45]). The spraying needle was held at 4.5 kV and low-
ered to minimally 3.2 kV for Ag+ containing solutions optimized on
precursor signal strength. The mass-isolation window was typically
�(m/z) 8 selecting the full isotopic distribution of the precursor
species. The instrument was controlled and data analysis was per-
formed with software provided by  Bruker.

The fs-laser system consists of a  titanium:sapphire (Ti:Sa)
oscillator/chirped pulse regenerative amplifier (Wyvern 1000TM,
KMLabs, 4 mJ  at 780 nm,  981 Hz, ��  ∼ 50 fs) pumping a  nonlinear
frequency converter (TOPAS-C, Light Conversion) providing tun-
able radiation in the range of 240–2600 nm.  The output beam was
attenuated to 0.5 �J/pulse for each wavelength position using a
neutral density filter, chopped to 327 Hz and focused by  a f  =  50 cm
fused silica lens through a  fused silica window into the ion trap.
A shutter triggered from the mass spectrometer controlled illumi-
nation during the fragmentation time window of 120 ms (39 UV
pulses per sampled ion cloud). Photo-induced dissociation (PID)
spectra were recorded stepwise per wavelength position by averag-
ing the fragment yield over at least 170 mass spectra. Color changes
of the traces in the PID spectra (Fig. 5) indicate a  change in  the non-
linear optical output scheme or wavelength filters of the TOPAS
system requiring an reoptimization of the overlap of the laser beam
with the ion cloud in the trap. Spectral regions displaying system-
atic signal intensity shifts were scaled appropriately.

2.3. Collisional-induced dissociation (CID)

During a CID experiment a  resonance excitation voltage was
applied to the endcaps of the QIT accelerating the trapped pre-
cursor ions which then undergo multiple collisions with the He
buffer gas, resulting in a  slow heating of the sample molecules
which eventually leads to  fragmentation [46].  The He pressure was
constant at ∼4.5 × 10−6 mbar in the vacuum chamber surround-
ing the QIT and estimated to be ∼10−3 mbar inside the QIT. The
latter corresponds to  a hardsphere collison rate of ∼32,000/s (∼32
collisions per ms)  employing an estimated collision cross section
of ∼100 Å2 ([47],  see supporting material). The excitation ampli-
tude Ampex was tuned typically in the range of 0.0–1.0 arb. units
which corresponds to an internal scale of the mass spectrometer
and is proportional to the collision energy. However, it is diffi-
cult to extract quantitative information on the related collision and
appearance energies under the applied conditions [48].  It has been
suggested to calibrate the experimental appearance thresholds to
the known fragmentation energies of so-called thermometer ions
[49], but we believe that this procedure is only applicable to well-
characterized fragmentation pathways [50].  Therefore, we did not
attempt to evaluate the fragmentation energies from the recorded
CID curves in this work. For  comparison of different precursor
masses the appearance/breakdown curves were center-of-mass
transformed according to Eq.  (1),  where mHe and mprecursor are the
nominal masses of helium and the precursor species, respectively.

AmpCOM =

(

mHe

mHe + mprecursor

)

· Ampex (1)

To compare gas-phase stabilities of different species we refer to the
Amp50%

COM
value which is related to the collisional energy necessary

to achieve a total fragment yield (TFY) of 50%.

2.4. Fragment yield calculations

The partial fragment yield (Yi) of a fragment species (i) upon
CID or laser PID is determined from the mass spectrum obtained
after a certain fragmentation storage period (for CID: 40 ms;  for
PID: 120 ms). It is calculated as the mass peak integral intensity
of species (i) divided by the sum of all fragment and precursor

intensities (Eq. (2)). The total fragment yield (TFY) equals to  the
sum of all partial fragment yields (Eq. (3)).

Yi =
Ii

∑

i
Ii + Ip

(2)

TFY =

∑

i
Yi (3)

For PID spectra the fragment yields were additionally normalized
to N, the number of photons (N =  Epulse·�/(h·c); TFYnorm =  TFY/N).

2.5. Computational methods

Geometry optimizations were performed without constraints in
the singlet ground-state employing analytical gradient techniques
and density functional theory (DFT) at the B3LYP [51,52]/cc-pVTZ
[53] (H, O, P) level of theory as implemented in the Gaussian
09 program package [54].  For Pt, K and Ag atoms, the effective
core potential basis set Stuttgart RSC 1997 ECP [55,56] was  used.
Starting geometries were taken from literature as far  as available
[41].  Harmonic vibrational frequency analysis was performed to
confirm true minima structures. Electronic absorption spectra of
[Ptpop +  2H]2− and [Ptpop + H,Ag]2− species (Fig. 6 and Table 3)
were calculated for 30 singlet and triplet excited states, respectively
using the TD-DFT method (B3LYP/aug-cc-pVDZ(H, O, P)/Stuttgart
RSC 1997 ECP(Ag, Pt)) based on their minimum energy ground state
structures optimized at the same theoretical level without sym-
metry constraints. A selection of the obtained geometries, vertical
transition energies and corresponding occupied and virtual natural
transition orbital pairs (NTOs) is  given in the supporting material.

3. Results and discussion

3.1. ESI mass spectra and identification of species

Upon electrospray ionization (ESI) of the different mixed
analyte solutions (see Section 2.1)  we  observe the following
main species: [Ptpop + 2H]2− (m/z 484), [Ptpop +  H,K]2− (m/z 503),
[Ptpop +  H,Ag]2− (m/z 537) and [Ptpop +  2Ag]2− (m/z  590) (Figs. S2
and S3). These complexes are assigned to adducts of H+, K+ and
Ag+ to the tetra-anionic diplatinum [Ptpop]4− unit. Their elemen-
tal compositions and charge state were unequivocally assigned by
the excellent agreement of experimental and simulated isotopic
patterns (cf. Fig. 3).

Attempts to prepare bare [Ptpop]4− by ESI were not success-
ful presumably due to its high charge density which leads to the
uptake of countercations or its frailty with respect to spontaneous
electron detachment. However, a  tri-anion of type [Ptpop]3−,  with
a  presumably mixed valence Pt(III)Pt(II) core, was  observed (Fig.
S2) but is not the subject of investigation in  this work. Moreover,
the doubly protonated adduct ([Ptpop +  2H]2−,  m/z  484) was elec-
trosprayed from an acidified solution to prevent the generation of
a  mixture of (singly-), doubly- and non-protonated species exhibit-
ing different Pt  oxidation states and overlapping isotopic patterns
(Fig. S3).

3.2. Ground state geometries of [Ptpop +  X,Y]2− (X,Y =  H,  K, Ag) by

DFT calculations

Since the molecular structures of the investigated complexes
are important starting points for the discussion of their coun-
terion dependent fragmentation pathways, we first provide the
results of DFT calculations based on the described method (see
Section 2.5). Geometry optimized minimum energy structures of
[Ptpop +  X,Y]2− (X,Y =  H, K, Ag) complexes (Fig. 2) reveal strong
intramolecular hydrogen-bonding interactions resulting in  six
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Fig. 2. Calculated minimum-energy structures of (a)–(d) [Ptpop +  X,Y]2− (X,Y =  H, K, Ag). B3LYP/cc-pVTZ (H, O, P), Stuttgart RSC 1997 ECP (Pt,  K, Ag). Color coding: H (white),
additional interplanar protons (black), O (red), P  (yellow), K  (green), Ag (gray), Pt (blue). Oxygen atoms adjacent to K/Ag ions  are labeled 1–3.

membered ring structures in  individual pyrophosphite ligands
(P2O5H2) for protonated species. In the lowest energy structures,
the metal counterions K+ and Ag+ are side-on coordinated to the
[Ptpop]4− unit in  close proximity to  three oxygen atoms. Only
minor structural changes are induced upon side-on counterion
binding, in particular there is nearly no influence on the Pt-Pt dis-
tance of ∼3.0 Å (see Table 1). Isomeric structures with an axial
metal-Pt-Pt motif on the other hand are calculated to be signif-
icantly (�(�G) >  30 kJ/mol) higher in energy (see Table S4) and
the Pt-Pt distance is strongly influenced in case of the silver
adducts (see supporting material). This holds also upon variation
of  functionals, basis sets and for the addition of empirical dis-
persion corrections in the case of [Ptpop +  H,Ag]2− (cf. Table S5).
Notably, the side-on silver complexes exhibit a clearly bidentate
O Ag O binding motif with Ag O bond lengths of 2.27–2.29 Å.
This suggests stronger silver–oxygen interactions compared to
potassium–oxygen interactions (K O bond length: 2.66–2.69 Å),
which presumably have more of an electrostatic nature (cf. Table 1).

3.3. Collision-induced (CID) and photo-induced dissociation (PID)

Besides the loss of neutrals [57,58],  collisional or photoexcita-
tion of gas-phase MCAs is usually associated with two major decay
pathways involving charge separation: (i) electron detachment and
(ii) ionic fragmentation, into two (or more) anions [4,59–62].  It has
been shown that metal-cation complexation can affect these frag-
mentation characteristics, e.g. by inhibiting ionic fragmentation
[12,13].

Here, CID of the dianionic precursors leads nearly exclu-
sively to neutral-loss fragmentation irrespective of the counterion.

Table 1

Bond distances of calculated structures (a)–(d) (Fig. 2) and [Ptpop]4− (see supporting
material).

Structure Pt-Pt distance/Å M-O(1), O(2), O(3)/Å

[Ptpop]4− 3.05
(a) [Ptpop + 2H]2− 3.02
(b) [Ptpop + H,K]2− 3.04 2.69, 2.66, 2.75
(c) [Ptpop + H,Ag]2− 3.03 2.29, 2.27, 2.73
(d) [Ptpop + 2Ag]2− 3.06 2.28, 2.28, 2.78

Fragmentation by infrared multiple photon dissociation (IR-MPD)
yielded the same results [63].  Neither electron detachment nor
ionic fragmentation, detectable by the corresponding monoanionic
species, was  observed (cf. Fig. 3). However, it should be noted that
fragments <m/z 160 could not  be detected due to  the low-mass cut-
off of the QIT. By contrast, fs-UV excitation gave products arising
from electron detachment whose yields are strongly counterca-
tion dependent. In the following we will analyze this fragmentation
behavior in detail.

Fig.  3 depicts mass spectra of the fragmentation products of
isolated (a)  [Ptpop +  2H]2−, (b) [Ptpop +  H,K]2−,  (c) [Ptpop +  H,Ag]2−

and (d) [Ptpop +  2Ag]2− species upon collision-induced and photo-
induced dissociation in  the QIT. Their assignments are listed in
Table 2.  When subjected to CID, all investigated dianions decay
similarly via dehydration, exhibiting single and multiple loss of
water molecules, while retaining their coordinated metal ions and
charge. In the case of [Ptpop + 2H]2− and [Ptpop +  H,Ag]2−,  we addi-
tionally observed small percentages of fragments arising from the
loss of phosphorous acid (H3PO3) and/or a  sequential loss of  H2O
and HPO2.  This fragmentation behavior suggests the presence of a
comparatively high repulsive Coulomb barrier (RCB) for both ionic
fragmentation (IF) and electron detachment (ED) – thus favoring
neutral fragmentation on the experimental time scale of  ∼120 ms.
Note that in  accompanying photoelectron spectroscopic measure-
ments of [Ptpop +  2H]2− [43] we have found RCB(ED) > 3.5  eV. The
only exception from this behavior is shown by [Ptpop +  H,K]2−,
manifested by some monoanionic products, however at very low
abundances (see Fig. S5).

The observed multi-dehydration and dephosphorization prod-
ucts can be rationalized assuming fast proton migration upon
collisional heating with the He buffer gas. This implies a  strongly
coupled hydrogen bonded P O H· ·  ·O  P network between the
pyrophosphite ligands as illustrated by Figs. 1 and 2 and S18 (also
supported by the broad and structureless IR-MPD spectra [63]).
The view of high interligand proton mobility and accompanying
structural fluctuations of the complexes discussed here is also sup-
ported by QM/MM  simulations of [Ptpop]4− [64].  Furthermore,
a cursory DFT based search for the minimum energy geometry
yielded two  local minima structures of [Ptpop]4−, an “eclipsed” and
a 3 kJ/mol higher in energy “staggered” structure both varying in  the
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Fig. 3. Photo-induced dissociation (PID) mass spectra (left) of (a) [Ptpop + 2H]2− , (b) [Ptpop + H,K]2− both irradiated at 370 nm and (c) [Ptpop +  H,Ag]2− , (d)  [Ptpop + 2Ag]2−

both irradiated at 375 nm.  Collision-induced dissociation (CID) mass spectra (right) of (a)–(d) at different fragmentation amplitudes chosen so that the  intensity of the major
fragments and precursors are comparable. Asterisks indicate gas phase reaction products/unidentified species. Insets:  Experimental (top) and simulated (bottom) isotope
pattern  of precursors isolated in a  MS2 step without laser irradiation. The  ticks in  insets are incremented by m/z 1.

Table 2

PID and CID product assignments and corresponding percentages of the total fragment yields (TFY). The m/z  values indicate nominal masses ((pop) =  (P2O5H2)2−). Only
fragments with (Yi)  ≥  1% are given. Percentages are given for the respective PID maxima shown in Fig. 5  at 365 nm ([Ptpop + 2H]2−),  370 nm ([Ptpop + H,K]2−), 375 nm/281 nm
([Ptpop  + H,Ag]2−)  and 380/281 nm ([Ptpop +  2Ag]2−) and for CID at AmpCOM ∼ 50% fragmentation as indicated in Fig. 4.

Precursor m/z Assigned formula Loss Percentage of TFY

PID (�ex/nm) CID (AmpCOM/10−3 arb. units.)

[Ptpop + 2H]2− 484 (370) (1.40)
475  [H2Pt2(pop)3(P2O4)]2− H2O 13 72
466  [H2Pt2(pop)2(P2O4)2]2− 2H2O 4 25
457  [H2Pt2(pop)(P2O4)3]2− 3H2O 1
443  [H2Pt2(pop)2(P2O4)(PO3H)]2− H3PO3/(H2O, HPO2) 2
968  [H2Pt2(pop)4]− e− 83

[Ptpop + H,K]2− 503 (370) (1.39)
494  [HKPt2(pop)3(P2O4)]2− H2O 9 48
485  [HKPt2(pop)2(P2O4)2]2− 2H2O 48
476  [HKPt2(pop)(P2O4)3]2− 3H2O 4

1006 [HKPt2(pop)4]− e− 91

[Ptpop + H,Ag]2− 537 (375) (281) (1.19)
528  [HAgPt2(pop)3(P2O4)]2− H2O 26 26 90
519  [HAgPt2(pop)2(P2O4)2]2− 2H2O 3 29 8
496  [HAgPt2(pop)2(P2O4)(PO3H)]2− H3PO3/(H2O, HPO2) 1 2
483  [HPt2(pop)4]2− Ag 65 29
474 [HPt2(pop)3(P2O4)]2− Ag, H2O 2

1074 [HAgPt2(pop)4]− e− 3 17

[Ptpop + 2Ag]2− 590 (375) (281) (1.05)
581  [Ag2Pt2(pop)3(P2O4)]2− H2O 50 38 93
572  [Ag2Pt2(pop)2(P2O4)2]2− 2H2O 4 24 7
537  [AgPt2(pop)4]2− Ag 33
483  [Pt2(pop)4]2− 2Ag 3 18
787 [Ag2Pt2(pop)4]2

3− (see Fig. S4) 5 7
1180 [Ag2Pt2(pop)4]− e− 5 14
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Pt-P-O-P dihedral angle and the relative orientation of hydrogen
bonds [65]. Considering the complexity of the hydrogen-bonded
network in the [Ptpop +  X,Y]2− aggregates, an additional in-depth
theoretical study is  necessary in order to find the global minima.
Here, we use our calculations merely to provide simple sketches of
three conceivable mechanisms for proton transfer (Fig. S18), single
water loss (Figs. S19–21) and an estimation of the thermodynamic
energy for the latter (Table S6, �H0

(water loss)∼162 kJ/mol).

As opposed to CID, the photo-induced dissociation (PID) chan-
nels depend strongly on the countercation. In addition to the single
and multi-dehydration channels we also observe electron photode-
tachment and loss of Ag0 (cf. Fig. 3). In general, [Ptpop + 2H]2−

and [Ptpop + H,K]2− display a very similar fragmentation behavior.
After photoexcitation they decay primarily by  electron photode-
tachment (80–90%) and secondarily by dehydration (cf.  Table 2).
Evidently, the energy uptake of the ions by  a  ∼3.4 eV/UV photon
(370 nm)  is above the second adiabatic electron affinity. Intrigu-
ingly, the attachment of Ag+ ions results in a  significant decrease
of the relative photodetachment yield (for both [Ptpop + H,Ag]2−

and [Ptpop + 2Ag]2−). Instead, [Ptpop +  H,Ag]2− and [Ptpop +  2Ag]2−

display pronounced Ag0 atom loss upon photoexcitation, comple-
mentary to electron emission. Also, in  contrast to species without
silver, there is a relatively high yield of dehydration (Table 2).

The observed photo-induced Ag0 dissociation clearly shows that
an intramolecular electron-transfer must occur from the photoex-
cited Pt-Pt-centered chromophore to the attached Ag+ ion, perhaps
on an ultrafast timescale, prior to  Ag0 dissociation. Similar CT-
mediated photo-induced dissociation pathways for attached Ag+

species have been reported for cationic complexes comprised of
benzene derivatives [66] and biomolecular species, like tryptophan
and cytosine [67,68]. In  the case of [Ptpop +  H,Ag]2− this dissocia-
tion process would lead to  the formal oxidation of a  Pt(II) to a  Pt(III)
center. Support for this mechanism is  given by  the documented
strong reductive capability of the triplet excited state (3A2u) pos-
sessing an estimated standard redox potential smaller than −1.5 V
versus SCE [30]. Moreover, several mixed valence Pt(II)/Pt(III) and
Pt(III)/Pt(III) derivatives of Ptpop have been characterized [23,29].
In addition, the observed loss of two Ag0 atoms (m/z 483) in  the
case of photoexcited [Ptpop + 2Ag]2− suggests a  2-electron reduc-
tive capability of [Ptpop]4− (3A2u)  with respect to  silver cations. A
charge transfer mechanism mediated by a silver-centered electron-
ically excited state would also be conceivable (see Section 3.5.2).
However, attaching two Ag+ ions, as opposed to  a  single Ag+ and
H+ ion, does not result in  an increase of the Ag0 dissociation yield.
Instead single dehydration becomes the major deactivation path-
way (cf. Table 2).

In summary, we  find that uptake of energy by multiple collisions
(CID) or multiple IR photons (IR-MPD) promotes decay by dehydra-
tion whereas excitation by a high energetic UV photon mainly leads
to electron detachment and loss of Ag0.

3.4. Collisional-induced dissociation (CID)

appearance/breakdown curves

We have determined CID appearance/breakdown curves (Fig. 4)
in order to investigate the relative gas-phase stabilities of
[Ptpop + X,Y]2− (X,Y =  H, K, Ag) species, their partial fragment yields
and the appearance energies (∝AmpCOM)  of the different fragments.
In general, the lowest energy and major fragmentation pathway
was identified to be loss of a  single water molecule followed in
energy by the double water-loss channel (compare onsets in  Fig. 4).
In the case of [Ptpop + H,K]2− the onset difference between the
single-dehydration and double-dehydration channel is very small
suggesting a similar activation energy. For [Ptpop +  H,K]2− it was
also found that at higher AmpCOM values (1.6 × 103 arb. units) the

Fig. 4.  Fragment specific CID-appearance/breakdown curves for the partial frag-
ment yields (Yi) and total fragment yields (TFY) of (a)–(d) [Ptpop + X,Y]2− (X,Y =  H, K,
Ag) as a function of the excitation amplitude (AmpCOM ∝ collision energy). Dashed
vertical lines indicate ∼ Amp50%

COM values for the corresponding precursor species.

double-water loss channel becomes dominant. The lack of measur-
able H3PO3 loss may  be related to  this. Surprisingly, the precursor
[Ptpop +  2H]2− (Fig. 4a) which has a  high protonation degree and
which might therefore display preformed H2O with accordingly
high dehydration propensity, displays instead: Y(−H2O) > Y(−2H2O)

for all excitation amplitudes. This may be rationalized by a  stronger
intramolecular hydrogen-bonding network as induced by the addi-
tional protons and therefore a higher activation energy for double
water-loss compared to [Ptpop +  H,K]2−. This is illustrated by  Fig.  2a
which shows the calculated minimum energy geometry.

Finally, we compare the general fragmentation behavior of the
different [Ptpop +  X,Y]2− species as a  function of collision energy.
Fig.  4 gives the total fragment yields and CID breakdown curves
for all precursor ions (m/z 484, 503, 537, 590, respectively). They
are  slightly distorted from a  sigmoidal shape owing to  the inter-
play of the different decay pathways. It is  also apparent that even
at high AmpCOM values it was  not possible to achieve 100% frag-
ment yield. This originates from gas phase back reactions with
water molecules present in the QIT, i.e.  reattachment of H2O to
dehydration products. The energies at which precursor intensi-
ties are reduced to half of their initial value (Amp50%

COM
: Fig. 4,

dashed vertical lines) clearly demonstrate the decreasing gas phase
stability of the dianions with increasing number of attached sil-
ver ions, Amp50%

COM
([Ptpop + 2Ag]2−)  <  Amp50%

COM
([Ptpop + H,Ag]2−) <

Amp50%
COM

([Ptpop +  H,K]2−)  ≈  Amp50%
COM

([Ptpop +  2H]2−). Apparently,
the strong Ag–O interactions involved with side-on coordination of
Ag+ weaken P-O bonds and facilitate dehydration at a  lower inter-
nal energy (see corresponding structure in  Fig. 2). In contrast, the K+

adduct, ([Ptpop + H,K]2−), shows no significant change in Amp50%
COM
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compared to [Ptpop +  2H]2− indicating a weaker interaction of elec-
trostatic type between the potassium cation and the pyrophosphite
ligands.

3.5. Electronic photo-induced dissociation (PID) spectra

3.5.1. Power dependence

In order to ensure the comparability of gas-phase PID action
spectra with solution-phase linear absorption spectra, the absence
of multi-photon absorption processes in  the former type of spec-
tra is crucial [69]. The dependence of the total fragment yield (TFY)
on the laser power for [Ptpop +  X,Y]2− (X,Y = H, K, Ag) complexes
(Fig. S7) reveals a  one-photon absorption process at ∼370 nm
(∼320 kJ/mol), though saturation effects are  clearly discernible as
indicated by a  slope n <  1 on a  double logarithmic plot. Noticeably,
the power dependence of fragmentation channels originating from
the loss of two neutral moieties displays a steeper slope in contrast
to single neutral-loss and electron-loss decay channels. Since the
ions were irradiated by multiple laser pulses (39 pulses/ion cloud)
during a storage period of 120 ms,  this observation emphasizes the
occurrence of secondary fragmentation processes arising from a
secondary excitation of primary fragments, i.e. the primary product
ions absorb photons from subsequent lasers pulses causing further
neutral losses.

On the other hand, at ∼280 nm (∼430 kJ/mol) all fragmentation
channels of (c) [Ptpop + H,Ag]2− and (d) [Ptpop +  2Ag]2− display a
similar power dependence with n ∼  0.75 (Fig. S8). This suggests that
sequential fragmentation can occur after a  single photon excita-
tion at this wavelength-considering also the large fraction of single
neutral-loss photofragments expected to have internal energies at
the high-energy tail of the Boltzmann distribution.

Overall, we do not find evidence for a significant contribution of
UV multiple photon excitation processes to the PID spectra. How-
ever, the results do  indicate onsets of signal saturation (sub-linear
energy dependence) and secondary fragmentation contributions.
The former affects the comparability of band intensities between
solution and gas phase action spectra, the latter motivated us to
explore the fragmentation routes in  more detail by  systematic MSn

(see Section 3.6).

3.5.2. PID yield spectra and calculated absorption spectra

The UV-PID yield spectra of (a) [Ptpop +  2H]2− and (b)
[Ptpop + H,K]2− (Fig. 5) are strikingly similar to the aqueous phase
absorption spectrum of K4[Ptpop] at room temperature – with
a  slight hypsochromic shift and additional minor broadening,
respectively. This supports the picture that an aqueous solution of
[Ptpop]4− comprises an equilibrium mixture of H+ and K+ coun-
terion adducts. By contrast, the gas-phase spectra of the silver
adducts (c) [Ptpop +  H,Ag]2− and  (d) [Ptpop +  2Ag]2− are signif-
icantly broadened compared to solution and show systematic
bathochromic-shifts with absorption bands centered at ∼375 nm
and ∼280 nm (weak). Furthermore, an additional non-resonant
fragmentation contribution becomes discernible as an offset at
wavelengths below ∼350 nm.  This is more pronounced for the dou-
ble Ag+ adduct and will be discussed later on.

We assign the strong absorption features peaking at ∼365
and ∼370 nm for [Ptpop + 2H]2− and [Ptpop + H,K]2−, respectively,
to the Pt-Pt-centered 1MC(d�*-p�) transition based on TD-DFT
(B3LYP) calculations (�calc =  347 nm,  see Fig. 6 and Table 3) and the
fact that the gas phase spectra resemble those in  aqueous solution
(367 nm,  ε = 34,500 M−1 cm−1 [25]) which is  consistent with the
reported weak solvatochromism of the Pt-Pt-centered [Ptpop]4−

chromophore [25].  We note in passing, that the calculated transi-
tion wavelength for the main absorption band of [Ptpop]4− in gas

Fig. 5. UV-PID yield spectra (TFY) of (a)–(d) [Ptpop + X,Y]2− (X,Y = H, K, Ag) species
compared to  the UV–vis absorption spectrum of K4[Ptpop] (purple solid lines) in
deoxygenated H2O (c  = 72 �M, Fig. S1). All spectra are normalized to  unity. Error
bars (±1�, 170 mass spectra) are connected by  dashed lines to  guide the eye. Color
changes indicate a  change in either the output wave or wavelength filters and the
total  fragment yields of (b)  are scaled by a  factor of 1.71 in the range of 263–285 nm
(see Section 2.2). Inset: Magnified PID spectrum of (c) in the range of 230–330 nm.
(For  interpretation of the references to  colour in this figure legend, the reader is
referred to  the web version of this article.)

phase (�calc = 367 nm [24]) agrees very well to our experimental
data [Ptpop + 2H]2− (Fig. 5a).

Concerning the interactions with metal cations it is known, as
mentioned in the introduction that the photoexcited triplet state,
(3A2u), has a  strong affinity for metal ions M+ such as Tl+ and
Ag+ yielding luminescent exciplexes with an axial M-Pt-Pt(-M)
geometry [38,40–42].  However, ground state [Ptpop]-Ag interac-
tions in solution, as indicated by a Ag+ concentration dependent
decrease of the 367 nm band and concomitantly by  an increase
of a bathochromic-shifted feature (∼ 400 nm,  [40]), are not well
understood. Here we observe a very small bathrochromic shift
(�� ∼ 5 nm)  for gaseous [Ptpop +  H,Ag]2− and [Ptpop +  2Ag]2− with
respect to silver-free species and take this as a strong indication
for a  side-on coordination motif (Fig.  2). We have also measured
the PID spectra in  the range of 410–445 nm at higher laser fluence
(3 �J/pulse) revealing no additional bands for both [Ptpop +  H,Ag]2−

and [Ptpop +  2Ag]2− (Fig. S6). Consequently, the band observed at
∼375 nm for the Ag+-attached species in gas phase should also
derive from a Pt-Pt-centered 1MC(d�*-p�) transition. Potentially
a Pt-to-Ag charge transfer state is also contributing. TD-DFT calcu-
lations (see Fig. 6 and Table 3) support this assignment revealing
only a small relative shift of the 1MC(d�*-p�) transition between
[Ptpop +  2H]2− and [Ptpop +  H,Ag]2− (side-on coordination motif)
and an additional ligand-to-silver CT  transition (1LMCT) transition
close in  energy rationalizing intramolecular electron transfer and
dissociation of Ag0 upon photoexcitation. In contrast, the calculated
absorption spectrum for an axial Ag-Pt-Pt geometry differs strongly
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Table  3

Fragmentation channel specific absorption bands of [Ptpop +  X,Y]2− (X,Y = H, K, Ag) (Fig. 7, Fig. S13) compared to absorption of K4[Ptpop] in aqueous solution (Fig. S1), and
total fragment yields (TFY) at selected wavelengths. The spectral fwhm of the fs laser is: ∼8 nm and ∼4  nm at 375 nm and 281 nm,  respectively. The last two columns contain
calculated  vertical transitions (B3LYP/aug-cc-pVDZ, f = oscillator strength) and their respective assignments (see Fig. 6 and supporting material).

Species �max/nm �/nm  (TFY) �calc/nm (f ≥ 0.008) Character

ePD Single neutral
loss.

Multiple neutral
loss

TFY

(a) [Ptpop + 2H]2− 370 360
300

365 370 (0.30) 347 (0.200)
303 (0.009)
279 (0.009)

1MC (d�*-p�)
1LMMCT
1LMMCT

(b) [Ptpop + H,K]2− 370 360
305

– 370 (0.21)

(c)  [Ptpop + H,Ag]2− 360 375
290

375
270

375 (0.44)
281 (0.07)

353 (0.020)
341 (0.188)
308 (0.011)
269 (0.013)

1LMCT (L→Ag)
1MC (d�*-p�)

(d)  [Ptpop + 2Ag]2− 355 375
325
280

385
280

375 (0.23)
281 (0.09)

�max/nm (ε/M−1 cm−1)  [25]  TD-DFT/PCM (B3LYP) [78]
K4[Ptpop] in H2O 367 (34500)

305 (990)
266 (1550), 243 (3350)

351 (0.276)
301 (0.008)
243 (0.024)

1MC (d�*-p�)
1LMMCT

(see Fig. S22). Additional support for our structural conclusion is
based on the reported ground state interaction of [Ptpop]4− with
Pb2+ or Sn2+. In these solution experiments bathochromic shifts
of ∼25 nm and ∼70 nm,  respectively, and additional low-energy
bands were observed [70].  It  was proposed that the primary car-
riers of these absorptions are aggregates, formed by coordination
at the axial Pt sites. These likely compete with other species such
as aggregates at peripheral sites of the pyrophosphite ligands. Fur-
thermore, in another study, axial coordination of SO2 was clearly
demonstrated to give rise to a  significantly bathochromic-shifted
band in the UV–vis absorption spectrum [71].

Fig. 6. Calculated absorption spectra (B3LYP/aug-cc-pVDZ) of (a)  [Ptpop +  2H]2− and
(b) [Ptpop + H,Ag]2− (Gaussian band shapes, fwhm =  0.33 eV).  Insets show relevant
occupied (bottom) and virtual (top) NTO pairs (isovalue = 0.03).

To conclude, Pt-to-metal (here: Ag) charge transfer (MMCT)
states are expected for complexes of axial structure and should
show an intrinsic strong spectral shift [48,49] with additional bands
at longer wavelength. We  observe only remarkably small shifts for
the [Ptpop]-Ag+ aggregates in gas phase and therefore ascribe a
side-on structure to  these complexes in  agreement with TD-DFT
results. However, upon solvation an increase of this bathochromic
spectral shift may  be expected due to some charge transfer charac-
ter of the corresponding Pt-Pt  centered transition (see Fig. 6). We
note that a more detailed theoretical survey of the [Ptpop +  X,Y]2−

species reported here would be  desirable. In particular, it would be
interesting to compare the gas phase data presented here to cal-
culated excitation energies upon inclusion of spin-orbit coupling
(e.g. obtained by SO-TD-DFT [35]). Furthermore, the energies of
charge-transfer transitions are notoriously underestimated by TD-
DFT [72,73] and a  better treatment is required. Finally, a systematic
investigation of solvent effects is called for.

3.5.3. Channel specific PID spectra

In general, a  variety of possible energy relaxation pathways such
as internal conversion (IC), intersystem-crossing (ISC) and inter-
nal vibrational redistribution (IVR) could govern the (consecutive)
fragmentation processes of the photoexcited dianions. We  can-
not  distinguish unequivocally between them by the experimental
evidence in  this work, but we can invoke different scenarios. Frag-
mentation can occur (a) directly from a photoexcited electronic
state which is  coupled to a  fragmentation coordinate or  (b) indi-
rectly from a  vibrationally “hot” electronic ground state populated
after IC. Our collisional and photoexcitation data for [Ptpop + X,Y]2−

suggests that all dehydration/dephosphorization photoproducts
most likely originate from fragmentation of a vibrationally excited
“hot” electronic ground state since they can be afforded both by  CID
and PID. By contrast, electron detachment and Ag0 dissociation are
characteristic for electronic excitation and possibly reflect direct
decay processes out of one or more electronically excited-states
(see Fig. 6).

In  the following we present and discuss the channel specific
decomposition of the PID spectra. We  observe strong variations
in  the branching ratios of the individual fragmentation channels
as a function of photon energy (Figs. S9–S11). The displayed PID
behavior is  complex and comprised of contributions from (i)
excited electronic states and (ii) a variety of fragmentation mech-
anisms, as already mentioned, which cause a partial scrambling
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Fig. 7. Fitted band profiles and corresponding “grouped-channel” PID spectra (see Fig. S12) for (a)  [Ptpop + 2H]2− (left) and (b) [Ptpop + H,Ag]2− (right) classified into: total
fragment  yield (TFY, black circles) and grouped decay channels: electron photodetachment (ePD, green circles), single neutral loss  (sNL, blue circles) including (a)  m/z  475
(–H2O); (b) m/z 528 (–H2O), m/z 483 (–Ag) and multiple neutral loss (mNL, red circles) including (a) m/z  466 (–2 H2O), m/z 457 (–3 H2O), m/z 443 (–H2O,HPO2) (b) m/z 519
(–2  H2O), m/z 496 (–H2O,HPO2), m/z  474 (–Ag,H2O). Dashed black lines in  the top panels show the normalized aqueous UV absorption features of K4[Ptpop]. Insets show
magnifications. (For interpretation of the references to  colour in this figure legend, the reader is referred to  the web version of this article.)

of spectral information. Similar observations have been reported
for other dianionic metal complexes [74,75], underscoring the
importance of elucidating the fragmentation mechanisms for
interpretation of PID spectra. Consequently, in  order to disentangle
the different contributions to  the PID spectra (Fig.  7) we categorize
the  photoproducts into three groups associated with (i) electron
photodetachment (ePD), (ii) single neutral loss (sNL) and (iii)
multiple neutral loss (mNL).

Electron photodetachment (ePD):  The cross section for ePD is  gov-
erned by the absorption cross section and the height and shape
of the inner repulsive Coulomb barrier RCB(ED) of dianions. When
the photon energies for the resonantly excited electronic state
is lower than the inner RCB(ED) but above the second adiabatic
electron affinity, the ePD yield should relate to the probability of
excited state electron tunneling detachment (ESETD) which is a
known phenomenon for MCAs [76].  Higher photon energies addi-
tionally facilitate direct photodetachment which can be indicated
by a threshold in the electron detachment yield [74].

Single neutral loss (sNL): Considering the fact that sNL photofrag-
ments can only originate from primary fragmentation, the
corresponding PID spectrum should directly be related to electronic
excitation of the [Ptpop + X,Y]2− chromophore. It  can therefore
provide information similar to an absorption spectrum under the
assumption that electronic excitation at each wavelength yields
sNL fragments with equal probability [77],  i.e.: (i) the excess energy
after photoexcitation should be higher than possible activation bar-
riers for fragmentation, (ii) the dissociation rates should be fast on
the experimental time scale (=negligible kinetic shift) and (iii) com-
peting decay processes such as photoluminescence or excited state
electron tunneling detachment should not be significant (or not
dependent on excitation wavelength).

Multiple neutral loss (mNL): mNL  products can originate from
secondary fragmentation processes due to  multiple illumination

of  the ion cloud and therefore relate to a  superposition of the PID
spectra of several fragments. At higher photon energies, i.e. shorter
wavelengths, a sequential loss mechanism may also be feasible
when single neutral loss photofragments contain enough internal
energy to fragment further.

It is  convenient to discuss channel specific PID spectra in terms
of a  “grouped-channel” representation, i.e. by integrating over all
channels corresponding to either electron photodetachment (ePD),
single neutral loss sNL or multiple neutral loss (mNL). The cor-
responding “grouped-channel” PID spectra (Fig. 7,  Figs. S12 and
S13) display a  variety of spectrally distinct contributions to the
total fragment yields. For clarity, fitted envelopes to PID spectra
are shown in Fig. 7 and Fig. S13 and the corresponding spectro-
scopic features are summarized in  Table 3.  No evident correlation
between sNL and mNL  channels is  discernible from the spectra sup-
porting our inference, that the total fragment yield (TFY) spectra
comprise a  superposition of primary and secondary fragmentation
contributions. As  already pointed out, the TFY spectra obtained
for the silver adducts look quite similar qualitatively to  those
of [Ptpop +  H,K]2− and [Ptpop +  2H]2−.  The differences between
(a) [Ptpop +  2H]2− and (b) [Ptpop +  H,Ag]2− with respect to the
channel-specific spectra (Fig. 7) are more pronounced and will be
discussed next.

The electron photodetachment (ePD) yield spectra (Fig. 7)
display a  distinct band centered at 370 nm for [Ptpop +  2H]2−

and an analogous, somewhat broadened band at 360 nm for
[Ptpop +  H,Ag]2−. On  the basis of a  time-resolved photoelectron
spectroscopy study performed in parallel [43] we conclude that
these spectral features most likely reflect resonant 1MC(d�*-p�)
excitation of the Pt-Pt-centered chromophore at photon energies
below the inner repulsive Coulomb barrier (RCB(ED) > 3.5 eV) and
therefore originate from excited state electron tunneling detach-
ment (ESETD). In this study [43] we further show that ESETD
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may  occur from either singlet and/or triplet excited states of
[Ptpop + 2H]2− with presumably different heights and shapes of
their repulsive Coulomb barriers. Interestingly, in the case of
[Ptpop + 2H]2− the ePD absorption band is  bathochromically shifted
by ∼10 nm (800 cm−1) relative to the major feature for single
neutral loss. In contrast, the electron photodetachment feature
for [Ptpop + H,Ag]2− exhibits a  significant hypsochromic shift by
∼15 nm (1100 cm−1) relative to  the major band of the sNL  spec-
trum. In a simplified scenario, the Ag+ ions could act as internal
electron acceptors which capture the “tunneling electrons” thus
explaining the occurrence of Ag0 dissociation channel and the cor-
respondingly lower relative electron detachment yield for silver
adducts. The electron tunneling processes can obviously only take
place within the lifetimes of the respective excited states. In solu-
tion phase an ultrafast ISC from the 1A2u (�  ∼ 8 ps) to the 3A2u

(� ∼ 9.8 �s) excited state has been observed [19,21].
In the range of ∼340 nm to  240 nm the electron photodetach-

ment spectrum of [Ptpop + 2H]2− shows no pronounced spectral
features and comparatively little overall electron detachment,
whereas the K+/Ag+ adduct species (Fig. 7,  Fig. S13) exhibit an
onset at ∼305 nm to a  nearly linearly rising electron detachment
yield as photon energy is  increased further. The latter may indicate
additional detachment pathways besides excited state electron
tunneling detachment, presumably from energetically lower lying
ligand-centered orbitals or direct electron detachment governed by
Franck-Condon factors connecting the dianion 1A1g ground state
with vibronic states of the resulting monoanion.

The single neutral loss (sNL) spectra are generally more struc-
tured and display a weak feature centered at 300 nm and 290 nm for
[Ptpop + 2H]2− and [Ptpop +  H,Ag]2−,  respectively. Similar features
are observed in this region for [Ptpop +  H,K]2− and [Ptpop +  2Ag]2−,
the latter exhibiting two distinct bands peaking at ∼325  nm and
∼280 nm (Table 3,  Fig. S13). We tentatively attribute these features
to a resonant enhancement in the fragmentation cross section orig-
inating in the excitation of low-intensity bands which were also
detected in the solution spectrum of [Ptpop]4− (cf. dashed lines
in  Fig. 7). These bands at 305 nm and 266 nm,  observed in aqueous
solution, are attributed to 1LMMCT  transitions and display a distinct
shift in less polar solvents, e.g., acetonitrile [25,34]. Consequently,
electronic transitions with 1LMMCT  character should be suscepti-
ble to interactions of the pyrophosphite ligands with metal cations.
Hence, the observed variability of the sNL 300 nm/290 nm bands in
relation to the attached cations for [Ptpop + X,Y]2− species (Table 3)
support a side-on coordination motif and a 1LMMCT character of
the corresponding transitions.

The multiple neutral loss (mNL) yield spectra reveal broad fea-
tures at wavelength below 300 nm and therefore contribute to the
non-resonant offsets observed in  the total PID (TFY) spectra. We
do not discuss individual mNL  spectral features further due to the
complexity of the possible underlying processes. Nevertheless, a
few possible routes to the multiple neutral loss decay products
observed are discussed in the following.

3.6. Fragmentation routes and mechanisms

Multiple MS3 experiments were conducted on isolated dehy-
drated [Ptpop + X,Y-H2O]2− fragments generated via CID to  explore
their photo-induced and collision-induced fragmentation chan-
nels (Figs. S14–S16). As an example for the typical fragmentation
phenomena observed, we have summarized the possible frag-
mentation routes of [Ptpop +  H,Ag]2− in Fig. 8. PID of preselected
[Ptpop + H,Ag-H2O]2− yielded multiple dehydrated fragments
(–H2O, m/z 519; –2H2O, m/z 510) and the elimination of HPO2

(m/z 496). This is a  strong indication for a sequential mechanism
of  the multi dehydration process and clearly shows that the “for-
mation of H3PO3” can originate from a  sequential loss of H2O and

Fig. 8. Fragmentation scheme of [Ptpop +  H,Ag]2− based on MS2 (solid arrows)
and MS3 (dashed arrows) collision-induced and photo-induced fragmentation
experiments. MS3 experiments were conducted by first producing the single
dehydration fragment (m/z 528) via CID followed by isolation and subsequent irra-
diation/fragmentation (Figs. S14–S16). Products which are formed via both CID and
PID (black arrows) are listed on the left, and products only generated by PID are
indicated on the right (blue arrows). The assumed pathway (483 m/z  → 474 m/z) is
indicated in gray. (For interpretation of the references to colour in this figure legend,
the reader is  referred to  the web version of this article.)

HPO2.  Interestingly, electron photodetachment was observed for
all (preselected) [Ptpop + X,Y–H2O]2− species whereas Ag0 disso-
ciation could not be achieved – neither by CID nor PID. Therefore,
the “–(Ag0,H2O)” photofragment (m/z 474) can only be  generated
in a sequential mechanism by first eliminating Ag0, yielding a
species with m/z  483, and subsequently by loss of a  H2O molecule
(Fig. 8, gray arrow). We  conclude from these observations that
Ag+ is stronger bound to the dehydrated species than to its non-
dehydrated precursor.

CID appearance curves determined in MS3 experiments
for [Ptpop +  X,Y-H2O]2− species (Fig. S17) indicate Amp50%

COM

([Ptpop + 2Ag-H2O]2−) ≪  Amp50%
COM

([Ptpop +  H,K-H2O]2−)  <

Amp50%
COM

([Ptpop +  H,Ag-H2O]2−) ≈ Amp50%
COM

([Ptpop + 2H-H2O]2−).
This provides further evidence for side-on Ag O  binding in the
corresponding precursors (Fig. 2). The associated interactions
apparently lower the activation energy for single water loss
thereby opening an energetically favored dehydration pathway.
An  analogous dehydration step is no longer accessible in the
[Ptpop +  H,Ag-H2O]2− product but presumably it can still occur
in [Ptpop +  2Ag-H2O]2− which exhibits two independent side-on
Ag+ coordination sites (cf. Fig. 2). As mentioned before, a thorough
theoretical investigation of the dehydration mechanism, the
involvement of silver and determination of the relevant transition
states would be desirable, but is beyond the scope of this paper.

4. Conclusions

The aim of this study was to explore the collisional- and photo-
induced fragmentation pathways of dianionic [Ptpop + X,Y]2−

(X,Y =  H, K, Ag) species in vacuo and whether the counterion binding
site could be inferred from this data in comparison to theory.

CID reveals nearly exclusively neutral-loss fragmentation
mainly by dehydration, whereas UV-PID yields primarily electron
detachment and – in the case of Ag+ adducts ([Ptpop + H,Ag]2−,
[Ptpop +  2Ag]2−) – loss of Ag0. We  attribute the latter to either
excited state intramolecular electron transfer from the Pt-Pt
chromophore to  a  side-on coordinated Ag+ or  excitation of a
1LMCT(L→Ag)  transition supported by TD-DFT results.
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We  find that the electron photodetachment yield (ePD) is
strongly countercation dependent. Protonated and potassiated
species mainly are deactivated by ePD, whereas the addition of
Ag+ increases the relative amount of neutral-loss fragmentation.
Additionally, we infer from a  photoelectron spectroscopy study
performed in parallel [43] that excited state electron tunneling
detachment processes contribute strongly to the ePD decay channel
observed here. In  particular, the heights of the corresponding repul-
sive Coulomb barriers and adiabatic detachment energies inferred
in the latter study are consistent with this mechanism.

PID spectra were recorded in  the 250–400 nm wavelength range
and display a  resemblance to  the aqueous absorption spectrum
of K4[Ptpop]. Spectroscopically, only a  small bathochromic shift
by ∼5 nm (∼500 cm−1) is  observed for the Ag+ adducts compared
to the silver-free species. This is  a  strong indication for a  side-on
coordination motif as supported by the displayed fragmentation
behavior, ground state geometry optimizations and TD-DFT results.
The Ag-[Ptpop] complex thus formed acquires some CT  charac-
ter and therefore displays a  solvent-induced red-shift in aqueous
solution for its main excitation band [40].  We do  not observe exper-
imental evidence for axial  Ag-Pt interaction in  this ground-state
aggregate as known for the [Ag-Ptpop]3−* exciplex in aqueous solu-
tion [40].

The wavelength dependence of the various primary decay chan-
nels reveals that several decay/fragmentation routes contribute
to the total photofragment yields. We have decomposed their
fragment specific contributions and have discussed underlying
fragmentation mechanisms in  detail due to the fact that secondary
fragmentation processes were discernible, particularly at higher
laser fluence.

Motivated by preliminary evidence for electron transfer and
intersystem crossing on an ultrafast timescale, we  are presently
exploring the photodynamics of [Ptpop +  H,Ag]2− employing
fs/ps-resolved pump-probe photo-induced dissociation and photo-
electron spectroscopy–and will report on this in  forthcoming
publications [43].

To conclude, this study provides the first gas-phase data on the
photophysical properties of mass selected H+/K+/Ag+ adducts of
[Ptpop]4−. Inferences are directly comparable to structural theory
and contribute to a  better understanding of the intrinsic proper-
ties of this multiple charged anion and its ground state interactions
with metal cations.
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Abstract: Femtosecond photo-induced dissociation (gas phase) and transient absorption (solution) 
revealed multi-exponential electronic dynamics in a (AgI-AgI) phosphine complex. This is 
extended to vibrational wavepacket dynamics for its chlorine adduct (AgI-AgI)-Cl. 
OCIS codes: (300.0300) Spectroscopy; (300.6250) condensed matter; (300.6520) trapped ion; (300.6530) ultrafast; 
(300.6540) ultraviolet 

 

1. Introduction 

Metallophilic, and more specifically argentophilic effects, based on internuclear attractive interactions of d10 
transition metal ions, have been studied in structural chemistry for some time [1]. Moreover, many of these 
compounds exhibit interesting optical and luminescence properties useful for photocatalysis, OLED materials or 
sensing applications. This functionality can be tailored by chemical modification of the ligands and adjustment of 
the environment through variation of solvents or counterion adduct formation, which both influence the metal-metal 
interaction. The exploration of ultrafast vibrational and electronic coupling dynamics of multimetallic complexes 
should shed light on energy partition and relaxation pathways and therefore leads to a deeper understanding of the 
response of metal-metal interactions to photoexcitation. To this end, and because studies on the ultrafast dynamics 
on such systems are still rather scarce [2], we investigated a promising prototypical binuclear model system 
[Ag2(dcpm)2]

2+, 12+, (dcpm = bis(dicyclohexylphosphino)methane), whose static optical properties like absorption 
cross sections, luminescence and Raman spectra as well as quantum yields have been well documented [3]. In 
particular, by performing both gas phase and solution experiments we have studied chemical environment effects 
(solvated vs. solvent-free chromophore) for 1

2+ 
 and extend these investigations here by reporting on the excited 

state dynamics of its chloride ion adduct [Ag2(dcpm)2Cl]+, 2+
 in gas phase. 

 
2. Experimental Setup 

 

Fig. 1. Scheme of experiment: Paul-type ion trap electrospray mass-spectrometer (ESI-MS) combined with femtosecond laser setup. The fs laser 
is utilized for both, femtosecond transient photo-induced dissociation (τ-PID) and transient absorption (TA) experiments. 
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The ultrafast studies are based on femtosecond transient photo-induced dissociation (τ-PID) for gas phase [4, Fig.1] 
and transient absorption (TA) for solution experiments. We use a 1 kHz 50 fs-amplified Ti:Sa-laser system equipped 
with two optical parametrical generator/amplifier units for independent wavelength tuning (240-2600 nm) of pump 
(UV, spectral width ~ 4 nm FWHM) and probe pulses (NIR for τ-PID / continuum generated white light in CaF2 for 
TA) in combination with a modified electrospray ionization (ESI) Paul-type ion trap mass spectrometer (MS) for ion 
selection, storage and fragment mass analysis (up to m/z 3000). Laser beams are introduced into the ion trap through 
fused silica windows (3 mm thickness) and focused to ~ 1 mm diameter at position of the ion cloud. The relative 
polarization of pump/probe beams was set to magic angle using a Berek compensator as λ/2 plate for both, τ-PID 
and TA. The experimental time resolution was estimated by measurement of the cross-correlation (λpump: 260 nm / 
λprobe: 1150 nm) using multi-photon ionization of neutral furan background gas in the ion trap (FWHM ~ 200 fs, τ-
PID) and cross-phase modulation in CaF2 (FWHM ~ 120 fs, TA). The pump and probe pulse energies for τ-PID are 
set to ∼  1 µJ and ∼  160 µJ, respectively, whereas for TA a pump pulse energy of 200-600 nJ is used. 
 

3. Results and discussion 

The first complex (12+, inset Fig. 2a) displays only weak luminescence in acetonitrile, but exhibits two main bands at 
~ 380 nm and 520-660 nm upon UV excitation. From resonance Raman experiments a ν(Ag-Ag) stretching vibration 
of 80 cm-1 in the electronic ground state was obtained [3]. Furthermore, as response to excitation of the metal-
centered 1MC(dσ*-pσ) transition at 262 nm, a shortening of the Ag-Ag distance by -0.20 Å was estimated [3]. 
 

(a) 
 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 2. (a) Decay dynamics in the ion trap given by the transient total fragment yield of 12+ (λpump: 260 nm, 1 �J / λprobe: 1150 nm, 160 �J). Inset: 
schematic structure of 12+ (Cy= cyclohexyl). (b) Transient absorption of 12+ in acetonitrile (λpump:260 nm / λprobe: 380, 490, 640 nm), (c) Decay 
dynamics of 2+ in the ion trap given by dcpm-loss fragment yield (λpump: 260 nm, 1 �J / λprobe: 1150 nm, 150 �J). Dataset was fitted by 
convolution of a Gaussian (FWHM = 80 fs) with sum of tetra-exponential decay function and a damped sine function. Inset: schematic structure 
of 2+. Fitted values are indicated with errors in parentheses corresponding to one standard deviation. 
 

 

 

(b) 

(c) 
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Recording the photofragmentation yield of mass selected ions 1
2+ as a function of wavelength revealed a 

characteristic absorption band (250-280 nm) in gas phase, very similar to the absorption spectrum in solution [3]. 
The gas phase excited state dynamics (λexc: 260 nm) extracted from the transient total fragment yield (Fig. 2a) is 
fitted by a tetra-exponential decay function (time constants: 0.55(2), 5.8(4), 100(7), >1000 ps). In parallel, transient 
absorption spectroscopy in acetonitrile (Fig. 2b) using femtosecond UV pump and white light probe pulses (350-700 
nm) revealed lifetimes of ca. 0.9(1), 8.5(2), 73(2), 600(18) ps and additionally a long-lived residual (> 1ns) for the 
same excitation wavelength. Due to this very similar dynamics in gas phase and solution, we interpret the tetra-
exponential decay as mainly intrinsic electronic dynamics of the Ag-Ag chromophore and attribute the respective 
smallest time constants (0.55 gas phase / 0.9 ps in acetonitrile) to ultrafast intersystem crossing (ISC) in comparison 
to the (AuI-AuI) congener of 1

2+
 (τ(ISC) ~ 0.15 ps [2]). ISC is followed by successive deactivation processes, 

presumably by internal conversion within the triplet manifold. Here an influence of solvent molecules is clearly 
discernible, in particular for the larger time constants.  

Additionally, the observed long-lived excited state in solution could be related to the formation of specific 
complexes with the solvent molecules or long lived exciplex-type states, as was recently put forward for the related 
AuI-AuI complex [2]. To this point the nature of the complex-solvent interaction governing the excited state 
dynamics, e.g. direct coordination of acetonitrile molecules to silver centers or vibrational coupling facilitating 
energy dissipation, is speculative and awaits further studies. Moreover, theoretical investigations of the energies and 
structures of the excited states are mandatory for a thorough analysis.  

The second molecular target (2+, inset Fig. 2c) is represented by the chloride ion adduct (AgI-AgI)-Cl 
([Ag2(dcpm)2]Cl1+), which was generated by electrospray ionization (from solution of 1(PF6)2 salt and 
tetrabutylammonium chloride in acetonitrile), isolated and identified by mass analysis via its characteristic isotope 
pattern around m/z 1067 (most abundant mass). We propose a bridging coordination motif of Cl- (�-chlorido) on the 
basis of known structures of similar halide-adduct complexes. The photo-induced dissociation spectrum [5] reveals 
two gas phase spectroscopic features, a rising edge at < 245 nm and a band at 250-300 nm. Since the latter peaking 
at ~ 260 nm may be related to the 1MC(dσ*-pσ) transition observed for 2+

, we used this wavelength for excitation. 
In the following the influence of Cl- coordination on the excited-state dynamics will be discussed. 

The transient photo-induced dissociation signal (Fig. 2c) of 2+
 is dominated by dcpm-loss (–m/z 408, loss of one 

complete diphosphine ligand) displaying a tetra-exponential decay (time constants: 0.16(1), 4.0(1), 25(1), 170(10) 
ps) with an apparent, damped oscillatory component (time constant of damping: ∼  0.50(1) ps, frequency:  ∼ 77(1) 
cm-1). The latter is assigned to vibrational wavepacket dynamics, presumably related to the excited-state ν(Ag-Ag) 
stretching vibration (modified by the bridging chloride ion).  

Surprisingly, this vibrational wavepacket displays a phase shift (of π) depending on the detected fragment 
channel (e.g. HCl loss, –m/z 36), which is indicative of specific coupling at the classical turning points of the Ag-
Ag(Cl) oscillation, governing very early on in the relaxation dynamics the subsequent pathways for fragmentation.  
Furthermore, it is clearly discernible that Cl- addition leads to a faster electronic deactivation (Fig. 2c).  

The question arises why vibrational coherence is observed for 2+
 at all and not for 12+

, neither in gas phase nor in 
solution, although the overall dynamics and structural changes on the AgI-AgI chromophore are supposedly similar? 
For an answer we have to await theoretical ab-initio investigations of the relevant excited electronic states and 
potential energy scans, e.g., along the AgI-AgI and AgI-Ligand coordinates. 
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Abstract. Ultrafast vibrational coherence with metal-metal stretching 
mode character is observed for phosphine-bridged d10-d10 complexes of 
different size, containing the binuclear [Ag2Cl]+ chromophore in an ion 
trap. Fragmentation pathways are governed by the wave packet’s phase. 

1 Introduction  
Ultrafast photo-induced dynamics of ligand-stabilized transition metal complexes is a 
rapidly advancing field due to their widespread applications e.g. in organic light emitting 
diodes (OLEDs), sensors, light harvesting (dye-sensitized solar cells), photocatalysis and 
medicine. Thus, many femto/picosecond-resolved methods are currently employed such as 
transient optical spectroscopy, 4D electron diffraction as well as front-edge X-ray 
techniques. However, gas phase studies giving insight into the intrinsic dynamics in the 
absence of a surrounding medium are still scarce.  

Our gas phase approach is based on time-resolved photodissociation (τ-PD) action 
spectroscopy [1-3] of mass-selected, ion-trapped molecular systems, probing their 
electronic dynamics by way of transient fragmentation patterns as a function of pump-probe 
delay. Besides information on excited state kinetics, we focus on the question of how a 
subtle quantum phenomenon such as vibrational coherence is influenced by structural and 
electronic parameters, modulating cooperative metal-metal interaction.  

Therefore, we studied d10-d10 complexes by example of the phosphine-ligand bridged 
[Ag2(Cl)]+ scaffold (Fig. 1), providing opportunities for chemical modifications e.g. by 
variation of the ligand size. We compare the wave packet dynamics of complexes with the 
bulky LCy ligands (2+, 149 atoms, R = C6H11, cyclohexyl) to those of the smaller LMe 
ligands (1+, 45 atoms, R = CH3, methyl) and observe a correlation between the wave 
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packet’s phase and fragment type and an (at first glance) astonishing slow-down of 
vibrational dynamics as discussed in the next section.  

 
Fig. 1. Schematic structures of complexes [Ag2(Cl)(LMe)2]+, 1+ and [Ag2(Cl)(LCy)2]+, 2+, respectively 
(LMe = bis(dimethylphosphino)methane, LCy = bis(dicyclohexylphosphino)methane). For τ-PD 
experiment UV-pump (280 nm) and NIR-probe (1150 nm) pulses were used. 

2 Results and Discussion  

The experimental setup and methodology is described elsewhere [1-3]. The chloride 
adducts [Ag2(Cl)(LMe)2]+ (1+) and [Ag2(Cl)(LCy)2]+ (2+) where generated by electrospray 
ionization from acetonitrile sample solutions, isolated and identified by mass analysis via 
their characteristic isotope patterns (m/z = 521 and 1065, resp. nominal masses). The static 
photo-induced dissociation (PD) spectra show a band at λmax ~ 280 nm and a plateau-like 
form centered at ~ 260 nm for 1+ and 2+, resp. Based on calculations (PBE0-D3(BJ)/evGW-
BSE/def2-SVPD) [4], using 1+ as model system, we assign these excitations to HOMO-1 
 LUMO (1XMCT) transitions with chloride-to-metal-metal charge transfer character [1]. 
Hereby a contraction of the Ag-Ag distance by ~ 0.1 Å is predicted (CC2/def2-TZVPP), 
indicating a strengthening of Ag-Ag interaction in the electronically excited state. 

The τ-PD signals of 1+ at positive time delay show an increase in the channels 
corresponding to neutral loss of Cl, AgCl and AgCl + LMe, resp., and a concomitant 
decrease in intensity for –LMe fragment species (Fig. 2 c). The early decay dynamics of 1+ 
with time constants 0.2-0.5 / 4-6 ps (Fig. 2) is very similar compared to that of 2+ with 0.2-
0.4 / 3-4 ps [1]. Interestingly, a correlation between specific fragment ions (Cl loss vs loss 
of LMe + AgCl) and the phase of the wave packet is observed, as evident by strongly 
damped (damping constant  0.1-0.5 ps) oscillatory components in their τ-PD signals (Fig. 
2 a, b), exhibiting a relative phase difference of ~ . A similar result was obtained for the 
[Ag2(Cl)(LCy)2]+ molecular target displaying an analogous relation mainly for the 
fragmentations –HCl/-Cl- vs loss of LCy. Note that the parallel investigation of 
[Ag2(Cl)(LCy)2]+ in condensed phase (acetonitrile) by transient absorption does not yield 
detectable vibrational wave packet activity.  

Since the largest structural changes upon photoexcitation correspond to the decrease of 
metal distance (d(Ag-Ag) =-3.6%) and the bending of P-Ag-P angle (∢(P-Ag-P) = +3.3%)), 
this observation strengthens our previous assignment for the vibrational coherence to 
contain mainly Ag-Ag stretching mode character [1]. 

Intriguingly, the oscillation frequency for 1+ (43-60 cm-1) is significantly smaller than 
that for 2+ (72-78 cm-1). Since a higher frequency value would be expected for 1+ 
(mass(LMe) << mass(LCy)) this indicates a significantly weaker Ag-Ag bonding interaction 
for 1+ compared to 2+ in the excited state. Therefore, we assume that in the excited state 
metallophilic Ag-Ag interaction is subtly influenced by the ligand moieties (methyl vs 
cyclohexyl), presumably due to polarization or electron inductive effects. 
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Fig. 2. Fragment-specific transients of [Ag2(Cl)(LMe)2]+ (λpump: 280 nm / λprobe: 1150 nm) 
corresponding to a) loss of Cl atom and b) loss of AgCl + LMe, respectively. Kinetic fits (black lines) 
and individual decay contributions associated with time constants τ1 (magenta), τ2 (green), oscillatory 
components with coherence decay times τd (blue) and oscillation frequencies νosc are displayed. The 
fit function corresponds to a convolution of a Gaussian (FWHM ~ 300 fs) with a sum of a 
biexponential decay function and a damped sine function. c) Difference mass spectrum (Diff. MS) 
obtained by subtracting the mass spectrum at negative pump-probe delay (~ -(1-0.3) ps) from the 
spectrum at positive delay (~ 0.2-0.6 ps). Positive and negative Diff. MS signals correspond to an 
enhancement and depletion, respectively. Fragment mass peaks are labelled according to their neutral 
losses relative to the intact precursor ion (Prec.). 

Further, we conclude that the cross section for probe absorption, and thus specific 
excitation, is modulated by the vibrational wave packet at the classical turning points of the 
Ag-Ag oscillation, leading to the phase-dependent branching ratios of molecular 
fragmentation channels. These results open new perspectives in leveraging vibrational 
coherence for chemical processes and should therefore stimulate further experimental and 
theoretical studies. 
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Bimetallic d10-Metal Complexes of a Bipyridine Substituted
N-Heterocyclic Carbene
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Manfred M. Kappes,[b, c] Christoph Riehn,[d, e] and Peter W. Roesky*[a]

Abstract: The hybrid ligand 3-(2,2’-bipyridine-6-ylmethyl)-1-

mesityl-1H-imidazolylidene (NHCBipy) featuring both carbene

and N-donor sites, was selectively complexed with various

d10 metal cations in order to examine its coordination behav-

ior with regard to homo and heterometallic structures.

Respective silver complexes can be obtained by the silver

oxide route and are suitable transmetallation reagents for

the synthesis of gold(I) compounds. Starting from the mono-

nuclear complexes [(NHCBipy)AuCl] , [(NHCBipy)Au(C6F5)] and

[(NHCBipy)2Au][ClO4] , open-chain as well as cyclic heterobime-

tallic complexes containing Cu+ , Ag+ , Zn2+ , Cd2+ , and Hg2+

were synthesized. Furthermore, the homobimetallic species

[(NHCBipy)2M2][ClO4]2 (M=Cu, Ag) were obtained. All bimetal-

lic compounds were fully characterized including single-crys-

tal X-ray analysis. Their photoluminescence (PL) properties

were investigated in the solid state at temperatures between

15 and 295 K and compared with those of the mononuclear

species. There is a clear difference in PL properties between

the open chain and the cyclic heterobimetallic complexes.

The latter species show different PL properties, depending

on the metals involved. In addition, collision-induced dissoci-

ation (CID) experiments were performed on electrosprayed

cations of the cyclic heterobimetallic compounds, to com-

pare the metal binding at the carbene and N-donor sites.

Introduction

The properties of polynuclear metal complexes may be strong-

ly modified in comparison to their mononuclear precursors,

particularly, due to possible intermetallic interactions. For in-

stance, among complexes of gold(I), many examples of com-

pounds exhibiting close arrangements of the metal ions be-

neath the sum of their van der Waals radii are known. This

prompted Schmidbaur in the late 1980s to introduce the term

“aurophilicity” for this phenomenon.[1] Later, it became evident

that such attractive forces are not limited to gold but also ob-

served for other heavy-metal closed-shell cations and can be

described by the general term “metallophilicity”.[2] Besides

gold(I), metallophilic interactions have been observed for

copper,[3] silver,[4] and mercury[5] as well as in heterometallic

d10/d10,[6] d10/d8,[7] or d10/s2 systems.[8] These compounds with

short intermetallic distances often feature interesting photo-

physical properties.[9] We and many other researchers have al-

ready taken advantage of the easy “tunability” of N-heterocy-

clic carbenes (NHCs) to design tailor-made ligands for multinu-

clear complexes. Many examples of symmetric, typically phos-

phine functionalized NHCs are known and have been used in

the coordination chemistry of coinage metals.[10,11] Due to a

similar coordination behaviour of NHCs and phosphines, this

type of ligands is suitable for the synthesis of homometallic

compounds, while heterometallic examples are hardly accessi-

ble.[12] For this purpose, the use of N-donor functionalized li-

gands is beneficial, as they feature different coordination be-

haviour. The latter can be classified according to the HSAB

concept as soft and hard donors in the case of the NHC and N-

donor sites, respectively.[13,14] As a result, they can be selective-

ly loaded with different metals. Although several N-donor func-

tionalized NHCs are already known for years, their use for the

synthesis of heterometallic complexes is scarcely explored.[15–18]

Recently, we reported a ligand having N-heterocyclic carbenes

(NHCs) separated by a methylene bridge in the center and two
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bipyridine moieties tethered to the NHCs. By using this we

have synthesized tetranuclear heterodimetallic gold/copper

and gold/silver complexes.[19] These compounds show unpre-

cedented V-shape or linear MAu2M (M=Cu, Ag) geometry in

the solid state. In order to further extend the field of hetero-

metallic complexes having a combination of coinage metals

with other transition metals, we decided to apply the bipyri-

dine substituted N-heterocylic carbene ligand 3-(2,2’-bipyri-

dine-6-ylmethyl)-1-mesityl-1H-imidazolylidene (NHCBipy) and ex-

amine its coordination behaviour in homo- and heterometallic

complexes of d10 cations. Here, we report on the synthesis and

characterization of several homo- and heterometallic com-

plexes of NHCBipy. Furthermore, their photophysical properties

in the solid state as well as collision-induced dissociation (CID)

experiments[20] in the gas phase are presented.

Results and Discussion

Ligand synthesis

The proligand 3-(2,2’-bipyridine-6-ylmethyl)-1-mesityl-1H-imida-

zolylidene hydrochloride (NHCBipy) (1) was prepared according

to a literature procedure from 6-chloromethyl-2-,2’-bipyridine

and mesitylimidazole (Scheme 1).[21]

Silver complexes

As a synthetic approach for the formation of metal complexes

of NHCBipy·HCl (1) we chose the well-established silver oxide

route.[22] In dependence of the solvent used, different products

are formed upon reaction of 1 with 0.5 equivalents of Ag2O.

Using dichloromethane leads to the neutral silver complex

[(NHCBipy)AgCl] (2), whereas the reaction in methanol gave the

ionic species [(NHCBipy)2Ag]Cl (3) (Scheme 2). It is known that

the formation of either neutral or ionic silver species depends

on the solvents used and the substituents of the NHC. The

equilibrium between both species is well documented.[23, 24]

For both products, the resonance of the proton at the C1

position in the 1H NMR spectrum (d=9.78 ppm) is absent, indi-

cating a complete transformation of the imidazolium salt to

the silver complexes. In agreement with this, in the
13C{1H} NMR spectrum of 2, a doublet at d=182.1 ppm with a

coupling constant of 1JAg,C=ca. 241 Hz is observed. Due to the

broadness of the signal, the expected set of two doublets cor-

responding to the nuclei 107Ag and 109Ag cannot be resolved as

separate signals. Also, the intensity of this signal is very weak.

For complex 3, as expected, two doublets at d=183.7 ppm

with the coupling constants 1J(107Ag,C)=181.4 Hz and
1J(109Ag,C)=208.8 Hz are observed. All described shifts and

coupling constants are in the range that is typical for NHC-

silver complexes.[25] The identity of compound 3 was further

confirmed by ESI-MS spectrometry. The most abundant mass

at m/z=817.28 and isotopic pattern is consistent with the for-

mulation as [(NHCBipy)2Ag]
+ . The molecular structure of com-

pound 2 was established by single-crystal X-ray analysis

(Figure 1).

Compound 2 crystallizes in the monoclinic space group

P21/n with one molecule in the asymmetric unit. In the solid

state, a polymeric structure is formed, in which each silver

atom is bound to one chlorine atom, the NHC carbon atom,

and additionally to the bipyridine moiety of the neighbouring

molecule in a chelating mode. This results in a distorted tetra-

hedral environment around the silver atom. The C1@Ag and

Scheme 1. Synthesis of the proligand 3-(2,2’-bipyridine-6-ylmethyl)-1-mesi-

tyl-1H-imidazolylidene hydrochloride (NHCBipy·HCl) (1).

Scheme 2. Synthesis of the silver complexes [(NHCBipy)AgCl] (2) and

[(NHCBipy)2Ag]Cl (3).

Figure 1. Molecular structure of 2 in the solid state. Hydrogen atoms are

omitted for clarity. Atoms that belong to the neighbouring molecular unit

are shaded. Selected bond lengths [a] and angles [8]: Ag@C1 2.1067(4), Ag@

Cl1 2.5852(6), Ag1@N3’ 2.4140(5), Ag1@N4’ 2.3698(6), N1@C1 1.3798(4), N2@

C1 1.3567(3); C1-Ag-Cl1 122.6, C1-Ag-N3’ 125.3, C1-Ag-N4’ 126.6, N3’-Ag-N4’

69.1, Cl1-Ag-N3’ 97.5, Cl1-Ag-N4’ 101.7, N1-C1-N2 101.888(14), N1-C1-Ag

125.279(7), N2-C1-Ag 132.4555(9), N3-C9-C10-N4 14.02(2).
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Ag@Cl bond lengths are 2.1067(4) and 2.5852(6) a, which is sig-

nificantly longer than in linear coordinated [(NHC)AgCl] com-

plexes. The Ag@N bond lengths of 2.3698(6) and 2.4140(5) a

are similar to those in the simple [(Bipy)2Ag][ClO4] complex.[26]

To the best of our knowledge (research in CCDC database),[27]

no comparable fourfold coordinated AgCl complexes with one

NHC and two nitrogen donors have been published yet.

Gold complexes

The synthesis of the gold complexes [(NHCBipy)AuCl] (4),

[(NHCBipy)Au(C6F5)] (5) and [(NHCBipy)2Au][ClO4] (6) was achieved

by transmetallation with the corresponding gold reagents

[AuCl(tht)] , [AuC6F5(tht)] , and [Au(tht)2][ClO4] (Scheme 3). Both

silver complexes 2 and 3 were suitable for this procedure.

However, when dichloromethane was used as a solvent, the

yield as well as the purity after a simple workup were repeat-

edly slightly superior to the results obtained with methanol.

Therefore, we chose dichloromethane despite much longer re-

action times. Upon addition of the gold reagents, rapid precipi-

tation of AgCl clearly indicated successful transmetallation.

After workup, products 4–6 were obtained as colourless solids,

which are soluble in common polar solvents like methanol, di-

chloromethane or acetonitrile.

Compounds 4- 6 were fully characterized using standard an-

alytical techniques and the solid-state structures of 4 and 5

were deduced by X-ray analysis (Figure 2). The 1H NMR spectra

of 4–6 are almost identical and show no significant differences

compared to those of the silver complexes. The signals of the

bipyridine moiety are seen in the region between 8.68–7.33

and show well structured coupling patterns. The protons of

the imidazole backbone show doublets at 7.37 and 6.91 ppm.

The protons of the methylene linker give a singlet at

5.67 ppm. The carbene resonances in the 13C{1H} spectra are

found at d=172.8 ppm (4), 190 ppm (5) and 185.4 ppm (6).

These are typical values for NHC gold complexes bearing chlor-

ido,[28] or pentafluorophenyl[29,10] substituents or (bis)NHC com-

plexes.[30] In the solid-state, compounds 4 and 5 show the

common coordination number of two around the gold atoms

with only small deviations from linearity (177.4(2)8 (4) and

176.7(2)8 (5)). For the chlorido complex bond lengths C1@Au:

1.975(5) a and Au@Cl1: 2.274(2) a are observed, which are typi-

cal values for this type of compound.[31] The Au@C distance for

the NHC carbon atom in 5 (2.017(5) a) is slightly longer than in

4, most likely due to a higher trans influence of the pentafluor-

ophenyl substituent. The buried volume (%Vbur) of the ligand 1

was determined using SambVca 2.[32] Due to the flexibility of

the ligand it varies from 32.2 to 36.2% for 4 and 5 and reaches

up to 40.3% in 13 (see below). The solid-state structure of 6

remains undisclosed, as several attempts to grow single crys-

tals failed.Scheme 3. Synthesis of the gold complexes [(NHCBipy)AuCl] (4),

[(NHCBipy)Au(C6F5) (5) and [(NHCBipy)2Au][ClO4] (6).

Figure 2. Molecular structure of 4 (left) and 5 (right) in the solid state. Hydrogen atoms are omitted for clarity. Selected bond lengths [a] and angles [8] of 4 :

Au@C1 1.972(4), Au@Cl 2.2752(12), N1@C1 1.365(5), N2@C1 1.342(5) ; C1-Au-Cl 177.53(13), N1-C1-Au 127.8(3), N2-C1-Au 127.4(3), N1-C1-N2 104.8(4), N3-C9-C10-

C11 9.0(1). Selected bond lengths [a] and angles [8] of 5 : Au@C1 2.018(5), Au@C24 2.035(5), N1@C1 1.348(6), N2@C1 1.339(6) ; C1-Au-C24 176.7(2), N1-C1-Au

124.7(4), N2-C1-Au 130.2(4), N1-C1-N2 105.0(4), N3-C9-C10-C11 3.2(7), N2-C1-C24-C25 73.2(6).
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Open-chain heterobimetallic complexes

To investigate the coordination behaviour of ligand 1 in bimet-

allic complexes, the gold compounds 4 and 5 were reacted

with the dichlorides of group 12 metals to add a second d10

cation in the bipyridine compartment (Scheme 4). Reaction of

the gold chlorido complex 4 with the metal salts ZnCl2,

CdCl2 and HgCl2 gave the desired products

[(NHCBipy)AuCl(ZnCl2)(DMSO)] (7), [(NHCBipy)AuCl(CdCl2)(DMSO)]

(8), and [(NHCBipy)AuCl(HgCl2)]2 (9) in good yields of about 80%

after crystallization. Due to their poor solubility in other sol-

vents, compounds 7 and 8 had to be crystallized from dime-

thylsulfoxide (DMSO). The corresponding mercury compound 9

decomposes in DMSO within several hours and therefore was

crystallized from (a large amount of) acetonitrile.

For all three new products, 1H as well as 13C{1H} spectra

remain virtually unchanged compared to the starting com-

pound 4. In the solid state, coordination of the second metal

does not notably affect the coordination geometry of the gold

atom. All bond lengths and angles stay the same within a devi-

ation range of 0.01 a or 28, respectively. The bipyridine moiety

is turned away from the carbene center, which results in large

metal–metal distances of 6.8272(6)–7.080(3) a (Figure 3).

Any closed-shell interactions that can often be observed in

d10 coinage metal complexes are therefore excluded.[2] Zinc

and cadmium show a distorted trigonal bipyramidal coordina-

tion sphere with oxygen and one of the bipyridine nitrogen

atoms in the axial positions, while the chlorine atoms and the

second nitrogen atom are in the equatorial positions. In 7 and

8 the M@N bond lengths are strongly unsymmetrical (N3@Zn:

2.261(4), N4@Zn: 2.074(4) a; N3@Cd: 2.4345(10), N4@Cd:

2.2712(7) a, while in the similar complexes [(bipy)MCl2(DMSO)]

(M=Zn, Cd) they are almost equidistant (N@Zn: ca. 2.15 a;

N@Cd: ca. 2.34 a).[33]

In the absence of DMSO, which could saturate the coordina-

tion sphere of Hg in 9, the molecules are aggregated m-chlo-

Scheme 4. Synthesis of the heterobimetallic complexes [(NHCBipy)AuCl(ZnCl2)(DMSO)] (7), [(NHCBipy)AuCl(CdCl2)(DMSO)] (8), [(NHCBipy)AuCl(HgCl2)]2 (9),

[(NHCBipy)Au(C6F5)(ZnCl2)] (10) and [(NHCBipy)Au(C6F5)(CdCl2)]2 (11).

Figure 3. Molecular structure of 7 in the solid state. Hydrogen atoms are

omitted for clarity. Intermetallic distance [a]: Au@Zn 6.909(3). Selected bond

lengths [a] and angles [8]: Au@C1 1.980(5), Au@Cl1 2.273(2), Zn@N3 2.261(4),

Zn@N4 2.074(4), Zn@Cl2 2.305(2), Zn@Cl3 2.281(2), Zn@O 2.101(4), N1@C1

1.348(7), N2@C1 1.347(7) ; C1-Au-Cl1 178.3(2), N3-Zn-N4 76.6(2), N3-Zn-Cl2

94.34(11), N3-Zn-Cl3 97.96811), N3-Zn-O 162.53(14), N4-Zn-O 85.96(15), N4-

Zn-Cl2 17.63(12), N4-Zn-Cl3 128.40(12), O-Zn-Cl2 94.94(13), O-Zn-Cl3

91.74(12), Cl2-Zn-Cl3 113.93(5), N1-C1-Au 128.0(4), N2-Au-Cl 127.1(4), N1-C1-

N2 104.8(5), N3-C9-C10-N4 12.6(5).
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ride bridged dimers (Figure 4). With two chlorides in the bridg-

ing positions, a Hg2Cl2 diamond square is formed. The coordi-

nation sphere of Hg is saturated with another chloride and the

bipyridine moiety, resulting in a distorted trigonal bipyramidal

structure around the metal. The axial positions are occupied

by one nitrogen and one chlorine atom.

When compound 5 having a pentafluorophenyl substituent

at the gold atom is used as a starting material for bimetallic

complexes, the results are quite similar to those obtained

with its chloride analogue. Reaction of 5 with ZnCl2, CdCl2
and HgCl2 resulted in [(NHCBipy)Au(C6F5)(ZnCl2)] (10),

[(NHCBipy)Au(C6F5)(CdCl2)]2 (11), and, surprisingly, in the chloride

species 9 (Scheme 4). Due to better solubility as compared to

the gold-chlorido complex, compounds 10 and 11 could be

crystallized from acetonitrile instead of DMSO. Single-crystal X-

ray analysis revealed the formation of [(NHCBipy)Au(C6F5)(ZnCl2)]

(10 ; Figure 5) and [(NHCBipy)Au(C6F5)(CdCl2)]2 (11). When 5 was

reacted with HgCl2, the only crystalline material that could be

separated was compound 9, which had formed upon abstrac-

tion of the C6F5-substituent. The fluorine-containing by-product

was not isolated. Again, the NMR spectra remain almost un-

changed compared to the starting material. Also, the bond

lengths and angles around the gold atom do not notably

change. Similar to 7 and 8, the bipyridine moiety in 10 and 11

is turned away from the carbene function, resulting in long

M@M distances (Au@Zn: 6.792(2) a; Au@Cd: 6.858(2) a).

Cyclic heterobimetallic complexes

In the next step, we envisioned the synthesis of cyclic hetero-

bimetallic complexes, using bis(NHC)Au-complex 6 as the start-

ing material. In a straightforward procedure, after treatment

with one equivalent of [Cu(MeCN)4][ClO4] , AgClO4, [Zn(H2O)6]

[ClO4]2 or [Cd(H2O)6][ClO4]2, the products [(NHCBipy)2AuCu][ClO4]2
(12), [(NHCBipy)2AuAg][ClO4]2 (13), [(NHCBipy)2AuZn][ClO4]3 (14)

and [(NHCBipy)2AuCd(MeCN)(ClO4)][ClO4]2 (15) could be crystal-

lized (Scheme 5). All products were fully characterized and

their solid-state structures were revealed using single-crystal

X-ray analysis.

All compounds show the typical, slightly bent linear coordi-

nation of the gold atom, with C-Au-C angles between 172.7(3)8

and 178.5(3)8. The bond lengths lie between 1.994(7) and

2.034(4) a which are typical values for bis(NHC)Au-com-

plexes.[34] In each compound, the second metal is nested in the

{N4} pocket of the two bipyridine moieties. The copper ion in

12 (Figure 6, left) shows the expected tetrahedral coordination

with N@Cu distances close to 2.0 a, which is in good agree-

Figure 4. Molecular structure of 9 in the solid state. Hydrogen atoms are omitted for clarity. Intermetallic distance [a]: Au@Hg 6.827(2). Selected bond lengths

[a] and angles [8]: Au@C1 1.954(10), Au@Cl1 2.285(3), Hg@N3 2.459(8), Hg@N4 2.295(7), Hg@Cl2 2.419(3), Hg@Cl3 2.638(2), N1@C1 1.370(13), N2@C1 1.398(12);

C1-Au-Cl1 179.4(3), N3-Hg-N4 70.6(3), N3-Hg-Cl2 101.8(2), N3-Hg-Cl3 84.7(2), N3-Hg-Cl3’ 157.8(2), N4-Hg-Cl2 137.7(2), N4-Hg-Cl3 110.5(2), N4-Hg-Cl3’ 92.4(2),

Cl2-Hg-Cl3 110.07(8), Cl2-Hg-Cl3’ 100.32(8), Cl3-Hg-Cl3’ 88.20(7), N1-C1-Au 130.3(7), N2-C1-Au 127.9(7), N1-C1-N2 101.8(8), N3-C9-C10-N4 2.2(1).

Figure 5. Molecular structure of 10 in the solid state. Hydrogen atoms are

omitted for clarity. Intermetallic distance [a]: Au@Zn 6.971(2). Selected bond

lengths [a] and angles [8]: Au@C1 2.018(5), Au@C24 2.049(5), Zn@N3 2.070(4),

Zn@N4 2.022(4), Zn@Cl1 2.221(2), Zn@Cl2 2.172(2), N1@C1 1.347(7), N2@C1

1.359(6) ; C1-Au-C24 176.4(2), N3-Zn-N4 81.3(2), N3-Zn-Cl1 110.18(12), N3-Zn-

Cl2 119.57(13), N4-Zn-Cl1 110.38(14), N4-Zn-Cl2 110.61(14), Cl1-Zn-Cl2

118.55(7), N1-C1-Au 126.1(4), N2-C1-Au 129.4(4), N1-C1-N2 104.1(4), N3-C9-

C10-N4 1.4(6), N1-C1-C24-C29 64.0(6).
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ment with the simple [(Bipy)2Cu][ClO4] complex.[35] The Au@Cu

distance of 5.0914(11) a excludes any metallophilic interaction.

In 13 (Figure 6, right), the intermetallic Au@Ag distance is

much smaller (4.3205(9) a) but still exceeding the sum of their

van der Waals radii (3.4 a) by far. The coordination of the silver

ion is strongly distorted tetrahedral, with Ag situated closely to

the centre of a plane defined by N3’, N4 and N4’ (sum of

angles=356.28). The almost linear arrangement N4-Ag-N4’

(169.2(2)8) reflects the propensity of silver(I) to adopt low coor-

dination numbers and a linear coordination. In the Au@Zn

compound 14, the zinc ion is again surrounded by the nitro-

gen atoms of the bipyridine substituents in a tetrahedral fash-

ion with Zn@N bond lengths between 1.99 and 2.08 a, which

is comparable to similar complexes.[36]

In the Au@Cd complex 15 (Figure 7), the bipyridine moieties

are a part of an octahedral coordination of cadmium, which is

Scheme 5. Synthesis of the heterobimetallic complexes [(NHCBipy)2AuCu][ClO4]2 (12), [(NHC
Bipy)2AuAg][ClO4]2 (13), [(NHC

Bipy)2AuZn][ClO4]3 (14) and

[(NHCBipy)2AuCd(MeCN)(ClO4)][ClO4]2 (15).

Figure 6. Molecular structure of 12 (left) and 13 (right) in the solid state. Hydrogen atoms are omitted for clarity. Intermetallic distances of 12 and 13 [a]: Au@

Cu 5.09148(11), Au@Ag 4.3205(9). Selected bond lengths [a] and angles [8] of 12 : Au@C1 1.994(7), Au@C24 1.995(7), Cu@N3 2.042(5), Cu@N4 1.995(6), Cu@N7

2.028(5), Cu@N8 2.036(5), N1@C1 1.363(8), N2@C1 1.358(8), N5@C24 1.366(8), N6@C24 1.362(8) ; C1-Au-C24 172.7(3), N1-C1-Au 131.3(5), N2-C1-Au 125.7(5), N5-

C24-Au 133.3(5), N6-C24-Au 123.3(5), N3-Cu-N4 82.0(2), N3-Cu-N7 117.3(2), N3-Cu-N8 135.3(2), N4-Cu-N7 131.7(2), N4-Cu-N8 116.5(2), N7-Cu-N8 81.7(2), N1-C1-

N2 103.0(5), N5-C24-N6 103.1(5), N2-C1-C24-N6 5.6(7), N3-C9-C10-N4 6.4(6), N7-C32-C33-N8 10.6(8). Selected bond lengths [a] and angles [8] of 13 :, Au@C1

2.034(4), Ag@N3 2.415(4), Ag@N4 2.289(4), N1@C1 1.358(6), N2@C1 1.341(7) ; C1-Au-C1’ 178.5(3), N1-C1-Au 125.9(3), N2-C1-Au 129.6(4), N3-Ag-N4 70.75814), N3-

Ag-N3’ 105.68(18), N3-Ag-N4’ 116.30(14), N4-Ag-N4’ 169.23(19), N1-C1-N2 104.5(4), N2-C1-C1’-N2’ 127.7(4), N3-C9-C10-N4 6.2(4).
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completed by one molecule of acetonitrile and one perchlo-

rate anion. The coordination of perchlorate is somewhat unex-

pected, as it is considered to be a weakly coordinating anion.

However, there are numerous literature reports of comparable

cadmium complexes with the metal in an octahedral environ-

ment coordinated to at least one perchlorate anion.[37] In the
1H NMR spectrum of 15 (in [D6]DMSO), no acetonitrile is ob-

served, which means that it must have been removed while

drying the crystalline sample under vacuum. Powder diffraction

also shows that the crystal structure is not retained after

drying under vacuum, confirming a change in the crystal lat-

tice upon removal of acetonitrile ligand (Figure S47).

It should be noted that the bimetallic complexes 12–15

show helical chirality: a distinctive axis is defined by the C-Au-

C bonding axis, around which the bipyridine strands can be

wrapped in left turn or right turn, thus giving rise to helical

enantiomers of D and L configuration. These are present as a

racemic mixture in the crystal. In the 13C{1H} NMR spectra, all

carbene resonances are seen between 186.6 and 185.8 ppm

and therefore are virtually unchanged compared to the start-

ing material. The 1H spectra of 12 and 13 remain nearly unaf-

fected, whereas for 14 and 15, all resonances of the imidazole

and bipyridine protons are shifted about 0.5 ppm downfield. In

the spectrum of the Au@Zn complex 14, the signals of the

methylene protons as well as the o-mesityl protons are split

into two singlets and significantly broadened. We attribute this

to a hindered interconversion of the isomers in solution at

room temperature. A similar behavior has been observed

before in a heterobimetallic Au@Cu complex of a pyridazine-

bridged NHC/pyrazole ligand.[38] The spectrum of 15 (in

[D3]acetonitrile) also evidences dynamic processes in solution,

as the resonances of the methylene protons are massively

broadened over a range from ca. 5.7 to 4.5 ppm. No broaden-

ing is observed in [D6]DMSO. Thus, we conclude that the

broad signals in acetonitrile are associated with rearrangement

processes in the coordination sphere of cadmium, involving

dissociation/association of the acetonitrile ligand.

Homobimetallic complexes

To complete the series of bimetallic d10 metal compounds of

NHCBipy we sought to synthesize homometallic complexes of

this ligand. After reaction of the imidazoliumchloride with

silver oxide, anion exchange can be achieved by adding two

equivalents of AgClO4 (Scheme 6). Crystallization through slow

diffusion of diethylether into an acetonitrile solution yields the

product [(NHCBipy)2Ag2][ClO4]2 (17) as colourless crystals. In the

same way, red crystals of [(NHCBipy)2Cu2][ClO4]2 (16) can be ob-

tained after transmetallation with [Cu(MeCN)4][ClO4] . Both

compounds are air stable as solids but slowly decompose in

wet solvents.

In the 1H NMR spectra of 16 and 17, the signals of the

ligand are seen between 8.11–7.41 ppm and show strongly

overlapping multiplets, making a clear assignment impossible.

The carbene resonance in the 13C{1H} spectrum of the copper

complex 16 is seen at 181.6 ppm, which is a typical value for

this type of compounds.[17,18, 24] The carbene signal of the silver

complex 17 could not be detected in a 1D NMR experiment,

but was clearly identified in the HMBC spectrum at 183.2 ppm.

In the solid-state, 16 und 17 are head-to-tail connected dimers

with the metal coordinated to the carbene and the bipyridine

of the neighboring ligand (Figure 8 and S46).

This results in a trigonal planar environment with a sum of

angles of exactly 3608. The M@C distances in 16 are 1.890(3)/

1.882(2) a which matches the values of similar copper com-

pounds (Figure S45),[17] whereas in the silver complex 17 the

Ag@C bond lengths (2.042(7)/2.045(7) a) are about 3–4 pm

shorter than in similar complexes reported in literature.[16,39]

Despite the larger van der Waals radius, the silver complex

shows a smaller intermetallic distance (3.1034(11) a) than the

copper homologue (3.2168(9) a). Since both are isostructural

and crystallize in the same space group P21/c, a higher tenden-

cy of silver to form metallophilic contacts rather than packing

effects seems to account for this observation.

Figure 7. Molecular structure of 15 in the solid state. Hydrogen atoms are

omitted for clarity. Intermetallic distance [a]: Au-Cd 4.553(5). Selected bond

lengths [a] and angles [8]: Au-C1 2.017(4), Au-C24 2.016(4), Cd-O1 2.390(3),

Cd-N3 2.370(3), Cd-N4 2.294(3), Cd-N7 2.359(3), Cd-N8 2.329(3), Cd-N9

2.336(4), N1-C1 1.345(5), N2-C1 1.350(5), N5-C24 1.339(5), N6-C24 1.354(5) ;

C1-Au-C24 177.6(2), N1-C1-Au Au1 125.8(3), N2-C1-Au 129.8(3), N5-C24-Au

126.4(3), N6-C24-Au 128.8(3), N3-Cd-N4 71.82(11), N3-Cd-N7 102.92(11), N3-

Cd-N8 111.55(11), N3-Cd-N9 160.89(12), N3-Cd-O1 88.87(11), N4-Cd-N7

114.14(11), N4-Cd-N8 172.98(12), N4-Cd-N9 90.27(12), N4-Cd-O1 90.23(11),

N7-Cd-N8 71.60(11), N7-Cd-N9 90.27(12), N7-Cd-O1 155.14(12), N8-Cd-O1

83.76(11), N8-Cd-N9 85.56(13), N9-Cd-O1 84.49(12), N1-C1-N2 104.3(3), N5-

C24-N6 104.6(3), N2-C1-C24-N6 41.2(2), N3-C9-C10-N4 16.6(1), N7-C32-C33-

N8 0.72(8).

Scheme 6. Synthesis of the homobimetallic complexes [(NHCBipy)Cu]2[ClO4]2
(16) and [(NHCBipy)Ag]2[ClO4]2 (17).

Chem. Eur. J. 2018, 24, 6094 – 6104 www.chemeurj.org T 2018 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim6100

Full Paper

http://www.chemeurj.org


Photoluminescence properties

All complexes described above with the exception of 12 and

16 are colorless crystalline powders, that is, they possess

strong absorption transitions only in the UV spectral region.

This also holds for the absorption of selected complexes in so-

lution (Figure S48). The monometallic gold (4–6) and open-

chain bimetallic gold–zinc (7, 10) compounds demonstrate

rather similar photoluminescence (PL) properties in the solid

state, despite of the different motifs of the carbene–gold units.

These include a weak UV emission at &360 nm (except for 7 in

which this band is dominant) and a moderately intense at tem-

peratures below &100 K, vibronically structured, greenish

emission around 480 nm (Figure 9). The wavelengths of the vi-

bronic peaks of these and other compounds (see below) are

listed in Table S5. These features roughly conform to the PL of

the solid ligand compound 1 (Figure S48, Supporting Informa-

tion). The visible emission broadens and strongly decreases in

intensity by increasing the temperature (practically absent for

4, 6, 7 at ambient temperature). The excitation (PLE) spectra of

4–7, 10 are similar and show the onset of absorption at about

350 nm, corresponding to the colorless appearance of the

compounds. The UV emission excited by nanosecond laser

pulses at 266 nm decays faster than &10 nsec as limited by

the time resolution of our apparatus (see experimental details

in the Supporting Information) and can be assigned to fluores-

cence. Decay traces of the visible emission include minor nano-

second and major (sub)microsecond components, with the

latter becoming more pronounced at longer emission wave-

lengths (as shown exemplary for 7 and 10 in Figure S50).

Based on the decay kinetics and large Stokes shift, the visi-

ble band can be assigned to phosphorescence. Both emission

bands likely arise from the bipyridine moieties in the NHCBipy

complexes. The above PL signatures roughly match spectrally

those observed for bipyridine in solution, sol–gel glasses and

polymers.[40] Regarding the UV fluorescence, there might also

be some contribution of the NHC groups. Indeed, a low-tem-

perature PL at about 400 nm has been observed and attribut-

ed to these groups in the dinuclear AuI complex with similar

NHC groups and absent Au@Au interaction.[41] Note that the

coordination of bipyridine (and fixing its planar geometry) with

ZnCl2(DMSO) in 7 strongly enhances the UV fluorescence both

at low and ambient temperatures (Figure 9). However, the cor-

responding emission in the closely related complex 10 remains

for some reasons weak. In difference to the similar PL of the

monometallic and open-chain compounds, the cyclic bimetallic

complexes with gold, silver, zinc and copper (12–14, 16, 17)

show more diverse PL properties (Figures 10, S50 and S51),

which partly may be a result of cooperative effects.

These complexes emit no detectable UV fluorescence. The

well-structured visible PL of AuZn complex 14—with zinc coor-

dinating both bipyridine units—resemble those of the mono-

metallic and open-chain complexes and can also be ascribed

to the bipyridine-centered phosphorescence (Figure 10). How-

ever, in contrast to the fast phosphorescence of the latter,

emission of 14 is long-living with a lifetime of 1.7 msec at 16 K

(Figure S50). The minor contributions of the fast bipyridine

emission are seen in the low-temperature spectra of 13 and

17. The major PL component is, however, a broad orange–red

phosphorescence at about 550–600 nm. It decays within few

microseconds in 13, both at low and elevated temperatures. In

17, the PL kinetics is complicated and unusual. Its decay traces

extend over broad time scales and can only be well fit by at

least three exponential components. The slow component is

dominating at 16 K and has a lifetime as long as 23 msec.

However, the PL decay accelerates strongly by increasing the

temperature and proceeds within tens of microseconds at

295 K (Figure S50). We tentatively assign the phosphorescence

of 13 and 17 to excitations in the Ag–bipyridine groups. Metal-

Figure 8. Molecular structure of 17 in the solid state. Hydrogen atoms are

omitted for clarity. Intermetallic distance [a]: Ag1@Ag 2 3.1034(11). Selected

bond lengths [a] and angles [8]:Ag1@C1 2.045(7), Ag1@N7 2.359(6), Ag1@N8

2.237(6), Ag2@C24 2.043(7), Ag2@N3 2.331(7), Ag2@N4 2.259(6), N1@C1

1.355(8), N2@C1 1.377(8) ; C1-Ag1-N7 140.3(3), C1-Ag1-N8 147.8(3), N7-Ag1-

N8 71.9(2), N1-C1-Ag1 126.1(4), N2-C1-Ag1 132.1(5), C24-Ag2-N3 146.6(3),

C24-Ag2-N4 142.0(3), N3-Ag2-N4 71.4(3), C1-Ag1-Ag2 91.11(17), C24-Ag2-

Ag1 96.3(2), N1-C1-N2 101.8(6), N3-C9-C10-N4 12.5(6), N7-C32-C33-N8 8.3(6).

Figure 9. Photoluminescence emission (PL) and excitation (PLE) spectra of

solid (crystalline) monometallic AuI (4, 5, 6) and open-chain bimetallic AuZn

complexes (7, 10), respectively, at different temperatures. The emission was

excited at 300 nm. The PLE spectra were recorded at 500 nm at T=16 K and

at 540 nm for 5, 6, 350 nm for 7, and 500 nm for 10 at elevated tempera-

tures.
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lophilic Ag@Ag interactions in 17 (see above) might conceiva-

bly contribute to the unusual PL kinetics observed for this

complex.

The NHCBipy complexes described above emit only moderate-

ly/ weakly at ambient temperature, with 10, 14 and 17 being

the “strongest” emitters. PL efficiency of 17 was determined by

using an integrating sphere and excitation at 350 nm to be

0.4% at ambient temperature. It increases up to about 9% at

T=15 K, as can be estimated from Figure 10.

The cyclic bimetallic copper AuCu and CuCu complexes 12

and 16 are dark red and red solids, respectively (producing

yellow solutions in DCM or MeCN with absorption at

&450 nm, Figure S48), thus indicating a significant lowering of

the HOMO–LUMO gap in these compounds, presumably via a

HOMO contribution of the d-orbitals of copper. Compounds

12 and 16 demonstrate very efficient non-radiative electronic

relaxation: no PL and only very weak broad near-infrared emis-

sion at &800 nm (Figure S51) were detected for 16 and 12, re-

spectively. The PLE spectrum of the NIR emission reveals the

onset of absorption at &700 nm and absorption bands at

about 450 and 600 nm, in accordance with the dark-red color

of 12.

Finally, we note that only very weak PL was observed for the

UV-excited complexes in solution at ambient temperature. 4–6

and 13 only show an UV emission at &350 nm; 7, 10 and 14

also display a visible emission roughly corresponding to that

observed in the solid state, as illustrated for selected com-

pounds in Figure S52. No NIR emission could be detected for

12 in MeCN.

Collision induced dissociation

Upon electrospraying MeCN solutions of [(NHCBipy)2AuM][ClO4]2
salts 12 and 13 the major species is observed at m/z 905, cor-

responding to a loss of M+ (ESI-MS of complexes 12 and 13,

see experimental details). In addition, the molecular dications

[(NHCBipy)2AuM]2+ at m/z 484 (M=Cu) and m/z 506 (M=Ag)

are discernible, respectively.

In order to gain insights into the relative metal–ligand bond

strengths a collision-induced dissociation (CID) study was con-

ducted in an ion-trap mass spectrometer. We found that CID of

isolated [(NHCBipy)2AuM]2+ (M=Cu, Ag) precursor ions exclu-

sively leads to ionic fragmentation (charge separation) into

two monocationic [(NHCBipy)Au]+ and [(NHCBipy)M]+ moieties

(Figure 11). No neutral loss fragmentation pathways are ob-

served. Correspondingly, one Au@C and two M@N bonds are

dissociated. A comparison of the CID appearance curves

clearly shows that [(NHCBipy)2AuCu]
2+ is more stable than

[(NHCBipy)2AuAg]
2+ reflecting the difference in collisional

energy necessary to achieve fragmentation (Figure 12). This

Figure 10. Photoluminescence emission (PL) and excitation (PLE) spectra of

solid (polycrystalline) bimetallic complexes 13 (Au@Ag), 14 (Au@Zn), and 17

(Ag@Ag).The PL and PLE spectra were excited at 300 nm and recorded at

480 (a), 580 (b)/580 (13), 520/520 (14) and 550/550 nm (17) at 15/ 295 K, re-

spectively.

Figure 11. Collision-induced dissociation mass spectra of a)

[(NHCBipy)2AuAg]
2+ (m/z=506) and b) [(NHCBipy)2AuCu]

2+ (m/z=484) precur-

sor ions (P) at excitation amplitudes of &0.9 V. Nominal integer masses are

indicated. The ligand NHCBipy is abbreviated as L. Insets show experimental

(black) and simulated (blue, Gaussian broadened m/z=0.2 fwhm, full width

at half maximum) isotope patterns of isolated precursor ions at zero excita-

tion amplitude.

Figure 12. Collision-induced dissociation (CID) appearance curves comparing

total fragment yields of [(NHCBipy)2AuAg]
2+ (gray squares) and

[(NHCBipy)2AuCu]
2+ (red circles) as a function of CID excitation amplitude

(AmpCOM). Dashed vertical lines indicate 50% fragment yield amplitude

values as extracted from sigmoidal fits (solid lines).
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can be correlated to the different affinity of the d10 metal ions

(Cu+ vs. Ag+) to the {N4} bipyridine pocket of the complexes

which qualitatively follows the predictions of the HSAB con-

cept.[13,14]

Conclusion

We investigated the coordination chemistry of NHCBipy in

mono- and bimetallic d10 metal complexes. Silver complexes

were obtained by the silver oxide route, which led to the spe-

cies [(NHCBipy)AgCl]n or [(NHCBipy)2Ag]Cl, depending on the sol-

vent. The silver complexes proved to be suitable transmetalla-

tion reagents for the synthesis of gold(I) complexes. Open-

chain bimetallic complexes were synthesized by coordination

of ZnCl2, CdCl2 and HgCl2 to the bipyridine substituents of the

gold chlorido- and pentafluorophenyl complexes. A second

metal could also be introduced to the bis(NHC)Au complex, re-

sulting in cyclic bimetallic complexes, with the second metal

being chelated in the {N4} pocket of the two bipyridine moiet-

ies. In all cases, the binding parameters of the gold center re-

mained unchanged. Although the NHCBipy ligands show a nota-

ble flexibility and are able to provide a linear, tetrahedral or oc-

tahedral coordination environment to a second metal center,

no metallophilic interactions was observed in the heterometal-

lic complexes. Two homobimetallic complexes of copper and

silver were characterized, in which two ligands are bridged in

head-to-tail fashion by two metal ions. In contrast to the

copper species, the silver compound shows a short intermetal-

lic distance of 3.1034(11) a, reflecting a stronger tendency of

silver to form metallophilic contacts. The photoluminescence

(PL) of the mono- and open-chain bimetallic complexes in the

solid (polycrystalline) state is quite similar and may be ascribed

to the bipyridine moieties. In contrast, the cyclic bimetallic

compounds feature different PL properties, depending on the

metals involved. Ion trap collision-induced dissociation experi-

ments revealed a higher affinity of the {N4} pocket to Cu+ com-

pared to Ag+ cations based on the relative gas phase stabili-

ties of [(NHCBipy)2AuM]2+ (M=Cu, Ag) species, in accordance

with the HSAB concept.

Experimental Section

Experimental details are given in the Supporting Information.
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