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„'Cause I'm tired of the fear that I can't control this 

  I'm tired of feeling like every next step's hopeless 

  I'm tired of being scared what I build might break apart 

  I don't want to know the end, all I want is a place to start “ 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑆𝑆ℎ𝑀𝑀𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 

 





 
 

 
 

 

Kurzfassung 

Diese Arbeit gliedert sich in sieben verschiedene Forschungsprojekte über ein- und 

mehrkernige Übergangsmetallkomplexe als gespeicherte Ionen in der Gasphase sowie ein 

Kapitel über die Entwicklung einer neuen Ionenquelle, die den Zugang zu katalytischen 

Prozessen über Coadsorption ermöglicht.  

Bei der Elektrospray-Ionisierung (ESI) werden Ionen für massenspektrometrische 

Untersuchungen aus der Lösung in die Gasphase überführt, was eine breite Palette 

experimenteller Methoden ermöglicht, um grundlegende Einblicke in die molekularen 

Eigenschaften isolierter Komplexe ohne Lösungsmittel-, Kristallgitter-, Festkörper- oder 

unterstützende Oberflächeneffekte zu erhalten.  

Die kollisionsinduzierte Dissoziation (CID) erforscht molekulare 

Fragmentierungsmechanismen und ihre relative Gasphasenstabilität bei Raumtemperatur. 

Laserexperimente wie die Infrarot (Mehrfach) Photonen Dissoziation und die Ultraviolett 

Photonen Dissoziation liefern Informationen über die Bindungsmotive, die zu 

Molekülstrukturen und deren elektronischen Grundzuständen führen. Wenn 

quantenchemische Berechnungen unter Verwendung der Dichtefunktionaltheorie (DFT) und 

der zeitabhängigen Dichtefunktionaltheorie (TD-DFT) mit aufgenommenen Spektren 

verglichen werden, ist ein besseres und tieferes Verständnis der strukturellen Eigenschaften 

und der elektronischen Grundzustände von Übergangsmetallkomplexen möglich.  

Röntgenmagnetischer Zirkulardichroismus (XMCD) ist eine Technik, die die magnetischen 

Eigenschaften isolierter und gespeicherter Ionen unter kryogenen Temperaturen innerhalb 

eines extern angelegten Magnetfeldes mit hoch energetischen polarisierten 

Röntgenphotonen in Verbindung mit einem Massenspektrometer analysiert. Die 

elementselektive Technik, kombiniert mit der Summenanalyse, ermöglicht die Zerlegung der 

Gesamtmagnetischen Momente in deren Spin- und Bahnmomente in verschiedenen 

Metallzentren. Eine Bestimmung der magnetischen Kopplungen zwischen verschiedenen 

Metallzentren in mehrkernigen Komplexen ist über den Broken Symmetry Ansatz in 

Kombination mit dem Röntgenmagnetischen Zirkulardichroismus (XMCD) möglich. 





 
 

 
 

 

Abstract 

This thesis is separated into seven distinct research projects on mono and multinuclear 

transition metal complexes as trapped ions in gas phase, as well as one chapter on focusing 

on the development of a new ion source to enable access to catalytic processes via 

coadsorption.  

ElectroSpray Ionization (ESI) transfers ions from solution to gas phase for mass spectrometric 

investigations, allowing a broad variety of experimental methods to obtain fundamental 

insights into the molecular properties of isolated complexes devoid of solvent, crystal lattice, 

bulk, or supporting surface effects.  

Collision Induced Dissociation (CID) researches molecular fragmentation mechanisms and 

their relative gas phase stabilities at room temperature. Laser experiments such as InfraRed 

(Multiple) Photon dissociation and Ultraviolet Photon dissociation offer information on the 

bonding motifs, resulting in molecular structures and their electronic ground states. When 

quantum chemical calculations utilizing Density Functional Theory (DFT) and Time Dependent 

Density Functional Theory (TD-DFT) are combined with monitored spectra, a better and 

deeper understanding of the structural properties and electronics of transition metal 

complexes is possible.  

X-ray magnetic circular dichroism (XMCD) is a technique that analyzes the magnetic properties 

of isolated and trapped ions at cryogenic temperatures inside an externally applied magnetic 

field using high brilliant polarized X-ray photons in conjunction with a mass spectrometer. The 

element selective technique, combined with sum analysis, allows for the decomposition of the 

total magnetic moments in their spin and orbital magnetic moments in various metal centers. 

A determination of the magnetic couplings between distinct metal centers in multinuclear 

complexes is possible via Broken symmetry approach in combination with X-ray Magnetic 

Circular Dichroism (XMCD).  
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1 Introduction 

Transition metal (TM) complexes provide properties that are of high interest since 

antiquity[1- 4], and found application in different areas[5, 6]. They catalyze chemical 

reactions[7- 11] through homogeneous or heterogeneous catalysis by activating small molecules 

in order to functionalize them[12-16]. Transition metal complexes have become prominent in 

pharmaceutical treatments, e.g., cancer[17-25] or malaria infection[26-29]. The wide variety of 

mono and multinuclear complexes leads to different research fields focusing on their 

properties. Paramagnetic transition metal complexes enable access to intrinsic magnetic 

properties with fascinating properties[30]. There are various magnetic phenomena in these 

complexes, such as spin-crossover[31-36] (SCO), spin frustration[37-41], and single molecule 

magnetic (SMM) behavior[42-47].  

Spin-crossover complexes find application in electronic devices as molecular switches[34, 48, 49], 

memory devices[50], rectifiers[51, 52], and other electrical parts such as transistors or wires[53-55]. 

Spin-crossover processes usually occur by thermal excitation from a low spin (LS) state to a 

high spin (HS) state[34]. Several research groups performed experiments in order to determine 

the spin-crossover process in mono and multinuclear transition metal complexes[31-36, 49, 56, 57]. 

The most commonly utilized transition metal seems to be the Fe2+ ion. The excitation occurs 

from an (eg)6(t2g)0 electronic state to an (eg)4(t2g)2 state by elongation of the bonding 

distances[34] and crystal field splitting energies smaller than the actual spin pairing energy[58, 

59]. This redistribution can be achieved by changing the temperature, the pressure, or by 

photon irradiation.  

Spin frustrated complexes do not allow for a single spin configuration that would lead to the 

most favorable and energetic convenient structure[60, 61]. Instead, these complexes establish a 

spin configuration, which do not obtain an alternating manner of “spin up” and “spin down” 

electrons in a specific structure. Complexes with such remarkable properties serve as model 

compounds in metal organic frameworks (MOF)[62-66], quantum computing[67-72], spin 

tronics[73-76], metalloenzymes[77], and catalysis[66, 78-81]. The spin arrangement of such 

oligonuclear complexes leads to unique magnetic properties through the interaction of 

adjacent transition metals, which is impossible in mononuclear complexes because of the lack 

of such exchange couplings of multiple metal centers.  
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Upon application of an external magnetic field, some TM complexes show an intrinsic long 

living magnetization and hysteresis, which indicates single molecule magnetic (SMM) 

behavior[82]. These unique properties arise from the molecule itself and show prospects for a 

great variety of applications, e.g., data storage[67, 83] or quantum computing[67, 69, 84, 85]. Such 

transition metal complexes acquire a high spin ground state combined with a sizeable 

anisotropic barrier[30, 75, 86-88]. The first discovered molecule with such behavior was an Mn12-

acetate complex synthesized by Lis[89]. Nowadays, for the design of improved SMM molecules, 

the combination of 3d transition metals in a high spin configuration with 4f lanthanides 

provides enhanced magnetic anisotropies[43, 45, 46, 90-95]. Besides the combination of 3d and 4f 

ions, the design of multimetallic 3d transition metal complexes are in focus because of the 

high availability of the metal ions[96-101]. 

Multimetallic complexes allow for investigation of cooperative effects that occur through the 

interaction of metal centers in such complexes, which represents a very active field of 

research[102-108], e.g., in magnetism, reactivity, or functional applications. There are 

cooperative effects of multimetallic transition metal complexes in their catalytic[109-118], 

optical[112, 119-128], and magnetic[129-135] properties, which helps to understand such cooperative 

effects. 

Most investigations of the above mentioned properties in TM complexes were performed 

either in solution or in the bulk phase. However, gas phase investigations seem necessary in 

order to recognize effects by solvation or packing effects through crystalline interactions.  

Matrix-assisted Laser Desorption/Ionization[136-138] (MALDI) and Electrospray Ionization[139-141] 

(ESI) have been established as the most common ion sources for the soft ionization of 

transition metal complexes and enable the transfer into vacuum and isolation. Mass 

spectrometric analysis[142-145] determines the mass to charge (m/z) ratio of the complex of 

interest and allows the specific selection by their m/z selection. Subsequent irradiation of TM 

complexes with various light sources, the “action spectroscopy” approach[146], can be 

performed. The ion density is lower within the ion trap than in condensed phase samples in 

classical absorption experiments. The irradiation of isolated TM complexes with light sources 

thus needs to cause changes in the mass spectrum, e.g., dissociation. Collisions with buffer 

gas in an ion trap may provide further information on the complex of interest. By such 
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collisions, the complex cannot transfer its energy to the background gas and starts 

fragmentation, providing information about the stability of the molecule and its 

fragmentation or reaction pathways. Action spectroscopy and molecular collisions have been 

established as two common and powerful tools[147-149] for the investigation of properties in 

isolated TM complexes. With these experimental methods it is possible to extract information 

of several molecular properties, such as geometrical structure[150-152], reaction barriers[153, 154], 

bonding strenghts[155, 156], fragmentation pathways[115, 157] and magnetism[158-164]. Combining 

the different experimental methods with quantum chemical calculations[165, 166] supports the 

experimental data interpretation and helps gain fundamental insights into the TM complexes 

of interest. 

Collision Induced Dissociation[167, 168] (CID) is performed by collisions of trapped ions and the 

background gas molecules, converting the kinetic energy of the trapped ions into internal 

energy[169]. For Transition metal complexes, this technique is beneficial to investigate the 

activation barrier of ligand binding energies[170-172] and their fragmentation pathways[173, 174]. 

Comparing the experimental results with DFT modeled geometries of parent, fragments and 

transition state structures provides fundamental insights into the intramolecular 

fragmentation pathways of isolated molecules[175-177]. 

InfraRed (Multiple) Photon Dissociation (IR(M)PD) gives an insight into the geometrical 

structure and bonding motif of isolated transition metal complexes[178-181]. By resonant 

absorption of the infrared photons, an intramolecular vibrational redistribution[182] (IVR) 

process transfers the excess energy into the internal vibrational degree of freedom. When the 

internal energy reaches the dissociation threshold[183, 184], the ion of interest starts 

fragmentation. High dissociation thresholds or inefficient IVR processes might lead to 

inefficient fragmentation, occasionally resulting in the absence of some vibrational bands[185, 

186]. DFT calculated geometries and their calculated IR spectra have been proven suitable for 

accurate interpretation and analysis of the experimental IR(M)PD spectra [187, 188]. 

Ultra Violet Photon Dissociation[106, 125, 189-191] (UVPD) provides information on the electronic 

ground state of isolated molecules. With this kind of action spectroscopy, it is possible to 

obtain knowledge of the electronic ground state without external effects such as solvation. 

This technique may provide access to coordinatively unsaturated complexes, which would not 
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be available in the condensed phase (cf. chapter 5). Compared with time-dependent DFT 

(TD - DFT) modeling, an interpretation of the UV/VIS spectra is possible.  

X-ray Magnetic Circular Dichroism[192] (XMCD) is an element selective spectroscopy, which 

enables the investigation of magnetic properties of nanoparticles[193, 194], thin films[195-197] and 

isolated molecules[160-164, 194-197]. With sum rule analysis[198-200], it is possible to determine the 

spin and orbital contributions of the investigated compound of interest. Therefore, XMCD 

spectra of isolated molecules give access to intrinsic magnetic properties void of external 

effects as, e.g., crystal packing effects, surface induced effects, or solvatochromy. The results 

of the XMCD experiments can be compared with DFT modeling in a Broken Symmetry[201, 202] 

approach to determine the exchange coupling between transition metal ions in the isolated 

complex. 

This thesis comprises studies on mass-selected mononuclear and multinuclear transition 

metal complexes. The presented complexes are investigated in gas phase by ESI infusion to 

various mass spectrometers. The molecular properties, as mentioned above, are explored by 

combining several experimental and computational methods (cf. Fig. 1). The thesis contains 

seven research studies (chapters 5-11) using IR(M)PD, UVPD, CID, and XMCD techniques 

combined with DFT modeling and XA simulations. All chapters provide an independent 

introduction, a brief description of the experimental setup and theoretical methods, a 

discussion, and a conclusion, thus formatted as a draft manuscript. 
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Fig. 1: The employed experimental and computational methods that serve to 
investigate isolated transition metal complexes as utilized in this thesis. 

In more detail, the results documenting chapters of this thesis are as follows: Chapter 5 

reports the change of an antiferromagnetic exchange coupled trinuclear iron (III) µ-oxo 

acetate complex [Fe3O(OAc)6]+ complex to a ferromagnetic exchange coupled complex with 

the coordination of pyridine to the complex. The chapter presents polarized dependent XA 

spectra and their corresponding XMCD spectra for the complexes [Fe3O(OAc)6(py)0-3]+ in 

comparison with DFT modeling and XA simulations. Geometrical changes in the angles of the 

Fe3O core directly correlate with the magnetic moments per atom in this series of complexes, 

elucidating the change of the ground state by coordinating pyridine to the trinuclear µ-oxo 

acetate complex [Fe3O(OAc)6]+. The presented UVPD spectra reveal a small redshift by 

coordinating pyridine to the complex and a blueshift by coordinating three pyridines to the 

complex, resulting in a restoration of the symmetry.  

At least an Opto magnetic correlation of the complex [Fe3O(OAc)6(py)0-3]+ is established. The 

XA spectra and the corresponding UVPD spectra reveal the same trend of shifting in both 

spectra. Compared with the Tanabe-Sugano diagram for a d5 high spin atom, a correlation 

between the absorption energies in the UVPD spectra and the crystal field splitting from the 

XA spectra is possible. Compared with DFT modeling, the change of the bridging ligand has a 

minor influence on both properties (e.g., magnetic moments and absorption energies). The 

complex is more affected by non covalent interactions and the central oxygen atom. 
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Chapter 6 is built up from earlier IR(M)PD studies of [Fe3O(OAc)6]+[203, 204] and focuses on the 

change from Fe(III) high spin atoms to Ru(III) low spin atoms. The IR(M)PD spectra, in 

combination with DFT calculations, point out that the complex does not feature restoration 

of the symmetry in the complex by coordinating three pyridines to the complex, as with 

Fe(III)[203, 204]. Broken symmetry calculations hint no change in the magnetic properties, and 

this complex still shows antiferromagnetic exchange coupling with every coordination of 

pyridine to the complex. 

Chapter 7 reports temperature dependent XA investigations of a mononuclear spin-crossover 

complex [Fe(btpa)]2+. The experimental magnetic values presented in this chapter reveal a 

change in the magnetic moments by raising the temperature. DFT modeling leads to three 

different minimum structures of the complex. The XA spectra hint three other geometrical 

complexes, e.g., two high spin complexes and one low spin complex. The IR(M)PD spectra also 

point out three different structures combined with DFT modeling two octahedral complexes 

and one quasi heptagonal coordinated complex are observed. Transition state calculations 

reveal a change from the low spin to the high spin by these structures. The correlation 

between XA spectra and their corresponding UV/VIS spectra of [Fe(btpa)]2+ hints that different 

crystal field splittings lead to two various absorption bands. In combination with TD-DFT 

modeling, these absorption bands can be assigned to the different high spin complexes. 

Chapter 8 reports the investigation of a trimetallic Manganese complex with single molecule 

magnetic behavior. The temperature dependent XA spectra and their corresponding XMCD 

spectra reveal lower magnetic moments by raising the temperature. Broken Symmetry 

calculation also predicts a spin flip from one “spin up” electron to a “spin down” electron. 

Chapter 9 reports the structure determination of complexes with the structure 

[M2Ln(HVab)(Vab)3(NO3)]2+ (M = Co, Cu; Ln = Dy, Gd, Nd, Sm, Tb) with single molecule 

magnetic behavior. The presented IR(M)PD spectra reveal two different isomers for this series 

of complexes. This series of complexes obtains a high symmetry as a result of fewer vibrational 

bands in the spectra. This study explains the influence of the transition metal on the 

lanthanide and their single molecule magnetic behavior. 
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Chapter 10 is a comment to a publication of Kowalska et al.[205], which reports the nitrogenase 

process investigation with a spin coupled Molybdenum atom in a [MoFe3S4] core. The 

delocalized electron is more located at the Fe3+ ion in the cubane system, and by X-ray 

absorption behaves like a Fe2+ atom. The assumed anti Hund’sche rule configuration in the 

Molybdenum atom could not be confirmed with DFT modeling. 

Chapter 11 presents the first investigations of a single molecule magnet with the structure 

[Mn7(Vab)6]2+. The mass spectra and CID breakdown curves show a fairly stable complex that 

begins fragmentation by losing one methyl group. TD-DFT calculations reveal weak MLCT 

transitions, allowing the Tanabe-Sugano diagram to approximate the crystal field splitting in 

Mn2+ ions. Broken symmetry calculations reveal almost similar energies for the 

antiferromagnetically coupled structures, implying a degenerated system. The anisotropic 

tensors show a higher value for an antiferromagnetically coupled system than for the 

ferromagnetically coupled complex. 

Chapter 12 reports developing a new ion source and troubleshooting on an existing home built 

mass spectrometer. The First test of the new ion source showed pure transition metal clusters 

with different metals. Next, the aggregation of Nitrogen to Tantalum clusters is reported and 

proved by comparing with previously measured mass spectra of Nitrogen adsorbed Tantalum 

clusters at the FRITZ instrument[206-208]. 

The appendix AI provides a brief characterization of a trinuclear Rhodium complex via CID and 

IR(M)PD experiments combined with DFT calculations of the minimum structure and the 

corresponding linear absorption spectrum.  

Appendix AII serves as a starting point for the auto-oxidation investigation in a neutral 

trinuclear Palladium complex to a mono cationic complex. CID experiments point out that the 

investigated complex is present as a parent and not as a fragment, indicating that a Redox 

reaction occurs during the ESI process. DFT modeling of the neutral and the cationic complex 

reveals that the cationic complex is more favored than the neutral one. 
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In the appendix, AIII gives a detailed description of a common problem with the RF voltages 

in the amazon mass spectrometer. The conductance problems of the RF voltages lead to 

laborious actions to fix this problem. This description prevents a time loss for this problem and 

avoids more damage to other parts of the mass spectrometers. 

Appendix AIV briefly reports the repair process of a commercially bought time of flight mass 

spectrometer called ultraflex II (bruker, daltonics). The reported chapter includes several steps 

for replacing defective parts of the mass spectrometer and maintaining the software package 

to provide a working instrument. 

At least appendix AV comprises the scientific proposals to request beam time at the Helmholtz 

Zentrum Berlin für Materialien und Energie (BESSY II). The reviewers high ranked all these 

proposals, but some beam times were canceled due to other groups in resubmissions. We 

granted three beam times with a full time allocation of two weeks and one beam time with a 

time allocation of one week.  

This thesis comprises different experimental techniques for investigating paramagnetic mono- 

and multinuclear TM complexes in combination with computational methods to gain a better 

insight into complexes with magnetic properties. Combining these techniques leads to a 

different point of view of the investigated complex, resulting in a more detailed understanding 

of how magnetic properties are influenced by structural or electronic properties and vice versa 

(cf. Fig. 1). 
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2 Experimental setup 

This chapter summarizes the experimental setups used in this thesis. This chapter is divided 

into three sections. The first section points out different ion sources to create the ions of 

interest for various investigations. The second section briefly points out the used mass 

spectrometer in this thesis. Finally, the third section briefly introduces the different light 

sources for investigating the ions in their geometrical, optical, and magnetic properties. 

 Ion Sources 

2.1.1 Apollo II ESI Source 

The Bruker Apollo II ESI source (cf. Fig. 1) is used in combination with three different mass 

spectrometers from the AmaZon series (Speed, SL, and ETD) explained in chapter 2.2.1. The 

ESI sprayer (1) houses the ESI capillary. A gas-tight syringe (HamiltonTM) connection and a peek 

capillary (inner diameter of 0.13 mm) to a syringe pump continuously infers the solution 

sample into the ESI capillary. The syringe pump is usually operated with a constant solution 

flow rate of 100–180 µL/min. A continuous nitrogen flow along the spray needle serves as 

nebulizer gas (pressure: ~400 mbar, flow rate: 2.5 L/min). The nebulizer gas supports the 

formation of tiny aerosol particles in the spray chamber (2). A high voltage between 3.5 kV 

and 4.5 kV is applied to the spray shield (3). For the electrostatic gradient, it is necessary to 

ground the spray needle. The transfer capillary (4) serves as an entrance to the mass 

spectrometer. Both ends of this capillary are metal-coated (platinum coating) to apply a DC 

voltage gradient for better ion guiding. Heated Nitrogen gas is provided by a gas heater (5) 

with a temperature between 180 °C and 220 °C and a flow rate of 4-6 L/min. Heated Nitrogen 

gas flows against the direction of the droplet stream and supports the desolvation of the 

droplets. An electrostatic DC potential between the spray shield and the transfer capillary 

leads to a focus of the ions onto the mass spectrometer entrance. 
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Fig. 1: Schematic overview of the Bruker Apollo II ESI source used in the AmaZon 
mass spectrometer [1]. With the ESI sprayer (1), spray chamber (2), spray shield (3), 
Waste line for solvents (4), temperature controlled dry gas heater (5), and metal-
coated glass capillary (6). 

2.1.2 ESI source of the Schlathölter group 

The XMCD studies on the monometallic complex [Fe(btpa)]2+ (cf. chapter 7) were performed 

with the custom build ESI source kindly provided by the group of Thomas Schlathölter (Zernike 

Institute for Advanced Materials, University of Groningen, Netherlands)[2-5]. This custom build 

ion source comprises a stainless steel spray needle, a transfer capillary, and a radio frequency 

(RF) ion funnel[6]. The HamiltonTM gas-tight syringes and a syringe pump serve to constantly 

infuse the sample solution into the spray needle with a flow rate of ~ 200 µL/h. The spray 

needle is mounted on an x, y, z translation stage and allows an optimal position for the spray 

needle to maximize the ion signal intensity for the XMCD studies. This spray needle is kept at 

a constant voltage between 3-3.5 kV. After the ESI process, the ions are transferred into the 

vacuum by the transfer capillary. The transfer capillary is heated by applying a constant 

voltage between 10–30 V. This supports a desolvation process of the ions within the transfer 

capillary. After passing the transfer capillary, the ions enter a home built RF ion funnel 

containing 26 lenses with declining diameters to guide and focus ions onto the mass 

spectrometer's optical pathway. The ion funnel is operated with a frequency of ~250 kHz and 

an amplitude of Vpp = 250–300 V. For better ion transfer into the mass spectrometer. In 
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addition, a constant DC gradient is overlaid to the RF field (120 V to 25 V), guiding the ions to 

the MS. After passing the ion funnel, the ions enter a hexapole ion guide of the “Ion Trap” 

mass spectrometer (cf. chapter 2.3.2) for further investigations. 

2.1.3 ESI source of the Lau group 

The XMCD studies on the complexes [Fe3(OAc)6(py)0-3]+ and [Mn3(Hcht)2(Bipy)4]3+ 

(cf. chapter 5 and 8) were performed with a custom built ESI source provided by the group of 

Tobias Lau (Helmholtz Zentrum für Materialien und Energie, Berlin) and designed by Martin 

Timm. This ion source is almost similar to the ion source in chapter 2.1.2. The significant 

difference in this ESI source is that the complete ESI setup is commercially bought 

(Varian 1200 API) and mounted on a 160 CF flange (cf. Fig. 2).  

 
Fig. 2: Schematic overview of the custom built ESI ion source of the Lau group used 
in the Ion Trap. With the Varian ESI source (1), CF 160 flange (2), and the home build 
ion funnel (3). 

The spray needle is kept at a constant voltage between 3-3.5 kV, and the transfer capillary is 

heated by a constant voltage between 10-30 V, leading to a temperature of 30-70 °C. The 

temperature leads to a better desolvation of the ions within the transfer capillary. After 

passing the transfer capillary, the ions enter a home built RF ion funnel containing 26 lenses 

with declining diameters to guide and focus ions onto the mass spectrometer's optical 

pathway. The ion funnel is operated with a frequency of ~250 kHz and an amplitude of 

Vpp = 250–300 V. For better ion transfer into the mass spectrometer. A constant DC gradient 

is overlaid to the RF field (120 V to 25 V), guiding the ions to the MS. After passing the ion 
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funnel, the ions enter a hexapole ion guide of the Ion Trap (cf. chapter 2.3.2) for further 

investigations. 

2.1.4 Laser vaporization source (LVAP) 

For the studies of transition metal (TM) clusters, a home built Laser vaporization (LVAP) ion 

source is used to create these clusters in different sizes at the GERTI instrument 

(cf. chapter 2.3.3). The LVAP cluster ion source was first described by Bondybey, English[7, 8] 

and Smalley et al.[9, 10]. Major parts of the current LVAP ion source are the piezoelectric 

valve[11], the expansion block, and the expansion channel (cf. Fig. 3). The second harmonic of 

an Nd:YAG laser (surelight II, continuum) is focused onto a rotating metal foil, may vary in 

thickness between 0.1 and 0.5 mm, it pulses with a repetition rate of 10 Hz. A piezoelectric 

valve generates a sharp gas pulse synchronized to the laser pulse, an opening time between 

10–80 µs, and a backing pressure between 10 and 20 bar. The gas pulse expands into the 

vacuum with a pressure of ~ 5.0·10-6 mbar. In vacuum, the ions cool down within a supersonic 

expansion, and the cluster formation starts by condensing the ions to the cluster. The 

maximum of the cluster distribution can be tuned by changing the opening time of the valve, 

the pulse delay, or changing the source voltage. 

 
Fig. 3: Schematic overview of the Laser vaporization ion source with (1) gas inlet, 
(2) piezoelectric valve, (3) expansion block, (4) pick up unit, (5) expansion channel, 
and (6) mesh. 
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We modified a home built Laser vaporization source (LVAP) with a so-called “pick-up” block 

to enable the adsorption of small molecules to the clusters (cf. Fig. 4). The gas inlet is mounted 

directly after plasma formation to mix the adsorbed molecules and the resulting cluster before 

cluster condensation in vacuum (cf. Fig. 4). The carrier gas (He, Ar) takes this mixture of the 

adsorbate gas and metal ions into the expansion channel and condenses clusters via expansion 

cooling. 

 
Fig. 4: Schematic aggregation of small molecules within the “pick-up” unit. Carrier 
gas in blue, molecules aggregated to the clusters in red and metal ions in orange 
after irradiation with a frequency doubled Nd:YAG ablation laser (green). 

 Mass Spectrometric Instrumentation 

Mass spectrometry is a powerful method that allows the analysis of ions in gas phase[12-14], 

and it characterizes these ions by their mass–to–charge (m/z) ratios. Various methods 

determine the m/z ratio of ions with electric and or magnetic fields[15] and the separation of 

different ions by the Time of flight. Besides guiding and detecting the ions, they can be 

stored[16] within ion optics (ion traps). The most common traps are linear multipoles and Paul 

traps[17]. Both ion traps work with well-defined radio frequencies (RF) applied to the metal 

rods in linear multipoles or on hyperbolic electrodes in Paul traps. To generate a trapping 

potential[18-20] for the ions of interest, the RF voltage alternate on the metal rods respective to 

the hyperbolic electrodes. The following chapters provide descriptions of the used mass 

spectrometer in this work. 
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2.2.1 AmaZon mass spectrometer (Speed, SL, ETD) 

The commercial AmaZon (Speed, SL, ETD; bruker daltonics) mass spectrometer serves to 

conduct Collision Induced Dissociation (CID), InfraRed (Multiple) Photon Dissociation 

(IR(M)PD), and Ultra Violet Photon Dissociation (UVPD) studies[21-28]. All three of these mass 

spectrometers are equipped with Apollo II Electrospray Ionization (ESI) ion sources 

(cf. chapter 2.1.1). This type of mass spectrometer is a four-staged differential pumped 

vacuum system that provides a pressure gradient when guiding ions into the ion trap 

(cf. Fig. 5).  

 
Fig. 5: Schematic overview of the Bruker AmaZon (Speed, SL, ETD) mass 
spectrometer[1]. 

The ions created by the ESI process exit the transfer capillary into the first vacuum stage 

(~1 mbar). In this vacuum stage, there are two subsequent ion funnels arranged (cf. Fig. 6). 

Both ion funnels are fitted “off-axis” to the transfer capillary to avoid neutral molecules from 

the ESI process. The first ion funnel in this system comprises a wider entrance, as the second 

funnel provides a higher ion transport amount. A subsequent decreasing inner diameter in the 

ring electrons leads to a focused ion beam. The ions pass a lense, separating the second funnel 

in a different vacuum stage to provide a pressure gradient. A radiofrequency (RF) voltage 

provides an electric field, which confines the ions into the field free area. An additional DC 

voltage applied to the ion funnel generates a voltage gradient between the first and the last 

ring electrode, resulting in a more efficient ion transfer combined with the pressure gradient. 
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Fig. 6: Schematic overview of the double stacked ion funnel system in the Bruker 
AmaZon (Speed, SL, ETD) mass spectrometer. 

After passing the ion funnels, the ions enter the third vacuum stage, consisting of two linear 

RF octupoles and the nCI source for ETD experiments. Then the ions enter the final vacuum 

chamber (~10-6 mbar). A Paul-type ion trap accumulates the ions in this chamber, allowing 

their m/z determination, isolation, and fragmentation.  

The Paul trap is a three-dimensional quadrupole ion trap. It comprises a ring electrode and 

two end caps (cf. Fig. 7), forming a nearly hyperbolic inner profile. The ions enter and exit the 

trap through pinholes in the end caps. A high voltage RF potential (781 kHz) is applied to the 

ring electrode while the end caps are grounded. The accumulation of ions is possible by the 

resulting oscillating quadrupolar electric field. The mass range of the accumulated ions 

depends on the applied amplitude of the RF voltage. An auxiliary dipolar voltage is fed to 

either the exit cap or both end-caps for subsequent ion isolation and fragmentation. For 

effective ion trapping, it is necessary to slow down the ions in the Paul trap. Therefore, an 

integral derivative (PID) gas controller maintains a partial Helium buffer gas pressure of 

approximated 10-3 mbar in the ion trap. The collision with the Helium atoms leads to a 

deceleration of the ions and allows efficient storage of the ions. Typical accumulation times 

vary between 0.01 ms and 200 ms. 
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Fig. 7: Schematic cross-section of a Paul type ion trap in the AmaZon mass 
spectrometers[29].  

The oscillation of the ions inside the Paul trap depends on the radial and axial directions. This 

oscillation depends on the m/z ratios and the field parameters (e.g., voltage frequency, 

amplitude). The solution of the Mathieu equations leads to a two-dimensional stability 

diagram[30]. This diagram shows stable orbits for ions inside the Paul trap (cf. Fig. 8). The orbit 

for ions is defined as stable if the oscillatory amplitudes in a radial direction (βr) and the axial 

direction (βz) point out a value between 0 and 1. All other orbits are unstable, and the ions 

can collide with the walls βz and βr are inversely proportional to the mass of the ions and 

directly proportional to the RF voltage. The axial direction (βz) is the most important because 

this is the direction of the injection or ejection of the ion inside the trap. For the accumulation 

of the ions (RF-only mode), the diagram reveals a boundary of stabilities along with the line 

βz = 1. This line determines the lowest m/z ratios in the RF field by given DC voltage, which 

leads to stable orbits. The range of m/z ratios stored simultaneously in the trap has a lower 

cut-off, determined by the applied RF amplitude on the ring electrode. In this theory, there is 

no limit to the mass range of storage ions. In practice, thermal reasons bring in an upper limit 

for the mass range. Usually, the limit is about 20-30 times the lower cut-off, meaning the 

applied RF field does not efficiently trap ions above this limit. 
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Fig. 8: Stability diagram for ions in a Paul trap. The parameter βr describes 
oscillation in the radial direction, and the axial is represented by the parameter βz. 
Stable orbits exhibit 0 ≤ βr, βz ≤ 1[30, 31].  

Variation of the RF voltage in addition to the applied DC voltages a continuous ejection of the 

trapped ions under m/z controls. A Daly detector detects the ions. A scan of these ions leads 

to a mass spectrum, and the scan rate is around 32500 (m/z)/s in the ultra scan mode with a 

resolution of 0.3 FWHM. The isolation of ions with an m/z ratio leads to unstable orbits for all 

other ions with different m/z ratios.  

For the AmaZon Speed and SL, several modifications allow IR(M)PD (SL) and UVPD (Speed) 

experiments. First, in both mass spectrometers, two pinholes are drilled in the Paul trap's ring 

electrode to create an optical path through the center of the ion trap (cf. Fig. 9). These holes 

have an outer diameter of 6 mm and decline to 2 mm to the inner side, resulting in a limitation 

of the loss of helium inside the trap. Also, Windows and mirrors have been installed to guide 

the laser beam in and outside the mass spectrometer. For the AmaZon SL, the instrument's 

software has been updated to synchronize the duty cycle of the mass spectrometer to the 

10 Hz trigger signal of the pump laser. Further details on the modifications of the mass 

spectrometer are available in the doctoral thesis of Fabian S. Menges[32].  
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Fig. 9: Scheme of the modified ring electrode (RE). IR and UV/VIS laser beams pass 
the BaF2 windows (W1, W2) and are reflected by two mirrors (M1, M2)[29]. 

2.2.2 Ion Trap mass spectrometer 

The “Ion Trap” is a custom build mass spectrometer (cf. Fig. 10) at the UE52-PGM beamline at 

BESSY[33-37] and serves for X-ray absorption (XAS) and X-ray magnetic circular dichroism studies 

of isolated transition metal clusters in gas phase. This instrument is built by the groups of 

Thomas Möller, Bernd von Issendorff, and Tobias Lau. The instrument is combined with the 

home build ESI ion source (chapter 2.1.2) by Tobias Lau's group. 
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Fig. 10: Schematic overview of the Ion Trap instrument[33-41] built by Thomas 
MÖLLER, Bernd von ISSENDORF, and Tobias LAU, operated by the group of Tobias LAU 
at the UE52 beamline at BESSY II. Akira Terasaki provided the 5 T superconducting 
magnet.  

The ion of interest is mass-selected in a linear quadrupole mass filter (Extrel, 40 - 4000 amu) 

and transported through several electrostatic lenses into the quadrupole ion bender. It bends 

the ion beam by 90 ° onto the axis of a linear quadrupole ion trap (cf. Fig. 11) within the high 

field region (5 T) of a superconducting solenoid. The trap is operated at a frequency between 

2 and 4 MHz (~500 V peak-to-peak voltage). The gained quadrupole field focuses the ions into 

the field-free region, which leads to a better overlap of the X-ray beam with the ions in the 

trap. Static DC voltages applied to the entrance and exit plates serve as axial ion trapping. 

Evaporative liquid He cooling cools down the ion trap to a temperature of 4 K. A constant He 

backing pressure of 1·10-6 mbar within the vacuum chamber cools down the trapped ions by 

collisional cooling down to 4.5 K. 
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Fig. 11: Schematic drawing of the cryogenically cooled quadrupole of the Ion Trap 
mass spectrometer[39]. It comprises four parallel rods (d = 6mm, L = 25 cm) and 
two side electrodes, increasing trapping efficiency. The rods and side electrodes 
are made of non-magnetic Molybdenum since the quadrupole is located in the 
high field region of a superconducting solenoid. 

The thermalized ions are slighter warmer than the applied temperature to the trap of ~15 K[39] 

by cause of the RF heating. Cooling of the ions is necessary to reduce temperature-induced 

orientation and randomization of the magnetic moments in the investigated ions of interest. 

The ions are constantly injected into the ion trap and irradiated with the X-ray beam. The ions 

are ejected into the reflectron Time of flight mass spectrometer with a frequency of about 

120 Hz to record mass spectra from the ion trap. For the XA spectra recorded by TIY 

spectroscopy, the ions are irradiated for 10 to 15s at set photon energy. A GaAs-diode records 

the X-ray intensity from the undulator beamline used for photon flux normalization of the 

recorded spectra. Spectra on the Fe absorption edges were taken with an exit slit size of 200 

µm and a respective resolution of 400 meV at 710 eV. Further instrumentational details of the 

“Ion Trap” Trap are available in the doctoral thesis of Andreas. Langenberg[39].  
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2.2.3 GERTI (General Electrospray Time of flight Instrument) 

This instrument is a home built time of flight mass spectrometer. The instrument is a three-

staged differential pumped system containing an ionization chamber, an acceleration 

chamber, and the Time of flight region (cf. Fig. 12). The most significant advantage in this setup 

is that the change of the ion sources can be done within several minutes up to one hour.  

 
Fig. 12: Scheme of the GERTI instrument without an ion source implemented in 
the ion source chamber. 

The ions of interest are created in different ion sources (e.g., chapter 2.1.4), adapted in the 

ion source chamber (cf. Fig. 12). The pressure in this chamber is ~2.0·10-5 mbar in operation 

mode. The ion source is on-axis to a skimmer, which separates neutrals and ions with the 

wrong polarity. Also, the skimmer separates the next vacuum stage from the source chamber. 

An octupole is installed after the skimmer and serves as an ion guide to transfer the ions to 

the acceleration chamber. A Wiley McLaren arrangement accelerates the ions into the time 

of flight region. In operating mode, an acceleration voltage between 3-5 kV is applied to the 

plates with a frequency of 10 Hz synchronized to the flashlamp trigger, which is the starting 

point for all delays in the experiment. The acceleration stage is a rebuild of the arrangement 

by T.P. Martin[42]. The Time of flight area provides two stacks of multi-channel plates (MCP) in 

a chevron arrangement. Ions can be detected in a linear mode (LinTOF), or by applying 

voltages to the reflectron, the detection in the reflectron mode (ReTOF) is possible. The 

pressure in the time of flight region is ~ 1.3·10-7 mbar.  
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The Wiley McLaren arrangement consists of seven lenses with different voltages (cf. Fig. 13). 

In this arrangement, the lenses HV1 and HV2 get high voltage pulses at set time intervals with 

a 10 Hz trigger synchronized to the flash lamp trigger, starting the duty cycle for recording 

mass spectra. The HV1 plate suddenly deflects the ions orthogonal and eliminates neutrals in 

the ion beam by applying a high voltage. The HV2 lense slows down the faster ions and 

accelerates them with the same energy into the time of flight area. Following lenses, PL1–PL3 

are grounded to provide a field-free region until they pass the PL4 lense with a high negative 

voltage to focus the ions for better collimation.  

 
Fig. 13: Scheme of the voltage diagram for the Wiley McLaren arrangement to 
accelerate the ions into the Time of flight area[42]. 

 Light Sources 

2.3.1 Optical Parametric Oscillator/Amplifier IR Laser system 

Non-linear optical crystals can convert the wavelength of laser radiation with second-order 

non-linear optical interactions[43]. This conversion leads to an approach to tune the frequency 

of laser radiation[44]. However, due to low intrinsically low frequency conversion efficiency, 

these non-linear optical processes need very intensive and coherent light as pump sources [45]. 

An optical parametrical oscillator[46] (OPO) consists of a non-linear optical crystal and an 
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optical resonator (two mirrors). This assembly converts the incoming photons into two 

photons with lower photon energy. These photons are called signal and idler photons. A 

change in the angle between the laser beam and the crystal surface allows us to tune the 

outgoing wavelength of the signal and idler by phase matching[47]. The optical parametric 

amplifier[48] (OPA) comprises several non-linear crystals and serves to amplify the seeded laser 

light from the OPO stage. Combining the OPO and OPA stages enables intense and tunable 

laser radiation and is extremely useful for laser spectroscopic investigations[49]. 

 
Fig. 14: Non-linear optical processes and frequency conversions of the LaserVision 
OPO/OPA laser systems. Potassium titanyl phosphate (KTP) crystals serve for 
second harmonic generation (SHG) and the optical parametric oscillator (OPO) 
process. Potassium titanyl arsenate (KTA) crystals serve for the optical 
parametrical amplification (OPA) process. AgGaSe2 crystals enable difference 
frequency mixing (DFM). The indices represent a vertical (v) or horizontal (h) 
polarization of the laser light.  
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Fig. 15: Optical setup of the LaserVision broadband OPO/OPA laser system. Lines 
and arrows indicate the pathway of the incoming and outgoing laser beam.  

A seeded Nd:YAG laser (Continuum-PL8000, 10 Hz, 540-560 mJ/pulse) serves as pump laser 

for laser radiation with well-defined pulses, operating with a wavelength of 1064 nm (9394 

cm-1) and a pulse length of 7 ns. The fundamental beam is guided to a beam splitter, and only 

one-third of the beam enters the OPO/OPA system. A beam splitter guides the fundamental 

beam to a potassium titanyl phosphate crystal for a second-harmonic generation[45] (SHG). 

The SHG process combines two photons from the fundamental beam to one photon with a 

doubled frequency (532 nm, 18789 cm-1). A λ/2 wave plate provides the variation in the laser 

intensity. A fundamental photon conversion into a frequency-doubled photon leads into two 

photons with different frequencies called signal 1 and idler 1. The signal photon has a higher 

frequency than the idler photon. The frequency of these photons can be changed by the 

incident angle variation between the beam and the KTP crystal surface. Due to the energy 

conversation, the sum of the signal and idler photon energy has to be identical to the photon 

energy of the frequency-doubled beam energy (cf. eq.1 and eq.2). 

2ω = 532 nm =  vSignal 1 +  vIdler 1 (1) 

2ω = 18789 cm−1 =  v�Signal 1 +  v�Idler 1 (2) 

For the difference frequency mixture, a Silicon filter blocks signal 1, and only the idler 1 enters 

the OPA stage, comprising four potassium titanyl arsenal (KTA) crystals. In the OPA stage, the 

idler 1 beam overlaps with two-thirds of the fundamental beam. The fundamental beam splits 

into two frequency-doubled photons in the OPA process, signal 2 and idler 2. The idler 1 beam 

is amplified when the signal 2 photons generated in this process has the same frequency as 
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the idler 1 beam (cf. eq. 3-4). Thus, the frequency of idler 1 determines the frequency of the 

idler 2 photons. The intensity can be contracted by a λ/2 wave plate and a thin film polarizer. 

vIdler 1 =  vSignal 2 (3) 

1064 nm =  vSignal 2 +  vIdler 2 (4) 

9394 cm−1 =  v�Signal 2 + v�Idler 2 (5) 

The generated signal 2 and idler 2 contain different linear polarizations due to their electric 

field vectors. To provide the beam for each case of experimental studies, a silicon filter aligned 

in a Brewster angle selectively separates the signal 2 (4700–7400 cm-1) or idler 2 (2200–

4700 cm-1) beam. Another difference frequency mixing[50] of signal 2 and idler 2 (cf. eq. 6) in a 

Silver Galium Diselenoid (AgGaSe2) crystal generates a beam with a spectral range of 

800 - 2200 cm-1. Finally, a ZnSe filter separates the DFM beam from the remaining signal 2 and 

idler 2 beam. 

v�DFM =  v�Signal 2 −  v�Idler 2 (6) 

With a given setup, the Laser provides a spectral resolution of ~0.9 cm-1. A delay generator 

(Stanford Research Systems DG645) is used for synchronization with the mass spectrometer. 

The calibrated wavelength outputs are monitored by a wavemeter (Bristol Instruments 821B-

NIR). A Power meter with corresponding detector heads (Maestro, gentec-eo UP-19K-H5D0) 

records the laser power during scanning during the experiment. A beam profiler camera 

constantly monitors the beam profile of the pump laser (WinCamD, DataRAy Inc) to prevent 

hotspots in the laser beam to protect the mirror setup. 

2.3.2 X-ray Synchroton Radiation at BESSY II (UE52–PGM beamline) 

The XA spectra presented in this work were recorded using the Ion Trap (cf. chapter 2.3.2) at 

BESSY II. The photons are generated within a soft X-ray undulator beamline UE52. Synchroton 

radiation is generated by the acceleration of electrons to relativistic velocities in circular 

orbits. When they reach these velocities, they emit electromagnetic radiation. At BESSY II, the 

electrons are accelerated to 50 MeV and then injected into the storage ring, where the 

electron beam has a frequency of around 500 MHz[38]. Alternating dipole, quadrupole, and 

sextupole magnets inside the storage ring focus and correct the electron beam pathway. The 

dipole magnets in the ring bend the electron beam and provide a circular path for the beam. 

This deflection of the electrons in the ring generates bremsstrahlung. Within the generation 
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of the bremsstrahlung, the electrons lose energy to compensate for this energy loss. RF 

cavities inside the storage ring reaccelerate the electrons up to 1.7 GeV[38]. The obtained 

bremsstrahlung can be focused and monochromatized to perform X-ray studies. 

In the straight pathways inside the storage ring are undulators located to provide high brilliant 

synchrotron radiation. The undulator is built of concatenated permanent magnets with 

alternating polarity (cf. Fig. 15). The electrons enter the magnet field to perform a sinusoidal 

motion with a specific wavelength. With this arrangement, the undulator generates photons 

with horizontal polarization (cf. Fig. 15 a). The change of the magnet pairs above and 

underneath about a half wavelength leads to a generation of circularly polarized photons 

(cf. Fig. 15 b). The variation of the gap in the undulator leads mainly to a change in the photons' 

wavelength.  

 
Fig. 16: Arrangement of the concatenated permanent magnets of an APPLE 2 
(advanced planar polarized light emitter) undulator[51-54]. (a) Magnet arrangement 
for horizontal photon polarization and (b) arrangement for circular photon 
polarization. 
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The UE52 beamline is equipped with an APPLE 2 (advanced planar polarized light emitter) 

undulator[51-53, 55]. The undulator obtains four rows of permanent magnets with alternating 

polarization and can be shifted individually against each other. With this arrangement, the 

undulator can generate horizontally polarized photons and circularly polarized photons, 

depending on the magnet shift and gap. The beamline provides a soft X-ray beam with an 

energy range of 85 to 1600 eV. The spectral resolution is limited by the variation of the exit 

slit width of the plane-grating mirror (PGM) monochromator. The storage ring is operated in 

the Multibunch Topup mode. The electrons collide with residual gas inside the ring and 

constantly inject electrons into the storage ring to keep a constant ring current between 250–

300 mA in top up mode. 

Table 1: Technical specifications of the UE52-PGM beamline at BESSY II[56].  

energy range 85–1600 eV (soft X-ray regime) 

resolving power at 400 eV > 10000 

polarization variable 

degree of polarization 90 % 

photon flux (500 – 1000 eV) > 1012 photons / s 

divergence 0.8 mrad x 0.2 mrad 

2.3.3 Wyvern KMLaps system 

The output of a Ti:Sa oscillator/CPA amplifier system is split into several branches for pump-

probe experiments. In this work, the pump beam is not needed to record steady-state UVPD 

spectra. Instead, the beam enters the TOPAS-C system, and two sets of wavelength separators 

filter the required energy pulses from other beams with different wavelengths. The laser beam 

is focused onto the center of the ion cloud within the Paul trap. A beam shutter is synchronized 

with the mass spectrometer to allow radiation of the ions with a set frequency (10 Hz). The 

gained UVPD spectra (cf. chapter 5) were recorded with the wyvern setup (KMLaps). Further 

details can be found elsewhere[21, 31, 57]. 
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Fig. 17: Schematic setup for PD/tPD experiments, combining a tunable 
femtosecond pump/probe laser setup with a modified electrospray Paul-type ion 
trap mass spectrometer[31].  
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3 Methods 

 Electrospray Ionization process 

To transfer molecular ions from a solution into the gas phase[1-3] with an amount of minimal 

fragmentation, electrospray ionization is the most common method to perform mass 

spectrometric investigations on transition metal complexes[4] or biomolecules[5, 6]. This kind of 

ion source has been continuously advanced[7-9] to generate molecular ions with non covalent 

interactions[10, 11] or scan reactive intermediates within a catalytic cycle[12-14]. 

 
Fig. 1: Transfer of molecular ions from a solution into the gas phase by the 
Electrospray Ionization (ESI) process[15-17]. 

The analyte solution is constantly infused into the ESI capillary (cf. Fig. 1). A strong electrostatic 

field is applied between the capillary and the orifice of the mass spectrometer generated by a 

power supply. This electrostatic field leads to a separation of cations and anions in the solution 

by electrophoresis. A so-called Taylor cone is formed at the exit of the capillary[18, 19]. This cone 

releases charged droplets when the Coulomb repulsion between the ions in the solution 

overcomes the surface tension of the solvent. The released droplets shrink by thermal-

induced desolvation. When the Rayleigh Limit[20] is reached, a Coulomb explosion of these 

droplets starts. Repeating this process leads to completely desolvated ions in vacuum. Polar 

solvents with low boiling points suit the ESI process since they stabilize ions and facilitate 

desolvation. 
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The most common ESI models[21] for the qualitative description of the desolvation mechanism 

are the charged residue model[22, 23], the ion evaporation model[24, 25], and the chain ejection 

model[15, 26, 27].  

 
Fig. 2: Schematic description of the possible ESI models for transferring the ions 
into the vacuum[15]. 

The ion evaporation model (cf. Fig. 2 (a)) assumes an amount of charged ions within one 

droplet. The ions on the surface are directly emitted by shrinking the droplet as a result of the 

smaller droplet's higher charge density. Otherwise, the charge residue model (cf. Fig. 2(b)) 

assumes just one ion in the droplet where the solvent successively shrinks until a desolvated 

ion is released into the vacuum. The chain ejection model (cf. Fig. 2(c)) tries to explain the 

transfer of protein within a droplet. In this model, non-polar groups in the protein are directed 

to the inside of the folded protein and interact with the solvent. The polar groups interact with 

the surface, and by shrinking the droplet, the protein is successively ejected into the vacuum. 
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 Time of flight mass spectrometry (TOF-MS) 

For the detection and separation of different ions, this technique uses the physical properties 

of the ions with distinct masses and the same kinetic energies, leading to varying velocities at 

a specific time for the ions[28, 29]. The ion package is accelerated into the time of flight area 

with the same kinetic energy. In the field free Time of flight area, the ions separate because 

of their masses. Ions with higher masses gain lower velocities, and ions with lower masses get 

higher velocities. The kinetic energy corresponds to the potential energy of the electric field 

in the acceleration area. 

1
2
∙ 𝑚𝑚 ∙ 𝑣𝑣2 = 𝑧𝑧 ∙ 𝑀𝑀 ∙ 𝑈𝑈 (1) 

With m = mass of the ions, v = velocity of the ions, z = charge of the ions, U = applied 

acceleration voltage and e = elemental charge.  

By solving the equation (1), we can acquire the time of flight velocity and also the mass-to-

charge ratio for the ions: 

𝑣𝑣 = �2 ∙ 𝑧𝑧 ∙ 𝑀𝑀 ∙ 𝑈𝑈
𝑚𝑚

 (2) 

𝑚𝑚
𝑧𝑧

=
2 ∙ 𝑀𝑀 ∙ 𝑈𝑈
𝑣𝑣2

 (3) 

A direct determination of the velocity is not possible in this method, but if the length of the 

time of flight area and the time of flight (TOF) is known, the velocity can be easily determined 

as: 

𝑣𝑣 = 2 ∙ 𝑀𝑀 ∙ 𝑈𝑈 ∙ �
𝑇𝑇𝑇𝑇𝑇𝑇
𝐿𝐿

�
2

 (4) 

The exact position of the ions in the acceleration stage is unknown. It leads to energy and 

location blurs, resulting in lower resolution of the mass peaks in the time of flight spectrum. 

The resolution of the mass peaks is defined as: 

𝑅𝑅 =
𝑚𝑚
𝛥𝛥𝑚𝑚

 (5) 

There, the resolution of the mass peaks is determined by the most negligible separable mass 

difference. This mass difference is correlated to the time of flight as: 
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1
𝑅𝑅

=
𝛥𝛥𝑚𝑚
𝑚𝑚

=  
2 ∙ 𝛥𝛥𝛥𝛥
𝛥𝛥𝑡𝑡𝑡𝑡𝑡𝑡

 (6) 

With eq. 6, the resolution of the mass peaks depends on the flight time. A longer time of flight 

leads to a better resolution[30]. To generate longer time of flight areas, the ions are guided into 

a Reflectron (cf. Fig. 3) described by Mamyrin[29]. 

 
Fig. 3: Schematic description of the ions in the time of flight area within the 
Reflectron. 

The ions with the same mass but different velocities enter the Reflectron and are deflected to 

the detector. The ions with higher velocity enter more profound in the Reflectron than the 

ions with lower velocities. Consequently, ions with higher velocity need to exit the Reflectron 

longer than those with lower velocity, resulting in ions with the same masses leaving the 

Reflectron simultaneously and enhancing the resolution. 

 Collision Induced Dissociation (CID) 

The fragmentation of molecules via Collision Induced Dissociation (CID) with Helium atoms in 

the Paul trap leads to diffuse peaks with different m/z ratios in the mass spectrum[31, 32]. With 

advancing technology of the mass spectrometers, CID experiments have grown to a standard 

tandem MS method[33, 34] for the characterization of organic molecules[35] and transition metal 

complexes[36-41]. For the CID experiments within a Paul trap (cf. Fig. 4), additional DC voltages 

to trapping potentials accelerate the mass-selected ions in their trajectory. Increasing the DC 

voltage leads to higher kinetic energies of the ions and the number of collisions of the ions 

with the Helium buffer gas in the ion trap. Inelastic collisions with the Helium buffer gas 

transfer the additional kinetic energy of the ions into intramolecular degrees of freedom[42]. 

The transferred energy accumulates in inner degrees of freedom until the dissociation 

threshold is exceeded and results in fragmentation of molecule[43]. The masses of the 
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fragments and their fragmentation pathways can also yield information on the structure, 

stabilities, and bonding strengths of the precursor. 

 
Fig. 4: Schematic CID process in the Paul trap. The precursor ions are activated by 
acceleration with an additional DC voltage and collide with the Paul trap's buffer 
gas. This leads to a fragmentation of the precursor into neutral, cationic, and 
anionic fragments, which decelerate by collisional cooling. 

Another method for investigating the fragmentation pathways and their resulting stabilities 

of isolated ions is performed by continuously increasing the acceleration voltage while 

recording the precursor ion and their resulting fragment ions over a defined time. The 

acceleration voltage versus the relative intensity of the fragment ions is called CID appearance 

curve. The DC excitation amplitude determines the internal energy scale of the mass 

spectrometer in the laboratory frame (ELAB in V). The relative abundance of the fragment ions 

can be calculated by eq. 7: 

𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡
𝑓𝑓𝑓𝑓 . (𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙) = �

∑ 𝐼𝐼𝑖𝑖
𝑓𝑓𝑓𝑓(𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙)𝑖𝑖

∑ 𝐼𝐼𝑖𝑖
𝑓𝑓𝑓𝑓(𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙)𝑖𝑖 + ∑ 𝐼𝐼𝑖𝑖

𝑝𝑝(𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙)𝑖𝑖
� (7) 

where 𝐼𝐼𝑖𝑖
𝑓𝑓𝑓𝑓= intensity of the fragment ions and 𝐼𝐼𝑖𝑖

𝑝𝑝= intensity of the parent ions. The amount of 

energy transfer by inelastic collisions depends on the mass of the ions (mion) and the mass 

(Helium, mHe) of the buffer gas. The excitation amplitude ELab is corrected by the center of   

𝐸𝐸𝑐𝑐𝑡𝑡𝑐𝑐 = �
𝑚𝑚𝐻𝐻𝐻𝐻

𝑚𝑚𝐻𝐻𝐻𝐻 + 𝑚𝑚𝑖𝑖𝑡𝑡𝑖𝑖
� ∙ 𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙 (8) 

Current applications of CID techniques use RF excitation in the presence of multiple collisions, 

which result in a slow multi-collision heating operation mode[44]. The resulting CID curves are 

fitted by sigmoidal functions using at least square criterion in eq. 9: 
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𝐼𝐼𝑓𝑓𝑖𝑖𝑡𝑡
𝑓𝑓𝑓𝑓(𝐸𝐸𝑐𝑐𝑡𝑡𝑐𝑐) = �

1
1 + 𝑀𝑀(𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐50 −𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐) 𝐵𝐵

� (9) 

The resulting ECOM50  value represents the excitation amplitude at which the sigmoid function is 

at half maximum value (cf. Fig. 5). The parameter B in eq. 3 describes the rise of the sigmoid 

curve. The strong correlation between the excitation amplitude and the relative fragment 

intensities leads to a feasible assumption that the ECOM50  value can be associated with the 

relative stability of the ion, providing experimental access to activation energies[45-47]. 

 
Fig. 5: CID breakdown curve with the associated appearance curve of [Fe(btpa)]2+, 
their corresponding appearance energies (AE) and ECOM50  values. The positions of 
the AE (orange) and ECOM50  (red) values are marked with circles. 

The appearance energy (AE) values should deliver better results than the ECOM50  value because 

the AE value reduces the influence of kinetic effects on the derivation of the underlying 

intrinsic thermochemistry[46, 48]. For simple bond cleavage, the rise of the fragment ions is 

mainly determined by the density of states in precursor ions, which is a size effect. Bigger ions 

should dissociate more slowly, which results in a flatter CID appearance curve and the ECOM50  

value shifts to higher values. For the determination of the AE value, the extrapolation to the 

baseline lowers the effect of the slope on the energy value derived from ECOM50 [46]. The rise of 

the sigmoid fit is also an indicator of the transition state passed during the fragmentation 

process. The fragmentation can be performed by a kinetically controlled reaction or a 

thermodynamic reaction control. For the slope, this would mean that the kinetically controlled 

fragmentation leads to a steeper slope than in a thermodynamically controlled fragmentation. 
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A thermodynamically controlled fragmentation would lead to a tight transition and a more 

stable precursor. An activated complex with strict steric requirements is called a tight 

complex, whereas the transition state without such conditions is called a loose complex. The 

tight complex needs more energy to dissociate, leading to a flatter slope, while the loose 

complex is weakly bonded, resulting in steep slopes[49, 50]. The CID experiments were 

performed with the AmaZon ETD (bruker daltonics) mass spectrometer 

(cf. chapter 6, 7, 8, and 9). 

 Electron Transfer Dissociation (ETD) 

Hunt and coworkers developed this method to investigate large peptides in the gas phase[51]. 

Otherwise, as in electron capture dissociation, which leads to a fragmentation of the ions, this 

technique allows attaching electrons to the ions without/almost no fragmentation[52, 53]. This 

technique enables a deeper investigation of the fragmentation pathways, bonding strengths, 

and the stabilities of transition metal complexes. The radical anions were created with a 

chemical ionization (CI) source and guided to the Paul trap, where these radical anions can 

transfer the electron to the precursor ion (cf. Fig. 6). 

 
Fig. 6: Scheme of the ETD process in the AmaZon ETD mass spectrometer. The 
radical anions were led into the Paul trap and inelastic collisions with the precursor 
to attach the electron to the precursor[17]. 
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Two steps are necessary to generate the radical cations to perform the ETD process (cf. Fig. 7). 

 
Fig. 7: Scheme of the ETD process in the AmaZon ETD mass spectrometer. The 
electrons were led into the NCI source and transformed into low-energy electrons 
by methane as a mediator (M). The radical anions (Fluoranthene (F-)) were created 
by the attachment of the low-energy electron to the Flouranthene (F)[17]. 

The first step is to generate low-energy electrons (< 1 eV) by the electron ionization (EI) of 

methane. Therefore, high-energy electrons (*e-) with a kinetic energy of 60-80 eV are injected 

into the methane (M) and perform Electron Impact (EI) ionization (cf. eq. 10) and thermalize 

by inelastic collisions with methane[54]. 

 
(10) 

In the second step, the low-energy electrons from the methane are attached to the 

Fluoranthene (F) and form a radical anion (cf. eq. 11). Many polyaromatic molecules were 

tested to capture the low-energy electrons[55, 56], but Fluoranthene seems to work best with 

an efficiency of ~40%[55]. Also, to capture and transport electrons, the molecule of choice 

should obtain a low ionization potential and a specific electron affinity to enhance the 

efficiency of the ETD process. Fluoranthene comprises both properties with an electron 

affinity of 0.76 eV[57] and an ionization potential of 7.9 eV[58]. For the formation of stable 

Fluoranthene radicals via electron capture of the low-energy electrons, the molecule exhibits 

the highest cross-section for electron capture (0.2 eV)[59]. The high methane background 

pressure suppresses an Electron impact ionization of Fluoranthene because of its high 

ionization potential.  
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(11) 

These radical anions can attach the electron to the precursor ion with a charge n > 2 and 

reduce the precursor ion to a radical cation with a charge of (n-1)·+ (cf. eq. 12). 

 

(12) 

The CID experiments with ETD reduced complexes were performed with the AmaZon ETD 

(bruker daltonics) mass spectrometer (cf. chapter 7, 8, and 9). 

 InfraRed (Multiple) Photon Dissociation (IR(M)PD)  

Irradiation with IR light combined with electrospray ionization mass spectrometry (ESI-MS) 

allows investigation of the vibrational fingerprint of ions in gas phase void of any external 

effects or solvent influences (see chapter 6, 7, and 9). The vibrational fingerprint provides 

crucial information to understand the structure and reactivity of molecules and transition 

metal complexes[60]. Unfortunately, the ion density in gas phase is very low (<108 cm-3) due to 

space charge limits. The optical density vanishes, so classical spectroscopic methods are not 

applicable, and they would achieve no detectable attenuation[60].  

Instead, InfraRed (Multiple) Photon Dissociation[61] (IR(M)PD) is an “action spectroscopy”, 

which allows recording vibrational spectra of isolated ions in gas phase. Resonant absorption 

of single or multiple IR photons may lead to fragmentation of the isolated ion, which the mass 

spectrometer may detect. The strength of the fragment signal thus becomes an indirect 

indicator of the absorption strength. The Photon energy is in a range of 15-50 kJ/mol (800-

4000 cm-1), which is enough to boil off weakly bound messenger tags[62, 63] or to break non 

covalent bonds as, e.g., hydrogen bonds[64]. 

To overcome the dissociation threshold for stronger/covalent bondings, absorption of 

multiple photons is necessary in order to pump an enhanced amount of energy into the 

molecule[65, 66].  
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Fig. 8: General scheme of the non-coherent IR(M)PD processes[67]: The isolated ion 
absorbs a resonant IR photon. The additional energy is redistributed within the ion 
by internal vibrational redistribution[68] (IVR). This process repeats until the 
dissociation threshold of the ion is exceeded and starts fragmentation. The 
irradiation time is ~7 ns (a single IR laser pulse). 

Resonant absorption of the IR photon results when the photon frequency resonates with a 

molecular energy transition (cf. Fig. 8). In the non-coherent IR(M)PD model, internal 

vibrational redistribution (IVR) rapidly scatters the additional energy into several molecular 

vibrational degrees of freedom. The IVR process also heats the molecular ions, allowing the 

original oscillation to absorb additional photons. This process repeats until the dissociation 

threshold is exceeded and the molecule begins fragmentation. In this process, the weakest 

bonding dissociates, even when it is not directly excited by the IR laser[69]. The fragmentation 

yield (𝑌𝑌(𝑣𝑣)) is defined by eq. 13. 

𝑌𝑌(𝜈𝜈) = �
∑ 𝐼𝐼𝑖𝑖

𝑓𝑓𝑓𝑓(𝜈𝜈)𝑖𝑖

∑ 𝐼𝐼𝑖𝑖
𝑓𝑓𝑓𝑓(𝜈𝜈)𝑖𝑖 + ∑ 𝐼𝐼𝑖𝑖

𝑝𝑝(𝜈𝜈)𝑖𝑖
� (13) 

where 𝐼𝐼𝑖𝑖
𝑓𝑓𝑓𝑓= intensity of the fragment ions and 𝐼𝐼𝑖𝑖

𝑝𝑝= intensity of the parent ions. An 

experimental IR(M)PD spectrum arises from a plot of the fragmentation efficiency as a 

function of laser frequency (𝜈𝜈).  

In comparison with quantum chemical calculations, IR(M)PD spectra help extract valuable 

structural information of isolated molecules void of external effects. However, the obtained 

band intensities may not correlate linearly with the laser intensity and the absorption energy 

of the oscillation mode because of the multiphoton processes in the experiment. Also, 
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inefficient IVR processes and high dissociation thresholds may lead to less or no 

fragmentation, which may result in undetected so called “dark” vibrational bands[70, 71]. 

The IR(M)PD experiments were performed with the modified AmaZon SL (bruker daltonics) 

mass spectrometer (cf. chapter 6, 7, and 9). 

 Ultra Violet Photon Dissociation (UVPD) 

To understand the electronic structure and reactivity of molecules and transition metal 

complexes, the UV/VIS absorption bands provide crucial information[72]. Irradiation with 

UV/VIS light combined with electrospray ionization mass spectrometry (ESI-MS) allows 

investigation of the electronic transitions of ions in gas phase void of any external effects or 

solvent influences (see chapter 5). Electronic transitions are linked with vibrational excitation 

of the Franck Condon (FC) modes of the chromophore in the ions of interest (cf. Fig. 9). The 

electronic transition intensity depends on the moment, Franck Condon factors[73], and 

resonant photon absorption[74]. Resonant absorption of the UV/VIS photons leads to 

fragmentation if the photon energy is higher than the activation energy of the lowest 

fragmentation energy[75, 76]. 

 
Fig. 9: Schematic representation of the UVPD process Ions in isolation absorbs a 
resonant UV/VIS photon from singlet ground state (S0) into a higher excited singlet 
states (Sn, n>1)[77]. 
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The electronic states of the ions of interest determine the fragmentation pathways in the ions 

and directly affect the energy conversion (IVR, IC) respective redistribution processes (ISC)[78]. 

The fragmentation yield (𝑌𝑌(𝑣𝑣)) is defined similar to IR(M)PD (cf. eq. 13). For a more detailed 

explanation of the UVPD method, see elsewhere[77, 79]. 

Steady-state UVPD spectra, in comparison with quantum chemical calculations, help extract 

valuable information of the electronic ground state of isolated molecules void of external 

effects. However, the gained absorption band intensities may not correlate linearly with the 

laser intensity because of the multiphoton processes in the experiment. 

The steady-state UVPD experiments were performed with the modified AmaZon Speed 

(bruker daltonics) mass spectrometer (cf. chapter 5). 

 X-ray Absorption and X-ray Magnetic Circular Dichroism (XMCD) 

3.7.1 X-ray absorption spectroscopy (XAS) 

The absorption of X-ray photons usually leads to an excitation of a core-shell electron in an 

atom. The absorption can be resonant or non-resonant. In the resonant case, the electron is 

excited into an empty valence shell of the atom. In the non resonant case, the electron is 

excited into the continuum, leading to further excitation of the irradiated system. The 

resonant, either the non resonant case, leaves an empty core-shell in the atom, also called the 

core hole. This core hole can be filled by electrons, which are dropping from an energetically 

higher lying occupied state. The filling of the empty core holes leads to a release of energy, 

equal to the difference in the core hole energy and the higher filled state. The released energy 

leads either to emission as radiation (e.g., fluorescence) or further ejection of valence 

electrons (Auger electrons) into the continuum.  

A resonant absorption from an initial core state |i〉 to an empty valence state |f〉 will be 

discussed in terms of a one-electron picture of a first-order process, meaning that the 

irradiation of a system with X-ray photons leads immediately to excitation from the core state 

|i〉 into the valence state |f〉 with no intermediate states |n〉 (cf. Fig. 10).  
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Fig. 10: Resonant L2,3 edge absorption (2p → 3d) in a one-electron picture. An 
electron is resonantly excited by the absorption of an X-ray photon. Their quantum 
numbers label their states and energy levels. The core state is the initial state |i〉 
and the valence state into which the electron is excited is the final state |f〉. 

The transition probability (Tif) from a core state (|i⟩) to a valence state (|f⟩) can be described 

with Fermi's golden rule. For this description, only the first-order term as derived by Dirac[80] 

is needed.  

Ti→f =
2π
ℏ
��f�H�int�i��

2
 δ(εi − εf) ρ (εf) (15) 

Where 𝐻𝐻�𝑖𝑖𝑖𝑖𝑡𝑡 represents the Hamiltonian for the interaction between core state and valence 

state, 𝜀𝜀𝑖𝑖,𝑓𝑓 are the energies of the initial state (|i⟩) and the final state (|f⟩) and ρ(εf) is the 

density of the possible valence states per energy unit. For the resonant case in X-ray 

absorption, the Hamiltonian is described as the product of the momentum operator (p) and a 

vector potential (A). with the quotient of the elementary charge (e) and the mass of the 

electron (me)[81-84].  

H�int =
e

me
pA (16) 

By assuming a transition of one electron from the core state (|i⟩) to the valence state (|f⟩) the 

transition matrix element can be transformed into a one electron matrix element[85]. 

M = ��e�H�int�c�� ≈ ��f�H�int�i��  (17) 

In the one electron assumption, the wave function of the excited electron |e⟩ and the bonded 

electron |c⟩ can be exchanged with the initial state |i⟩ and the final state |f⟩. The intensity of 
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the X-ray absorption spectra mainly depends on the unoccupied density of states of the ion of 

interest due to a slight change in the energies of the one electron matrix element M. This leads 

to a more manageable equation than eq. 15. 

Ti→f =
2π
ℏ

|⟨Ψf|M|Ψi⟩|2ρ(Ef) (18) 

IXAS ≈  M2ρ(Ef) (19) 

The Photon absorption in XA spectroscopy can be resonant or non resonant. As mentioned 

above, the core shell electron is excited into a valence shell in resonant photon absorption. In 

the non resonant photon absorption, the core shell electron is excited into the continuum 

above the ionization potential if the photon energy is sufficient. In both cases, the electron 

leaves the core shell and creates a “core hole”. This also points out that this kind of 

spectroscopy is element selective because of the different binding energies of the core 

electrons in the various elements. It is also possible to probe selective specific orbital 

momentum empty valence states with dipole selection rules by its corresponding core shell 

orbital (cf. Tab. 1). 

Tab. 1: Dipole selection rules for the excitation of the core-shell electron into an 
empty valence shell in XA spectroscopy. 

𝚫𝚫𝚫𝚫  𝑙𝑙′ − 𝑙𝑙 ±1 
𝚫𝚫𝚫𝚫𝒍𝒍  𝑚𝑚𝑙𝑙

′ − 𝑚𝑚𝑙𝑙 = 𝑞𝑞 0, ±1 
𝚫𝚫𝚫𝚫  𝑠𝑠′ − 𝑠𝑠 0 
𝚫𝚫𝚫𝚫𝒔𝒔  𝑚𝑚𝑠𝑠

′ − 𝑚𝑚𝑠𝑠 0 

The localized empty density of atomic states is very sensitive to the hybridization and charge 

transfer and the symmetry of the molecular environment (e.g., crystal field)[85]. This leads to 

a fine structure splitting and absorption spectra that reveal different transitions of 2p3/2 and 

the 2p1/2 core-shell electrons into the valence shell known as L3 and L2 edges (cf. Fig. 11). 
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Fig. 11: Illustration of the intensity sum rule by absorption of linear polarized X-
ray photons (left) and normalized L2,3 edge X-ray absorption spectra of the 3d 
metals iron, cobalt, nickel, and Copper (right). The absorption intensity drops with 
an increasing number of 3d electrons and a decreasing number of holes in the 
valence band.  

The intensity in the spectra is mainly determined by the number of holes in the valence shell 

(nH). More electrons lead to fewer holes in the valence shell, and therefore, the intensity of 

the XA spectra is reduced as a result of inefficient transitions from the core shell into the 

valence shell. 

3.7.2 X-ray magnetic circular magnetism (XMCD) 

The XMCD[86-88] method can be seen as further development of the XAS method. Ions of 

interest are magnetized and measurement as a function of the photon energy and their 

corresponding polarization of the X-ray beam. Circularly polarized X-ray photons give access 

to orbital angular momentum and the spin of the empty valence states in the ions of interest. 

Therefore, the dipole selection rules are expanded with Δm𝑙𝑙 = +1,−1 for positive (right 

hand side) and negative (left hand side) circular polarized X-ray absorption (cf. Fig. 12) 
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Fig. 12: Sensitivity of the XMCD effect of orbital magnetism from the core-shell 
into the valence shell. 

The sensitivity of the spin polarization in XMCD is given by the Fano effect[89], where 

photoelectrons excited by circularly polarized light are spin polarized. This enables the 

possibility of identifying characteristics in the “spin-up” and “spin-down” holes in the valence 

orbitals by evaluating the differences in the X-ray absorption intensities and allowing the 

determination of magnetic moments. A two-step model can explain the spin dependency in 

the X-ray absorption intensities (cf. Fig. 13):[90] 

1. An electron absorbs a circularly polarized X-ray photon in the spin-orbit split initial 

ground state |𝑀𝑀⟩. For 2𝑝𝑝 → 3𝑖𝑖 transitions (L2,3 absorption edges) like in transition 

metals, this corresponds to the 2𝑝𝑝3/2 and the 2𝑝𝑝1/2levels. The spin-orbit orbit coupling 

of the ground state causes an angular momentum of the X-ray photons to be partially 

transferred to the exciting spin of the electron, resulting in spin polarization of the 

electron, and it is the opposite for the 2𝑝𝑝3/2 (l+s) and 2𝑝𝑝1/2 (l-s) levels. The 

quantization axis of the excited electron and the photon angular momentum are 

identical, parallel, or antiparallel to the propagation direction of the X-rays. The 

quantization axis of the excited electron and the photon angular momentum are 

similar, parallel, or antiparallel to the propagation direction of the X-rays. 

2. Spin-polarized electrons are excited into an exchange split valence shell with an odd 

number of electrons. This leads to an uneven population of “spin-up” and “spin-down” 

electron holes. These holes serve as a detector for spin-polarized electron holes if the 

spin moment of the valence electrons are aligned to the photon angular momentum, 

which corresponds with the X-ray propagation direction, a maximum difference in the 

X-ray absorption (XMCD). 
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Fig. 13: Relative transition probabilities for “spin-up” (↑) and “spin-down” (↓) 
electrons from the spin-orbit split 2p levels (2p3/2 and 2p1/2) upon excitation with 
circularly polarized photons for q = + 1 (positive polarization σ+) and q = -1 
(negative polarization σ−). Transition probabilities for the excitation of spin up or 
spin down electrons switch when the photon helicity is reversed. Positive (q = +1) 
circularly polarized light predominantly excites spin up electrons at the L3 edge 
(2p3/2 → 3d) and the L2 edge (2p1/2 → 3d), which mainly excites spin-down 
electrons. The situation is reversed for negative (q = -1) circularly polarized 
photons[90-92].  

Negatively polarized X-ray photons primarily excite “spin up” electrons in the 2p1/2 orbital and  

“spin down” electrons in the 2p3/2 orbital (cf. Fig. 13). The conversation of the angular 

momentum of the circularly polarized X-ray photon to the excited electron is transferred into 

the different terms of spin and orbital momentum degree of freedom. A magnetic valence 

shell can detect the transfer, resulting in different absorption intensities for the positive and 

negative circular polarized X-ray spectra (cf. Fig. 14). 
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Fig. 14: Illustration of the transition probabilities from the 2p3/2 level with different 
circular polarized X-ray photons and their resulting XA spectra. The difference of 
the polarized dependent XA spectra obtains the derivation of the XMCD data.  

Quantitative contributions of spin and orbital angular momenta to the XMCD effect were 

derived by Thole and Carra[86, 88]. The resulting formulas are widely known as sum rules and 

give access to the quantitative expected spin 〈𝑆𝑆𝑧𝑧〉 and orbital angular momentum〈𝐿𝐿𝑧𝑧〉 per 3d 

hole. When the number of the 3d hole (nh) is known, the spin and orbital magnetic moments 

per metal atom can be calculated as: 

mS = −gSμB
−∫ (σ+ − σ−)dω− 2∫ (σ+ − σ−)dωL2L3

2
3∫ (σ+ + σ− + σ0)dωL3+L2

nh − gSμB
7
2
〈Tz〉 

 

(20) 

mL = −gLμB
4
3

∫ (σ+ − σ−)dωL3+L2

∫ (σ+ + σ− + σ0)dωL3+L2

nh (21) 

The integration of the sum rule can be achieved from the experimental XA spectra and their 

derivated XMCD data (cf. Fig. 15). 
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Fig. 15: Example of an XMCD spectrum and its integral over both L3,2 absorption 
(top) and the integrated sum of both XA spectra for both photon helicities 
(bottom). 

Therefore, sum rules for the spin and orbital magnetic moments per atom can be simplified 

with the abbreviations of the integrations as: 

A = ∫ (σ+ − σ−)dωL3
 , 

 

(21) 

B = ∫ (σ+ − σ−)dωL2
 , 

 

(22) 

C = 2
3 ∫ (σ+ + σ− + σ0)dωL3+L2

 for ms, C = ∫ (σ+ + σ− + σ0)dωL3+L2
 for mL 

 

(23) 

By summarizing the integrations to the factors A, B, and C, the simplified sum rules are 

defined as: 

mS = gSμB
(A − 2B)

C
nh − gSμB

7
2
〈Tz〉 

 
(24) 

mL = −gLμB
4
3

A + B
C

nh (25) 
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The X-ray light direction and the magnetic field are aligned to the quantization axis (z). The 

magnetic dipole term 〈𝑇𝑇𝑧𝑧〉 describes a foranistropy in the spin distribution and represents an 

expectation value of the spin magnetic dipole operator for the spin along the quantization 

axis[87, 93]. The magnetic dipole term can alter up to 20 % when the spin distribution is 

asymmetric along the quantization axis. This phenomenon is called anisotropy[93-95]. In angle 

averaged XMCD experiments, this term cancels out to zero, and the spin magnetic moment 

can be directly calculated from experimental data[96, 97]. 

From the equations (20) and (21), the ratio of orbital to spin magnetic moment can be derived 

for a 2𝑝𝑝 → 3𝑖𝑖 transition: 

mL

mS
≈  

μB〈Lz〉
2μB〈Sz〉

=
2
3

∫ (μ+ − μ−)dωL3+L2

∫ (μ+ − μ−)dω− 2∫ (μ+ − μ−)dωL2L3

=
2
3

A + B
A − 2B

 (26) 

The ratio  〈𝐿𝐿𝑧𝑧〉 to 2〈𝑆𝑆𝑧𝑧〉 + 〈𝑇𝑇𝑧𝑧〉 contributes to the magnetic dipole operator. This contribution 

can be ignored because, under the experimental conditions, these contributions are expected 

to be small in the investigated systems (cf. chapter 5, 7, and 8)[98-100]. The 𝑚𝑚𝐿𝐿 𝑚𝑚𝑠𝑠⁄  ratio can be 

determined with the normalization of the sum spectrum 𝜎𝜎+ + 𝜎𝜎− + 𝜎𝜎0, and even if an 

incomplete polarization of synchrotron radiation takes part and without the knowledge of the 

number of electron holes 𝑖𝑖ℎ  in the valence shell. The determination of the 𝑚𝑚𝐿𝐿 𝑚𝑚𝑠𝑠⁄  ratio is 

more precise than the determination of 𝑚𝑚𝐿𝐿 or 𝑚𝑚𝑠𝑠. 

For a 2𝑝𝑝 → 3𝑖𝑖 transition (𝑐𝑐 = 1, 𝑙𝑙 = 2; typical for first row transition metals), the integration 

limits from the spin-orbit split levels (𝑗𝑗+ and 𝑗𝑗−) corresponds to the L3 and L2 absorption edges 

in the XA spectra. For rare earth compounds, usually, the 3𝑖𝑖 → 4𝑓𝑓 (M5,4 absorption edge) 

transitions are used to study the magnetism of such elements. The sum rules for the spin and 

orbital magnetic moments then contains prefactors as follows: 

mS
(z) = gSµB

(A − bB)

c 3
2 C

nh − gSµB
d
c
〈Tz〉    (27) 

mL
(z) = −gLµB

A + B

a 3
2 C

nh (28) 

In general, if the orbital angular momentum of the initial state is 𝑙𝑙𝑖𝑖 and of the final state is 𝑙𝑙𝑓𝑓 , 

the sum rule related prefactors are summarized (cf. Tab. 2.). 
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Tab. 2: Sum rule related prefactors for different dipole transitions of the core into 
the valence shell[101]. 

𝑙𝑙𝑖𝑖  𝑙𝑙𝑓𝑓  𝑖𝑖 𝑏𝑏 𝑐𝑐 𝑖𝑖  
s: 0 p: 1 1 - - -  
p: 1 d: 2 1/2 2 2/3 7/3  
d: 2 f: 3 1/3 3/2 2/3 2  

The spin sum rule deviation due to core-valence Coulomb interaction has not been quantified 

in the original derivation of the sum rule by Carra[86]. The effect mainly depends on the atomic 

species and their corresponding configuration. A numerical investigation from the XMCD spin 

sum rule for selected 3d transition metal ions and trivalent 4f rare-earth ions by atomic 

calculations in order to determine the influence of this multipole electron-electron interaction 

was performed by Jo. et al. [102]. These contributions reach from about ± 7 % for Ni3+ to over 

± 30 % for Mn3+ for the 3d transition metal ions and from less than ± 1 % for Er3+ to ± 230 % 

for Sm3+ for the rare-earth ions[100].  

The influence of the temperature and magnetic field on the magnetic properties 

Magnetic dipole and the magnetic moments (ms,l,j) of a sample are aligned to the quantization 

axis z (cf. Fig. 16), and these properties strongly depend on the applied temperature (T) and 

the external magnetic field (B). The quantization axis corresponds to the external magnetic 

field. A strong external magnetic field leads to a better alignment of the spins in a sample onto 

the quantization axis. A lower temperature leads to a higher probability of orientating spins 

by reducing thermal randomization.  
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Fig. 12: Schematic description of the intrinsic spin (mS) and orbital (mL) magnetic 
moments and their projection (magnetizations) onto the quantization axis (mS(z) 
and mL(z)) in dependency of the temperature (T) and the applied magnetic field (B). 

For the description of the temperature and external applied magnetic dependency of the spin, 

orbital, and total magnetic moments per atom, Brillouin functions describe these phenomena: 
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Where mS/L/J
(z)  are the spin, orbital, and total magnetic moments projected onto the 

quantization axis. These functions consider the total spin (S), the total orbital momentum (L), 

and the total angular momentum (J=L+S). The Landé factors gS, gL and gJ are the quotient of 

a sample with the most significant measured magnetic moment and their expected magnetic 

moment and for this work set as gS = 2.0 and gL = 1.0. The Landé factor for gJ can be 

described as: 

gJ =
1
2J
�
𝑔𝑔𝑙𝑙(𝑗𝑗(𝑗𝑗 + 1) + 𝑙𝑙(𝑙𝑙 + 1) − 𝑠𝑠(𝑠𝑠 + 1) + 𝑔𝑔𝑠𝑠(𝑗𝑗(𝑗𝑗 + 1) + 𝑠𝑠(𝑠𝑠 + 1) − (𝑙𝑙(𝑙𝑙 + 1)

𝑗𝑗(𝑗𝑗 + 1)
� 

(32) 
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The Brillouin function allows scaling the experimental magnetizations at any applied magnetic 

field and temperature to a projection at 0 K and an infinite magnetic field. This projection 

equals their intrinsic total magnetic moments. Experimental magnetization can also be utilized 

to determine the temperature of the investigated system once the coupling between spin (S) 

and orbital (L) angular momentum to the total angular momentum (J) exceeds the individual 

coupling of S or L to the external magnetic field.  
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4 Computational methods 

 Density Functional Theory 

For interpreting the collected experimental data, it is imperative to obtain as much molecular 

information as possible. Thus, quantum chemical calculations are mandatory. A widely used 

approach for calculating molecular properties is the Density Functional Theory (DFT)[1-3]. 

Thomas and Fermi formulated the basic idea of the DFT approach in the 1920s. All information 

to calculate the energy E of a molecule may be derived from the electron density ρ(r⃗) of the 

molecule of interest[4, 5]. In the 1960s, Hohenberg and Kohn proved Thomas and Fermi's basic 

idea right, with the first Hohenberg-Kohn Theorem[6]. The second Hohenberg-Kohn Theorem 

points out that the variational principle can compute electron densities accurately, and Kohn 

and Sham devised a simplified minimization of the energy (E) by variational principle[7]. The 

total DFT energy can be described as a function of the total electron density map ρ(r⃗) reads: 

E(ρ) =  T0(ρ) +  �  ρ(r⃗)(Vext(r⃗) +
1
2
φ(r⃗)) + EXC(ρ) dr (1) 

T0(ρ) represents the kinetic energy functional of the molecule. VEext(r⃗) describes an external 

potential, e.g., an electron in a nuclear field. The Coulomb potential of the nuclei is 

represented by φ(r⃗), all other potential interactions and contributions, most often not known 

exactly, are summed up in EXC(ρ). 

The electron density φ(r⃗) corresponds to the square of the normalized wave function of all 

electrons in the molecule. This so-called “Kohn-Sham” wave function is a single Slater 

determinant, which may be constructed from a set of orbitals Φi(r) with the lowest solution 

of the schrödinger equation (cf. eq. 2). 

�−
ℏ2

2m
∇2 + Veff(r⃗)�Φi(r) = εiΦi(r) (2) 

Where εi is the corresponding eigenvalue. The electron density of the complete molecule is 

defined as the squared sum of the Kohn-Sham orbitals (cf. eq. 3) 

ρ(r⃗) = � |Φi(r)|2
N

i
 (3) 

The terms T0(ρ) and ∫dr ρ(r⃗)(Veff(r⃗) + 1
2
φ(r⃗)) in eq. 1 can be computed quite easily because 

these terms merely comprise one or two-electron integrals as opposed to wave function-
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based Post Hartree Fock ab initio methods. However, it is More complicated is to compute the 

EXC(ρ) term. This term obtains all unknown factors, and the approximation of this term plays 

a dominant role in the definition of practical DFT schemes. As a first approximation to EXC(ρ) 

the local density (LSD) approach was developed[7]: 

EXC(ρ) =  �ρ(r⃗)εXC�ρ ↑ (r⃗),ρ ↓ (r⃗)�  dr (4) 

where εXC�ρ↑(r⃗), ρ↓(r⃗)� describes the exchange correlation energy in a homogeneous 

electron gas. This term depends on the spin up (ρ↑(r⃗)) and spin down (ρ↓(r⃗)) electron 

densities. The LSD approach proves suitable for extended systems with largely constant 

electron densities, e.g., ideal metals. The more the electron density varies, the less precise the 

approximation is. 

To circumvent this problem, e.g., when calculating small molecules properties, Hybrid 

functionals are used[8, 9]. The exchange energy of these functionals mixes in exact exchange 

contributions via Hartree-Fock calculations (EXHF)[10] and utilizes correlation terms from DFT 

(EXCDFT). The adjustable parameter cHF and cDFT represents parametric prefactors, which are 

approximated empirically by adjusting the calculated results to carefully chosen best datasets:  

EXC,hybrid =  cHFEXHF +  cDFTEXCDFT (5) 

The advantages of this method have been established as a standard tool for quantum chemical 

calculations.  

4.1.1 Geometry optimization 

The Born-Oppenheimer approximation is used when calculating the total energies of 

molecular N nuclei arrangements[11]. The obtained energies are functions of 3N-6 nuclear 

coordinates, subtracting their three translational and rotational degrees of freedom. The 

result is a multidimensional potential energy hyper surface, lower dimensional cuts of which 

may be visualized (cf. Fig. 1). So called stationary points, where all first derivatives concerning 

the 3N-6 degrees of freedom vanish, indicate a nuclei arrangement of either energetic minima 

(minima structures) or energetic saddle points (transition state structures). The second 

derivatives state the difference. An energetic minimum structure is reached if all of the second 

derivatives are positive. Instead, a transition state structure is characterized by a single 
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negative value. Iterative methods with energy gradient optimization usually perform 

geometry optimization in a largely automated fashion. 

 
Fig. 1: Calculated potential energy surface with different minimum structures 
(A, B, C) and possible isomerization pathways along which locate the transition 
states (tAC, tCA, tAB, tBA)[12]. 

Minimum structures signify stable isomers of the molecule of interest. Once identified, they 

serve to compute molecular properties such as vibrational spectra to compare them with 

experimental gained Infrared spectra. Transition states, instead, are beneficial to identify and 

characterize a reaction mechanism of molecules. Electronically excited states UV/VIS spectra 

calculation compared with experimental UV/VIS spectra reveals information about the 

electronic ground state of the molecule.  

4.1.2 Vibrational Frequencies 

Once the molecular geometry optimization is performed, several properties of this structure 

can be obtained by further calculations. The second derivative of local stationary points of 

their potential energy surface is transformed to mass-weighted coordinates, and 3N 

eigenvectors/eigenvalues are determined. Calculating the 3N-6 (angled molecules) and 3N-5 

(linear molecules), vibrational frequencies, rotational modes, and translational modes are 

sorted out. For minima structures, no negative frequencies, and their second derivatives are 

all positive. If this is not given and exactly one negative (imaginary) vibrational frequency is 

present, a transition state of the molecule is found. The negative frequency directly 

corresponds to a force constant associated with the motion along the reaction coordinate. 
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 Non covalent Interactions (NCI) 

For the non covalent interaction calculations, a single point calculation was performed, which 

obtain the wavefunctions of the molecule of interest. The first derivative of the reduced 

density gradient is needed for such calculations to get the wave functions of the DFT 

calculations[13] (cf. eq. 6). 

𝑠𝑠 =
1

(2(3𝜋𝜋2)
1
3
�𝛻𝛻𝜌𝜌�𝜌𝜌

4
3 (6) 

The equation can be simplified by summarizing the first therm to Cs because there are only 

constants present.  

𝑠𝑠 = 𝐶𝐶𝑆𝑆�𝛻𝛻𝜌𝜌�𝜌𝜌
4
3 (7) 

The first derivative density gradient is a fundamental quantity for homogenous electron 

distribution description [6, 14, 15]. In regions near the molecule, the gradient will be minimal for 

both regions of the covalent and the non covalent interactions. Therefore, the density will be 

zero in regions far from the molecule, and the reduced gradient obtains large positive values. 

An NCI plot can be achieved by plotting the first derivative reduced density gradient against 

the electron density (cf. Fig. 2).  

 
Fig. 2: Calculated two dimensional NCI plots of [Fe3O(OAc)6(py)n]+ 
(n = 0 (black), 1 (red)). The calculation was performed with Gaussian 09 at the 
B3LYP/cc-pVTZ (H, C, N, O) and ecp-10-mdf (Fe) level of theory. 
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These plots point out repulsive and attractive interactions. High positive sign values indicate 

covalent interactions, non covalent interactions become more repulsive. The area around 

s = 0 represents non covalent interactions near atoms in the molecule. Negative values and 

values around zero represent more attractive non covalent interactions in the molecule. Weak 

interactions such as van der Waals interactions are defined by low density regions. High 

density regions are characteristic for stronger interactions such as covalent bondings[16]. At 

the point s = 0, the density reaches its maximum. In such plots the interactions are defined by 

one positive and two negative eigenvalues (λ1 < 0, λ2 < 0, λ3 > 0). Covalent interactions are 

dominated by negative contributions and non covalent interactions by positive 

contributions[17].  

 TD-DFT calculation 

Time-dependent density functional theory (TD-DFT) has its foundation by the Runge-Gross-

Theorem[18]. The Theorem proved that all observables for an interacting many-body system, 

evolved from an initial state (Ψ0), can be extracted from the density (ρ(r, t)) as in the 

Hohenberg Kohn-Theorem for static systems in DFT. The time-dependent effective core 

potential at a given time depends on all densities of previous times. Therefore, the Runge-

Gross-Theorem is more involved in TD-DFT than static Hohenberg-Kohn theory. A detailed 

explanation of the approach can be found elsewhere[19].  

According to the equation, the time-dependent density can be obtained in the same approach 

as the static DFT (cf. eq. 8). 

ρ(𝑟𝑟, 𝛥𝛥) = � |Φi(r, t)|2
N

i
 (8) 

With a set of N orthonormal Φi(r, t) orbitals, a time-dependent Kohn Sham equation can be 

derived. 

�−
ℏ2

2m
∇2 + Veff(r, t)�Φi(r, t) = i 

𝜕𝜕
𝜕𝜕𝛥𝛥
Φi(r, t) (9) 

Analog to static DFT, the potential in the ground state Veff(r, t) is split into three terms as in 

eq. (10). 

𝑉𝑉𝐻𝐻𝑓𝑓𝑓𝑓[𝑖𝑖;Φ0](𝑟𝑟, 𝛥𝛥) = 𝑉𝑉𝐻𝐻𝑒𝑒𝑡𝑡[𝑖𝑖;𝛹𝛹0](𝑟𝑟, 𝛥𝛥) + �
𝑖𝑖(𝑟𝑟′, 𝛥𝛥)
|𝑟𝑟 − 𝑟𝑟′|

 𝑖𝑖3𝑟𝑟′ + 𝑉𝑉𝑋𝑋𝑋𝑋[𝑖𝑖;𝛹𝛹0,Φ0](r, t) (10) 
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The term 𝑉𝑉𝐻𝐻𝑒𝑒𝑡𝑡[𝑖𝑖;𝛹𝛹0](𝑟𝑟, 𝛥𝛥) represents the external time-dependent field, 𝑉𝑉𝑋𝑋𝑋𝑋[𝑖𝑖;𝛹𝛹0,Φ0](r, t) 

is the exchange potential and ∫ 𝑖𝑖(𝑓𝑓′,𝑡𝑡)
|𝑓𝑓−𝑓𝑓′|

 𝑖𝑖3𝑟𝑟′ is the time-dependent Hartree potential. The 

exchange potential approximates the density and a function of the initial state and the Kohn-

Sham initial state. 

 Broken symmetry 

In Transition metal complexes with unpaired electrons (open-shell) intrinsic magnetic 

properties[20] like spin-crossover[21-23], spin frustration[24-26] or single molecule magnetic[27-31] 

behavior is possible. The magnetic interaction between multiple paramagnetic metal centers 

in a complex is usually referred as magnetic exchange coupling. The magnetic exchange 

coupling can be phenomenologically described by a model Hamiltonian such as the isotropic 

Heisenberg-Dirac –van Vleck (HDvV) Hamiltonian[32] (cf. eq. 11) 

𝐻𝐻�𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 =  −�𝐽𝐽𝑖𝑖𝑖𝑖𝑺𝑺�𝒊𝒊
𝑖𝑖<𝑖𝑖

𝑺𝑺�𝒋𝒋 (11) 

Jij describes the coupling constants of the different metal centers i and j. 𝑺𝑺�𝒊𝒊 and 𝑺𝑺�𝒋𝒋 represents 

the total spin operator for the different metal centers i and j. A positive j value represents a 

ferromagnetic coupling (electron spin align parallel) and a negative j value, therefore, points 

out an antiferromagnetic coupling. The ferromagnetic coupling is not a problem for DFT 

calculations because the Kohn-Sham determinant is constructed that describes the whole 

oligonuclear system and the corresponding mononuclear species. An antiferromagnetic 

exchange coupling is not provided by basic DFT[32, 33] because the antiferromagnetic coupling 

demands on several determinants, and these determinants are not prived in DFT. Broken 

symmetry[34-37] approach is a valuable tool for calculating the antiferromagnetically coupled 

system. This approach permits to localize unpaired and anti-parallel spins separately on the 

metal center. The broken symmetry state (ψBS) is constructed from a single determinant 

wavefunction, which represents an antiferromagnetic exchange coupling for a “wrong” spin 

symmetry (cf. eq. 12) 

𝜓𝜓𝐵𝐵𝑆𝑆 = |Φ𝐴𝐴(𝛼𝛼)Φ𝐵𝐵(𝛽𝛽)| (12) 

Assuming a structure with “spin up” electrons on one atom (A) and “spin down” electrons on 

another atom (B) would lead to positive (A) and negative (B) spin density in the system. For 
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qualitative description, this is wrong because proper singlet wave functions have no spin 

density at each point. The orbitals (Φ) in 𝜓𝜓𝐵𝐵𝑆𝑆 are optimized by applying the variational 

principle. The orbitals ΦA(α) and ΦB(β) are orthogonal in their spin parts, but they are not 

orthogonally restricted to their space parts.  

With more than one magnetic center (e.g., metal centers), it is challenging to find 

eigenfunctions of the HDvV Hamiltonian[38, 39]. Therefore the Ising Hamiltonian (H�Ising) is used 

to solve the problem for this case (cf. eq. 12). The total spin operators 𝑺𝑺�𝒊𝒊 are substituted by 

the associated z-component �̂�𝑆𝑧𝑧,𝑖𝑖: 

𝐻𝐻�𝐼𝐼𝑠𝑠𝑖𝑖𝑖𝑖𝐼𝐼 =  −2�𝐽𝐽𝑖𝑖𝑖𝑖�̂�𝑆𝑧𝑧,𝑖𝑖
𝑖𝑖<𝑖𝑖

�̂�𝑆𝑧𝑧,𝑖𝑖 (13) 

The resulting eigenvalues of the Ising Hamiltonian and the HDvV Hamiltonian are not identical. 

Still, it is possible to extract the coupling constants (Jij) from the differences in the energies 

from the broken symmetry configurations, assuming that all interaction in the system is 

additive[40]. The coupling constants can be calculated by solving a linear system of equations 

based on the Ising operator. 

 XA Simulations 

The calculation of X-ray spectra is complicated since the excitation of the core electron to a 

valence state is too laborious for metal centers with many electrons. Such core hole effects 

can be calculated with relativistic DFT. Still, L2,3 edges cannot be calculated with one-electron 

integrals for transition metals, leading to an enormous computing effort. DFT calculations of 

the ground state have to be performed to solve charge transfer and multiplet effects on metal 

centers. Afterward, the resulting wave function is projected to the system of interest[41-44]. For 

a faster quantitative interpretation of the XA spectra, a semi-empirical program called 

CTM4XAS[45] interprets the experimentally obtained XA spectra better. The program can load 

batch files of cowan, where the two-electron integrals are described by Slater integrals[46]. This 

program is freely available on the internet as the cowan batch files. More detailed information 

can be found elsewhere[45]. 
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In the present work, all geometry optimizations, frequency calculations, electronic excitation, 

and determination of the electronic ground state were performed using Gaussian 09[47] 

program package. The used basis sets and functionals are individually labeled in the 

corresponding chapters.  

Broken symmetry calculations were performed using the CANOSSA program[48] as 

implemented in a local, customized TURBOMOLE 6.5[49-51] program package. The CANOSSA 

program was provided by Prof. C. van Wüllen. The basis sets and the functionals of the 

calculations are labeled in the corresponding chapters in this work.  

All calculations were performed on the computing clusters of the theoretical chemistry group 

of Prof. C. van Wüllen and the high performance computing Elwetritsch clusters at the TU 

Kaiserslautern. 
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 Abstract 

This study elucidates molecular magnetism, and electronic structures of isolated trinuclear    

µ-oxo bridged iron complexes with the structural type [Fe3O(OAc)6(py)n]+ (OAc = acetate, 

py = pyridine, n = 0, 1, 2, 3). We present circularly polarized X-ray absorption (XA), Ultra Violet 

Photon Dissociation (UVPD) spectra, and DFT modeling. Combining these techniques reveals 

that the coordination of axial pyridine ligands to the complex disturbs the triangular geometry 

of the Fe3O core, which otherwise exhibits a nearly equilateral triangular D3h geometry. The 

coordination of one or two axial pyridine ligands leads to a lower C2v symmetry of the 

triangular Fe3O core geometry with a change in the ground state electronic structure and the 

magnetic exchange coupling. The coordination of a third pyridine ligand restores the 

equilateral triangular D3h Fe3O core geometry, as without pyridine coordination. The present 

results elucidate the stiffness of the Fe3O core and respond to coordinative distortion, void of 

any other less controlled environmental interactions.  

 Introduction 

The design and synthesis of paramagnetic transition metal (TM) complexes is an ongoing field 

of research, ultimately striving for technical applications. Magnetic exchange couplings of such 

complexes are governed by the spatial arrangement of the metallic center[1-4]. The triangular 

arrangement leads to a so called spin frustrated electronic ground state[5, 6]. Such spin 

frustrated systems are promising building blocks for molecular spintronics[7-11] as models of 

nanomagents[12-15], as materials for quantum technology[16-21], for data storage[16, 22], as 

building blocks in metal-organic frameworks[23-28], in metalloenzymes[29] and also in catalytic 

applications[27, 28, 30-32]. Spin frustrated complexes show remarkable magnetic properties due 

to the competing interactions of the spin orientation within such complexes[3, 19, 33, 34]. The spin 

arrangement in spin frustrated complexes also induces a reduced magnetic ordering 

combined with an unusual electronic ground state as a result of their spin orientation (e. g., 

“spin up” and “spin down”)[35-44]. 

Multiple researches conducted conceptional studies of µ-oxo bridged transition metal 

complexes with a spin frustrated ground state[45-52] because of their magnetism. Surface 

deposition of µ-oxo bridged complexes leads to an antiferromagnetic exchange coupling[53, 54]. 
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The electronics and their resulting magnetism of complexes with the general structure 

[Fe3O(OAc)6(py)3]+ (OAc = acetate, py = pyridine)[55-58] highly depend on the distortion of the 

M3O core[59] as a function of the axial ligand coordination, e.g., changing from an 

antiferromagnetic exchange coupling to a ferromagnetic exchange coupling of the high spin 

Fe3+ ions[25]. Symmetrically coordinated [Fe3O(OAc)6(H2O)3]NO3[5] and the asymmetrically 

coordinated [Fe3O(TIEO)2(O2CPh)Cl3][5, 6] possess total spins of ST = 1/2, and ST = 5/2, 

respectively.  

All of these experiments utilized condensed phase samples. It is argued that intermolecular 

effects such as crystal packing or solvation have little influence on the magnetic exchange 

couplings of this type of complexes. Gas phase investigations of isolated [Fe3O(OAc)6L3]+ are 

desirable to verify these assumptions. 

Model systems of interest are trinuclear transition metal complexes of the structural type 

[M3O(O2R)6L3]+ (M = Fe; L = axial ligands)[55-58] and establish their bonding distances of the 

neighbored metal centers by the oxo centered bridge[60]. The three high spin Fe3+ ions 

coordinate around one O2- center in a flat, almost equi triangular arrangement in these 

complexes. This arrangement builds the Fe3O core in these complexes (cf. Fig. 1). Each Fe3+ 

center achieves a pseudoctahedral geometry through equatorial coordination with four 

bridging ligands (O2CR) and axial coordination with another monodentate ligand (L). These 

complexes possess an antiferromagnetic exchange coupling between the high spin Fe3+ 

ions[5,  6]. The long distances of more than 3 Å do not feature a direct Fe–Fe interaction. The 

electronic ground state presents a topological spin frustration. A pairwise antiferromagnetic 

coupling scheme of all three spins seems impossible[61].  

We have previously investigated [Fe3O(OAc)6(L)n]+ complexes (L = py (pyridine), N2 (Nitrogen); 

n = 0, 1, 2, 3) by IR(M)PD[62, 63]. The coordination of molecular Nitrogen to the complex in cold 

conditions revealed a non-classical bonding situation between the iron atoms and the axial 

ligand, resulting in a blue shift of the N2 stretching vibration[63]. Pyridine coordination leads to 

a shift of the asymmetric CO stretching mode as a function of the pyridine coordination in 

different transition metal complexes[62, 64]. Abinitio calculations via broken symmetry 

approach (BS) hint a change in their magnetic properties as a function of the amount of 

coordinated axial ligands[62].  



 5. Magnetic properties and their correlation to the electronics of isolated trinuclear 3d spin 
frustrated complexes 

 

 

 
62 

 

 
Fig. 1: Structure of the investigated trinuclear complexes [Fe3O(OAc)6(py)n]+ 
(n = 0, 1, 2, 3). The calculations were performed with Turbomole 6.5 at the 
unrestricted B3LYP/cc-pVTZ level of theory and a broken symmetry approach[21]. 
Hydrogen atoms are omitted for clarity (C: grey, O: red, N: blue, Fe: orange). 

Electrospray ionization[65, 66] (ESI) enables routine mass spectrometric investigations of ionic 

complexes in vacuum. Innovative electronic structure investigation recently arose by the 

combination of Tandem-MS and irradiation of isolated ions with photons, thus enabling 

studies by X-ray magnetic circular dichroism[67-71] (XMCD) or Ultra Violet Photon 

Dissociation[72-77] (UVPD). Such schemes elucidate the electronic structure and the magnetic 

behavior. UVPD techniques enable the investigation of the electronic ground state for isolated 

complexes on a time scale from nanoseconds (ns) to femtoseconds (fs). For the element 

selective XMCD experiments, cold conditions (4 K) and an applied magnetic field (5 T) are 

necessary for the orientation of the unpaired spins in molecules with magnetic properties[68-

71]. This spectroscopic technique enables the investigation of the intrinsic magnetic properties 

of thin films[78], deposited nanoparticles[79], clusters[69], or surfaces[80, 81]. Applying the sum rule 

analysis[67, 71, 82-84] allows for determining the spin, orbital, and total magnetic moments of the 

investigated complexes. 

The main topic of this study is the characterization of the magnetic exchange coupling scheme 

and the determination of the electronics by XMCD and UVPD, with the corresponding 

influence on the exchange interactions in the Fe3O core due to the coordination of pyridine to 

the complex. 
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We combine experimental XMCD and UVPD investigations of isolated [Fe3O(OAc)6(py)n]+ 

(n = 0, 1, 2, 3) with quantum chemical calculations by Density Functional Theory (DFT), Time-

Dependent Density Functional Theory (TD-DFT), broken symmetry (BS) approach and X-ray 

absorption simulations with CTM4XAS[85] and Cowan batch files. Our gas-phase approach 

excludes bulk or crystal packing effects. Also, it allows the isolation of the under coordinated 

molecular ions (e.g. [Fe3O(OAc)6]+), which would not be accessible in the condensed phase. 

 Experimental setup and methods 

The sample iron(III) µ-oxo acetate perchlorate hydrate ([Fe3O(OAc)6(H2O)3(ClO4)]; 

OAc = CH3COO2-) was prepared in an acetonitrile/pyridine solution (10:1; c ~ 1·10-5 mol/L). 

Stepwise exchange of the water ligands forms the investigated cationic species with the 

structure [Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) during the ESI process[62, 63].  

We used the “Ion Trap” setup to record the presented polarization-dependent gas phase X-

ray Absorption (XA) spectra. The Ion Trap is coupled to the UE52-PGM soft X-ray beamline at 

the BESSY II synchrotron facility of the Helmholtz Zentrum Berlin. The Ion Trap is a home built 

time of flight combined ion trap mass spectrometer to record Total Ion Yield (TIY) gas phase 

XA spectra[68-71]. We used a custom-built electrospray ionization (ESI) source for ion creation 

for our experiments, kindly provided by the Lau (HZB) group. The ions of interest are 

transferred via an RF Hexapole into a linear quadrupole mass filter (Extrel, 40–4000 amu). 

After the mass selection, the selected ions are guided into a linear quadrupole ion trap located 

within the high field region (5 T) of a superconducting solenoid. The trap is operated at a 

frequency of 3.82 MHz. Evaporative liquid helium cools down the ion trap to a temperature 

of 4 K. A constant helium background pressure of 1·10-6 mbar within the vacuum chamber 

thermalizes the trapped ions by collisional cooling. The ions are constantly injected into the 

ion trap instrument. The ions are ejected into the time of flight area with a repetition rate of 

120 Hz to record mass spectra from the ion trap. For the XA spectra recorded by TIY 

spectroscopy, the ions are irradiated for 10 to 15 s at set photon energy. A GaAs-diode records 

the X-ray intensity from the undulator beamline used for photon flux normalization of the 

recorded spectra. Spectra on the Fe absorption edges were taken with an exit slit size of 

200 µm and a respective resolution of 400 meV from 700 eV–735 eV. 
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XA spectra were recorded for negative and positive circularly polarized light in an alternating 

manner. The resulting XMCD spectra were analyzed in terms of sum rule analysis[86]: The 

subtraction of the polarized dependent spectra leads to the corresponding XMCD spectrum 

and the sum spectrum, which is necessary to apply the sum rule analysis (cf. Fig. S1). The color-

coded elements A, B, and C are extracted from the XMCD spectra integrals and the sum of 

polarization dependent XA spectra (C). We extract the projections (mS(z) and mL(z)) of the 

intrinsic spin (mS) and orbital (mL) magnetic moments per iron atom onto the quantization axis 

by sum rule analysis. The quantization axis coincides with the magnetic field axis of the 

surrounding solenoid and the X-ray propagation direction. Under the given experimental 

conditions, a scaling of the molecule's total magnetic moment must be performed. Therefore, 

knowledge of the exact coupling of all containing magnetic centers is mandatory. This 

knowledge is not known to us. Therefore, we omit such a scaling and present magnetizations 

at the given experimental conditions (B = 5 T, 4 K).  

𝑚𝑚𝑆𝑆
(𝑧𝑧) = 𝑔𝑔𝑆𝑆µ𝐵𝐵

(𝑨𝑨− 𝑏𝑏𝑩𝑩)

𝑐𝑐 3
2𝑪𝑪

𝑖𝑖ℎ − 𝑔𝑔𝑆𝑆µ𝐵𝐵
𝑖𝑖
𝑐𝑐
〈𝑇𝑇𝑧𝑧〉    (1) 

𝑚𝑚𝐿𝐿
(𝑧𝑧) = −𝑔𝑔𝐿𝐿µ𝐵𝐵

𝑨𝑨 + 𝑩𝑩

𝑖𝑖 3
2𝐶𝐶

𝑖𝑖ℎ  (2) 

With nh being the number of holes in the final state, gS and gL the Landé factors for the electron 

spin and orbital angular momentum (gS = 2.0, gL = 1.0), µB the Bohr magneton and a, b, c, and 

d are the sum rule related prefactors. We anticipate the containing Fe3+ ions to be in a 3d5 

high spin state. Therefore, we assume the number of unoccupied valence orbitals nh to be 

nh = 5 for Fe3+ species, which is uncertain. Note that the ratio of mL/ms cancels this uncertainty. 

The sum rule related prefactors are 1/2, 2, 2/3, and 7/3 for investigations on the Fe L3,2 

absorption edges.  

For the presented UVPD spectra, we used a quadrupole mass spectrometer (Amazon speed, 

bruker daltonics) with a modified Paul trap for UV laser irradiation experiments. The ions of 

interest are transferred into the gas phase by electrospray ionization. The sample solution was 

constantly infused into the ESI chamber by a syringe pump with a flow rate of 120 µL/h. 

Nitrogen was used as a drying gas with a flow rate of 4 L/min at 180 °C. The nebulizer pressure 

was set to 280 mbar (4 psi) for spraying the sample solution, and the spray needle was held at 
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4.5 kV. The Paul trap consists of a ring electrode and two end caps forming a nearly hyperbolic 

inner profile. Those end caps possess pinholes that allow them to enter or exit the ions in the 

trap. The ring electrode is powered with a high voltage RF (radio frequency) potential 

(781 kHz) while the end caps are grounded. Ions are accumulated in this resulting oscillating 

quadrupolar electric field generated from the three electrodes. An auxiliary dipolar voltage is 

fed to either the exit cap or both end caps for ion isolation and fragmentation. For providing 

a constant partial Helium buffer gas pressure of ca. 10-3 mbar inside the trap, a proportional 

integral derivative (PID) gas controller is used. 

UV Laser system 

The laser pulses were generated using a titanium sapphire (Ti: Sa) chirped-pulse cryogenic 

regenerative amplifier system (Wyvern 1000TM, KMLabs). The oscillator and amplifier stages 

were pumped by a diode-pumped solid state laser (Opus 532), and a frequency doubled 

Nd: YAG laser (LDP-200MQG, Lee Laser). For steady state, UV/VIS spectra from one of the 

TOPAS-C units were utilized in a spectral range of 250 nm to 600 nm. The spectra were 

achieved by setting the laser pulses according to wavelengths and measuring the parent ion's 

intensity and the sum of fragment ions. The fragment yield is defined as:  

𝑌𝑌(𝜈𝜈) = �
∑ 𝐼𝐼𝑖𝑖

𝑓𝑓𝑓𝑓(𝜈𝜈)𝑖𝑖

∑ 𝐼𝐼𝑖𝑖
𝑓𝑓𝑓𝑓(𝜈𝜈)𝑖𝑖 + ∑ 𝐼𝐼𝑖𝑖

𝑝𝑝(𝜈𝜈)𝑖𝑖
� (3) 

For normalization by its numeric wavelength value for the different photon energies at 

constant laser pulse fluence, a typical pulse intensity of ~2 µJ was set. 

Absorption spectroscopy (solution) 

Static absorption spectra were recorded with a PerkinElmer Lambda 35 spectrometer. For the 

sample preparation, acetonitrile (Uvasol grade) was used, and the complex 

[Fe3O(OAc)6(H2O)3(ClO4)] was dissolved (c ~ 1·10-6 mol/L) to record spectra without pyridine 

coordination. The complex was also dissolved in pyridine (Uvasol grade) to record the pyridine 

coordinated complexes. The Solution was convicted into a precision cuvette 

(light path 10 mm). The spectra were recorded in double beam operation to scan a wider 

spectroscopic area.  
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 Computational methods 

Published previous optimized structures of [Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3)[62] complexes 

serve as starting point for the calculation of the projected Density of States, weak interactions, 

and natural bond order analysis, by Density Functional Theory (DFT) using the B3LYP[87, 88] 

functional and cc-pVTZ basis sets[89] (C, H, N, O) in combination with ecp-10-mdf[90] effective 

core potential (Fe) in a local installation of the Gaussian 09 program package[91], as applied 

before in our previous study of [Fe3O(OAc)6(L)n]+ (L = N2, py; n = 1, 2, 3)[62, 63]. For the 

calculation of the UV spectra and further interpretation of the experimental spectra, we used 

the broken symmetry calculated geometries and performed TD-DFT calculations using 

UB3LYP[87] with cc-pVTZ basis sets[89] (C, H, N, O) and the ecp-10-mdf[90] effective core potential 

(Fe) with the Gaussian 09 program package[91]. The experimental XA spectra simulation was 

performed with cowan batch files using the Mathematica plugin CTM4XAS[85]. 
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 Results and Discussion 

5.6.1 Results I: X-ray magnetic circular dichroism 

The cations with the structure [Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) were created within an 

electrospray process in a solution of acetonitrile/pyridine (10:1). According to a typical 

isotopic iron pattern, the mass spectra reveal four isotropic peaks at m/z = 538, 617, 696, and 

774 (cf. Fig. S2)[62]. Isolating these complexes and optimizing their fragment yield with tunable 

X-ray exposure yielded polarized dependent XAS and XMCD data (cf. Fig. 2). 

 
Fig. 2: Recorded XAS (left) and evaluated XMCD data (right) of [Fe3O(OAc)6(py)n]+ 
(n = 0, 1, 2, 3). The XMCD data are derived from the difference between the 
negative polarized XAS and the positive polarized XAS. 

We observe no dichroic effect for the bare complex (n = 0). Stepwise coordination of pyridine 

(n = 1, 2) leads to an increasing dichroic effect in the XAS and concomitant the XMCD signal. 

The dichroic effect vanishes with the third coordination (n = 3), and the recorded data 

resemble those of the bare complex. There is no dichroic effect observed on the L2 edge. The 

XMCD spectra better visualize the increasing dichroic effect as a function of the coordinating 

axial ligand resulting in higher spin and orbital magnetic moments. We deduce the intrinsic 

magnetic moments per iron atom for each complex (cf. Tab. 1). Then, with estimated 
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uncertainties of ± 5 %, considering a transition from a 2p core state to a 3d valence state for 

the iron atoms in this complex series. The most common problem is that the states are not 

always completely separated, which might lead to inaccuracies in determining magnetic 

moments[92]. Teramura et al. have introduced correction factors for the spin sum rule based 

on calculations on an atomic model, taking into account the Coulomb interaction in the L3,2 

absorption edges and the expectation value for the magnetic dipole operator not accessible 

in our XMCD experiments[93-98]. Experimental magnetizations were corrected with the 

suggestions of Teramura. 

Tab. 1: Experimental magnetic values projected on the z-axis for mS, mL, mJ and 
mL/mS for [Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) with the correction of 4.5 %[97, 98] and a 
statistic uncertainty of 5 %[92]. 

 exp. corrected 

 n = 0 n = 1 n = 2 n = 3 n = 0 n = 1 n = 2 n = 3 

𝚫𝚫𝐒𝐒
(𝐳𝐳) 0.00(0) 0.09(05) 0.97(5) 0.00(0) 0.00(0) 0.08(04) 0.93(5) 0.00(0) 

𝚫𝚫𝐋𝐋
(𝐳𝐳) 0.00(0) 0.26(1) 0.43(2) 0.00(0) 0.00(0) 0.25(1) 0.41(2) 0.00(0) 

𝚫𝚫𝐉𝐉
(𝐳𝐳) 0.00(0) 0.35(2) 1.40(7) 0.00(0) 0.00(0) 0.33(1) 1.33(6) 0.00(0) 

𝚫𝚫𝐋𝐋
(𝐳𝐳)/𝚫𝚫𝐒𝐒

(𝐳𝐳) 0.00(0) 0.37(1) 0.44(2) 0.00(0) 0.00(0) 0.35(1) 0.42(2) 0.00(0) 

The magnetic moments of the bare complex and the complex with three pyridines (cf. Tab. 1, 

cf. Fig. S6) are in both complexes zero because no dichroic effect is observed. With the 

coordination of one pyridine to the complex, a small dichroic effect is monitored and increases 

with further pyridine coordination until the third pyridine coordinates to the complex. The 

complexes with symmetric geometric properties hint an antiferromagnetic exchange coupling 

as described[5, 6]. The asymmetric ones feature a ferromagnetic exchange coupling scheme 

considering the change from a D3h to a C2v symmetry. 

5.6.2 Discussion I: X-ray magnetic circular dichroism 

The experimental magnetic moments reveal no spin and orbital magnetic moments for the 

symmetric complexes in this complex series, indicating a change from an antiferromagnetic to 

a ferromagnetic exchange coupling as a function of the pyridine coordination. By calculating 

the total spin magnetic moments, we observe small different iron atom values (cf. Tab. 2) from 

the expected values of a Fe3+ ion in a high spin ground state.  
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Tab. 2: Experimental total Spin ground state for [Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) 
with statistic uncertainties of 5 % in comparison with calculated total Spin ground 
states. The calculations were performed at the B3LYP/cc-pVTZ (H, C, N, O) and ecp-
10-mdf (Fe) level of theory with a high spin state for each Fe center in a UUD 
(n = 0, 1, 3) and DUU (n = 2) broken symmetry configuration corresponding to the 
minimum structure[62]. 

 ST, exp ST, calc 

n = 0 0.00(0) 0.50 

n = 1 1.27(6) 1.50 

n = 2 2.91(14) 2.50 

n = 3 0.00(0) 0.50 

The experimental total spins of this series of complexes are in good agreement with the 

calculated spin ground states[62]. For symmetric complexes, the total spin ground state is 

reduced due to the antiferromagnetic exchange coupling of the Fe3+ ions. The coordination of 

one pyridine leads to a reduced spin state of 1.5 instead of 2.5 as in a pure Fe3+ ion. Because 

the total spin is higher than for a completely antiferromagnetic coupled complex but lower 

than a completely ferromagnetic coupled one, we assume that the distortion of the Fe3O core 

leads to a suspension of the antiferromagnetic coupling between two Fe atoms in the 

complex. The coordination of two pyridine leads to a higher experimental spin ground state 

than the calculated one. Therefore, we assume a complete breakdown of the 

antiferromagnetic coupling to favor a ferromagnetic exchange coupling as a result of the 

higher distortion in the Fe3O core. The coordination of three pyridine leads to the recovery of 

the D3h symmetry in the complex, resulting in an antiferromagnetic exchange coupling. 

Determination of the geometrical properties 

A change of the magnetic exchange coupling must occur either from the change in their 

electronic ground state or its geometry. The spectra show the characteristic spectral shape of 

a Fe3+ ion[99]. The splitting of the Absorption edge is given by the crystal field splitting into the 

t2g and eg levels[100]. Therefore, we extracted the crystal field splittings (CF) of each molecular 

cation by subtracting the L3 preedge from the L3 main absorption edge (cf. Tab. 3, cf. Fig. S7). 

The crystal field splittings increase as a function of pyridine coordination until the third 

pyridine coordination takes part (cf. Tab. 3).  
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The coordination of three pyridine reduces slightly due to the recovery of the symmetry 

resulting in the same structural motif as in the bare complex. A more extensive Fe3O core gives 

the higher crystal field splitting in the complex with three pyridines than without pyridine 

coordination. 

Tab. 3: Experimental crystal field splittings of [Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) 
from the experimental XA spectra with uncertainties of 10 %.  

 L3 edge/eV L3 preedge/eV ΔL3/eV 

n = 0 709.88 708.00 1.88(19) 

n = 1 709.83 708.00 1.82(18) 

n = 2 709.81 708.00 1.81(17) 

n = 3 709.86 708.00 1.86(19) 

The shift of the L3–edge is marginal but significant for the electronic and structural influence 

on the absorption edge. In Literature, those shifts are declared as a change of the oxidation 

state of the metal[99-102] or a change in the crystal field[101-104]. A change in the Oxidation state 

would lead to a shift of 1-3 eV[105, 106]. The low energy shift points out an exclusion of the 

change in the oxidation state. The change in the crystal field must induce the shift as function 

of the pyridine coordination. Every Fe3+ atom has a quasi-octahedral coordination shell in the 

bare complex and provides a free coordination spot. With the coordination of one pyridine, 

one iron atom is fully octahedral surrounded, leading at one hand to a change of the crystal 

field splitting and on the other hand to a change in its spin ground state from 1/2 to 3/2. The 

coordination of two pyridines to the complex reveals the highest crystal field splitting. Two 

pyridine coordinates to the iron atoms result in two completely octahedral coordinated Fe 

atoms, whose spin ground state shifts from 3/2 to 5/2. With three coordinated pyridines, all 

iron centers are in octahedral coordination, and the spin ground state changes back to 1/2. 

Besides the crystal field splitting change in this series of complexes resulting from the pyridine 

coordination, a determination of the exciting p orbitals seems necessary because a change in 

the crystal field splitting might lead to different energy levels in the Fe atom itself. Therefore, 

we calculated the projected Density of State (pDOS) spectra to determine each transition in 

these complexes (cf. Fig. 3).  
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Fig. 3: Calculated pDOS (black) spectra for [Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) in 
comparison with the experimental positive polarized XA spectra (red), and their 
corresponding calculated molecular orbital plots. The calculations were 
performed with Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, O) and ecp-10-mdf (Fe) 
level of theory. Hydrogen is omitted for clarity. 

The calculated pDOS spectra show an excellent agreement with the experimental XA spectra. 

Two lines are monitored in the pDOS spectra, which are also present in the L3 absorption edge. 

The core orbital plots show that the axial ligand coordination significantly influences the 

magnetic properties in this complex series. All Fe3+ atoms are involved in the X-ray absorption 

at the L3 absorption edge in the bare complex. The coordination of one pyridine leads to an  

X-ray absorption of only one Fe atom with axial coordination. With further coordination, the 

amount of absorbed Fe atoms in the X-ray absorption rises as a pyridine coordination function 

(cf. Fig. 3), indicating that the axial ligand coordination directly affects the crystal field 

splittings, resulting in different magnetic properties of this complex. The other bands in the 

XA are so close that a determination of these bands is impossible with the given spectral 

resolution. On the L2–edge, the resolution is also not given, but two bands fit the experimental 

spectra in every isomere. The X-ray absorption of the Fe3+ atom highly depends on the 

coordination of the axial ligands.  
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Therefore, we extracted the calculated orbital energies of the core-shell orbitals and 

compared them with the broken symmetry calculated spin densities[62] of these complexes 

(cf. Fig. 4). The core shell orbital energies are similar for all Fe3+ atoms in the bare complex, 

resulting in an antiferromagnetic exchange coupling. By coordinating one pyridine, the orbital 

energy rises for the axial coordinated Fe3+ atom. It represents the primary L3 absorption edge 

in the XAS, resulting in a weak ferromagnetic exchange coupling, while the other two 

uncoordinated Fe3+ ions remain in an antiferromagnetic exchange coupling. Coordination of 

two pyridines leads to slightly higher core shell orbital energies combined with spin densities, 

getting “spin up” electrons representing the primary X-ray absorption, resulting in a strong 

ferromagnetic exchange coupling. Restoring the symmetry by coordinating three pyridine 

leads to similar core shell orbitals energies slightly higher than in the bare complex due to the 

pyridine coordination, resulting in the antiferromagnetic exchange coupling. 

 
Fig. 4: Calculated core-shell orbitals, their corresponding orbital energies, and 
their spin densities (red: Spin down, blue: Spin up) for [Fe3O(OAc)6(py)n]+ 
(n = 0, 1, 2, 3). The calculations were performed with Gaussian 09 at the B3LYP/cc-
pVTZ (H, C, N, O) and ecp-10-mdf (Fe) level of theory. Hydrogen and ligand are 
omitted for clarity. 
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Influence of geometrical changes to the magnetic properties 

The axial ligand coordination leads to a distortion of the Fe3O core in the complex, as described 

in earlier IR(M)PD investigations combined with calculated Natural bond order analysis 

(cf. Fig. S8)[62, 63]. A change in the electronic ground state must occur from the geometrical 

changes in this series of complexes. The correlation of geometrical properties reveals a strong 

dependency between the total magnetic moment per Fe atom and the corresponding Fe-O-

Fe-pyn angle (cf. Fig. 5). With the angle change in these complexes, the Fe-Fe distances 

enlarge, but no strong correlation to the magnetic moment is monitored. The magnetic 

moments per iron atom increases for the asymmetric isomers by elongation of the Fe-Fe 

distances. Still, for the symmetric complexes, the Fe-Fe distances vary with similar magnetic 

moments. The averaged bonding distances between the Fe3+ atoms are 3.28 Å for the bare 

complex and 3.36 Å for the isomer with three coordinated pyridines. Still, an 

antiferromagnetic exchange coupling is observed in both isomers, which does not feature a 

dependency of the Fe-Fe distances to magnetic properties. For the asymmetric complexes 

with one or two coordinated pyridines, the Fe-Fe averaged bonding distance is 3.31 Å and 

3.34 Å. These bonding distances are shorter than in the complex with three coordinated 

pyridines, but both isomers feature a ferromagnetic exchange coupling. Therefore, we can 

exclude a correlation between the Fe-Fe bonding situation and the different exchange 

coupling. The different bonding distances between the Fe3+ ions and the central Oxygen atoms 

show no correlation to the magnetic moment in this series of complexes. Therefore, we 

exclude a geometrical influence of the Fe-O bonding distance.  

Stepwise coordination of pyridine leads to stronger ferromagnetic exchange coupling as a 

function of the Fe-O-Fe angle. The angle increases with further pyridine coordination until the 

third pyridine coordinates to the complex and restores the Fe3O core with similar angles. Angle 

dependent magnetism is also observed by other groups[15, 103, 107]. By coordinating one 

pyridine to the complex, the coordinated Fe3+ atom does not couple with the other metal 

atoms in the complex, but the antiferromagnetic coupling between the uncoordinated iron 

atoms remains. There is only a weak antiferromagnetic coupling with the second pyridine 

coordination. Both coordinated Fe3+ atoms with the same spin orientation cannot establish an 

antiferromagnetic exchange coupling as a result of the strong distortion in the Fe3O triangle 

and different core shell orbital energies.  
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The third pyridine coordination leads to an antiferromagnetic exchange coupling due to 

similar angles and core shell orbital energies in the Fe3O triangle. 

 
Fig. 5: Total magnetic moment per Fe3+ atom of [Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) 
with their associated Fe-O-Fe-pyn angle (top), Fe-Fe distance of the coordinated Fe 
atoms (middle), and bonding length of the central Oxygen to the coordinated Fe 
center (bottom).  

The angle change directly affects the d–orbitals of the metal centers in this series of complexes 

(cf. Fig. 6). In the bare complex, no overlap of the dx2-y2 between the Fe3+ atoms with a “spin 

up” configuration is observed. By coordinating one pyridine to the complex, the angle leads 

to an overlap of the orbitals for all Fe atoms, resulting in a small ferromagnetic exchange 

coupling. The coordination of a second pyridine leads to a wider angle and a strong overlap of 

the dx2-y2 orbitals for the Fe atoms with “spin up” configuration. The remaining Fe atom with 

a “spin down” configuration acts as a free atom. Because both "spin up" iron centers do not 

generate an antiferromagnetic exchange coupling, this results in ferromagnetic exchange 

coupling. The “spin down” iron center is not involved in the exchange coupling, resulting in a 

strong ferromagnetic exchange coupling. With the coordination of the third pyridine, the 

angles in the complex are equal and point out a similar dx2-y2 orbital distribution as in the bare 
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complex, resulting in an antiferromagnetic exchange coupling. For the other 3d orbitals, such 

behavior is not observed (cf. Fig. S9).  

 
Fig. 6: Calculated dx2-y2 Natural Atomic orbitals (NAOs) of [Fe3O(OAc)6(py)n]+ 
(n = 0, 1, 2, 3) with their associated Fe-O-Fe-pyn angles. The calculations were 
performed with Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, O) and ecp-10-mdf (Fe) 
level of theory. Ligand is omitted for clarity. 

As mentioned before, the primary X-ray absorption highly depends on the amount of 

coordinated pyridine and their corresponding core-shell orbitals. Therefore, we extracted the 

spin-orbit coupling constant from the core shell to the valence shell by subtracting the L3 

absorption edge from the L2 absorption edge (cf. Tab. 4). We observe an increasing trend for 

the spin-orbit couplings with further coordination of pyridine to the complex. The third 

coordination of an axial ligand leads to a slight decrease in the value.  

Tab. 4: Experimental spin-orbit coupling constant from the core-shell to the 
valence shell for [Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) from the experimental XA 
spectra with uncertainties of 5 %.  

 L2 edge/eV L3 edge/eV SOC/eV 

n = 0 723.00 709.88 13.12(7) 

n = 1 723.00 709.83 13.17(7) 

n = 2 723.00 709.81 13.19(7) 

n = 3 723.00 709.86 13.14(7) 
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A correlation of these values with geometrical properties also reveals a strong correlation with 

the Fe-O-Fe-pyn angles rather than the bonding distances in this complex series (cf. Fig. S10). 

We assume that the change of the angle combined with the change in the core shell orbital 

energies, the spin-orbit coupling from the core to the valence shell must increase until 

coordination of two pyridine takes part. A wider angle leads to a more significant distance of 

the different Fe3+ atoms in this complex. Higher orbital energies lead to a collapse of the 

antiferromagnetic exchange coupling resulting in higher spin-orbit couplings for the 

asymmetric complexes. The third coordination of pyridine leads to almost similar angles but 

higher core-shell energies, and therefore a higher spin-orbit coupling is examined.  

Branching ratio analysis and differential orbital covalency 

Because of the strong core-valence interaction described above, we analyzed with the spin-

orbit sum rule.[108-110] This method yields very accurate values for the spin-orbit interactions 

per hole. For p -> d transitions, the branching ratio is defined as: 

𝐵𝐵𝑅𝑅 =
I(L3)

I(L3) + I(L2)
 (4) 

Where I are the intensities of the absorption edges, the sum rule [108-111] gives the relation for 

the spin-orbit interactions per hole. 

𝑆𝑆𝑇𝑇𝐶𝐶 = nj2 −
l + 1

l
𝑖𝑖𝑖𝑖1 (5) 

nj1 and nj2 represent the occupation number per hole, where j1 = l – 0.5 and j2 = l + 0.5. Thus, 

at least the branching ratio without a spin-orbit interaction can be derived with: 

𝐵𝐵 = B0 −
c

2c + 1
SOC
nh

 (6) 

B0 is the branching ratio without spin-orbit interactions, c
2c+1

 is a statistical value, and for d5, 

it is  2
5
 and nh represents the holes in the valence shell[112].  
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Tab. 5: Branching ratio values with spin-orbit interaction (BR), terms of occupation 
numbers (nj1, nj2), spin-orbit expectation (SOC), branching ratio without spin-orbit 
interaction (B0), and the difference of the branching ratios (ΔB) with expected 
uncertainties of 5 % for the presented spin-orbit expectations. 

 BR statistical 

value 

nj1 nj2 SOC B0 ΔB 

n = 0 0.81 0.60 -0.50 0.50 0.00(0) 0.81 0.00 

n = 1 0.82 0.60 -0.24 0.76 -3.92(19) 0.35 0.47 

n = 2 0.85 0.60 -0.07 0.93 -3.16(15) 0.46 0.38 

n = 3 0.82 0.60 -0.50 0.50 0.00(0) 0.82 0.00 

The branching ratio rises from 0.81 to 0.85, increasing pyridine coordination until the second 

pyridine coordinates to the complex. Afterward, it decreases to 0.82 with the third pyridine 

coordination because of the shift of the L3 edge as described above. Interesting are the 

expected spin-orbit interaction per hole. There is no spin-orbit interaction for the symmetric 

isomers observed due to the antiferromagnetic exchange coupling. The coordination of one 

pyridine leads to spin-orbit coupling of -3.92 and second pyridine coordination to a value of -

3.16. We observe slightly higher values when comparing the absolute spin-orbit coupling with 

the spin-orbit couplings for a free Fe3+ atom (SOC = 2.5). We also observe marginally higher 

values than for a free Fe3+ ion. These variations may occur from the orbital moments in a free 

Fe3+ion. The orbital momentum should be zero by assuming l = 0.5. The experimental values 

presented in this work are not precisely 0.5. This leads to aberrations in the spin-orbit 

couplings because the total orbital momentum is not zero in the experimental values. The 

coordination of two pyridines results in a spin-orbit coupling of 2.53 considering the 

uncertainties, which is in good agreement with the SOC of a free Fe3+ ion. Therefore, we 

assume that a range of uncertainties is higher than expected. 

We performed Differential Orbital Covalency (DOC) analysis to determine the metal d 

character in this complex series [100, 113-115] with experimental data and observe almost similar 

DOC values (88.7 %, 89.3 %) for the symmetrical complexes. The asymmetric isomers show 

significant changes in the metal d character as a function of the pyridine coordination 

(cf. Tab. 6). The coordination of one pyridine leads to a decrease (86 %) of the metal d 

character, and the second coordination leads to an enhancement of the metal d character 
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(91 %). Pyridine coordination changes the crystal field splittings, resulting in different p orbital 

energies, as discussed before. Therefore, we assume that a coordination of the axial ligand 

leads to more or less p covalent mixing in the other isomers. Coordination of one pyridine 

reduces the metal d character because the coordination distorts the Fe3O core towards the 

pyridine ligand. The coordinated Fe atom is more embedded in the ligand system resulting in 

a lower metal d character. Second ligand coordination enlarges the triangle towards the axial 

ligands, and the third Fe atom acts more like a free atom, resulting in an increased metal d 

character. A reduced number of 3d holes per Fe3+ atom also hints an antiferromagnetic 

exchange coupling in this complex series. The coordination of one pyridine leads to a reduced 

number of 3d holes per Fe3+ atom, indicating a stronger antiferromagnetic exchange coupling 

between the uncoordinated Fe3+ ions. This induces a small ferromagnetic exchange coupling, 

as observed. The coordination of two pyridines leads to the highest number of 3d holes per 

Fe3+ atom and predominates a ferromagnetic exchange coupling in this isomer. For the 

symmetric complexes, the number of holes is similar. 

Tab. 6: Approximated metal d character with differential orbital covalency 
approach for the complexes with the general structure [Fe3O(OAc)6(py)n]+ 

(n = 0, 1, 2, 3) with expected uncertainties of 5 % for the presented number of 3d 
holes. 

 Oxidation state Number of 3d holes (exp.) DOC 

n = 0 3 2.67(13) 89.3 

n = 1 3 2.58(13) 86.0 

n = 2 3 2.73(14) 91.0 

n = 3 3 2.67(13) 88.7 

The differential orbital covalency analysis reveals changes of the metal d character by 

coordinating pyridine to the complex. Therefore we calculated Electron Localized Field[116] 

(ELF) plots and observed weakened bonding situations of the central Oxygen atom by 

coordination of pyridine in these series of complexes (cf. Fig. 7). 
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Fig. 7: Calculated electron localized field for [Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) of 
the central Oxygen atom. The calculations were performed with Gaussian 09 at 
the B3LYP/cc-pVTZ (H, C, N, O) and ecp-10-mdf (Fe) level of theory. 

Electron localized field plots reveal almost similar bonding strengths for the symmetric 

complexes. The significant difference between both isomers is a weakened bonding strength 

because of the more significant Fe3O core. The coordinated Fe3+ atoms obtain weakened 

bonding strengths in the other isomers, assuming that the pyridine coordinated iron atoms 

behave more like free ions than the bare iron atoms. Also, the not coordinated iron atom 

bondings reveal a more vital bonding situation to the central Oxygen atoms, resulting in 

different metal d characters and a reduced number of 3d holes as observed. Covalent 

bondings between the Fe3+ atoms and pyridine seem not to be present in these complexes. 

Therefore we calculated the differential overlap region indicator (DORI) and non covalent 

interactions (NCI) for these complexes. Both plots reveal strong non covalent interactions 

between the pyridine rings to the Oxygen of the acetate ligand in these complexes, resulting 

in a more strengthened bonding situation due to a non-classical bonding situation 

(cf. Fig. S11)[63].  
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5.6.3 Results II: Ultra Violet Photon Dissociation 

We recorded mass spectra for every 3 nm with the sample to obtain the UVPD spectra 

(cf. Fig. S13). We observe a series of isotopic peaks at m/z= 538, 617, 695, and 775 matching 

with the simulated isotopic patterns of [Fe3O(OAc)6(py)n]+. Gas phase reactions for the bare 

complex are monitored due to free coordination spheres at the iron centers. A peak at 622 

m/z develops in the absence of pyridine coordination and appears to coordinate molecular 

oxygen, water, and hydrogen peroxide. The hydrogen peroxide may occur from light-induced 

conversion from gas phase reactions within the ion trap. The experimental UVPD spectra of 

[Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) reveal at first sight one strong absorption band at around 

320 nm (cf. Fig. 7). We observe weak shoulders in the area around 400-500 nm (cf. Fig. S14). 

The spectra look quite similar as expected. The only change in the spectra is the increasing 

coordination of pyridine to the complex. We also recorded UV/VIS spectra in the condensed 

phase compared to the gas phase spectra and observed a strong blue shift for each isomer in 

the gas phase. 

 
Fig. 8: UVPD spectra of [Fe3O(OAc)6(pyn)]+ (n = 0, 1, 2, 3) in comparison of the 
UV/VIS spectra in condensed phase. With uncertainties of 20 %. 

Mike
Rectangle
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The UVPD spectra in this series of complexes reveal a significant blue shift in all spectra 

compared to the UV/VIS spectra in the condensed phase, assuming that solvation processes 

lead to the observed shift in energy, but the spectral shape is almost similar. A closer look at 

the spectra reveals a redshift from the bare complex with further pyridine coordination to the 

complex (cf. Tab. 7) at around 300 nm and a blue shift at around 400 nm. This is given by the 

distortion of the Fe3O core with pyridine coordination, as discussed earlier[62, 63].  

Tab. 7: Absorption energies and their corresponding energetic shifts of 
[Fe3O(OAc)6(pyn)]+ (n = 0, 1, 2, 3). 

n λ/nm Δλ λ/nm Δλ 

0 310 0 485 0 

1 313 3 476 -9 

2 321 11 474 -11 

3 312 2 481 -4 

These energetic shifts are minimal, but we did not expect high energy shifts compared to the 

slight distortion of the Fe3O core.  

5.6.4 Discussion II: Ultra Violet Photon Dissociation 

The experimental UVPD spectra of this series of complexes do not show significant changes in 

their absorptions. Nevertheless, the slight shifts observed in the UVPD spectra hint an almost 

similar trend as the XA spectra. Therefore, we performed TD-DFT modeling to determine the 

ground states in the different isomers (cf. Fig. S15). The calculations reveal that the transitions 

in these complexes are HOMO-LUMO transitions at 300 nm. The very weak absorption bands 

around 470 nm represent spin forbidden metal to ligand charge transfer (MLCT) bands 

(cf. Fig. S15).  

As shown in the XA results, non covalent interactions have minor effects on the complex. 

Therefore, we compared the molecular orbitals of the pyridine bonding situation with the non 

covalent interactions and observed a non-classical bonding situation between the iron center 

and the pyridine ligand (cf. Fig. 9). Molecular orbitals of the Nitrogen in the pyridine points 

directly to the d orbital of the iron center, which establishes the coordination of pyridine to 

the complex. The orbitals from the hydrogen atoms in the pyridine ring directly point between 

two Oxygen atoms of the bridging ligand and form an attractive interaction between the 
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ligands. NCI plots reveal strong, engaging interactions of the axial ligand and the bridging 

ligand. 

 
Fig. 9: Calculated orbitals and non covalent interactions[116] of [Fe3O(OAc)6(py1)]+. 
The calculations were performed with Gaussian 09 at the B3LYP/cc-pVTZ 
(H, C, N, O) and ecp-10-mdf (Fe) level of theory. Hydrogen is omitted for clarity. 

We assume that the coordination of pyridine does not lead to a simple distortion of the Fe3O 

core. Because of non-covalent interactions, the coordination causes a little shift in the bridging 

ligand position, resulting in distinct crystal field splittings, different orbital energies, and 

modest variations in the UVPD spectra, as observed. 

Influence of geometrical changes to the absorption bands 

The XA spectra show that the experimental shift mainly occurs by geometrical changes in the 

Fe3O core. Therefore, we compared the relative energy shifts of the UVPD spectra with the 

isomers calculated geometrical properties (cf. Fig. 10). The change of the py-Fe bonding length 

does not show any trend and excludes a correlation of the bonding length to the shifts in the 

UVPD spectra. A change of the Fe-O-Fe-pyn angle reveals a strong dependency on the energy 

shift until the coordination of the second pyridine takes part. Coordination of three pyridines 

results in identical angles in the Fe3O core as the bare complex but in a higher shift in the 

absorption energy.  



5. Magnetic properties and their correlation to the electronics of isolated trinuclear 3d spin 
frustrated complexes 

 

83 
 

 
Fig. 10: Experimental blue and redshifts corresponding to their calculated bonding 
lengths and angles of [Fe3O(OAc)6(pyn)]+ (n = 0, 1, 2, 3). The calculations were 
performed with Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, O) and ecp-10-mdf (Fe) 
level of theory. 

The HOMO-LUMO gaps can explain the higher shift in absorption energy (cf. Fig. S17) of the 

different isomers. Calculated HOMO-LUMO gaps for the complex with three coordinated 

pyridines have higher energy than the bare complex but the same angles in the Fe3O core. 

More energy for absorption is needed, and this results in higher shifts in the UVPD spectrum. 

Also, the trend is like the relative energy shift trend compared to the angles of these 

complexes. 

5.6.5 Discussion III: Opto- magnetic correlation 

Notice that the UVPD spectra reveal the same trend observed in the XA spectra (cf. Fig. S19). 

This hints strong evidence that the different spectroscopic approaches lead to an entire 

picture describing the electronic ground state with magnetic and optical properties of these 

complexes. For better visualization, comparing the first derivation of the L3 edge in the XA 

spectra with the UVPD spectra (cf. Fig. S18) in the area of 300 nm reveals the same trend for 



 5. Magnetic properties and their correlation to the electronics of isolated trinuclear 3d spin 
frustrated complexes 

 

 

 
84 

 

both spectroscopic approaches. We observe a shift to higher energies in both spectroscopic 

methods until coordinating the second pyridine to the complex. Following that, the third 

coordination of pyridine results in a shift to lower energy. We consider that both spectroscopic 

approaches are steady state experiments, and therefore the spin ground state in this series of 

complexes is the same for both types of investigations. 

The inverse trend for the weak MLCT transitions (Fig. S19) occurs from weak electron transfer 

from the metal center into the ligands. The experimental crystal field splittings from the XA 

spectra and the absorption energies from the UVPD spectra within a Tanabe-Sugano diagram 

for a 3d5 high spin atom can correlate with both methods. As a result, these values must be 

normalized using the Racah parameter B (B = 917 cm-1)[104]. The correlation in a Tanabe-

Sugano diagram shows that crystal field splitting results in a shift in energy in the UV/VIS 

spectra and vice versa. This corresponds extremely well to our experimental findings 

(cf. Tab. 8).  

Tab. 8: Normalized crystal field splittings (ΔL3, cf. Tab. 3), absorption energies, and 
their corresponding energies from the Tanabe-Sugano diagram of 
[Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) with uncertainties of 10 %. The TD-DFT 
calculations were performed with Gaussian 09 at the uB3LYP/cc-pVTZ (H, C, N, O) 
level of theory. 

 ΔL3 Tanabe Sugano λexp λcalc 

 ΔL3/eV ΔL3/B E/B E/nm) E/B E/nm E/nm 

n = 0 1.88(19) 16.54 22.61 482 22.48 485 486 

n = 1 1.83(18) 16.10 23.30 468 22.91 476 468 

n = 2 1.81(17) 15.93 23.37 462 23.01 474 466 

n = 3 1.86(19) 16.35 22.82 477 22.67 481 475 

We are also able to determine an excitation from a 6A1 ground state to a 2T2g state. The crystal 

field splitting decrease with pyridine coordination from the bare complex until the second 

pyridine coordination occurs because of the change from pseudo octahedral coordination to 

a real octahedral one and the corresponding minor Jahn Teller distortion in the pyridine 

coordinated iron center. The crystal field splitting for the complex with two pyridines 

coordinated slightly differ from the other ones but including uncertainties of 10% the 

approximated absorption energy is within the range of the uncertainties. Therefore, a crystal 
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field splitting of 1.82 eV would result in a normalized crystal field of 16.00 and this value would 

fit to the experimental and calculated UV/VIS absorption energies. By coordination with three 

axial ligands, there is no Jahn Teller distortion. All Fe3+ centers are in the same coordination 

sphere, leading to the same electronic structure as in the case without coordination of the 

axial ligand. The crucial difference between the bare and fully coordinated complex is that the 

Fe3O core in the bare complex is smaller than in the complex with three coordinated axial 

ligands. The approximated energies from the Tanabe-Sugano diagram match the experimental 

XA and UVPD data.  

The Correlation between the normalized UVPD absorptions (E/B) and the approximated 

absorption energies from the Tanabe-Sugano diagram points out a linear dependency with 

further coordination of pyridine to the complex (cf. Fig. 11 b)) until the third pyridine 

coordinates to the complex. This demonstrates that the measured absorption energies in this 

sequence of spin frustrated systems accord well with the estimated transitions. The 

correlation of the total magnetic moment per iron atom with the absorption energies of the 

UVPD spectra reveals a nonlinear trend (cf. Fig. 11 a)). A distortion of the Fe3O core increases 

ferromagnetic exchange coupling, leading in a blue shift for the weak and spin prohibited 

MLCT transitions due to a change in orbital energies as a function of the pyridine coordination. 

Because the orbital energies are somewhat higher than in the bare complex, the coordination 

of three pyridines results in a reduced blue shift with an antiferromagnetic exchange coupling. 

Also, the determined crystal field splitting is slightly lower than in the bare complex, resulting 

in a lower shift of the absorption energy. For better visualization, the correlation of the 

normalized absorption energies (E/B) with the total magnetic moments per Fe3+ atom points 

out a similar behavior as the correlation with the not normalized approximated absorption 

energies (cf. Fig. 11a)) by reaching an almost entirely ferromagnetic coupled complex 

(cf. Fig. 11c)). This demonstrates that the spin arrangement in the Fe3O core is vulnerable to 

axial ligand coordination and the subsequent core distortion. As discussed earlier, the 

different crystal field splittings change the exchange coupling scheme by changing the orbital 

energies. In XMCD spectroscopy, the Fe3+ iron centers absorption edge highly depends on 

pyridine coordination in these complexes. Previous research has shown that coordination 

influences the orbital energy for the transition from the core shell to the valence state.  
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Fig. 11: Dependency of the total magnetic moments per Fe3+ atom, absorption 
energies, and the normalized absorption energies of [Fe3O(OAc)6(py)n]+ 
(n = 0, 1, 2, 3) in isolation. 

The orbital energies of the core shell orbitals reveal a strong dependency on the different 

Fe- O-Fe-pyn angles in the isomers (cf. Fig. 12 a)). That proves that the angle change changes 

the core shell energies, resulting in a switch from an antiferromagnetic exchange coupling to 

a ferromagnetic exchange coupling. The fully coordinated complex angles are the same as the 

bare complex but have higher core shell orbital energies. The antiferromagnetic exchange is 

given by cause of the symmetry in the complex but at a higher energy level. In all iron atoms, 

the core shell energy is the same as in the bare complex. In asymmetric complexes, the core 

shell energy of the coordinated iron atoms differs from the uncoordinated iron atoms. The 

calculated total coupling constants from the XA experiments also increase with the orbital 

energies from the core shell, pointing out that the angle change affects these core shell 

energies, leading to the observed magnetic behavior in this series of complexes (cf. Fig. 12 b)).  
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The total coupling constants in this series of complexes are closely related to the Fe-O-Fe-pyn 

angles, implying that changing the angle immediately leads to a change in the coupling scheme 

in these complexes (cf. Fig. 12 c)). By comparing the bare complex and the fully coordinated 

complex with the same angles, no magnetic moment is observed due to the symmetry in both 

complexes. 

 
Fig. 12: Different correlations of [Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) for the 
determination of the caused magnetism. With a) orbital energies of the transition 
from the 2p3/2 into the 3d orbital via Density of states calculation and their 
associated Fe-O-Fe-pyn dihedral angles, b) the total magnetic moments and the 
orbital energies, and c) total magnetic moment and the dihedral Fe-O-Fe-pyn 

angle. The calculations were performed at the B3LYP-Gaussian/cc-pVTZ 
(H, C, N, O) and ecp-10-mdf (Fe) level of theory with five unpaired electrons on 
each Fe center and a UUD (n = 0, 1, 3) or DUU (n = 2) broken symmetry 
configuration corresponding to the minimum structures[62]. 
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The absorption maxima of the UVPD spectra in this series of complexes strongly correlate with 

the absorption edges of the XA spectra (cf. Fig. S20). UVPD spectra follow a linear trend in the 

area of around 300 nm. We consider that magnetism, electronics, and the angle-dependent 

shift of crystal field splittings are all tightly interconnected. The spin forbidden absorption 

bands in the UVPD spectra correlated with the XA absorption edges increase. In comparison 

with the above discussed dependency, the explanation is almost the same. However, due to 

small metal to ligand charge transfers (MLCT) and the pyridines non-classical bonding state to 

the metal center, there is another impact in these absorption bands that cannot be ignored.  

Relative energy shifts in the UVPD spectra compared to the total magnetic moment per iron 

atom also reveal an almost linear correlation (cf. Fig. 13). The higher the shift, the higher the 

magnetic value. The explanation follows the same as discussed before. Variations in angles 

cause changes in crystal field splittings, which vary the orbital core shell energies, resulting in 

various absorption maxima and magnetism.  

 
Fig. 13: Experimental red- and blue shifts from the UVPD spectra with the 
experimental magnetic moments per atom of [Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) in 
isolation. 

A deeper examination of the experimental alterations in the UVPD and XA spectra from our 

analyses of these compounds reveals a nearly same pattern (cf. Fig. S20). We monitor an 

increase in the absorption energies in both spectroscopic approaches until the second pyridine 
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coordinates the complex. Further coordination results in a declining trend in this complex 

series. On the one hand, the distortion causes a change in the crystal field splitting and a 

change in the core-shell energies, as previously described, and on the other hand, it causes a 

tiny shift in the excitation from the HOMO orbitals into the LUMO orbitals.  

As discussed earlier, the shift in the absorption energies mainly occurs by changing the Fe-O-

Fe-pyn angle (cf. Fig. S21), pointing out the chain reaction in the magnetism and the electronics 

of the distortion in the Fe3O core because of the change of the angle. Because the Fe3O core 

is symmetric, the symmetric complexes produce equivalent absorption shifts in both 

spectroscopic techniques, resulting in similar core shell energies and HOMO-LUMO 

excitations. Pyridine coordination causes a shift in the crystal field splitting, resulting in 

differing core shell energies. Both spectroscopic approaches reveal a strong dependency 

between the core shell energies and the absorption energies (cf. Fig. S23). The shifts increase 

with higher core shell energies until the coordination of two pyridine takes part. By further 

coordination to the complex, the core shell energy decreases slightly as the absorption energy. 

The higher shift and core shell energy appear from the pyridine coordination, leading to an 

enlarged Fe3O core with a symmetric motif. A correlation with the total magnetic moments 

and their corresponding shifts in the spectra indicates an almost linear trend from the bare 

complex to the complex with two coordinated pyridines (cf. Fig. S23). This indicates that the 

exchange coupling of the iron atoms has a direct effect on the spectral pattern in both 

spectroscopic techniques in all types of spectroscopic research. The highest shift arises with 

the coordination of two pyridines to the complex, with the strongest distortion, the highest 

total magnetic moments, and the highest crystal field splitting of all these complexes. For the 

complex with three coordinated pyridine ligands, the shift is higher in all spectra. Still, the total 

magnetic moment is the same as in the bare complex because of the restored symmetry and 

results in a restoration of the antiferromagnetic exchange coupling at a higher level of orbital 

energies caused by the coordination of pyridine to the system. 
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Influence to the correlation by changing the axial or the bridging ligands 

The correlation in this series of complexes highly depends on the distortion of the Fe3O core. 

This hints that the coordination of the axial ligand mainly causes the observed effects in this 

system. DFT calculations with the exchange of the axial ligands serve to prove the influence of 

the ligand on the complex. Therefore, we compare the bonding lengths of the central Oxygen 

atoms to the Fe3+ ions by coordination with the axial ligand (cf. Tab. S1).  

The exchange of smaller to larger ligands results in nearly identical bonding lengths for all 

estimated ligands. We did not anticipate a change in the magnetic characteristics or electronic 

ground state in these complexes, suggesting that the axial ligand causes the observed effects 

but does not increase or lessen them due to its size. Besides the geometrical changes, there 

also could be changes in the electronics by non-classical bonding situations. Non covalent 

interactions[116] (NCI) with different axial ligands reveal more attractive non covalent 

interactions from nitrogen to pyridine (cf. Fig. S24). These interactions gain more repulsive by 

larger ligands for the Fe-Lhet bonding. The Hydrogen of DMF and pyridine immediately points 

towards and between two Oxygen atoms of the bridging ligands, enhancing non covalent 

interactions and leading in a shift in UVPD absorption bands due to orbital energies, e.g., 

HOMO-LUMO orbitals. The total magnetic moments should not be affected because the 

orbital energies should be higher in every case of coordination than in the bare complex. Also, 

the symmetric complexes should obtain an antiferromagnetic coupling scheme because the 

orbital energies are the same for every Fe3+ in the investigated isomers. An exchange of the 

bridging ligand in these complexes leads to minor or no changes in the bonding lengths and 

their corresponding angles (cf. Tab. S2). With similar bonding distances and angles, we did not 

expect a change in the magnetic properties. A change in the spectral shape of the UVPD 

spectra cannot be excluded due to additional chromophores like benzoic acid. Switching the 

bridging ligands to dicarboxylic acids predicts a loss of one dicarboxylic acid in the complex, 

resulting in significant distortions in the Fe3O core in every isomer where the central Oxygen 

atom is out of plane.  
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Influence to the correlation by changing the central Oxygen atom 

The last possible influence on the geometrical, electronic, and magnetic behavior could arise 

from the central Oxygen atom in the Fe3O core of the complex. We also performed DFT 

calculations for the exchange of the central Oxygen atom with carbon and Sulfur. Nitrogen 

and phosphorus as central atoms would change from an uneven multiplicity to an even 

multiplicity. Electron localized field plots explain the effect by changing the central atom from 

Oxygen to other atoms (cf. Fig. S25). For the bare complex, a symmetrical electron density of 

the Oxygen atom occurs. Also, all bonding strengths are equal for the Fe-O bonding distances. 

Changing the central Oxygen atom to a carbon atom leads to a more diffuse electron density 

with stronger bondings. Sulfur as a central atom leads to an almost similar pattern with 

stronger bonding distances as in the Fe3O analoga. These estimated geometries should 

produce an antiferromagnetic exchange coupling, greater or weaker in this complicated 

series, implying that the central atom in the Fe3M (M = Oxygen, Carbon, Sulfur) has a 

considerable impact on the antiferromagnetic coupling. The absorption bands in the UVPD 

spectra should have a minor influence on their shifts since the electronic ground state should 

be unaffected. The carbon and Sulfur analoga show the same angles and bonding distances as 

the investigated species. The bonding strength of the complex weakens with one pyridine 

coordinated to it, resulting in increased antiferromagnetic coupling. By exchanging the Oxygen 

atom to a carbon atom reveals almost similar behavior, the ferromagnetic coupling could be 

established. Still, it should be weaker than the investigated complex because of the higher 

bonding strength in this complex. In the Sulfur analoga, the Sulfur is out of plane, assuming 

there must be a ferromagnetic exchange coupling. For the UVPD absorption bands, we carry 

an almost similar behavior for Oxygen and carbon. In the Sulfur analoga, the absorption band 

should be significantly shifted. 

For two coordinated pyridine to the complexes, a more substantial ferromagnetic coupling 

scheme is observed. A change to carbon would not favor a ferromagnetic coupling. The 

stronger electron overlap between carbon and the iron center and Sulfur analoga does not 

hint a ferromagnetic exchange coupling. In UVPD, we assume the same trend by changing the 

Oxygen to carbon or Sulfur. The complexes with three pyridines coordinated to the complex, 

the Fe3O core reveals an antiferromagnetic exchange coupling. Carbon as a central atom 

should also obtain an antiferromagnetic exchange coupling as a result of stronger bondings 
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and high symmetry. For the Sulfur analoga, a ferromagnetic coupling should be present 

because of its strong distortion and the out of plane position of the central Sulfur atom.  

The magnetic behavior is very sensitive to the central atom in the complex. With Oxygen as a 

central atom, we observe a change of the antiferromagnetic exchange coupling to a 

ferromagnetic one as a function of the pyridine coordination until the recovery of the 

symmetry is given. Changing the central atom to carbon leads in every case to complexes with 

antiferromagnetic exchange coupling because of the diffuse electron density in the carbon 

atom. A change from Oxygen to Sulfur must lead to a way different magnetic behavior. In the 

bare complex, we assume an antiferromagnetic coupling with the coordination of one or three 

axial ligands. The complexes become distorted so that the iron center does not feature a 

strong overlap to the Sulfur atom because the Sulfur is out of plane.  

The complex becomes more symmetrical with the coordination of two axial ligands, and an 

antiferromagnetic coupling scheme should be established. 

 Conclusions 

In the presented work, we investigate the intrinsic spin and orbital magnetic moments of 

isolated spin frustrated systems of the type [Fe3O(OAc)6(py)n]+. Element selectivity of the used 

XMCD technique allows the separation of the total magnetic moments. The distortion of the 

Fe3O core dominates the total magnetic moment as a function of stepwise pyridine 

coordination. The recorded XMCD spectra analysis allows separating these unique 

contributions into their spin and orbital magnetic moments. The recorded XA spectra and the 

corresponding XMCD spectra of these complexes reveal a change from an antiferromagnetic 

exchange coupling for the symmetric complexes and a ferromagnetic exchange coupling by 

coordinating pyridine to the complex. Experimental total Spin values slightly differ from the 

total spin of earlier broken symmetry calculations. By assuming uncertainties of 5 % in the 

experimental data, these values agree with the calculations. 

By coordinating pyridine, we observe a change in the crystal field splittings in this series of 

complexes. The crystal field splittings rise with further coordination of the axial ligand, and 

with the third coordination, a slight decrease is observed. Electronic ground state 

determination reveals that pyridine coordination changes the exciting core shell energies. The 
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energy rises with further coordination because of different spin states resulting in 

antiferromagnetic exchange coupling for symmetric complexes and a ferromagnetic exchange 

coupling for asymmetric complexes. 

The Fe-O-Fe-pyn angles shift significantly, causing major variations in the magnetic 

characteristics of this series of complexes, which directly influences the crystal field splittings 

and the related core shell orbitals.  

Branching ratio analysis indicates that an antiferromagnetic exchange coupling is present in 

every isomer, but with rising coordination, until two pyridines coordinate to the complex, 

ferromagnetic exchange coupling predominates.  

UVPD investigations reveal a slight shift in their absorption spectra because of the pyridine 

coordination in this complex series. In combination with TD-DFT calculations, different HOMO-

LUMO transitions for these complexes can be determined. Distinct orbital energies emerge 

from pyridine coordination, leading in different HOMO-LUMO transitions in the UVPD spectra. 

These energy shifts follow the same trend as for the energy shift in the XA spectra. 

We found an Opto structural correlation within the Tanabe-Sugano diagram. We able to 

determine an excitation from a 6A1 ground state to a 2T2g excited state for weak MLCT 

transitions. Also, the observed shifts of the UVPD spectra directly correlate with the 

experimental total magnetic moments per atom from the XMCD studies. 

The XMCD and UVPD spectra show the same trend for almost every isomer. The correlation 

strongly depends on the coordination of pyridine. Coordination causes the angles of the Fe3O 

core to alter, leading in distinct core-shell orbitals, crystal field splittings, orbital energies, 

energetic changes in the UVPD spectra, and coupling schemes. We do not observe any 

correlation between the bonding distances and the shifts in the experimental spectra. All 

absorption bands belong to HOMO LUMO transitions in these series of complexes. With the 

change of the angles in these complexes, the energies of the LUMO orbitals change and result 

in small shifts as a result of the raising HOMO–LUMO gaps. 

Changing the axial and/or bridging ligands reveals that the size of the bridging ligand does not 

affect the properties of these series of complexes. The change of the axial ligand points out 

that the non covalent attraction becomes higher as a function of the ligand size from nitrogen 
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to pyridine. A change of the central atom in the Fe3M core (M = O, C, S) significantly influences 

this complex series. The change of the central atom should lead to different coupling schemes, 

as observed. The out-of-plane situation in the calculated Sulfur complexes has to lead to 

various exchange coupling schemes. ELF plots also point out that the coupling scheme's 

change and their corresponding orbital energies highly depend on an interplay of the central 

atom and the axial ligands. This spin frustrated system shows a correlation between two 

different gas phase investigations only in this unique situation. 

In summary, we have shown that gas-phase XMCD experiments combined with UVPD 

investigations add valuable additional insight into the fascinating magnetic properties of spin 

frustrated systems. 
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Content 

Fig. S1: (a) Example of an XMCD spectrum and its integral over both L3,2 absorption (b) 

Integrated sum of both XA spectra for both photon helicities in the case of [Fe3O(OAc)6(py)2]+.  

Fig. S2: Mass spectra of [Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) with stepwise coordinated pyridine 

538 m/z (n = 0), 616 m/z (n = 1), 694 m/z (n = 2) and 775 m/z (n = 3). 

Fig. S3: Carbon K–edge of [Fe3O(OAc)6(py)n]+ (n = 2) to verify that the selected mass is the 

complex of interest.  

Fig. S4: Experimental polarized depended XA Spectra (top), sum XA spectra with integral 

(middle) and XMCD spectra with integral (Bottom) for [Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) at 4 K. 

Fig. S5: Sum of positive and negative XA spectra (black) of [Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) at 

4 K. The shaded areas represent the two-step functions subtracted after normalization, 

approximating the direct 2p photo ionization and 2p → nd (n > 3) contributions.  

Fig.S6: Spin magnetic moments (blue), orbital magnetic moments (red), total magnetic 

moments (orange), and the spin-orbital ratio (green) per atom of [Fe3O(OAc)6(py)n]+ 

(n = 0, 1, 2, 3) with given spectra from the sum rule analysis and uncertainties of 20 %. 
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Fig. S7: Normalized negative polarized XA spectra of [Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) in blue 

with gauss folded (broadening 0.2) simulated XA spectra of a Fe3+ atom in a octahedral 

(0 Dq = 1.88 (n = 0), 1.82 (n = 1), 1.81 (n = 2) and 1.86 (n = 3) eV) coordination (black dotted) 

and stick spectra (black) by CTM4XAS and Cowan batch file.  

Fig. S8: Atom distances (Fe–Ocentral and Fe-Fe distances, all in Å) of the Fe3O-core in 

[Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3). The calculations were performed at the B3LYP-Gaussian/cc-

pVTZ (H, C, N, O) and ecp-10-mdf (Fe) level of theory with five unpaired electrons on each Fe 

center and a UUD (n = 0, 1, 3) or DUU (n = 2) broken symmetry configuration corresponding 

to the minimum structures. The Ligand is omitted for clarity. 

Fig. S9: Calculated Natural Atomic orbitals (NAOs) of [Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) with 

their associated Fe-O-Fe-pyn angles. The calculations were performed with Gaussian 09 at the 

B3LYP/cc-pVTZ (H, C, N, O) and ecp-10-mdf (Fe) level of theory. Hydrogen and ligand are 

omitted for clarity. 

Fig. S10: Spin orbit coupling of the core hole for [Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) with their 

associated Fe-O-Fe-pyn angle (top) and bonding length of the coordinated Fe center (bottom). 

Fig. S11: Electron localized field (ELF), differential overlap region interaction (DORI), and non- 

covalent interactions (NCI) in [Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) The calculations were 

performed at the B3LYP/cc-pVTZ (H, C, N, O) and ecp-10-mdf (Fe) level of theory with five 

unpaired electrons on the Fe. 

Fig. S12: Approximated metal d character with differential orbital covalency approach for the 

complexes with the general structure [Fe3O(OAc)6(py)n]+ n = 0 (red circle), 

n = 1 (orange triangle), n = 2 (blue hexagon), n = 3 (green square)) with a derivation of 100 % 

metal d character slope of known values from a Fe film and Fe(pha)3. 

Fig. S13: Photon dissociation mass spectra of [Fe3O(OAc)6(pyn)]+ (n = 0, 1, 2, 3) with their 

associated fragmentation channels. From top to bottom with increasing coordination of 

pyridine. 



5. Magnetic properties and their correlation to the electronics of isolated trinuclear 3d spin 
frustrated complexes 

 

103 
 

Fig. S14: UVPD spectra of [Fe3O(OAc)6(pyn)]+ (n = 0, 1, 2, 3) with their corresponding minimum 

structure. The calculations were performed with Gaussian 09 at the B3LYP/cc-pVTZ 

(H, C, N, O) and ecp-10-mdf (Fe) level of theory. H atoms are omitted for clarity. 

Fig. S15: UVPD spectra of [Fe3O(OAc)6(pyn)]+ (n = 0, 1, 2, 3) in around 470 nm in comparison 

with calculated UV/VIS spectra. The calculations were performed with Gaussian 09 at the 

B3LYP/ cc-pVTZ (H, C, N, O) and ecp-10-mdf (Fe) level of theory. 

Fig. S16: Calculated orbital energies of the different transitions at around 470 nm (black) and 

around 300 nm (blue) of [Fe3O(OAc)6(pyn)]+ (n = 0, 1, 2, 3). The calculations were performed 

with Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, O) and ecp-10-mdf (Fe) level of theory. 

Fig. S17: Calculated HOMO-LUMO gaps of [Fe3O(OAc)6(pyn)]+ (n = 0, 1, 2, 3) corresponding to 

their associated Fe-O-Fe-pyn angles. The calculations were performed with Gaussian 09 at the 

B3LYP/cc-pVTZ (H, C, N, O) and ecp-10-mdf (Fe) level of theory. 

Fig. S18: Derivated XA spectra of the L3 edge (top) and UVPD spectra (bottom) of 

[Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) in isolation. 

Fig. S19: Absorption maxima of the L3 edge from the experimental XA spectra and their 

associated absorption maxima from the UVPD spectra of [Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) in 

isolation. 

Fig. S20: Experimental energy shifts from the UVPD and XA spectra of [Fe3O(OAc)6(py)n]+ 

(n = 0, 1, 2, 3) in isolation. 

Fig. S21: Experimental energy shifts from the UVPD and XA spectra of [Fe3O(OAc)6(py)n]+ 

(n = 0, 1, 2, 3) in isolation in comparison with the calculated Fe-O-Fe-py angle. The calculations 

were performed at the B3LYP-Gaussian/cc-pVTZ (H, C, N, O) and ecp-10-mdf (Fe) level of 

theory with five unpaired electrons on each Fe center. 

Fig. S22: Experimental energy shifts from the UVPD, IR(M)PD, and XA spectra of 

[Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) in isolation in comparison with the calculated orbital 

energies for the transition in the XA spectra. The calculations were performed at the B3LYP-

Gaussian/cc-pVTZ (H, C, N, O) and ecp-10-mdf (Fe) level of theory with five unpaired electrons 

on each Fe center. 
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Fig. S23: Experimental energy shifts from the UVPD, IR(M)PD, and XA spectra of 

[Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) in isolation in comparison with the experimental mj
(z). The 

calculations were performed at the B3LYP-Gaussian/cc-pVTZ (H, C, N, O) and ecp-10-mdf (Fe) 

level of theory with five unpaired electrons on each Fe center. 

Tab. S1: Calculated bonding lengths and angles for [Fe3O(OAc)6(L)n]+ (n = 0, 1, 2, 3; L = Nitrogen, 

Dimethylformamide (DMF), pyridine). The calculations were performed at the B3LYP/cc-pVTZ 

(H, C, N, O) and ecp-10-mdf (Fe) level of theory with a high spin state for each Fe corresponding 

to the minimum structure. 

Fig. S24: Non covalent interactions of [Fe3O(OAc)6(L)1]+ (L = Nitrogen, Dimethylformamide, 

pyridine). Calculations were performed at the B3LYP/cc-pVTZ (H, C, N, O) and ecp-10-mdf 

(Fe) level of theory with five unpaired electrons on each Fe center. 

Tab. S2: Calculated bonding lengths and angles for [Fe3O(L)6(py)n]+ (n = 0, 1, 2, 3; L = acetate, 

propionic acid, benzoic acid). The calculations were performed at the B3LYP/cc-pVTZ 

(H, C, N, O) and ecp-10-mdf (Fe) level of theory with a high spin state for each Fe 

corresponding to the minimum structure. 

Fig. S25: Electron localized field plots of [Fe3M(OAc)6(py)n]+ (n = 0, 1, 2, 3; M = O, C, S). 

Calculations were performed at the B3LYP-Gaussian/cc-pVTZ (H, C, N, O) and ecp-10-mdf (Fe) 

level of theory with five unpaired electrons on each Fe center. 

Fig. S26: Tanabe Sugano diagram of a Fe3+ octahedral system with high spin configuration and 

the CF splittings from the XAS spectra with the transition of the UV/VIS spectra of 

[Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) in isolation. 

Fig. S27: Density overlap region indicator plots of [Fe3O(OAc)6(L)1]+ (L = Nitrogen, 

Dimethylformamide, pyridine). Calculations were performed at the B3LYP-Gaussian/cc-pVTZ 

(H, C, N, O) and ecp-10-mdf (Fe) level of theory with five unpaired electrons on each Fe center. 

Tab. S3: Atom coordinates for [Fe3O(OAc)6(py)n]+ (n = 0). The calculation was performed at the 

B3LYP/cc-pVTZ (H, C, N, O) and ecp-10-mdf (Fe) level of theory with a high spin state for each 

Fe center. 
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Tab. S4: Atom coordinates for [Fe3O(OAc)6(py)n]+ (n = 1). The calculation was performed at the 

B3LYP/cc-pVTZ (H, C, N, O) and ecp-10-mdf (Fe) level of theory with a high spin state for each 

Fe center. 

Tab. S5: Atom coordinates for [Fe3O(OAc)6(py)n]+ (n = 2). The calculation was performed at 

the B3LYP/cc-pVTZ (H, C, N, O) and ecp-10-mdf (Fe) level of theory with a high spin state for 

each Fe center. 

Tab. S6: Atom coordinates for [Fe3O(OAc)6(py)n]+ (n = 3). The calculation was performed at 

the B3LYP/cc-pVTZ (H, C, N, O) and ecp-10-mdf (Fe) level of theory with a high spin state for 

each Fe center. 

Fig. S28: calculated HOMO-, LUMO energies and their resulted HOMO-LUMO gap for 

[Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3). The calculations were performed at the B3LYP/cc-pVTZ 

(H, C, N, O) and ecp-10-mdf (Fe) level of theory with a high spin state for each Fe center. 

Fig. S29: Calculated alpha spin orbital for the d orbitals in [Fe3O(OAc)6(pyn)]+ (n = 0, 1, 2, 3). 

The calculations were performed with Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, O) and ecp-

10-mdf (Fe) level of theory. 

Fig. S30: Integrated intensities of the experimental XMCD spectra and their corresponding 

derivated 3d holes for [Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3).  

Fig. S31: Calculated susceptibilities for [Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) with their 

corresponding transition orbital energies (top), Fe-O-Fe-py angle (middle), and their total spin 

magnetic moments (bottom).  

Fig. S32: Calculated HOMO, LUMO energies, and the HOMO-LUMO gap of [Fe3O(OAc)6(pyn)]+ 

(n = 0, 1, 2, 3). The calculations were performed with Gaussian 09 at the B3LYP/cc-pVTZ 

(H, C, N, O) and ecp-10-mdf (Fe) level of theory. 

Fig. S33: Calculated electron localized field for [Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) of the central 

oxygen atom. The calculations were performed with Gaussian 09 at the B3LYP/cc-pVTZ 

(H, C, N, O) and ecp-10-mdf (Fe) level of theory. 
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Fig. S34: Maxima of the different absorption bands and calculated HOMO-LUMO gaps of 

[Fe3O(OAc)6(pyn)]+ (n = 0, 1, 2, 3). The calculations were performed with Gaussian 09 at the 

B3LYP/cc-pVTZ (H, C, N, O) and ecp-mdf (Fe) level of theory. 

Fig. S35: Single fragment evaluation of the Ultra Violett Photon Dissociation mass spectra of 

[Fe3O(OAc)6(pyn)]+ (n = 0, 1, 2, 3) in the region of 240 nm–580 nm with a constant laser power 

of 2 µJ/ pulse. 

Fig. S36: Derivated XA spectra of the L3 edge (top) and UV/VIS spectra (middle) and IR(M)PD 

spectra(bottom) of [Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) in isolation. 
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Fig. S1: (a) Example of an XMCD spectrum and its integral over both L3,2 absorption 
(b) Integrated sum of both XA spectra for both photon helicities in the case of 
[Fe3O(OAc)6(py)2]+.  

 

 
Fig. S2: Mass spectra of [Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) with stepwise 
coordinated pyridine 538 m/z (n = 0), 616 m/z (n = 1), 694 m/z (n = 2) and 775 m/z 
(n = 3). 
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Fig. S3: Carbon K–edge of [Fe3O(OAc)6(py)n]+ (n = 2) to verify that the selected 
mass is the complex of interest.  
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Fig. S4: Experimental polarized depended XA Spectra (top), sum XA spectra with 
integral (middle) and XMCD spectra with integral (Bottom) for [Fe3O(OAc)6(py)n]+ 
(n = 0, 1, 2, 3) at 4 K. 
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Fig. S5: Sum of positive and negative XA spectra (black) of [Fe3O(OAc)6(py)n]+ 
(n = 0, 1, 2, 3) at 4 K. The shaded areas represent the two-step functions 
subtracted after normalization, approximating the direct 2p photoionization and 
2p → nd (n > 3) contributions.  

 
Fig. S6: Spin magnetic moments (blue), orbital magnetic moments (red), total 
magnetic moments (orange), and the spin-orbital ratio (green) per atom of 
[Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) with given spectra from the sum rule analysis and 
uncertainties of 5 %. 
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Fig. S7: Normalized negative polarized XA spectra of [Fe3O(OAc)6(py)n]+ 
(n = 0, 1, 2, 3) in blue with gauss folded (broadening 0.2) simulated XA spectra of 
a Fe3+ atom in a octahedral (10 Dq = 1.88 (n= 0), 1.82 (n = 1), 1.81 (n = 2) and 1.86 
(n = 3) eV) coordination (black dotted) and stick spectra (black) by CTM4XAS and 
Cowan batch file.  
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Fig. S8: Atom distances Fe–Ocentral and Fe-Fe distances, all in Å of the Fe3O-core in 
[Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3). The calculations were performed at the B3LYP-
Gaussian/cc-pVTZ (H, C, N, O) and ecp-10-mdf (Fe) level of theory with five 
unpaired electrons on each Fe center and a UUD (n = 0, 1, 3) or DUU (n = 2) broken 
symmetry configuration corresponding to the minimum structures. The Ligand is 
omitted for clarity. 
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Fig. S9: Calculated Natural Atomic orbitals (NAOs) of [Fe3O(OAc)6(py)n]+ 
(n = 0, 1, 2, 3) with their associated Fe-O-Fe-pyn angles. The calculations were 
performed with Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, O) and ecp-10-mdf (Fe) 
level of theory. Hydrogen and ligand are omitted for clarity. 
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Fig. S10: Spin orbit coupling of the core hole for [Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) 
with their associated Fe-O-Fe-pyn angle (top) and bonding length of the 
coordinated Fe center (bottom). 
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Fig. S11: Electron localized field (ELF), differential overlap region interaction 
(DORI), and Non covalent interactions (NCI) in [Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) 
The calculations were performed at the B3LYP/cc-pVTZ (H, C, N, O) and ecp-10-
mdf (Fe) level of theory with five unpaired electrons on the Fe. 
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Fig. S12: Approximated metal d character with differential orbital covalency 
approach for the complexes with the general structure [Fe3O(OAc)6(py)n]+ 

n = 0 (red circle), n = 1 (orange triangle), n = 2 (blue hexagon), n = 3 (green 
square)) with a derivation of 100 % metal d character slope of known values from 
a Fe film and Fe(pha)3. 

 
Fig. S13: Photon dissociation mass spectra of [Fe3O(OAc)6(pyn)]+ (n = 0, 1, 2, 3) with 
their associated fragmentation channels. From top to bottom with increasing 
coordination of pyridine. 
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Fig. S14: UVPD spectra of [Fe3O(OAc)6(pyn)]+ (n = 0, 1, 2, 3) with their 
corresponding minimum structure. The calculations were performed with 
Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, O) and ecp-10-mdf (Fe) level of theory. 
Hydrogen atoms are omitted for clarity. 

 
Fig. S15: UVPD spectra of [Fe3O(OAc)6(pyn)]+ (n = 0, 1, 2, 3) in around 470 nm in 
comparison with calculated UV/VIS spectra. The calculations were performed with 
Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, O) and ecp-10-mdf (Fe) level of theory. 



 5. Magnetic properties and their correlation to the electronics of isolated trinuclear 3d spin 
frustrated complexes 

 

 

 
118 

 

 
Fig. S16: Calculated orbital energies of the different transitions at around 470 nm 
(black) and around 300 nm (blue) of [Fe3O(OAc)6(pyn)]+ (n = 0, 1, 2, 3). The 
calculations were performed with Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, O) 
and ecp-10-mdf (Fe) level of theory. 

 
Fig. S17: Calculated HOMO-LUMO gaps of [Fe3O(OAc)6(pyn)]+ (n = 0, 1, 2, 3) 
corresponding to their associated Fe-O-Fe-pyn angles. The calculations were 
performed with Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, O) and ecp-10-mdf (Fe) 
level of theory. 
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Fig. S18: Derivated XA spectra of the L3 edge (top) and UVPD spectra (bottom) of 
[Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) in isolation. 
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Fig. S19: Absorption maxima of the L3 edge from the experimental XA spectra and 
their associated absorption maxima from the UVPD spectra of [Fe3O(OAc)6(py)n]+ 
(n = 0, 1, 2, 3) in isolation. 

 
Fig. S20: Experimental energy shifts from the UVPD (300 nm) and XA (709 eV) 
spectra of [Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) in isolation. 
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Fig. S21: Experimental energy shifts from the UVPD and XA spectra of 
[Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) in isolation in comparison with the calculated Fe-
O-Fe-py angle. The calculations were performed at the B3LYP-Gaussian/cc-pVTZ 
(H, C, N, O) and ecp-10-mdf (Fe) level of theory with five unpaired electrons on 
each Fe center. 
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Fig. S22: Experimental energy shifts from the UVPD, IR(M)PD, and XA spectra of 
[Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) in isolation in comparison with the calculated 
orbital energies for the transition in the XA spectra. The calculations were 
performed at the B3LYP-Gaussian/cc-pVTZ (H, C, N, O) and ecp-10-mdf (Fe) level 
of theory with five unpaired electrons on each Fe center. 



5. Magnetic properties and their correlation to the electronics of isolated trinuclear 3d spin 
frustrated complexes 

 

123 
 

 
Fig. S23: Experimental energy shifts from the UVPD and XA spectra of 
[Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) in isolation in comparison with the experimental 
gained mj

(z). The calculations were performed at the B3LYP-Gaussian/cc-pVTZ 
(H, C, N, O) and ecp-10-mdf (Fe) level of theory with five unpaired electrons on 
each Fe center. 
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Tab. S1: Calculated bonding lengths and angles for [Fe3O(OAc)6(L)n]+ (n = 0, 1, 2, 3; 
L = Nitrogen, Dimethylformamide (DMF), pyridine). The calculations were 
performed at the B3LYP/cc-pVTZ (H, C, N, O) and ecp-10-mdf (Fe) level of theory 
with a high spin state for each Fe corresponding to the minimum structure. 

  Fe-O distance/Å Fe-O-Fe-Ln/ϴ 

 n Fe1 Fe2 Fe3 Fe1 Fe2 Fe3 

N2 0 1.89 1.89 1.89 119.9 120.0 120.1 

 1 1.87 1.91 1.88 120.6 120.9 118.5 

 2 1.88 1.91 1.91 121.4 119.2 119.3 

 3 1.90 1.91 1.91 119.9 120.0 120.1 

DMF 0 1.89 1.88 1.89 119.9 120.0 120.1 

 1 1.87 1.98 1.87 121.8 121.9 116.3 

 2 1.85 1.96 1.96 123.9 118.1 118.0 

 3 1.94 1.94 1.94 120.3 119.7 120.0 

pyridine 0 1.89 1.88 1.89 119.9 120.0 120.1 

 1 1.87 1.98 1.87 121.7 121.9 116.4 

 2 1.85 1.97 1.96 123.9 118.0 118.1 

 3 1.94 1.95 1.94 119.9 120.1 120.0 

 

 
Fig. S24: Non covalent interactions of [Fe3O(OAc)6(L)1]+ (L = Nitrogen, 
Dimethylformamide, pyridine). Calculations were performed at the B3LYP/cc-
pVTZ (H, C, N, O) and ecp-10-mdf (Fe) level of theory with five unpaired electrons 
on each Fe center. 
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Tab. S2: Calculated bonding lengths and angles for [Fe3O(L)6(py)n]+ (n = 0, 1, 2, 3; 
L = acetate, propionic acid, benzoic acid). The calculations were performed at the 
B3LYP/cc-pVTZ (H, C, N, O) and ecp-10-mdf (Fe) level of theory with a high spin 
state for each Fe corresponding to the minimum structure. 

  Fe-O distance/Å Fe-O-Fe-Ln/ϴ 

 n Fe1 Fe2 Fe3 Fe1 Fe2 Fe3 

Acetate 0 1.89 1.89 1.89 119.9 120.0 120.1 

 1 1.87 1.98 1.87 121.9 121.7 116.4 

 2 1.97 1.96 1.85 123.9 118.8 118.0 

 3 1.94 1.94 1.95 119.9 120.0 120.1 

Propionic acid 0 1.89 1.88 1.89 120.0 120.0 120.0 

 1 1.86 1.99 1.86 121.7 121.8 116.4 

 2 1.97 1.96 1.84 124.0 118.1 117.9 

 3 1.94 1.95 1.94 119.9 120.0 120.1 

Benzoic acid 0 1.89 1.88 1.89 119.9 120.1 120.0 

 1 1.85 1.97 1.85 122.1 121.9 117.9 

 2 1.95 1.95 1.85 124.9 117.8 117.8 

 3 1.94 1.95 1.94 119.9 120.1 120.0 



 5. Magnetic properties and their correlation to the electronics of isolated trinuclear 3d spin 
frustrated complexes 

 

 

 
126 

 

 
Fig. S25: Electron localized field plots of [Fe3M(OAc)6(py)n]+ (n = 0, 1, 2, 3; 
M = O, C, S). Calculations were performed at the B3LYP-Gaussian/cc-pVTZ 
(H, C, N, O) and ecp-10-mdf (Fe) level of theory with five unpaired electrons on 
each Fe center. 
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Fig. S26: Tanabe Sugano diagram of a Fe3+ octahedral system with high spin 
configuration and the CF splittings from the XAS spectra with the transition of the 
UV/VIS spectra of [Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) in isolation. 

 

 
Fig. S27: Density overlap region indicator plots of [Fe3O(OAc)6(L)1]+ (L = Nitrogen, 
Dimethylformamide, pyridine). Calculations were performed at the B3LYP-
Gaussian/cc-pVTZ (H, C, N, O) and ecp-10-mdf (Fe) level of theory with five 
unpaired electrons on each Fe center. 
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Tab. S3: Atom coordinates for [Fe3O(OAc)6(py)n]+ (n = 0). The calculation was 
performed at the B3LYP/cc-pVTZ (H, C, N, O) and ecp-10-mdf (Fe) level of theory 
with a high spin state for each Fe center. 

atom X y z 
C -2.67857 -0.32278 -1.82940 
C -3.75142 -0.45748 -2.87246 
H -3.80581 0.44859 -3.48880 
H -4.71762 -0.57639 -2.35269 
H -3.58296 -1.35169 -3.48556 
C -2.67558 -0.33428 1.82272 
C -3.69092 -0.45701 2.92351 
H -3.15394 -0.42333 3.88684 
H -4.21118 -1.42124 2.86037 
H -4.39609 0.38288 2.89457 
C 1.06924 2.48107 -1.82654 
C 1.47706 3.42638 -2.92081 
H 0.86369 4.33553 -2.89457 
H 1.30605 2.92241 -3.88735 
H 2.54657 3.66095 -2.84651 
C 1.04342 2.48798 1.82525 
C 1.44294 3.43107 2.92459 
H 1.24005 2.93491 3.88902 
H 0.84442 4.34960 2.88121 
H 2.51722 3.64870 2.87359 
C 1.62053 -2.15698 -1.82736 
C 2.23250 -2.97394 -2.92971 
H 1.84841 -2.59074 -3.89048 
H 1.92805 -4.02482 -2.84150 
H 3.32451 -2.87086 -2.92851 
C 1.62954 -2.15377 1.82654 
C 2.26712 -2.97866 2.90852 
H 2.25093 -2.39645 3.84459 
H 3.32204 -3.16372 2.66039 
H 1.72597 -3.92028 3.05547 
Fe -1.13899 1.51491 -0.00821 
Fe -0.73781 -1.74260 -0.00159 
Fe 1.88011 0.22970 0.00275 
O -0.00020 0.00122 -0.00161 
O -2.39154 0.84818 -1.41305 
O -2.12240 -1.38658 -1.39999 
O -2.40042 0.83169 1.38679 
O -2.11983 -1.40184 1.40029 
O -0.13054 2.53912 -1.39917 
O 1.93686 1.64937 -1.39990 
O -0.15662 2.54128 1.39653 
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O 1.91630 1.66337 1.39668 
O 0.46914 -2.50062 -1.39817 
O 2.26720 -1.14706 -1.39613 
O 0.47788 -2.49476 1.40206 
O 2.27274 -1.13665 1.40119 

Tab. S4: Atom coordinates for [Fe3O(OAc)6(py)n]+ (n = 1). The calculation was 
performed at the B3LYP/cc-pVTZ (H, C, N, O) and ecp-10-mdf (Fe) level of theory 
with a high spin state for each Fe center. 

atom x y z 
C -0.54412 2.36224 -1.82026 
C -1.00188 3.24662 -2.94694 
H -0.56814 2.86937 -3.87542 
H -0.63418 4.25967 -2.80216 
H -2.08385 3.23540 -3.03646 
C -0.54773 2.30411 1.89459 
C -1.00434 3.17884 3.02915 
H -0.37390 2.98392 3.89776 
H -2.04259 2.98789 3.28031 
H -0.86365 4.22492 2.76072 
C 3.44126 0.03146 -1.80386 
C 4.53801 0.04838 -2.82903 
H 4.49254 0.95710 -3.42276 
H 4.48867 -0.83638 -3.45743 
H 5.49453 0.03680 -2.30149 
C 3.42492 -0.03159 1.81135 
C 4.45570 -0.06128 2.90307 
H 3.95150 -0.29128 3.84395 
H 4.95000 0.90069 2.99616 
H 5.17555 -0.85491 2.71653 
C -0.54961 -2.29338 -1.90543 
C -1.00355 -3.14267 -3.06006 
H -0.49151 -2.79937 -3.96106 
H -2.07579 -3.06135 -3.20842 
H -0.71271 -4.17821 -2.89691 
C -0.54231 -2.37395 1.81052 
C -1.00035 -3.26964 2.92808 
H -0.60196 -2.87608 3.86566 
H -0.60123 -4.27208 2.79555 
H -2.08424 -3.28792 2.99249 
C -4.13851 0.06043 -1.15060 
H -3.54475 0.11053 -2.05076 
C -5.52177 0.06067 -1.19155 
H -6.02954 0.11001 -2.14344 
C -6.22793 -0.00328 0.00239 
H -7.30920 -0.00494 0.00151 



 5. Magnetic properties and their correlation to the electronics of isolated trinuclear 3d spin 
frustrated complexes 

 

 

 
130 

 

C -5.52342 -0.06507 1.19742 
H -6.03262 -0.11575 2.14848 
C -4.14010 -0.06174 1.15863 
H -3.54784 -0.11002 2.05992 
N -3.46024 -0.00017 0.00450 
Fe 1.65370 1.58980 0.02537 
Fe -1.31439 -0.00115 0.00362 
Fe 1.65099 -1.58662 -0.03545 
O 0.66825 0.00174 -0.00062 
O 0.62222 2.56234 -1.36774 
O -1.33389 1.46492 -1.40704 
O 0.60903 2.53029 1.42772 
O -1.32650 1.39808 1.48185 
O 3.02450 1.14418 -1.36443 
O 3.00432 -1.09503 -1.42205 
O 3.00424 1.09708 1.41846 
O 3.01340 -1.14276 1.36241 
O -1.33176 -1.39721 -1.47676 
O 0.60869 -2.52155 -1.44450 
O -1.32908 -1.46638 1.41383 
O 0.62073 -2.57328 1.34998 

Tab. S5: Atom coordinates for [Fe3O(OAc)6(py)n]+ (n = 2). The calculation was 
performed at the B3LYP/cc-pVTZ (H, C, N, O) and ecp-10-mdf (Fe) level of theory 
with a high spin state for each Fe center. 

atom x y z 
C -2.28472 2.02734 -1.84716 
C -3.13994 2.57660 -2.95738 
H -2.52729 2.67494 -3.85476 
H -3.48409 3.57525 -2.69346 
H -3.98335 1.92537 -3.16340 
C -2.28968 2.01409 1.85536 
C -3.13912 2.54251 2.97994 
H -2.65692 2.28034 3.92411 
H -4.12472 2.08513 2.96484 
H -3.21117 3.62524 2.92770 
C 2.29531 2.03418 -1.83453 
C 3.15703 2.57045 -2.94612 
H 3.16628 3.65638 -2.93431 
H 2.73371 2.24058 -3.89718 
H 4.16591 2.17222 -2.87292 
C 2.27000 2.02169 1.86463 
C 3.11527 2.54244 2.99602 
H 2.67147 2.20825 3.93623 
H 3.13141 3.62844 2.99416 
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H 4.12255 2.13803 2.93808 
C 0.00002 -1.99009 -1.92016 
C 0.00198 -2.90241 -3.11971 
H 0.03493 -2.28385 -4.01918 
H -0.90526 -3.49932 -3.15090 
H 0.88311 -3.53847 -3.11594 
C 0.00500 -2.02023 1.89682 
C 0.01233 -2.96099 3.07434 
H 0.12285 -2.36893 3.98523 
H 0.85926 -3.63986 3.01330 
H -0.92059 -3.51392 3.13419 
C -4.24245 -1.72642 -1.16129 
H -3.72794 -1.42247 -2.06018 
C -5.45676 -2.38986 -1.20816 
H -5.90821 -2.61508 -2.16319 
C -6.06922 -2.75154 -0.01583 
H -7.01799 -3.27033 -0.02038 
C -5.44321 -2.43538 1.18238 
H -5.88387 -2.69698 2.13315 
C -4.22923 -1.77047 1.14712 
H -3.70392 -1.50247 2.05121 
C 4.24418 -1.72417 -1.16060 
H 3.72991 -1.42277 -2.06048 
C 5.45759 -2.38940 -1.20548 
H 5.90855 -2.61846 -2.15983 
C 6.06982 -2.74791 -0.01215 
H 7.01796 -3.26786 -0.01516 
C 5.44459 -2.42709 1.18520 
H 5.88531 -2.68604 2.13668 
C 4.23142 -1.76078 1.14811 
H 3.70638 -1.48914 2.05129 
N -3.63929 -1.42269 -0.00430 
N 3.64169 -1.41599 -0.00432 
Fe -0.00394 2.40425 0.00378 
Fe -1.73202 -0.37099 0.00249 
Fe 1.73381 -0.36526 -0.00036 
O -0.00209 0.55512 0.00264 
O -1.37131 2.78190 -1.40197 
O -2.51514 0.85492 -1.43557 
O -1.39773 2.78041 1.38985 
O -2.50094 0.83131 1.46094 
O 1.39552 2.79421 -1.37496 
O 2.50745 0.85009 -1.44354 
O 1.36706 2.78302 1.41248 
O 2.49737 0.84816 1.45131 
O -1.12246 -1.62936 -1.4657 
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O 1.12129 -1.63207 -1.46137 
O -1.11795 -1.65490 1.44833 
O 1.12560 -1.64618 1.44876 

Tab. S6: Atom coordinates for [Fe3O(OAc)6(py)n]+ (n = 3). The calculation was 
performed at the B3LYP/cc-pVTZ (H, C, N, O) and ecp-10-mdf (Fe) level of theory 
with a high spin state for each Fe center. 

atom X Y z 
C -1.94125 1.80533 1.90242 
C -2.63903 2.44469 3.07685 
H -2.27607 1.97066 3.99121 
H -3.71197 2.28019 3.01833 
H -2.41441 3.50621 3.12866 
C -1.94512 1.79762 -1.90618 
C -2.63829 2.45374 -3.07400 
H -2.09617 2.19584 -3.98599 
H -2.61227 3.53583 -2.96882 
H -3.66139 2.10147 -3.16673 
C -0.59014 -2.58153 1.90758 
C -0.80182 -3.50614 3.08028 
H -1.76136 -4.01068 2.99553 
H -0.82108 -2.90647 3.99255 
H 0.00627 -4.22768 3.15659 
C -0.58349 -2.58736 -1.90182 
C -0.80377 -3.51042 -3.07408 
H -0.85159 -2.90737 -3.98303 
H -1.75328 -4.03068 -2.97195 
H 0.01376 -4.21884 -3.16988 
C 2.53217 0.78085 1.90401 
C 3.43908 1.05683 3.07698 
H 2.91423 0.77310 3.99153 
H 3.68682 2.11275 3.13513 
H 4.34054 0.45268 3.00998 
C 2.53065 0.78345 -1.90827 
C 3.43958 1.05652 -3.08049 
H 2.91700 0.76832 -3.99492 
H 4.34258 0.45527 -3.00929 
H 3.68488 2.11285 -3.14240 
C -4.63474 -1.41699 1.14981 
H -4.07179 -1.23240 2.05196 
C -5.95854 -1.82303 1.18986 
H -6.44887 -1.96109 2.14243 
C -6.62803 -2.04447 -0.00601 
H -7.66180 -2.36192 -0.00760 
C -5.94620 -1.85102 -1.19967 
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H -6.42636 -2.01140 -2.15393 
C -4.62287 -1.44371 -1.15503 
H -4.05066 -1.27981 -2.05533 
C 1.07069 4.72087 1.15335 
H 0.93377 4.14118 2.05335 
C 1.37777 6.07090 1.19886 
H 1.48614 6.56473 2.15346 
C 1.54000 6.76145 0.00562 
H 1.78032 7.81584 0.00808 
C 1.38812 6.07403 -1.19079 
H 1.50498 6.57044 -2.14304 
C 1.08063 4.72386 -1.15160 
H 0.95293 4.14647 -2.05447 
C 3.54507 -3.29940 1.15460 
H 3.10191 -2.90383 2.05569 
C 4.56085 -4.24030 1.19787 
H 4.92548 -4.59303 2.15156 
C 5.08974 -4.71030 0.00364 
H 5.88340 -5.44490 0.00435 
C 4.58162 -4.22035 -1.19159 
H 4.96267 -4.55729 -2.14457 
C 3.56498 -3.28025 -1.15030 
H 3.13728 -2.86930 -2.05197 
N -3.97833 -1.23022 -0.00159 
N 0.92487 4.05853 -0.00064 
N 3.05531 -2.82752 0.00167 
Fe -1.85914 -0.57660 0.00169 
Fe 0.43151 1.89443 -0.00293 
Fe 1.42637 -1.31926 0.00000 
O -0.00108 -0.00004 0.00015 
O -2.43622 0.73738 1.44587 
O -0.89951 2.36744 1.46528 
O -2.42543 0.71505 -1.47138 
O -0.91505 2.36932 -1.45169 
O -1.60060 -1.96401 1.46987 
O 0.58155 -2.47109 1.45228 
O -1.59363 -1.98273 -1.44564 
O 0.59388 -2.46520 -1.46475 
O 1.85117 1.74204 1.45160 
O 2.50024 -0.40195 1.46365 
O 1.83819 1.74271 -1.46925 
O 2.50877 -0.39449 -1.45497 
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Fig. S28: calculated HOMO-, LUMO energies and their resulted HOMO-LUMO gap 
for [Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3). The calculations were performed at the 
B3LYP/cc-pVTZ (H, C, N, O) and ecp-10-mdf (Fe) level of theory with a high spin 
state for each Fe center. 

 

 
Fig. S29: Calculated alpha spin orbital for the d orbitals in [Fe3O(OAc)6(pyn)]+ 
(n = 0, 1, 2, 3). The calculations were performed with Gaussian 09 at the B3LYP/cc-
pVTZ (H, C, N, O) and ecp-10-mdf (Fe) level of theory. 
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Fig. S30: Integrated intensities of the experimental XMCD spectra and their 
corresponding derivated 3d holes for [Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3).  

 
Fig. S31: Calculated susceptibilities for [Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) with their 
corresponding transition orbital energies (top), Fe-O-Fe-py angle (middle), and 
their total spin magnetic moments (bottom).  
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Fig. S32: Calculated HOMO, LUMO energies, and the HOMO-LUMO gap of 
[Fe3O(OAc)6(pyn)]+ (n = 0, 1, 2, 3). The calculations were performed with 
Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, O) and ecp-10-mdf (Fe) level of theory. 
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Fig. S33: Calculated electron localized field for [Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) of 
the central oxygen atom. The calculations were performed with Gaussian 09 at the 
B3LYP/cc-pVTZ (H, C, N, O) and ecp-10-mdf (Fe) level of theory. 
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Fig. S34: Maxima of the different absorption bands and calculated HOMO-LUMO 
gaps of [Fe3O(OAc)6(pyn)]+ (n = 0, 1, 2, 3). The calculations were performed with 
Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, O) and ecp-10-mdf (Fe) level of theory. 
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Fig. S35: Single fragment evaluation of the Ultra Violet Photon Dissociation mass 
spectra of [Fe3O(OAc)6(pyn)]+ (n = 0, 1, 2, 3) in the region of 240 nm–580 nm with 
a constant laser power of 2 µJ/ pulse. 
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Fig. S36: Derivated XA spectra of the L3 edge (top) and UV/VIS spectra (middle) 
and IR(M)PD spectra[46] (bottom) of [Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) in isolation. 
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Correction of the spin sum rules by Takeo Jo et al. 

The Sz sum rule for the L2,3 edge in 3d transition metal systems is expressed as: 

𝑋𝑋𝐼𝐼 =  𝑋𝑋𝐸𝐸. 

The relative integrated magnetic circular dichroism (MCD) intensity is defined as 

𝑋𝑋𝐸𝐸 =
∫ �µ+(𝜔𝜔) − µ−(𝜔𝜔)�𝑖𝑖𝜔𝜔 − 2∫ �µ+(𝜔𝜔) − µ−(𝜔𝜔)�𝑖𝑖𝜔𝜔𝐿𝐿2𝐿𝐿3

∫ (µ+(𝜔𝜔) + µ0(𝜔𝜔) + µ−(𝜔𝜔))𝐿𝐿3+𝐿𝐿2
𝑖𝑖𝜔𝜔

 

And the expectation value is given by 

𝑋𝑋𝐸𝐸 = 2
3(10−𝑖𝑖)

〈𝑆𝑆𝑧𝑧〉 + 7
3(10−𝑖𝑖)

〈𝑇𝑇𝑧𝑧〉. 

The absorption spectra with positive and negative light helicity are given by µ±(𝜔𝜔), with 

linearly polarized light by µ0(𝜔𝜔) along the z direction. L3 and L2 denote the integrated region 

with respect to ω, the number of 3d electrons is given by n. 
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 Preamble 

The following chapter is prepared as manuscript for publication. I managed and performed 

the IR(M)PD experiments, data evaluation for the IR(M)PD and CID experiments, quantum 

chemical calculations, and XA simulations. In addition, I received experimental support from 

Florian Breitschaft for the sample preparation and to record the CID breakdown curves. I 

wrote the chapter in form of a draft manuscript. 
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 Abstract 

This study elucidates the molecular structure and their calculated magnetism of isolated 

trinuclear µ-oxo bridged Ruthenium complexes of the structural type [Ru3O(OAc)6(py)n]+ 

(OAc = acetate, py = pyridine, n = 0, 1, 2, 3). We present InfraRed (Multiple) Photon 

Dissociation (IR(M)PD) spectra combined with quantum chemical calculations and their 

theoretical calculated coupling exchange constants via Broken Symmetry (BS) approach. They 

indicate that the coordination of axial pyridine ligands to the [Ru3O(OAc)6]+ subunit disturbs 

the triangular geometry of the Ru3O core. [Ru3O(OAc)6]+ exhibits a nearly equilateral triangular 

core geometry. The coordination of one or two axial ligands leads to a distortion of the 

triangular Ru3O core geometries. The coordination of three pyridine ligands does not result in 

an equilateral triangular Ru3O core geometry as in the case of [Fe3O(OAc)6(py)n]+. The 

presented results help gain further insight into the molecular structure of trinuclear µ-oxo 

bridged Ruthenium complexes, void of any external effects such as crystal packing or 

solvation. 

 Introduction 

Transition Metal (TM) complexes provide a highly fascinating field of research due to their 

broad properties in many technical[1-4], medical[5-9], and industrial[10-12] applications. In recent 

decades, molecular magnetism research has grown in importance for the efficient modeling 

of nanomagents[13-16], storage devices[17], and quantum computing[18- 21]. Much effort has been 

spent in the design and modeling for paramagnetic transition metal complexes such as spin-

crossover[13-18] (SCO) complexes, single molecule magnets[19-22] (SMM), or spin frustrated 

systems[9, 23-26]. Spin frustrated complexes are one of the most promising candidates for the 

design of molecular spintronics[16, 27-34], as a model system in metalloenzymes[35], catalysis[35-

40], and in metal organic frameworks[38, 39, 41-43]. Because the resultant spin arrangement leads 

to opposing interactions of their orientation, such complexes exhibit distinct magnetic 

properties[19, 37, 49, 50]. These competing interactions reduce magnetic ordering with an unusual 

electronic ground state[44-53]. Spin frustrated systems with the general structure 

[M3O(O2R)6L3]+ (L = axial ligands)[54-57] serve as model systems due to their extraordinary spin 

orientation.  
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The electronic ground state of spin frustrated complexes with the structure [M3O(O2R)6L3]+ 

are extremely sensitive to the geometric distortion of the M3O core induced by the axial 

ligands[58].  

Many groups have previously studied such complexes, revealing a total spin (ST) of 1/2 in 

symmetric [Fe3O(OAc)6(H2O)3]NO3[66] and asymmetric [Fe3O(TIEO)2(O2CPh)Cl3][66,67] 

complexes with a ST of 5/2 in asymmetric complexes. The complex with the structure 

[Mn3(OAc)6(py)3] (py = pyridine) reveals a paramagnetic susceptibility and a decreasing 

magnetic moment per Mn atom by increasing the temperature[59]. A distortion of the Mn3O 

leads to a single molecule magnetic behavior with ferromagnetic coupled Mn ions[60]. The        

µ-oxo bridged Ruthenium complexes with the structure [Ru3(OAc)6(H2O)3] 2·H2O[61] and 

[Ru3(OAc)6(py)3](PF6)[62] reveal a mixed valence state for the different Ruthenium ions, e.g., 

Ru2+, 3+, 3+. Changing one axial coordinated from pyridine to methanol, the oxidation states 

change to Ru3+, 3+, 3+[62]. 

Previous experiments have been performed in the condensed or solid phase. It seems that 

external effects such as crystal packing or solvation have major importance to the electronics 

of these complexes. Gas phase investigations of isolated [M3O(O2CR)6L3]+ are essential to 

exclude external effects. 

The Ru3O core leads to a pairwise coupling due to the oxo bridge in these compounds[63]. In 

this complex, the three Ru ions coordinate around one O2- center in a flat, almost equal 

triangular arrangement. This arrangement builds the Ru3O core in these complexes (cf. Fig. 1). 

Without coordinating the axial ligand, these complexes obtain pseudo octahedral 

coordination through their equatorial coordination of four bridging ligands. Such complexes 

usually possess an antiferromagnetic coupling scheme for iron[28, 64]. However, long M-M 

distances (> 3 Å) do not indicate a direct interaction between the metals, leading to spin 

frustrated systems because a pairwise antiferromagnetic coupling of all metal ions within the 

M3O core seems impossible[65]. 
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Fig. 1: Structure of the investigated trinuclear complexes with the structure 
[Ru3O(OAc)6(py)n]+ (n = 0, 1, 2, 3). The calculations were performed with 
Turbomole 6.5 at the unrestricted B3LYP/cc-pVTZ level of theory and a broken 
symmetry approach. Hydrogen atoms are omitted for clarity (C: grey, O: red, 
N: blue, Ru: green).  

Electrospray ionization[66, 67] gives access to mass spectrometric investigations of complexes 

in isolation and their geometrical structure by irradiation with IR photons. In addition, Tandem 

MS-based methods have helped investigate complexes void from external effects, e.g., 

packing and solvation effects.  

We previously conducted IR(M)PD experiments on [Fe3(OAc)6(L)0-3]+ (L = N2, pyridine)[74, 75] and 

discovered a non-classical bonding scenario, resulting in a blue shift of the asymmetric CO 

stretching modes in the IR(M)PD spectra for the N2 coordinated species. With the coordination 

of pyridine, we could establish a magneto structural correlation via IR(M)PD and DFT 

calculations. By stepwise coordination of pyridine to the complex, our XMCD investigations of 

[Fe3(OAc)6(py)0-3]+ indicated a switch in the coupling scheme from antiferromagnetic to 

ferromagnetic exchange coupling. In addition, IR(M)PD studies on heterometallic -oxo (Fe, Cr) 

complexes were carried out[76]. Changing the metal from a ferromagnetic ion to a diamagnetic 

atom, e.g., from Fe3+ to Co3+ instead, does feature a redshift of the asymmetric CO stretching 

mode[68].  

Stepwise coordination of the axial pyridine ligands (n = 1-3) induces significant geometrical 

distortions of the M3O core. The primary goal of this research is to characterize the geometric 

structural motif and its related change in electronic structure in the ground state using 

IR(M)PD. All prior measurements were carried out using 3d metals, and we switched from a 
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high spin 3d transition metal to a low spin 4d transition metal with just one unpaired spin on 

each metal center. Furthermore, our gas phase technique enables the separation of under 

coordinated molecular ions (e.g., [Fe3O(OAc)6]+) that would not be accessible in the condensed 

phase.  

We combine experimental IR(M)PD investigations of isolated [Ru3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) 

with quantum chemical calculations by broken symmetry approach, Density Functional Theory 

(DFT), Time Dependent Density Functional Theory (TD-DFT) and XA simulations with 

CTM4XAS[69] in combination with Cowan batch files. 

 Experimental setup and methods 

6.4.1 Collision Induced Dissociation 

ESI MS and CID measurements were performed with a quadrupole mass spectrometer 

(amazon ETD, Bruker daltonics), obtaining a Paul trap. The ions of interest are transferred into 

gas phase by electrospray ionization. The sample solution of [Ru3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) 

in pyridine/acetonitrile (1:10; c ~ 1·10-6 mol/L) was constantly infused into the ESI chamber by 

a syringe pump with a flow rate of 180 µL/h. Nitrogen was used as a drying gas with a flow 

rate of 12 L/min at 180 °C. The nebulizer pressure was set to 280 mbar (4 psi) for spraying the 

sample solution, and the spray needle was held at 4.5 kV. The Paul trap consists of a ring 

electrode and two end caps forming a nearly hyperbolic inner profile. The end caps possess 

pinholes that allow to enter or exit the ions in the trap. The ring electrode is powered with a 

high voltage RF (radio frequency) potential (781 kHz) while the end caps are grounded. The 

ions are accumulated in this resulting oscillating quadrupolar electric field generated from the 

three electrodes. An auxiliary dipolar voltage is fed to either the exit cap or both end caps for 

ion isolation and fragmentation. For providing a constant partial Helium buffer gas pressure 

of ca. 10-3 mbar inside the trap, a proportional integral derivative (PID) gas controller is used. 

CID breakdown curves were recorded by stepwise variation of the excitation amplitudes 

(Ampexp) from 0.5 V–3.0 V while monitoring the extend of fragmentation and relative 

abundances of fragments for the isolated complex of interest. The excitation amplitudes 

determine the internal scale of the mass spectrometer Elab in V. Relative abundances were 

calculated according to 
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𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡
𝑓𝑓𝑓𝑓 . (𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙) = �

∑ 𝐼𝐼𝑖𝑖
𝑓𝑓𝑓𝑓(𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙)𝑖𝑖

∑ 𝐼𝐼𝑖𝑖
𝑓𝑓𝑓𝑓(𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙)𝑖𝑖 + ∑ 𝐼𝐼𝑖𝑖

𝑝𝑝(𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙)𝑖𝑖
� (1) 

where 𝐼𝐼𝑖𝑖
𝑓𝑓𝑓𝑓= intensity of the fragment ions and 𝐼𝐼𝑖𝑖

𝑝𝑝= intensity of the parent ions. Center of mass 

transferred fragmentation amplitudes (𝐸𝐸𝑐𝑐𝑡𝑡𝑐𝑐) were calculated from internal amplitudes by:  

𝐸𝐸𝑐𝑐𝑡𝑡𝑐𝑐 = �
𝑚𝑚𝐻𝐻𝐻𝐻

𝑚𝑚𝐻𝐻𝐻𝐻 + 𝑚𝑚𝑖𝑖𝑡𝑡𝑖𝑖
� ∙ 𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙 (2) 

where 𝑚𝑚𝑖𝑖𝑡𝑡𝑖𝑖 stands for the isotopically averaged mass of the molecular ion. Note that the 

current application of the CID technique by RF excitation in the presence of multiple collisions 

results in a so called “slow multi collision heating” mode of operation. 

Fragmentation amplitude dependent CID spectra were modeled and fitted by sigmoidal 

functions of the type 

𝐼𝐼𝑓𝑓𝑖𝑖𝑡𝑡
𝑓𝑓𝑓𝑓(𝐸𝐸𝑐𝑐𝑡𝑡𝑐𝑐). = �

1
1 + 𝑀𝑀(𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐50 −𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐) 𝐵𝐵

� (3) 

Using a least-squares criterion. The 𝐸𝐸𝑐𝑐𝑡𝑡𝑐𝑐50  fit parameter is the amplitude at which the sigmoid 

function is at half maximum value, whereas B describes the rise of the sigmoid curve. Due to 

the correlation of fragmentation amplitude and appearance energy, it is feasible to assume 

that the appearance curves can be associated with the isolated complexes' relative stability.  

6.4.2 InfraRed (Multiple) Photon Dissociation (IR(M)PD) 

InfraRed (Multiple) Photon Dissociation (IR(M)PD) experiments were performed using a 

modified Paul-type quadrupole ion trap mass spectrometer (Amazon SL, Bruker Daltonics) at 

room temperature. The ions of interest are transferred into gas phase by electrospray 

ionization. The sample solution of [Ru3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) in pyridine/acetonitrile 

(1:10) as a solvent with a concentration of ~ 1·10-6 mol/L was constantly infused into the ESI 

chamber by a syringe pump with a flow rate of 180 µL/h. Nitrogen was used as a drying gas 

with a flow rate of 12 L/min at 180 °C. The nebulizer pressure was set to 280 mbar (4 psi) for 

spraying the sample solution, and the spray needle was held at 4.5 kV. The Paul trap consists 

of a ring electrode and two end caps forming a nearly hyperbolic inner profile. The end caps 

possess pinholes that allow to enter or exit the ions in the trap. The ring electrode is powered 

with a high voltage RF (radio frequency) potential (781 kHz) while the end caps are grounded. 
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The ions are accumulated in this resulting oscillating quadrupolar electric field generated from 

the three electrodes. An auxiliary dipolar voltage is fed to either the exit cap or both end caps 

for ion isolation and fragmentation. For providing a constant partial Helium buffer gas 

pressure of ca. 10-3 mbar inside the trap, a proportional integral derivative (PID) gas controller 

is used. 

Laser system 

The laser pulses were generated using a KTP/KTA optical parametric oscillator/amplifier 

(OPO/OPA, LaserVision) system. A pulsed 10 Hz injection seeded Nd3+ Yag laser (PL 8000, 

Continuum) pumps the system and serves as source for tunable IR radiation. The difference 

frequency (DF) between the OPA signal and idler waves is generated within an AgGaSe2 

crystal, applied for the range between 1000 cm-1 and 2000 cm-1. The IR beam is guided into 

the ion trap by a 90° off axis parabolic silver mirror with a focal length of 15 cm. After passing 

the Paul-trap, the IR beam was guided to a power meter (Maestro, Gentech) to monitor the 

laser power. IR(M)PD spectra are obtained by plotting the fragment yield as a function of the 

laser frequency (𝜈𝜈). The fragment yield is defined as:  

𝑌𝑌(𝜈𝜈) = �
∑ 𝐼𝐼𝑖𝑖

𝑓𝑓𝑓𝑓(𝜈𝜈)𝑖𝑖

∑ 𝐼𝐼𝑖𝑖
𝑓𝑓𝑓𝑓(𝜈𝜈)𝑖𝑖 + ∑ 𝐼𝐼𝑖𝑖

𝑝𝑝(𝜈𝜈)𝑖𝑖
� (4) 

Calibration of the IR frequency is done by a wavemeter (821B-NIR, Bristol instruments). The 

resulting power curves are recorded parallel to the IR(M)PD experiments by digitizing the 

analog output of the laser power meter through an ADC input of the Amazon SL mass 

spectrometer. No normalization of the recorded spectra was done because there is an 

intrinsically nonlinear power dependence of the IR(M)PD fragmentation efficiencies. 
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 Computational methods 

Minimum structures of previously calculated [Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) complexes 

served as starting point[70]. For the multiplicity dependent determination of the minimum 

structure, linear absorption spectra, and weak interactions, we performed Density Functional 

Theory (DFT) calculations with B3LYP[71, 72] functional and cc-PVTZ[73] basis sets in combination 

with ecp-28-mdf[74] effective core potential (Ru) in Gaussian 09 program package[75]. For the 

broken symmetry[76, 77] approach, we utilized Density Functional Theory (DFT) using the 

B3LYP_Gaussian[71, 72] functional and cc-pVTZ  basis sets[73] (C, H, N, O) in combination with the 

ecp-28-mdf[74] effective core potential (Ru) as implemented in a local, customized installation 

of the TURBOMOLE 7.0 program package[78-80]. We studied the antiferromagnetic couplings 

between the three Ruthenium centers in the complex with our custom CANOSSA program. 

This program makes it possible to localize anti-parallel, unpaired spins separately on the 

system's metal centers. A broken symmetry state is constructed from a single determinant 

wave function that reflects the antiferromagnetic coupling. The orbitals in the broken 

symmetry states are optimized by applying the variational principle. 

 Results and Discussion  

6.6.1 Collision Induced Dissociation (CID) 

With the above described sample solution, we recorded the mass spectra via electrospray 

process. The ions of interest were stored within a Paul trap and we monitored a series of 

isotopic peaks at m/z = 674, 753, 832, and 912 matching with the simulated isotopic patterns 

of [Ru3O(OAc)6(py)n]+ (n = 0, 1, 2, 3). In solution, the axial H2O ligands of the precursor ion 

[Ru3O(OAc)6(H2O)3]+ exchange with the stronger binding pyridine ligand[68, 70, 81] (py, C5H5N). 

However, the fully-coordinated mass peak intensity is significantly higher than in the under-

coordinated isomers, indicating that [Ru3O(OAc)6(py)3]+ is the most stable complex in the 

solution. Furthermore, we do not observe the bare complex and the complex with one 

pyridine coordinated without isolation. Also, water attachment to the unsaturated 

coordinated Ruthenium centers for the under coordinated complexes is observed (cf. Fig. S1). 
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CID of isolated [Ru3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) reveal fragment mass peaks by the loss of the 

axial pyridine ligands. These are the main fragmentation channels in the complexes with 

pyridine coordination. With higher excitation amplitudes, the loss of neutral acetate radicals 

(OAc*) appears, indicating an intense bonding situation in these complexes, as previously 

observed[68, 70, 81, 82].  

 
Fig. 2: CID breakdown curves of [Ru3O(OAc)6(py)n]+ (n = 0, 1, 2, 3), appearance 
curves of the associated fragments, and sigmoid fits. 

We investigate the relative stabilities of [Ru3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) by recording so-

called CID breakdown curves of these complexes and their corresponding appearance curves 

of the associated fragments (cf. Fig. 2). In the case of [Ru3O(OAc)6(py)3]+ (cf. Fig. 2; n = 3; red 

circles), the elimination of one pyridine represents the primary fragmentation channel as 

recorded by the fragment peak [Ru3O(OAc)6(py)2]+. The fragmentation starts within an ECOM 

value of 0.002 a.u.  
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As the CID amplitude increases, the fragment [Ru3O(OAc)6(py)2]+ decreases with the loss of 

the second and third pyridine. With a CID amplitude of 0.00176 a.u., the fragmentation 

channel of the loss of three pyridines appears, recorded as [Ru3O(OAc)6]+. We assume that the 

elimination of the second and third pyridine occurs contemporaneously from the 

[Ru3O(OAc)6(py)3]+ complex and also from the [Ru3O(OAc)6(py)2]+ fragment by rising the CID 

amplitude. With a CID amplitude of ECOM 0.00317 a.u. we observe the elimination of three 

acetates (OAc*) ligands for the complex [Ru3O(OAc)6]+. The loss of three acetate ligands 

belongs to the fragmentation of the complex [Ru3O(OAc)6]+ and not of a pyridine coordinated 

complex.  

 
Fig. 3: Fragmentation pathways of [Ru3O(OAc)6(py)n]+ (n = 0,1,2,3) by varying the 
excitation amplitude in the CID experiments. 

With the CID breakdown curves, we able to determine the relative gas phase stability of the 

complexes [Ru3O(OAc)6(py)n]+ (n = 1, 2, 3) by fitting the appearance curve with a sigmoid Fit. 

The ECOM50  values reveal an increasing trend from n = 1 to n = 3 (cf. fig. 4). This is the complete 

opposite behavior in their stabilities as in our earlier research of [Fe3O(OAc)6(py)n]+ 

(n = 1, 2, 3)[70]. The gas phase stability rises from 1.76 a.u. for n = 0 to 2.96 for n = 3.  
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Fig. 4: Determined gas phase stabilities (ECOM50 ) values of [Ru3O(OAc)6(py)n]+ 
(n = 1, 2, 3). 

We presume that this trend is provided by transitioning from a 3d high spin metal to a 4d low 

spin metal. The orbitals in the 4d metal reach further into the environment, and the 

unsaturated species are more unstable. We also observe gas phase reactions with water when 

the complex is not saturated. Furthermore, the coordination of pyridine leads to a significant 

change in the stability of the complex, indicating an influence on the structural geometry.  

6.6.2 InfraRed (Multiple) Photon Dissociation (IR(M)PD) 

We recorded IR(M)PD spectra of [Ru3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) (cf. Fig. 5) in comparison 

with calculated linear absorption spectra for each complex. DFT calculations reveal a minimum 

structure of a complex with three Ru3+ atoms in a low spin configuration and one unpaired 

electron on each Ru3+ atom. The broken symmetry calculated spin densities reveal localized 

spin densities on the Ruthenium center as in earlier studies of [Fe3O(OAc)6(py)n]+ 

(n = 0, 1, 2, 3)[70]. The isosurfaces are not spherical as in the iron analoga. Different behavior 

of the magnetic moments in these series of complexes could be occurring. The spin density 

changes from a dz orbital like density to a dxy orbital like one by coordinating pyridine to the 

complex. We assume a change in the electron occupancy by coordination of pyridine to the 

complex. The spectra show the emergence of two or more vibrational modes due to stepwise 

coordination of pyridine, indicating that the geometry is strongly dependent on the number 

of detected vibrational modes in these complexes.  
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Furthermore, these bands did not disappear with three pyridines coordinated to the complex, 

suggesting that the D3h symmetry does not fully restore in this case as in the earlier 

investigations of J. Lang[68, 70] and J. Meyer[82]. 

 
Fig. 5: IR(M)PD spectra (blue) in comparison with quantum chemistry calculation 
of [Ru3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) (black). The broken symmetry minimum 
structure calculations were performed with Turbomole 7.0 at the 
B3LYP_Gaussian/cc-pVTZ (H, C, N, O) and ecp-28-mdf (Ru) level of theory in UDU 
configuration for n = 0, 3 and DUU configuration for n = 1, 2. Spin density 
isosurfaces indicate unpaired alpha (U, red) and beta (D, blue) spin density. 
Calculation of the Linear absorption spectra was performed with Gaussian 09 at 
the B3LYP/cc-pVTZ (H, C, N, O) and ecp-28-mdf (Ru) level of theory. The 
frequencies are scaled at 0.996, and stick spectra were convoluted with Gaussian 
curves (FWHM = 10 cm-1). Hydrogen is omitted for clarity.  
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IR(M)PD and DFT spectra of [Ru3O(OAc)6]+ 

The experimental IR(M)PD spectra of [Ru3O(OAc)6]+ obtains two bands. The predicted 

νs(COO)OAc and δ(CH3)OAc absorption bands at 1429 cm-1 and 1476 cm-1 find reasonable 

correspondence in the recorded IR(M)PD bands at 1451 cm-1. The band at 1485 cm-1 is in good 

agreement with the predicted δ(CH3)OAc absorption band at 1476 cm-1. The complex is in a D3h 

symmetry, and all CO stretching modes degenerate to one band. We do not observe the 

predicted band at 1384 cm- 1. Weak absorption in conjunction with a high fragmentation 

threshold for OAc* elimination seems to hamper IR(M)PD detection in these cases.  

IR(M)PD and DFT spectra of [Ru3O(OAc)6(py)1]+  

The DFT calculation predict three bands at 1437 cm-1 for νs(COO)OAc, 1476 cm-1 for δ(CH3)OAc 

and 1555 cm-1 for νas(COO)OAc. Predicted CO stretching modes are delocalized over the four 

bridging acetate groups, neighbouring the pyridine ligand. This is in good agreement with the 

experimental IR(M)PD spectra for the bands at 1431 cm-1 for νs(COO)OAc, 1485 cm-1 for 

δ(CH3)OAc, and 1553 cm-1 for νas(COO)OAc. The distortion of the Ru3O core leads to a cancellation 

of the degeneration to a C2V symmetry. Within the distortion, there is an appearance of the 

asymmetric CO stretching mode. There is a strong coupling between the symmetric CO 

stretching modes and the pyridine and a weaker coupling for the asymmetric CO stretching 

modes in this complex. 

IR(M)PD and DFT spectra of [Ru3O(OAc)6(py)2]+ 

DFT calculation reveal four bands at 1436 cm-1 for νs(COO)OAc, 1475 cm-1 for δ(CH3)OAc, 

1564 cm-1 for νas(COO)OAc and 1747 cm-1 for νas(COO)OAc. In this case, the distortion of the 

complex is bigger than in the complex with one coordinated pyridine, leading to a more blue 

shifted asymmetric CO stretching mode. Furthermore, the distortion of the complex is that 

high that two pairs of asymmetric CO stretching modes appear. The band at 1436 cm-1 belongs 

to the six folded degenerated symmetric CO stretching mode. The first asymmetric CO 

stretching mode consists of two pairs of the acetate ligand between the pyridine coordinated 

Ru3+ atom and the free Ru3+ atom. The other acetate ligands between the pyridine coordinated 

Ru3+ atoms show a small vibrational mode at this band. The pyridine appears to reduce the 
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vibrational modes at these ligands. The second asymmetric stretching mode belongs to the 

six-fold degenerated CO vibration of all acetate ligands.  

IR(M)PD and DFT spectra of [Ru3O(OAc)6(py)3]+  

The calculated energies corresponding to the minimum structure of different multiplicities 

reveal a possibility of a mixed valence state in this complex (cf. Tab. S1). Several groups[61, 62, 

83-89] observed in their investigations that the complex has a mixed valence state with a 

composition of Ru3+, 2+, 2+. The energies are well separated for all isomers. For the fully-

coordinated complex, it is still uncertain whether all Ruthenium ions are in an oxidation state 

+3 or in a mixed valence state. Therefore, the calculated linear absorption spectra should have 

small changes with the change of the multiplicity (cf. Tab. S1, cf. Fig. S2). The IR(M)PD spectra 

reveal one sharp band at 1437 cm-1, a minor vibrational bending mode from the methyl 

groups, and a tiny band at 1575 cm-1. A deeper examination of the tiny band reveals a modest 

splitting of 9 cm-1, which is expected by the DFT calculation for a compound containing three 

Ru3+ ions. The symmetric CO stretching mode at 1437 cm-1 is in good agreement with the 

expected vibration mode from the DFT calculation. The δ(CH3)OAc mode does not match the 

predicted one and is redshifted with 34 cm-1. Different coupling of the acetate vibrational 

modes causes the asymmetric CO stretching mode to divide. The vibrational mode at 1575 

cm-1 is a result of the coupling of the six folded degraded vibrational modes of acetates. The 

other band at 1584 cm-1 belongs to the four folded degenerated acetate vibration modes. The 

asymmetric CO stretching modes are very small. This suggests that the symmetry is nearly a 

D3h symmetry, but not exactly as for [Ru3O(OAc)6]+. In comparison with the DFT calculations, 

we can exclude a mixed valence state in this complex because the asymmetric CO stretching 

mode seems to split as in the calculation for the quartet state. A dublett state does not provide 

such splittings. 

Influence of pyridine coordination on the IR(M)PD spectra 

As proven before, axial ligands modulate the shape, frequency, and intensity of the CH3 

bending modes and the CO stretching modes[68, 70, 81]. The δ(CH3) frequencies are almost the 

same until the second pyridine coordination takes part. With the third coordination, the 

δ(CH3) is red shifted by 33 cm-1.  



6. IR(M)PD studies of isolated spin frustrated trimetallic µ-oxo bridged 4d complexes 
 

157 
 

The symmetric CO stretching modes are also blue shifted by 23 cm-1, 20 cm-1, 17 cm-1 for the 

coordinated complexes. The calculated linear absorption spectra show no shift for the 

symmetric CO stretching mode. Therefore, the bare complex does not obtain an asymmetric 

CO stretching mode neither calculations predict this stretching mode. The high symmetry of 

the complex leads to degenerated CO stretching modes. Coordination of one pyridine causes 

a distortion of the Ru3O core owing to elongation of the Ru-O bonding, culminating in the 

development of an asymmetric CO stretching mode due to degeneration loss. With the second 

pyridine coordination, the Ru3O core becomes more distorted than with one coordinated 

pyridine. The distortion leads to two pairs of pairwise degenerated asymmetric CO stretching 

modes. These asymmetric CO stretching modes are mostly shielded from the other acetate 

ligands, which do not feature a vibrational coupling in this complex. The coordination of three 

pyridines restores the D3h symmetry, and the asymmetric CO stretching almost vanish. We 

discover a small vibrational mode, implying that the symmetry in the Ru3O core has not been 

completely restored. The blueshift of the asymmetric CO stretching modes is common with 

the predicted blueshift from DFT calculations (cf. Fig. 6). The calculated blue shifts are 

overestimated but reveal the same trend as the experimental blue shifts from the IR(M)PD 

experiments. The bare complex shows no asymmetric CO stretching modes, neither in the 

calculations nor the experimental spectrum. Therefore, the first appearance of the 

asymmetric CO stretching mode in the complex with one coordinated pyridine serves as a 

starting point for interpreting the observed blue shifts. The coordination of pyridine leads to 

a distortion of the Ru3O core, resulting in the repeal of the degeneration of the CO stretching 

modes. 

Further coordination of pyridine results in two distinct degraded asymmetric stretching modes 

in these complexes. The coordination of three axial ligands should lead to a restoration of the 

symmetry. Still, the blue shift of the asymmetric CO stretching mode points out that the 

symmetry in this complex is not restored as in [Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3)[70]. 
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Fig. 6: Blueshift of the experimental IR(M)PD spectra and calculated linear 
absorption spectra of [Ru3O(OAc)6(py)n]+ (n = 0, 1, 2, 3). The calculations were 
performed with Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, O) and ecp-28-mdf (Ru) 
level of theory.  

To determine the structural distortion in this series of complexes and their resulting influence 

on the axial ligand, we performed Natural Bond Order (NBO) calculations. The calculations 

seem to confirm our assumption (cf. Fig. S4). Without coordination of pyridine, all Ru-O 

bonding lengths in the complex are almost equal. Just one Ru-O bonding is elongated by 

0.002 Å. With the coordination of one or two pyridines to the complex, the Ru-O-py bondings 

are elongated by 0.108 Å for one coordinated pyridine and 0.065 Å for two coordinated 

pyridines. The coordination of one or two pyridines results in longer free Ru-O bonding 

lengths. The Ru-O coordination with the third pyridine is almost equal to the bare complex, 

except one Ru-O bonding is slightly longer with a distance of 2.008 Å. This substantiates our 

assumption that the complex is not in a D3h symmetry as in the bare complex In comparison 

with our early published paper of [Fe3O(OAc)6(py)n]+[70].  

The blue shift of these complexes clearly shows the distortion of the Ru3O core by coordinating 

pyridine to the complex (cf. Fig. S4). The complex is in a D3h symmetry without pyridine 

coordination, resulting in degenerated CO stretching modes, and we do not observe 

asymmetric CO stretching modes. With further coordination of pyridine, the symmetry 

reduces from D3h to a C2v symmetry resulting in the repeal of the degeneration, and the 

asymmetric CO stretching becomes more present.  
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The intensity of the asymmetric CO stretching mode decreases with the third pyridine 

coordination due to the almost symmetrical Ru3O core, which is not in ideal D3h symmetry.  

Electron Localization Field plots (ELF)[90] reveal strong covalent bondings from the Ru ions to 

the central O2- core for the bare complex (cf. Fig. 7). All three Ruthenium ions have the same 

bonding situation due to their symmetry. Due to the more diffuse 4d orbitals in the Ruthenium 

core, we detect a stronger bonding condition in the Ruthenium complex than in the Fe3+ 

analogon. The coordination of one pyridine to the complex leads to a stronger py-M bonding 

in Ruthenium than in the iron complex. Also, the Ru-O bonding is slightly weaker for the 

Ruthenium complex, resulting in a suspension of the D3h symmetry. Therefore, more 

vibrational bands in the IR(M)PD spectrum are observed. Coordination of two pyridines causes 

a greater deformation of the M3O core in both complexes. Due to the more extensive 

variations in electron density of the Ruthenium centers than the iron centers, two pyridine 

coordinations result in separate weakening Ru-O bondings for the Ruthenium complex, 

resulting in two different asymmetric CO stretching modes.  

With the coordination of three pyridines to the complex, the Ru3O core is almost symmetric 

again. Still, the ELF plots point out slightly different electronic densities for the bare and fully-

coordinated complex. This also shows that the coordination of three pyridines does not 

entirely restore D3h symmetry. The symmetry is entirely restored in our previous experiments 

with [Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3)[74, 75] due to the spherical electron density in the Fe3+ 

ions, which is not present in the Ru3+ ions. The axial coordinated pyridine ligands reveal more 

covalent bondings in the Ruthenium complexes than in the iron complexes. Stepwise pyridine 

coordination to the complex results in decreased bonding strengths in both complexes. Still, 

in the Ruthenium complexes, the covalent bonding situation is stronger than in the iron 

analoga. As with iron complexes, the coordination of the axial ligand results in more minor 

non covalent interactions. In the iron complexes, we observe the strongest covalent bonding 

with one pyridine coordinated to the complex, and then the significant interaction of the 

pyridine is non covalent. In the Ruthenium complexes the axial pyridine is always more 

covalent bonded to the complex. 

Further coordination of pyridine does not change the bonding strength towards the axial 

ligand. We observe weakened Ru-O bonding strength as in the Fe analog complexes, but the 

main difference is that these bondings are more vital in every isomer for the Ruthenium 
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complex. With three coordinated pyridines to the complex, we observe similar behavior as in 

the bare complex for both metal centers. The main difference in both cases must be that the 

iron complex does not influence the ligands as the Ruthenium complex. The IR(M)PD spectra 

are more affected than in the earlier investigated IR(M)PD experiments with the iron 

complexes[70].  

 
Fig. 7: Calculated ELF plots of [M3O(OAc)6(py)n]+ (M = Ru, Fe; n = 0, 1, 2, 3). The 
calculations were performed at the B3LYP/cc-pVTZ (H, C, N, O) and ecp-(28, 10)-
mdf (Ru, Fe) level of theory one unpaired electron on each Ru center and five 
unpaired electrons on each Fe center. 
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The isosurfaces of Electron Localization Field (ELF), Density Overlap Region Indicator (DORI), 

and Non covalent Interaction (NCI) demonstrate a significant non covalent interaction through 

coordination of pyridine to the complex (cf. Fig. S5). As discussed before, the covalent bonding 

situation of the pyridine to the Ruthenium leads to weakened Ru-O bonding strengths. Strong 

van der Waals interactions between pyridine and the complex are shown by non covalent 

interactions. For all pyridine coordinated systems, the non covalent interactions are between 

pyridine H atoms in ortho position of the heteroatom and the acetate oxygen of the bridging 

ligands. This non covalent interaction becomes more prominent with further coordination 

with strong repulsion in the complex. The non-classical bonding situation of the axial pyridine 

ligand to the complex leads to the blue shift of the asymmetric CO stretching mode. The 

distances for pyridine coordination are between 2.102 Å and 2.139 Å for the complex with one 

pyridine coordination to the fully-coordinated complex. DORI plots show that the complex is 

stabilized by progressive coordination of pyridine. The pyridine ligands establish solid non 

covalent interactions. Still, the Ru-O bonding is very strong, and the non covalent interactions 

do not destabilize the complex; instead, they favor their stabilities to the coordinated 

complexes. The mass spectra and CID experiments show that every complex except the fully-

coordinated complex offers gas phase reactions with water or water directly coordinated.  

The distortion of the Ru3O core gives the appearance of asymmetric CO stretching modes. Still, 

the influence of the vibrational modes may occur from the Ru-O bonding distance change or 

the change in Ru-O-Ru-pyn angles. The observed blue shift in these complexes demonstrates 

that the angle change has a substantial impact on the experimental IR(M)PD spectra 

(cf. Fig. 8 a)) when compared to their geometrical attributes. The bare complex does not show 

an asymmetric CO stretching mode. Therefore, we used the complex with one pyridine 

coordination as a reference for the observed blue shift. The coordination of pyridine leads to 

a broader Ru-O-Ru angle than in the bare complex. The wider the angle, the more significant 

the observed blue shift in this series of complexes. Due to the reduced remarkably symmetry, 

two pyridine coordination produces the largest angles in the complex, as well as the most 

severe vibrational changes and asymmetric CO stretching modes. The third coordination of 

pyridine does not lead to the same angles as the bare complex. Therefore, we observe a minor 

asymmetric CO stretching mode splitting into two pairs of different degenerated asymmetric 

CO stretching modes. 
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On the one hand, this indicates that no restoration of the D3h symmetry takes part. On the 

other hand, the extreme sensitivity of the Ru3O core corresponding to the IR(M)PD spectrum 

changes as a function of pyridine coordination. We do not observe a similar correlation with 

the Ru-O bonding length. The complex with one coordinated pyridine obtains the longest       

Ru-O bonding distance but a minor blue shift. The coordination of two pyridines shortens the 

Ru-O bonding, but the observed shifts are higher than with one coordination. Three pyridines 

coordinated to the complex shorten the Ru-O bondings almost to similar bonding distances as 

the bare complex but reveal small asymmetric CO stretching modes and point out the 

exclusion of the restoration in the symmetry.  

 
Fig. 8: Blueshift of the experimental IR(M)PD spectra in correlation of their 
corresponding calculated a) Ru-O-Ru-pyn angles and b) Ru-O bonding distances of 
[Ru3O(OAc)6(py)n]+ (n = 0, 1, 2, 3). The calculations were performed with 
Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, O) and ecp-28-mdf (Ru) level of theory.  
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Influence of the different Metal centers in this series of complexes 

Earlier investigations on such µ-oxo bridged complexes have shown the influence of the axial 

ligand on the M3O core (M = Fe, Co)[68, 70, 81]. The experiments were performed with 3d high 

spin or 3d low spin metal centers. The first investigations with a 4d low spin metal center point 

out slightly different results in this work. The Ruthenium complex is the first complex, where 

two other asymmetric CO stretching modes are observed (cf. Tab. 1, cf. Fig. S6).  

Tab. 1: Vibrational modes of the symmetric and asymmetric CO stretching modes 
in [M3O(OAc)6(py)n]+ (M = Ru, Fe[70], Co[68]; n = 0, 1, 2, 3).  

 Sym. CO stretching mode/cm-1 Asym. CO stretching mode/cm-1 

 Ru Fe Co Ru Ru Fe Co 

n = 0 1453 1445 1419 0 0 1575 1516 

n = 1 1432 1445 1429 1554 0 1587 1579 

n = 2 1436 1446 1437 1577 1679 1597 1609 

n = 3 1436 1455 1441 1575 1584 1615 1618 

For the iron species, we observed almost similar vibrational absorption energies for the 

symmetric CO stretching modes. An increasing blue shift is observed in the Cobalt species with 

no unpaired electrons in a low spin state. We observe a redshift for the Ruthenium complex 

by changing from a 3d to a 4d low spin metal. The asymmetric CO stretching modes reveal an 

increasing blue shift for the Cobalt and iron complex. An increasing blue shift appears for 

Ruthenium, and the third pyridine coordination leads to a slight redshift. We assume that the 

complex feature interesting properties as long the metal centers obtain unpaired electrons. A 

larger Fe3O core gives the shift to higher wavenumbers in the symmetric complexes with a 

slightly different force constant, resulting in another dipole moment in these complexes. DFT 

calculations with broken symmetry approach also predict a change in the exchange coupling 

scheme from the symmetric complexes to asymmetric complexes[70]. Earlier X-ray magnetic 

circular dichroism (XMCD) studies (cf. chapter 5) confirm the predicted calculations in this 

complex series. Changing the metal from iron to Ruthenium reduces the number of unpaired 

electrons from five to one electron per metal center. Also, the 4d orbitals are more diffuse 

than the 3d orbitals, leading to a more substantial covalent bonding situation of the axial 

ligand to the metal center. The stronger covalent bonding situation distorts the Ru3O core, 

resulting in small asymmetric CO stretching modes as observed. In the 3d metal complexes, 
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the 3d orbitals are more contracted, and the axial ligands have shorter bonding lengths than 

in the 4d complex. This results in non degenerated asymmetric stretching modes, resulting in 

two bands. 

6.6.3 Spin magnetic determination via Broken symmetry  

Broken symmetry calculations investigate their magnetic properties and resulting spin states 

for the exchange coupling determination in this series of complexes. We computed eight 

potential spin isomers for each complex, which were reduced to four isomers due to symmetry 

and exclusion by relative energy instabilities. For the bare complex, we found similar energies 

for the antiferromagnetically coupled complexes as for the ferromagnetically coupled 

complex (cf. Fig. 9). We observe a stabilization with a DUU configuration by 9 kJ/mol with the 

coordination of one pyridine to the complex. The second pyridine coordination increases the 

stability of the DUU structure by 27 kJ/mol. Three coordinated pyridines to the complex lead 

to two possible isomers, DUU and UDU, with the same energy. Earlier investigations of 

[Fe3O(OAc)6(py)n]+ showed an antiferromagnetic exchange coupling for the symmetric 

complexes[70]. Other groups also found different spin states for symmetric µ-oxo complexes 

than for asymmetric complexes[64, 91]. We assume that in this case also an antiferromagnetic 

exchange coupling for the bare complex is favored. Because of the high symmetry, the energy 

difference between a spin up and a spin down electronic is insufficient to identify a preferred 

structure. For the other isomer, it is clear that a “spin down” electron in these complexes is 

more favored. The symmetry of the vertical axis helps explain the two potential spin isomers 

in the isomer with three pyridines. Applying the rotating mirror axis on the DUU configuration 

leads to the UDU configuration. Therefore we assume that the complex obtains a DUU 

configuration as the other pyridine coordinated complexes. The spin isomer calculation 

demonstrates that three pyridine coordination does not result in values that are equivalent to 

the bare complex. This demonstrates that the energetics and spin configuration are heavily 

influenced by the quantity of pyridine coordinated to the complex and the resultant distortion.  
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Fig. 9: Spin density iso surfaces (Iso = 0.01) of [Ru3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) in 
the one ferromagnetic and the three broken symmetry configurations. red and 
blue surfaces indicate alpha and beta spin, respectively. The relative energies in 
paratheses are given in kJ/mol. The calculations were performed at the 
B3LYP_Gaussian/cc-pVTZ (H, C, N, O) and Stuttgart 1997 ECP (Ru) level of theory. 

With the broken symmetry calculated energies from these structures, it is possible to calculate 

the different coupling constants of the metal centers in the complex. A positive value 

represents a ferromagnetic coupling scheme, and a negative value represents 

antiferromagnetic coupling schemes. These complex series calculated coupling constants 

reveal that each Ruthenium center is antiferromagnetically coupled for the bare complex 

(cf. Tab. 2). A modest ferromagnetic exchange coupling between one Ru ion and two 

antiferromagnetic linked Ruthenium centers results from the coordination of one pyridine. 

The ferromagnetic exchange coupling is that weak that an overall antiferromagnetic exchange 

coupling is expected.  



 6. IR(M)PD studies of isolated spin frustrated trimetallic µ-oxo bridged 4d complexes 
 

 

 
166 

 

The coordination of two pyridines predicts an antiferromagnetic exchange coupling for all 

Ruthenium atoms. Additional pyridine coordination to the complex results in an 

antiferromagnetic exchange coupling between all Ruthenium centers. These coupling 

constants reveal slightly different results than in earlier studies of [Fe3O(OAc)6(py)n]+, where 

the asymmetric complexes show a ferromagnetic exchange coupling and the symmetric ones 

an antiferromagnetic exchange coupling. The Ruthenium complex reveals an 

antiferromagnetic exchange coupling for every isomer. The total coupling constants show a 

decreasing trend as a function of the distortion in the Ru3O core. The fully coordinated 

complex reveals a slightly lower total coupling constant than the bare complex. However, it is 

not as low as the complex with two coordinated pyridines, indicating that it is almost 

symmetrical but not precisely. 

Tab. 2: Calculated coupling constants of each pair in the Ru3O core and their total 
coupling constants of [Ru3O(OAc)6(py)n]+ (n = 0, 1, 2, 3). 

n J12/cm-1 J13/cm-1 J23/cm-1 Jtotal/cm-1 J/J* 

0 -9.29 -11.98 -14.53 -35.80 0.73 

1 -34.88 -33.03 0.76 -67.15 0.46 

2 -34.34 -36.94 -39.53 -110.82 0.90 

3 -46.57 0.00 0.00 -46.58 0.00 

For the determination of the spin states of [Ru3O(OAc)6(py)n]+ (n = 0, 1, 2, 3), we used the 

formula which is already established by Lang et al. [70]. Therefore we determine an HDvV 

Hamiltonian as follows[92]:  

S�T = S�A + S�Ru1 (5) 

S�A = S�Ru2 + S�Ru3 (6) 

H�HDvV =  −2J�ST2� −  SA2�� − J∗�SA2�� (7) 

The Hamiltonian yields 27 eigenstates with four degenerated ground states. Furthermore, two 

of the four ground states yield the same spin states due to symmetry. Thus, the total spin (ST) 

of these ground states can be 5/2 (UUU), 1/2 (UDU), and 1/2 (UUD). Determining the partial 

spin ground state and the total spin ground state reveals a constant partial spin ground state 

for all isomers and a decreasing spin ground state by coordinating pyridine to complex. After 

the first coordination, no changes in the total spin ground state are observed (cf. Tab. 3).  
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Tab. 3: Calculated partial and total spin groundstates of [Ru3O(OAc)6(py)n]+ 
(n = 0, 1, 2, 3) by the hamiltonian in eq. 7 

n ST = SA + S1 SA = S2 + S3 

0 3/2 1 

1 1/2 1 

2 1/2 1 

3 1/2 1 

The calculations do not change their magnetic properties by changing the exchange coupling 

in this complex series. Still, in experimental, it is not possible to measure the strength of an 

antiferromagnetic exchange coupling. 

Theoretical determination of the crystal field splitting and UV correlation 

Earlier investigations on [Fe3O(OAc)6(py)n]+ (cf. chapter 5) have shown slightly different crystal 

field splittings by stepwise coordination of pyridine to the complex via X-ray magnetic circular 

dichroism (XMCD). Unfortunately, the energy for the Ruthenium L3,2 edge is too high for X-ray 

measurements on the L3,2 edge. The theoretical crystal field splitting determination can be 

achieved by normalizing the UV/VIS absorption energy in the Tanabe Sugano diagram. We 

performed TD-DFT calculations of these complexes and observed several bands in the 

absorption spectra. To determine the crystal field splitting, we used the calculated MLCT 

transitions in the area of 320–500 nm (cf. Fig. S13).  

In the calculated UV/VIS spectra, all transitions are HOMO-LUMO transitions. The main 

difference in the spectra is the shifts due to transitions from different HOMO orbitals into 

different LUMO orbitals depending on the amount of pyridine coordination to complex 

(cf. Fig. S14). For complexes containing one or two coordinated pyridines, the corresponding 

orbitals of the axial ligands are implicated in the UV/VIS absorption, resulting in modest 

redshifts of the absorption bands. The electron density of the HOMO orbital in the bare 

complex is delocalized over the whole complex. With the axial ligand coordination, the 

electron density is more located onto two of three Ruthenium centers and their neighboring 

acetate ligands. The excitation of the MLCT transition in the bare complex starts from a 

HOMO-2 orbital, and the coordination of pyridine leads to excitation from the HOMO orbital. 

Thus, the energy gap between the HOMO and LUMO is getting smaller, resulting in the energy 
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shift observed in the calculated UV/VIS spectra. With the averaged Racah parameter B[93] of a 

Ru3+ atom, the predicted absorption bands in the UV spectra and the Tanabe Sugano diagram 

(cf. Tab. 4, cf. Fig. S15)) are possible to approximate the crystal field splittings in these series 

of complexes. However, the crystal field splittings have to be renormalized by the Racah 

parameter B for further interpretation. The calculated absorption spectra show the strongest 

redshift for the complex with one coordinated pyridine after the first coordination. Further 

coordination leads to a higher blue shift of the absorption band. 

Tab. 4: Calculated absorption energies for the MLCT transitions of 
[Ru3O(OAc)6(Py)n]+ (n = 0, 1, 2, 3). The calculations were performed at the TD-DFT 
UB3LYP/cc-pVTZ (H, C, N, O) and ecp-28-mdf (Ru) level of theory one unpaired 
electron on each Ru center. 

n E/nm E/cm-1 E/B CF/B CF/cm-1 CF/eV 

0 399 25094 35.90 9.30 6501 0.81 

1 414 24150 34.55 10.10 7060 0.88 

2 408 24513 35.07 9.80 6850 0.86 

3 396 25230 36.13 9.00 6291 0.79 

The approximated crystal field splittings changes with the amount of pyridine coordination in 

this series of complexes. The coordination of one pyridine leads to the highest crystal field 

splittings in the complex. Further coordination leads to lower crystal field splittings by 

stepwise elongating the Ru-O bondings to almost similar lengths. The three pyridine 

coordination results in nearly identical crystal field splittings to the bare complex, but the 

minor divergence suggests that the complex is not in D3h symmetry. With these crystal field 

splittings we performed XAS simulations[69] of [Ru3O(OAc)6(py)n]+ (n = 0, 1, 2, 3). The spectra 

look similar, and no bigger changes in the spectral pattern are observed (cf. Fig. S16). A closer 

look at the simulated XA spectra reveals a small shift at the L3 edge (cf. Fig. 10). This implies 

that pyridine coordination only results in minor ligand induced effects. In comparison with the 

calculated UV/VIS spectra, we observe an almost similar trend for all the complexes as 

observed in the studies of [Fe3O(OAc)6(py)n]+ (n = 0, 1, 2, 3). There is an increasing shift 

monitored for both simulations by coordination of one pyridine to the complex. We assume 

same behavior as in [Fe3O(OAc)6(py)n]+ (n = 0, 1). With the second and third coordination of 

pyridine to the complex, the absorption energies decrease. In the case of [Fe3O(OAc)6(py)n]+ 
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(n = 0, 1, 2, 3), we observe an increase of the absorption energies from bare complex to a 

complex with two coordinated pyridines and afterward a decrease of the energy with three 

coordinated pyridines. We observe the highest shift with one coordinated pyridine with 

Ruthenium, and afterward, the energies decrease.  

 

Fig. 10: First derivation of the simulated XA spectra with CTM4XAS[69] and Batch 
files by Cowan (top). Calculated UV/VIS spectra of [Ru3O(OAc)6(py)n]+ 

(n = 0, 1, 2, 3) (bottom). The calculations were performed at the B3LYP-
Gaussian/cc-pVTZ (H, C, N, O) and ecp-28-mdf (Ru) level of theory one unpaired 
electron on each Ru center. 

A similar pattern is observed for the XAS simulations for the UV/VIS spectra simulations, 

indicating that the absorption energy is closely related to the corresponding crystal field 

splittings. Thus, a higher crystal field splitting leads to a higher shift in the absorption energies 

in both simulated spectra. As a result, the energy shift in these complexes is largely dependent 

on crystal field splitting, which can only be affected by complex deformation with axial ligand 

coordination.  
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 Conclusion 

We successfully measured IR(M)PD spectra of isolated [Ru3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) and 

compared them to DFT predicted linear absorption spectra, which correlate well with the 

actual spectra. We can determine a strong influence from the axial pyridine ligand to the Ru3O 

core. The coordination of pyridine causes a deformation of the Ru3O core, resulting in the 

formation of one or more asymmetric stretching modes. With the third coordination of 

pyridine, the complex does not restore its symmetry as in the case of [Fe3O(OAc)6(py)n]+ 

(n = 0, 1, 2, 3). Calculated ELF plots and non covalent interactions reveal a strong covalent 

bonding situation and high non covalent interactions in this series of complexes, leading to a 

stabilization of the complex. 

Previous research with other metals in this family of complexes has revealed one asymmetric 

CO stretching mode in complexes generating 3d metals. With Ruthenium as metal center, the 

asymmetric CO stretching mode appearance becomes present by the first coordination of 

pyridine to the complex. In these complexes, the more diffuse 4d orbitals have a better 

overlap for axial coordination and prevent the degradation of the asymmetric CO stretching 

modes. The calculated IR spectra in the fingerprint areas reveal that pyridine coordination 

leads to a C2V symmetry. The coordination of three pyridines also points out that the D3h 

symmetry is not entirely restored. 

Broken symmetry calculations reveal a stabilization of the antiferromagnetic exchange 

coupling scheme as a pyridine coordination function. The different spin isomers' energies are 

equal for the bare complex, but the calculated coupling constants reveal an antiferromagnetic 

exchange coupling. The coordination of pyridine leads to a weaker antiferromagnetic 

exchange coupling. The total coupling constants point out that these complexes do not change 

their antiferromagnetic exchange coupling to a ferromagnetic one.  

Calculated UV/VIS spectra reveal a shift in their absorption as a function of the pyridine 

coordination. All transitions belong to HOMO–LUMO transitions. With the absorption 

energies of the MLCT transitions, the determination of the crystal field splitting by the Tanabe 

Sugano diagram is possible. The simulated XA spectra show the same trend in their energy 
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shift as the UV/VIS spectra by changing the crystal field energy due to the complex's distortion 

by coordinating the axial ligand. 

In summary, we have shown that gas phase IR(M)PD experiments combined with DFT 

calculations and Broken symmetry approach add valuable additional insight into the 

fascinating geometrical, optical and magnetic properties of spin frustrated systems.  
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Fig. S1: Cationic mass spectrum of a [Ru3O(OAc)6(H2O)3]ClO4 acetonitrile/pyridine = 1/10 

solution using the Paul type ion trap.  

Tab.1: Calculated energies relative to the minimum structure of [Ru3O(OAc)6(py)n]+ 

(n = 0, 1, 2, 3) with different multiplicities. The calculations were performed with Gaussian 09 

at the unrestricted B3LYP/cc-pVTZ level of theory and ecp-28-mdf (Ru) level of theory. 

Fig. S2: IR(M)PD spectra in comparison with calculated linear absorption spectra of 

[Ru3O(OAc)6(py)3]+ (M = 2, 4). The calculations were performed with Gaussian 09 at the 

B3LYP/cc-pVTZ (H, C, N, O) and ecp-28-mdf (Ru) level of theory.  

Fig. S3: Powercurve during the IR(M)PD experiments of [Ru3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) in 

area of 1200–2000 cm-1. 

Fig. S4: Atom distances (Ru–Ocentral and Ru-Ru distances, all in Å of the Ru3O-core in 

[Ru3O(OAc)6(py)n]+ (n = 0, 1, 2, 3). The calculations were performed at the B3LYP/cc-pVTZ (H, 

C, N, O) and ecp-28-mdf (Ru) level of theory with one unpaired electron on each Ru center 

corresponding to the minimum structures. The ligand is omitted for clarity. 

Fig. S5: Calculated Electron Localized Field (ELF), Density Overlap Region Indicator (DORI) and 

Non covalent Interactions (NCI) of [Ru3O(OAc)6(py)n]+ (n = 0, 1, 2, 3). The calculations were 

performed at the B3LYP/cc-pVTZ (H, C, N, O) and ecp-28-mdf (Ru) level of theory one unpaired 

electron on each Ru center. 

Fig. S6: Experimental gas phase stabilities of [M3O(OAc)6(py)1-3]+ (M = Co3+, Fe3+, Ru3+). 

J. Lang measured the Co3+ and Fe3+ complexes. 
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Fig. S7: Energetic shifts of the experimental IR(M)PD spectra of [M3O(OAc)6(py)n]+ 

(M = Ru, Co, Fe; n = 0, 1, 2, 3).  

Fig. S8: Vibrational modes of the symmetric CO stretching modes from the experimental 

gained IR(M)PD spectra of [M3O(OAc)6(Py)n]+ (n = 0, 1, 2, 3 ; M = Co3+, Fe3+, Ru3+) with their 

corresponding M-Ocentral-M-pyn angle. The Co3+ and Fe3+ complexes were measured and 

calculated by J. Lang. 

Fig. S9: Vibrational modes of the asymmetric CO stretching modes from the experimental 

gained IR(M)PD spectra of [M3O(OAc)6(py)n]+ (n = 0, 1, 2, 3 ; M = Co3+, Fe3+, Ru3+) with their 

corresponding M-Ocentral-M-pyn angle. The Co3+ and Fe3+ complexes were measured and 

calculated by J. Lang. 

Fig. S10: Experimental IR(M)PD spectra of [M3O(OAc)6(py)n]+ (n = 0, 1, 2, 3 ; M = Co3+, Fe3+, 

Ru3+). J. Lang measured the Co3+ and Fe3+ complexes. 

Fig. S11: Calculated linear absorption spectra of [Ru3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) in the region 

of 100 cm-1 to 1000 cm-1. The calculations were performed with Gaussian 09 at the B3LYP/cc-

pVTZ (H, C, N, O) and ecp-28-mdf (Ru) level of theory.  

Fig. S12: Calculated linear absorption spectra of [Ru3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) in the region 

of 250 cm-1 to 500 cm-1. The calculations were performed with Gaussian 09 at the B3LYP/cc-

pVTZ (H, C, N, O) and ecp-28-mdf (Ru) level of theory.  

Fig. S13: Calculated UV/VIS spectra of [Ru3O(OAc)6(py)n]+ (n = 0, 1, 2, 3). The calculations were 

performed at the B3LYP-Gaussian/cc-pVTZ (H, C, N, O) and ecp-28-mdf (Ru) level of theory 

one unpaired electron on each Ru center. 

Fig. S14: Calculated HOMO–LUMO transitions of [Ru3O(OAc)6(py)n]+ (n = 0, 1, 2, 3). The 

calculations were performed at the TD-DFT UB3LYP/cc-pVTZ (H, C, N, O) and ecp-28-mdf (Ru) 

level of theory one unpaired electron on each Ru center. 
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Fig. S15: Tanabe Sugano diagram of a d5 LS transition metal with the normalized absorption 

energies of [Ru3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) for the approximation of the crystal field splitting. 

The calculations were performed at the TD-DFT UB3LYP/cc-pVTZ (H, C, N, O) and ecp-28-mdf 

(Ru) level of theory one unpaired electron on each Ru center. 

Fig. S16: Simulated XA spectra of [Ru3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) with the approximated 

crystal field splittings from the Tanabe Sugano diagramm. The simulations where performed 

by CTM4XAS with Cowan Batch files. 

Tab. S2: Atom coordinates for [Ru3O(OAc)6(py)n]+ (n = 0). The calculation was performed at 

the B3LYP/cc-pVTZ (H, C, N, O) and ecp-28-mdf (Ru) level of theory with a high spin state for 

each Ru center. 

Tab. S3: Atom coordinates for [Ru3O(OAc)6(py)n]+ (n = 1). The calculation was performed at 

the B3LYP/cc-pVTZ (H, C, N, O) and ecp-28-mdf (Ru) level of theory with a high spin state for 

each Ru center. 

Tab. S4: Atom coordinates for [Ru3O(OAc)6(py)n]+ (n = 2). The calculation was performed at 

the B3LYP/cc-pVTZ (H, C, N, O) and ecp-28-mdf (Ru) level of theory with a high spin state for 

each Ru center. 

Tab. S5: Atom coordinates for [Ru3O(OAc)6(py)n]+ (n = 3). The calculation was performed at 

the B3LYP/cc-pVTZ (H, C, N, O) and ecp-28-mdf (Ru) level of theory with a high spin state for 

each Ru center. 
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Fig. 1: Cationic mass spectrum of a [Ru3O(OAc)6(H2O)3]ClO4 
acetonitrile/pyridine = 1/10 solution using the Paul type ion trap.  

Tab.1: Calculated energies relative to the minimum structure of 
[Ru3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) with different multiplicities. The calculations 
were performed with Gaussian 09 at the unrestricted B3LYP/cc-pVTZ level of 
theory and ecp-28-mdf (Ru) level of theory. 

n M = 2 

ΔE/kJ/mol 

M = 4 

ΔE/kJ/mol 

0 106 0 

1 40 0 

2 44 0 

3 1 0 
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Fig. S2: IR(M)PD spectra in comparison with calculated linear absorption spectra 
of [Ru3O(OAc)6(py)3]+ (M = 2, 4) . The calculations were performed with 
Gaussian 09 at the B3LYP/ cc-pVTZ (H, C, N, O) and ecp-28-mdf (Ru) level of theory.  

 
Fig. S3: Powercurve during the IR(M)PD experiments of [Ru3O(OAc)6(py)n]+ 
(n = 0, 1, 2, 3) in area of 1200–2000 cm-1. 

Mike
Rectangle
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Fig. S4: Atom distances (Ru–Ocentral and Ru-Ru distances, all in Å) of the Ru3O-core 
in [Ru3O(OAc)6(py)n]+ (n = 0, 1, 2, 3). The calculations were performed at the 
B3LYP/cc-pVTZ (H, C, N, O) and ecp-28-mdf (Ru) level of theory with one unpaired 
electron on each Ru center corresponding to the minimum structures.[21] The 
ligand is omitted for clarity. 
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Fig. S5: Calculated Electron Localized Field (ELF), Density Overlap Region Indicator 
(DORI) and Non covalent Interactions (NCI) of [Ru3O(OAc)6(py)n]+ (n=0, 1, 2, 3). The 
calculations were performed at the B3LYP/cc-pVTZ (H, C, N, O) and ecp-28-mdf 
(Ru) level of theory one unpaired electron on each Ru center. 
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Fig. S6: Experimental gas phase stabilities of [M3O(OAc)6(py)1-3]+ (n = 0, 1, 2, 3; 
M = Co3+, Fe3+, Ru3+). J. Lang measured the Co3+ and Fe3+ complexes. 

 
Fig. S7: Energetic shifts of the experimental IR(M)PD spectra of [M3O(OAc)6(py)n]+ 
(M = Ru, Co, Fe; n = 0, 1, 2, 3).  
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Fig. S8: Vibrational modes of the symmetric CO stretching modes from the 
experimental gained IR(M)PD spectra of [M3O(OAc)6(py)n]+ 
(n = 0, 1, 2, 3; M = Co3+, Fe3+, Ru3+) with their corresponding M-Ocentral-M-pyn 
angle. The Co3+ and Fe3+ complexes were measured and calculated by J. Lang. 
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Fig. S9: Vibrational modes of the asymmetric CO stretching modes from the 
experimental gained IR(M)PD spectra of [M3O(OAc)6(py)n]+ 
(n = 0, 1, 2, 3 ; M = Co3+, Fe3+, Ru3+) with their corresponding M-Ocentral-M-pyn 
angle. The Co3+ and Fe3+ complexes were measured and calculated by J. Lang. 
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Fig. S10: Experimental IR(M)PD spectra of [M3O(OAc)6(py)n]+ 
(n = 0, 1, 2, 3 ; M = Co3+, Fe3+, Ru3+). J. Lang measured the Co3+ and Fe3+ complexes. 
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Fig. S11: Calculated linear absorption spectra of [Ru3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) 
in the region of 100 cm-1 to 1000 cm-1. The calculations were performed with 
Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, O) and ecp-28-mdf (Ru) level of theory.  
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Fig. S12: Calculated linear absorption spectra of [Ru3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) 
in the region of 250 cm-1 to 500 cm-1. The calculations were performed with 
Gaussian 09 at the B3LYP/ cc-pVTZ (H, C, N, O) and ecp-28-mdf (Ru) level of theory.  

 
Fig. S13: Calculated UV/VIS spectra of [Ru3O(OAc)6(py)n]+ (n = 0, 1, 2, 3). The 
calculations were performed at the TD-DFT UB3LYP/cc-pVTZ (H, C, N, O) and ecp-
28-mdf (Ru) level of theory one unpaired electron on each Ru center. 
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Fig. S14: Calculated HOMO–LUMO transitions of [Ru3O(OAc)6(py)n]+ (n = 0, 1, 2, 3). 
The calculations were performed at the TD-DFT UB3LYP/cc-pVTZ (H, C, N, O) and 
ecp-28-mdf (Ru) level of theory one unpaired electron on each Ru center. 
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Fig. S15: Tanabe Sugano diagram of a d5 LS transition metal with the normalized 
absorption energies of [Ru3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) for the approximation of 
the crystal field splitting. The calculations were performed at the TD-DFT 
UB3LYP/cc-pVTZ (H, C, N, O) and ecp-28-mdf (Ru) level of theory one unpaired 
electron on each Ru center. 

 
Fig. S16: Simulated XA spectra of [Ru3O(OAc)6(py)n]+ (n = 0, 1, 2, 3) with the 
approximated crystal field splittings from the Tanabe Sugano diagramm. The 
simulations were performed by CTM4XAS with Cowan Batch files. 

Mike
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Tab. S2: Atom coordinates for [Ru3O(OAc)6(py)n]+ (n = 0). The calculation was performed 
at the B3LYP/cc-pVTZ (H, C, N, O) and ecp-28-mdf (Ru) level of theory with a high spin 
state for each Ru center. 

atom x Y z 
C -2.63497 0.00749 -1.88098 
C -3.61529 0.00936 -3.01723 
H -3.50635 0.91198 -3.61174 
H -4.62482 -0.00527 -2.60138 
H -3.48923 -0.88013 -3.62826 
C -2.69659 0.00728 1.85775 
C -3.71390 0.00979 2.96041 
H -3.18517 -0.00062 3.91594 
H -4.33346 -0.88111 2.90761 
H -4.31877 0.91114 2.91775 
C 1.32328 2.27581 -1.88907 
C 1.78733 3.07156 -3.07348 
H 1.32121 4.05279 -3.07849 
H 1.48431 2.54555 -3.98129 
H 2.87055 3.15393 -3.07516 
C 1.35902 2.33594 1.85777 
C 1.87274 3.21556 2.95909 
H 1.62042 2.75232 3.91535 
H 1.39739 4.19152 2.91918 
H 2.95406 3.30345 2.90133 
C 1.31027 -2.28267 -1.88957 
C 1.77003 -3.08065 -3.07417 
H 1.47176 -2.55172 -3.98185 
H 1.29710 -4.05860 -3.08054 
H 2.85266 -3.17055 -3.07472 
C 1.34672 -2.34373 1.85729 
C 1.85570 -3.22661 2.95821 
H 1.60554 -2.76268 3.91470 
H 2.93657 -3.31996 2.90061 
H 1.37542 -4.20012 2.91759 

Ru -0.94749 1.65950 0.01829 
Ru -0.95656 -1.65400 0.01838 
Ru 1.91107 -0.00529 0.01750 
O 0.00117 0.00020 -0.00806 
O -2.26619 1.12940 -1.42276 
O -2.27374 -1.11627 -1.42102 
O -2.28846 1.13320 1.43980 
O -2.29323 -1.12096 1.44120 
O 0.17284 2.53152 -1.42418 
O 2.11250 1.40154 -1.42327 
O 0.17974 2.55087 1.44268 
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O 2.12781 1.41856 1.43869 
O 0.15783 -2.53110 -1.42574 
O 2.10492 -1.41394 -1.42258 
O 0.16665 -2.55273 1.44142 
O 2.12011 -1.42974 1.43925 

Tab. S3: Atom coordinates for [Ru3O(OAc)6(py)n]+ (n = 1). The calculation was 
performed at the B3LYP/cc-pVTZ (H, C, N, O) and ecp-28-mdf (Ru) level of theory 
with a high spin state for each Ru center. 

atom x y z 
C -0.72138 2.30726 -1.87483 
C -1.20666 3.16782 -3.00895 
H -1.12015 2.59975 -3.93725 
H -0.60359 4.06652 -3.09397 
H -2.25574 3.41749 -2.86896 
C -0.65283 2.26582 1.91836 
C -1.07812 3.07445 3.11293 
H -1.22154 2.40629 3.96282 
H -2.03551 3.55187 2.90884 
H -0.33092 3.82185 3.35885 
C 3.35177 -0.00138 -1.87336 
C 4.44029 -0.00411 -2.90717 
H 4.42010 0.91471 -3.48597 
H 4.34959 -0.87450 -3.55141 
H 5.40167 -0.06467 -2.39265 
C 3.31553 0.00150 1.85269 
C 4.26469 0.00137 3.01653 
H 3.67983 -0.00917 3.93853 
H 4.87365 0.90104 3.01120 
H 4.88640 -0.88951 3.00003 
C -0.72271 -2.30946 -1.87030 
C -1.20841 -3.17109 -3.00344 
H -1.11839 -2.60518 -3.93274 
H -2.25845 -3.41752 -2.86502 
H -0.60761 -4.07159 -3.08559 
C -0.65313 -2.26021 1.92201 
C -1.08767 -3.08632 3.10122 
H -1.49876 -2.43874 3.87393 
H -0.25760 -3.66478 3.49368 
H -1.88272 -3.76291 2.78507 
C -4.16753 0.00074 -1.16400 
H -3.56784 0.00023 -2.05945 
C -5.55060 0.00072 -1.21345 
H -6.04760 0.00014 -2.17239 
C -6.26977 0.00147 -0.02658 
H -7.35080 0.00146 -0.03648 
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C -5.57254 0.00223 1.17356 
H -6.08670 0.00281 2.12337 
C -4.18912 0.00222 1.14824 
H -3.60672 0.00284 2.05569 
N -3.49600 0.00147 -0.00182 

Ru 1.59686 1.62841 -0.03325 
Ru -1.39421 0.00143 0.01942 
Ru 1.59708 -1.62827 -0.03170 
O 0.62594 0.00099 0.01477 
O 0.45365 2.51447 -1.45866 
O -1.52739 1.42637 -1.44347 
O 0.49197 2.48804 1.43864 
O -1.49461 1.42849 1.46814 
O 2.93034 1.12372 -1.47039 
O 2.92851 -1.12645 -1.47069 
O 2.94445 1.12289 1.39804 
O 2.94602 -1.12034 1.39717 
O -1.52817 -1.42797 -1.43961 
O 0.45243 -2.51697 -1.45416 
O -1.49354 -1.42109 1.47296 
O 0.49194 -2.48289 1.44289 

Tab. S4: Atom coordinates for [Ru3O(OAc)6(py)n]+ (n = 2). The calculation was 
performed at the B3LYP/cc-pVTZ (H, C, N, O) and ecp-28-mdf (Ru) level of theory 
with a high spin state for each Ru center. 

atom x Y z 
C -2.34460 1.92109 -1.86819 
C -3.20078 2.49856 -2.96265 
H -2.62692 2.50816 -3.89043 
H -3.45518 3.53043 -2.72803 
H -4.10016 1.90722 -3.10198 
C -2.34905 1.92337 1.86281 
C -3.20036 2.48879 2.96704 
H -2.76761 2.19112 3.92420 
H -4.20918 2.08899 2.91123 
H -3.21094 3.57424 2.92379 
C 2.34862 1.92236 -1.86685 
C 3.20204 2.48493 -2.97096 
H 3.14975 3.56962 -2.98187 
H 2.82511 2.11169 -3.92518 
H 4.22986 2.14826 -2.86139 
C 2.34021 1.92071 1.87253 
C 3.19057 2.47857 2.98156 
H 2.80938 2.10298 3.93319 
H 3.13853 3.56330 2.99631 
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H 4.21854 2.14185 2.87461 
C -0.00177 -1.99743 -1.94038 
C -0.00011 -2.87134 -3.16847 
H 0.02277 -2.23146 -4.05300 
H -0.90248 -3.47512 -3.20915 
H 0.88389 -3.50315 -3.18529 
C 0.00139 -1.99761 1.93950 
C 0.00483 -2.87243 3.16695 
H 0.08465 -2.23581 4.05045 
H 0.86350 -3.53888 3.15530 
H -0.91858 -3.44026 3.23583 
C -4.12811 -1.86934 -1.15572 
H -3.62146 -1.56366 -2.05678 
C -5.31178 -2.58561 -1.19393 
H -5.74372 -2.84780 -2.14858 
C -5.91928 -2.95100 -0.00085 
H -6.84438 -3.51048 -0.00110 
C -5.31424 -2.58257 1.19256 
H -5.74821 -2.84225 2.14698 
C -4.13043 -1.86650 1.15500 
H -3.62586 -1.55824 2.05636 
C 4.12766 -1.86783 -1.15566 
H 3.61968 -1.56480 -2.05698 
C 5.31294 -2.58149 -1.19304 
H 5.74483 -2.84480 -2.14743 
C 5.92220 -2.94259 0.00050 
H 6.84865 -3.49986 0.00085 
C 5.31731 -2.57273 1.19356 
H 5.75268 -2.82905 2.14827 
C 4.13186 -1.85938 1.15529 
H 3.62710 -1.54981 2.05618 
N -3.54442 -1.51422 -0.00022 
N 3.54422 -1.51122 -0.00040 

Ru 0.00099 2.36695 -0.00096 
Ru -1.74900 -0.41479 0.00049 
Ru 1.74794 -0.41306 -0.00119 
O -0.00092 0.50873 -0.00026 
O -1.38203 2.64054 -1.46734 
O -2.62977 0.76521 -1.44499 
O -1.40156 2.65134 1.44276 
O -2.62118 0.75833 1.45609 
O 1.40178 2.65019 -1.44649 
O 2.62110 0.75765 -1.45853 
O 1.38176 2.64187 1.46771 
O 2.62740 0.76585 1.44607 
O -1.13348 -1.66462 -1.48148 
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O 1.12938 -1.67186 -1.47473 
O -1.12981 -1.67386 1.47340 
O 1.13306 -1.66290 1.48117 

Tab. S5: Atom coordinates for [Ru3O(OAc)6(py)n]+ (n = 3). The calculation was 
performed at the B3LYP/cc-pVTZ (H, C, N, O) and ecp-28-mdf (Ru) level of theory 
with a high spin state for each Fe center. 

atom x Y z 
C -2.77904 -0.00137 1.89479 
C -3.78562 -0.00341 3.01721 
H -3.24953 -0.04128 3.96747 
H -4.42373 -0.88099 2.95447 
H -4.38173 0.90479 2.99800 
C -2.77922 -0.00190 -1.89464 
C -3.78620 -0.00046 -3.01671 
H -3.25099 0.05219 -3.96676 
H -4.43311 0.87011 -2.94577 
H -4.37317 -0.91465 -3.00545 
C 1.29834 -2.21330 1.93870 
C 1.76105 -3.02043 3.12595 
H 0.98421 -3.70061 3.46012 
H 2.03424 -2.34542 3.93716 
H 2.65556 -3.58115 2.85623 
C 1.29860 -2.21300 -1.93900 
C 1.76034 -3.01864 -3.12763 
H 2.01220 -2.34263 -3.94506 
H 0.99017 -3.71198 -3.45004 
H 2.66709 -3.56347 -2.86689 
C 1.29614 2.21464 1.93891 
C 1.75662 3.02028 3.12803 
H 2.00012 2.34431 3.94809 
H 0.98862 3.71835 3.44539 
H 2.66785 3.55929 2.87109 
C 1.29585 2.21495 -1.93866 
C 1.75722 3.02190 -3.12655 
H 2.01929 2.34665 -3.94132 
H 2.65799 3.57473 -2.86171 
H 0.98332 3.70861 -3.45414 
C -2.30839 -4.13373 1.15497 
H -2.04427 -3.60121 2.05438 
C -2.93145 -5.36915 1.19369 
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H -3.16187 -5.82022 2.14776 
C -3.24829 -6.00225 -0.00023 
H -3.73457 -6.96800 -0.00024 
C -2.92997 -5.36987 -1.19414 
H -3.15919 -5.82152 -2.14821 
C -2.30696 -4.13442 -1.15539 
H -2.04167 -3.60246 -2.05479 
C -2.31167 4.13181 1.15536 
H -2.04582 3.60014 2.05477 
C -2.93595 5.36661 1.19411 
H -3.16564 5.81804 2.14818 
C -3.25495 5.99864 0.00019 
H -3.74222 6.96389 0.00020 
C -2.93749 5.36585 -1.19373 
H -3.16840 5.81666 -2.14779 
C -2.31315 4.13108 -1.15499 
H -2.04851 3.59881 -2.05440 
C 4.83213 0.00228 1.15448 
H 4.23983 0.00165 2.05529 
C 6.21587 0.00292 1.19316 
H 6.72144 0.00280 2.14773 
C 6.92467 0.00371 0.00001 
H 8.00585 0.00422 0.00002 
C 6.21589 0.00384 -1.19315 
H 6.72147 0.00446 -2.14772 
C 4.83214 0.00317 -1.15449 
H 4.23985 0.00325 -2.05531 
N -1.99902 -3.52498 -0.00020 
N -2.00310 3.52268 0.00018 
N 4.14845 0.00238 -0.00001 
Ru -1.04243 -1.61136 -0.00014 
Ru -1.04422 1.61016 0.00012 
Ru 2.03508 0.00122 -0.00002 
O 0.02712 0.00006 -0.00001 
O -2.38436 -1.12641 1.47833 
O -2.38475 1.12417 1.47951 
O -2.38363 -1.12700 -1.47944 
O -2.38562 1.12357 -1.47830 
O 0.12967 -2.39825 1.52621 
O 2.16430 -1.41364 1.45301 
O 0.13040 -2.39883 -1.52558 
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O 2.16432 -1.41268 -1.45399 
O 0.12773 2.39916 1.52547 
O 2.16276 1.41531 1.45391 
O 0.12698 2.39857 -1.52615 
O 2.16274 1.41628 -1.45300 
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 Preamble 

The following chapter is prepared as manuscript for publication. I managed and performed 

the XMCD, IR(M)PD, CID, UV/VIS experiments, data evaluation, quantum chemical 

calculations, and XA simulations. I received experimental support from Matthias Klein, 

Joachim Hewer, Vicente Zamudio-Bayer, Martin Timm, and Christine Bülow to record the 

presented XA spectra. Tobias Lau, Bernd von Issendorf and Akira Terasaki operate the Ion Trap 

experimental setup at the Helmholtz Zentrum BESSY II in Berlin. Julius Wolny synthesized the 

samples in the group of Volker Schünemann and provided calculated minimum structures of 

the presented complexes. I wrote the chapter in form of a draft manuscript. 
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 Abstract 

This study elucidates the existence of different isomers of an isolated monometallic spin-

crossover complex with the structure [Fe(btpa)]2+ (btpa = N, N, N’, N’-Tetrakis(2-

pyridylmethyl)-6,6’-bis(aminomethyl)-2,2’-bipyridine). We present the X-ray magnetic circular 

dichroism (XMCD) and InfraRed (Multiple) Photon Dissociation (IR(M)PD) spectroscopic 

studies of an isolated octahedral iron(II) spin-crossover complex. The combination of 

temperature dependent XMCD spectroscopy and sum rule analysis allows the temperature 

dependent determination of magnetic moments of transition metal complexes. Our 

investigations show that the determination of a spin-crossover process in the gas phase is 

demanding. The results suggest an actual transition from low spin (LS) to high spin (HS) 

configuration upon increasing the ion temperature. The presented IR(M)PD spectrum 

compared with Collision Induced Dissociation (CID) and quantum chemical calculations of the 

complex hint different isomers in its spin state and geometry. The correlation of the X-ray 

absorption (XA) spectroscopic studies with UV/VIS studies in condensed phase allows a precise 

determination of the electronic structure and its geometric properties. The presented results 

help gain a fundamental insight into the molecular structure of spin-crossover iron complexes, 

void of any external effects, such as crystal packing or solvation.  

 Introduction 

Paramagnetic Transition Metal (TM) complexes have emerged as a high interest research area 

in the last decades because of their magnetic[1-5], optical[6-9], or catalytic[10-14] properties and 

potential applications encompassing molecular electronic devices[15-17], quantum 

computing[18-23], or nanomagnets[24-26]. Therefore, much effort has been spent on their 

molecular design in order to tailor and enhance magnetic properties. TM complexes with 

single molecule magnetic behavior[27-34] (SMM), spin-crossover[15, 35-39] (SCO) processes, or a 

spin frustrated[40-44] ground state seem to be promising candidates for the investigation of the 

magnetic properties for technical applications. Here, the focus is on SCO complexes which 

have the property to change their redistribution of the electrons in the d valence orbitals upon 

external stimuli, resulting in a change from a low spin (LS) to a high spin (HS). This 

redistribution can be achieved by changing the temperature, the pressure, or photon 
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irradiation[37, 39, 45-49]. Octahedral Fe(II) spin-crossover complexes are reported by many 

groups[15, 35, 36, 38, 39, 46, 50].  

In these cases, the 1A1g low spin ground state with a (t2g)6 electron configuration can be 

thermally excited into a 5T2g high spin state with a (t2g)4(eg)2 electron configuration[15]. The 

transition can result in extended bond lengths originating from the σ-antibonding eg orbitals 

occupation in the high spin state[15, 51, 52]. The transition temperature depends on different 

parameters as external effects, crystal packing, or solvation. Dissolving a spin-crossover 

complex in suitable solvents can decimate the transition temperature[53].  

Temperature dependent investigations of [Fe(ptz)6](BF4)2 reveal an increasing effective 

magnetic moment with rising temperature[36]. Studies of the complex with the structure 

[Fe(H2B(pz)2)2L)] point out an increasing susceptibility at higher temperatures[54]. The complex 

with the structure [Fe(L-N4Me2)(NCS)2] also reveals strong increasing hysteresis by increasing 

the temperature and also an elongation of the bonding length from the metal center to the 

ligand by the transition from an LS complex to an HS complex[15].  

Earlier studies on the given complex [Fe(btpa)](PF6)2 show that altering the temperature 

causes a change in the electronic ground state, indicating a thermally driven spin-crossover 

process[55, 56].  

All investigations show spin-crossover behavior in these complexes, which are similar to the 

reported complex. Unfortunately, all these experiments were performed in solid state or 

condensed phase. Therefore, external effects such as packing effects or solvation cannot be 

excluded and may affect the actual spin-crossover process. To exclude these effects, gas phase 

investigations seem to be necessary. 

The presented complex, synthesized and kindly provided by Julius Wolny, serves as a model 

system in order to determine the spin-crossover process in complexes containing a Fe2+ ion. 

The complex acquires a Fe2+ ion surrounded by an eight dentate ligand N, N, N’, N’-Tetrakis(2-

pyridylmethyl)-6,6’-bis(aminomethyl)-2,2’-bipyridine (btpa), which build an octahedrally 

coordinated dication. Two hexafluorophosphate anions serve as counterions in this complex 

(cf. Fig. 1). 
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Fig. 1: General structure of the spin-crossover complex [Fe(btpa)]2+. 

Electrospray ionization[55, 56] (ESI) enables mass spectrometric investigations of ionic 

complexes in vacuum and their electronic structure by irradiation with X-ray photons or IR 

photons. Tandem-MS-based methods like X-ray magnetic circular dichroism (XMCD) have 

helped to elucidate electronic structures[57-62] and InfraRed (Multiple) Photon Dissociation 

(IR(M)PD) for the determination of the geometrical structure[63-69]. XMCD techniques were 

instrumental under cryogenic conditions[61, 70-72] and applied magnetic fields. The IR(M)PD 

experiments were performed at room temperature. Combining XMCD spectroscopy and sum 

rule analysis allows for a temperature dependent determination of magnetic moments of 

transition metal ions or transition metal complexes [61, 71-74]. The primary topics in this study 

are the characterization of the magnetic moments per iron atom at different temperatures, 

the geometrical determination, and the determination of the electronic ground state of the 

complex. 

We combine experimental XMCD and IR(M)PD investigations of isolated [Fe(btpa)]2+ 

(btpa = N, N, N’, N’-Tetrakis(2-pyridylmethyl)-6,6’-bis(aminomethyl)-2,2’-bipyridine))[57, 75]. in 

combination with quantum chemical calculations by Density Functional Theory (DFT), XA 

simulations and UV/VIS spectra to gain a better insight of the magnetic properties and 

electronics in spin-crossover complexes. 
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 Experimental setup and methods 

X-ray magnetic circular dichroism (XMCD) 

For the presented polarized dependent gas phase X-ray Absorption (XA) spectra, we used the 

“Ion Trap” coupled to the UE52-PGM soft X-ray beamline at the BESSY II synchrotron facility 

of the Helmholtz Zentrum Berlin[58-62, 73]. The Ion Trap is a home built time of flight combined 

ion trap mass spectrometer to record Total Ion Yield (TIY) XA spectra[58-62].  

For our experiments, we used a custom built electrospray ionization (ESI) source for ion 

creation, kindly provided by the Schlathölter group (Zernike Institute for Advanced Materials, 

University of Groningen, Netherlands) group. 

[Fe(btpa)](PF6)2 was prepared in an acetonitrile solution (c ~ 1·10 -5 mol/L). The investigated 

species forms a doubly charged cation by losing two hexafluorophosphate anions. 

Ions are transferred via an RF Hexapole into a linear quadrupole mass filter (Extrel, 

40 - 4000 amu). After the mass selection, the selected ions are guided into a linear quadrupole 

ion trap within the high field region (5 T) of a superconducting solenoid. The trap is operated 

at a frequency of 3.82 MHz. Evaporative liquid helium cools down the ion trap to 4 K, 10 K, 

and 20 K. A constant helium background pressure of 1·10-6 mbar thermalizes the trapped ions 

by collisional cooling. A continuous infusion of the ions into the ion trap serves for a stable ion 

signal. The ions are ejected into the time of flight area with a repetition rate of 120 Hz to 

record the mass spectra. For the XA spectra recorded by TIY spectroscopy, the ions are 

irradiated for 10 to 15s at set photon energy. Therefore, we recorded mass spectra as a 

function of the X-ray energy, with the quantization axis projected to the z-axis. A GaAs-diode 

records the X-ray intensity from the undulator beamline used for photon flux normalization of 

the recorded spectra. Spectra on the Fe absorption edges were taken with an exit slit size of 

200 µm, a respective resolution of 400 meV from 700 eV to 735 eV for the L3 and L2 absorption 

edges. 
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XA spectra are recorded with positive and negative polarization in an alternating manner. The 

subtraction of the polarized dependent spectra leads to the corresponding XMCD spectrum 

and the addition to the sum spectrum, which is necessary to apply the sum rule analysis 

(cf. Fig. S1). The color-coded elements A, B, and C, are extracted from the XMCD spectra's 

integrals and the sum of polarization-dependent XA spectra (C). We extract the projections 

(mS(z) and mL(z)) of the intrinsic spin (mS) and orbital (mL) magnetic moments per atom onto 

the quantization axis by sum rule analysis. The quantization axis coincides with the magnetic 

field axis of the surrounding solenoid and the X-ray propagation direction. Under the given 

experimental conditions, a scaling of the total magnetic moment must be performed. 

Therefore, knowledge of all exact contributing coupling of the magnetic centers is needed, 

which is presently unknown. Therefore, such scaling is omitted, and present magnetizations 

at the given experimental conditions (B = 5 T; T = 4 K, 10 K, 20 K) are given. The resulting XMCD 

spectra were analyzed with sum analysis[76]. 

mS
(z) = gSµB

(𝐀𝐀 − b𝐁𝐁)

c 3
2𝐂𝐂

nh − gSµB
d
c
〈Tz〉    (1) 

mL
(z) = −gLµB

𝐀𝐀 + 𝐁𝐁

a 3
2 C

nh (2) 

We anticipated the containing Fe2+ ions to be in a 3d6 high spin state and chose the number 

of unoccupied valence orbitals nh to be nh = 5 for species. With nh being the number of holes 

per iron atom in the final state, gS and gL the Landé factors for the electron spin and orbital 

angular momentum (gS = 2.0, gL = 1.0), µB the Bohr magneton and a, b, c, and d are the sum 

rule related prefactors. The sum rule related prefactors are 1/2, 2, 2/3, and 7/3 for 

investigations on the Fe L3,2 absorption edges.  

Collision Induced Dissociation 

For ESI mass spectrometric and Collision Induced Dissociation (CID) measurements, we used 

a quadrupole mass spectrometer (amazon ETD, Bruker daltonics) with a three-dimensional 

Paul trap. A sample solution of [Fe(btpa)](PF6)2[57, 75] in acetonitrile (c ~ 1·10-6 mol/L) was 

constantly infused into the spray chamber by a syringe pump with a flow rate of 180 µL/h. The 

losing two hexafluorophosphate anions formed the investigated cationic species during the 

ESI process Nitrogen was used as a drying gas with a flow rate of 9 L/min at 200 °C.  
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The nebulizer pressure was set to 280 mbar (4psi) for spraying the sample solution, and the 

spray needle was kept at 4.5 kV. The Paul trap comprises a ring electrode and two end caps 

forming a nearly hyperbolic inner profile. The end caps possess pinholes that allow them to 

enter or exit the ions in the trap. The ring electrode is powered with a high voltage RF (radio 

frequency) potential (781 kHz) while the end caps are grounded. The ions are accumulated in 

this resulting oscillating quadrupolar electric field generated from the three electrodes. An 

auxiliary dipolar voltage is fed to either the exit cap or both end caps for ion isolation and 

fragmentation. A proportional integral derivative (PID) gas controller set a constant partial 

Helium buffer gas pressure to 10-3 mbar inside the trap by a proportional integral derivative 

(PID) gas controller. 

CID breakdown curves were recorded by stepwise variation of the excitation amplitudes 

(Ampexp) from 0.0 V–2.0 V while monitoring the extend of fragmentation and relative 

abundances of fragments for the isolated complex of interest. The excitation amplitudes 

determine the internal scale of the mass spectrometer Elab in V. Relative abundances were 

calculated according to 

Itotfr (Elab) = �
∑ Iifr(Elab)i

∑ Iifr(Elab)i + ∑ Ii
p(Elab)i

� (3) 

where Iifr= intensity of the fragment ion and Ii
p= intensity of the parent ions. Center of mass 

transferred fragmentation energies (Ecom) were calculated from internal energies by:  

Ecom = �
mHe

mHe + mion
� ∙ Elab (4) 

where mion stands for the isotopically averaged mass of the molecular ion. Note that the 

current application of the CID technique by RF excitation in the presence of multiple collisions 

result in a so called “slow multi-collision heating” mode of operation[77]. 

Fragmentation amplitude dependent CID spectra were modeled and fitted by sigmoidal 

functions of the type 

Ifitfr (Ecom) = �
1

1 + e(Ecom50 −Ecom) B
� (3) 

Using a least-squares criterion. The Ecom50  fit parameter is the amplitude at which the sigmoid 

function is at half maximum value, whereas B describes the rise of the sigmoid curve. As a 

result of the correlation between fragmentation amplitude and appearance energy, it is 
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feasible to assume that the appearance curves can be associated with the isolated complexes' 

relative stability [78-80]. 

For the experiments, via Electron Transfer Dissociation (ETD), we admitted methane in the 

ETD cell as a mediator to create low energy electrons. Inside the ETD cell, methane is oxidized 

to a methane radical cation (CH4•+ + 2e-) via electron impact ionization. The collision of the 

methane radical cation with the Flouranthene (C16H10) leads to an electron capture of the low-

energy electrons by the Flouranthene. Afterward, the Flouranthene radical anion (C16H10-) is 

guided into the Paul trap, and collisions with the complex of interest lead to an anion-cation 

electron transfer reaction resulting in a reduction of the complex. 

InfraRed (Multiple) Photon Dissociation (IR(M)PD) 

ESI mass spectrometric and InfraRed (Multiple) Photon Dissociation (IR(M)PD) measurements, 

we used a quadrupole mass spectrometer (amazon SL, Bruker daltonics) with a three-

dimensional Paul trap and followed the scheme as discussed for the CID experiments. The 

significant difference is a modified Paul trap, where the IR photons can irradiate the ions 

resulting in fragmentation of the ions. The IR(M)PD spectra are acquired as a function of the 

fragments by resonant irradiation with IR photons. 

Laser system 

The laser pulses were generated using a KTP/KTA optical parametric oscillator/amplifier 

(OPO/OPA, LaserVision) system. A pulsed 10 Hz injection seeded Nd3+ Yag laser (PL 8000, 

Continuum) pumps the system and serves as source for tunable IR radiation. The difference 

frequency (DF) between the OPA signal and idler waves is generated within an AgGaSe2 

crystal, applied for the range between 1000 cm-1 and 2000 cm-1. The IR beam is guided into 

the ion trap by a 90° off axis parabolic silver mirror with a focal length of 15 cm. After passing 

the Paul-trap, the IR beam was guided to a power meter (Maestro, Gentech) to monitor the 

laser power. IR(M)PD spectra are obtained by plotting the fragment yield as a function of the 

laser frequency (𝜈𝜈). The fragment yield is defined as:  
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𝑌𝑌(𝜈𝜈) = �
∑ 𝐼𝐼𝑖𝑖

𝑓𝑓𝑓𝑓(𝜈𝜈)𝑖𝑖

∑ 𝐼𝐼𝑖𝑖
𝑓𝑓𝑓𝑓(𝜈𝜈)𝑖𝑖 + ∑ 𝐼𝐼𝑖𝑖

𝑝𝑝(𝜈𝜈)𝑖𝑖
� (4) 

Calibration of the IR frequency is done by a wavemeter (821B-NIR, Bristol instruments). The 

resulting power curves are recorded parallel to the IR(M)PD experiments by digitizing the 

analog output of the laser power meter through an ADC input of the Amazon SL mass 

spectrometer. No normalization of the recorded spectra was done because there is an 

intrinsically nonlinear power dependence of the IR(M)PD fragmentation efficiencies. 

UV/VIS absorption spectroscopy (solution) 

Static absorption spectra were recorded with a PerkinElmer Lambda 35 spectrometer. For the 

sample preparation, acetonitrile (Uvasol grade) was used, and the complex [Fe(btpa)](PF6)2 

was dissolved (c ~ 1x10-6 mol/L). The Solution was convicted into a precision cuvette (light 

path 10 mm). The spectra were recorded in double beam operation to scan a wider 

spectroscopic area.  

 Computational methods 

For calculating the optimized minimum energy structures and linear absorption spectra, 

Wolny provided the geometry optimized structures. Minimum structures were calculated for 

different multiplicities with density functional theory (DFT) using B3LYP[81, 82] functional and 

cc-pVTZ basis sets[83-86] (C, H, N) in combination with Stuttgart ecp effective core potential (Fe) 

with Gaussian 09 program package[87]. Three minimum structures, one octahedral low spin in 

a singlet state, and two high spin complexes with a multiplicity of 5 were found for [Fe(btpa)]2+. 

For relativistic 0th ZORA calculations, we used the orca program package[88] to gain the 

electronic behavior of the spin-crossover complex. The XA simulations were performed with 

a Mathematica-based program package CTM4XAS[89] with batch files from Cowan, attaining 

orca calculated parameters for XA spectra to perform the simulations.  
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 Results and Discussion 

7.6.1 Results I: X-ray magnetic circular dichroism (XMCD) 

The cations with the structure [Fe(btpa)]2+ were created within the electrospray process and 

mass-selected at the mass of 317 m/z. We obtained polarization dependent XA spectra and 

their related XMCD spectra at different ion trap temperatures (T = 4.5 K, 15 K, and 25 K) after 

selecting the ions of interest and optimizing the fragmentation with X-ray irradiation 

(cf.  Fig.  2).  

 
Fig. 2: polarized dependent XA spectra of [Fe(btpa)]2+ (left) and their 
corresponding XMCD spectra (right) at different ion trap temperatures.  

The temperature dependent XA spectra and corresponding XMCD spectra show a decreasing 

trend from 4.5 K to 15 K ion trap temperature. The dichroic effect is nearly unchanged when 

the ion trap temperature is raised from 15 K to 25 K. (cf. Fig. 2). Applying the sum rule analysis 

for the projected spin and orbital magnetic moments per iron atom reveal slightly different 

values for the ion trap temperatures at 4.5 K and 15 K. By increasing the ion trap temperature 

to 25 K, we observe small changes in the magnetic values (cf. Tab. 1, cf. Fig. S4). For the 
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reported magnetic values derived from the sum rule analysis, we estimate a 5% uncertainty. 

We consider a transition from the 2p core to a 3d valence state in the Fe iron. The valence 

states are not always entirely separated, resulting in mistakes in the magnetic moments 

computed by the sum rules, notably for the spin sum rule analysis[90]. Teramura et al. have 

introduced correction factors for the sum rule analysis based on atomic model systems. They 

entail Coulomb interactions at the L2,3 absorption edges as well as the expectation value for 

the magnetic dipole operator, which is not accessible in our XMCD experiments[90-94]. The 

suggested procedure of Teramura corrects the presented magnetizations in this work. 

Tab. 1: Experimental magnetic values projected on the z-axis for mS, mL, mJ, and 
mL/mS for [Fe(btpa)]2+ at given temperatures and with the correction of 4.5%[90, 91]. 

 exp. corrected 

 4.5 K 15 K 25 K 4.5 K 15 K 25 K 

𝚫𝚫𝐒𝐒
(𝐳𝐳) 1.03(5) 0.67(3) 0.60(3) 0.98(5) 0.64(3) 0.64(3) 

𝚫𝚫𝐋𝐋
(𝐳𝐳) 0.39(2) 0.21(1) 0.20(1) 0.39(2) 0.21(1) 0.20(1) 

𝚫𝚫𝐉𝐉
(𝐳𝐳) 1.42(7) 0.88(4) 0.80(4) 1.37(2) 0.85(1) 0.84(1) 

𝚫𝚫𝐋𝐋
(𝐳𝐳)/𝚫𝚫𝐒𝐒

(𝐳𝐳) 0.39(2) 0.33(2) 0.31(2) 0.39(2) 0.33(2) 0.31(2) 

The spin and orbital magnetic moments reveal reduced values by increasing the temperature. 

The spin magnetic values are lower at all ion trap temperatures, indicating a combination of 

low spin (LS) and high spin (HS) configurations. A pure LS complex should not lead to a dichroic 

effect due to paired electrons in the 3d orbitals. 

Approximation of the spin isomer composition by the ion temperature 

Using previous investigations of the ion temperatures within the ion trap[74, 95], we can 

approximate an spin isomer composition for the complex at different temperatures. 

Langenberg assumed a constant temperature offset of 7 K ± 3 K of the ions in the ion trap. The 

offset can be explained by inefficient collisional cooling of the ions with the helium buffer gas 

in the trap. Also, collisions between the ions themselves cannot be excluded. The other effect 

of warming up ions in the trap could occur from the RF heating[92]. Approximation of the 

isomer composition is feasible by correlating the magnetic values from the sum rule analysis 

onto the Brillouin function, which fits the ions assumed temperature (cf. Fig. S5 and Fig. S6).  
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We observe slightly warmer ions, excluding the orbital magnetic moments at a given 

temperature (cf. Fig. S5). The approximation of the total magnetic moments onto the Brillouin 

function leads to significantly warmer ions than the applied ion trap temperature (cf. Fig. S6), 

and are in good agreement with Langenberg's results[93]. The other way around approximates 

the spin isomer composition by fitting the Brillouin function to the magnetic values 

(cf.  Tab.  2). 

Tab. 2: Adjusted ion trap temperatures, obtained S, L, J from the Brillouin functions 
at given temperatures, S, L, J values from a Fe(II) HS ground state, and 
approximated spin isomer composition. 

T/K SBrill LBrill JBrill SFe(II) LFe(II) JFe(II) SBrill/SFe(II) LBrill/LFe(II) JBrill/JFe(II) 

4.5 1.1 1.1 2.2 2 2 4 55 55 55 

15 1.3 1.3 2.6 2 2 4 65 65 65 

25 1.6 1.6 3.2 2 2 4 80 80 80 

The approximated isomer composition between HS and LS isomers indicates that a mixture 

of both spin isomers is present in every applied ion trap temperature. Also, the quantity of 

the HS complex rises with increasing ion trap temperature. Therefore, we assume an almost 

equal amount of both spin isomers at 4.5 K and 80% of the HS complex at 25 K. 

Determination of the crystal field splitting of the complex 

The determination of crystal field splitting contributes to a better understanding of the actual 

spin-crossover mechanism at various temperatures. The transition from an LS spin complex to 

an HS spin complex causes elongated bondings[15, 51, 52], which causes the associated crystal 

field splittings to shift from the LS configuration to the HS configuration. The spectroscopic 

pattern obtains the crystal field splittings at a set temperature. The XA spectra have a 

characteristic spectroscopic pattern, as described by Everett[94]. The separation between the 

primary L3 absorption edge and the little shoulder is described as splitting and representing 

the eg and t2g orbitals, resulting in complicated crystal field splitting (cf. Tab. 3)[98]. The 

separation between the primary L3 absorption edge and the little shoulder is described as 

splitting and representing the eg and t2g orbitals, resulting in complicated crystal field splitting 

(cf. Tab. 3)[98].  
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Tab. 3: Deteminated crystal field splittings of [Fe(btpa)]2+ from the experimental 
XA spectra at given temperatures  

T/K EL3/eV EL3 after/eV ΔEL3/eV 

4.5 710.40 713.00 2.60(1) 

15 710.20 713.00 2.80(1) 

25 710.40 713.00 2.60(1) 

The energy differences show identical values for a constant ion trap temperature of 4.5 K and 

25 K, and a slightly higher value for a constant ion trap temperature of 15 K, suggesting a 

change in the geometry by raising the temperature. The elongation of the bonding length 

might lead to a change in the crystal field splitting. At 4.5 K and 25 K, similar crystal field 

splittings are monitored, implying another HS isomer with the same crystal field splittings as 

the LS spin isomer. At 15 K, the HS composition is higher than at lower temperatures, resulting 

in an HS isomer with seven-fold coordination and a distinct crystal field splitting. The higher 

the temperature, the more entropic the effects become, allowing the pyridine rings in the 

ligand to freely rotate. This would result in the same crystal field splitting as for an ion trap 

temperature of 4.5 K, as a seven-folded HS complex would be converted to an octahedral HS 

complex.  

XA simulations[89] combined with the experimental crystal field splittings are in good 

agreement (cf. Fig. S7). A change in the oxidation state of the iron atom can be ruled out since 

it would result in a change in the netto charge of the complex, and the L3 edge would move to 

higher energies for a Fe3+ ion at about 1-3 eV, which is not found in the experimental 

spectra[97]. The 0.2 eV shift in the experimental spectra indicates a change in structural 

characteristics, which results in a distinct crystal field splitting[97-102]. To further illustrate the 

ligand-induced change in the complex, the initial derivation of the XAS highlights the minor 

shift in their absorption energies on the L3 edge (cf. Fig. S8). The XA spectrum at 15 K shifts to 

smaller energies than the XA spectra for 4.5 K and 25 K. As a result, at this temperature, a 

different structure must be present, leading to the idea that, in addition to the mixing of LS 

and HS complexes, various geometrical isomers are present, when compared to the calculated 

minimum structures for the octahedral LS, HS spin, and a heptagonal coordinated HS complex. 

The octahedral HS complex reveals a relative destabilization of 9 kJ/mol to the other 

structures. Therefore, we consider that the octahedral LS complexes are present at 4.5 K and 
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25 K, and a heptagonal HS complex is more present at 15 K. We assume that the mixture at 

4.5 K is more given by the octahedral LS and HS complexes because the rotation of the free 

pyridine rings from the ligand are frozen in their position. At 15 K, the energy is enough to 

rotate the pyridine rings slightly and establish a weak bonded heptagonal coordinated 

complex. The rotation of the pyridine rings is no longer frozen at 25 K, resulting in an 

octahedral coordinated HS complex. Also, the bonding lengths of all these isomers are almost 

similar. There is a slight elongation of both HS isomers in their bonding lengths (cf. Fig. S9). 

The heptagonal coordinated HS complex has longer bonding distances in the z-direction, 

leading to higher Jahn Teller distortion resulting in different crystal field splitting than in the 

octahedrally coordinated complexes.  

Theoretical calculations of the electronics in the complex 

We performed projected Density of States (pDOS) calculations to identify the core-shell 

orbitals for the transfer of core-shell electrons into valence orbitals (cf. Fig. 3). Calculated 

pDOS spectra reveal a good agreement with the experimental XA spectra. For a set ion trap 

temperature of 4.5 K, a mixture of both octahedral complexes fits very well to the 

experimental XA spectrum. In the area around 13-15 eV, we observe a shoulder in the XA 

spectra, also given in the octahedral complexes. In the area between 0 and 5 eV, small wiggles 

in the XA spectra are in good agreement with the calculated pDOS spectra for the octahedral 

complexes. The estimated pDOS spectra for the heptagonal coordinated HS complex and 

octahedrally coordinated complex are similarly quite comparable to the observed XA 

spectrum at a fixed ion trap temperature. We observe a broader distribution in the pDOS 

spectrum of the heptagonal coordinated complex in the area around 0 eV. The experimental 

XA spectrum at 15 K ion trap temperature shows a slightly broader L3 edge than the other 

spectra, suggesting a heptagonal coordinated complex. The spectral pattern of the XA spectra 

implies a mixture of both octahedral coordinated LS and HS complexes. We observe a 

decreasing shoulder at around 15 eV with higher temperature and assume that this feature 

belongs to the octahedral LS complex, which is also predicted in the pDOS spectrum of the LS 

complex. At all temperatures, a tiny shoulder at roughly -1 eV on the main L3 edge is seen, 

indicating a combination of all three isomers. Still, we consider that in cold conditions, the 

rotational modes of pyridine are frozen. Almost no heptagonal coordination can be 
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established, and at the highest temperature, these rotational modes are that active that, on 

average, an octahedral coordinated HS complex is observed.  

 
Fig. 3: Calculated pDOS spectra for [Fe(btpa)]2+ (M = 1 (red), M = 5 (black) and 
M = 5 heptagonal coordinated (grey)) in comparison of the experimental positive 
polarized XA spectra (blue) and their corresponding core-shell orbitals. The 
calculations were performed with Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, O) 
and Stuttgart ecp effective core potential (Fe) level of theory.  

Branching ratio analysis and differential orbital covalency 

We assumed strong core valence interactions for the spin-orbit sum rules [95-97] as described 

above. This method yields very accurate values for spin-orbit interactions per hole. The 

branching ratio for such p -> d transitions are defined as: 

𝐵𝐵𝑅𝑅 =
I(L3)

I(L3) + I(L2)
 (5) 

Where I are the intensities of the transition metal absorption edges, the sum rule[95-98] gives 

the relation for the spin-orbit interactions per hole: 
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𝑆𝑆𝑇𝑇𝐶𝐶 = nj2 −
l + 1

l
𝑖𝑖𝑖𝑖1 (6) 

nj1 and nj2 represent the occupation number per hole, where j1 = l – 0.5 and j2 = l + 0.5. At least 

the branching ratio without a spin-orbit interaction can be derived with: 

𝐵𝐵 = B0 −
c

2c + 1
SOC
nh

 (7) 

B0 is the branching ratio without spin-orbit interactions c
2c+1

 is a statistical value, and for d5, it 

is 2
5
 and nh represent the holes in the valence shell. In the following table are all values 

shown[99]. 

Tab. 4: Obtained branching ratio values with spin-orbit interaction (BR), terms of 
occupation numbers (nj1, nj2), spin-orbit expectation (SOC), branching ratio 
without spin-orbit interaction (B0), and the difference of the branching ratios (ΔB) 
with expected uncertainties of 5 % for the presented spin-orbit expectations. 

T/K BR statistical 

value 

nj1 nj2 SOC B0 ΔB 

4.5 0.80 0.60 -0.11 0.89 -3.28(16) 0.41 0.39 

15 0.76 0.60 -0.29 0.71 -4.38(21) 0.24 0.53 

25 0.80 0.60 -0.30 0.70 -4.50(23) 0.26 0.54 

The calculated branching ratios are 0.76 and 0.80 and slightly lower than the typical values 

between 0.81-0.85[100]. Here, the branching ratio for the ion trap temperature of 15 K differs 

somewhat from the other temperatures. The broadened absorption edge gives this at 15 K, 

inducing a lower intensity of the experimental spectra. From 4 K to 25 K, the resultant spin-

orbit expectations show a declining trend. This also suggests that when temperatures rise, the 

quantity of an HS isomer increases as a result of an increase in unpaired electrons in the iron 

core caused by a spin-crossover event. The diminishing spin-orbit predictions are explained by 

the electrical distribution of the transition metal center. The ligand's strong impact should 

have an effect on the spin-orbit coupling. As a result, we computed electron localized field 

plots[107] for all three isomers of this complex (cf. Fig. 4).  
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Fig. 4: Calculated ELF plots for [Fe(btpa)]2+ (M = 1 (octahedral), 5 (octahedral), 5 
(heptagonal)). The calculation was performed at the B3LYP/cc-pVTZ (H, C, N, O) 
and Stuttgart ecp effective core potential (Fe) level of theory with a low spin and 
high spin state for the Fe center. 

These graphs show that the electron distributions of the octahedrally coordinated complexes 

are almost identical, whereas the heptagonal coordinated complex has a more spherical 

distribution. This agrees well with the experimental data for a set ion trap temperature of 

15 K. A more spherical electron distribution results in more free ion-like behavior than 

octahedrally coordinated complexes, resulting in a distinct crystal field splitting and somewhat 

different SOC. The octahedrally coordinated complexes reveal a more square like electron 

distribution, and therefore the crystal field splitting must change, resulting in various SOC for 

the complex. Furthermore, because the iron core is in an HS configuration, the spin and orbital 

magnetic values do not fluctuate significantly between 15 K and 25 K, but the expected 

combination of these complexes lowers the measured results.  

The Differential Orbital Covalency (DOC) technique approximates the metal d character at a 

given temperature by determining the ligand impact on the metal ion. DOC analysis 
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demonstrates that the metal d character increases with increasing temperature 

(cf. Fig. S11)[98, 109]. At an ion trap temperature of 4.5 K, we observe the lowest metal d 

character. As previously stated, a shift in a high spin configuration causes elongated bondings 

in the complex, resulting in weaker covalent interactions between the ligand and the metal 

center and the metal center acts more like a free ion. Therefore, the LS complex population is 

favored in colder conditions, and shorter bonding distances lead to stronger covalent 

interactions resulting in lower metal d character. For a set ion trap temperature of 15 K, we 

observe the highest metal d character. The spherical electron distribution of the heptagonal 

coordinated complex leads to the supposition that the metal center is less impacted than in 

octahedral coordination, which corresponds very well with the DOC analysis, and shows the 

maximum metal d character at 15 K. This supports the thesis that the temperature at 25 K is 

enough that the rotational modes for the free pyridine rings are active and in average, an 

octahedral coordinated HS complex is observed. With the XMCD technique, we cannot 

determine MLCT transitions from the spectral pattern, and therefore, we cannot exclude such 

transitions. Earlier investigations point out that MLCT transitions appear in UV/VIS 

investigations[57, 75]. Such effects also can reduce the metal d character of transition metal 

complexes. 

7.6.2 Results II: Collision Induced Dissociation (CID) and InfraRed (Multiple) Photon 
Dissociation (IR(M)PD) 

Collision Induced Dissociation (CID) 

With the above described sample solution, we recorded the mass spectra via electrospray 

process. The ions of interest were stored within a Paul trap. We observe one isotopic peak at 

m/z = 317 for [Fe(btpa)]2+ matching the simulated isotopic pattern. Also, the mass differences 

are half of the actual masses, and this points out that the complexes studied in this case are 

dicationic ones (cf. Fig. S12). We performed Collision Induced Dissociation (CID) breakdown 

curves for the complex and Electron Transfer Dissociation breakdown curves of the reduced 

complex (cf. Fig. 5). 
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Fig. 5: CID (top) and ETD (bottom) breakdown curves of [Fe(btpa)]2+ with their 
corresponding appearance curves of the associated fragments. 

CID breakdown curves of isolated [Fe(btpa)]2+ reveal as main fragment the loss of both free 

rotating pyridine rings in the ligand and the addition of water and hydrogen cyanide. With 

increasing excitation amplitudes, we monitor the loss of water, hydrogen cyanide, and two 

methylene groups. In the same quantity, a loss of the whole arm from the ligand, 

e.g. (pyridine)2(NC2H4), is seen in this complex. The addition of water occurs because a little 

quantity of water is present in the ion trap and attaches to the complex. Also, the addition of 

hydrogen cyanide occurs from the solvent of the sample preparation for the electrospray 

process. The fragmentation begins with an ECOM value of 0.0025 arbs. units and progresses 

with rising CID amplitude by losing two methylene groups and two pyridine rings. At the same 

fragmentation amplitude, losing the complete ligand arm takes part. When a complex is 

reduced from a dicationic to a monocationic state using Electron Transfer Dissociation in 

conjunction with CID studies, the fragmentation paths and related gas phase stabilities vary 

significantly (cf. Fig. 5). For [Fe(btpa)]+, we do not observe water and hydrogen cyanide 

addition to the complex. 
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Instead, we observe an addition of molecular oxygen. Losing two pyridine rings and adding 

two protons or molecular hydrogen represents the main fragmentation channel in this 

complex.  

As discussed above, there is a possibility that different isomers are present as a mixture of LS 

and HS complexes. Therefore, we used a 1:1 solution of [Fe(btpa)]+ and M(OAc)2 (M = Mn, Cu, 

Zn, Pd) with a concentration of ~ 10-4 mol/L as a starting point for the evidence of a heptagonal 

coordinated complex in this solution. Only in this geometry may the M(OAc)2 molecules 

coordinate with two pyridine ligands of the complex, resulting in the second metal center with 

octahedral coordination. We observe a coordination for every metal acetate to the complex, 

which hints the heptagonal coordinated HS complex. The recorded CID breakdown curves 

reveal an almost similar fragmentation pattern of these complexes (cf. Fig. S13). The main 

fragmentation channel in this series of complexes is the loss of one acetate or acetic acid 

ligand. Also, we observe an exchange from the Fe2+ ion with Copper and Palladium by using 

these metal acetates. All complexes have the general structure of [M1(btpa)M2(OAc)2]2+ 

(M1 = Fe, Cu, Pd; M2 = Mn, Cu, Zn, Pd). The free pyridine rings in this geometry act as tweezers 

for the coordination of the metal acetates. The pyridine rings are oriented in opposing 

orientations in octahedral geometry, therefore metal acetate coordination would not result 

in octahedral coordination of the metal in the metal acetate.  

To determine the stabilities of the different isomers, we performed calculations of weak 

interactions in this series of complexes. We performed Electron Localized Field (ELF), Different 

Overlap Region Interaction (DORI), and Non covalent Interaction (NCI) calculations[99] 

(cf. Fig. S14). The ELF plots reveal the covalent bonding situation in these complex geometries 

and do not feature any unusual bonding situation. The NCI plots instead represent weak 

interactions, e.g., van der Waals interactions. We observe strong non covalent interactions for 

the heptagonal coordinated HS complex, explaining its stability for the heptagonal 

coordination. The octahedrally coordinated complex reveals strong van der Waals 

interactions, almost similar to the octahedral LS complex. The DORI plots point out a sensitive 

interplay between the covalent and non covalent interactions, meaning the better this 

interplay, the more stabilized these complexes are.  
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InfraRed (Multiple) Photon Dissociation (IR(M)PD) 

The recorded IR(M)PD spectra reveal several vibrational modes in the area around 1500-

1700 cm-1 (cf. Fig. 6). In comparison to the calculated IR spectra, the experimental IR(M)PD 

spectrum contains features from more than one isomer. The most prominent bands at around 

1600 cm-1 in combination with the calculations features all three isomers. The heptagonal 

coordinated complex exhibits a slight energy shift to higher energies. Both octahedrally 

coordinated complexes show almost similar vibrational modes at around 1600 cm-1 but a 

minor splitting at the band at around 1610 cm-1. We assume that all three isomers are present 

in the recorded spectrum at room temperature. 

 
Fig. 6: IR(M)PD spectra (black) in comparison with quantum chemistry calculation 
of [Fe(btpa)]2+. The calculations were performed with Gaussian 09 at the 
B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart ecp effective core potential (Fe) level of 
theory. The calculated spectra are scaled with a factor of 0.977. 
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IR(M)PD and DFT spectra of [Fe(btpa)]2+ for M = 1 in octahedral coordination 

The experimental IR(M)PD spectrum compared to the linear absorption spectrum of the 

octahedral LS complex reveals the presence of this complex in the LS/HS mixture (cf. Fig. S15). 

At 1673 cm-1, we monitor a small vibrational band that belongs to the C-C stretching modes 

combined with the bending modes from the hydrogen atoms of the bipyrimidyl ring in this 

complex. This vibrational mode is only predicted with the octahedral LS complex and is not 

observed in any of the other calculated isomers. The vibrational mode at 1593 cm-1 belongs 

to the symmetric stretching modes of the free pyridine rings. The bending modes of the 

methylene groups are represented by the vibrational band at 1461 cm-1. At 1450 cm-1, there 

is a combination band from the bending mode of the methylene groups to the metal center, 

as well as the bending modes of the coordinated pyridine rings. A combination mode of the 

bending mode from the methylene groups and the free pyridine in ligand appears at 

1440 cm- 1. The vibrational mode at 1319 cm-1 could be associated with the LS spin complex. 

It occurs from a combination of the bending modes of the accessible and coordinated bending 

modes of the pyridine rings in the ligand. The calculated spectrum may be distorted due to 

high anharmonicity, which is not taken into account in the calculations.  

IR(M)PD and DFT spectra of [Fe(btpa)]2+ for M = 5 in octahedral coordination 

The comparison of the experimental IR(M)PD spectrum to the calculated IR spectrum of the 

octahedral coordinated HS complex reveals features unique to the octahedral coordinated HS 

complex (cf. Fig. S16). The doubly splitted band 1622/1616 cm-1 belongs to the symmetric 

stretching modes of the coordinated pyridine rings to the metal center. The band 1594 cm-1 

belongs to the symmetric stretching mode of the free pyridine. The bands at 1415 cm-1 and 

1401 cm-1, as in the low spin complex, are combination bands of the bending modes of the 

methylene groups and the coordinated pyridine bending modes. The bending modes of the 

methylene groups combined with the bending modes of the free pyridine ring give rise to the 

vibrational band at 1384 cm-1. The band at 1278 cm-1 is a combination mode of methylene's 

asymmetric bending modes and coordinated pyridine bending modes.  
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IR(M)PD and DFT spectra of [Fe(btpa)]2+ for M = 5 in heptagonal coordination 

The change in the geometry has to lead to a significant change in the vibrational modes. As a 

result, the seven folded HS isomers are more easily observed than the octahedral HS complex. 

We can partially attribute the experimental spectra to a seven-folded HS complex by 

comparing the experimental spectrum with DFT calculations (cf. Fig. S17). At 1607 cm-1, the 

vibrational modes represent the symmetric stretching modes of two coordinated pyridine 

rings in this complex. The band at 1533 cm-1 belongs to the bipyrimidylring's symmetric C-C 

stretching modes, while the band at 1505 cm-1 belongs to the asymmetric C-C stretching 

modes. The broad band at 1489 cm-1 is a combination band of the bending mode of one 

methylene group, the bending mode of one coordinated pyridine, and an asymmetric 

stretching mode of one part of the bipyrimidylring.  

In gas phase, the experimental IR(M)PD spectrum appears to represent all three assumed 

isomers. We observe a distinct vibrational mode for each isomer. Interpreting the area 

beneath 1500 cm-1 cannot be precisely determined because of the high anharmonicity in the 

vibrational combination bands of the complex. The vibrational modes at 1533 cm-1 and 1505 

cm-1 determine the heptagonal coordinated complex. The calculated vibrational spectra of the 

octahedral LS and heptagonal HS coordinated complexes predict two bands at 1656 cm-1 for 

the LS complex and one at 1635 cm-1 for the heptagonal coordinated HS complex. We assign 

the experimental band at 1672 cm-1 to the LS complex by cause of more negligible aberration 

than the HS complex. Because of minor differences in geometry, we did not have as many 

hints to determine the octahedral coordinated HS complex as we did for the heptagonal 

coordinated complex. The predicted band at 1605 cm-1 with a minor splitting at 1611 cm-1 is 

the most significant hint from the octahedral coordinated HS complex. The IR(M)PD spectra 

at 1616 cm-1 and 1622 cm- 1 show a similar pattern, which we attribute to the octahedrally 

coordinated complex. Furthermore, the calculated spectra do not predict an LS complex 

vibrational mode at 1672 cm-1. The blue shift in the experimental IR(M)PD spectra of the 

various spin and geometrical isomers follows the same trend as the calculated shifts (cf. Fig. 

S18). Considering an almost identical structure motif, no shift is assumed for the spin isomers 

in octahedral coordination. The pyridine iron bonding becomes more stable when the 

geometry is changed to a heptagonal coordinated system. As a result, more energy is required 

to establish a vibrational mode that occurs in a higher blue shifted band, as seen in the other 

isomers.  
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Theoretical determination for the isomerization of the different isomers 

There are two possibilities for the formation of the heptagonal coordinated structure 

(cf. Fig. 7). One possibility is to switch from an octahedral LS complex to an octahedral high 

spin complex, resulting in bipyrimidylring distortion and longer bonding distances. The 

elongation of bonding distances may result in the formation of a new coordination point, and 

heptagonal coordination is established by rotating the free pyridine rings towards the metal 

center. Another possibility is that the spin-crossover occurs via a direct transition from the 

octahedral LS complex to the heptagonal coordinated HS complex by rotating the pyridine 

rings towards the iron center.  

 
Fig. 7: Possible pathways for the isomerization from the low spin to the high spin 
and geometrical change in the complex with the structure [Fe(btpa)]2+. 

The calculated minimum structures reveal nearly identical relative energies associated with 

the minimum structure (cf. Tab. S1). According to the calculations, the octahedral LS and the 

heptagonal coordinated HS complex are the preferred minimum structures. The octahedral 

HS complex has a slightly higher energy of 9 kJ/mol. As a result, excluding this isomer is 

impossible because, on the other hand, the relative energy of the complex is close to the 

minimum structures and the experimental IR(M)PD spectra hints at features of the octahedral 

HS complex. We performed transition state calculations to determine the isomerization 

between the octahedral complex and the heptagonal coordinated complex. We calculated the 

free Gibbs energies, as well as the corresponding entropies and enthalpies, for each isomer 

(cf. Tab. 5, cf. Fig. S20).  
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Tab. 5: Calculated free Gibbs energies, free enthalpies, and entropies for different 
isomers of [Fe(btpa)]2+. The calculations were performed with Gaussian 09 at the 
B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart ecp effective core potential (Fe) level of 
theory. 

M ΔG/kJ/mol ΔH/kJ/mol ΔS/J/mol K ΔΔG/kJ/mol 

1 (octahedral) 45.04 43.08 -0.01 0.00 

5 (octahedral) 128.97 127.67 0.00 73.80 

5 (heptagonal) 0.00 0.00 0.00 -50.60 

TS (M1-M5) 344.93 344.36 0.00 299.88 

The free Gibbs energy differences indicate a reaction coordinate from the octahedral LS 

complex to the heptagonal coordinated HS complex. For the determination of the possible 

pathway, we set the relative energy for the LS complex zero. Because of the relative energy of 

300 kJ/mol, we rule out the direct isomerization pathway from the octahedrally coordinated 

complex to the heptagonal coordinated complex. The energy barrier required to perform a 

geometrical change and a spin configuration change simultaneously for a direct isomerization 

is far too high. As a result, an octahedral coordinated HS complex must be present in order to 

perform the geometrical change to a heptagonal coordinated complex. The octahedral HS 

complex has a destabilization of 9 kJ/mol than the other two isomers. We assume that the 

isomerization from an octahedral complex to a heptagonal coordinated complex occurs in two 

steps. The first step is the change from an LS state to an HS state in same geometry by thermal 

effects and in the second step the pyridine rings rotate towards the metal center to establish 

an additional coordination to iron center. 

7.6.3 Results III: UV/VIS and XMCD correlation 

The magnetism in spin-crossover complexes depends extremely on the occupation in the d 

orbitals of the metal center. As a result, investigations of the electronic ground state in such 

complexes appear necessary in order to better visualize the spin-crossover process. MLCT 

transitions of such complexes appear to be good predictors of spin-crossover 

processes[55, 56, 108, 110, 111]. Several bands are visible in the UV/VIS data, but the MLCT 

transitions at 516 and 560 nm are the most interesting. Wolny et al. assumed that the 560 nm 

absorption band belonged to the heptagonal coordinated HS complex[55, 56].  
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They also considering a change in intensity by increasing the temperature, implying a change 

in spin states.  These bands are very weak, indicating that these MLCT transitions are spin 

forbidden. 

 
Fig. 8: Normalized UV/VIS spectra of [Fe(btpa)]2+ (c ~ 1·10-6 mol/L) solved in 
acetonitrile at 298 K. 

In combination with the XA spectra, we gain better visualization of the properties of the 

complex. A correlation between the various approaches is also possible. The first derivation 

of the XA spectra reveals an energy shift for a set ion trap temperature of 15 K. Comparing the 

derived XA spectra with the UV/VIS spectrum, we observe two different Absorption maxima 

in both spectra (cf. Fig. S21). Knowing that the complex has two different geometrical isomers, 

we assume that one absorption band in the UV/VIS spectrum belongs to one isomer with 

octahedral coordination and one to the complex with heptagonal coordination.  

As previously stated, the XA spectra exhibit different crystal field splittings at 15 K ion trap 

temperature than the other XA spectra with the same ion trap temperature. The Tanabe 

Sugano diagram for a d6 HS metal with a normalization of the experimental crystal field 

splitting and the absorption energies of the UV/VIS spectrum by the Racah parameter B for a 

Fe2+ ion[112] can be used to perform the correlation between the XA spectra and the UV/VIS 

spectrum (cf. Fig. S22).  

 

Mike
Rectangle



7. Opto-magnetic correlation of a mass-selected monometallic spin-crossover iron complex 
 

225 
 

The approximation in the Tanabe Sugano diagram leads to excitation from a 1A1g ground state 

to a 1T1g excited state for each crystal field splitting of the complex by given temperature. The 

approximated UV/VIS absorption energies vary slightly from the experimental ones 

(cf. Tab. 6). 

Tab. 6: Normalized excitation energies, excitation energies from the Tanabe 
Sugano diagram, and normalized excitation energies, excitation energies from the 
experimental UV/VIS spectrum of [Fe(btpa)]2+. 

 E/B(TS) E/cm-1(TS) E/nm(TS) E/B(exp) E/cm-1(exp) E/nm(exp) 

octahedral 17.90 18168 550 17.59 17857 560 

heptagonal 19.60 19894 502 19.09 19380 516 

The approximated absorption energies to corresponding crystal field energies from the 

Tanabe-Sugano diagram fit the experimental UV/VIS spectrum well. This highlights the 

presence of two distinct geometrical isomers in all spectroscopic approaches. We are unable 

to determine whether an octahedral coordinated LS or HS complex is present. Therefore, we 

performed TD-DFT calculations of the complex to obtain the linear absorption spectrum of the 

different isomers. In comparison to the experimental UV/VIS spectrum, both absorption bands 

at 400-700 nm belong to two different HS complexes (cf. Fig. S11). The octahedral coordinated 

HS complex predicts an absorption band at 516 nm, while the heptagonal coordinated 

complex predicts a band at 560 nm and the LS complex does not feature an absorption band 

in this area. Because of the reduced magnetic values and IR(M)PD spectrum vibrational 

modes, the LS complex must be present. Because there are no unpaired electrons in the spin 

configuration, the LS complex exhibits no absorption in this region, resulting in the complex 

MLCT transitions.  
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Fig. 9: UV/VIS spectrum of [Fe(btpa)]2+ (T = 298 K) in comparison with TD-DFT 
calculated UV/VIS spectra of [Fe(btpa)]2+ with different multiplicities and 
geometrical structures. The calculations were performed with Gaussian 09 at the 
unrestricted B3LYP/cc-pVTZ level of theory. 

Because they are spin forbidden, the absorption band in this region is very weak, but this 

transition occurs from a HOMO to a LUMO orbital in both isomers (cf. Fig. S23). The HOMO 

LUMO gap is higher in the octahedrally coordinated complex (-2.4 eV) than in the heptagonal 

coordinated complex (-1.3 eV). The weaker MLCT transitions are primarily responsible for the 

shift to higher energies in the heptagonal coordinated complex. The electron density is more 

localized onto the metal center in the heptagonal coordinated complex than in the 

octahedrally coordinated complex, resulting in higher energy to perform such transitions. The 

orbital energies of the d orbitals in the various isomers show a decrease from an octahedral 

complex to a heptagonal coordinated complex (cf. Fig. S24). The energies of the dyz orbitals 

decrease as the multiplicity changes, resulting in an intense mixing of the orbitals and a better 

overlap of the metal to the ligand. The LS complex reveals a slightly higher gap between the 

eg and t2g orbitals than the corresponding HS complex and the reorganization of the complex 

leads to a higher stabilization in the energies. The energies between the eg and t2g orbitals are 

lower in the heptagonal coordinated complex than in the octahedral complex, indicating that 

the d orbital contraction in the seven folded complex results in a more straightforward spin-

crossover process.  
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With the different spectroscopic approaches, we able to determine the magnetic behavior, 

structural and electronic properties of the complex. We also observe the same shifts in all 

spectroscopic approaches (cf. Fig. S25). The highest shift in the energy occurs in the 

heptagonal coordinated complex. The shift in the XA spectra also causes a shift in the IR(M)PD 

and UV/VIS spectra. The change in geometry causes a change in the electronic ground state, 

resulting in different vibrational modes with a higher possibility of a spin-crossover process. 

Because the magnetic moments did not change from 15 K to 25 K in the ion trap, the spin-

crossover process occurs between 4.5 K and 15 K. Only a change in the geometry can occur at 

higher temperatures.  

 Conclusions 

We present the intrinsic spin and orbital magnetic moments of the spin-crossover with the 

structure [Fe(btpa)]2+. The recorded spectra on the Fe L3,2 absorption edges show decreasing 

dichroic effects by switching from LS to HS. At all temperatures, the experimental spin and 

orbital magnetic moments show a mixture of LS and HS. We could approximate the relation 

between LS and HS at every temperature.  

The approximation of the ion temperature by fitting to a Brillouin function reveals significantly 

warmer ions than the applied ion trap temperature. Also, an approximation of the isomer 

composition points out a mixture at every temperature with decreasing LS amount by 

increasing the ion trap temperature. 

The determination of crystal field splittings suggests two distinct geometries for the complex 

in different spin states. The calculated projected density states spectra for the different 

isomers show good agreement with the experimental XA spectra, indicating that a mixture of 

these different isomers must be present.  

Compared with electron localized field plots, Branching ratio analysis brought a deeper insight 

into the spin-crossover complex. We observe a decreasing trend for the spin-orbit 

expectations. The ELF plots point out an almost similar distortion of the electron density for 

the Fe2+ ion in octahedral coordination and a nearly spherical electron distribution for the 

heptagonal coordinated system. The highest metal d character appears at a temperature of 

15 K, according to differential orbital covalency analysis. Compared to the ELF plots, this only 
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occurs when a heptagonal coordinated complex is present, where the Fe2+ ion acts more like 

a free ion than in the octahedrally coordinated complexes. 

Collision Induced Dissociation breakdown curves reveal characteristic fragmentation channels 

for [Fe(btpa)]2+. The reduction of the complex via ETD reveals different fragmentation patterns 

and completely different additions to the complex. ELF, DORI, and NCI plots show strong non 

covalent interactions, which explain the high stability of the complex. The heptagonal 

coordinated complex also has the highest non-covalent interactions. The addition of different 

metal acetates is only possible to [Fe(btpa)]2+. The first hint is that the complex has an isomer 

in heptagonal coordination because the acetates' transition metals prefer an octahedral 

configuration. The addition of Copper acetate and palladium acetate leads to an exchange of 

the iron center with the corresponding metal. Furthermore, the fragmentation channels are 

nearly identical, differing only by one hydrogen atom. The obtained gas phase stabilities are 

lowered for the complexes with the structure [Fe(btpa)M(OAc)2]2+ as for the bare complex. 

The gas phase stabilities for these complexes that reveal a metal exchange are slightly higher 

than the other metal acetate complexes but lower than the bare complex.  

The IR(M)PD spectrum of [Fe(btpa)]2+ compared to quantum chemical calculations reveals 

that three different isomers are present in the gas phase. The most crucial area between 

1500 cm-1 and 1700 cm-1 gives the best hint for two octahedral LS/HS complexes and one 

heptagonal coordinated HS complex. The spectra also reveal vibrational modes for free 

rotating pyridine ligands as well as different vibrational bands for coordinated pyridine rings 

that only appear in heptagonal coordination. The calculation for the LS complex predicts a 

band at 1673 cm-1, which also appears in the experimental IR(M)PD spectrum. 

The possible pathway from an LS configuration to the heptagonal coordinated HS complex is 

rearranged from the octahedral coordinated LS complex over an octahedral HS complex to 

the heptagonal coordinated HS complex. We can exclude the direct conversation because the 

transition state with a change in the spin configuration and the geometry would lead to an 

energy barrier of 300 kJ/mol. 
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The correlation between XA and UV/VIS spectra reveals the same trending in the absorption 

spectra shift. The obtained crystal field splittings have a direct correlation with the absorption 

energies of the UV/VIS spectrum, and these values are normalized with the Racah parameter 

B. The UV/VIS spectrum reveals two spin forbidden MLCT transitions belonging to two 

different HS isomers in different geometries. These transitions belong to HOMO-LUMO+1 

transitions in every isomer but with varying gaps of energy. The orbital energies of the d-

orbitals reveal an intense mixing for these orbitals in various geometries and spin states. 

The energy shifts for all the different spectroscopic approaches reveal the same trends for the 

complex. The highest shift occurs with the heptagonal coordinated complex in all 

spectroscopic investigations. The shift in the XA spectra is given by the change of the crystal 

field splittings, leading to a higher shift in the vibrational modes due to the structure's change, 

which changes the electronic energies. 

In summary, we have shown that gas phase XMCD, IR(M)PD, and UV/VIS investigations add 

valuable additional insight into the fascinating molecular properties of molecular switches 

called “spin-crossover” complexes. 
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Content 

Fig. S1: Example of a XMCD spectrum and its integral over both L3,2 absorption edges for the 

[Fe(btpa)]2+ (top). Integrated sum of both XA spectra for both photon helicities for the 

[Fe(btpa)]2+ (bottom).  

Fig. S2: Experimental polarized depended XA Spectra (top), sum XA spectra with integral 

(middle) and XMCD spectra with integral (Bottom) for [Fe(btpa)]2+ (T = 4.5 K, 15 K, 25 K). 

Fig. S3: Sum of positive and negative XA spectra (black) of [Fe(btpa)]2+ (T = 4.5 K, 15 K, 25 K). 

The shaded areas represent the two-step functions subtracted after normalization, 

approximating the direct 2p photon ionization and 2p → nd (n > 3) contributions.  

Fig.S4: Spin magnetic moments (blue), orbital magnetic moments (red), total magnetic 

moments (orange), and the spin-orbital ratio (green) per atom of [Fe(btpa]2+ with given 

spectra from the sum rule analysis and error bars of 5 %. 

Fig. S5: Determination of the isomer composition of [Fe(btpa)]2+ with given ion trap 

temperatures onto the experimental ms(z) values. 
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Fig. S6: Determination of the isomer composition of [Fe(btpa)]2+ with given ion trap 

temperatures onto the experimental gained mJ(z) values. 

Fig. S7: Normalized negative polarized XA spectra of [Fe(btpa)]2+ at different temperatures in 

blue with gauss folded (broadening 0.2) simulated XA spectra of a Fe2+ atom in an octahedral 

(10 Dq = 2.60 (T = 4.5 K), 2.80 (T = 15 K), 2.60 (T = 25 K) eV) coordination (black dotted) and 

stick spectra (black) by CTM4XAS and Cowan batch file. 

Fig. S8: First derivation of the negative polarized XA spectra of [Fe(btpa)]2+ (T = 4.5 K (red), 

T = 15 K (blue) and T = 25 K (black). 

Fig. S9: Atom distances in Å of the Fe-N in [Fe(btpa)]2+ for the multiplicities M = 1, M = 5 

(octahedral), and M = 5 (heptagonal). The calculations were performed at the B3LYP/cc-pVTZ 

(H, C, N, O) and Stuttgart ecp effective core potential (Fe) level of theory with six unpaired 

electrons on the Fe center for M= 5 and no unpaired electron for M = 1 corresponding to the 

minimum structures. 

Fig. S10: Approximated metal d character with differential orbital covalency approach for 

[Fe(btpa)]2+ (T = 4.5 K (blue), T = 15 K (orange), T = 25 K (red), with a derivation of 100 % metal 

d character slope of known values from a Fe film and Fe(tacn)2. 

Fig. S11: Mass spectra of a [Fe(btpa)]2+ in acetonitrile solution using the Paul type ion trap 

mass spectrometer. 

Fig. S12: CID breakdown curves of [Fe(btpa)M(OAc)2]2+ (M = Mn, Cu, Zn, Pd) and their 

corresponding appearance curves of the associated fragments. 

Fig. S13: Electron localized field (ELF), differential overlap region interaction (DORI) and Non 

covalent interactions (NCI) in [Fe(btpa)]2+ for the multiplicities M = 1 and M = 5 in octahedral 

coordination and also M = 5 in heptagonal coordination. The calculations were performed at 

the B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart ecp effective core potential (Fe) level of theory 

with six unpaired electrons on the Fe center for M= 5 and no unpaired electron for M = 1 

corresponding to the minimum structures. 
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Fig. S14: IR(M)PD spectra (black) in comparison with quantum chemistry calculation (blue) of 

[Fe(btpa)]2+ in octahedral low spin coordination. The calculations were performed with 

Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart ecp effective core potential (Fe) 

level of theory. The calculated spectrum is scaled with a factor of 0.977. 

Fig. S15: IR(M)PD spectra (black) in comparison with quantum chemistry calculation (red) of 

[Fe(btpa)]2+ in octahedral high spin coordination. The calculations were performed with 

Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart ecp effective core potential (Fe) 

level of theory. The calculated spectrum is scaled with a factor of 0.977. 

Fig. S16: IR(M)PD spectra (black) in comparison with quantum chemistry calculation (orange) 

of [Fe(btpa)]2+ in heptagonal high spin coordination. The calculations were performed with 

Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart ecp effective core potential (Fe) 

level of theory. The calculated spectrum is scaled with a factor of 0.977. 

Fig. S17: Blueshift of the free pyridine in the complex with the structure [Fe(btpa)]2+ (red) in 

comparison with quantum chemistry calculation (black). The calculations were performed 

with Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart ecp effective core potential 

(Fe) level of theory. 

Fig. S18: IR(M)PD spectra (black) in comparison with quantum chemistry calculation of 

[Fe(btpa)]2+ in different geometries and spin states. The calculations were performed with 

Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart ecp effective core potential (Fe) 

level of theory. The calculated spectrum is scaled with a factor of 0.977. 

Fig. S19: Calculated relative Gibbs energies of [Fe(btpa)]2+ in different spin and structural 

geometries. The calculations were performed with Gaussian 09 at the B3LYP/cc-pVTZ 

(H, C, N, O) and Stuttgart ecp effective core potential (Fe) level of theory. 

Fig. S20: Normalized, derivated negative polarized XA spectra of [Fe(btpa)]2+ at different 

temperatures (4.5 K, 15 K, 25 K, top) in comparison with the UV/ Vis spectra at 298 K (bottom).  
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Tab. S1: Calculated energies relative to their minimum structures of [Fe(btpa)]2+. The 

calculations were performed with Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart 

ecp effective core potential (Fe) level of theory. 

Fig. S21: Tanabe Sugano diagram of a d6 electronic configuration compared with the 

experimental values for ΔO and the absorption energies of [Fe(btpa)]2+ at different 

temperatures. 

Fig. S22: Calculated HOMO-LUMO transitions of [Fe(btpa)]2+ in different geometries with the 

five unpaired electrons. The calculations were performed with Gaussian 09 at the unrestricted 

B3LYP/cc-pVTZ level of theory. 

Fig. S23: Orbital energies and occupation of the metal center in different multiplicities and 

geometrical structures of [Fe(btpa)]2+. The calculations were performed with Gaussian 09 at 

the unrestricted B3LYP/cc-pVTZ level of theory. 

Fig. S24: Energetic shifts in different spectroscopic approaches compared to each other for 

[Fe(btpa)]2+. 

Tab. S2: atom coordinates for [Fe(btpa)]2+ (M = 1). The calculation was performed at the 

B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart ecp effective core potential (Fe) level of theory with 

a high spin state for the Fe center. 

Tab. S3: atom coordinates for [Fe(btpa)]2+ (M = 5). The calculation was performed at the 

B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart ecp effective core potential (Fe) level of theory with 

a high spin state for the Fe center. 

Tab. S4: atom coordinates for [Fe(btpa)]2+ (M = 5 (seven coordinated)). The calculation was 

performed at the B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart ecp effective core potential (Fe) 

level of theory with a high spin state for the Fe center. 

Tab. S5: Calculated anisotropy barrier of [Fe(btpa)]2+ (M = 1, 5, 5 (seven coordinated)) in quasi 

seven coordinated surrounding. The calculations were performed at the B3LYP/cc-pVTZ 

(H, C, N, O, Fe) with relativistic Douglas, Kroll, Hess 4th order. 
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Fig. S25: Energy shifts of the free and coordinated pyridine in the complex with the structure 

[Fe(btpa)]2+ (red) in comparison with quantum chemistry calculation (black). The calculations 

were performed with Gaussian 09 at the B3LYP/ cc-pVTZ (H, C, N, O) and Stuttgart ecp 

effective core potential (Fe) level of theory. 

Fig. S26: Calculated orbital energies and spin occupation of the orbitals of [Fe(btpa)]2+ with 

M = 1, 5 in octahedral coordination and M = 5 in quasi seven coordination. The calculations 

were performed at the B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart ecp effective core potential 

(Fe) level of theory with a high spin state for the Fe center. 

Fig. S27: Calculated Spin densities of [Fe(btpa)]2+ for the multiplicities M = 1, M = 5 

(octahedral), and M = 5 (heptagonal). The calculations were performed at the B3LYP-

Gaussian/cc-pVTZ (H, C, N, O) and Stuttgart ecp effective core potential (Fe) level of theory 

with six unpaired electrons on the Fe center for M= 5 (octahedral), M = 5 (heptagonal) and no 

unpaired electron for M = 1 corresponding to the minimum structures. 

Fig. S28: Calculated susceptibility of [Fe(btpa)]2+ with obtained magnetic moments from the 

XA spectra and their corresponding ion trap temperature, which was set. 

Fig. S29: Calculated susceptibility of [Fe(btpa)]2+ with obtained magnetic moments from the 

XA spectra and their approximated ion temperature, derivated by fitting the Brillouin function. 

  



 7. Opto-magnetic correlation of a mass-selected monometallic spin-crossover iron complex 
 

 

 
240 

 

 
Fig. S1: Example of a XMCD spectrum and its integral over both L3,2 absorption 
edges for the [Fe(btpa)]2+ (top). Integrated sum of both XA spectra for both photon 
helicities for the [Fe(btpa)]2+ (bottom).  
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Fig. S2: Experimental polarized depended XA Spectra (top), sum XA spectra with 
integral (middle) and XMCD spectra with integral (Bottom) for [Fe(btpa)]2+ 
(T = 4.5 K, 15 K, 25 K). 
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Fig. S3: Sum of positive and negative XA spectra (black) of [Fe(btpa)]2+ 
(T = 4.5 K, 15 K, 25 K). The shaded areas represent the two-step functions 
subtracted after normalization, approximating the direct 2p photon ionization and 
2p → nd (n > 3) contributions.  

 
Fig.S4: Spin magnetic moments (blue), orbital magnetic moments (red), total 
magnetic moments (orange) and the spin-orbital ratio (green) per atom of 
[Fe(btpa]2+ with given spectra from the sum rule analysis and uncertainties of 5 %. 

Mike
Rectangle
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Fig. S5: Determination of the isomer composition of [Fe(btpa)]2+ with given ion 
trap temperatures onto the experimental gained ms(z) values. 

 
Fig. S6: Determination of the isomer composition of [Fe(btpa)]2+ with given ion 
trap temperatures onto the experimental mJ(z) values. 
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Fig. S7: Normalized negative polarized XA spectra of [Fe(btpa)]2+ at different 
temperatures in blue with gauss folded (broadening 0.2) simulated XA spectra of 
a Fe2+ atom in a octahedral (10 Dq = 2.60 (T= 4.5 K), 2.80 (T = 15 K), 2.60 (T = 25 K) 
eV) coordination (black dotted) and stick spectra (black) by CTM4XAS and Cowan 
batch file. 
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Fig. S8: First derivation of the negative polarized XA spectra of [Fe(btpa)]2+ 
(T = 4.5 K (red), T = 15 K (blue) and T = 25 K (black). 

 

 
Fig. S9: Atom distances in Å of the Fe-N in [Fe(btpa)]2+ for the multiplicities M = 1, 
M = 5 (octahedral) and M = 5 (heptagonal). The calculations were performed at 
the B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart ecp effective core potential (Fe) level 
of theory with six unpaired electrons on the Fe center for M= 5 and no unpaired 
electron for M=1 corresponding to the minimum structures. 
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Fig. S10: Approximated metal d character with differential orbital covalency 
approach for [Fe(btpa)]2+ (T = 4.5 K (blue), T = 15 K (orange), T = 25 K (red), with a 
derivation of 100 % metal d character slope of known values from a Fe film and 
Fe(tacn)2. 

 
Fig. S11: Mass spectra of a [Fe(btpa)]2+ in acetonitrile solution using the Paul type 
ion trap mass spectrometer. 
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Fig. S12: CID breakdown curves of [Fe(btpa)M(OAc)2]2+ (M = Mn, Cu, Zn, Pd) and 
their corresponding appearance curves of the associated fragments. 
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Fig. S13: Electron localized field (ELF), differential overlap region interaction 
(DORI) and Non covalent interactions (NCI) in [Fe(btpa)]2+ for the multiplicities 
M=1 and M=5 in octahedral coordination and also M = 5 in heptagonal 
coordination. The calculations were performed at the B3LYP/cc-pVTZ (H, C, N, O) 
and Stuttgart ecp effective core potential (Fe) level of theory with six unpaired 
electrons on the Fe center for M = 5 and no unpaired electron for M=1 
corresponding to the minimum structures. 
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Fig. S14: IR(M)PD spectra (black) in comparison with quantum chemistry 
calculation (blue) of [Fe(btpa)]2+ in octahedral low spin coordination. The 
calculations were performed with Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, O) 
and Stuttgart ecp effective core potential (Fe) level of theory. The calculated 
spectrum is scaled with a factor of 0.977. 

 
Fig. S15: IR(M)PD spectra (black) in comparison with quantum chemistry 
calculation (red) of [Fe(btpa)]2+ in octahedral high spin coordination. The 
calculations were performed with Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, O) 
and Stuttgart ecp effective core potential (Fe) level of theory. The calculated 
spectrum is scaled with a factor of 0.977. 
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Fig. S16: IR(M)PD spectra (black) in comparison with quantum chemistry 
calculation (orange) of [Fe(btpa)]2+ in heptagonal high spin coordination. The 
calculations were performed with Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, O) 
and Stuttgart ecp effective core potential (Fe) level of theory. The calculated 
spectrum is scaled with a factor of 0.977. 

 
Fig. S17: Blue shift of the free pyridine in the complex with the structure 
[Fe(btpa)]2+ (red) in comparison with quantum chemistry calculation (black). The 
calculations were performed with Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, O) 
and Stuttgart ecp effective core potential (Fe) level of theory. 
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Fig. S18: IR(M)PD spectra (black) in comparison with quantum chemistry 
calculation of [Fe(btpa)]2+ in different geometries and spin states. The calculations 
were performed with Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart 
ecp effective core potential (Fe) level of theory. The calculated spectrum is scaled 
with a factor of 0.977. 
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Fig. S19: Calculated relative Gibbs energies of [Fe(btpa)]2+ in different spin and 
structural geometries. The calculations were performed with Gaussian 09 at the 
B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart ecp effective core potential (Fe) level of 
theory. 

Tab. S1: Calculated energies relative to their minimum structures of [Fe(btpa)]2+. 
The calculations were performed with Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, 
O) and Stuttgart ecp effective core potential (Fe) level of theory. 

 SCF/Hartree ΔSCF/Hartree ΔE/kJ/mol 

M = 1 (oct) -1955.698 0.000 0 

M = 5 (oct) -1955.695 0.003 9 

M = 1 (hept) -1955.191 0.048 126 

M = 5 (hept) -1955.239 0.000 0 
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Fig. S20: Normalized, derivated negative polarized XA spectra of [Fe(btpa)]2+ at 
different temperatures (4.5 K, 15 K, 25 K, top) in comparison with the UV/ Vis 
spectra at 298 K (bottom).  
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Fig. S21: Tanabe Sugano diagram of a d6 electronic configuration compared with 
the experimental values for ΔO and the absorption energies of [Fe(btpa)]2+ at 
different temperatures. 
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Fig. S22: Calculated HOMO-LUMO transitions of [Fe(btpa)]2+ in different 
geometries with the five unpaired electrons. The calculations were performed 
with Gaussian 09 at the unrestricted B3LYP/cc-pVTZ level of theory. 
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Fig. S23: Orbital energies and occupation of the metal center in different 
multiplicities and geometrical structures of [Fe(btpa)]2+. The calculations were 
performed with Gaussian 09 at the unrestricted B3LYP/cc-pVTZ level of theory. 

 
Fig. S24: Energetic shifts in different spectroscopic approaches compared to each 
other for [Fe(btpa)]2+. 
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Tab. S2: Atom coordinates for [Fe(btpa)]2+ (M = 1). The calculation was performed 
at the B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart ecp effective core potential (Fe) 
level of theory with a high spin state for the Fe center. 

atom x y z 
C 0.06206 -3.59489 -1.51628 
C 0.32693 -3.46792 -2.83228 
C 0.21764 -1.06245 -2.69196 
N -0.30425 -1.15046 -1.34646 
C -0.04463 -2.42818 -0.68008 
H -0.00588 -4.57318 -1.06609 
C 0.04448 -2.42826 0.67988 
N 0.30411 -1.15062 1.34641 
C -0.06223 -3.59505 1.51596 
C -0.32717 -3.46821 2.83196 
C -0.50612 -2.15277 3.40454 
C -0.21787 -1.06273 2.69189 
H 0.00577 -4.5733 1.06568 
H -0.45038 -4.34115 3.4558 
H -0.87041 -2.04712 4.4161 
H -0.2892 -0.05935 3.07663 
C -1.79089 -0.84392 -1.3497 
N -2.03293 0.17426 -0.30383 
H -2.06075 -0.46407 -2.32911 
H -2.35576 -1.74901 -1.16926 
C -2.88152 -0.33066 0.80666 
C -4.35331 -0.50382 0.4823 
H -2.7642 0.34041 1.65454 
H -2.46114 -1.286 1.11695 
C -5.30866 -0.39852 1.48701 
C -6.63987 -0.63523 1.167 
C -6.96652 -0.95793 -0.14277 
C -5.94478 -1.0254 -1.08162 
N -4.66222 -0.80554 -0.7813 
H -5.0212 -0.14266 2.49817 
H -7.4069 -0.56453 1.92564 
H -7.98875 -1.14793 -0.43586 
H -6.16023 -1.26445 -2.11549 
C -2.55565 1.44125 -0.86895 
C -1.49422 2.16037 -1.65159 
H -3.43769 1.26074 -1.48281 
H -2.87603 2.07131 -0.03875 
C -1.81765 3.14581 -2.57479 
C -0.80214 3.81786 -3.23727 
C 0.51586 3.47235 -2.96199 
C 0.75944 2.47033 -2.04205 
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N -0.21801 1.81829 -1.39127 
H -2.85544 3.37891 -2.76713 
H -1.03237 4.59099 -3.95662 
H 1.34168 3.96442 -3.45405 
H 1.76755 2.16498 -1.81426 
C 1.79074 -0.84411 1.34979 
N 2.03288 0.174 0.30388 
H 2.06047 -0.46417 2.3292 
H 2.35566 -1.74921 1.16951 
C 4.3532 -0.50411 -0.48239 
C 2.55577 1.44093 0.86899 
C 5.30851 -0.39846 -1.4871 
C 6.63976 -0.63506 -1.16716 
C 6.96647 -0.95799 0.14254 
C 5.94476 -1.02581 1.08139 
N 4.66216 -0.80607 0.78114 
H 5.02099 -0.14245 -2.4982 
H 7.40677 -0.56409 -1.9258 
H 7.98874 -1.14789 0.43557 
H 6.16026 -1.26507 2.1152 
C 0.50584 -2.15241 -3.40474 
H 0.45013 -4.34079 -3.45621 
H 0.28897 -0.05903 -3.07661 
H 0.87006 -2.04666 -4.41631 
C 2.88137 -0.33105 -0.80664 
H 2.461 -1.28645 -1.11674 
H 2.76394 0.3399 -1.6546 
C 1.49445 2.16007 1.65175 
H 3.43785 1.26033 1.48276 
H 2.87611 2.07098 0.03877 
C 1.818 3.14532 2.57511 
C 0.80258 3.81736 3.23775 
C -0.51546 3.47205 2.96243 
C -0.75917 2.47021 2.04231 
N 0.21819 1.81817 1.3914 
H 2.85583 3.37827 2.76748 
H 1.03291 4.59032 3.95723 
H -1.34122 3.96412 3.45458 
H -1.76732 2.16505 1.81445 
Fe 0.00002 0.38383 0.00002 
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Tab. S3: Atom coordinates for [Fe(btpa)]2+ (M = 5). The calculation was performed 
at the B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart ecp effective core potential (Fe) 
level of theory with a high spin state for the Fe center. 

Atom x y z 
C -0.88758 -2.10783 2.84874 
C -1.29015 -1.28903 3.9226 
C -0.24338 0.5802 2.8271 
N 0.257 -0.23109 1.75635 
C -0.1574 -1.63012 1.80298 
H -1.18157 -3.14776 2.81889 
C 0.21034 -2.41845 0.62282 
N -0.356 -1.9546 -0.61403 
C 1.09624 -3.45878 0.63445 
C 1.50522 -4.09821 -0.549 
C 1.01366 -3.5935 -1.77122 
C 0.12197 -2.56966 -1.79746 
H 1.51166 -3.75851 1.5869 
H 2.18648 -4.93316 -0.52131 
H 1.33759 -4.01767 -2.71096 
H -0.2883 -2.17186 -2.71285 
C 1.7672 -0.06286 1.58936 
N 2.04819 0.44404 0.23763 
H 2.11379 0.62657 2.35087 
H 2.23856 -1.0207 1.76053 
C 2.87429 -0.48194 -0.57553 
C 4.31671 -0.64076 -0.12982 
H 2.84263 -0.14194 -1.60844 
H 2.38241 -1.45151 -0.5616 
C 5.25617 -1.17419 -1.00661 
C 6.55545 -1.36128 -0.55571 
C 6.87009 -1.00454 0.74948 
C 5.86776 -0.47248 1.54843 
N 4.61268 -0.2932 1.12361 
H 4.97827 -1.43958 -2.01808 
H 7.30944 -1.77384 -1.21164 
H 7.86921 -1.13055 1.14034 
H 6.07418 -0.17618 2.56918 
C 2.59283 1.82216 0.24142 
C 1.54808 2.86905 0.54203 
H 3.42918 1.90021 0.93523 
H 2.9984 2.01859 -0.75238 
C 1.91173 4.13895 0.97409 
C 0.92669 5.09622 1.16769 
C -0.40034 4.75802 0.92377 
C -0.68353 3.47125 0.50523 
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N 0.26621 2.54161 0.3244 
H 2.95255 4.37028 1.15289 
H 1.18823 6.09006 1.50305 
H -1.19748 5.47423 1.05737 
H -1.69911 3.15892 0.30447 
C -1.81195 -1.65602 -0.60206 
N -2.06712 -0.19432 -0.43326 
H -2.24391 -2.00531 -1.53276 
H -2.28806 -2.2024 0.20165 
C -4.41686 -0.2456 0.54917 
C -2.57737 0.43837 -1.677 
C -5.39482 0.44524 1.25657 
C -6.71797 0.04215 1.12834 
C -7.01444 -1.02706 0.29415 
C -5.97149 -1.64675 -0.38221 
N -4.69589 -1.26938 -0.26021 
H -5.13083 1.27683 1.89634 
H -7.50234 0.5564 1.66613 
H -8.02967 -1.37227 0.16345 
H -6.16284 -2.47825 -1.04885 
C -0.97215 0.07632 3.85795 
H -1.84306 -1.69754 4.75348 
H 0.04397 1.6161 2.76652 
H -1.29309 0.75442 4.63606 
C -2.95363 0.11579 0.72063 
H -2.55051 -0.40756 1.58387 
H -2.85514 1.18029 0.93158 
C -1.47436 0.67702 -2.66283 
H -3.38833 -0.14526 -2.10879 
H -2.9963 1.40837 -1.40061 
C -1.70098 0.76001 -4.02804 
C -0.65056 1.09523 -4.87199 
C 0.59961 1.34294 -4.3195 
C 0.75375 1.22398 -2.95048 
N -0.25344 0.88493 -2.13248 
H -2.6906 0.57253 -4.41969 
H -0.80626 1.16733 -5.93919 
H 1.44245 1.62094 -4.93464 
H 1.70533 1.40785 -2.4791 
Fe -0.07506 0.48819 -0.18451 
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Tab. S4: Atom coordinates for [Fe(btpa)]2+ (M = 5 (seven coordinated)). The 
calculation was performed at the B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart ecp 
effective core potential (Fe) level of theory with a high spin state for the Fe center. 

Atom x y z 
C 3.79368 2.14984 0.48796 
C 4.31448 2.29043 0.74339 
C -2.33748 -1.24416 1.7797 
N -1.6364 -1.42262 0.53332 
C -2.47799 -1.45536 -0.60509 
H -4.36881 -2.45295 -1.35507 
C -1.93241 -0.81299 -1.86519 
N -0.80112 0.13531 -1.78192 
C -2.29129 -1.48044 -3.13355 
C -1.42528 -1.47318 -4.13614 
C -0.14025 -0.78913 -3.97483 
C 0.13445 -0.06274 -2.8738 
H -3.19675 -2.06905 -3.22766 
H -1.64003 -2.02561 -5.04635 
H 0.60048 -0.87197 -4.76429 
H 1.08824 0.42525 -2.85364 
C -0.98691 -2.7098 0.53137 
N 0.37495 -2.32722 0.32692 
H -1.2078 -3.32644 1.43475 
H -1.30839 -3.41577 -0.28378 
C 1.05029 -2.88457 -0.85728 
C 2.28354 -2.17696 -0.80091 
H 0.49467 -2.61904 -1.77847 
H 1.17204 -3.98878 -0.77331 
C 3.50804 -2.859 -0.91339 
C 4.66355 -2.27182 -0.42775 
C 4.56597 -1.07385 0.25498 
C 3.3222 -0.44943 0.38421 
N 2.16911 -0.93637 -0.25534 
H 3.55104 -3.86501 -1.31179 
H 5.61587 -2.78133 -0.50132 
H 5.4455 -0.63073 0.70544 
H 3.30671 0.46691 0.94826 
C 1.09327 -2.54863 1.64582 
C 1.23713 -1.26494 2.43187 
H 0.61579 -3.31381 2.29749 
H 2.10671 -2.98449 1.52201 
C 1.75098 -1.31637 3.6755 
C 2.02335 -0.06218 4.44438 
C 1.95521 1.20466 3.65733 
C 1.4505 1.20652 2.41979 
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N 0.95534 -0.003 1.80784 
H 1.99136 -2.2717 4.13192 
H 2.49901 -0.08777 5.44598 
H 2.31538 2.13004 4.09567 
H 1.42638 2.1425 1.89074 
C -0.97055 1.63956 -1.54892 
N -0.40681 2.01753 -0.08629 
H -0.40993 2.19299 -2.34168 
H -1.99113 2.02451 -1.75049 
C -2.31203 1.9792 1.03138 
C 0.24086 3.30676 -0.25205 
C -3.31145 2.85483 1.46798 
C -4.57639 2.70574 0.97114 
C -4.78678 1.71778 0.03228 
C -3.72912 0.8612 -0.34071 
N -2.42608 0.95444 0.21953 
H -3.08384 3.66374 2.15466 
H -5.36375 3.38793 1.26421 
H -5.75571 1.63361 -0.44099 
H -4.00147 0.21605 -1.1477 
C -3.59449 -1.72351 1.91994 
H -5.29758 -2.73308 0.87008 
H -1.82085 -0.82732 2.63725 
H -4.09063 -1.67866 2.88371 
C -1.0606 2.13733 1.27912 
H -0.88817 1.26615 1.92 
H -0.8372 3.00922 1.93624 
C 1.48742 2.94006 -0.68854 
H -0.32672 3.96411 -0.95254 
H 0.43346 3.9176 0.66176 
C 2.35303 3.9147 -1.035 
C 3.72175 3.59724 -1.46708 
C 3.89011 2.1782 -1.83828 
C 2.9958 1.24377 -1.46491 
N 1.77028 1.53116 -0.67761 
H 2.05101 4.96088 -0.99028 
H 4.35823 4.39222 -1.90985 
H 4.73599 1.90089 -2.45824 
H 3.19156 0.26742 -1.88909 
Fe 0.01834 -0.07662 -0.05314 
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Tab. S5: Calculated anisotropy barrier of [Fe(btpa)]2+ (M = 1, 5, 5 (seven 
coordinated)) in quasi seven coordinated surrounding. The calculations were 
performed at the B3LYP/cc-pVTZ (H, C, N, O, Fe) with relativistic Douglas, Kroll, 
Hess 4th order. 

multiplicity anisotropy 
barrier/kJ/mol 

1 45.01 
5 46.66 

5 (seven coordinated) 36.71 
 

 
Fig. S25: Energy shifts of the free and coordinated pyridine in the complex with 
the structure [Fe(btpa)]2+ (red) in comparison with quantum chemistry calculation 
(black). The calculations were performed with Gaussian 09 at the B3LYP/cc-pVTZ 
(H, C, N, O) and Stuttgart ecp effective core potential (Fe) of theory. 
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Fig. S26: Calculated orbital energies and spin occupation of the orbitals of 
[Fe(btpa)]2+ with M = 1, 5 in octahedral coordination and M = 5 in quasi seven 
coordination. The calculations were performed at the B3LYP/cc-pVTZ (H, C, N, O) 
and Stuttgart ecp effective core potential (Fe) level of theory with a high spin state 
for the Fe center. 

 
Fig. S27: Calculated Spin densities of [Fe(btpa)]2+ for the multiplicities M = 1, M = 5 
(octahedral), and M = 5 (heptagonal). The calculations were performed at the 
B3LYP-Gaussian/cc-pVTZ (H, C, N, O) and Stuttgart ecp effective core potential (Fe) 
level of theory with six unpaired electrons on the Fe center for M= 5 (octahedral), 
M = 5 (heptagonal) and no unpaired electron for M=1 corresponding to the 
minimum structures. 
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Fig. S28: Calculated susceptibility of [Fe(btpa)]2+ with obtained magnetic moments 
from the XA spectra and their corresponding ion trap temperature, which was set. 
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Fig. S29: Calculated susceptibility of [Fe(btpa)]2+ with obtained magnetic moments 
from the XA spectra and their approximated ion temperature, derivated by fitting 
the Brillouin function. 
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 Abstract 

Single Molecule Magnets (SMM) reveal magnetic properties, which do not emerge from 

macroscopic bulk ordering but from individual properties of the molecule itself. Much effort 

has been spent combining a high spin ground state with a large anisotropy barrier in this kind 

of complexes. We investigate a trimetallic complex with the general structure 

[Mn3(Hcht)2(bipy)4]3+ (H3cht = cis, cis 1,3,5-cyclohexantriol, bipy = bipyrimidyl) by X-ray 

Magnetic Circular Dichroism (XMCD) in gas phase. The combination of temperature 

dependent XMCD spectroscopy and sum rule analysis allows the determination of magnetic 

moments of transition metal complexes. These results reveal a decline of the magnetic 

moments by raise of temperature. The presented results help gain a fundamental insight into 

the molecular structure of single molecule magnets void of any external effects such as crystal 

packing or solvation. 

 Introduction 

Transition Metal (TM) complexes with paramagnetic transition metal ions have grown to a 

fascinating field of research because of their access to a wide variety in medical[1-5], technical[6-

9], and industrial[10-12] applications. The high potential of paramagnetic transition metal 

complexes leads to a broad research field to design and model complexes with enhanced 

properties in the last decades. Therefore, complexes with magnetic properties like spin-

crossover[13-17] or single molecule magnets[18-21] (SMM) seem promising candidates for data 

storage[22] or quantum computing[23-26]. Single molecule magnets exhibit remarkable magnetic 

properties by combining a high spin ground state with a large anisotropy barrier, resulting in 

slow relaxation of the spins after magnetization and a long living magnetism from the 

molecule itself[27-31].  

The first archetypical SMM [Mn12O12(CH3COO)16(H2O)4] was synthesized by Lis[20] and 

investigated by many groups[27-35]. The complex stipulates high magnetization[30] in cold 

conditions with a reduced anisotropic barrier[29]. Besides complexes containing transition 

metal ions, the research of single molecule magnets has been expanded by including 

Lanthanides[18, 36-44]. The high availability of earlier transition metal ions leads to a higher 

interest in designing SMM complexes containing early transition metals than rare earth 
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metals. The complex with the structure [MnIII2(5- Brsalen)2(MeOH)2MIII(CN)6]NEt4 (M = Os, Ru; 

5-Brsalen = N, N’-ethylene bis(5-bromosalicylidene)iminate)[18] reveals a ferromagnetic 

exchange coupling with an extended living magnetization in one specific direction. In all other 

directions, the transition metal ions point out an antiferromagnetic exchange coupling. 

Changing the oxidation state in the Manganese SMM complex with the structure 

[MnII(tmphen)2]3[MnIII(CN)6]2 (tmphen = 3, 4, 7, 8-tetramethyl-1, 10-phenanthroline)[21] points 

out that a change in the crystal field splitting leads to an antiferromagnetic exchange coupling 

resulting in a barrier, which inhibits the relaxation of the magnetization. 

All these complexes provide Mn2+, Mn3+ atoms, or a combination of both oxidation states, and 

they are almost similar to the presented complex in this work. These complexes show single 

molecular magnetic behavior with a ferromagnetic or antiferromagnetic exchange coupling 

for the high spin Mn atoms. 

The investigated complex with the general structure [Mn3(Hcht)2(bipy)4]3+ (H3cht = cis, cis 

1, 3, 5-cyclohexantriol, bipy = bipyrimidyl) synthesized by Brechin[45], achieves three linear 

arranged Manganese atoms with one Mn3+ ion in the center and two Mn2+ as neighbors 

(cf. Fig. 1) by deprotonated Hcht ligands, which provides a µ-oxo bridge between the metal 

ions. Two bipyrimidyl ligands coordinate to the Mn2+ ions to establish an octahedral 

coordination. The Hcht ligands lead to octahedral coordination in the Mn3+ ion. Long bonding 

distances of the Mn ions of more than 3 Å do not feature a direct metal-metal interaction. 

Previously X-ray diffraction and high-pressure superconducting quantum interference device 

(SQUID) measurements of the complex were performed. The high-pressure X-ray diffraction 

experiments revealed a contracted Mn-Mn core as a result of the shortened Mn3+-O bondings 

with lower pressure. Pressure and temperature dependent Squid measurements showed 

almost similar magnetic behavior for different set pressure but a decreasing susceptibility with 

higher temperature[45]. 

All previous experiments were performed in solid state or thin films. Therefore, the exclusion 

of external effects as crystal packing effects or solvation effects is not possible. Investigation 

in gas phase seems necessary to determine the magnetic properties from the molecule itself 

void of external effects. 
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Fig. 1: Calculated geometry of [Mn3(Hcht)2(bipy)4]3+. The calculations were 
performed with Gaussian 09 at the unrestricted B3LYP/cc-pVTZ and Stuttgart ecp 
effective core potential (Mn) level of theory. Hydrogen atoms are omitted for 
clarity except for the two hydroxyl groups (C: grey, O: red, N: blue, Mn: violet). 

Electrospray ionization[46, 47] (ESI) enables mass spectrometric investigations of ionic 

complexes in gas phase and their activation by photons or collisions. Tandem-MS-based 

methods like X-ray magnetic circular dichroism (XMCD) and Collision Induced Dissociation 

(CID) have helped elucidate the molecular structure and their corresponding electronics void 

from external effects. The CID experiments were performed at room temperature and helped 

determine the molecular structure by observing the investigated complex's characteristic 

fragments. In combination with X-ray photons, a determination of the electronic structure and 

their resulting magnetic properties is possible. For the element selective XMCD experiments, 

cold conditions and an applied magnetic field (5 T) are necessary to orient the unpaired spins 

in molecules with magnetic properties[48-51]. This spectroscopic approach allows the 

investigation of magnetic properties of surfaces[52, 53], thin films[54], deposited nanoparticles[55], 

or clusters[56]. Applying sum rule analysis[49-51, 57, 58] allows determining the spin, orbital, and 

total magnetic moment of the investigated complex. 

We combine experimental XMCD investigations of isolated [Mn3(Hcht)2(bipy)4]3+ 

(H3cht = cis, cis 1, 3, 5-cyclohexantriol, bipy = bipyrimidyl)[45] with quantum chemical 

calculations by Density Functional Theory (DFT), Broken symmetry, Time Dependent Density 

Functional Theory (TD-DFT), XA simulations and determine the fragmentation pathways of the 

complex with collision-induced dissociation (CID). 
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 Experimental Setup and Methods 

Collision Induced Dissociation 

For ESI mass spectrometric and Collision Induced Dissociation (CID) measurements, we used 

a quadrupole mass spectrometer (amazon ETD, bruker daltonics) with a three-dimensional 

Paul trap. A sample solution of [Mn3(Hcht)2(bipy)4](ClO4)3[45] (c ~ 1·10-6 mol/L ) in acetonitrile 

was constantly infused into the spray chamber by a syringe pump with a flow rate of 180 µL/h. 

Losing three perchlorates formed the investigated cationic species as counter ions during the 

ESI process Nitrogen was used as a drying gas with a flow rate of 9 L/min at 200 °C. The 

nebulizer pressure was set to 280 mbar (4 psi) for spraying the sample solution, and the spray 

needle was kept at 4.5 kV. The Paul trap comprises a ring electrode and two end caps forming 

a nearly hyperbolic inner profile. Those end caps possess pinholes that allow them to enter or 

exit the ions in the trap. The ring electrode is powered with a high voltage RF (radio frequency) 

potential (781 kHz) while the end caps are grounded. Ions are accumulated in this resulting 

oscillating quadrupolar electric field generated from the three electrodes. An auxiliary dipolar 

voltage is fed to either the exit cap or both end caps for ion isolation and fragmentation. A 

proportional integral derivative (PID) gas controller set a constant partial Helium buffer gas 

pressure to 10-3 mbar inside the trap by a proportional integral derivative (PID) gas controller. 

CID breakdown curves were recorded by stepwise variation of the excitation amplitudes 

(Ampexp) from 0.0 V–2.0 V while monitoring the extend of fragmentation and relative 

abundances of fragments for the isolated complex of interest. The excitation amplitudes 

determine the internal scale of the mass spectrometer Elab in V. Relative abundances were 

calculated according to 

Itotfr (Elab) = �
∑ Iifr(Elab)i

∑ Iifr(Elab)i + ∑ Ii
p(Elab)i

� (1) 

where Iifr= intensity of the fragment ion and Ii
p= intensity of the parent ions. Center of mass 

transferred fragmentation energies (Ecom) were calculated from internal energies by:  
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Ecom = �
mHe

mHe + mion
� ∙ Elab (2) 

where mion stands for the isotopically averaged mass of the molecular ion. Note that the 

current application of the CID technique by RF excitation in the presence of multiple collisions 

results in a so called “slow multi-collision heating” mode of operation[59]. 

Fragmentation amplitude dependent CID spectra were modeled and fitted by sigmoidal 

functions of the type 

Ifitfr (Ecom) = �
1

1 + e(Ecom50 −Ecom) B
� (3) 

Using a least-squares criterion. The Ecom50  fit parameter is the amplitude at which the sigmoid 

function is at half maximum value, whereas B describes the rise of the sigmoid curve. Because 

of the correlation between fragmentation amplitude and appearance energy, it is feasible to 

assume that the appearance curves can be associated with the relative stability of the isolated 

complexes[60-62].  

For the experiments, via Electron Transfer Dissociation (ETD), we admitted methane in the 

ETD cell as a mediator to create low energy electrons. Inside the ETD cell, methane is oxidized 

to a methane radical cation (CH4•+ + 2e-) via electron impact ionization. The collision of the 

methane radical cation with the Flouranthene (C16H10) leads to an electron capture of the low-

energy electrons by the Flouranthene. Afterward, the Flouranthene radical anion (C16H10-) is 

guided into the Paul trap, and collisions with the complex of interest lead to an anion-cation 

electron transfer reaction resulting in a reduction of the complex. 

X-ray magnetic circular dichroism 

For the presented polarization dependent gas-phase X-ray Absorption (XA) spectra, we used 

the “Ion Trap” coupled to the UE52-PGM beamline at BESSY II synchrotron facility of the 

Helmholtz Zentrum Berlin[51, 56, 57, 63-66]. The Ion Trap is a home built time of flight combined 

ion trap mass spectrometer to record Total Ion Yield (TIY) gas-phase XA spectra[51, 56, 64-66]. To 

transfer the ions into gas phase, we used a custom-built Electrospray Ionization (ESI) source, 

kindly provided by the Lau (HZB) group. The sample preparation follows the same as for the 

Collision Induced Dissociation experiments described above. The investigated cationic species 

were formed by losing three perchlorates as counter ions during the ESI process.  
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Ions are transferred via an RF Hexapole into a linear quadrupole mass filter (Extrel, 40-

4000 amu). After the mass selection, the selected ions are guided into a linear quadrupole ion 

trap within the high field region (5 T) of a superconducting solenoid. The trap is operated at a 

frequency of 3.82 MHz. Evaporative liquid He cools down the ion trap to 4 K, 10 K, and 20 K. 

A constant He backing pressure of 1·10-6 mbar cools down the trapped ions by collisional 

cooling. A continuous infusion of the ions into the ion trap serves for a stable ion signal. The 

ions are ejected into the time of flight area with a repetition rate of 120 Hz to record the mass 

spectra. For the XA spectra recorded by TIY spectroscopy, the ions are irradiated for 10 to 15s 

at set photon energy. Therefore, we recorded mass spectra as a function of the X-ray energy, 

with the quantization axis projected to the z- axis. A GaAs-diode records the X-ray intensity 

from the undulator beamline used for photon flux normalization of the recorded spectra. 

Spectra on the Mn absorption edges were taken with an exit slit size of 200 µm, a respective 

resolution of 400 meV from 635 eV to 665 eV for the L3 and L2 absorption edges. 

XA spectra are recorded with positive and negative polarization in an alternating manner. The 

subtraction of the polarized dependent spectra leads to the corresponding XMCD spectrum 

and the addition to the sum spectrum, which is necessary to apply the sum rule analysis 

(cf. Fig. S1). The color-coded elements A, B, and C, are extracted from the XMCD spectra's 

integrals and the sum of polarization-dependent XA spectra (C). We extract the projections 

(mS(z) and mL(z)) of the intrinsic spin (mS) and orbital (mL) magnetic moments per atom onto 

the quantization axis by sum rule analysis. The quantization axis coincides with the magnetic 

field axis of the surrounding solenoid and the X-ray propagation direction. Under the given 

experimental conditions, a scaling of the molecule's total magnetic moment must be 

performed. Therefore, knowledge of all contributing magnetic centers' exact coupling is 

needed, which we do not know presently. Therefore, we omit such a scaling and present 

magnetizations at the given experimental conditions (B= 5 T; T= 4 K, 10 K, 20 K). The resulting 

XMCD spectra were analyzed with sum analysis[67]. 
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mS
(z) = gSµB

(𝐀𝐀 − b𝐁𝐁)

c 3
2𝐂𝐂

nh − gSµB
d
c
〈Tz〉    (4) 

mL
(z) = −gLµB

𝐀𝐀 + 𝐁𝐁

a 3
2 C

nh (5) 

With nh being the number of holes per Manganese atom in the final state, gS and gL the Landé 

factors for the electron spin and orbital angular momentum (gS = 2.0, gL = 1), µB the Bohr 

magneton and a, b, c, and d are the sum rule related prefactors. We anticipate the containing 

Mn2+ ions to be in a 3d5 high spin state and the Mn3+ ions in a 3d4 high spin state. Therefore, 

we chose the number of unoccupied valence orbitals nh as nh = 5 resp. 4 for species. The sum 

rule related prefactors are 1/2, 2, 2/3, and 7/3 for investigations on the Mn L3,2 absorption 

edges.  

 Computational methods 

Minimum energy structures with different multiplicities were calculated with Density 

Functional Theory (DFT) using the B3LYP[68-70] functional and cc-pVTZ basis sets[71-75] (C, H, 

N, O) in combination with the Stuttgart ecp effective core potential (Mn) with Gaussian 09[76, 

77]. Broken symmetry calculations were performed with the minimum structure with a 

multiplicity of 15 (cf. Tab. S1). For these calculations, we used similar modeling parameters as 

described above in a local, customized TURBOMOLE 7.0 program package[78-80]. With the 

custom program CANOSSA[81], localization of the anti-parallel, unpaired spins on each metal 

center in the complex is possible. Unfortunately, Gaussian does not separate the different 

spins into “spin up” and “spin down” electrons. It just locates the unpaired electrons in the 

investigated complex, which is mostly enough to explain certain data types. A broken 

symmetry state is constructed from a single determinant wave function that reflects the 

antiferromagnetic coupling. Structures with one “spin up” electron on atom A and one “spin 

down” electron on atom B exhibit positive (atom A) and negative (atom B) spin density 

regions. The orbitals in the broken symmetry states are optimized by applying the variational 

principle.  
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 Results and Discussion 

8.6.1 Collision Induced Dissociation (CID) 

The overview mass spectrum reveals distinct masses in the area from 100 to 600 m/z 

(cf. Fig. S2 a)). Almost every peak can be assigned as fragments of the complex (cf. Tab. S2). 

Two mass peaks appear after isolation of the complex. The mass peak at 349 m/z belongs to 

the bare [Mn3(Hcht)2(bipy)4]3+ complex, and the small mass peak at 446 m/z belongs to a 

monocationic fragment with one perchlorate counter ion.  

We investigate the relative gas phase stability of this complex after isolating the parent ion by 

recording Collision Induced Dissociation (CID) breakdown curves and their corresponding 

appearance curves of the associated fragments (cf. Fig. 2). The breakdown curves reveal the 

loss of one protonated bipyrimidyl ligand with a change of the charge from +3 to +2 as primary 

fragment at an excitation amplitude of 0.8 V. By increasing the fragmentation amplitude to 

0.9-1.2 V, a protonated [Mn2+(bipy)2H]2+ unit is lost and a [Mn2+(bipy)2]+ unit appears as a 

fragmentation channel. All other fragments appear with high fragmentation amplitudes of 2 

Volts (Tab. S3). We observe only primary fragmentation products without a MS2 step in this 

complex. 

 
Fig. 2: CID breakdown curves of [Mn3(Hcht)2(bipy)4]3+and appearance curves of the 
associated fragments. 
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The CID experiments point out that the complex is present in the sample solution and the 

trinuclear arrangement has an intense bonding situation, indicating that CID techniques 

cannot determine strong covalent or non covalent interactions in this complex. 

Calculated covalent and non covalent interactions in the complex 

Electron Field Localized (ELF) plots[82] describe the covalent bonding situation of the Mn 

centers to the ligands (cf. Fig. S4). For the Mn2+ ions, the covalent bonding is very weak, and 

the influence of the ligands seems negligible. In the case of the Mn3+, we observe non spherical 

electron density. The covalent bondings from the ligand to the Mn2+ ions are stronger than 

the covalent bondings from the ligands to the Mn3+ ion (cf. Fig. 3). So-called non covalent 

interactions (NCI) represent weak van der Waals interactions in a complex. There are strong 

non covalent interactions between the Mn ions and the ligands. Besides the covalent 

interaction, non covalent interactions seem to play a significant role in this complex. 

The Density Overlap Regions Indicator (DORI) compares the interplay of noncovalent and 

covalent interactions, indicating that both interactions are necessary for the stability in the 

complex. Also, these plots reveal that neither covalent nor non covalent interactions in the 

complex significantly influence the magnetism in this complex.  
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Fig. 3: Electron Field Localization (ELF), Density Orbital Region Indicator (DORI), 
and Non covalent Interaction (NCI) plots of [Mn3(Hcht)2(bipy)4]3+. The calculations 
were performed with Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart 
ecp effective core potential (Mn) level of theory. Hydrogen is omitted for clarity. 

Comparison of the experimental data from the CID experiments with the theoretical results 

Weak interactions analysis of the complex points out strong non covalent interactions 

between the Hcht ligand and the bipyrimidyl ligands. Also, strong interactions between the 

Mn2+ ions and the µ-oxo bridged atoms are predicted. This is consistent with the 

fragmentation patterns observed. Because there are no covalent or noncovalent interactions 

between two bipyrimidyl ligands, losing a protonated bipyrimidyl ligand as the main 

fragmentation channel results in the weakest bonding in the complex. The collision energy 

overcomes the non covalent interactions with higher excitation amplitudes, and the complex 

starts its fragmentation by the loss of the two [Mn2+(bipy)2]+. 
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8.6.2 X-ray magnetic dichroism (XMCD) 

The cations with the structure [Mn3(Hcht)2(bipy)4]3+ were created within the electrospray 

process and mass-selected at the mass of 349 m/z (cf. Fig. S5). We obtained the polarized 

dependent XA spectra and their corresponding XMCD spectra at different ion trap 

temperatures (T= 4 K, 10 K, and 20 K) after selecting the complex and optimizing the fragments 

with X-ray light irradiation (cf. Fig. 4).  

 
Fig. 4: polarized dependent XA spectra of [Mn3(Hcht)2(bipy)4]3+ (left) and their 
corresponding XMCD spectra (right) at different ion trap temperatures.  

Polarized dependent XA spectra exhibit distinct spectral shapes at each temperature for 

negative and positive polarized spectra. We observe a dichroic effect for every temperature, 

but with higher temperatures, the dichroic effect decreases on both edges (cf. Fig. 4). XMCD 

spectra better visualize the decreasing dichroic effect as a function of the ion trap temperature 

(cf. Fig. 4). We observe a decreasing effect at the L2 edge with rising ion trap temperature from 

4 K to 10 K. After the effect at the L2 edge is vanished, a decrease of the L3 edge takes part 

from 10 K to 20 K, resulting in lower magnetic values due to minor dichroic effects at higher 

temperatures. 
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With the above described sum rule analysis, we obtain the average intrinsic magnetic 

moments per Manganese atom (cf. Tab. 1). We assume uncertainties of 5% for the presented 

magnetic values derivate from the sum rule analysis and consider the transition from the 2p 

core to a 3d valence state in the Mn atoms. The valence states are not always completely 

separated, resulting in inaccuracies in the magnetic moments determined by sum rule 

analysis, particularly for spin sum rule analysis[88]. Teramura et al. developed correction factors 

for sum rule analysis based on atomic model systems as a result. They also involve the 

Coulomb interaction and the magnetic dipole operator expectation in the L3,2 absorption 

edges, which is not accessible in our experiments[83-88]. The suggested procedure of Teramura 

corrects the presented magnetizations in this work. By raising the temperature, we observe a 

decreasing trend for the spin magnetic moment in this complex. The magnetization slowly 

decreases with the temperature variation, as observed by the group of Brechin[45]. 

Tab. 1: Experimental magnetic values projected on the z-axis for mS, mL, mJ, and 
mL/mS for [Mn3(Hcht)2(bipy)4]3+ at given temperatures and with the correction of 
4.5%[87, 88]. 

 exp. corrected 

 4 K 10 K 20 K 4 K 10 K 20 K 

𝚫𝚫𝐒𝐒
(𝐳𝐳) 0.88(4) 0.28(1) 0.22(1) 0.84(4) 0.27(1) 0.21(1) 

𝚫𝚫𝐋𝐋
(𝐳𝐳) 0.27(1) 0.23(1) 0.03(1) 0.26(1) 0.22(1) 0.03(1) 

𝚫𝚫𝐉𝐉
(𝐳𝐳) 1.15(5) 0.51(3) 0.25(1) 1.10(5) 0.49(2) 0.24(1) 

𝚫𝚫𝐋𝐋
(𝐳𝐳)/𝚫𝚫𝐒𝐒

(𝐳𝐳) 0.31(2) 0.80(2) 0.12(2) 0.31(2) 0.82(2) 0.14(2) 

At 4 K, we observe the highest spin magnetic and also angular orbital magnetic moments. The 

total spin magnetic moments reveal reduced values for every configuration, e.g., Mn2+, Mn3+ 

or mixed valence (cf. Tab. 2). These values decrease as temperature rises, indicating a 

transition from a ferromagnetic coupling scheme to an antiferromagnetic coupling scheme 

caused by a spin flip on the Mn3+ ion. We assume that there must be an antiferromagnetic 

coupling between the Mn2+ ions and the Mn3+ ion, and that the antiferromagnetic coupling 

becomes more favorable at higher temperatures.  
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Tab. 2: Experimental total magnetic values of mS for different oxidation states for 
the Manganese atoms in [Mn3(Hcht)2(bipy)4]3+ at given temperatures with a 
correction of 4.5% and in comparison, with the theoretically spin ground states. 

 Sexp./Mn2+ S(Mn2+) Sexp./Mn3+ S(Mn3+) Sexp./(2Mn2++Mn3+) S(2Mn2++Mn3+) 

4 K 2.20 2.5 1.76 2 6.16 7 

10 K 0.63 2.5 0.56 2 1.96 7 

20K 0.55 2.5 0.44 2 1.54 7 

Theoretical calculations of the electronics and simulation of the XA spectra  

To determine the absorption bands for the various oxidation states of Manganese atoms and 

their corresponding excited core orbitals, we used a projected Density of States (pDOS) 

calculation to get a better approximation of the involved transitions in the XA spectra 

(cf. Fig. 5). At slightly higher absorption energies with less intensity, the L3 absorption edge 

reveals a small shoulder. In comparison with the pDOS spectra, we observe the py orbital 

excitation into a valence shell for the Mn2+ ions at lower absorption energies and the pz orbital 

excitation into the valence shell for the Mn3+ ion at higher absorption energies.  

 
Fig. 5: Calculated density of states spectrum and experimental positively polarized 
XA spectrum of [Mn3(Hcht)2(bipy)4]3+. The calculations were performed with 
Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart ecp effective core 
potential (Mn) level of theory.  

The calculated orbital energies with –63.56 eV for the Mn2+ ions and -65.78 eV for the Mn3+ 

are slightly different. Assuming the same energy levels for the d orbitals, more energy is 
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required for core electron excitation into the valence-shell, resulting in higher absorption 

energies. We assume that the Jahn Teller distortion leads to a pz orbital rise at Mn3+. The 

lowest p orbital is the py orbital. In Mn2+, the Jahn Teller distortion is low, and excitation from 

the core electron into the valence-shell occurs via the pz orbital (cf. Fig. 5). To better visualize 

the influence of the different oxidation states in the XA spectra, we convoluted the first 

derivation of the experimental XA spectra. First of all, negative and positive polarized spectra 

do not feature a change in their spectral shape by varying their temperature. The XA spectra 

only reveal a change in their spectral features by switching from negative circular polarized 

photons to positive circular polarized photons (cf. Fig. 6a)). There are features at 642 eV and 

653 eV in the positive polarized XA spectra that do not appear in the negative polarized ones, 

indicating polarized dependent absorption for the different oxidation states in the Manganese 

atoms in this complex.  

 
Fig. 6: First derivation of the experimental polarized dependent XA spectra of 
[Mn3(Hcht)2(bipy)4]3+ at different temperatures in comparison with pDOS 
calculated transition orbitals. The calculations were performed with Gaussian 09 
at the B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart ecp effective core potential (Mn) 
level of theory 
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Compared with the pDOS calculation and their resulting orbitals, the features at 642 eV and 

653 eV belong to the absorption of the Mn2+ ions with the Mn3+ ion together (cf. Fig. 6b)). The 

calculated orbitals feature a pure Mn3+ absorption at both absorption edges, as expected. In 

the core-level spectroscopy theory, a positively polarized X-ray beam leads mainly to an 

excitation of a “spin up” electron into the valence shell. This is impossible with the Pauli rules 

if every d orbital is occupied with electrons in the same spin state as Mn2+. Therefore, the 

small amount of excited “spin down” electrons into the valence shell leads to the absorption 

of the Mn2+ ions in the complex. The “spin up” electrons only can be absorbed by the empty 

valence shell in the Mn3+ ion.  

Determination of the crystal field splittings on the different oxidation states 

To determine the crystal field splittings in the Mn centers, we performed simulations of the 

Mn2+ and Mn3+ ions and compared them with both polarized XA spectra (cf. Fig. S10). For the 

first assumption, the simulations do not include crystal field splitting to determine which 

peaks on the absorption edges belong to the Mn2+ and Mn3+ cores. Positive polarized XA 

spectra provide the most information, and the main L3 edge and L2 edge clearly belong to the 

Mn2+ ion and the shoulder at the L3 edge, therefore, belongs to the Mn3+ edge. Because of the 

overlap of the Mn2+ ions, the composition of two Mn2+ ions and one Mn3+ ion causes a slight 

change in the spectral shape of the XA spectra. Simulation of Mn2+ fits well with the 

experimental negative polarized XA spectra, pointing out that the ligand system does not 

affect the Mn2+ ion strongly. In the Mn3+ ion, the spectra fit not well at around 638 eV - 645 eV. 

This designates that the ligands have more influence on the spectra than with Mn2+. The shifts 

at 640 eV absorption edges are in good agreement with the experimental XA spectra. 

Natural Bond Order (NBO) analysis reveals geometrical distortions on every Manganese center 

(cf. Fig. S9). The Mn3+ center in the middle of the linear arrangement has a strong distortion 

in the z-direction, resulting in a higher energy gap between the dz2 orbital and the dx2- y2 orbital. 

Therefore, the strong distortion of the Mn3+ must lead to the angular orbital momentum. The 

Mn2+ ions have a minor Jahn Teller distortion in all dimensions, leading to a slight increase in 

the energy of the dz2 orbital, resulting in a minor change in the octahedral crystal field splitting 

of Mn2+. Also, minor distortions at the Mn2+ ions result in a more spherical electron density 

with an angular orbital momentum of zero. Orbital energies reveal different energy levels for 
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the d orbitals (cf. Fig.  7). As mentioned above, the Mn3+ ion in the complex has a higher orbital 

splitting than the Mn2+ ions. A closer examination of the orbitals reveals that the energies for 

the dxz orbitals for all Mn centers in different oxidation states are nearly identical. Also, the dxy 

orbital could couple with each other, but the energy difference is higher than the dxz orbitals. 

So, the main overlap of these orbitals should be the dxz orbitals. 

 
Fig. 7: Calculated energies of the d orbitals of [Mn3(Hcht)2(bipy)4]3+. The 
calculations were performed with Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, O) 
and Stuttgart ecp effective core potential (Mn) level of theory.  

The experimental crystal field splittings for the Mn centers reveal a higher crystal field splitting 

for Mn3+ (2.10 eV) than for Mn2+ (1.15 eV) (cf. Fig. S11) and is in good agreement with the 

observed Jahn Teller distortions. For the Mn3+ ion, the Jahn Teller distortion leads to a high 

lying dz2 orbital and a low lying dx2-y2 orbital. In the case of Mn2+ ion, the electron density is 

more spherical, and therefore the Jahn Teller distortion is minor than in the Mn3+ case.  

With the experimental crystal field splittings, further simulations were performed for better 

agreement between simulation and experiment. Simulations with the experimental crystal 

field splittings reveal a better agreement with experimental XA spectra. The simulation of the 

Mn2+ ion appears to be a little broader than the experimental spectra, but all of the spectral 

features are present and match the experimental spectra very well (cf. Fig. 8). Also, the Mn3+ 

simulation fits better with the experimental spectra. Therefore, the approximation of the 

crystal field splittings seems to be conclusive with the Jahn Teller distortions of Mn3+ ion in 

Mike
Rectangle
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this complex. Furthermore, the smaller crystal field splitting for Mn2+ than for Mn3+ is 

consistent with the fact that the electron density of Mn2+ is more spherical than that of Mn3+, 

resulting in smaller crystal field splittings.  

 
Fig. 8: Polarized dependent XA spectra of [Mn3(Hcht)2(bipy)4]3+ in blue and red for 
the positive and negative polarization at 4 K in comparison with gauss folded 
(broadening 0.2) simulated XA spectra of an Mn2+ atom in orange and Mn3+ atom 
in green with octahedral coordination (Mn2+ = 1.15 eV, Mn3+ = 2.10 eV). CTM4XAS 
performed simulated spectra with Cowan batch files[89]. 

The first derivation also reveals a higher energy difference at the L3 edge by changing the 

polarization (cf. Fig. S12). With the above described absorptions, these broader energy shifts 

occur by mixing two different oxidation states in an amount of 2:1, and results in a distinct 

influence of the crystal field splittings as for the negative polarized ones. Also, the absorption 

energy shifts to lower energies by raising the temperature. We consider a “spin flip” from 

“spin up” in cold conditions and “spin down” in warmer conditions, leading to smaller bonding 

distances and shift to lower energies in the XA spectra absorption edges. 

Determination of the Spin orbit couplings in the complex 

The difference between the L2 edge and the L3 edge represents the spin-orbit coupling of the 

core electron into the valence shell. The Spin-orbit coupling for the Mn2+ ion is higher than for 

the Mn3+ ion (cf. Fig. S13) because Mn2+ does not have an orbital momentum by cause of its 

spherical and more compact spin density. Therefore, more energy is needed to induce a spin-

orbit coupling. The Mn3+ itself obtains a spin-orbit coupling, and therefore, less energy is 
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required to generate a spin-orbit coupling from the core electron to the valence-shell. 

Branching ratio analysis makes it possible to calculate approximated spin-orbit coupling 

constants of the metal center itself.  

We analyzed the spin-orbit sum rule because of the strong core-valence interaction described 

above [90-92]. This method yields very accurate values for the spin-orbit interactions per hole. 

For p -> d transitions, the branching ratio is defined as 

BR =
I(L3)

I(L3) + I(L2)
 (4) 

Where I are the intensities of the transition metal edges. The sum rule [78, 90-92] gives the 

relation for the spin-orbit interactions per hole 

SOC = nj2 −
l + 1

l
nj1 (5) 

nj1 and nj2 represent the occupation number per hole, where j1 = l – 0.5 and j2 = l + 0.5. At least 

the branching ratio without a spin-orbit interaction can be derived with 

𝐵𝐵 = B0 −
c

2c + 1
𝑆𝑆𝑇𝑇𝐶𝐶
nh

 (6) 

B0 is the branching ratio without spin-orbit interactions, c
2c+1

 is a statistical value, and for d5 it 

is 2
5
 and nh represent the holes in the valence shell[93]. 

Tab. 3: Branching ratio values with spin-orbit interaction (BR), terms of occupation 
numbers (nj1, nj2), spin-orbit expectation (SOC), branching ratio without spin-orbit 
interaction (B0), and the difference of the branching ratios (ΔB) 

T / K BR statistical 

value 

nj1 nj2 SOC B0 ΔB 

4 0.77 0.60 -0.23 0.77 -3.85(2) 0.31 0.46 

10 0.78 0.60 -0.27 0.73 -4.17(2) 0.27 0.51 

20 0.78 0.60 -0.47 0.53 -18.67(10) -1.46 2.24 

The branching ratios for the different temperatures are almost equal for every temperature. 

As a result, the ligands have no effect on the spin-orbit couplings or the resulting magnetic 

moments. The magnetic properties arise from the intrinsic orbital and spin arrangement in 

the Manganese centers. The calculated spin-orbit coupling constants point out a downward 
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trend to lower values, implying that the Mn ions have a stronger antiferromagnetic coupling 

at higher temperatures. The spin-orbit coupling constant cannot be determined at the highest 

temperature of 20 K. The deviation of the spin-orbit coupling is strongly dependent (eq. 5) on 

the angular orbital momentum. At 20 K, almost no angular orbital momentum is present to 

apply branching ratio analysis, resulting in inaccuracies in determining the spin-orbit coupling. 

Assuming an antiferromagnetic exchange coupling, the spin orbit coupling must be lower than 

in ferromagnetically coupled systems.  

Broken symmetry calculations 

We assume a change in the exchange coupling scheme as a result of the XMCD experiments' 

reduced spin magnetic and orbital magnetic moments, which do not result from structural 

changes in the complex caused by temperature variation. Therefore, we performed quantum 

chemical calculations with the broken symmetry approach. The analyses reveal similar 

energies for the ferromagnetic coupled (UUU) and the antiferromagnetic coupled (DUU, UDU, 

UUD) complex (cf. Fig. 9) with an uncertainty of 5 kJ/mol.  

 
Fig. 9: Spin density isosurfaces (Iso = 0.01) of [Mn3(Hcht)2(bipy)4]3+ in one 
ferromagnetic and the three broken symmetry configurations. red and blue 
surfaces indicate alpha and beta spin, respectively. The relative energies in 
paratheses are given in kJ/mol. The calculations were performed at the 
B3LYP_Gaussian/cc-pVTZ (H, C, N, O) and Stuttgart 1997 ECP (Mn) level of theory. 
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The different coupling constants of the metal centers in the complex can be calculated using 

the broken symmetry calculated energies from these structures. A positive coupling constant 

represents a ferromagnetic coupling scheme, and a negative coupling constant represents 

antiferromagnetic coupling schemes. J1 and J2 represent the coupling constants for the Mn2+ 

ions, and J3 is the coupling constant for Mn3+. Every assumption from pure Mn2+ to pure Mn3+ 

or a mixed-valence configuration shows the same trend (cf. Tab. 4). The calculations show that 

J1 has a varying coupling constant, J2 has a constant value, and J3 has a negative value in all 

cases. J2 has a constant coupling constant for the different oxidation states but does not have 

an exchange coupling between one Mn2+ ion and the central Mn3+ ion. The other coupling 

constants, J1 and J3, vary with oxidation state, implying an exchange coupling between one 

Mn2+ ion and one Mn3+ ion. A calculated mixed-valence state reveals enhanced coupling 

constants for both Manganese centers. Mn3+ has the lowest antiferromagnetic coupling in this 

complex series, which is not achieved by metals in the same oxidation states. Total coupling 

constant calculations also reveal the highest value for the mixed valence complex for better 

visualization, indicating that antiferromagnetic exchange is very weak in this complex. 

Tab. 4: Calculated coupling constants of each electron and their total coupling 
constants of [Mn3(Hcht)2(bipy)4]3+. 

 J1/cm-1 J2/cm-1 J3/cm-1 Jtotal/cm-1 J*/cm-1 J/J* 

Mn2+ 7.14 2.11 -1.52 7.73 -1.52 -3.04 

Mn3+ 6.08 2.11 -2.37 5.83 -2.37 -1.73 

Mn2+/3+ 9.01 2.11 -0.93 10.20 -0.93 -6.01 

The calculated anisotropic tensors for the different spin configurations reveal the highest 

tensor for the UUU (195.11) configuration and the lowest tensor for the UDU (194.80) 

configuration (cf. Fig. S15). We consider that the complex with a UUD/DUU configuration can 

be excluded because the one Mn2+ seems not to participate in the exchange coupling and the 

higher anisotropic tensor from the calculations, suggesting a “spin flip” from cold conditions 

to warmer conditions resulting from a ferromagnetic exchange coupling to an 

antiferromagnetic coupling. Raising the temperature causes a reduction in spin orientation 

due to rising entropic effects, resulting in tunneling processes and antiferromagnetic exchange 

coupling of the different oriented spins from the Mn2+ and Mn3+ ions. Lower temperatures 
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reduce entropy and increase the possibility of the spins orientation into a UUU configuration, 

resulting in fewer tunneling processes and a long-living magnetism.  

Comparison of the experimental and calculated coupling schemes 

By increasing the temperature, we observe lower spin orbit couplings via branching ratio 

analysis, assuming a stronger antiferromagnetic exchange coupling in warmer conditions. This 

is in good agreement with the experimental magnetic values, decreasing with rising 

temperature (cf. Tab. 5).  

Tab. 5: Comparison of the Branching ratio analysis spin orbit couplings, 
experimental magnetic moments, and total magnetic moments in the complex. 

 4 K 10 K 20 K 

𝚫𝚫𝐒𝐒
(𝐳𝐳) 0.88 0.28 0.22 

𝚫𝚫𝐋𝐋
(𝐳𝐳) 0.27 0.23 0.03 

𝚫𝚫𝐉𝐉
(𝐳𝐳) 1.15 0.51 0.25 

S 6.16 1.96 1.54 

L 0.27 0.23 0.03 

J 6.43 2.19 1.57 

SOC -3.85 -4.17 -18.67 

The broken symmetry calculated coupling constants also reveal an antiferromagnetic 

exchange coupling for one Mn2+ and the central Mn3+ ion, so the spin orbit coupling from the 

branching ratio analysis points out a weak antiferromagnetic exchange coupling because of 

the reduced spin and orbital magnetic moments, which gains more favorably with higher 

temperatures. The spin magnetic values do not change drastically from 10 K to 20 K, agreeing 

with the broken symmetry calculated coupling constants for the Mn ions. In the calculations, 

one Mn2+ ion does couple with the other metal ions by cause of the constant coupling 

constants, resulting in a ferromagnetic proportion in this complex. The experimental magnetic 

moments represent a ferromagnetic exchange coupling for cold conditions. In warmer 

conditions, these values seem to represent a spin magnetic reduced value without an orbital 

magnetic momentum, which can only occur from a ferromagnetic coupled Mn2+ due to the 

spherical electron distribution.  
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XMCD UV/VIS correlation 

With the experimental crystal field splittings and the normalization with the Racah parameter 

B[94], we able to approximate the Manganese centered absorption band in the UV spectra. By 

putting the data into the Tanabe Sugano diagram, we may identify the ground state and its 

matching excited state (cf. Fig. S16). With this approximation, the Mn2+ ion reveals an 

excitation from a 6A1g state to a 4T1g with the corresponding normalized absorption energy of 

15.66. The Mn3+ ion instead has an excitation from the 5Eg to a 3T1g state with the normalized 

energy of 9.68. This implies that the absorption energy of a metal-centered transition in the 

UV/VIS spectra should be at a lower wavelength for the Mn2+ ions in the complex than for the 

Mn3+ ion. We anticipate an absorption band for the Mn2+ ion and no absorption band for the 

Mn3+ ion using the Tanabe-Sugano diagram approximation and renormalization of the 

absorption energy with the particular Racah parameter B[103].   

Tab. 9: Normalized crystal field splittings from the XA spectra, normalized 
absorption energies from the Tanabe-Sugano diagram, and renormalized 
wavelength for [Mn3(Hcht)2(bipy)4]3+. 

 E/B (exp) E/cm-1 (TS) E/nm (TS) 

Mn2+ 9.68 24605 406 

Mn3+ 15.66 12483 801 

To confirm this assumption, we computed the UV spectra of this compound and found a 

strong band at 414 nm that matches the anticipated Mn2+ absorption band (cf. Fig. 10). The 

absorption band can be determined to MLCT transitions of the Mn2+ ions into the bipyrimidyl 

ligands.  
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Fig. 10: Calculated UV/VIS spectrum of [Mn3(Hcht)2(bipy)4]3+ with 100 calculated 
excited states. The calculations were performed at the TD-DFT/UB3LYP/cc-pVTZ 
(H, C, N, O) and Stuttgart 1997 ECP (Mn) level of theory. 

 Conclusion 

In the presented work, we investigate the bonding situation of the complex with the structure 

[Mn3(Hcht)2(bipy)4]3+ via mass spectrometry and CID. We observe the loss of one protonated 

bipyrimidyl ligand as the main fragmentation channel. Also, no secondary fragmentation 

appears in the mass spectrum. There is no Hcht ligand loss detected, indicating a strong 

bonding state. The reduction of the complex via ETD leads to a mono cationic fragment by 

losing two bipyrimidyl ligands. Calculations of weak interactions reveal more vital non 

covalent interactions between the Hcht ligand and the bipyrimidyl ligands. Furthermore, 

significant noncovalent interactions between the Hcht ligand and the Mn3+ ion do not result 

in Hcht ligand loss.  

Temperature dependent XMCD spectra of the complex were recorded in gas phase at 4 K, 

10 K, and 20 K. The dichroic effect decreases with rising temperature, suggesting a switch from 

a ferromagnetic exchange coupled system at 4 K to an antiferromagnetic exchange coupled 

system at 20 K.  
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The projected density of states illustrates the influence of the Mn3+ ion in the complex. The 

determination of transition orbitals is achievable, indicating that the characteristics of the XA 

spectra correspond to the Mn3+ ion complex in the positive polarized XA spectra. The 

determined orbitals also show an excitation of the Mn2+ ion because of a small amount of 

excited “spin down” electrons from the core-shell into the valence shell.  

Experimental crystal field splittings reveal a higher splitting for the Mn3+ than for the Mn2+ 

ions. XA simulations with the applied crystal field splittings agree with the experimental XA 

spectra. Also, the NBO analysis reveals higher ligand field splittings for the d orbitals in the 

Mn3+ than for the Mn2+.  

Branching ratio analysis reveals decreasing values by raising the temperature, hinting a weak 

antiferromagnetic exchange coupling constant at lower temperatures and a stronger 

ferromagnetic exchange coupling at higher temperatures.  

Broken symmetry calculations reveal an antiferromagnetic coupled Mn3+ to one 

ferromagnetic coupled Mn2+. Also, the other Mn2+* seems not to be influenced by the Mn3+ 

ion. An enhancement of the coupling constant in the mixed-valence system is observed, which 

is not given all Manganese centers in the same oxidation state. The calculated anisotropic 

barriers for the different spin configurations reveal the highest anisotropy with a UUU 

configuration and the lowest anisotropic barrier for the UDU configuration, suggesting a single 

molecule magnetic behavior if the UUU configuration is established in cold conditions. 

In summary, we have shown that gas-phase XMCD investigations add valuable additional 

insight into single molecule magnets' fascinating magnetic properties.  
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Fig. S1: (a) Example of an XMCD spectrum and its integral over both L3,2 absorption (b) 

Integrated sum of both XA spectra for both photon helicities in the case of 

[Mn3(Hcht)2(bipy)4]3+ at 20 K. 

Tab. S1: Calculated energies for [Mn3(Hcht)2(bipy)4]3+ in different multiplicities. The 

calculations were performed at the B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart ecp effective core 

potential (Mn) level of theory with a high spin state for each Mn center. 

Fig. S2: a) Mass spectrum of [Mn3(Hcht)2(bipy)4]3+ without isolation and b) with isolation of 

the complex of interest. 

Tab. S2: Mass peaks in the overview mass spectrum of [Mn3(Hcht)2(bipy)4]3+ at the Paul trap 

mass spectrometer. 

Tab. S3: Fragment peaks from the CID breakdown curves of [Mn3(Hcht)2(bipy)4]3+. 

Fig.S3: ETD reduced mass spectrum of [Mn3(Hcht)2(bipy)4]3+ without isolation measured at the 

Paul trap mass spectrometer. 
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Fig.S4: Electron field localization (ELF) plot of [Mn3(Hcht)2(bipy)4]3+. The calculation was 

performed with Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart ecp effective core 

potential (Mn) level of theory.  

Fig. S5: Mass spectrum of [Mn3(Hcht)2(bipy)4]3+ at 17 K with an applied magnetic field of 5 T 

and mass selection of the mass 349 amu. Mass spectrum was recorded at the Ion Trap at 

Helmholtz Zentrum Berlin. 

Fig. S6: Experimental polarized depended XA Spectra (top), sum XA spectra with integral 

(middle) and XMCD spectra with integral (Bottom) for [Mn3(Hcht)2(bipy)4]3+ at 4 K, 10 K, and 

20 K. 

Fig. S7: Sum of positive and negative XA spectra (black) of [Mn3(Hcht)2(bipy)4]3+ at 4 K, 10 K, 

and 20 K. The shaded areas represent the two-step functions subtracted after normalization, 

approximating the direct 2p photo ionization and 2p → nd (n > 3) contributions.  

Fig. S8: Spin magnetic moments (blue), orbital magnetic moments (red), total magnetic 

moments (orange), and the spin-orbital ratio (green) per atom of [Mn3(Hcht)2(bipy)4]3+with 

given spectra from the sum rule analysis and uncertainties of 5 %. 

Tab. S4: Atom coordinates for [Mn3(Hcht)2(bipy)4]3+. The calculation was performed at the 

B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart ecp effective core potential (Mn) level of theory with 

a high spin state for each Mn center. 

Fig. S9: Calculated bonding distances of [Mn3(Hcht)2(bipy)4]3+. The calculation was performed 

with Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart ecp effective core potential 

(Mn) level of theory. Ligand has been omitted for clarity.  

Fig. S10: Normalized negative polarized XA spectra of [Mn3(Hcht)2(bipy)4]3+ in blue and black 

for the positive and negative polarization at 4 K in comparison with gauss folded (broadening 

0.2) simulated XA spectra of an Mn2+ atom in orange and Mn3+ atom in green without 

coordination. Simulated spectra were performed by CTM4XAS with Cowan batch files.  

Fig. S11: Determination of the crystal field splittings for the Mn2+ and Mn3+ of 

[Mn3(Hcht)2(bipy)4]3+ at different temperatures.  
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Fig. S12: First derivation of the positive polarized XA spectra of [Mn3(Hcht)2(bipy)4]3+ at 4 K ion 

trap temperature in comparison of simulated XA spectra of Mn2+/3+ and the mixture. Simulated 

spectra were performed by CTM4XAS with Cowan batch files. 

Fig. S13: Determination of the spin-orbit coupling from the core to electron into the valence 

shell of [Mn3(Hcht)2(bipy)4]3+ at different temperatures.  

Fig. S14: First derivation of the polarized dependent XA spectra of [Mn3(Hcht)2(bipy)4]3+ at 

different temperatures and their corresponding absorption maxima. 

Fig. S15: Calculated anisotropy tensors of [Mn3(Hcht)2(bipy)4]3+ in different spin configurations 

(UUU, UUD, UDU). The calculations were performed at the B3LYP_Gaussian/cc-pVTZ (H, C, N, 

O) and Stuttgart 1997 ECP (Mn) level of theory. 

Fig. S16: Tanabe Sugano diagram of a d5 HS transition metal with the normalized crystal field 

energy for Mn2+ ion (top) and a d4 HS transition metal with the normalized crystal field energy 

for the Mn3+ ion (bottom) of [Mn3(Hcht)2(bipy)4]3+ for the approximation of absorption energy 

in the UV spectrum. 

Fig. S17: Calculated susceptibilities for [Mn3(Hcht)2(bipy)4]3+ at different temperatures with 

experimental spin magnetic moment and error bars of 20%. 

Fig. S18: Calculated susceptibilities for [Mn3(Hcht)2(bipy)4]3+ at different temperatures with 

experimental total magnetic moment and error bars of 20%. 

Fig. S19: Integrated intensities of the experimental XMCD spectra and their corresponding 

derivated 3d holes for [Mn3(Hcht)2(bipy)4]3+.  
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Fig. S1: (a) Example of an XMCD spectrum and its integral over both L3,2 absorption 
(b) Integrated sum of both XA spectra for both photon helicities in the case of 
[Mn3(Hcht)2(bipy)4]3+ at 20 K. 

Tab. S1: Calculated energies for [Mn3(Hcht)2(bipy)4]3+ in different multiplicities. 
The calculations were performed at the B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart 
ecp effective core potential (Mn) level of theory with a high spin state for each Mn 
center. 

m SCF/Hartree ΔSCF/Hartree ΔE/kJ/mol 

1 -3213.76629125 0.363409830 954 

3 -3213.903567020 0.226134060 594 

5 -3213.956415140 0.173285940 455 

7 -3213.932327240 0.197373840 518 

9 -3214.085680300 0.044020780 116 

11 -3214.008134630 0.121566450 319 

13 -3214.025809140 0.103891940 273 

15 -3214.129701080 0.000000000 0 

17 -3213.980795810 0.148905270 391 

19 -3213.858845150 0.270855930 711 

Mike
Rectangle
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Fig. S2: a) Mass spectrum of [Mn3(Hcht)2(bipy)4]3+ without isolation and b) with 
isolation of the complex of interest. 

Tab. S2: Mass peaks in the overview mass spectrum of [Mn3(Hcht)2(bipy)4]3+  

Mass m/z Fragment 

496.1 [Mn3(Hcht)2(bipy)3]+(ClO4) 

466.1 [Mn(biby)2]+(ClO4) 

418.0 [Mn2(Hcht)2(bipy)2]2+(ClO4) 

368.0 [Mn2(Hcht)(cht)(bipy)2]2+ 

183.5 [Mn(biby)2]2+ 

157.1 [bipyH]+ 

 

 

 

 



 8. Temperature dependent X-ray magnetic circular dichroic studies of a trinuclear Manganese 
SMM complex in isolation 

 

 

 
302 

 

Tab. S3: Fragment peaks from the CID breakdown curves of [Mn3(Hcht)2(bipy)4]3+. 

Mass m/z Fragment 

466.1 [Mn3(Hcht)(cht)(bipy)3]2+ 

368.0 [Mn3(Hcht)2(bipy)2]3+ 

183.5 [Mn(bipy)2]2+ 

157.1 [bipyH]+ 

 

 
Fig. S3: ETD reduced mass spectrum of [Mn3(Hcht)2(bipy)4]3+ without 
isolation measured at the Paul trap mass spectrometer. 
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Fig. S4: Electron field localization (ELF) plot of [Mn3(Hcht)2(bipy)4]3+. The 
calculation was performed with Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, O) and 
Stuttgart ecp effective core potential (Mn) level of theory.  

 
Fig. S5: Mass spectrum of [Mn3(Hcht)2(bipy)4]3+ at 17 K with an applied magnetic 
Field of 5 T and mass selection of the mass 349 amu. Mass spectrum was recorded 
at the Ion Trap at Helmholtz Zentrum Berlin. 
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Fig. S6: Experimental polarized depended XA Spectra (top), sum XA spectra with 
integral (middle) and XMCD spectra with integral (Bottom) for 
[Mn3(Hcht)2(bipy)4]3+ at 4 K, 10 K, and 20 K. 
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Fig. S7: Sum of positive and negative XA spectra (black) of [Mn3(Hcht)2(bipy)4]3+ at 
4 K, 10 K, and 20 K. The shaded areas represent the two-step functions subtracted 
after normalization, approximating the direct 2p photo ionization and 2p → nd 
(n > 3) contributions.  

 
Fig. S8: Spin magnetic moments (blue), orbital magnetic moments (red), total 
magnetic moments (orange) and the spin-orbital ratio (green) per atom of 
[Mn3(Hcht)2(bipy)4]3+with given spectra from the sum rule analysis and 
uncertainties of 5 %. 
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Fig.S9: Calculated bonding distances of [Mn3(Hcht)2(bipy)4]3+. The calculation was 
performed with Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart ecp 
effective core potential (Mn) level of theory. Ligand has been omitted for clarity.  

Tab. S4: atom coordinates for [Mn3(Hcht)2(bipy)4]3+. The calculation was 
performed at the B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart ecp effective core 
potential (Mn) level of theory with a high spin state for each Mn center. 

atom x y z 
Mn 0.00000 0.000200 0.000000 
O 0.23259 -1.259100 1.428620 
C 1.00233 -2.460930 1.273150 
C 0.58936 -3.213370 0.000000 
C 2.51213 -2.165470 1.265500 
C 2.96551 -1.431250 0.000000 
O 2.40214 -0.080600 0.000000 
N -2.05267 -0.899280 3.683350 
C -2.51955 -1.994320 3.058420 
C -3.73441 -2.595990 3.382790 
C -4.50296 -2.022660 4.398270 
C -4.03127 -0.878680 5.040730 
C -2.79364 -0.333990 4.665440 
C -2.22538 0.888940 5.303630 
C -2.86615 1.549700 6.360710 
C -2.29254 2.699160 6.904320 
C -1.08755 3.164330 6.378390 
C -0.50559 2.447560 5.333350 
N -1.04875 1.339120 4.802180 
H 0.77603 -3.097560 2.146750 
H -0.49964 -3.381520 0.000000 
H 1.07045 -4.205700 0.000000 
H 3.05928 -3.122050 1.322940 
H 2.78629 -1.582130 2.156760 
H 4.06237 -1.338520 0.000000 
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H -1.87555 -2.387140 2.268730 
H -4.06492 -3.492550 2.856710 
H -5.46060 -2.458690 4.688930 
H -4.62931 -0.421530 5.827090 
H -3.80490 1.177880 6.767860 
H -2.78274 3.221090 7.728120 
H -0.60200 4.059630 6.768240 
H 0.44276 2.771620 4.900690 
H 3.11368 0.571660 0.000000 
O 0.23259 -1.259100 -1.428620 
C 1.00233 -2.460930 -1.273150 
C 2.51213 -2.165470 -1.265500 
H 0.77603 -3.097560 -2.146750 
H 3.05928 -3.122050 -1.322940 
H 2.78629 -1.582130 -2.156760 

Mn 0.00000 0.000001 -3.212240 
O -0.23258 1.259060 -1.428620 
C -1.00228 2.460920 -1.273140 
C -0.58926 3.213340 0.000000 
C -2.51211 2.165610 -1.265510 
C -2.96563 1.431480 0.000000 

 

 
Fig. S10: Normalized negative polarized XA spectra of [Mn3(Hcht)2(bipy)4]3+ in blue 
and black for the positive and negative polarization at 4 K in comparison with gauss 
folded (broadening 0.2) simulated XA spectra of an Mn2+ atom in orange and Mn3+ 
atom in green without coordination. Simulated spectra were performed by 
CTM4XAS with Cowan batch files.  
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Fig. S11: Determination of the crystal field splittings for the Mn2+ and Mn3+ of 
[Mn3(Hcht)2(bipy)4]3+ at different temperatures.  

 
Fig. S12: First derivation of the polarized dependent XA spectra of 
[Mn3(Hcht)2(bipy)4]3+ at different temperatures and their corresponding 
absorption maxima. 
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Fig. S13: Determination of the spin-orbit coupling from the core to electron into 
the valence shell of [Mn3(Hcht)2(bipy)4]3+ at different temperatures.  

 
Fig. S14: First derivation of the positive polarized XA spectra of 
[Mn3(Hcht)2(bipy)4]3+ at 4 K ion trap temperature in comparison of simulated XA 
spectra of Mn2+/3+ and the mixture. Simulated spectra were performed by 
CTM4XAS with Cowan batch files. 

Mike
Rectangle
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Fig. S15: Calculated anisotropy tensors of [Mn3(Hcht)2(bipy)4]3+ in different spin 
configurations (UUU, UUD, UDU). The calculations were performed at the 
B3LYP_Gaussian/cc-pVTZ (H, C, N, O) and Stuttgart 1997 ECP (Mn) level of theory. 

Mike
Rectangle
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Fig. S16: Tanabe Sugano diagram of a d5 HS transition metal with the normalized 
crystal field energy for Mn2+ ion (top) and a d4 HS transition metal with the 
normalized crystal field energy for the Mn3+ ion (bottom) of [Mn3(Hcht)2(bipy)4]3+ 
for the approximation of absorption energy in the UV spectrum. 
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Fig. S17: Calculated susceptibilities for [Mn3(Hcht)2(bipy)4]3+ at different 
temperatures with experimental spin magnetic moment and error bars of 20%. 
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Fig. S18: Calculated susceptibilities for [Mn3(Hcht)2(bipy)4]3+ at different 
temperatures with experimental total magnetic moment and error bars of 20%. 
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Fig. S19: Integrated intensities of the experimental XMCD spectra and their 
corresponding derivated 3d holes for [Mn3(Hcht)2(bipy)4]3+.  

Correction of the spin sum rules by Takeo Jo et al. 

The Sz sum rule for the L2,3 edge in 3d transition metal systems is expressed as: 

𝑋𝑋𝐼𝐼 =  𝑋𝑋𝐸𝐸. 

The relative integrated magnetic circular dichroism (MCD) intensity is defined as 

𝑋𝑋𝐸𝐸 =
∫ �µ+(𝜔𝜔) − µ−(𝜔𝜔)�𝑖𝑖𝜔𝜔 − 2∫ �µ+(𝜔𝜔) − µ−(𝜔𝜔)�𝑖𝑖𝜔𝜔𝐿𝐿2𝐿𝐿3

∫ (µ+(𝜔𝜔) + µ0(𝜔𝜔) + µ−(𝜔𝜔))𝐿𝐿3+𝐿𝐿2
𝑖𝑖𝜔𝜔

 

And the expectation value is given by 

𝑋𝑋𝐸𝐸 = 2
3(10−𝑖𝑖)

〈𝑆𝑆𝑧𝑧〉 + 7
3(10−𝑖𝑖)

〈𝑇𝑇𝑧𝑧〉. 

The absorption spectra with positive and negative light helicity are given by µ±(𝜔𝜔), with 

linearly polarized light by µ0(𝜔𝜔) along the z direction. L3 and L2 denote the integrated region 

with respect to ω, the number of 3d electrons is given by n. 
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 Preamble 

The following chapter elucidates the structure determination of a group of complexes with 

single molecule magnetic behavior. I performed and managed CID, IR(M)PD experiments, data 

evaluation, quantum chemical calculations, and XA simulations. I received experimental 

support from Marcel Lechner to synthesize the complexes to record CID breakdown curves 

and IR(M)PD spectra. I wrote this chapter for detailed documentation. 
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 Abstract 

Single Molecule Magnets (SMM) reveal extraordinary magnetic properties as their magnetic 

moments do not arise from macroscopic bulk ordering but from the individual properties of 

the molecule itself. Much effort has been expended on synthesizing complexes that combine 

a high spin ground state with a large anisotropy barrier. We elucidate a series of complexes 

with the general structure [M2Ln(HVab)4(NO3)]2+ (M = Co, Cu; Ln = Dy, Gd, Sm, Tb, Nd, Tb) 

(HVab = (2-[(2-hydroxymethyl-phenylimino)-methyl]-6-methoxy-phenol)) via Collision 

Induced Dissociation (CID), InfraRed (Multiple) Photon Dissociation (IR(M)PD) and quantum 

chemical calculations in gas phase. The presented results help gain a fundamental insight into 

the molecular structure and stabilities of these complexes, void of any external effects such 

as crystal packing or solvation. 

 Introduction 

Single molecule magnets (SMM) are a fascinating research field for the development of 

magnetic materials, such for example data storage[1] or quantum computing[2-5]. Molecules 

that combine a high spin ground state with a significant anisotropy barrier result in a high 

magnetic moment and slow magnetization relaxation. The first single molecule magnet 

[Mn12O12(CH3COO)16(H2O)4 synthesized by Lis[6] is a well investigated molecule given single 

molecule magnetic behavior[7-14]. The research of single molecule magnets has been extended 

with the Lanthanide ions[15-18].  

Slow relaxation in complexes with the general structure [Ln(Pc)2]- (Pc = phthalocyanine, 

Ln = Tb, Dy, Ho, Er, Tm, Yb) were observed with temperature dependent squid 

measurements[19]. Further investigations on [Tb(Pc)2]- via µ squid measurements revealed well 

defined spin states by changing the applied magnetic field[20]. These spin states can be 

determined as ± 1/2 and ± 3/2. The switch of these spin states is possible because of quantum 

tunneling of the magnetization. Investigations on a trinuclear SMM complex [MnIII2(5-

Brsalen)2(MeOH)2MIII(CN)6]NEt4 (M = Os, Ru; 5-Brsalen= N, N’-ethylene bis(5-

bromosalicylidene)iminate)[21] points out a ferromagnetic Ising type exchange coupling 

between the manganese and the ruthenium or Osmium center. The coupling constants are 

antiferromagnetically coupled for Jxx and Jzz, but ferromagnetic coupled to Jyy and the resulting 
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anisotropy is maximal with this configuration. Therefore, much effort has been spent to design 

SMM complexes containing transition metal complexes and lanthanides to enhance the 

magnetic properties. Investigations of the complex [HNEt3][Ln2(HL1)(L1)] (L1 = 25-[2-((2-methyl 

phenol)imino) ethoxyl-26, 27, 28–trihydroxy–calix[4]arene); Ln = Sm, Eu, Gd, Tb, Dy)[22]. SQUID 

measurements on these complexes revealed a higher magnetization than expected in higher 

temperatures, resulting in a slow relaxation. In other studies of a series of complexes 

[Fe2Ln4(L′H)2(L)2(μ-Piv)4(η2-Piv)2(μ2-η2-Piv)2(μ3-OMe)2] (Ln = Gd, Tb, Dy, Ho), an increasing 

magnetization without saturation by increasing the external magnetic field up to 7 T[23] was 

found.  

Earlier studies of the presented complexes with the general structure 

[Co2Ln(HVab)4(NO3)](NO3)2·MeOH·H2O (Ln = Dy, Gd, Sm, Tb, Nd, Tb) for its characterization 

were performed[24, 25]. With the exception of the combination containing Neodymium, 

temperature dependent Squid measurements of these complexes demonstrate single 

molecule magnetic behavior. They also recorded FT-IR spectra in solid state for this series and 

observed a broad band for the Hydrogen bonded OH groups. The elemental analysis appears 

to support a pure complex void free of impurities.  

Unfortunately, the studies of complexes with the structure 

[Co2Ln(HVab)4(NO3)](NO3)2·MeOH·H2O are performed in solid state, and a hydrogen bonded 

hydroxyl group cannot be eliminated by methanol or water, which are likewise coordinated 

to the complex. Modak et al. also displayed ESI MS spectra that did not show these 

compounds. External effects such as crystal packing effects and/or solvation cannot be 

excluded but seem mandatory. 

We synthesized a series of complexes with the general structure [M2Ln(HVab)4(NO3)](NO3)2 

(M = Co, Cu; Ln = Dy, Gd, Sm, Tb, Nd, Tb) (HVab = (2-[(2-hydroxymethyl-phenylimino)-methyl]-

6-methoxy-phenol)) (cf. Fig. 1)[25].  
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Fig. 1: Calculated minimum structures of [M2Ln(HVab)4(NO3)]2+ (M = Co, Cu; 
Ln = Dy, Gd, Sm, Tb, Nd, Tb). The calculations were performed with Gaussian 09 at 
the B3LYP/ cc-pVDZ (H, C, N, O) and ecp-mdf (Co, Cu, Ln) level of theory. Hydrogen 
is omitted for clarity. 

Electrospray ionization[26, 27] enables mass spectrometric investigations of transition metal 

complexes and their study of the geometrical structure by irradiation with IR photons. 

Tandem-based methods helped to investigate molecules and transition metal complexes void 

from external and/or solvation effects. 

We combine experimental CID, ETD reduced CID, and IR(M)PD investigations of isolated 

[M2Ln(HVab)4(NO3)]2+ (M = Co, Cu; Ln = Dy, Gd, Sm, Tb, Nd, Tb) with quantum chemical 

calculations by Density Functional Theory (DFT) to gain a better understanding of isolated 

single molecule magnets void from external effects such as crystal packing or solvation.  

 Experimental setup and methods 

The general procedure for the synthesis of the complexes was performed as follows[24, 25]. The 

used materials for the synthesis were commercially bought at Sigma Aldrich. All reactions 

were performed under aerobic conditions. 

Synthesis of the Ligand (H2Vab)[24]: 2-Hydroxy-3-methoxy benzaldehyde (4.5 g) were 

dissolved in methanol (100 mL). This mixture was stirred, and 2-Aminobenzyl-alcohol (4 g) was 

added. The mixture was stirred and heated for 6 h at 60 °C. After 6 h, the solution was cooled 

to room temperature, and a yellow solution was obtained (H2Vab). 
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Synthesis of [Co2Ln(Vab)3(HVab)(NO3)]2+ (Ln = Dy, Gd, Sm, Tb, Nd, Tb)[25]: H2Vab (780 mg, 

30 mL) was stirred at room temperature. Sodium methanolate (162 mg) was dissolved in 

methanol (30 mL). The sodium methanolate solution was dropwise added to the ligand 

solution and stirred for 15 min. Ln(NO3)2·H2O (520 mg) were dissolved in methanol (30 mL) 

and dropwise added. The mixture was stirred at room temperature for 4 h. Co(OAc)2·H2O 

(370 mg) was added to the mixture and stirred for 12 h. The solvent was slowly removed in 

vacuum (950 mbar). The resulting powder was dried in vacuum.  

Synthesis of [Cu2Ln(Vab)3(HVab)(NO3)]2+ (Ln = Dy, Gd, Sm, Tb, Nd, Tb)[25]: H2Vab (780 mg, 

30 mL) was stirred at room temperature. Sodium methanolate (162 mg) was dissolved in 

methanol (30 mL). The sodium methanolate solution was dropwise added to the ligand 

solution and stirred for 15 min. Ln(NO3)2·H2O (520 mg) were dissolved in methanol (30 mL) 

and dropwise added. The mixture was stirred at room temperature for 4 h. Cu(OAc)2·H2O 

(370 mg) was added to the mixture and stirred for 12 h. The solvent was slowly removed in 

vacuum (950 mbar). The resulting powder was dried in vacuum.  

Collision Induced Dissociation (CID) 

For the ESI MS and CID measurements, we used a quadrupole mass spectrometer (amazon 

ETD, Bruker daltonics) with a paul trap. The ions of interest are transferred into gas phase by 

electrospray ionization. The sample solution of [M2Ln(HVab)4(NO3)]2+ (c ~ 1·10-6 mol/L) in 

acetonitrile as solvent was constantly infused into the ESI chamber by a syringe pump with a 

flow rate of 180 µL/h. Nitrogen was used as a drying gas with a flow rate of 12 L/min at 180 °C. 

The nebulizer pressure was set to 280 mbar (4 psi) for spraying the sample solution, and the 

spray needle was held at 4.5 kV. The Paul trap comprises a ring electrode and two end caps 

forming a nearly hyperbolic inner profile. The end caps possess pinholes that allow them to 

enter or exit the ions in the trap. The ring electrode is powered with a high voltage RF (radio 

frequency) potential (781 kHz) while the end caps are grounded. The ions are accumulated in 

this resulting oscillating quadrupolar electric field generated from the three electrodes. An 

auxiliary dipolar voltage is fed to either the exit cap or both end caps for ion isolation and 

fragmentation. For providing a constant partial Helium buffer gas pressure of ca. 10-3 mbar 

inside the trap, a proportional integral derivative (PID) gas controller is used. 
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Collision Induced Dissociation (CID) curves varied the excitation voltages (0.0 V–2.5 V). These 

voltages determine the internal energy scale of the mass spectrometer (Elab in V). Relative 

abundances were calculated according to: 

𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡
𝑓𝑓𝑓𝑓 (𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙) = �

∑ 𝐼𝐼𝑖𝑖
𝑓𝑓𝑓𝑓(𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙)𝑖𝑖

∑ 𝐼𝐼𝑖𝑖
𝑓𝑓𝑓𝑓(𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙)𝑖𝑖 + ∑ 𝐼𝐼𝑖𝑖

𝑝𝑝(𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙)𝑖𝑖
� (1) 

where 𝐼𝐼𝑖𝑖
𝑓𝑓𝑓𝑓= intensity of the fragment ions and 𝐼𝐼𝑖𝑖

𝑝𝑝= intensity of the parent ions. Center of mass 

transferred fragmentation amplitudes (𝐸𝐸𝑐𝑐𝑡𝑡𝑐𝑐) were calculated from internal amplitudes by:  

𝐸𝐸𝑐𝑐𝑡𝑡𝑐𝑐 = �
𝑚𝑚𝐻𝐻𝐻𝐻

𝑚𝑚𝐻𝐻𝐻𝐻 + 𝑚𝑚𝑖𝑖𝑡𝑡𝑖𝑖
� ∙ 𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙 (2) 

where 𝑚𝑚𝑖𝑖𝑡𝑡𝑖𝑖 stands for the isotopically averaged mass of the molecular ion. Note that the 

current application of the CID technique by RF excitation in the presence of multiple collisions 

results in a so called “slow multi collision heating” mode of operation[28]. 

Fragmentation amplitude dependent CID spectra were modeled and fitted by sigmoidal 

functions of the type 

𝐼𝐼𝑓𝑓𝑖𝑖𝑡𝑡
𝑓𝑓𝑓𝑓(𝐸𝐸𝑐𝑐𝑡𝑡𝑐𝑐) = �

1
1 + 𝑀𝑀(𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐50 −𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐) 𝐵𝐵

� (3) 

using a least-squares criterion. The 𝐸𝐸𝑐𝑐𝑡𝑡𝑐𝑐50  fit parameter is the amplitude at which the sigmoid 

function is at half maximum value, whereas B describes the rise of the sigmoid curve. Due to 

the correlation of fragmentation amplitude and appearance energy, it is feasible to assume 

that the appearance curves can be associated with the relative stability of the isolated 

complexes[29-32].  

For the experiments, via Electron Transfer Dissociation (ETD), we admitted methane in the 

ETD cell as a mediator to create low energy electrons. Inside the ETD cell, methane is oxidized 

to a methane radical cation (CH4•+ + 2e-) via electron impact ionization. The collision of the 

methane radical cation with the Flouranthene (C16H10) leads to an electron capture of the low-

energy electrons by the Flouranthene. Afterward, the Flouranthene radical anion (C16H10-) is 

guided into the Paul trap, and collisions with the complex of interest lead to an anion-cation 

electron transfer reaction resulting in a reduction of the complex. 
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InfraRed (Multiple) Photon Dissociation (IR(M)PD) 

InfraRed (Multiple) Photon Dissociation (IR(M)PD) experiments were performed using a 

modified Paul-type quadrupole ion trap mass spectrometer (Amazon SL, Bruker Daltonics) at 

room temperature. The ions of interest are transferred into gas phase by electrospray 

ionization. The sample solution of [M2Ln(HVab)4(NO3)]2+ (c ~ 1·10-6 mol/L) in acetonitrile was 

constantly infused into the ESI chamber by a syringe pump with a flow rate of 180 µL/h. 

Nitrogen was used as a drying gas with a flow rate of 12 L/min at 180 °C. The nebulizer pressure 

was set to 280 mbar (4 psi) for spraying the sample solution, and the spray needle was held at 

4.5 kV. The Paul trap consists of a ring electrode and two end caps forming a nearly hyperbolic 

inner profile. The end caps possess pinholes that allow them to enter or exit the ions in the 

trap. The ring electrode is powered with a high voltage RF (radio frequency) potential (781 

kHz) while the end caps are grounded. The ions are accumulated in this resulting oscillating 

quadrupolar electric field generated from the three electrodes. An auxiliary dipolar voltage is 

fed to either the exit cap or both end caps for ion isolation and fragmentation. For providing 

a constant partial Helium buffer gas pressure of ca. 10-3 mbar inside the trap, a proportional 

integral derivative (PID) gas controller is used. 

Laser system 

The laser pulses were generated using a KTP/KTA optical parametric oscillator/amplifier 

(OPO/OPA, LaserVision) system. A pulsed 10 Hz injection seeded Nd3+ Yag laser (PL 8000, 

Continuum) pumps the system and serves as source for tunable IR radiation. The difference 

frequency (DF) between the OPA signal and idler waves is generated within an AgGaSe2 

crystal, applied for the range between 1000 cm-1 and 2000 cm-1. The IR beam is guided into 

the ion trap by a 90° off axis parabolic silver mirror with a focal length of 15 cm. After passing 

the Paul-trap, the IR beam was guided to a power meter (Maestro, Gentech) to monitor the 

laser power. IR(M)PD spectra are obtained by plotting the fragment yield as a function of the 

laser frequency (𝜈𝜈). The fragment yield is defined as:  

𝑌𝑌(𝜈𝜈) = �
∑ 𝐼𝐼𝑖𝑖

𝑓𝑓𝑓𝑓(𝜈𝜈)𝑖𝑖

∑ 𝐼𝐼𝑖𝑖
𝑓𝑓𝑓𝑓(𝜈𝜈)𝑖𝑖 + ∑ 𝐼𝐼𝑖𝑖

𝑝𝑝(𝜈𝜈)𝑖𝑖
� (4) 
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Calibration of the IR frequency is done by a wavemeter (821B-NIR, Bristol instruments). The 

resulting power curves are recorded parallel to the IR(M)PD experiments by digitizing the 

analog output of the laser power meter through an ADC input of the Amazon SL mass 

spectrometer. No normalization of the recorded spectra was done because there is an 

intrinsically nonlinear power dependence of the IR(M)PD fragmentation efficiencies. 

 Computational methods 

For the calculation of the optimized minimum energy structures and linear absorption spectra, 

we performed DFT calculations at the B3LYP[33, 34] level of theory using cc-pVDZ[35] basis sets 

(C, H, N, O) and Stuttgart ecp effective core potential[36] (Co, Cu, Dy, Gd, Nd, Sm, Tb) with the 

Gaussian 09 program package[37]. We calculated the different multiplicities in the different 

geometries to gain the most stable isomers as a function of multiplicities. For the calculation, 

the standard convergence criteria were applied. Harmonic vibrational frequencies were scaled 

with 0.9641 to account for prevailing anharmonicity. The scaling factor was derived by 

matching the calculated accessible OH stretching mode of the experimental spectra with the 

calculated OH stretching modes. The projected Density of States spectra was also performed 

at the B3LYP[33, 34] level using cc-pVDZ[35] with the Gaussian 09 program package[37]. To 

calculate weak interactions of these complexes, we performed single-point calculations at the 

same Level as above to obtain wfn data for further treatment in multiwfn[38]. The presented 

XA simulations were performed with CTM4XAS and batch files from cowan[39]. 

 Results 

9.6.1 Collision Induced Dissociation (CID) 

With the above described sample solution, we recorded mass spectra via electrospray 

process. The ions of interest are stored and isolated in a Paul trap. We monitor a variety of 

isotopic peaks ranging from 670 m/z to 700 m/z in this series of complexes, depending on the 

Lanthanide and transition metal ions (cf. Tab S1). The recorded masses are 1.5 m/z lower than 

predicted, implying that three hydrogen atoms were lost during the ESI process in this set of 

complexes or that four hydroxyl groups were never obtained as planned. Furthermore, the 

masses are half of the real masses, indicating that the complexes under consideration in this 

case are dicationic ones (cf. Fig. 2).   
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Fig. 2: ESI mass spectra of isolated [M2Ln(HVab)(Vab)3]2+ (M = Co, Cu; 
Ln = Dy, Gd, Nd, Sm, Tb) in a paul type ion trap mass spectrometer. 

To verify the above mentioned assumption, we prepared the sample as described above with 

deuterated acetonitrile to exchange the Hydrogen in the hydroxyl groups with deuterium 

(cf. Fig. S1). Deuteration results in a mass spectrum that is just 0.5 m/z heavier than the initial 

mass, implying that the complex seizes only one hydroxyl group rather than four, as previously 

reported[25]. We observe a similar trend by changing the transition metal from Cobalt to 

Copper. The ligand thus offers different possibilities to establish coordination to the 

corresponding transition metals (c.f. Fig. 3). This results in only one possible composition for 

cobalt and copper, respectively, to generate a complex with a netto charge of 2+ (c.f. Fig. 3). 
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Fig. 3: Possible coordination of the ligands and their formal charges for the 
construction of the complex while maintaining the net charge +2. 

We recorded Collision Induced Dissociation (CID) breakdown curves to determine the bonding 

strengths in these complexes (cf. Fig. 4) and observe a nearly identical fragmentation pattern 

for all complexes, regardless of Lanthanide or transition metal exchange. The main 

fragmentation channel is the loss of the nitrate group with the addition of molecular 

Hydrogen. With rising excitation amplitude, losing molecular Hydrogen and one deprotonated 

ligand (Vab) is observed. At the same excitation amplitude as second fragmentation channel, 

that loses the nitrate group to a mono cationic complex appears. The third fragmentation 

channel to a mono cationic complex is observed in all complexes but significantly lower in the 

Copper complexes (cf. Tab. S2). 
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Fig. 4: CID breakdown curves of [Co2Ln(HVab)(Vab)3]2+ (left) and 
[Cu2Ln(HVab)(Vab)3]2+  (Ln = Dy, Gd, Nd, Sm, Tb) with their corresponding 
appearance curves of the associated fragments and sigmoid fits.  

We recorded Electron Transfer Dissociation (ETD) break down curves (cf. Fig. 5) and observe 

only two fragmentation channels for all complexes. The main fragmentation channel is the 

loss of the nitrate group and the addition of molecular Hydrogen as observed in the dicationic 

species. At higher excitation amplitudes, the second fragmentation channel still relates to the 

loss of the molecular Hydrogen and one ligand. The loss of the nitrate group without the 

addition of molecular Hydrogen is not monitored, indicating that the third fragmentation 

channel in the dications results in a monocation, which can only be obtained by an isomer that 

does not exhibit an intensive bonding condition of the nitrate group.  
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Fig. 5: ETD breakdown curves of [Co2Ln(HVab)(Vab)3]2+ (left) and 
[Cu2Ln(HVab)(Vab)3]2+  (right) (Ln = Dy, Gd, Nd, Sm, Tb) with their corresponding 
appearance curves of the associated fragments and sigmoid fits.  

The resulting gas phase stabilities reveal a change in their stabilities as a function of the 

Lanthanides, transition metals, and the netto charge of the complex. Gas phase stabilities for 

the dicationic Cobalt complexes point out an increasing trend with the change from 

Dysprosium to Gadolinium afterward, a decreasing trend is observed. The gas phase stabilities 

of the dicationic Copper complexes are lower than those of the Cobalt analoga, and their 

behavior differs. An increase in the gas phase stability is observed by changing from 

Dysprosium to Gadolinium. Then, the gas phase stabilities seem to be equal until a change to 

Terbium is performed. The ETD reduced gas phase stabilities show different behavior than 

their dicationic analoga. We monitor an increasing tendency from the Gadolinium complex to 

the Samarium complex, and the transition to the Terbium complex causes considerable 

instability for the complexes containing Cobalt. For Copper complexes, we observe an 

increasing trend by the exchange of Dysprosium to Neodymium.  
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The complex containing Samarium is the least stable of the three, and the exchange to a 

Terbium ion results in the maximum gas phase stability. We assume that the gas phase 

stabilities highly depend on the change of the Lanthanide. The reduced complexes point out 

that the exchange of the transition metal also affects the gas phase stabilities. Considering 

that the electron from the ETD process is not delocalized over the ligands since this would not 

have a major effect on the observed gas phase stabilities. Therefore, the electron might be 

located near the transition metal and/or the Lanthanide, resulting in a stabilization or 

destabilization in these complexes. 

 
Fig. 6: Approximated gas phase stabilities of [Co2Ln(HVab)(Vab)3]2+/+ (left) and 
[Cu2Ln(HVab)(Vab)3]2+/+  (right) (Ln = Dy, Gd, Nd, Sm, Tb).  

As previously stated, deuteration of these compounds only results in the exchange of one 

Hydrogen atom for a deuterium atom on the hydroxyl group, suggesting four separate 

potential isomers in these complexes. The calculated non covalent interactions of these 

isomers reveal similar interactions for all complexes and all possible isomers (cf. Fig. 7). These 

noncovalent interactions, on the other hand, contribute to explain the observed 

fragmentation pattern in this sequence of complexes.  
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Fig. 7: Calculated non covalent interactions for [M2Ln(HVab)(Vab)3]2+ 
(Ln = Dy, Gd, Nd, Sm, Tb) of the central oxygen atom. The calculations were 
performed with Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart ecp 
effective core potential (Co, Dy, Gd, Nd, Sm, Tb) level of theory.  

The non covalent interactions in the nitrate group are weak, leading to the lowest bonding 

strength, resulting in the main fragment of these complexes. The non covalent interactions 

are more vulnerable on that side where the transition metal with a higher oxidation state is 

located, leading to the fragmentation of a Vab ligand in this series of complexes, as observed. 

It is impossible to determine which isomer of these complexes is present with CID/ETD 

techniques because of their same masses.  
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9.6.2 InfraRed (Multiple) Photon Dissociation (IR(M)PD) 

First, we recorded ATR spectra of the complex series in the range 700-4000 cm-1 and found 

comparable vibrational spectra to the Modak group[25] (cf. Fig. S2). The recorded ATR spectra 

reveal the same spectral pattern by variation of the Lanthanide ions. We observe a broad band 

from 2000-3700 cm-1, which must occur from the Hydrogen bonded hydroxyl groups. We also 

monitor the same trend by changing the transition metal from Cobalt to Copper. In solid state, 

weak coordination of methanol from the reaction solvent cannot be excluded. In the area 

from 700-2000 cm-1, no changes in the spectral pattern appear. The ATR spectra reveal more 

bands than expected as a result of the high symmetry of the complexes. A high symmetry 

should result in fewer vibrational modes because most of the vibrational modes degenerate. 

In combination with the above discussed mass spectra, gas phase investigations seem 

necessary because the assumption of four hydroxyl groups in this series of complexes cannot 

be confirmed. The absence of at least three hydroxyl groups must change the oxidation state 

for one Cobalt, resulting in a change of the IR(M)PD spectra and their magnetism. 

The recorded IR(M)PD spectra of these complexes reveal similar vibrational modes with the 

exchange of the Lanthanides (cf. Fig. 8). The most significant differences to the ATR spectra 

are reduced vibrational bands between 1000-1800 cm-1 by the cause of the high symmetry in 

the complexes. Also, the broad vibrational band in the region 2000-3700 cm-1 reveals more 

structure in the gas phase than in the solid phase. The change of the transition metal leads to 

significant changes in the IR(M)PD spectra (cf. Fig. 7). We assume that the methanol 

coordinates to the complex in solid state and leads to the broad Hydrogen bonded hydroxyl 

band in the ATR spectra. 
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Fig. 8: Experimental IR(M)PD spectra of [Co2Ln(HVab)(Vab)3]2+ (top) and 
[Cu2Ln(HVab)(Vab)3]2+  (bottom) (Ln = Dy, Gd, Nd, Sm, Tb).  

The IR(M)PD spectra of these complexes reveal just two vibrational bands between 1400 cm- 1 

and 1700 cm-1, suggesting a high symmetry of the complex due to degenerated vibrational 

modes in this series of complexes. The crystal structure of this complex also points out a high 

symmetry of these complexes. The area between 2800 cm-1 and 3700 cm-1 reveals almost 

similar vibrational modes with the exchange of the Lanthanide considering contracted f 

orbitals in the Lanthanides, a significant energy shift is not expected in the vibrational modes. 

The change of the transition metal leads to a considerable difference in the vibrational modes 

of the IR(M)PD spectra in the area of 2800-3700 cm-1 (cf. Fig. 8).  
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Fig. 9: Experimental IR(M)PD spectra of [Co2Ln(HVab)(Vab)3]2+ (top) and 
[Cu2Ln(HVab)(Vab)3]2+  (bottom) (Ln = Dy, Gd, Nd, Sm, Tb) in the area between 2800 
cm-1 and 3700 cm-1.  

At around 3600 cm-1 belongs to the accessible OH stretching mode and obtains higher 

intensity in the Cobalt complexes than in the Copper complexes. Compared with the broad 

bands around 3250 cm-1/3350 cm-1, which belong to Hydrogen bonded OH stretching modes, 

assuming that the Hydrogen bonding is stronger in the Cobalt complexes than in the Copper 

complexes. The presence of the additional bands in the Cobalt complexes hints different 

isomers of the complex. There may be one isomer with the same structure as in the Copper 

complexes and at least one isomer, resulting in a little symmetry distortion and non-

degenerated vibrational modes of the methyl groups in the ligands. Also, the intensity of the 

vibrational stretching modes for the free OH group is higher in the Cobalt complex than in the 

Copper complex. There is also a free hydroxyl group isomer and a hydrogen bound hydroxyl 

group isomer. The band at around 2950 cm-1 belongs to alkyl C-H stretching modes and reveal 

a minor splitting into three vibrational bands in the Cobalt complexes, which is not observed 

in the Copper complexes. The splitting of this band also leads to the assumption of an isomer 

that does not attain a high symmetry in its structure in the Cobalt complexes. 
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Fig. 10: Experimental IR(M)PD spectra of [M2Ln(HVab)(Vab)3]2+ 

(M = Co (left), Cu (right); Ln = Dy, Gd, Nd, Sm, Tb) in the area between 2800 cm-1 
and 3700 cm-1 with the calculated possible isomers. The calculations were 
performed with Gaussian 09 at the B3LYP/cc-pVDZ (H, C, N, O) and Stuttgart ecp 
effective core potential (Co, Cu, Dy, Gd, Nd, Sm, Tb) level of theory. The spectra 
were scaled with 0.9641 to compensate anharmonicity in these complexes. 

The calculated spectra for the different possible isomers are in good agreement with the 

experimental spectra (cf. Fig. 10). These complexes reveal a mixed valence state for the Cobalt 

complexes (e.g., Co3+/2+) and for the copper complexes the transition metal ions remain in the 

same oxidation state (e.g., Cu2+). As a result of the Lanthanide exchange, four distinct isomers 

can arise in these compounds. The calculated complexes point out two different isomers (I, II) 

with Hydrogen bonded OH vibrational modes, resulting in a strong redshift in the vibrational 

spectra. The isomer III and IV obtain a free hydroxyl group on the Co ions resulting in a 

vibrational mode at around 3600 cm-1. As previously stated, only isomers III and IV exhibit non 

degenerated C-H stretching modes, indicating the presence of separate isomers in this series 

of complexes (cf. Fig. S3-S12).  
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Compared with the calculated vibrational spectra, we observe two isomers in a different 

composition in every complex. The complexes containing Copper reveal the isomers I and III 

in every spectrum. The isomer with a free vibrational hydroxyl group has a lower intensity and 

suggests that there is less of this isomer than the isomer with a hydrogen bound hydroxyl 

group. Also, the calculations point out that the free OH group is located at the Cu2+ ion because 

the ligand coordinates radically on the other Cu ion. Changing the location of the free OH 

group results in a spectral pattern that differs from the experimental pattern. Because of the 

little quantity of the isomer with a free OH group and its decreased symmetry, the band at 

approximately 3080 cm-1 in spectra containing Co ions is not visible in Cu complexes. The band 

is assigned as an asymmetric C-H stretching mode of the methyl group on the opposite side of 

the ligand, which is directly coordinated to the Lanthanide (cf. Fig. S13). The second band, at 

roughly 3150 cm-1, is from another asymmetric C-H stretching mode of a different methyl 

group in these compounds. The difference between those C-H vibrational modes is that only 

two Hydrogens in the energetic lower vibrational mode are involved in the energetic higher 

mode. In all isomers without a hydrogen bonding, the asymmetric CH stretching mode at 

roughly 2990 cm-1 is neighbored to the free hydroxyl group. The determination of the isomers 

in Cobalt complexes is slightly more difficult than in the Copper complexes. We observe 

different pairs of isomers by variation of the Lanthanides. 

The experimental spectra of the Cobalt complexes seem to be the same. According to the 

computations, the isomer I with a hydrogen-bonded OH group is present in all complexes. The 

complexes containing Sm3+ and Tb3+ the isomer III match the best to the experimental spectra. 

As a result, the free OH group is found on the Co3+ ion, and the splitting of the C-H groups at 

2900 cm-1 more accurately depicts the spectral pattern than isomer IV. The Gadolinium 

complex indicates the second isomer IV, which has a free OH group on the Co2+ ion. The 

spectra for complexes containing Neodymium as Lanthanide do not match the calulated 

vibrational spectra in the same geometry (cf. Fig. 9 and Fig. S3-S12). The nitrate groups rotate 

more orthogonally in isomer I, resulting in a free hydroxyl vibrational mode for the Cobalt 

complexes. When the transition metal is changed to Copper, we monitor a hydrogen-bonded 

OH group towards the nitrate ligand. Still, this vibrational mode is also predicted to be less red 

shifted than the experimental IR(M)PD spectrum.  
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We assume that the Hydrogen bond observed in the experimental spectrum belongs to the 

structure of isomer I. Still, the Hydrogen bonding is weaker than in the other complexes and 

appears as a free OH group in the Cobalt complexes. Therefore, the change of the Lanthanides 

leads to different locations of the free OH group on the Co ions resulting in different isomers 

with minor changes in the spectral pattern of the vibrational spectra. The complex containing 

Dysprosium is the only complex where the low spin configuration for the isomer I is preferred 

over a high spin complex (cf. Tab. 1). The isomer IV is the second isomer in the dysprosium 

complex and also points out an excellent agreement with the experimental spectra. 

Tab. 1: Relative energies (kJ/mol) of the spin configurations in the complex 
[M2Ln(HVab)(Vab)3]2+ (M = Co; Ln = Dy, Gd, Nd, Sm, Tb). The calculations were 
performed with Gaussian 09 at the B3LYP/cc-pVDZ (H, C, N, O) and Stuttgart ecp 
effective core potential (Co, Dy, Gd, Nd, Sm, Tb) level of theory. 

 Isomer I Isomer II Isomer III Isomer IV 

 LS HS LS HS LS HS LS HS 

[Co2Dy]2+ 0 75 0 20 2 0 25 0 

[Co2Gd]2+ 323 0 25 0 71 0 29 0 

[Co2Nd]2+ 140 0 175 0 281 0 275 0 

[Co2Sm]2+ 178 0 175 0 219 0 31 0 

[Co2Tb]2+ 16 0 63 0 44 0 31 0 

In the complexes with Copper, a change in the spin configuration is not possible. A Cu2+ ion 

leads to a single unpaired electron in one d orbital and all other electrons remain in spin 

pairing, where also no change in the spin configuration is expected. Instead, the Cobalt ions 

can change from a low spin to a high spin state if the spin pairing energy is higher than the 

crystal field energy. Furthermore, a Co3+ stays diamagnetic, which should have an effect on 

the spectrum pattern of the vibrational spectra. The Cobalt complexes reveal a systematic 

pattern for the Hydrogen bonded OH group. Therefore, we cannot exclude isomer II, where 

the vibrational mode is slightly higher than isomer I, by changing the OH group from the Co2+ 

to the Co3+ ion (cf. Fig. 10). By including the spectral pattern, we exclude the third isomer for 

the Cobalt complexes.  
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Also, one isomer with free OH groups can be excluded from the spectral pattern of the CH 

stretching modes, where more calculated modes are observed. Still, because of symmetry, 

most of these bands degenerate, and a determination of the characteristic pattern around 

2900 cm-1 leads to the observed isomer in the experimental spectra. 

 
Fig. 11: Experimental IR(M)PD spectra of [Co2Ln(HVab)(Vab)3]2+ 

(Ln = Dy, Gd, Nd, Sm, Tb) in the area between 3100 cm-1 and 3450 cm-1 with the 
calculated possible isomers I and II. The calculations were performed with 
Gaussian 09 at the B3LYP/cc-pVDZ (H, C, N, O) and Stuttgart ecp effective core 
potential (Co, Dy, Gd, Nd, Sm, Tb) level of theory. The spectra were scaled with 
0.9641 to compensate anharmonicity in these complexes. 

Unfortunately, the determination of the different isomers cannot be understated by the bands 

in the fingerprint area because of the high symmetry of the complex. We only observe two 

bands in the experimental spectra but more predicted bands in the calculations (cf. Fig. 12). 
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Fig. 12: Experimental IR(M)PD spectra of [M2Ln(HVab)(Vab)3]2+ 

(M = Co (left), Cu (right); Ln = Dy, Gd, Nd, Sm, Tb) in the area between 1300 cm-1 
and 1800 cm-1 with the calculated possible isomers. The calculations were 
performed with Gaussian 09 at the B3LYP/cc-pVDZ (H, C, N, O) and Stuttgart ecp 
effective core potential (Co, Dy, Gd, Nd, Sm, Tb) level of theory. The spectra were 
scaled with 0.9641 to compensate anharmonicity in these complexes. 

The band at 1619 cm-1 can be assigned to the N-O stretching mode of the nitrate group in 

combination with C-C benzyl stretching modes. The second vibrational band at 1466 cm-1 

belongs to the isomers of the C-H bending modes methyl groups with a free hydroxyl group. 

For the Hydrogen bonded isomer, these bands can be assigned to N-O stretching mode at 

1619 cm-1, and the band at 1466 cm-1 still belongs to the methyl groups of the ligand. Both 

isomers highlight these characteristic bands, and no further differentiation of the distinct 

isomers in this series of compounds is feasible. However, it is evident that two different 

isomers are present in the complexes, and every mode is present to determine the structure 

of these complexes. We also observe bands in the calculated vibrational spectra, which do not 

agree with the other computed Lanthanide complexes. In the Cobalt/Neodymium complexes, 

we observe one band at around 1700 cm-1 for both isomers. These bands belong to the nitrate 
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stretching mode as in the other isomers. Still, the nitrate Hydrogen bonding in the isomer I is 

weakened by a rotation of the nitrate group, resulting in a more extended Hydrogen nitrate 

bonding. In the other isomer (IV), the calculated band also belongs to the nitrate group but 

without a Hydrogen bonding resulting in a shift to higher wavenumbers of the vibrational 

mode. We observe the same trend for the Copper complexes containing Samarium and 

Neodymium as Lanthanide. In all these complexes, we observe a slight rotation of the nitrate 

group in the complexes. We applied for all the calculations the same scaling factor for better 

comparability. Using a scaling factor of 0.8941 instead of 0.9641, these spectra match the 

others. Therefore, we assume higher anharmonicities in these complexes than in the other 

ones. The experimental IR(M)PD spectra reveal a less red shifted Hydrogen bonded hydroxyl 

group in the Copper complexes than in the Cobalt complexes (cf. Tab. 2). Also, the vibrational 

stretching mode of the free hydroxyl group is less red shifted than in the Cobalt analoga.  

Tab. 2: Experimental IR(M)PD vibrational modes and their corresponding shifts 
relative to the [Co2Ln(HVab)(Vab)3]2+ vibrational modes. 

 ν(OH bond)/cm-1 ν(Free OH)/cm-1 Δν/cm-1 Δν/cm-1 

[Co2Ln]2+ 3281 3613 0 0 

[Cu2Ln]2+ 3376 3628 95 15 

We assume that the unpaired electrons in the Cobalt ions lead to a more vital bonding 

situation than the Copper ions, resulting in a higher redshift of the OH stretching modes. The 

averaged bonding length for the Hydrogen bond is 1.81 Å for the Cobalt complexes and 1.83 Å 

for the Copper complexes, indicating a weaker bonding, resulting in a less redshift of the 

vibrational bands. Also, in the isomer III, the bonding length for the coordination of the 

hydroxyl groups elongates from Co with 2.22 Å to Cu with 2.34 Å, which weakens the bonding 

strength and results in a less redshifted stretching mode of the free OH group. 

9.6.3 Theoretical approximation of the XA spectra and UV correlation 

We performed XA simulations for the Cobalt ions in different oxidation states (cf. Fig. 13) and 

observe a significant energy shift with the oxidation state change by 2.24 eV, leading to a 

change in the spectral pattern of the XA spectra and pointing out a mixed valence 

configuration in the Cobalt complexes. The involving ligand field is not included because the 

influence of the ligand on the transition metal should be more negligible than 1 eV[40-45].  
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Also, the spin orbit coupling constants from the core-shell to the valence hole reveal a higher 

value for the Co2+ ion than for the Co3+ ion. An open shell system must lead to a lower spin 

pairing energy than in a closed shell complex. The Co2+ ion has one unpaired electron in the 

low spin configuration and three unpaired electrons in the high spin configuration, resulting 

in a higher SOC because the orbital momentum must be higher than in transition metal ions 

with an even number of electrons due to a homogeneous electron distribution resulting in a 

spherical electron density. As previously stated, the effect of organic ligand coordination is 

not included in these simulations, although it can influence the SOC through charge transfer, 

Jahn Teller distortions, and exchange coupling of the Lanthanide in this series of complexes.  

 
Fig. 13: Simulated XA spectra of free Co2+/3+ atoms at 4.5 K by CTM4XAS and Cowan 
batch files with corresponding spin orbit coupling constants.  

The Copper L3,2 absorption edges simulation does not point out any detail for determining the 

crystal field splitting (cf. Fig. S14). Therefore, a correlation between the XA spectra and UV/VIS 

absorptions is not possible. A SOC value for the Cu2+ ion is higher than in the Cobalt analoga. 

The higher SOC occurs from more electrons in the Copper ion than in the Cobalt ion.  
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There is no possibility for a low spin or high spin composition, resulting in a fixed spin and 

orbital magnetic moment for the complex. The magnetism only changes by variation of the 

Lanthanides. For the Cu2+ ion in the complex, the unpaired electron should not affect the 

significant magnetic properties in the complexes, obtaining Cobalt as transition metal 

complexes. 

The XA simulations of the Lanthanides in the M4,5 edges reveal almost similar spectral patterns 

for the investigated Lanthanides presented in this work. The major difference between these 

spectra is the absorption energy and the spin orbit couplings (cf. Fig. S15). We observe broad 

absorption bands in all simulated XA spectra for this series of Lanthanides. The neodymium 

ion has the lowest SOC, and as previously stated, the complex containing Neodymium does 

not exhibit single-molecule magnetic behavior[25]. Neodymium achieves the lowest number of 

unpaired electrons in this series of Lanthanides. A high spin ground state defines a single 

molecule magnetic behavior in combination with a high anisotropic barrier. The lowest spin 

orbit coupling of Neodymium hints no SMM behavior in these complexes. We assume that the 

complex containing Neodymium points out the lowest anisotropic barrier resulting in 

inefficient SMM behavior. With the simulated XA spectra, we can determine the crystal field 

splitting for the different transition metal and Lanthanide ions (cf. Tab. 2). We observe a higher 

crystal field splitting in the Co3+ ion than in the Co2+ ion. Higher crystal field splitting results in 

more intense spin pairing energy, resulting in no unpaired electrons in the Co3+ ion, implying 

that no exchange coupling between the Lanthanide and the Co3+ ion is provided. This 

expresses that the magnetic behavior of these complexes mainly occurs from the Lanthanide 

ions themselves and not from a strong exchange coupling between the transition metal ions 

and the Lanthanides. Except for the neodymium ion, the crystal field splitting of the 

Lanthanides displays virtually identical crystal field splittings in this sequence of complexes. 

According to the same reasoning as for transition metal ions, the crystal field energy is higher 

than the spin pairing energy, resulting in fewer unpaired electrons and lower magnetic 

behavior.  
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Tab. 2: Approximated crystal field splittings of the different transition metals from 
the simulated XA spectra and their normalization with the Racah parameter B[46] for 
Cobalt and the Racah parameter E3[47] for Ln. 

 CF/eV CF/cm-1 CF/B 

Co2+ 1.99 16050 16.83 

Co3+ 2.56 20648 18.77 

Dy3+ 5.23 42183 48.53 

Gd3+ 4.85 39118 46.89 

Nd3+ 5.56 44844 61.06 

Sm3+ 4.01 32343 41.22 

Tb3+ 5.52 44522 51.32 

We utilized the Racah parameter B normalized crystal field splittings with the matching 

Tanabe Sugano diagram to approximate the UV/VIS absorption bands (cf. Fig. 14). This 

approximation covers weak spin prohibited MLCT transitions for distinct transition metal 

UV/VIS absorption spectra. For the Co2+, we predict a 5T2g to a 1A1g transition and a 4T1g to a 
2Eg transition for the Co3+ ion and observe very low energies for the UV/VIS absorptions. This 

hints that, in this series of complexes, no MLCT transitions are present, and absorption bands 

mainly occur from the benzyl rings of the ligand. 
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Fig. 14: Tanabe Sugano diagram for free Co2+ (top) and Co3+ (bottom) with the 
simulated crystal field splittings from the XA spectra and their associated 
transition energies in the UV/VIS spectra. 

The renormalization of the approximated absorption energies results in energies in the mid-

IR region (cf. Tab. 3), which suggests to low-lying electronic transitions for Cobalt and may be 

noticed in the provided IR(M)PD spectra[48-53] associated with a Hydrogen bound hydroxyl 

group as stated above. The Cobalt complexes only have one hydroxyl group, but the spectral 

pattern in the IR(M)PD spectra reveals three different peaks that are not present in the Copper 

analoga. Also, one hydroxyl cannot establish three different vibrational modes to generate a 

spectral pattern of three distinct peaks. 

Tab. 3: Approximated normalized crystal field splittings, normalized absorption 
energies, and renormalized absorption energies with the Racah parameter B[46] for 
Cobalt in different oxidation states. 

 CF/B E/B E/cm-1 E/nm 

Co2+ 16.83 3.35 3253 3074 

Co3+ 18.77 2.99 3289 3040 
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As observed before, the approximation of the UV/VIS absorption bands might lead to low-

lying electronic transitions in the IR(M)PD spectra. Therefore, we compared the approximated 

transitions with the experimental normalized and averaged IR(M)PD spectra of the 

Cobalt/Lanthanide complexes (cf. Fig. 15). 

 
Fig. 15: Experimental IR(M)PD spectrum of [Co2Ln(HVab)(Vab)3]2+ 

(Ln = Dy, Gd, Nd, Sm, Tb) in the area between 3000 cm-1 and 3700 cm-1 in 
comparison with the approximated transitions from the Tanabe Sugano diagram.  

The observed band around 3300 cm-1 is broad and points out a splitting into three vibrational 

modes. Usually, Hydrogen bonded OH stretching vibrations are red shifted and broadened but 

mostly did not show any other feature than a broad distribution[48-54] because of their weak 

bonding situation. The bonding distances of the Cobalt complexes are, on average, 1.81 Å for 

the Hydrogen bonding and almost similar to the averaged bonding distance of 1.83 Å in the 

Copper complexes. We assume that the Hydrogen bonding strength in all complexes is 

identical, and the splitting may occur from electronic transitions. Also, Electronic Localized 

Field (ELF) plots point out almost similar electron distribution in this series of complexes 

(cf. Fig. 16). 
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Fig. 16: Electron Localized Field (ELF) of [M2Ln(HVab)(Vab)3]2+ (M = Co, Cu; 
Ln = Dy, Gd, Nd, Sm, Tb). The calculations were performed with Gaussian 09 at the 
B3LYP/cc-pVDZ (H, C, N, O) and Stuttgart ecp effective core potential 
(Co, Dy, Gd, Nd, Sm, Tb) level of theory.  

As expected, the ELF plots reveal weak covalent interactions for the Hydrogen bonding in this 

series of complexes. Combined with the knowledge of only one hydroxyl group in these 

complexes, only two vibrational modes can occur. One vibrational mode is the stretching 

mode around 3200-3400 cm-1, and the other is the bending mode around 1800 cm-1. With the 

exclusion of another Hydrogen bound isomer, we consider that the spectrum pattern in Cobalt 

complexes results from an overlay of Hydrogen bonding and low-lying electronic transitions 

from Cobalt atoms in different oxidation states. Copper does not exhibit low lying electronic 

transitions, and the IR(M)PD spectra of the complexes do not suggest such characteristics.  We 

can neither confirm nor deny the presence of low-lying electronic transitions with the above 

performed technique. Still, the approximation of the UV/VIS transitions strongly gives hints to 

such transitions in the IR(M)PD spectra. 
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 Conclusion 

In the presented work, we investigate the structural properties of a series of complexes with 

the general structure [M2Ln(HVab)(Vab)3]2+ (M = Co, Cu; Ln = Dy, Gd, Nd, Sm, Tb) via mass 

spectrometry, CID and IR(M)PD. We observe complexes with masses that lead to a loss of 

three protons than the predicted complex with the same netto charge, indicating mixed 

valence complexes. Deuteration of the complexes results in the substitution of only one 

Hydrogen for Deuterium, assuming only one hydroxyl group is present.  

Collision Induced Dissociation breakdown curves reveal that losing a nitrate group and the 

addition of molecular Hydrogen simultaneously represent the main fragmentation channel. 

The second fragmentation channel is the loss of one tetradentate ligand (Vab). The CID 

breakdown curves of the ETD reduced complexes reveal similar fragmentation behavior with 

different gas phase stabilities. 

IR(M)PD studies reveal two different isomers for all complexes compared with calculated 

linear absorption spectra. In the Cobalt complexes, two isomers are more prominent, with a 

complex obtaining a Hydrogen bonded hydroxyl group and one with a free hydroxyl group. 

The Copper complexes instead show a lower intensity of the stretching mode for a free 

hydroxyl group. The exchange of the Lanthanides does not affect the vibrational modes in any 

way. The isomer composition changes as the transition metal is switched from Cobalt to 

Copper, and the Hydrogen bound vibrational modes become less red shifted. The complexes 

containing Neodymium should not show any single molecule magnetic behavior. Also, the 

calculations point out that the nitrate group is more twisted than in the other complexes, 

resulting in weaker bonding strength of the Hydrogen bonded hydroxyl group. The 

experimental spectra instead show no difference to the other complexes. Strong 

anharmonicities in the complex cannot be excluded, but it is necessary for better comparing 

to apply the same scaling factor. 

Simulation of the XA spectra indicates that a mixed valence state in these complexes would 

be easily observed in experimental XA spectra. Different spin orbit constants from the core to 

the valence hole are less for Neodymium than for all other Lanthanides, indicates that the 
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magnetic behavior of a single molecule is solely due to the intrinsic features of the 

Lanthanides.  

Also, a mixed valence state suggests that only a Co2+ ion can perform an exchange coupling 

with the Lanthanide, where the Co3+ remains in a diamagnetic configuration.  

Determining the crystal field splitting in the simulations approximates the possible UV/VIS 

absorptions within a Tanabe Sugano diagram. As a result, no UV/VIS excitation is predicted, 

but probable absorptions in the IR(M)PD spectra where the hydrogen bound hydroxyl group 

absorbs are expected. The IR(M)PD spectra for the Cobalt complexes show a pattern with 

three possible absorption bands, and one can be determined to the hydroxyl group in one 

isomer. The bonding distances for the Copper and Cobalt complexes are almost similar. ELF 

plots also show equal electron distribution between the Hydrogen and the nitrate group in all 

complexes. They can be attributed to low-lying electronic transitions of certain Cobalt ions. 

Furthermore, the Copper complexes hint to such a transition since these patterns are not seen 

with Copper ions, revealing low-lying electronic transitions in the Cobalt complexes.  

In summary, CID and IR(M)PD studies of this series of complexes reveal a slightly different 

structure as already published by Modak. The absence of three Hydrogen atoms leads to a 

mixed valence complex instead of complexes with the same oxidation state in the transition 

metal ions with the same netto charge.  
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Tab. S1: Experimental masses and their corresponding calculated masses of 

[M2Ln(HVab)(Vab)3]2+ (M = Co, Cu; Ln = Dy, Gd, Nd, Sm, Tb). 

Fig. S1: ESI mass spectra of isolated [Co2Dy(HVab)(Vab)3]2+ and deuterated 

[Co2Dy(HVab)(Vab)3]2+. 

Tab. S2: Experimental masses and their corresponding calculated masses of the fragments in 

the complexes [M2Ln(HVab)(Vab)3]2+ (M = Co, Cu; Ln = Dy, Gd, Nd, Sm, Tb). 

Fig. S2: Experimental ATR spectra of [Co2Ln(HVab)(Vab)3]2+ (top) and [Cu2Ln(HVab)(Vab)3]2+  

(bottom) (Ln = Dy, Gd, Nd, Sm, Tb).  

Fig. S3: Experimental IR(M)PD spectra of [Co2Dy(HVab)(Vab)3]2+  between 2800 cm-1 and 

3700 cm-1 with the calculated possible isomers. The calculations were performed with 

Gaussian 09 at the B3LYP/cc-pVDZ (H, C, N, O) and Stuttgart ecp effective core potential 

(Co, Dy) level of theory. The spectra were scaled with 0.9641 to compensate anharmonicity in 

these complexes. 

Fig. S4: Experimental IR(M)PD spectra of [Co2Gd(HVab)(Vab)3]2+  between 2800 cm-1 and 

3700 cm-1 with the calculated possible isomers. The calculations were performed with 

Gaussian 09 at the B3LYP/cc-pVDZ (H, C, N, O) and Stuttgart ecp effective core potential 

(Co, Gd) level of theory. The spectra were scaled with 0.9641 to compensate anharmonicity in 

these complexes. 
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Fig. S5: Experimental IR(M)PD spectra of [Co2Nd(HVab)(Vab)3]2+  between 2800 cm-1 and 

3700 cm-1 with the calculated possible isomers. The calculations were performed with 

Gaussian 09 at the B3LYP/cc-pVDZ (H, C, N, O) and Stuttgart ecp effective core potential 

(Co, Nd) level of theory. The spectra were scaled with 0.9641 to compensate anharmonicity in 

these complexes. 

Fig. S6: Experimental IR(M)PD spectra of [Co2Sm(HVab)(Vab)3]2+  between 2800 cm-1 and 

3700 cm-1 with the calculated possible isomers. The calculations were performed with 

Gaussian 09 at the B3LYP/cc-pVDZ (H, C, N, O) and Stuttgart ecp effective core potential 

(Co, Sm) level of theory. The spectra were scaled with 0.9641 to compensate anharmonicity 

in these complexes. 

Fig. S7: Experimental IR(M)PD spectra of [Co2Tb(HVab)(Vab)3]2+  between 2800 cm-1 and 

3700 cm-1 with the calculated possible isomers. The calculations were performed with 

Gaussian 09 at the B3LYP/cc-pVDZ (H, C, N, O) and Stuttgart ecp effective core potential 

(Co, Tb) level of theory. The spectra were scaled with 0.9641 to compensate anharmonicity in 

these complexes. 

Fig. S8: Experimental IR(M)PD spectra of [Cu2Dy(HVab)(Vab)3]2+  between 2800 cm-1 and 

3700 cm-1 with the calculated possible isomers. The calculations were performed with 

Gaussian 09 at the B3LYP/cc-pVDZ (H, C, N, O) and Stuttgart ecp effective core potential 

(Cu, Dy) level of theory. The spectra were scaled with 0.9641 to compensate anharmonicity in 

these complexes. 

Fig. S9: Experimental IR(M)PD spectra of [Cu2Gd(HVab)(Vab)3]2+  between 2800 cm-1 and 

3700 cm-1 with the calculated possible isomers. The calculations were performed with 

Gaussian 09 at the B3LYP/cc-pVDZ (H, C, N, O) and Stuttgart ecp effective core potential 

(Cu, Gd) level of theory. The spectra were scaled with 0.9641 to compensate anharmonicity in 

these complexes. 
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Fig. S10: Experimental IR(M)PD spectra of [Cu2Nd(HVab)(Vab)3]2+  between 2800 cm-1 and 

3700 cm-1 with the calculated possible isomers. The calculations were performed with 

Gaussian 09 at the B3LYP/cc-pVDZ (H, C, N, O) and Stuttgart ecp effective core potential 

(Cu, Nd) level of theory. The spectra were scaled with 0.9641 to compensate anharmonicity in 

these complexes. 

Fig. S11: Experimental IR(M)PD spectra of [Cu2Sm(HVab)(Vab)3]2+  between 2800 cm-1 and 

3700 cm-1 with the calculated possible isomers. The calculations were performed with 

Gaussian 09 at the B3LYP/cc-pVDZ (H, C, N, O) and Stuttgart ecp effective core potential 

(Cu, Sm) level of theory. The spectra were scaled with 0.9641 to compensate anharmonicity 

in these complexes. 

Fig. S12: Experimental IR(M)PD spectra of [Cu2Tb(HVab)(Vab)3]2+  between 2800 cm-1 and 

3700 cm-1 with the calculated possible isomers. The calculations were performed with 

Gaussian 09 at the B3LYP/cc-pVDZ (H, C, N, O) and Stuttgart ecp effective core potential 

(Cu, Tb)level of theory. The spectra were scaled with 0.9641 to compensate anharmonicity in 

these complexes. 

Fig. S13: Experimental IR(M)PD spectra of [Co2Ln(HVab)(Vab)3]2+  (Ln = Dy, Gd, Nd, Sm, Tb) in 

the area between 3040 cm-1 and 3080 cm-1.  

Fig. S14: Simulated XA spectra of a free Cu2+ atom at 4.5 K by CTM4XAS and Cowan batch files 

with the corresponding spin orbit coupling constant.  

Tab. S3: Atom coordinates for [M2Ln(HVab)(Vab)3]2+  (M = Co, Cu; Ln = Dy, Gd, Nd, Sm, Tb) for 

isomer I. The calculations were performed at the B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart ecp 

effective core potential (Co, Cu, Dy, Gd, Nd, Sm, Tb) level of theory. 

Tab. S4: Atom coordinates for [M2Ln(HVab)(Vab)3]2+  (M = Co, Cu; Ln = Dy, Gd, Nd, Sm, Tb) for 

isomer II. The calculations were performed at the B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart ecp 

effective core potential (Co, Cu, Dy, Gd, Nd, Sm, Tb) level of theory. 

Tab. S5: Atom coordinates for [M2Ln(HVab)(Vab)3]2+  (M = Co, Cu; Ln = Dy, Gd, Nd, Sm, Tb) for 

isomer III. The calculations were performed at the B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart 

ecp effective core potential (Co, Cu, Dy, Gd, Nd, Sm, Tb) level of theory. 
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Tab. S6: Atom coordinates for [M2Ln(HVab)(Vab)3]2+  (M = Co, Cu; Ln = Dy, Gd, Nd, Sm, Tb) for 

isomer IV. The calculations were performed at the B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart 

ecp effective core potential (Co, Cu, Dy, Gd, Nd, Sm, Tb) level of theory. 
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Tab. S1: Experimental masses and their corresponding calculated masses of 
[M2Ln(HVab)(Vab)3]2+ (M = Co, Cu; Ln = Dy, Gd, Nd, Sm, Tb). 

Complex m/zexp m/zcalc 
[Co2Dy]2+ 682.49 682.57 
[Co2Gd]2+ 679.51 679.57 
[Co2Nd]2+ 672.52 672.56 
[Co2Sm]2+ 676.51 676.57 
[Co2Tb]2+ 680.01 680.07 
[Cu2Dy]2+ 686.60 686.60 
[Cu2Gd]2+ 684.56 684.57 
[Cu2Nd]2+ 677.57 677.56 
[Cu2Sm]2+ 681.56 681.57 
[Cu2Tb]2+ 685.03 685.07 

 

 
Fig. S1: ESI mass spectra of isolated [Co2Dy(HVab)(Vab)3]2+ and deuterated 
[Co2Dy(HVab)(Vab)3]2+. 
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Tab. S2: Experimental masses and their corresponding calculated masses of the 
fragments in the complexes [M2Ln(HVab)(Vab)3]2+ (M = Co, Cu; Ln = Dy, Gd, Nd, Sm, Tb). 

Fragment m/zexp m/zcalc 
M2Ln(C15H13NO3)3(C15H14NO3)(H2) 642.49-656.03 642.57-656.08 
M2Ln(C15H13NO3)3(C15H14NO3) 641.49-655.03 641.57-655.08 
M2Ln(C15H13NO3)3 513.98-529.00 513.01-529.07 

 

 
Fig. S2: Experimental ATR spectra of [Co2Ln(HVab)(Vab)3]2+ (top) and 
[Cu2Ln(HVab)(Vab)3]2+  (bottom) (Ln = Dy, Gd, Nd, Sm, Tb).  

Mike
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Fig. S3: Experimental IR(M)PD spectra of [Co2Dy(HVab)(Vab)3]2+  between 2800 cm- 1 
and 3700 cm-1 with the calculated possible isomers. The calculations were 
performed with Gaussian 09 at the B3LYP/cc-pVDZ (H, C, N, O) and ecp-mdf (Co, Dy) 
level of theory. The spectra were scaled with 0.9641 to compensate anharmonicity 
in these complexes. 
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Fig. S4: Experimental IR(M)PD spectra of [Co2Gd(HVab)(Vab)3]2+  between 2800 cm- 1 
and 3700 cm-1 with the calculated possible isomers. The calculations were 
performed with Gaussian 09 at the B3LYP/cc-pVDZ (H, C, N, O) and ecp-mdf (Co, Gd) 
level of theory. The spectra were scaled with 0.9641 to compensate anharmonicity 
in these complexes. 
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Fig. S5: Experimental IR(M)PD spectra of [Co2Nd(HVab)(Vab)3]2+  between 2800 cm- 1 
and 3700 cm-1 with the calculated possible isomers. The calculations were 
performed with Gaussian 09 at the B3LYP/cc-pVDZ (H, C, N, O) and ecp-mdf (Co, Nd) 
level of theory. The spectra were scaled with 0.9641 to compensate anharmonicity 
in these complexes. 
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Fig. S6: Experimental IR(M)PD spectra of [Co2Sm(HVab)(Vab)3]2+  between 
2800 cm- 1 and 3700 cm-1 with the calculated possible isomers. The calculations 
were performed with Gaussian 09 at the B3LYP/cc-pVDZ (H, C, N, O) and ecp-mdf 
(Co, Sm) level of theory. The spectra were scaled with 0.9641 to compensate 
anharmonicity in these complexes. 
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Fig. S7: Experimental IR(M)PD spectra of [Co2Tb(HVab)(Vab)3]2+  between 2800 cm- 1 
and 3700 cm-1 with the calculated possible isomers. The calculations were 
performed with Gaussian 09 at the B3LYP/cc-pVDZ (H, C, N, O) and ecp-mdf (Co, Tb) 
level of theory. The spectra were scaled with 0.9641 to compensate anharmonicity 
in these complexes. 
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Fig. S8: Experimental IR(M)PD spectra of [Cu2Dy(HVab)(Vab)3]2+  between 2800 cm- 1 
and 3700 cm-1 with the calculated possible isomers. The calculations were 
performed with Gaussian 09 at the B3LYP/cc-pVDZ (H, C, N, O) and ecp-mdf (Cu, Dy) 
level of theory. The spectra were scaled with 0.9641 to compensate anharmonicity 
in these complexes. 
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Fig. S9: Experimental IR(M)PD spectra of [Cu2Gd(HVab)(Vab)3]2+  between 2800 cm- 1 
and 3700 cm-1 with the calculated possible isomers. The calculations were 
performed with Gaussian 09 at the B3LYP/cc-pVDZ (H, C, N, O) and ecp-mdf (Cu, Gd) 
level of theory. The spectra were scaled with 0.9641 to compensate anharmonicity 
in these complexes. 
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Fig. S10: Experimental IR(M)PD spectra of [Cu2Nd(HVab)(Vab)3]2+  between 2800 cm- 1 
and 3700 cm-1 with the calculated possible isomers. The calculations were performed 
with Gaussian 09 at the B3LYP/cc-pVDZ (H, C, N, O) and ecp-mdf (Cu, Nd) level of 
theory. The spectra were scaled with 0.9641 to compensate anharmonicity in these 
complexes. 
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Fig. S11: Experimental IR(M)PD spectra of [Cu2Sm(HVab)(Vab)3]2+  between 2800 cm- 1 
and 3700 cm-1 with the calculated possible isomers. The calculations were performed 
with Gaussian 09 at the B3LYP/cc-pVDZ (H, C, N, O) and ecp-mdf (Cu, Sm) level of 
theory. The spectra were scaled with 0.9641 to compensate anharmonicity in these 
complexes. 
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Fig. S12: Experimental IR(M)PD spectra of [Cu2Tb(HVab)(Vab)3]2+  between 2800 cm- 1 
and 3700 cm-1 with the calculated possible isomers. The calculations were performed 
with Gaussian 09 at the B3LYP/cc-pVDZ (H, C, N, O) and ecp-mdf (Cu, Tb) level of 
theory. The spectra were scaled with 0.9641 to compensate anharmonicity in these 
complexes. 
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Fig. S13: Experimental IR(M)PD spectra of [Co2Ln(HVab)(Vab)3]2+  (Ln = Dy, Gd, Nd, 
Sm, Tb) in the area between 3040 cm-1 and 3080 cm-1.  

 
Fig. S14: Simulated XA spectra of a free Cu2+ atom at 4.5 K by CTM4XAS and Cowan 
batch files with the corresponding spin orbit coupling constant.  
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Fig. 13: Simulated XA spectra of a free Ln3+ (Ln = Nd, Sm, Gd, Tb, Dy) atom at 4.5 K 
by CTM4XAS and Cowan batch files with their corresponding spin orbit coupling 
constants.  

Tab. S3: Atom coordinates for [M2Ln(HVab)(Vab)3]2+  (M = Co, Cu; 
Ln = Dy, Gd, Nd, Sm, Tb) for isomer I. The calculations were performed at the 
B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart ecp effective core potential (Co, 
Cu, Dy, Gd, Nd, Sm, Tb) level of theory. 

atom x Y z 
Ln -0.00547 0.13095 -0.22761 
M 3.62033 -0.15150 0.22828 
M -3.63321 0.04377 0.14432 
O -0.14407 -2.13536 -1.49416 
O 2.03911 -1.33259 -0.27928 
O 3.84938 -0.09841 -1.97381 
O 2.03896 1.10167 0.54366 
O -0.01577 1.59580 2.03213 
O 3.93023 -0.21911 2.04731 
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O -2.20987 1.41036 0.03155 
O -3.64319 0.03032 1.97692 
O -0.07194 2.66967 -0.92371 
O -2.05227 -1.08156 0.33138 
O 0.01570 -1.45399 1.87484 
N -4.78480 -1.52215 -0.01699 
O -3.50938 -0.00569 -1.66447 
O -0.86567 0.43838 -2.54392 
O 1.26694 0.44914 -2.27386 
O 0.43575 0.59406 -4.29728 
N 4.89331 -1.81894 0.13836 
C -2.41970 2.55103 -0.61445 
C -1.30431 3.27169 -1.12249 
C -1.31701 -2.52262 -2.24597 
H -1.05984 -2.62263 -3.31116 
H -2.04684 -1.72025 -2.10996 
H -1.71107 -3.47516 -1.85952 
C 0.96438 -2.96422 -1.60462 
C 2.12823 -2.48289 -0.95042 
C 4.65118 0.83487 -2.73299 
H 4.08484 1.77721 -2.84484 
H 4.81590 0.41875 -3.73853 
C 5.97006 1.09455 -2.05922 
C 6.01616 1.53331 -0.72003 
N 4.78950 1.61380 0.00526 
C 4.53100 2.68167 0.69321 
H 5.26441 3.50223 0.67927 
C 3.34457 2.91749 1.49269 
C 2.17249 2.12356 1.39285 
C 1.06435 2.44104 2.21160 
C -1.10887 1.73987 2.95900 
H -0.74203 1.61052 3.98950 
H -1.83816 0.96589 2.70252 
H -1.57648 2.73075 2.84872 
C 1.10728 3.50926 3.10120 
H 0.25400 3.74491 3.73540 
C 2.26528 4.30327 3.18185 
H 2.29129 5.14442 3.87527 
C 3.36000 4.01782 2.38340 
H 4.25831 4.63571 2.44436 
C 7.24204 1.84564 -0.11686 
H 7.26863 2.13294 0.93579 
C 8.42634 1.74937 -0.85071 
H 9.37773 1.99266 -0.37436 
C 8.39162 1.32762 -2.18143 
H 9.31508 1.24710 -2.75742 
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C 7.16875 0.99747 -2.77397 
H 7.14180 0.66989 -3.81601 
C 4.87385 -0.94567 2.80073 
C 6.18387 -1.20160 2.08634 
C 6.16797 -1.68564 0.76382 
C 4.57576 -2.93703 -0.43140 
H 5.32656 -3.74163 -0.44036 
C 3.30869 -3.27621 -1.04497 
C 3.27352 -4.50903 -1.74191 
H 4.18472 -5.10895 -1.78901 
C 2.12073 -4.95264 -2.36221 
H 2.10678 -5.89928 -2.90274 
C 0.95627 -4.17203 -2.29456 
H 0.05335 -4.52485 -2.78912 
C 7.36148 -1.99603 0.10094 
H 7.33358 -2.33013 -0.93805 
C 8.58203 -1.84333 0.76402 
H 9.51187 -2.08438 0.24566 
C 8.61064 -1.37254 2.07890 
H 9.56326 -1.25105 2.59767 
C 7.41513 -1.05052 2.73090 
H 7.43865 -0.68843 3.76188 
C -4.76394 0.14162 2.81123 
C -6.11737 0.39054 2.17880 
C -6.24809 1.01458 0.92930 
C -7.51161 1.31682 0.40211 
H -7.59151 1.76282 -0.59081 
C -8.65888 1.01735 1.13502 
H -9.64124 1.25595 0.72414 
C -8.54570 0.39631 2.38362 
H -9.44087 0.15205 2.95832 
C -7.28430 0.08283 2.89299 
H -7.19902 -0.39537 3.87245 
N -5.05130 1.34376 0.21362 
C -4.88853 2.56096 -0.21400 
H -5.74291 3.23920 -0.09315 
C -3.70359 3.14319 -0.77689 
C 1.07130 3.36881 -1.46014 
H 0.96300 3.50017 -2.54767 
H 1.93487 2.73620 -1.24765 
H 1.18077 4.34588 -0.96650 
C -1.46730 4.49528 -1.76095 
H -0.60579 5.03351 -2.15116 
C -2.74416 5.06549 -1.91320 
H -2.84879 6.02735 -2.41520 
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C -3.84515 4.40365 -1.41232 
H -4.84177 4.83983 -1.50471 
C -2.13142 -2.08798 1.19689 
C -1.01372 -2.36223 2.01679 
C 1.10221 -1.54941 2.81847 
H 0.70890 -1.47866 3.84424 
H 1.77785 -0.71762 2.60470 
H 1.64144 -2.49857 2.68120 
C -1.00778 -3.45722 2.87457 
H -0.14291 -3.66952 3.50129 
C -2.12724 -4.30749 2.93791 
H -2.10794 -5.16845 3.60677 
C -3.24363 -4.04833 2.15933 
H -4.11770 -4.70050 2.21421 
C -3.27133 -2.92135 1.30568 
C -4.44940 -2.65912 0.51555 
H -5.11388 -3.51259 0.33068 
C -5.93112 -1.46457 -0.87526 
C -7.12206 -2.11584 -0.50654 
H -7.18955 -2.61168 0.46329 
C -8.22325 -2.09575 -1.35657 
H -9.14358 -2.60351 -1.06338 
C -8.14774 -1.41089 -2.57555 
H -9.00708 -1.38913 -3.24809 
C -6.97416 -0.74483 -2.92373 
H -6.91895 -0.20792 -3.87453 
C -5.84976 -0.75485 -2.08343 
C -4.60176 -0.01978 -2.53292 
N 0.26939 0.49842 -3.11051 
H 2.92689 -0.03493 -2.31740 
H -4.55443 0.97241 3.52030 
H -4.82038 -0.77057 3.43889 
H 5.05893 -0.39466 3.73997 
H 4.41713 -1.91644 3.08927 
H -4.88597 1.02128 -2.79562 
H -4.24344 -0.47268 -3.47834 
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Tab. S4: Atom coordinates for [M2Ln(HVab)(Vab)3]2+  (M = Co, Cu; 
Ln = Dy, Gd, Nd, Sm, Tb) for isomer II. The calculations were performed at the 
B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart ecp effective core potential (Co, 
Cu, Dy, Gd, Nd, Sm, Tb) level of theory. 

atom x Y z 
Ln 0.01735 -0.16097 -0.18458 
M -3.74602 0.10804 0.17112 
M 3.60007 -0.14604 0.27195 
O 0.03517 2.60336 -1.30659 
O -2.03455 1.60632 -0.04243 
O -3.86875 0.45263 -1.61777 
O -2.05686 -1.15156 0.30805 
O -0.00302 -1.71252 1.81207 
O -3.85837 -0.18460 1.99564 
O 2.09658 -1.42291 -0.20477 
O 3.70824 -0.01891 2.08084 
O -0.00103 -2.50995 -1.32792 
O 2.03020 1.07023 0.38107 
O -0.00933 1.28048 1.97733 
N 4.71347 1.71147 -0.05078 
O 3.78514 -0.14376 -1.92262 
O 1.14449 0.13037 -2.32423 
O -1.00135 0.02460 -2.41921 
O 0.14762 0.19372 -4.27552 
N -4.94189 1.74610 0.44232 
C 2.29341 -2.58868 -0.81341 
C 1.18352 -3.22361 -1.42437 
C 1.21639 3.16947 -1.91866 
H 1.11949 3.14992 -3.01462 
H 2.03736 2.52638 -1.59488 
H 1.36450 4.19855 -1.55946 
C -1.13373 3.24401 -1.48038 
C -2.25089 2.63975 -0.74626 
C -4.38031 -0.43708 -2.58447 
H -3.71036 -1.31036 -2.71462 
H -4.38940 0.09921 -3.54941 
C -5.77985 -0.90728 -2.24551 
C -5.98146 -1.53031 -0.99784 
N -4.83010 -1.64396 -0.16777 
C -4.53653 -2.77270 0.38608 
H -5.22693 -3.61954 0.25085 
C -3.33864 -3.04629 1.15769 
C -2.18193 -2.22404 1.10220 
C -1.08094 -2.58967 1.90946 
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C 1.06793 -1.87774 2.76382 
H 0.66179 -1.84228 3.78617 
H 1.76809 -1.05236 2.59718 
H 1.58235 -2.83610 2.59581 
C -1.09658 -3.72160 2.71700 
H -0.23608 -3.98497 3.33045 
C -2.23531 -4.54182 2.73714 
H -2.24633 -5.43537 3.36185 
C -3.33378 -4.20893 1.96024 
H -4.22387 -4.84172 1.97359 
C -7.24532 -1.99618 -0.61667 
H -7.38895 -2.44012 0.37057 
C -8.32113 -1.86000 -1.49856 
H -9.30974 -2.21761 -1.20473 
C -8.13276 -1.25837 -2.74587 
H -8.97393 -1.15157 -3.43342 
C -6.86747 -0.78298 -3.11272 
H -6.72377 -0.31411 -4.08940 
C -4.62876 0.55783 2.90894 
C -6.02082 0.88012 2.41080 
C -6.14767 1.51727 1.16074 
C -4.73363 2.89263 -0.10988 
H -5.51467 3.66176 -0.01945 
C -3.54425 3.31227 -0.83567 
C -3.65284 4.47605 -1.58971 
H -4.61450 4.99061 -1.63905 
C -2.56208 4.99792 -2.30837 
H -2.69562 5.89630 -2.91300 
C -1.30431 4.38985 -2.25119 
H -0.47486 4.82211 -2.80737 
C -7.40269 1.88901 0.65773 
H -7.48395 2.33199 -0.33669 
C -8.54657 1.63553 1.41603 
H -9.52736 1.90871 1.02307 
C -8.43472 1.01742 2.66549 
H -9.32977 0.81785 3.25765 
C -7.17797 0.64183 3.15505 
H -7.09598 0.16195 4.13318 
C 4.69078 -0.64492 2.88380 
C 6.06337 -0.76381 2.25607 
C 6.16726 -1.26761 0.94808 
C 7.41348 -1.48463 0.34969 
H 7.46958 -1.84196 -0.68015 
C 8.57712 -1.21400 1.07348 
H 9.55146 -1.38278 0.61176 
C 8.49109 -0.71395 2.37559 
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H 9.40008 -0.49451 2.93866 
C 7.23923 -0.48823 2.95938 
H 7.17589 -0.10642 3.98126 
N 4.94197 -1.54721 0.26651 
C 4.74954 -2.72089 -0.26056 
H 5.59246 -3.42320 -0.20469 
C 3.55458 -3.24228 -0.87436 
C -1.14838 -3.06404 -2.00776 
H -0.93554 -3.16939 -3.08241 
H -1.95803 -2.34814 -1.85109 
H -1.41042 -4.03843 -1.56943 
C 1.31240 -4.45308 -2.05903 
H 0.45375 -4.93023 -2.52851 
C 2.56184 -5.09862 -2.10157 
H 2.65097 -6.06437 -2.59935 
C 3.66099 -4.50592 -1.51152 
H 4.63236 -5.00395 -1.53619 
C 2.08711 2.05933 1.27859 
C 0.98323 2.23519 2.14090 
C -1.07156 1.25993 2.95460 
H -0.64841 1.09211 3.95694 
H -1.74615 0.44558 2.66946 
H -1.62584 2.20983 2.93276 
C 0.94058 3.28371 3.05514 
H 0.08969 3.41141 3.72277 
C 2.01283 4.18925 3.12256 
H 1.97385 5.01349 3.83551 
C 3.11481 4.02854 2.29452 
H 3.95433 4.72411 2.35912 
C 3.18321 2.95219 1.38299 
C 4.38572 2.79062 0.58418 
H 5.05279 3.66558 0.53241 
C 5.92136 1.67725 -0.80304 
C 7.13878 2.12211 -0.26983 
H 7.17545 2.49267 0.75619 
C 8.30575 2.04854 -1.03353 
H 9.25064 2.39445 -0.61043 
C 8.26424 1.51801 -2.32476 
H 9.17479 1.45303 -2.92285 
C 7.05022 1.06437 -2.85032 
H 7.01665 0.65986 -3.86487 
C 5.86767 1.13781 -2.10568 
C 4.54998 0.77582 -2.73576 
N 0.08595 0.11570 -3.07792 
H 4.34225 -1.66092 3.16523 
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H 4.76530 -0.05800 3.81584 
H -4.70716 -0.03961 3.83532 
H -4.12182 1.50945 3.18267 
H 4.72059 0.31014 -3.71852 
H 3.94863 1.68906 -2.89559 
H 2.87248 -0.16120 -2.28860 

 

Tab. S5: Atom coordinates for [M2Ln(HVab)(Vab)3]2+  (M = Co, Cu; 
Ln = Dy, Gd, Nd, Sm, Tb) for isomer III. The calculations were performed at the 
B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart ecp effective core potential (Co, 
Cu, Dy, Gd, Nd, Sm, Tb) level of theory. 

atom x Y z 
Ln -0.10954 0.21778 -0.17370 
M -3.66264 0.11817 0.07710 
M 3.69588 -0.19781 0.15033 
O -0.11563 2.40360 -1.38039 
O -2.25635 1.47054 -0.12736 
O -3.64427 0.08700 -1.73830 
O -2.09945 -1.00477 0.44427 
O 0.02167 -1.27957 1.91987 
O -3.79770 0.31913 2.22276 
O 2.16371 -1.60356 0.37221 
O 3.75607 0.02596 1.98223 
O -0.01595 -2.59314 -0.76299 
O 2.02981 1.05595 0.31136 
O 0.00481 1.77167 1.79089 
N 4.83424 1.56636 -0.26884 
O 3.83183 -0.49626 -1.64627 
O 1.15513 -0.20903 -2.14052 
O -0.96889 -0.55735 -2.28339 
O 0.33622 -1.15142 -3.93996 
N -5.06546 1.46957 0.03831 
C 2.31500 -2.61225 -0.36980 
C 1.13563 -3.22045 -1.01687 
C 1.04071 2.86046 -2.12580 
H 0.87016 2.71989 -3.20318 
H 1.87300 2.23591 -1.79295 
H 1.23251 3.91822 -1.89534 
C -1.33163 3.01374 -1.67341 
C -2.44952 2.46197 -1.00477 
C -4.21341 -0.95218 -2.48553 
H -3.59508 -1.87472 -2.44053 
H -4.18750 -0.61316 -3.53670 
C -5.63959 -1.29313 -2.10488 
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C -5.92450 -1.56490 -0.75668 
N -4.81554 -1.47494 0.15492 
C -4.51062 -2.54030 0.83130 
H -5.19017 -3.40017 0.75950 
C -3.32167 -2.71790 1.64064 
C -2.16610 -1.93521 1.39485 
C -1.01781 -2.15676 2.19017 
C 1.13125 -1.27801 2.85480 
H 0.75499 -1.04575 3.86291 
H 1.84020 -0.51903 2.50742 
H 1.62868 -2.25835 2.84660 
C -0.99671 -3.15486 3.15697 
H -0.11046 -3.32131 3.76755 
C -2.13371 -3.96103 3.36002 
H -2.10319 -4.74830 4.11370 
C -3.27916 -3.74823 2.61313 
H -4.16323 -4.37004 2.76873 
C -7.19780 -1.96475 -0.33956 
H -7.39652 -2.14676 0.71870 
C -8.21520 -2.10136 -1.28753 
H -9.21187 -2.41371 -0.97083 
C -7.95355 -1.83366 -2.63452 
H -8.74833 -1.93587 -3.37590 
C -6.67433 -1.43158 -3.03581 
H -6.47194 -1.23242 -4.09098 
C -4.76899 1.24296 2.80488 
C -6.13603 1.13087 2.18862 
C -6.26984 1.29169 0.79560 
C -4.91221 2.58679 -0.60806 
H -5.76478 3.27923 -0.62041 
C -3.71893 3.04044 -1.26854 
C -3.83668 4.14393 -2.14741 
H -4.82307 4.57891 -2.32050 
C -2.72596 4.65370 -2.79169 
H -2.81564 5.49231 -3.48222 
C -1.46478 4.08252 -2.55247 
H -0.59528 4.49056 -3.06450 
C -7.53197 1.31352 0.19749 
H -7.61616 1.41880 -0.88541 
C -8.67454 1.18304 0.99316 
H -9.66082 1.21151 0.52657 
C -8.55580 1.00823 2.37403 
H -9.44849 0.90536 2.99329 
C -7.28853 0.97574 2.96622 
H -7.19698 0.86524 4.04975 
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C 4.74135 -0.30707 2.92035 
C 6.11561 -0.54268 2.33013 
C 6.23352 -1.26283 1.12969 
C 7.49378 -1.53770 0.57499 
H 7.56368 -2.02984 -0.39679 
C 8.64812 -1.12868 1.24384 
H 9.62777 -1.33106 0.80732 
C 8.54379 -0.44209 2.46063 
H 9.44406 -0.12194 2.98856 
C 7.28276 -0.15005 2.99215 
H 7.20369 0.38988 3.93922 
N 5.01189 -1.64958 0.52564 
C 4.84220 -2.81182 0.00521 
H 5.65984 -3.54964 0.02796 
C 3.60383 -3.26587 -0.61160 
C -1.21862 -3.09182 -1.38156 
H -1.12468 -3.07177 -2.47726 
H -2.01152 -2.40488 -1.07161 
H -1.43445 -4.11247 -1.02921 
C 1.25991 -4.35177 -1.82871 
H 0.39004 -4.78371 -2.31955 
C 2.51166 -4.93907 -2.01612 
H 2.60010 -5.82297 -2.64983 
C 3.66212 -4.40907 -1.39686 
H 4.62358 -4.90423 -1.54930 
C 2.17955 2.19379 1.00400 
C 1.10197 2.63723 1.80860 
C -1.03211 2.00792 2.75634 
H -0.60401 2.00311 3.77079 
H -1.75372 1.19524 2.63945 
H -1.52979 2.97016 2.56201 
C 1.13887 3.81852 2.53950 
H 0.29255 4.12612 3.15174 
C 2.27953 4.63515 2.47733 
H 2.31173 5.56907 3.03874 
C 3.34661 4.24526 1.68572 
H 4.23432 4.87789 1.61877 
C 3.33007 3.02696 0.96559 
C 4.51276 2.72971 0.17843 
H 5.16912 3.58676 -0.03913 
C 6.01717 1.40378 -1.04703 
C 7.24763 1.94416 -0.64793 
H 7.32274 2.47616 0.30237 
C 8.37869 1.76394 -1.44668 
H 9.33567 2.18433 -1.13207 
C 8.28412 1.03805 -2.63718 
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H 9.16563 0.89653 -3.26535 
C 7.05796 0.48401 -3.02003 
H 6.98449 -0.08080 -3.95290 
C 5.91263 0.65542 -2.23574 
C 4.56399 0.11844 -2.67319 
N 0.17994 -0.66330 -2.85215 
H 4.42692 -1.22364 3.46690 
H 4.81133 0.48992 3.68466 
H -4.80054 1.07763 3.89152 
H -4.33582 2.23676 2.62053 
H 4.70768 -0.60544 -3.49499 
H 3.95732 0.94959 -3.09149 
H -3.96383 -0.56652 2.58848 

 

Tab. S5: Atom coordinates for [M2Ln(HVab)(Vab)3]2+  (M = Co, Cu; 
Ln = Dy, Gd, Nd, Sm, Tb) for isomer IV. The calculations were performed at the 
B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart ecp effective core potential (Co, 
Cu, Dy, Gd, Nd, Sm, Tb) level of theory. 

atom x Y z 
Ln -0.00208 0.13634 -0.30874 
M 3.62636 -0.16348 -0.06358 
M -3.62998 0.04604 0.11766 
O -0.11134 -2.12746 -1.65448 
O 2.02112 -1.36964 -0.32377 
O 3.99387 -0.14743 -1.85026 
O 2.08357 1.04194 0.52437 
O 0.02398 1.50093 2.02563 
O 3.95631 -0.13262 2.32823 
O -2.19614 1.39693 0.08596 
O -3.56705 -0.08538 1.94553 
O -0.07705 2.70866 -0.85307 
O -2.06128 -1.11918 0.14983 
O -0.01210 -1.56704 1.70768 
N -4.80525 -1.49456 -0.13307 
O -3.58627 0.21687 -1.68859 
O -0.93795 0.51262 -2.50608 
O 1.21270 0.57327 -2.33583 
O 0.27341 0.94687 -4.27685 
N 4.78318 -1.86884 0.28537 
C -2.41519 2.58077 -0.47142 
C -1.31138 3.32636 -0.97221 
C -1.24856 -2.48298 -2.46987 
H -0.94098 -2.56911 -3.52308 
H -1.96611 -1.66720 -2.35585 
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H -1.68073 -3.43297 -2.11943 
C 0.97786 -2.97720 -1.70146 
C 2.11223 -2.51725 -0.97795 
C 4.71787 0.74375 -2.65822 
H 4.08634 1.63478 -2.85088 
H 4.87730 0.25962 -3.63761 
C 6.04436 1.14636 -2.05201 
C 6.09566 1.58555 -0.71387 
N 4.87450 1.59683 0.02980 
C 4.57075 2.66068 0.70550 
H 5.27385 3.50778 0.69255 
C 3.37197 2.86192 1.50303 
C 2.20794 2.05433 1.38430 
C 1.09587 2.35128 2.21151 
C -1.07449 1.63189 2.95171 
H -0.70979 1.48261 3.98039 
H -1.80936 0.86881 2.67742 
H -1.53642 2.62682 2.85793 
C 1.12773 3.40822 3.11490 
H 0.27041 3.62438 3.75030 
C 2.27496 4.21689 3.20947 
H 2.28847 5.05056 3.91220 
C 3.37261 3.95362 2.41017 
H 4.26293 4.58273 2.47683 
C 7.31081 1.98559 -0.14115 
H 7.34542 2.28056 0.90965 
C 8.47972 1.97202 -0.90555 
H 9.42456 2.27985 -0.45405 
C 8.43772 1.55340 -2.23756 
H 9.34914 1.54035 -2.83798 
C 7.22582 1.13830 -2.79963 
H 7.19455 0.80877 -3.84106 
C 4.82672 -1.08908 2.98918 
C 6.11629 -1.30443 2.24489 
C 6.06620 -1.72958 0.90189 
C 4.49724 -3.00001 -0.28704 
H 5.24920 -3.80192 -0.24255 
C 3.27869 -3.33901 -0.98084 
C 3.26520 -4.57859 -1.66796 
H 4.16254 -5.20040 -1.64881 
C 2.14769 -4.99369 -2.36602 
H 2.14860 -5.94165 -2.90457 
C 0.99571 -4.18629 -2.38478 
H 0.12382 -4.52324 -2.94270 
C 7.24755 -1.98053 0.19428 
H 7.19732 -2.27000 -0.85700 
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C 8.48434 -1.83031 0.82893 
H 9.40242 -2.02806 0.27268 
C 8.54481 -1.41997 2.16215 
H 9.50975 -1.30278 2.65832 
C 7.36229 -1.15494 2.86171 
H 7.40858 -0.84296 3.90835 
C -4.68199 -0.29784 2.76408 
C -6.03552 0.17281 2.26618 
C -6.19435 0.96711 1.12130 
C -7.46933 1.39481 0.71398 
H -7.57771 1.96932 -0.20760 
C -8.59120 1.05916 1.46646 
H -9.57870 1.39626 1.14714 
C -8.44681 0.27855 2.61975 
H -9.32206 0.00861 3.21337 
C -7.18143 -0.16218 3.00435 
H -7.07160 -0.77143 3.90563 
N -5.03048 1.34166 0.37586 
C -4.86402 2.58672 0.04328 
H -5.69158 3.26987 0.27292 
C -3.69869 3.19335 -0.53901 
C 1.05151 3.42349 -1.40337 
H 0.90067 3.60254 -2.47867 
H 1.91660 2.77367 -1.25883 
H 1.18917 4.37587 -0.87003 
C -1.48832 4.58813 -1.52685 
H -0.63804 5.14305 -1.91834 
C -2.76521 5.17516 -1.59095 
H -2.88072 6.16704 -2.02810 
C -3.85199 4.49301 -1.08492 
H -4.84635 4.94353 -1.10638 
C -2.13697 -2.18079 0.94814 
C -1.02638 -2.50230 1.75954 
C 1.04837 -1.69937 2.67003 
H 0.62796 -1.71735 3.68770 
H 1.69639 -0.82916 2.53897 
H 1.62354 -2.61868 2.48178 
C -1.01175 -3.66124 2.52947 
H -0.14971 -3.90900 3.14750 
C -2.11972 -4.52804 2.51796 
H -2.09403 -5.43878 3.11682 
C -3.23730 -4.21623 1.76086 
H -4.10892 -4.87382 1.76736 
C -3.27215 -3.02528 0.99902 
C -4.47007 -2.68320 0.27284 
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H -5.15857 -3.50515 0.03870 
C -5.98984 -1.34012 -0.92505 
C -7.19130 -1.95335 -0.53541 
H -7.23732 -2.50282 0.40630 
C -8.32992 -1.82513 -1.32730 
H -9.26093 -2.30300 -1.01817 
C -8.27818 -1.06832 -2.50321 
H -9.16776 -0.95854 -3.12591 
C -7.08798 -0.44186 -2.87267 
H -7.04991 0.14928 -3.79155 
C -5.92729 -0.56570 -2.09397 
C -4.64656 0.07628 -2.58093 
N 0.18685 0.68899 -3.10456 
H -4.47351 0.21478 3.72545 
H -4.76264 -1.37684 3.01518 
H 5.01269 -0.76090 4.02290 
H 4.24070 -2.01934 3.03155 
H -4.87817 1.07904 -2.99800 
H -4.25642 -0.50183 -3.44590 
H 4.23269 0.76014 2.58821 
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 Preamble 

The following chapter is prepared as a comment to the earlier published paper of 

Kowalska et al. and serves better to interpret the presented data in the recent paper. I 

performed the quantum chemical calculations and XA simulations. I thank Marcel Schmitt for 

giving this publication to my attention, and I wrote this comment. 
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 Introduction 

A spin-coupled Mo3+ atom inside a nitrogenase-like complex was explored in recent articles[1, 2] 

by Kowalska et al. and Bjornson et al. A delocalized electron between two Fe2+ centers is 

anticipated for the [MoFe3S4]- core, and the Molybdenum atom should follow a spin 

configuration against the Hund'sche rule with a total spin of 3/2. A reference complex 

containing a Molybdenum atom shows a total spin of 1/2. Unfortunately, no magnetic data 

are supplied in the current publication by Kowalska[2] et al. to understand the magnetic 

coupling scheme of the Fe center in the [MoFe3S4]- core. A reduced spin and orbital magnetic 

momentum would hint an antiferromagnetic exchange coupling scheme of the different Fe 

centers. Because of the increased spin magnetic value, this would also hint at the delocalized 

electron in the complex. The orbital magnetic values would also improve since the delocalized 

electron should result in higher orbital momenta in the Fe2+ atoms in this complex. No spin 

and orbital magnetic values for the Molybdenum atom are presented in this work. With these 

values it should be possible to approximate the total spin configuration of the different 

Molybdenum complexes. A spin-coupled Molybdenum center reveals a significant change in 

the spin, orbital, and total magnetic values for the metal centers and would lead to reduced 

magnetic values. Also, it is not stated which charge the [MoFe3S4]- complex obtains. The 

complex in the recent paper is abbreviated as [MoFe3S4]3+, suggesting a tricationic species. 

However, the presented complex has a counterion with a positive netto charge, resulting in a 

mono anionic complex. In the paper of Bjornson[1], TD-DFT calculations of the complex 

[MoFe3S4]3+ were performed. Also, here is not pointed out which netto charge this complex 

obtain. Furthermore, it is unclear if the calculations were conducted for the ground state or 

the excited states as a result of the TD-DFT computation. The publication does not specify 

which excited state is addressed when the excited state is discussed. The mentioned 

Mössbauer spectra are not given in the paper or the supplement, only the calculations suggest 

a delocalized electron between two Fe2+ centers in this combination.  

 Results 

DFT calculations of the [MoFe3S4]- complex reveal a minimum structure with a multiplicity of 

16. This verifies the presence of a delocalized electron between two of the three iron atoms 

(cf. Fig. 1). 
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Fig. 1: Relative energies of the [MoFe3S4]- complex with different multiplicities 
with uncertainties of 5%. The calculations were performed with Gaussian 09 at the 
B3LYP/cc-pVTZ (H, C, N, B, Cl) and ecp-(10, 28)-mdf (Fe, Mo) level of theory.  

In the complex, a Fe2+ atom in a low spin conformation would decimate the spin magnetic 

values. The LS configuration does not have any magnetic values to feature an exchange 

coupling to the other metal center. A delocalized electron should have a higher impact on the 

spin and orbital magnetic moments. The extra electron between two Fe2+ would formal lead 

to a Fe3+ atom in the cubane system. Here, a significant change in the orbital magnetic values 

should be expected.  

The spin density of this complex demonstrates localized spin density on the metal centers 

(cf. Fig. 2), which does not hint a delocalized electron in the first place. 

 
Fig. 2: Calculated spin density of [MoFe3S4]. The calculation was performed with 
Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, B, Cl) and ecp-(10, 28)-mdf (Fe, Mo) 
level of theory. 
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Electron localized field plots[2] (ELF) of the Fe2S2 sides did not reveal a delocalized electron in 

between any Fe atoms in the complex (cf. Fig.3). There are weak electronic interactions 

between the very diffuse sulfur atoms in this complex. However, there is a lack of electron 

density in the direction of the Fe centers, indicating that the delocalized electron is not 

between two iron atoms and is more centered in the cubane system due to the extensively 

diffuse sulfur atoms. As in the spin density, the electron density is also firmly located to the 

metal center and has a more spherical electron distribution, resulting in a reduced orbital 

magnetic momentum.  

 
Fig. 3: Electron localized field plots of the Fe2S2 sides. ELF plots represent the green 
planes in the structure. The calculation was performed with Gaussian 09 at the 
B3LYP/cc-pVTZ (H, C, N, B, Cl) and ecp-(10, 28)-mdf (Fe, Mo) level of theory. 

The composition of a Fe2+,2+;3+ oxidation state in the complex XA simulations reveals the 

possible spectral pattern of the L3,2 edges (cf. Fig. 4). 
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Fig. 4: Normalized XA spectra of a Fe2+ ion (blue), Fe3+ (red) ion and the mixture of 
Fe2+,2+,3+ (black) with gauss folded (broadening 0.3) simulated XA spectra by 
CTM4XAS[3] and Cowan batch file. 

By assuming a 2:1 concentration of Fe2+/3+, the spectral pattern does not match the 

experimental spectra from Kowalska[4]. We do not observe the appearance of a Fe3+ ion in the 

experimental XA spectra. Absorptions of Fe3+ on the L3 edge are typically around 710 eV; 

previous Fe3+ investigations have also revealed absorptions in this region[5-7]. Earlier studies 

on siderophore side effects have shown higher absorption energy for Fe3+ ions[5]. A slight 

shoulder on the L2 edge should arise, however it is not seen in the experimental spectra from 

the current study. Simulations with other combinations of the oxidation state like a Fe2+,3+,3+ 

configuration leads to slightly different spectral patterns (cf. Fig. 5), matching the 

experimental XA spectra better than in the other case. Still, the L3 absorption edge does not 

feature such a configuration because the energy is much higher than in the experimental XA 

spectra. 
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Fig. 5: Normalized XA spectra of a Fe2+ ion (blue), Fe3+ (red) ion, and the mixture of 
Fe2+,3+,3+ (black) with gauss folded (broadening 0.3) simulated XA spectra by 
CTM4XAS[3] and Cowan batch file. 

This hints at the first assumption that no Fe3+ atom is present in the experimental spectra of 

Kowalska. The shape of the spectrum does not show any features of a Fe3+ atom, which is 

assumed in the cubane complex. We do not contradict that a Fe3+ ion has to be a presence in 

this complex. Calculations of the complex confirm that one iron atom has to be in the Fe3+ 

oxidation state. The change in their oxidation state would lead to a difference of 1.88 eV for 

the L3 edge and 3.51 eV for the L2 edge (cf. Fig. 6). Therefore, we expect a change in the 

spectral pattern of the experimental XA spectra. 
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Fig. 6: Normalized simulated XA spectra of a Fe2+ ion (blue) and Fe3+ (red) ion with 
gauss folded (broadening 0.3) by CTM4XAS[3] and Cowan batch file with the 
resulting energy difference between their absorption maxima. 

We assume that the delocalized electron in such complexes has a major influence on the 

oxidation state of the iron atoms and the resulting XA spectra presented in the recent paper[4]. 

A good hint would be the spin-orbit coupling from the core to the hole, which also can be 

extracted from the XA spectra (cf. Fig. 7). If there is a mixture of different oxidation states, a 

significant change should be observed. The spin-orbit coupling from a Fe3+ ion has to be higher 

because of the higher orbital momentum.  

 
Fig. 7: Normalized simulated XA spectra of a Fe2+ ion (blue) and Fe3+ (red) ion with 
gauss folded (broadening 0.3) by CTM4XAS[3] and Cowan batch file with the 
resulting spin-orbit coupling from the core to the hole. 
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The derived spin-orbit coupling constants for various cubane complex structures show 

fascinating values when compared to the experimental spin-orbit coupling constant from their 

XA spectra (cf. Tab. 1). The SOC values for a pure Fe3+ ion are excessively high, and the SOC 

values for simulated mixtures are higher than the observed spin-orbit coupling constant. Only 

the pure Fe2+ matches the experimental values by a deviation of 0.03 eV. This also is in good 

agreement with the above discussed simulated XA spectra and the Abinitio calculations. We 

are confident that with the irradiation with X-ray light and their resulting XA spectra, no Fe3+ 

ion is observed. 

Tab. 1: Spin-orbit coupling constants for different oxidation states of iron and their 
possible mixtures in the cubane complex compared to the experimental 
approximated spin-orbit coupling constant from the paper[4]. 

Configuration L3 edge / eV L2 edge / ev SOC / eV 

Fe2+ 708.41 721.19 12.78 

Fe3+ 710.21 724.60 14.39 

Fe2+,2+3+ 708.63 721.95 13.32 

Fe3+,3+2+ 710.12 723.97 13.85 

Exp. 707.25 720.5 12.75 

We suppose that the delocalized electron is somewhere between one Fe2+ center and the Fe3+ 

center, rather than between two Fe2+ ions. We do not contradict a delocalized electron, but 

we assume that the delocalized electron must be near the Fe3+ center and lead by absorption 

of the X-ray light to a formal Fe2+ ion. This explains why no features of Fe3+ are present in the 

XA spectra, and the SOC values are precise as the pure Fe2+ ion.  

A totally ferromagnetic exchange coupled complex (UUUU) destabilizes by 58 kJ/mol in 

comparison to an antiferromagnetically coupled complex (DUUD). Broken symmetry 

calculations of the complex reveal a favored minimum structure with pairwise 

antiferromagnetic exchange coupling of the transition metal ions in this complex (cf. Fig. 8). 

First, this verifies the idea that the spin coupled Molybdenum atom in this combination is 

related by antiferromagnetic exchange with the neighboring "spin up" iron atoms. Therefore, 

the experimental spin and orbital magnetic moments must be reduced by the 

antiferromagnetic exchange coupling. In addition, the third Fe atom acquires a "spin down" 
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configuration, which may result in even lower magnetic moments. The experimental XAS and 

their corresponding XMCD spectrum point out a dichroic effect, considering a ferromagnetic 

exchange coupling in this complex. In combination with the presented broken symmetry 

calculation, we assume that both “spin down” metals (Mo3+, Fe2+) establish an 

antiferromagnetic exchange coupling, which reduces the ferromagnetic exchange coupling of 

the “spin up” metals but not in a way that no magnetic effects are observed. Unfortunately, 

no magnetic values are presented in the recent paper to evaluate this assumption.  

 
Fig. 8: Possible spin orientations in the [MoFe3S4]- complex with one ferromagnetic 
(UUUU) and seven broken symmetry configurations. The blue circles represent the 
iron atoms, and the red circle represents the Molybdenum atom in this complex. 
The relative energies in paratheses are given in kJ/mol. The calculations were 
performed at the b3-lyp/cc-pVDZ (H, C, N, O) and Stuttgart 1997 ECP (Fe, Mo) level 
of theory. 
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The calculated coupling constants from the broken symmetry calculations reveal two negative 

values for the Molybdenum and one Fe2+ ion (cf. Tab. 2). A positive coupling constant 

represents a ferromagnetic exchange coupling and a negative one, an antiferromagnetic one. 

The Molybdenum atom points out an antiferromagnetic exchange coupling, such as one iron 

atom. The Fe3+ and Fe2+ ions are still in a ferromagnetic exchange coupling, which dominates 

the XAS described in the latest research. Therefore, we assume that the delocalized electron 

must be more located between the ferromagnetic coupled Fe3+ and Fe2+ ions. A delocalized 

electron between the Mo3+ ion and the Fe2+ ion would not result in an antiferromagnetic 

exchange coupling, where the magnetic moments are not zero. Between two ferromagnetic 

Fe2+, the delocalized electron would enhance the spin magnetic momentum per Fe atom, but 

the antiferromagnetic coupled Fe atom reduces the spin magnetic moment in a higher 

amount, where the delocalized electron is flagged. 

Tab. 2: Calculated exchange coupling constants of [MoFe3S4]- with the spin 
configuration of the minimum structure. The calculations were performed with 
Turbomole 7.0 at the b3-lyp/cc-pVDZ (H, C, N, O) and Stuttgart 1997 ECP (Fe, Mo) 
level of theory. 

 J / cm-1 

Mo -38.76 

Fe1 10.16 

Fe2 15.47 

Fe3 -28.48 

No spin and orbital magnetic momenta are shown for the presented XA spectra of the 

Molybdenum in these complexes. As a result, it is impossible to argue that the Molybdenum 

atom is spin-coupled with the iron atoms that surround it. A spin-coupled Molybdenum atom 

should exhibit large fluctuations in magnetization in both directions. Also, it is not mentioned 

if there is a ferromagnetic exchange coupling or an antiferromagnetic exchange coupling, 

which would be seen in the spin, orbital, and total magnetic moments from the XMCD data. 

Also, no L2 edge is shown and no change in the spectral shape of the XA spectra can be 

observed (cf. Fig. 8). The experimental XMCD spectra and approximated crystal field splitting 

serves for the XA simulations (cf. Fig. 9). 
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Fig. 9: Normalized simulated XA spectra of a Mo3+ ion with gauss folded 
(broadening 0.3) by CTM4XAS[3] and Cowan batch file with different crystal field 
splittings (atomic = 0 Dq, Mo(ttcn)Cl3 = 2 Dq and [MoFe3S4]- = 3 Dq).  

Both spectra simulated and experimental reveal a change in the crystal field splittings for the 

different complexes. The higher crystal field splitting leads to a higher shift in the L3 edge of 

the absorption energy in Molybdenum. The Molybdenum XA spectra simulation agrees with 

the experimental XA spectra from the recent paper. For the XA spectra simulation, a less 

broadening than in the experimental spectra is given, and therefore, the shift of the 

absorption edges is shown better (cf. Fig. 10).  



 10. Comment: X-ray Magnetic Circular Dichroism Spectroscopy Applied to Nitrogenase and Related 
Models: Experimental Evidence for a Spin-Coupled Molybdenum(III) Center 

 

 

 
392 

 

 
Fig. 10: Normalized simulated XA spectra of a Mo3+ ion with gauss folded 
(broadening 0.3) by CTM4XAS[3] and Cowan batch file with different crystal field 
splittings (atomic = 0 Dq, Mo(ttcn)Cl3 = 2 Dq and [MoFe3S4]- = 3 Dq). 

Natural bond order analysis reveals elongated bondings for the dz2 and dx2-y2 orbitals in the 

complex [Mo(ttcn)Cl3]. For the corresponding [MoFe3S4]-, only one bonding in the z-direction 

is elongated. The other bondings are shortened compared to the [Mo(ttcn)Cl3] complex. 

Furthermore, the bonding distances in the x and y directions are shorter in the [MoFe3S4]- 

complex than in the [Mo(ttcn)Cl3]- complex (cf. Fig. 11). Because of the ligand alteration, the 

crystal field splittings in these complexes change significantly. Chloride establishes weak 

crystal field splittings observed in the bonding distances by not changing the distance in any 

position where chloride coordinates are ligand. Chloride is a hard donor that prefers a complex 

with a high spin. A nitrogen ligand serves as a donor and leads to a higher crystal field splitting. 

Therefore, a low spin complex is more favored than in the chloride species. The Mo3+ ion is 

higher charged than the Fe atoms in the [MoFe3S4]- complex, resulting in higher crystal field 

splittings and favors Low spin complexes than high spin complexes.  
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Fig.11: Bonding distances of [Mo(ttcn)Cl3] (left) and [MoFe3S4]- (right). The 
calculation was performed with Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, B, Cl) 
and ecp-mdf (Fe, Mo) level of theory. The ligand is omitted for clarity. 

The calculated orbital energies of the d orbital in both complexes confirm the assumed crystal 

field splittings as discussed before (cf. Fig. 12). The Jahn Teller distortion leads to higher orbital 

energies of the dz2 orbital in both complexes. The smaller elongation in the [MoFe3S4]- complex 

results in stronger bondings, and therefore the dx2-y2 orbital is more lowered as in the 

[Mo(ttcn)Cl3] complex. Following the Hund'sche rule in [Mo(ttcn)Cl3] all orbitals with almost 

equal energies will be filled by one electron, yielding a complex with a total spin of S=3/2. 

Because the dx2-y2 orbital is lowered in the [MoFe3S4]- complex, the second Hund'sche rule 

must be used, which states that if all orbitals with nearly identical energies are filled with one 

unpaired electron, then a spin pairing of the lowest orbital takes place. In the [MoFe3S4]- 

complex, the dx2-y2 orbital has to be doubly occupied, and then the next energetic higher 

orbital is occupied, leading to the observed total spin of S=1/2.  
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Fig. 12: Calculated d orbital energies of [Mo(ttcn)Cl3] (top) and [MoFe3S4] 
(bottom). The calculations were performed with Gaussian 09 at the B3LYP/cc-
pVTZ (H, C, N, B, Cl) and ecp-(10, 28)-mdf (Fe, Mo) level of theory.  

We do not expect a Molybdenum ion, which does not follow the Hund´sche rule only by 

determining the total spin. It more seems like the Molybdenum ion has a low spin 

configuration induced by the ligand. This also may be seen by the spin magnetic moments 

from the XMCD spectra, which are not presented. Therefore, the presented cubane system 

illustration needs to be modified at some points (cf. Fig. 13).  
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Fig. 13: Electronic structure in the cubane system of [MoFe3S4]- with the 
delocalized electron and the crystal field splitting of the different metal ions. 

We do not doubt the experimental results with all the assumptions discussed, but the 

interpretation is highly questionable in the recent paper[4]. We assume that the delocalized 

electron must be near the Fe3+ ion because the experimental XA spectra do not show any 

feature of the Fe3+ ion. Moreover, the Fe3+ and the delocalized electron lead to a XA absorption 

of a “formal” Fe2+ ion. The Molybdenum ion in the [MoFe3S4]- complex does not behave 

against the Hund´sche rule as assumed. The ligand leads to a different crystal field splitting 

than in the [Mo(ttcn)Cl3] complex and forces the Mo3+ in a low spin configuration with a total 

Spin S=1/2.  
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 Preamble 

The following chapter represents the first investigation and calculations of a single molecule 

magnet. I managed the Mass spectrometric experiments, XA simulations, and quantum 

chemical calculations. I received experimental support from Marcel Lechner in the synthesis 

of the complex. I wrote this chapter for detailed documentation. 

 

 

 



 11. First Investigations of a heptanuclear homoleptic Manganese complex with single molecular 
magnetic behavior 

 

 

 
398 

 

 Abstract 

Compounds with magnetic properties are fascinating and might lead to access to a new 

application in technology. Single Molecule Magnets (SMM) show extraordinary magnetic 

properties which arise from the molecule itself. Such molecules combine a large spin ground 

state with a high anisotropic barrier. In this chapter, a seven metallic complex with the general 

structure [Mn7(Vab)6]2+ (Vab = 2-[(2-hydroxymethyl-phenylimino)-methyl]-6-methoxy-

phenol) is investigated theoretically to its magnetic properties and structure determination 

via Mass spectrometry (MS) in comparison with Collision Induced Dissociation (CID). The 

calculations suggest single molecule magnetic behavior in the investigated complex.  

 Introduction 

In the last decades, transition metal (TM) complexes have become a highly fascinating field of 

research for many applications[1-13]. The wide variety in the use of transition metal complexes 

enables access to research in their molecular magnetism. Much effort is spent in the design, 

modeling, and synthesis of transition metal complexes with a spin frustrated[14-18] ground 

state, spin-crossover[19-23] (SCO) behavior, or single molecule magnetic[24-31] (SMM) behavior. 

Single molecule magnets seem promising for quantum computing applications[32-35] or data 

storage[36]. Compounds with single molecule magnetic behavior combine a large spin ground 

state with a high anisotropic barrier[37, 38] and result in a long living magnetization with a slow 

relaxation of the magnetism. The archetypical single molecule magnet was first synthesized 

by Lis[28] and investigated by many groups[24, 39-46]. The research is also expended on rare earth 

metals[26, 27, 30, 47-52], but also investigations of early transition metals, especially Manganese, 

seem to be prominent candidates for single molecule magnets[53-58].  

All these studies were performed in solid state or thin films, and therefore minor influence of 

external effects such as crystal packing effects or solvation effects cannot be excluded. 

Previous investigations on [Mn12O12(OAc)15(CH3CN)]+ in gas phase via XMCD[59, 60] revealed a 

shift in the primary absorption edge of around 2 eV in comparison with the bulk XA 

investigations by Mannini[34, 40, 59, 60].  

However, the magnetic properties seem to be almost the same, indicating that the magnetic 

properties arise from the molecule itself and are not or very weak affected by external effects. 
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The presented complex (cf. Fig. 1) is synthesized to obtain seven Manganese ions which are µ 

oxo bridged over the ligand (Vab)[29, 30]. They build up an almost in plane star-shaped 

arrangement of the Mn2+ ions. Six Manganese ions build a ring around one central Manganese 

ion. With an averaged distance of 3.35 Å, no direct metal-metal interaction is expected. Each 

Manganese ion is in octahedral coordination by the coordination of two tridentate ligands. 

Seven Mn2+ ions in a high spin configuration lead to an electronic spin ground state with S = 35. 

The homoleptic heptanuclear Manganese complex serves as a model complex to investigate 

its single molecular magnetic behavior. 

 
Fig. 1: Calculated minimum structure of [Mn7(Vab)6]2+. The calculations were 
performed with Gaussian 09 at the B3LYP/ cc-pVTZ (H, C, N, O) and Stuttgart RSC 
ecp effective core potential (Mn) level of theory. Hydrogen atoms are omitted for 
clarity. 

Electrospray ionization[61, 62] enables mass spectrometric investigations of ionic complexes in 

gas phase and allows the determination of the structure via CID. In combination with different 

light sources, the determination of the structure[63-67], electronic ground state[68-72], and 

magnetic moments[73-79] are possible with such tandem-based methods. The CID experiments 

were performed at room temperature and helped determine the molecular structure by 

observing the investigated characteristic fragments of the complex. First mass spectra, CID 

breakdown curves, and abinitio calculation for this complex were performed to gain the first 

hints for the structure, stability, and magnetic exchange coupling. 
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 Experimental setup and methods 

The mass spectrometric and Collision Induced Dissociation (CID) experiments were performed 

with a quadrupole mass spectrometer (amazon ETD, Bruker daltonics) containing a three 

dimensional Paul trap. For the ESI process, a sample solution of [Mn7(Vab)6]2+ 

(c ~ 1·10- 6 mol/L) in acetonitrile was prepared and constantly infused into the spray chamber 

by a syringe pump with a constant flow rate of 140 µL/h. Nitrogen was used as a drying gas 

with a flow rate of 9 L/min at 180 °C. The nebulizer pressure to spray the sample solution was 

set to 280 mbar (4psi), and the voltage of the spray needle was kept at 4.5 kV. The Paul trap 

consists of a ring electrode and two end caps forming a nearly hyperbolic inner profile. The 

end caps possess pinholes that allow to enter or exit the ions in the trap. The ring electrode is 

powered with a high voltage RF (radio frequency) potential (781 kHz) while the end caps are 

grounded. The ions are accumulated in this resulting oscillating quadrupolar electric field 

generated from the three electrodes. An auxiliary dipolar voltage is fed to either the exit cap 

or both end caps for ion isolation and fragmentation. For providing a constant partial Helium 

buffer gas pressure of ca. 10-3 mbar inside the trap, a proportional integral derivative (PID) gas 

controller is used. 

CID breakdown curves were recorded by varying the excitation amplitudes (0.0 V–3.0 V). The 

excitation amplitudes determine the internal scale of the mass spectrometer (Elab in V). 

Relative abundances were calculated according to 

Itotfr . (Elab) = �
∑ Iifr(Elab)i

∑ Iifr(Elab)i + ∑ Ii
p(Elab)i

� (1) 

The relative abundance is the quotient of the sum of the intensity of the fragments (𝐼𝐼𝑖𝑖
𝑓𝑓𝑓𝑓) over 

the sum of the intensity of the fragments (𝐼𝐼𝑖𝑖
𝑓𝑓𝑓𝑓) and the intensity of the parents (𝐼𝐼𝑖𝑖

𝑝𝑝). Center of 

mass corrected fragmentation amplitudes (𝐸𝐸𝑐𝑐𝑡𝑡𝑐𝑐) can be calculated from the internal 

amplitudes 

Ecom = �
mHe

mHe + mion
� ∙ Elab (2) 

The fragmentation amplitude dependent CID breakdown curves were modeled and fitted by 

a sigmoidal function 
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Ifitfr (Ecom). = �
1

1 + e(Ecom50 −Ecom) B
� (3) 

The investigated complex was synthesized in our group in a workplace kindly provided by Thiel 

et al. The synthesis was performed under aerobic conditions with chemicals purchased from 

Sigma Aldrich without further purifications. 

Synthesis of 2-[(2-hydroxymethyl-phenylimino)-methyl]-6-methoxy-phenol[29]: 2-Hydroxy-

3-methoxy benzaldehyde (4.5. g) were dissolved in methanol (100 mL). This mixture was 

stirred, and 2-Aminobenzyl-alcohol (4 g) was added). The mixture was stirred and heated for 

6 h at 60 C. After 6 h, the solution was cooled to room temperature, and a yellow solution was 

obtained (H2Vab). 

Synthesis of [Mn7(Vab)6](NO3)2[30]: H2Vab (780 mg, 30 mL) was stirred at room temperature. 

Sodium methanolate (162 mg) was dissolved in methanol (30 mL). The sodium methanolate 

solution was dropwise, added to the ligand solution, and stirred for 15 min. Ln(NO3)2·H2O (520 

mg) were dissolved in methanol (30 mL) and dropwise added. The mixture was stirred at room 

temperature for 4 h. Mn(OAc)2·H2O (370 mg) was added to the mixture and stirred for 12 h. 

The solvent was slowly removed in vacuum (950 mbar). The resulting powder was dried in 

vacuum.  

This synthesis gives two types of complexes in this chapter, the heptanuclear complex is in 

focus. The other transition metal – Lanthanide complexes are discussed in chapter 9 and serve 

as a model system for single molecule magnets.  

 Computational methods 

Minimum structure with different multiplicities, electronics, and also weak interactions were 

calculated with Density Functional Theory (DFT) using B3LYP[80-82] functional, cc-pVTZ basis 

sets[83-87] (C, H, N, O) and the Stuttgart ecp effective core potential (Mn) with Gaussian 09[88]. 

The calculation of the UV/VIS spectrum was performed by using the minimum structure and 

performing TD-DFT using UB3LYP[89] with cc-pVTZ basis sets[83-87] (C, H, N, O) and the Stuttgart 

RSC ecp effective core potential (Mn) with the Gaussian 09 package[88]. Broken symmetry 

calculations were performed by Density Functional Theory (DFT) with B3LYP_Gaussian[81, 82] 

functional, cc-pVTZ basis set[84] (C, H, N, O) in combination with the ecp-10-mdf[89] effective 
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core potential (Mn) as implemented in a local, customized Turbomole 7.0 program package[90-

92]. We studied the antiferromagnetic couplings between the seven Manganese centers in the 

complex with our custom CANOSSA program. This program makes it possible to localize anti-

parallel, unpaired spins separately on the metal centers in the system. A broken symmetry 

state is constructed from a single determinant wave function that reflects the 

antiferromagnetic coupling. The orbitals in the broken symmetry states are optimized by 

applying the variational principle. Data evaluation of weak interaction was performed using 

Multiwfn[93] combined with VMD graphical user interface. The simulations of the XA spectra 

were performed with a Mathematica based program package CTM4XAS[94] in combination 

with batch files from Cowan, attaining orca calculated parameters for the simulation of the XA 

spectra. 

 Results and Discussion 

The Mass spectrum reveals an isotropic peak at 957.5 m/z with a characteristic pattern for 

Manganese (cf. Fig. 2). Thus, the simulation fits very well with the experimental mass 

spectrum.  

 
Fig. 2: Isolated mass spectrum of [Mn7(Vab)6]2+ (black) and the simulated mass 
spectrum (blue).  

We observe the loss of one methyl group as main fragmentation channel by applying a 

fragmentation amplitude (cf. Fig. 3).  
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Higher fragmentation amplitudes result in the loss of a second methyl group and the whole 

ligand. In addition, minor fragments occur that have yet to be attributed to the complex. 

Losing the first methyl groups starts with the fragmentation amplitude of 0.6 V. Afterwards. 

We observe the loss of the other fragments. Finally, with the fragmentation amplitude of 

1.8 V, the complex is entirely in fragmentation. 

 
Fig. 3: Isolated spectrum (top) and the corresponding CID spectrum (bottom) of 
[Mn7(Vab)6]2+. 

The CID breakdown curves also show that the predominant fragmentation route is the loss of 

one methyl group (cf. Fig. 4). Afterward, the loss of a second methyl group appears with a 

lower intensity than the first one. The last fragment detected with increased fragmentation 

amplitude represents the loss of a complete ligand. By raising the amplitude, the complex 

fragments into the main fragmentation channel. With a range from 0 V to 2 V and a complete 

fragmentation, this complex shows very high stability, and therefore strong bondings in the 

complex can be assumed when the main fragment is the loss of one methyl group. 
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Fig. 4: CID breakdown curves of the [Mn7(Vab)6]2+ complexes and their appearance 
curves of the associated fragments. 

The determination of the minimum structure calculations in different multiplicities was 

performed (cf. Fig. 5). The most stable complex has a multiplicity of 36, leading to a complex 

containing seven Mn2+ ions with a high spin configuration in all metal centers, which agrees 

with one part for defining a complex with single molecule magnetic behavior. All other spin 

configurations seem not favored because their relative energies are at least 100 kJ/mol higher 

than the minimum structure. Therefore, we can exclude any different spin configurations in 

this complex. 

 
Fig. 5: Calculated energies for different multiplicities of [Mn7(Vab)6]2+. The 
calculations were performed with Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, O) 
and Stuttgart RSC ecp effective core potential (Mn) level of theory. 
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The bonding distances of the seven Manganese centers reveal six distorted Manganese ions, 

and only the central Manganese atom does not show a Jahn Teller distortion (cf. Fig. 6). 

Because the bonding lengths of all six distorted Manganese ions are equivalent, the crystal 

field splitting for the six Mn2+ ions should be comparable. The central Mn2+ does not distort 

the octahedral coordination and should lead to a different crystal field splitting than the other 

metal centers. All Mn2+ coordinated bondings are shortened in at least one z-direction and 

point towards the neighboring metal center, suggesting strong exchange couplings between 

the metal centers. The central Mn2+ ion shows no distortion and the most extended bonding 

distances to the bridging oxygen atoms than the other metal ions. Also, it might hint a change 

in the exchange coupling between the central Mn2+ and their surrounding Mn2+ ions.  

 
Fig. 6: Calculated bonding distances of [Mn7(Vab)6]2+. The calculations were 
performed with Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart RSC 
ecp effective core potential (Mn) level of theory. 

The simulated XA spectra with different crystal field splittings illustrate a change in the 

spectral pattern by raising the crystal field splitting from an atomic ion to a complex with high 

crystal field splittings (cf. Fig. 7). A high crystal field splitting would lead to a shift in the L3 

absorption edge to higher energies. Besides the energy shift, a splitting of the eg and t2g 

orbitals will become more present in the XA spectra because the eg and t2g orbital energy 

levels are more separated in high crystal field split complexes than in atomic ions.  
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The complex itself shows distortions in six of the seven Mn2+ ions, which hints at least a 

spectral pattern of the XA spectra as for the simulations for Δo = 2 - 3 eV. A higher crystal field 

splitting would favor Mn2+ ions in a low configuration, which is not expected for a single 

molecule magnet. 

 
Fig. 7: Simulated XA spectra of [Mn7(Vab)6]2+ with different crystal field splittings 
of the metal centers in the complex. CTM4XAS performed the simulations with 
Cowan Batch files[94]. 

The XA spectrum with a crystal field splitting of Δo = 2 eV agrees well with the pDOS spectra 

(cf. Fig. 8), implying that the Mn2+ must be in a high spin state, as anticipated by the 

computations.  
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Fig. 8: Simulated XA spectra with a crystal field splitting of 2 eV (black) and the 
calculated pDOS spectrum of [Mn7(Vab)6]2+. CTM4XAS performed the simulations 
with Cowan Batch files[94]. The calculations were performed with Gaussian 09 at 
the B3LYP/cc-pVTZ (H, C, N, O, Mn) level of theory. 

The approximated crystal field splitting from the simulated XA spectra leads to possible 

transitions in the UV/VIS spectrum by normalization with the Racah parameter B[95] and 

approximation in a Tanabe Sugano diagram. The calculated UV/VIS spectrum reveals three 

absorption bands in the area between 500 nm and 800 nm (cf. Fig. 9). All these transitions are 

very weak and spin forbidden metal to ligand charge transfer (MLCT) transitions. Therefore, 

the approximation of different Jahn Teller distorted Mn2+ ions in the various complex bands 

in the UV/VIS spectrum seems reasonable.  
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Fig. 9: Calculated UV/VIS spectrum of [Mn7(Vab)6]2+. The calculations were 
performed with Gaussian 09 at the TD-DFT B3LYP/ cc-pVTZ (H, C, N, O) and 
Stuttgart RSC ecp effective core potential (Mn) level of theory. 

The calculated absorption energies can be normalized with the Racah parameter B[95], leading 

to a more precise approximation of the crystal field splitting in this complex (cf. Fig. 10). We 

observe two different crystal field splittings agreeing with one symmetric Mn2+ ion and six 

distorted Mn2+ ions in the complex compared with the structure determination. The predicted 

UV/VIS spectra reveal a higher intensity absorption band at 715 nm than at 572 nm, indicating 

distinct Mn2+ ions with a considerable shift in crystal field splittings. Unfortunately, only one 

crystal field splitting can be determined in the XA spectra. The resonant absorption energy is 

almost similar for all Manganese cores, assuming that the approximated crystal field splitting 

in the XA spectrum represents the six distorted Mn2+ ions because they build the main 

absorption edge in the spectrum. 
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Fig. 10: Tanabe Sugano diagram of a d5 atom with the approximated crystal field 
splittings from the XA simulations. 

The normalized crystal field splittings lead to different absorption energies in the UV/VIS 

spectrum (cf. Fig. 10 and Tab. 1). The assumption of a crystal field splitting with 3 eV seems 

impossible because Mn2+ should show an absorption band in the UV/VIS spectra[96]. Therefore, 

two crystal field splittings of 2.10 eV and 2.48 eV seem suitable for this complex. Absorptions 

at 550 nm also suggest an MLCT absorption, which is also conceivable with the electron-rich 

ligand surrounding the Mn2+ ions, showing an exchange coupling constant between the Mn2+ 

ions and the oxygen atoms. The transitions in the simulated spectra hint a 6A1g to 4T1g 

transition for six Mn2+ ions and a 6A1g to 4A1g transition for the central Mn2+ ion. 

Tab.1: Approximated crystal field splittings in eV and cm-1, normalized crystal field 
splittings, corresponding normalized UV/VIS energies, and the absorption energies 
in cm-1 and nm. 

ΔO/eV ΔO/cm-1 ΔO/B E/B E/cm-1 E(calc)/nm 

2.10 16937.55 17.64 18.24 17512.72 572 

2.48 20002.44 20.83 14.43 13848.43 715 

Density Overlap Region Indicator (DORI) plots reveal strong non covalent interactions in the 

complex. The high stability observed in the MS studies discussed above is mainly induced by 

more vital dispersion and/or van der Waals interactions in the molecule (cf. Fig. 11).  
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These interactions strengthened the bonding situation in the complex and leads to a stiffer 

Mn2+ coordination. We assume that an excited state does not change its geometrical 

structure, and therefore no change in the UV/VIS or the XA spectra is considered. Thus, the 

exchange coupling scheme in this complex would be the same in both states. Temperature 

dependent XA experiments seem necessary for this complex because this also includes the 

assumption of a high anisotropic barrier.  

 
Fig. 11: Calculated Density overlap region indicator (DORI) of [Mn7(Vab)6]2+. The 
calculations were performed with Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, O) 
and Stuttgart RSC ecp effective core potential (Mn) level of theory. 

The calulated spin density for this combination reveals localized spin density of the 

Manganese ions with a minor amount on the oxygen bridging atoms between the Mn2+ ions, 

indicating that there is no direct metal-metal contact between the Manganese ions. However, 

as shown, a ferromagnetically coupled system would lead to a high spin magnetic ground state 

with S = 35. Therefore, an antiferromagnetic exchange coupling cannot be excluded.  

Broken symmetry calculations for all possible spin configurations were performed to gain the 

minimum structure with their corresponding spin state. (cf. Tab. 2). The 64 possible spin 

configurations reveal slightly different energies relative to the minimum structure. The 

energies differ from 0 – 1.5 kJ/mol, suggesting a compassionate spin state influences the 

structure and corresponding exchange coupling scheme. The minimum structure with three 

spin down electrons and four spin up electrons on each Mn2+ seems to be favored. 
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Tab. 2: Possible spin configurations with their calculated energies (SCF) and 
relative energies corresponding to their minimum structure. The calculations were 
performed with Turbomole 7.0 at the Gaussian_B3LYP/ cc-pVTZ (H, C, N, O) and 
ecp-10-mdf (Mn) level of theory. 

Spin configuration SCF/Hartree SCF/kJ/mol ΔE/kJ/mol 

UUUUUUU -13213.76266 -3469272.700 2.94208936 
UUUUUUD -13213.76304 -34692728.69 1.95349899 
UUUUUDD -13213.76342 -34692729.69 0.94781740 
UUUUDDD -13213.76339 -34692729.62 1.02340948 
UUUDDDD -13213.76355 -34692730.03 0.61339755 
UUDDDDD -13213.76370 -34692730.43 0.20768305 
UDDDDDD -13213.76365 -34692730.30 0.34463619 
DDDDDDD -13213.76266 -34692727.70 2.94209041 

1 spin down 
DUUUUUU -13213.76365 -34692730.30 0.34463882 
UDUUUUU -13213.76304 -34692728.70 1.94262259 
UUDUUUU -13213.76304 -34692728.69 1.95582228 
UUUDUUU -13213.76304 -34692728.69 1.94738394 
UUUUDUU -13213.76310 -34692728.84 1.80124442 
UUUUUDU -13213.76304 -34692728.70 1.94376285 
UUUUUUD -13213.76304 -34692728.69 1.95348140 

2 spin down 
DDUUUUU -13213.76370 -34692730.43 0.20761348 
DUDUUUU -13213.76371 -34692730.44 0.20078717 
DUUDUUU -13213.76371 -34692730.44 0.19878654 
DUUUDUU -13213.76370 -34692730.43 0.21401339 
DUUUUDU -13213.76371 -34692730.44 0.20143935 
DUUUUUD -13213.76370 -34692730.44 0.20600378 
UDDUUUU -13213.76323 -34692729.18 1.45683061 
UDUDUUU -13213.76323 -34692729.18 1.45720606 
UDUUDUU -13213.76342 -34692729.68 0.95782502 
UDUUUDU -13213.76342 -34692729.70 0.94505170 
UDUUUUD -13213.76342 -34692729.69 0.94673307 
UUDUDUU -13213.76342 -34692729.70 0.94414800 
UUDUUDU -13213.76341 -34692729.68 0.96463871 
UUDUUUD -13213.76322 -34692729.17 1.46744524 
UUUDUDU -13213.76322 -34692729.18 1.46642078 
UUUDUUD -13213.76341 -34692729.67 0.96989654 
UUUUDDU -13213.76323 -34692729.19 1.45471342 
UUUUDUD -13213.76323 -34692729.19 1.45393285 
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3 spin down 
DDDUUUU -13213.76355 -34692730.03 0.61334583 
DDUDUUU -13213.76355 -34692730.03 0.61422170 
DDUUDUU -13213.76373 -34692730.51 0.12837248 
DDUUUDU -13213.76374 -34692730.54 0.10181922 
DDUUUUD -13213.76374 -34692730.54 0.10242441 
DUDDUUU -13213.76375 -34692730.55 0.09077454 
DUDUDUU -13213.76374 -34692730.54 0.10274472 
DUDUUDU -13213.76374 -34692730.53 0.10854943 
DUDUUUD -13213.76355 -34692730.03 0.61126354 
DUUDDUU -13213.76374 -34692730.54 0.10297629 
DUUDUDU -13213.76374 -34692730.53 0.10914543 
DUUDUUD -13213.76374 -34692730.53 0.10915015 
DUUUDDU -13213.76355 -34692730.02 0.61873572 
DUUUDUD -13213.76355 -34692730.02 0.61669859 
DUUUUDD -13213.76375 -34692730.55 0.09518617 
UDDDUUU -13213.76339 -34692729.61 1.02882010 
UDDUDUU -13213.76358 -34692730.12 0.52368502 
UDDUUDU -13213.76358 -34692730.11 0.52811188 
UDDUUUD -13213.76339 -34692729.61 1.03328529 
UUDDDUU -13213.76378 -34692730.64 0.00000000 
UUDDUDU -13213.76358 -34692730.10 0.53712836 
UUDDUUD -13213.76358 -34692730.10 0.54032071 
UUUDDDU -13213.76339 -34692729.61 1.03077506 
UUUDDUD -13213.76358 -34692730.11 0.52697635 
UUUUDDD -13213.76339 -34692729.62 1.02353103 

4 spin down 
DDDDUUU -13213.76339 -34692729.62 1.02344361 
DDDUDUU -13213.76358 -34692730.10 0.53740850 
DDDUUDU -13213.76358 -34692730.11 0.52685846 
DDDUUUD -13213.76339 -34692729.61 1.03078057 
DUDUDDD -13213.76375 -34692730.55 0.09518538 
DUDUDUD -13213.76339 -34692729.61 1.02926696 
UDDDDUU -13213.76375 -34692730.55 0.09518538 
UDDDUDU -13213.76355 -34692730.02 0.61668809 
UDDDUUD -13213.76355 -34692730.02 0.61873361 
UDUUDDD -13213.76375 -34692730.55 0.09081156 
UUDDDDU -13213.76374 -34692730.54 0.10244016 
UUDDDUD -13213.76374 -34692730.54 0.10179219 
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5 spin down 
DDDDDUU -13213.76342 -34692729.69 0.94781714 
DDDDUDU -13213.76332 -34692729.44 1.20595048 
DDDDUUD -13213.76323 -34692729.19 1.45466248 
UDDDDDU -13213.7637 -34692730.44 0.20599774 
UDDDDUD -13213.76371 -34692730.44 0.20142805 
UDDUDDD -13213.76371 -34692730.44 0.19881174 

6 spin down 
DDDDDDU -13213.76304 -34692728.69 1.95347955 
DDDDDUD -13213.76304 -34692728.7 1.94376417 
DDDDUDD -13213.76304 -34692728.69 1.94957387 
DDUDDDD -13213.76304 -34692728.69 1.94738340 
DDDUDDD -13213.76304 -34692728.69 1.95582150 
DUDDDDD -13213.76304 -34692728.70 1.94262128 

 

The spin configuration with three “spin down” electrons reveal almost similar energies relative 

to the minimum structure (cf. Fig. 12).  
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Fig. 12: Broken symmetry calculated spin densities of [Mn7(Vab)6]2+ in different 
spin configurations. The calculations were performed with Turbomole 7.0 at the 
B3LYP_Gaussian/cc-pVTZ (H, C, N, O) and ecp-10-mdf (Mn) level of theory. 

The estimated anisotropic tensors of these distinct spin configurations show that the 

predicted minimum structure in this series of spin configurations has the largest anisotropic 

tensor (cf. Fig. 13). The highest anisotropic tensor is only reached when the central Mn2+ ion 

has a spin-up configuration. The ferromagnetically coupled complex has the lowest 

anisotropic tensor. Together with the definition of single molecule magnets, the calculated 

results are in good agreement. Therefore, this complex minimum structure has the highest 

anisotropic tensor and a central Mn2+ with a “spin up” configuration.  
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Fig. 13: Broken symmetry calculated anisotropic tensors of [Mn7(Vab)6]2+ in 

different spin configurations. The calculations were performed with Turbomole 
7.0 at the Gaussian_ B3LYP/cc-pVTZ (H, C, N, O) and ecp-10-mdf (Mn) level of 
theory.  

The configuration UUDDDUU is the minimum structure for all these calculations. The spin 

density reveals an alternating spin down and “spin up” arrangement in the outer ring 

(cf. Fig. 14).  

            
Fig. 14: Broken symmetry calculated spin density of [Mn7(Vab)6]2+ (left) and their 
corresponding exchange coupling scheme (right). The calculations were 
performed with Turbomole 7.0 at the Gaussian_ B3LYP/cc-pVTZ (H, C, N, O) and 
ecp-10-mdf (Mn) level of theory. 
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This complex obtains seven coupling constants for each Mn2+ ion, calculated by its energy 

differences[63, 64]. A positive J value would represent a ferromagnetic exchange coupling and a 

negative one, an antiferromagnetic exchange coupling (cf. Fig. 14, Tab. 3). The calculated 

exchange coupling constant reveals a ferromagnetic coupled central Mn2+ ion surrounded by 

three spin up Mn2+ ions (cf. Fig. 14, Tab. 3). The other three Mn2+ ions are 

antiferromagnetically coupled, assuming that the spin magnetic value has to be significantly 

reduced in this complex, resulting in a complex, which does not have a single molecule 

magnetic behavior. With antiferromagnetically coupled Manganese cores, the contribution of 

these cores must be zero. For a high magnetization, a completely ferromagnetic coupled 

system would be best for single molecule magnets. 

Tab. 3: Calculated exchange coupling constants of [Mn7(Vab)6]2+ with the 
minimum structure's spin configuration. The calculations were performed with 
Turbomole 7.0 at the Gaussian_B3LYP/cc-pVTZ (H, C, N, O) and ecp-10-mdf (Mn) 
level of theory. 

 J/kJ/mol J/cm-1 

Mn1 0.037 3.10 

Mn2 0.031 2.63 

Mn3 - 0.020 - 1.70 

Mn4 - 0.042 - 3.54 

Mn5 - 0.013 - 1.10 

Mn6 0.044 3.70 

Mn7 0.038 3.23 

Compared with the completely ferromagnetic coupled complex, the energy difference is only 

3 kJ/mol, and the calculations were performed at room temperature. Maybe the complex has 

a ferromagnetic coupling scheme at lower temperatures, favoring a single molecule magnetic 

behavior. The anisotropic tensor of the ferromagnetically coupled complex is 120.87 and 

lower than the antiferromagnetically coupled complex of 120.98. The possibility of a spin flip 

is not excluded, but to prove this temperature dependent XMCD experiments are necessary. 
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 Conclusion 

CID experiments have shown that the complex is very stable, and the ligand bonding strengths 

to the metal atoms are stronger than a methyl group of the ligand. With higher fragmentation 

amplitudes, the loss of a complete ligand is observed after losing one methyl group. We do 

not observe the splitting of the star-shaped Mn2+ core with any fragmentation amplitude in 

this complex. 

Calculation of the minimum structure revealed different Mn2+ coordination patterns. Six 

manganese ions are Jahn Teller distorted, while the core Mn2+ ion has virtually symmetrical 

bonding, resulting in two distinct crystal field splittings in the complex. Simulated XA spectra 

with different crystal field splittings reveal a rising splitting of the eg and t2g absorption edges 

with higher crystal field splittings. Future experimental XA spectra might lead to a pattern as 

the simulated XA spectra with a crystal field splitting of 2 eV. 

The UV/VIS spectrum calculation reveals two bands in the area of 500 nm to 800 nm. 

Normalization of these energies using the Racah parameter B and approximation in the 

Tanabe Sugano Diagram provide crystal field splittings of 2.10 eV and 2.55 eV, which are 

consistent with the simulated XA spectra. Electron localized field plots show spherical Mn2+, 

assuming that the orbital magnetic moment must be close to zero. Also, the DORI plot points 

out that non covalent interactions in the complex establish high stability in this complex. 

Therefore, no change in the geometry is expected and leads to the assumption that the 

magnetic behavior in this complex has to change by thermally induced properties and not with 

geometrical properties. 

According to broken symmetry calculations, an antiferromagnetically coupled spin 

configuration is preferred over a ferromagnetically coupled one. Also, the anisotropic tensor 

in the antiferromagnetically coupled spin isomer is higher than in the ferromagnetic isomer. 

The relative energies are almost similar for the antiferromagnetically coupled complexes and 

slightly higher in the ferromagnetically coupled system, which hints that the 

antiferromagnetically coupled complex might be degenerated.  
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We assume that the complex might be in a ferromagnetic spin configuration with lower 

temperatures. A “spin flip” takes part to establish a higher anisotropic barrier by raising the 

temperature, inducing a long living magnetization.  

With all these assumptions, temperature-dependent XMCD studies seem necessary for this 

complex to verify these assumptions. 
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12 Development of a new ion source for aggregation of small 
molecules on cluster surfaces 

 Preamble 

This chapter provides the first mass spectra with a new ion source for the aggregation of small 

molecules onto transition metal clusters at room temperature. This ion source enables access 

to co-adsorbed molecules onto cluster surfaces to investigate catalytic properties of transition 

metal clusters, e.g., ammonia synthesis. 

 Introduction 

Transition metal (TM) clusters serve as model systems in fundamental processes achieving 

high relevance in heterogeneous catalysis[1, 2]. This type of catalyst is made up of numerous 

metal components or simply one type of metal. These metals can be separated or settled 

together as an alloy to catalyze various chemical reactions[3]. Such catalysts are widely used in 

a variety of applications, including vehicle three-way catalysts[4-6] and the most well-known 

processes, such as the Haber-Bosch process[7] or the Fischer Tropsch process[8]. The adsorption 

and their corresponding activation are a fascinating field of research[4, 5]. Transition metal 

clusters serve as a model system for investigating the catalytic activity as a function of their 

cluster size[6, 7] and their corresponding structure[8]. The splitting of molecular Nitrogen is an 

essential step in the Haber process. For the activation of molecular Nitrogen, transition metals 

such as Fe, Ni, Ru, and other metals are used[9]. As a result, various studies of such transition 

metal cluster adsorbates were carried out under cryogenic circumstances in conjunction with 

IR(M)PD experiments in order to define the structure of these clusters and obtain further 

information about the cluster surface[15-19].  

Different methods to produce such clusters are established. One way to aggregate small 

molecules onto cluster surfaces is by using a mixture of the carrier gas with molecules of 

interest[10-13]. Infusing gaseous molecules into an ion trap where the clusters are kept is 

another method for adding molecules to cluster surfaces[15, 17-19, 24]. This chapter represents a 

new ion source that allows aggregation of small molecules before the ion cloud condenses 

into different clusters by entering the vacuum chamber. We modified a home built Laser 

vaporization source[14-17] (LVAP) with a so called “pick up” block to add small molecules to the 

clusters (cf. chapter 2.3). 
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 Results 

With this improved setup, we attempt to record spectra of metal clusters without the addition 

of gas in order to optimize the bare clusters, which should adsorb molecules to their surface. 

The first spectrum displays a high amount of contaminants onto the clusters (cf. Fig. 1). 

 
Fig. 1: Time of flight spectrum of Nb cluster with the modified ion source. 

We switched to Rhodium, and we observed the same impurities in the spectrum, which are 

Hydroxyl, Oxygen, and water adsorbed onto the metal clusters. We assumed impurities in the 

gas inlets respective lines for the carrier gas and the ion source chamber itself. The gas inlets 

and lines were heated under vacuum to get rid of the impurities. During the piezo ventile 

restoration, we did a residual gas examination of the ion source chamber to determine where 

the contaminants emerged. We recorded mass spectra of the residual gas background in the 

chamber when the gate valve of the oil diffusion pump is opened and closed (cf. Fig. 2). The 

results show that the contaminants originate from the oil diffusion pump, and so we were 

unable to acquire spectra of bare clusters under these conditions. The most prominent peaks 

are water with a mass of 18 amu, molecular Nitrogen with 28 amu, and molecular Oxygen 

with 32 amu. We assume the ion cloud expands into the vacuum, and the condensation 

directly involves the impurities to clusters.  
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Fig. 2: Residual gas analysis of the ion source chamber with the gate valve for the 
oil diffusion pump opened (black) and closed (red) 

We also observed a decreasing trend for the ion source chamber impurities (cf. Fig. 3). By 

opening the gate valve, the pollutants rise, indicating that the oil condenses on the cooling 

baffle and returns to the diffusion pump. The oil gets heated again and can pass the cooling 

baffle. This would also explain the decreasing trend of the impurities after some time.  
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Fig. 3: Residual gas analysis as time dependent function recorded over one hour 
(top) and corresponding impurity traces (bottom). 

As mentioned above, one of the primary impurities is water. Therefore, we recorded time 

dependent residual gas analysis for every mass we observed (cf. Fig. 3). The experimental data 

leads to the same results for each impurity trace. When the gate valve is opened, we monitor 

an instantaneous spike in contaminants and a slow decline in these impurities after a while. 

When the gate valve is closed, the impurities decrease rapidly, and there is only the residual 

gas left in the chamber. To calculate the impurity decrease, we compute the ion current 

difference at the beginning and the end (see Fig. 4), which results in a drop of 1x10-10 A per 

hour. To obtain pure mass spectra of transition metal clusters, background contaminants 

should show at ion currents less than 10-11 A. With this assumption, the decrease to a practical 

background value would take around 266 hours, respective 12 days with an open gate valve, 

which is not an option because of the safety aspects of the oil diffusion pump. 
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We shut down the oil diffusion pump and replaced it with a molecular turbopump to obtain a 

better vacuum and reduce the impurity background. The installed pump reaches a vacuum of 

2.6x10-6 mbar without Helium background pressure. After reaching the vacuum, we recorded 

time of flight spectra with Rhodium to verify that the ion source chamber background is better 

(cf. Fig. 4 (top)). The problem is that the intensity is minimal, and recording spectra takes about 

45 min. We observe a broad cluster distribution with a small amount of impurities. 

To transform the time of flights into masses, we perform a cubic fit of the correlated 

theoretical masses and the experimental time of flights. The fit function exhibits a perfect 

match between the assumed masses and their related flight times (see Fig. 4 (middle)). The χ2 

value is almost one that expresses a good fit. The mass spectra reveal Rhodium clusters up to 

a size of n = 46 (cf. Fig. 4 (bottom)) with a typical cluster distribution. The resolution of the 

mass peaks is meager because of the low intensity in the recorded time of flight spectra, 

resulting in a broadening of the peaks because the ions arrive with a slight time delay on the 

detector. Furthermore, the ions do not arrive continuously, resulting in a reduced signal-to-

noise ratio and, as a result, more intense contaminants. If the cluster is not intensive and there 

is an adsorption of oxygen, the peaks become more broadened because of the overlay of those 

two peaks. The other case is that the ion package is not very compressed and leads to a 

broadening because of local errors in the clusters. 
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Fig. 4: Time of flight spectrum of Rhodium clusters (top), Fit function for the mass 
transformation (middle), and mass spectrum (bottom). 

The spectrum reveals that the ion package is not compressed (cf. Fig. 5). We observe more 

sharpened peaks for the optimized clusters than those appearing in the mass spectrum 

because the ions enter the Wiley McLaren arrangement and then accelerate into the time of 

flight region at a particular time. The smaller clusters are long through the Wiley McLaren 

arrangement, and the bigger clusters have not entered the acceleration area. The acceleration 

leads to a smear of the not optimized cluster sizes due to an inefficient space focus. 
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Fig. 5: Mass spectra of [Rh]n+ clusters with n = 22-31. 

The transformed masses from the fit agree with the common masses (cf. Tab. 2). Also, the 

variations for the small and huge clusters are minimal. We assume that the change from the 

oil diffusion pump to the molecular turbopump leads to a better background of the vacuum, 

resulting in better expansion conditions of the clusters and fewer underlying impurities that 

can broaden the mass peaks. 

Tab. 2: Expected masses in comparison with the masses from the Fit of [Rh]n+ 
clusters 

Cluster expected mass m/z masses from Fit m/z 
[Rh6]+ 617.43 618.68 
[Rh7]+ 720.33 720.76 
[Rh8]+ 823.24 823.60 
[Rh9]+ 926.14 926.42 
[Rh10]+ 1029.06 1029.01 
[Rh11]+ 1131.96 1132.70 
[Rh12]+ 1234.87 1235.60 
[Rh13]+ 1337.77 1336.13 
[Rh14]+ 1440.67 1438.76 
[Rh15]+ 1543.58 1541.86 
[Rh16]+ 1646.49 1642.77 
[Rh17]+ 1749.39 1745.85 
[Rh18]+ 1852.30 1849.06 
[Rh19]+ 1955.20 1951.72 
[Rh20]+ 2058.11 2054.77 
[Rh21]+ 2161.01 2164.67 
[Rh22]+ 2263.93 2270.64 
[Rh23]+ 2366.83 2373.98 
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[Rh24]+ 2469.73 2474.39 
[Rh25]+ 2572.64 2576.50 
[Rh26]+ 2675.54 2677.54 
[Rh27]+ 2778.45 2780.58 
[Rh28]+ 2881.35 2882.80 
[Rh29]+ 2984.26 2984.56 
[Rh30]+ 3087.16 3086.70 
[Rh31]+ 3190.07 3189.16 
[Rh32]+ 3292.98 3292.35 
[Rh33]+ 3395.88 3393.28 
[Rh34]+ 3498.78 3495.80 
[Rh35]+ 3601.69 3597.37 
[Rh36]+ 3704.60 3704.05 
[Rh37]+ 3807.50 3810.23 
[Rh38]+ 3910.41 3913.79 
[Rh39]+ 4013.31 4007.25 
[Rh40]+ 4116.22 4110.42 
[Rh41]+ 4219.13 4214.96 
[Rh42]+ 4322.03 4318.71 
[Rh43]+ 4424.94 4423.25 
[Rh44]+ 4527.84 4538.91 
[Rh45]+ 4630.75 4634.05 
[Rh46]+ 4733.65 4733.62 

As mentioned above, the intensity of the clusters is very weak. We made minor changes to 

the mass spectrometer and fixed some problems to obtain a better cluster signal. 

Change of the angle in the acceleration area to the time of flight region 

By changing the angle in the acceleration area, ions have different velocity components in a 

three-dimensional room, e.g., the ions may not be straight accelerated into the time of the 

flight region and still has a velocity component, leading to desorption onto the vacuum 

chamber and a loss of the intensity (cf. Fig. 6).  
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Fig. 6: Scheme of the ion package acceleration without an angle (left) and an angle 
(right). 

We calculated an approximated ion velocity for the ion package before the acceleration and 

after acceleration into the TOF region with Cobalt clusters to determine the theoretical angle 

needed to gain a straight acceleration (cf. Fig. 17). The calculation of these velocities can be 

achieved with the following equations: 

v(TOF, package) = 2 ∗ EKin ∗  e− (1) 

vm
z

(TOF, package) =  �
2 ∗ v(TOF, package)

M
1000

 (2) 

With this approximation, we observe a higher velocity for the ions into the time of flight region 

as the velocity from the package itself (cf. Fig. 7), leading to the assumption that a velocity 

component hinders a straight acceleration into the time of flight region with the current 

system. 
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Fig. 7: Calculated ion velocities for the ion package before (red) and after (black) 
acceleration into the time of flight region for cobalt with n = 1 – 30. 

The approximated angle which has to be set up can be calculated with the following equation: 

𝛩𝛩 = arctan�
𝑣𝑣 �𝑚𝑚𝑧𝑧 � (𝑇𝑇𝑇𝑇𝑇𝑇)

𝑣𝑣 �𝑚𝑚𝑧𝑧 � (𝑝𝑝𝑖𝑖𝑐𝑐𝑀𝑀𝑖𝑖𝑔𝑔𝑀𝑀)
� (3) 

For a straight acceleration into the time of flight area, this calculation yields an angle of 1.56°. 

There are two methods to include an angle into the Wiley McLaren layout.  

1. Elongation of two rods for placing the Wiley McLaren arrangement into the ion 

pathway. This would mean that the whole setup must be removed and rewired to 

change the rods made in the local machine workshop. 

2. Loose the screws on top of the setup and bring some washers between the rods and 

the arrangement to gain the calculated angle. 

For a quick check up we decided on the alternative two. We removed the screws on top of the 

setup and brought three washers between the rods and the arrangement and obtained an 

angle of 1.6° with this method. 

  



12. Development of a new ion source for aggregation of small molecules on cluster surfaces 
 

433 
 

Change of a broken RF generator with a minimum frequency of 2 MHz to a generator with a 

maximum frequency of 1 MHz 

We operated a radiofrequency generator with 2–20 MHz at 2.2 MHz. Most mass 

spectrometers are operating their ion guides between several kHz to 1 MHz. The electronic 

workshop built a generator in this region, and we tested it. The first test went very well, but 

we recognized a loss of the signal and checked the RF voltages. We observed different 

amplitudes for the octupole rod pairs (cf. Fig. 8). 

 

 
Fig. 8: RF amplitudes and frequencies of the octupole rod pairs. 180° (yellow), 0° 
(pink), Monitor output 180° (green) and Monitor output 0° (blue) with the broken 
RF generator (top) and the new RF generator (bottom).  

The monitor output seems to be the same for both amplitudes, but the amplitudes measured 

directly on the octupole rods are asymmetric by a factor of two (cf. Fig. 8 (top)), indicating that 

the ions are not properly directed in the field free zone. Here, there is a high possibility that 

the ions are desorbed to the octupole rods or at the vacuum chamber. We changed the 

generator with a similar one and observed symmetric phase shifted frequencies with the same 

amplitudes for the octupole rod pairs (cf. Fig. 8 (bottom)).  
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This leads to optimal ion guide because the ions are in a field free region where there is no 

possibility to desorb on the octupole rods or elsewhere. 

Rewiring of the Reflectron 

There are two different versions of the reflectron used in time of flight technology. One is a 

one staged assembly, and the other one is a two-staged assembly. Two separate pairs of rings 

are present in the two staged cases, and a high voltage is applied to each pair of rings. As in 

the one staged reflectron resistor chains, establish a voltage gradient for each pair of rings. 

Only one high voltage is applied in the one staged reflectron, and the resistor chain leads to a 

voltage gradient with lower voltage at the reflector entrance.  

Here, a one staged reflectron was wired as a two-staged one. Therefore, the cables were 

rewired so that only one high voltage was applied, and the other end of the resistor chain was 

grounded (cf. Fig. 9). 

 
Fig. 9: Schematic description of the reflectron, including the old wiring (left) and 
the new wiring (right). 

After rewiring of the reflectron, exchange of the MCP detectors, and an exchange of the 

ground plug to avoid a DC floated detector, a tantalum target was built in the modified LVAP 

source, and a time of flight spectrum was recorded (cf. Fig. 10 (top)) 
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Fig. 10: Time of flight spectrum of different Tantalum cluster (n = 1-17) (top), fit 
function for mass transformation (middle) and mass spectrum (bottom). 

To transform the time of flight spectrum into a mass spectrum, we correlate the theoretical 

masses of the different Tantalum clusters to their assumed time of flights (cf. Fig. 10 (middle)). 

The correlation leads to an almost linear progression, indicating that the theoretical masses 

are the time of flights of the different cluster sizes. The fit was performed with a parabola 

function (cf. eq. 4). 

m = A + Bx + C𝑥𝑥2 (4) 

To transform the time of flight spectra to a mass spectrum, all time of flights in the time flight 

spectrum is set into the parabola fit from above for the accuracy of the fit the R square value 

hint a good or less fit for the transformation into a mass spectrum. In this case, the value is 

almost one, indicating a good transformation from the flight time into a mass spectrum, 

leading to the mass spectra in good agreement with the theoretically calculated masses 

(cf. Fig. 10 (bottom)). 
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It is possible to test the gas inlet of the “pick up” source in the ion source with the clusters. 

Therefore, we applied different gas pressures to prove an aggregation of N2 to the tantalum 

clusters and a change of the aggregation with higher gas pressure (cf. Fig. 11). The recorded 

spectra reveal more peaks in the TOF area, and with higher pressure, these peaks vanish again. 

Maybe the background pressure of the vacuum chamber is too high for N2 adsorbed transition 

metal clusters condensation, resulting in less intensity of the ions of interest. The higher 

background pressure may also change the optimal conditions for the set parameters. Still, we 

wanted the same conditions for all pressure-dependent mass spectra for these tests. 

 
Fig. 11: Mass spectra of N2 adsorbed Tantalum clusters with a cluster size of 1-17 
and different N2 background pressures. 

For small clusters, we observe an aggregation of one Nitrogen (cf. Fig. 12). This is not that 

much as expected, but optimization of the clusters was performed for larger clusters, meaning 

some peaks may not have been detected because of the not optimized parameters for these 

clusters. These spectra are recorded at room temperature, and molecular Nitrogen is an inert 

gas, which does not feature a covalent exchange with the transition metal clusters. In cold 

conditions, the adsorption of more Nitrogen is possible[18-23]. Also, the condensation of the 

clusters leads to a cooling effect, which is not cold enough to bond the Nitrogen to the clusters. 

The spectra clearly show that Nitrogen is adsorbed to the cluster, and the first tests went 

pretty well. 
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Fig. 12: Comparison of the bare clusters (top) and the Nitrogen adsorbed nitrogen 
clusters (bottom) for small clusters 3-8. 

For larger clusters, at least the absorption of two molecular Nitrogen atoms is observed 

(cf. Fig. 13), where the cluster distribution was optimized. Further optimization of these 

cluster sizes may lead to more adsorbed cluster peaks in the spectra. We do not change any 

set parameter in the first test and just let Nitrogen leak into the ion source. This setup does 

not feature a mass selection of specific masses. Isolating one peak might lead to more 

adsorption of Nitrogen because of a change in their intensities. With this ion source, it is 

impossible to store the ions and serve for more aggregation as a function of the storage time. 

 
Fig. 13: Comparison of the bare clusters (top) and the Nitrogen adsorbed nitrogen 
clusters (bottom) for small clusters 9-15. 
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A closer look at the different cluster sizes compared with earlier measurements of the FRITZ 

instrument reveals a good agreement of the mass spectra in different mass spectrometers 

(cf. Fig. 14). The mass spectra of the FRITZ experiment show a few more adsorbed Nitrogen 

molecules than the mass spectra of the GERTI experiment. One of the most significant 

differences in both mass spectra is the temperature. The mass spectrum taken from the FRITZ 

apparatus is under cryogenic conditions, and the GERTI spectrum is recorded at room 

temperature. Both spectra show at least one adsorbed Nitrogen for the Tantalum (n = 4) 

cluster. The Mass spectrum of the FRITZ MS is represented in a semi-logarithm plot, indicating 

weak adsorption of the Nitrogen. For better comparability, both spectra are recorded without 

further optimization of the cluster size and their adsorption. We observe the adsorption of 

atomic Oxygen in both spectra, which belongs to residual gas in the gas lines. 

 
Fig. 14: Comparison of the mass spectra of Tantalum cluster (n = 4) with nitrogen 
adsorption in the GERTI MS (top) and FRITZ FTMS (bottom). 

A more precise effect appears for larger clusters with better cluster size optimization 

(cf. Fig. 15). In comparison with the FRITZ FTMS spectrum, three adsorbed nitrogen molecules 

occur in both mass spectra. It seems like cryogenic conditions for this cluster size are 

unnecessary to adsorb Nitrogen onto the cluster surface. Adsorption of atomic oxygen is not 

present in the GERTI mass spectrum as in the FRITZ mass spectrum, pointing out that the 

impurities in the GERTI Mass spectrometer are getting better.  
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Fig. 15: Comparison of the mass spectra of Tantalum cluster (n = 6) with nitrogen 
adsorption in the GERTI MS (top) and FRITZ FTMS (bottom). 

Both spectra of the FRITZ FTMS are shown semi logarithm and indicate the negligible 

adsorption of Nitrogen in the FRITZ mass spectra. In the other case of the GERTI mass spectra, 

no semi-logarithm plot is needed to point out the nitrogen adsorption. It also must be noted 

that the intensity in the GERTI mass spectrometer is much lower than the FRITZ FTMS mass 

spectrometer because of higher resolution and ion detection in the mass spectrometer. 

 Conclusion 

We successfully get a home built mass spectrometer operable and produce mass spectra of 

transition metal clusters. Further optimization of the mass spectrometer leads to a reduction 

of the impurities in the observed cluster distribution.  

The Elimination of electronic problems and their corresponding short circuits enhance the 

intensity of the cluster distribution in the mass spectrometer. 

The installation of the new ion source revealed a cluster distribution with fewer impurities. By 

entering Nitrogen into the ion source, an aggregation of Nitrogen onto these clusters is 

observed.  

Compared with the FRITZ FTMS spectrum, the same adsorbed clusters are observed with the 

ion source in warm conditions.  
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Summary and outlook 

The presented work comprises of several investigations of various transition metal complexes 

with respect to their magnetic, electronic, and structural properties when held as isolated 

species and as prepared by electrospray ionization (ESI). Isolation of samples within an ion 

trap enables the exploration of various intrinsic properties of these complexes void from 

external effects such as, e.g., crystal packing, bulk, and solvation effects.  

Magnetic moments of isolated complexes that reveal magnetic effects, e.g., spin frustration, 

spin-crossover, and single molecule magnetic behavior, were investigated by gas phase X-ray 

magnetic circular dichroism (XMCD) combined with sum rule analysis. Thereby total magnetic 

moments can be separated into their spin and orbital magnetic contributions. All XMCD 

experiments were performed at the “Ion Trap” endstation connected to the UE52-PGM soft 

X-ray beamline at BESSY II synchrotron facility of the Helmholtz-Zentrum für Materialien und 

Energie GmbH in Berlin. X-ray absorption (XA) simulations, density functional theory (DFT) 

combined with Broken symmetry calculations augment the experiments and help achieve a 

better understanding of the magnetic properties. 

The investigation of the vibrational properties was performed with InfraRed (Multiple) Photon 

Dissociation (IR(M)PD) spectroscopy. The experiments were conducted with a modified 

AmaZon SL Paul trap mass spectrometer combined with a broadband Laservision OPO/OPA 

laser system, which provides a tunable infrared light covering a spectral region from 1000-

4000 cm-1. DFT calculations serve to determine the minimum structure and further 

calculations of the linear harmonic absorption spectra. 

The electronic properties of isolated complexes were performed with Ultraviolet Photon 

Dissociation (UVPD) spectroscopy. These experiments were performed with a modified 

Amazon Speed instrument combined with a diode pumped Wyvern laser system (KMLabs). 

The experimental setup is similar to the IR(M)PD experiments. TD-DFT calculations serve for 

the determination of the electronics in transition metal complexes. 

XMCD studies on spin frustrated trinuclear 3d metal complexes with the structure 

[Fe3O(OAc)6(py)0-3]+ served as model systems and provided insight into their spin and orbital 

contributions by coordination of pyridine to the complex. For symmetric complexes (n = 0,3), 



 Summary and outlook 
 

 

 
442 

 

an antiferromagnetic exchange coupling is observed with the distortion of the triangular Fe3O 

core an increasing ferromagnetic exchange coupling resulting from rising distortion of the 

Fe3O core. By coordinating pyridine, the crystal field splittings of these complexes rise until 

the symmetry is restored. The calculated density of states reveals coordination dependent 

absorption edges. Pyridine coordination raises orbital energies, resulting in a higher 

ferromagnetic exchange coupling until symmetry is restored. The change in magnetic coupling 

scheme results as a change in the Fe-O-Fe-pyn angle, although bonding lengths are 

unaffected. Gas phase UVPD experiments on the complexes with the structure 

[Fe3O(OAc)6(py)0-3]+ reveal a strong red shift in comparison to the liquid phase spectra. This 

points out that solvation effects take a significant part in the condensed phase. 

A correlation between the change in angle and absorption energies results in a nearly linear 

dependency until the coordination of the third pyridine takes place. All transitions in the UVPD 

spectra are determined as HOMO-LUMO transitions. A non-classical bonding coordination can 

explain the change in the UVPD spectra caused by non-covalent pyridine interactions with the 

complex. From the presented XA and UVPD spectra of [Fe3O(OAc)6(py)0-3]+ a correlation of the 

crystal field splittings and the absorption energies within a Tanabe Sugano diagram is possible. 

Both spectra reveal the same trend in their energy shift respective to the spectroscopic 

approach. The shifts in both spectroscopic approaches directly reveal a linear dependency due 

to its ground state. The relative shift in the UVPD spectra compared to the total magnetic 

momenta of the complex also points out an almost linear correlation for n = 0 - 2. DFT 

calculations with a different axial ligand show no changes in the distortion of the Fe3O core 

but a cahnge in non covalent interactions, which are weak for small molecules like nitrogen 

but become stronger with bigger molecules like pyridine. Changing the bridging ligand from 

acetate to benzoate has no effect on the geometrical structure of the Fe3O core. The 

substitution of Sulfur for the central Oxygen atom causes a substantial change in the complex.  

The structural characterisation of complexes with the structure [Ru3O(OAc)6(py)0-3]+ serves as 

a starting point for further research by switching the metal from Fe3+ (HS) to Ru3+ (LS). The 

impact in these complexes differs markedly from that seen in previous experiments with 

[Fe3O(OAc)6(py)0-3]+. We observe a high symmetric complex for the bare complex with rising 

pyridine coordination, two additional asymmetric CO stretching are monitored. For the 
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coordination of three pyridines to the complex, we detect a somewhat deformed complex 

with a weak asymmetric CO stretching mode. Calculations are in good agreement with 

experimental R(M)PD spectra. Theoretical UV spectra result in absorption bands, which result 

in estimated crystal field splittings of these complexes that are smaller than in the iron 

analoga. Broken symmetry calculations reveal no change in the antiferromagnetic exchange 

coupling in any coordination.  

Investigating spin-crossover events in isolated transition metal complexes using XMCD helps 

to better understand the molecular changes in their orbital occupancy. [Fe(btpa)]2+ served as 

a model system in this work. Temperature dependent XMCD experiments reveal decreasing 

spin-, orbital-, and total magnetic moments per Fe atom with rising temperature. The 

declining effect is weaker from an ion trap temperature of 15 K to 25 K than it is from 4 K to 

15 K. The approximation onto the Brillouin function leads in much warmer ions of around 10 

K and may be used to calculate an approximation of a high spin/low spin combination. The 

spectra reveal different crystal field splittings for a set temperature. DFT calculations also 

predict three minimum structures, e.g., two octahedral complexes and one quasi seven 

coordinated structure. For the evidence of three different isomers in [Fe(btpa)]2+, gas phase 

IR(M)PD spectra and CID breakdown curves were recorded. The three predicted minimum 

structures can be assigned to the IR(M)PD spectrum compared to DFT calculated linear 

absorption spectra. According to transition state calculations, the quasi heptagonal 

coordinated high spin complex is produced from the octahedral high spin complex rather than 

directly from the low spin complex. Aggregation of metal acetates to the complex is 

conceivable, implying the presence of the heptagonal coordinated complex. In comparison 

with CID curves, we were able to determine their gas phase stabilities for this series of 

complexes. The comparison of the gas phase XA spectra with the UV/VIS spectra in solvents 

phase reveals two different absorption edges and two different absorption bands in the 

UV/VIS for [Fe(btpa)]2+. A correlation within a Tanabe Sugano diagram points out that there 

have to be two different isomers. TD-DFT calculations reveal that there are no low spin 

absorptions in the examined region of the UV/VIS spectrum, providing strong evidence that 

the observed MLCT transitions correspond to two distinct high spin complexes. Orbital 

energies reveal a stabilization from the low spin complex to the heptagonal coordinated high 
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spin complex. Comparing XA, IR(M)PD, and UV/VIS investigations reveal that the heptagonal 

coordinated complex always obtains the highest shift in each spectroscopic approach.  

Temperature dependent XMCD studies of a complex with the structure [Mn3(Hcht)2(bipy)4]3+ 

reveal decreasing spin-, orbital- and total magnetic moments per Mn atom with rising 

temperature. The density of states calculations of the minimum structure show absorption 

edges for manganese ions in two different oxidation states. The first derivation of the XA 

spectra reveals polarized dependent absorption for different oxidation states in this complex. 

Broken symmetry calculations reveal almost identical energy for antiferromagnetically 

coupled and ferromagnetically coupled complexes. The calculations show an 

antiferromagnetic coupled Mn3+ ion and two ferromagnetic coupled Mn2+ ions, as well as one 

Mn2+ anticipated with a constant total magnetic coupling constant, implying an exchange 

coupling between just one Mn2+ ion and the Mn3+ ion in this combination. The calculated 

anisotropic tensors indicate a diminishing trend from a ferromagnetically coupled complex to 

an antiferromagnetically coupled complex. Therefore, a thermally induced spin-flip to an 

antiferromagnetically coupled complex can explain a lower orbital magnetic momentum by 

rising temperature. The crystal field splitting delivers possible absorption bands of this 

complex in the UV/VIS spectrum, which are in good agreement with the calculated UV/VIS 

spectrum. 

Mass spectra of the complexes with the structure [M2Ln(HVab)(Vab)3(NO3)]2+ (M = Co2+, Cu2+ 

Ln = Dy3+, Gd3+, Nd3+, Sm3+, Tb3+) reveal a mass, which is three mass units lower than expected. 

Deuteration of the complex leads to mass spectra, pointing out a mass that is only one mass 

unit heavier than without deuteration. The characterization of this complex series via CID 

reveals different gas phase stabilities by variation of the lanthanides with constant transition 

metals. Also, the change of the transition metal from Cobalt to Copper leads to a variation of 

the gas phase stabilities. Electron Transfer Dissociation (ETD) changes the gas phase stabilities 

but not the fragmentation pattern. IR(M)PD studies of this series of complexes point out two 

different isomers in complexes containing Cobalt as transition metals. We can assign the 

isomers in a mixed-valence state (Co2+/3+) compared with calculated linear absorption spectra. 

Copper complexes leads to two isomers, however the isomer with a free hydroxyl group is less 

abundant than in the Cobalt analoga. DFT calculations reveal complexes with mixed-valence 
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states as minimum structure. The various isomers of these complexes can only be formed by 

changing the location of the hydrogen in order to form an O-H bonding condition. Simulation 

of the XA spectra for the Cobalt complexes results in approximated crystal field splitting, 

suggesting approximated electronic transitions for the UV/VIS spectra. These low lying 

electronic transitions might be present by overlaying the hydrogen bonded hydroxyl group in 

one isomer. These electronic transitions are not observed in the Cooper complexes. 

Theoretical investigations of a model complex for nitrogenase activities, abbreviated [MoFe], 

published by Kowalska, raise concerns. DFT calculations reveal a cubane system with two Fe2+ 

ions and one Fe3+ in a high spin state, but the published XA spectra did not feature an 

absorption pattern of a Fe3+ ion. Together with electron localized field plots, a delocalized 

electron between two Fe2+ can be excluded. Simulations of the XA spectra with iron in 

different oxidation states indicate that the published XA spectrum should show features of 

the different iron atoms in this complex. The calculated spin-orbit couplings (SOC) from the 

core to the valence hole match the observed SOC well. The delocalized electron seems to be 

more positioned between one Fe2+ and one Fe3+ ion, and resonant absorption of x-ray photons 

results in a spectral pattern of a Fe2+ ion. An anti Hund’sche rule at the Mo3+ ion does not 

apply, other than predicted before. Natural bond order calculations of the cubane system and 

the symmetric model system reveal a lowered dx2-y2 orbital of the Mo3+ ion in the cubane 

system. By applying the Hund’sche rules, the energetic lowest orbital has to be doubly 

occupied.  

In the described CID studies, preliminary examinations of the complex with the structure 

[Mn7(Vab)6]2+ suggest the loss of a methyl group as the predominant fragmentation route. 

Calculating non covalent interactions reveal strong van der Waals interaction in the star-

shaped Mn7 core, which explains the high stability in the complex. Broken symmetry 

calculations reveal an antiferromagnetic exchange coupling for three manganese ions, 

suggesting a reduced spin magnetic exchange coupling. The calculated minimum structure has 

the largest anisotropic tensor compared to the ferromagnetically coupled complex. Also, the 

relative energies are within the typical uncertainties of DFT calculations. Therefore, no 

determination of the favored spin configuration is possible. The calculations hint a possible 

“spin flip” from an antiferromagnetically coupled complex to a ferromagnetic coupled one. 
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The development of a novel ion source to facilitate the adsorption of small molecules onto 

cluster surfaces proceeded successfully. A broad cluster distribution was reported once the 

home-built mass spectrometer was operational again and contaminants were removed. By 

leaking Nitrogen into the ion source, the adsorption of these molecules onto tantalum clusters 

is observed. Compared with earlier experiments from the FRITZ FTMS setup, we observe the 

same amount of Nitrogen adsorbed to the different clusters.  

The presented work shows that gas phase investigations are good techniques for magnetic, 

structural, or electronics in transition metal complexes void from external effects such as 

packing or solvation. 

In future experiments for the µ-oxo bridged complexes, a variation of the metal atoms in the 

M3O core seems necessary. Because of the effect of their magnetic behavior and electronic 

ground state, heteroleptic compounds, in addition to homoleptic compounds, are a field of 

high interest for all various spectroscopic methods. Further IR(M)PD investigations using a free 

electron laser (FEL) in the 400-1200 cm-1 range are essential for the complexes given in this 

study to further identify the distortion in the M3O core. Also, the investigation of the spin and 

orbital magnetic moments per atom in different homo- and heteroleptic metal complexes 

could reveal a better insight into the magnetic exchange coupling of such spin frustrated 

complexes. Temperature dependent measurements of these complexes would also be 

relevant in order to rule out a thermal influence of the exchange coupling via increasing 

entropy. 

Regarding spin-crossover complexes magnetic field dependent, XMCD experiments would be 

helpful to determine the spin orientation change and the effect of the observed spin-crossover 

in the complex. The presented IR(M)PD spectra of the complex presented in this work are 

recorded at room temperature. IR(M)PD spectra cold conditions would reduce the high spin 

complex, and a better determination of the low spin complex would be possible. 

Temperature-dependent IR(M)PD spectra would also lead to an approximated temperature 

where the spin-crossover occurs. UV/VIS spectra in gas phase would also help gain a better 

insight into the different isomers in the spin forbidden area due to higher laser power. 

Furthermore, the investigation of spin-crossover complexes could be expanded from 

mononuclear complexes to di- and trinuclear complexes with such unique magnetic behavior. 
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The investigation of complexes with single molecule magnetic behavior is fascinating. The 

complex with the structure [Mn3(Hcht)2(bipy)4]3+ seems to be a good candidate for field 

dependent XMCD experiments due to its thermal induced spin flip. A different magnetic field 

could result in a slightly different spin- and orbital magnetic moments of this complex by 

changing the orientation of the unpaired electrons in the external applied magnetic field. 

Furthermore, structural determination of the complex in gas phase via IR(M)PD has not been 

performed yet. The structural properties may lead to further insight into the magnetic 

properties related to their structural properties. Gas phase UV/VIS experiments are necessary 

to determine the electronic ground state in this complex.  

The complexes with the general structure [M2Ln(HVab)(Vab)3(NO3)]2+ (M = Co, Cu; Ln = Dy, 

Gd, Nd, Sm, Tb) presented in this work were characterized by their structural properties. The 

region between 1000 and 2000 cm-1 reveals only two bands, and further two color IR(M)PD 

measurements seem to be necessary for this complex series. The calculated IR spectra reveal 

more bands, which might assist in a better determination of the structure in these complexes. 

In the cobalt complexes also the determination of the different isomers is more proficient. 

This series of complexes should obtain single molecule magnetic behavior. Therefore 

temperature and field dependent XMCD experiments need to be performed. In combination 

with UV/VIS experiments, the determination of the magnetism with their corresponding 

ground state might lead to a better insight into the single molecule magnetic behavior in such 

complexes. Also, calculations including anharmonicity seem necessary for these complexes to 

precisely determine the energy and vibrational modes in the IR(M)PD spectra. Broken 

symmetry calculations of these complexes will lead to an approximation of the magnetic 

exchange coupling and their anisotropic barriers in the minimum structure. Combining the 

magnetic moments per atom with the broken symmetry calculated structures, a better 

explanation of the SMM behavior should be possible. 

In the comment of the nitrogenase complex structural characterization via CID and IR(M)PD 

seems necessary. The exchange of the chloride ligands to a hydroxyl or acetate ligand would 

lead to an antenna, and a change in the Oxidation state should lead to a change in their 

vibrational modes. Investigations of the model complex with UVPD can help to determine the 

electronic ground state and also confirm the position of the delocalized electron near the Fe3+ 

ion. Further femtosecond experiments may help to understand the dynamic processes by 
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absorption of photons to such complexes. Also, field and temperature dependent XA 

experiments to determine the magnetic properties in such cubane complexes and their 

changes could help gain a better insight into nitrogenase-like complexes.  

A repeated synthesis of the complex with the structure [Mn7(Vab)6](NO3)2 seems mandatory 

to reproduce and confirm the current findings. IR(M)PD investigations were performed, but 

the complex did not start fragmentation due to efficient IVR processes. In the future, two color 

IR(M)PD investigations seem necessary to investigate the structure. Also, UVPD spectra can 

help to determine the electronic ground state of this complex. The calculations reveal a broad 

MLCT transition with a single main peak and two small shoulders. Also, temperature and field 

dependent XMCD studies must be performed to confirm the predicted exchange coupling in 

the complex. Also, the change of the transition metal to Cobalt or iron could be interesting for 

determining the magnetic properties in such complexes. The mixture of different transition 

metals with a combination of ferromagnetic and diamagnetic metal ions would inhibit the 

predicted exchange coupling as a reference system. 

The modified laser vaporization ion source with a pick-up unit must be mounted to our FT-ICR 

mass spectrometer to verify the presented results within the instrument. This would enable 

the coadsorption of small molecules onto the cluster surface of interest, e.g., ammonia 

synthesis. Also, it would be possible to adsorb three different molecules onto different 

transition metal clusters. One of these molecules could adsorb directly by letting gas into the 

pick-up, the other one in the hexapole ion trap, and the last molecule could be adsorbed in 

the Infinity cell of the modified FT-ICR. IR(M)PD experiments and kinetic studies of the 

adorbates seem necessary and could give a deeper insight into the surface of transition metal 

clusters. 

The present work documents multiple studies of mono- and multinuclear transition metal 

complexes in terms of their magnetic, electronic, and structural properties. A good progress 

has been made in their characterization and paves the way for a better understanding of 

further studies of complexes with similar properties as described in this work. 
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Zusammenfassung und Ausblick 

Die vorliegende Arbeit umfasst Untersuchungen von Übergangsmetallkomplexen im Hinblick 

auf ihre magnetischen, elektronischen und strukturellen Eigenschaften, wenn sie als isolierte 

Spezies durch Elektrospray-Ionisation (ESI) hergestellt werden. Die Fixierung der Proben in 

einer Ionenfalle ermöglicht die Erforschung verschiedener intrinsischer Eigenschaften dieser 

Komplexe, die von externen Effekten wie z.B. Kristallpackung, Volumen- und 

Solvatationseffekten unabhängig sind.  

Magnetische Momente isolierter Komplexe, die magnetische Effekte, wie z.B. Spinfrustration, 

Spin-Crossover und magnetisches Einzelmolekülverhalten, zeigen, wurden mittels 

Röntgenmagnetischer Zirkulardichroismus (XMCD) in der Gasphase in Kombination mit 

Summenregelanalyse untersucht. Dadurch können die gesamten magnetischen Momente in 

ihre spin- und orbitalmagnetischen Beiträge getrennt werden. Alle XMCD-Experimente 

wurden an der "Ion Trap" Apparatur durchgeführt, die an die UE52-PGM Soft X-ray Beamline 

an der Synchrotronanlage BESSY II des Helmholtz-Zentrums für Materialien und Energie GmbH 

in Berlin angeschlossen ist. Röntgenabsorptionssimulationen (XA), Dichtefunktionaltheorie 

(DFT) kombiniert mit Broken-Symmetrieberechnungen ergänzen die Experimente und tragen 

zu einem besseren Verständnis der magnetischen Eigenschaften bei. 

Die Untersuchung der Schwingungseigenschaften erfolgte mit Infrarot (Mehrfach) 

Photonendissoziation (IR(M)PD) Spektroskopie. Die Experimente wurden mit einem 

modifizierten AmaZon SL Paul-Fallen Massenspektrometer in Kombination mit einem 

breitbandigen Laservision OPO/OPA-Lasersystem durchgeführt, das einen Spektralbereich 

von 1000-4000 cm-1 abdeckt. DFT-Berechnungen dienen der Bestimmung der 

Minimumstruktur und weiteren Berechnungen der linearen harmonischen 

Absorptionsspektren. 

Die elektronischen Eigenschaften der isolierten Komplexe wurden mit Ultraviolett-

Photodissoziations-Spektroskopie (UVPD) untersucht. Diese Experimente wurden mit einem 

modifizierten Amazon Speed Instrument in Kombination mit einem diodengepumpten 

Wyvern-Lasersystem (KMLabs) durchgeführt. Der Versuchsaufbau ist ähnlich wie bei den 
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IR(M)PD-Experimenten. TD-DFT Berechnungen dienen zur Bestimmung der elektronischen 

Struktur in Übergangsmetallkomplexen. 

XMCD Untersuchungen an spinfrustrierten dreikernigen 3d-Metallkomplexen mit der Struktur 

[Fe3O(OAc)6(py)0-3]+ dienten als Modellsysteme und lieferten Einblicke in ihre Spin- und 

Orbitalbeiträge durch die Koordination von Pyridin an den Komplex. Bei symmetrischen 

Komplexen (n = 0, 3) wird eine antiferromagnetische Austauschkopplung beobachtet und eine 

zunehmende ferromagnetische Austauschkopplung mit steigender Verzerrung des Fe3O-

Kerns beobachtet. Durch die Koordination von Pyridin steigen die Kristallfeldaufspaltungen 

dieser Komplexe, bis die Symmetrie wiederhergestellt ist. Die berechnete Zustandsdichte zeigt 

koordinationsabhängige Absorptionskanten. Die Pyridin koordination führt zu höheren 

Orbitalenergien und damit zu einer höheren ferromagnetischen Austauschkopplung, bis die 

Symmetrie wiederhergestellt ist. Die Änderung des magnetischen Kopplungsschemas geht mit 

einer Änderung des Fe-O-Fe-pyn Winkels einher, während die Bindungsabstände nicht 

beeinflusst werden. Gasphasen-UVPD-Experimente an den Komplexen mit der Struktur 

[Fe3O(OAc)6(py)0-3]+ zeigen eine starke Rotverschiebung im Vergleich zu den Spektren der 

Lösungsmittelphase. Dies weist darauf hin, dass Solvatationseffekte in der kondensierten 

Phase eine wichtige Rolle spielen. 

Eine Korrelation mit der Änderung des Winkels und der Absorptionsenergien ergibt eine 

nahezu lineare Abhängigkeit, bis die Koordination des dritten Pyridins hinzukommt. Alle 

Übergänge in den UVPD-Spektren werden als HOMO-LUMO-Übergänge bestimmt. Eine nicht-

klassische Bindungssituation kann die Verschiebung in den UVPD-Spektren aufgrund der 

nicht-kovalenten Pyridin Wechselwirkungen mit dem Komplex erklären. Aus den vorgestellten 

XA- und UVPD-Spektren von [Fe3O(OAc)6(py)0-3]+ ist eine Korrelation der 

Kristallfeldaufspaltungen und der Absorptionsenergien innerhalb eines Tanabe-Sugano-

Diagramms möglich. Beide Spektren zeigen den gleichen Trend in ihrer Energieverschiebung 

je nach spektroskopischem Ansatz. Die Verschiebungen in beiden spektroskopischen Ansätzen 

zeigen direkt eine lineare Abhängigkeit von seinem Grundzustand. Die relative Verschiebung 

in den UVPD-Spektren im Vergleich zu den magnetischen Gesamtmomenten des Komplexes 

weist ebenfalls auf eine fast lineare Korrelation für n = 0-2 hin. DFT-Berechnungen mit einer 

Variation des axialen Liganden zeigen keine Veränderungen in der Verzerrung des Fe3O-Kerns, 
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aber eine Veränderung der nicht-kovalenten Wechselwirkungen, die bei kleinen Molekülen, 

z. B. Stickstoff, schwach sind und bei größeren Molekülen wie Pyridin an Stärke gewinnen. Der 

Wechsel des verbrückenden Liganden von Acetat zu Benzoat führt nicht zu einer Veränderung 

der geometrischen Struktur des Fe3O-Kerns. Der Wechsel des zentralen Sauerstoffatoms zu 

Schwefel führt zu einer deutlichen Veränderung des Komplexes. 

Die strukturelle Charakterisierung von Komplexen mit der Struktur [Ru3O(OAc)6(py)0-3]+ dient 

als weitere Untersuchung, indem das Metall von Fe3+ (HS) zu Ru3+ (LS) ausgetauscht wird. Der 

Einfluss in diesen Komplexen unterscheidet sich deutlich von dem in den früheren Studien mit 

[Fe3O(OAc)6(py)0-3]+. Wir beobachten einen hochsymmetrischen Komplex für den nackten 

Komplex  und mit steigender Pyridinkoordination werden zwei zusätzliche asymmetrische CO-

Streckungen beobachtet. Wir beobachten einen leicht verzerrten Komplex mit einem 

schwachen asymmetrischen CO-Streckschwingungs moden für die Koordination von drei 

Pyridinen an den Komplex. Die Berechnungen stehen in guter Übereinstimmung mit den 

experimentellen R(M)PD-Spektren. Theoretische UV Spektren führen zu Absorptionsbanden, 

die zu angenäherten Kristallfeldaufspaltungen dieser Komplexe führen, die kleiner sind als bei 

den Eisen analoga. Berechnungen mittels Broken Symmetry zeigen keine Änderung der 

antiferromagnetischen Austauschkopplung in jeder Koordination.  

Die Untersuchung von Spin-Crossover-Prozessen in isolierten Übergangsmetallkomplexen 

mittels XMCD hilft, den molekularen Übergang in ihrer Orbitalbesetzung besser zu verstehen. 

[Fe(btpa)]2+ diente in dieser Arbeit als Modellsystem. Temperaturabhängige XMCD-

Experimente zeigen, dass die Spin-, Orbital- und Gesamtmagnetmomente pro Fe-Atom mit 

steigender Temperatur abnehmen. Der Effekt ist von einer Ionenfallentemperatur von 15 K 

bis 25 K schwächer als der Effekt von 4 K bis 15 K. Die Annäherung an die Brillouin-Funktion 

führt zu signifikant wärmeren Ionen von etwa 10 K und es kann eine Annäherung an ein High-

Spin/Low-Spin-Gemisch bestimmt werden. Die Spektren zeigen unterschiedliche 

Kristallfeldaufspaltungen für eine bestimmte Temperatur. DFT Berechnungen sagen auch drei 

Minimalstrukturen voraus, zwei oktaedrische Komplexe und eine quasi siebenfach 

koordinierte Struktur. Zum Nachweis von drei verschiedenen Isomeren in [Fe(btpa)]2+ wurden 

Gasphasen-IR(M)PD-Spektren und CID Zerfallskurven aufgenommen. Die drei vorhergesagten 

Minimalstrukturen können dem IR(M)PD-Spektrum zugeordnet werden, verglichen mit den 

mit DFT berechneten linearen Absorptionsspektren der entsprechenden Minimalstruktur. 
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Übergangszustandsberechnungen deuten darauf hin, dass der quasi heptagonal koordinierte 

high spin komplex aus dem oktaedrischen high spin komplex und nicht direkt aus dem low 

spin komplex gebildet wird. Eine Aggregation von Metallacetaten zum Komplex ist möglich, 

was bedeutet, dass der heptagonal koordinierte Komplex vorhanden sein muss. Durch den 

Vergleich mit CID-Kurven konnten wir die Gasphasenstabilität für diese Komplexreihe 

bestimmen. Der Vergleich der XA-Spektren in der Gasphase mit den UV/VIS-Spektren in der 

Lösungsmittelphase zeigt unterschiedliche Absorptionskanten bzw. zwei unterschiedliche 

Absorptionsbanden im UV/VIS für [Fe(btpa)]2+. Eine Korrelation innerhalb eines Tanabe 

Sugano Diagramms weist darauf hin, dass es sich um zwei verschiedene Isomere handeln 

muss. TD-DFT Berechnungen bestätigen, dass es im untersuchten Bereich des UV/VIS 

Spektrums keine Absorptionen des low spin Komplex gibt, was ein starker Beweis dafür ist, 

dass die beobachteten MLCT-Übergänge zu zwei verschiedenen high spin Komplexen 

gehören. Die Orbitalenergien zeigen eine Stabilisierung von dem low spin Komplex zu dem 

heptagonal koordinierten high spin Komplex. Der Vergleich von XA-, IR(M)PD- und UV/VIS-

Untersuchungen zeigt, dass der heptagonal koordinierte Komplex bei jedem 

spektroskopischen Ansatz die höchste Verschiebung aufweist.  

Temperaturabhängige XMCD-Studien eines Komplexes mit der Struktur [Mn3(Hcht)2(bipy)4]3+ 

zeigen mit steigender Temperatur abnehmende Spin-, Orbital- und Gesamtmagnetmomente 

pro Mn Atom. Die Zustandsdichteberechnungen der Minimumstruktur zeigen 

Absorptionskanten für Mangan Ionen in zwei verschiedenen Oxidationsstufen. Die erste 

Ableitung der XA Spektren zeigt eine polarisationsabhängige Absorption für verschiedene 

Oxidationszustände in diesem Komplex. Broken Symmetry Berechnungen zeigen fast ähnliche 

Energien für die antiferromagnetisch gekoppelten und ferromagnetisch gekoppelten 

Komplexe. Die Berechnungen zeigen auch ein antiferromagnetisch gekoppeltes Mn3+ Ion und 

zwei ferromagnetisch gekoppelte Mn2+ Ionen. Außerdem wird ein Mn2+ mit einer konstanten 

magnetischen Gesamtkopplungskonstante vorhergesagt, was auf eine Austauschkopplung 

nur zwischen einem Mn2+ Ion und dem Mn3+ Ion in diesem Komplex hindeutet. Die 

berechneten anisotropen Tensoren zeigen einen abnehmenden Trend vom ferromagnetisch 

gekoppelten Komplex zu einem antiferromagnetisch gekoppelten Komplex. Daher kann ein 

thermisch induzierter Spin-Flip zu einem antiferromagnetisch gekoppelten Komplex mit 

einem geringeren magnetischen Bahnmoment bei steigender Temperatur erklären. Die 
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Kristallfeldaufspaltung liefert mögliche Absorptionsbanden dieses Komplexes im UV/VIS-

Spektrum, die in guter Übereinstimmung mit dem berechneten UV/VIS-Spektrum sind. 

Massenspektren der Komplexe mit der Struktur [M2Ln(HVab)(Vab)3(NO3)]2+ (M = Co2+, Cu2+; 

Ln = Dy3+, Gd3+, Nd3+, Sm3+, Tb3+) zeigen eine Masse, die drei Massen niedriger ist als erwartet. 

Die Deuterierung des Komplexes führt zu Massenspektren, die auf eine Masse hinweisen, die 

nur eine Masse schwerer ist als ohne Deuterierung. Die Charakterisierung dieser 

Komplexreihe mittels CID zeigt unterschiedliche Gasphasenstabilitäten durch Variation der 

Lanthanid Ionen mit konstanten Übergangsmetallen. Auch der Wechsel des Übergangsmetalls 

von Kobalt zu Kupfer führt zu einer Variation der Gasphasenstabilitäten. Die 

Elektronentransferdissoziation führt zu unterschiedlichen Gasphasenstabilitäten, verändert 

aber nicht das Fragmentierungsmuster. IR(M)PD-Studien dieser Komplexreihe weisen auf zwei 

verschiedene Isomere in Komplexen hin, die Kobalt als Übergangsmetall enthalten. Im 

Vergleich zu den berechneten linearen Absorptionsspektren können wir die Isomere einem 

gemischt-valenten Zustand (Co2+/3+) zuordnen. Die kupferhaltigen Komplexe führen ebenfalls 

zu zwei verschiedenen Isomeren, aber das Isomer mit einer freien Hydroxylgruppe ist weniger 

präsent als in den Kobalt-Analoga. DFT-Berechnungen aller Komplexe zeigen Komplexe mit 

gemischt-valenten Zuständen als Minimumstruktur. Die verschiedenen Isomere dieser 

Komplexe entstehen nur durch Änderung der Wasserstoffposition, um eine O-H-Bindung 

aufzubauen. Die Simulation der XA-Spektren für die Kobaltkomplexe ergibt eine angenäherte 

Kristallfeldaufspaltung, was auf angenäherte elektronische Übergänge für die UV/VIS-

Spektren schließen lässt. Diese tief liegenden elektronischen Übergänge könnten durch 

Überlagerung der wasserstoffgebundenen Hydroxylgruppe in einem Isomer vorhanden sein. 

Diese elektronischen Übergänge werden in den Cooper-Komplexen nicht beobachtet. 

Theoretische Untersuchungen eines Modellkomplexes für die Nitrogenase-Prozesse mit dem 

Kürzel [MoFe], veröffentlicht von Kowalska, führen zu Fragen. DFT-Berechnungen zeigen ein 

kubanisches System mit zwei Fe2+ Ionen und einem Fe3+ Ion im high spin Zustand, aber die 

veröffentlichten XA-Spektren zeigten kein Absorptionsmuster eines Fe3+ Ions. Zusammen mit 

den Darstellungen des lokalen Elektronenfelds kann ein delokalisiertes Elektron zwischen zwei 

Fe2+ Ionen ausgeschlossen werden. Simulationen der XA-Spektren mit Eisen in verschiedenen 

Oxidationsstufen deuten darauf hin, dass das veröffentlichte XA-Spektrum Merkmale der 

verschiedenen Eisenatome in diesem Komplex zeigen sollte. Die berechneten Spin Orbit 
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Kopplungen (SOC) vom Kern zum Valenzloch zeigen eine gute Übereinstimmung mit den 

experimentellen SOC. Es scheint, dass sich das delokalisierte Elektron eher zwischen einem 

Fe2+ und einem Fe3+ Ion befindet, und die resonante Absorption der Röntgenphotonen dazu 

führt, dass das Spektrum einem Fe2+ Ion ähnelt. Eine Anti-Hund'sche Regel am Mo3+ Ion ist 

nicht wie vorhergesagt gegeben. NBO Rechnungen des Cuban-Systems und des 

symmetrischen Modellsystems zeigen ein abgesenktes dx2-y2 Orbital des Mo3+ Ions im Cuban-

System. Unter Anwendung der Hund'schen Regeln muss das energetisch niedrigste Orbital 

doppelt besetzt sein.  

Erste Untersuchungen des Komplexes mit der Struktur [Mn7(Vab)6]2+ zeigen in den 

vorgestellten CID-Experimenten den Verlust einer Methylgruppe als 

Hauptfragmentierungskanal. Berechnungen nicht kovalenter Wechselwirkungen zeigen eine 

starke van der Waals Wechselwirkung im sternförmigen Mn7 Kern, was die hohe Stabilität des 

Komplexes erklärt. Broken Symmetry Berechnungen zeigen eine antiferromagnetische 

Austauschkopplung für drei Mangan Ionen, was auf eine reduzierte Spin magnetische 

Austauschkopplung hindeutet. Die berechnete Minimumstruktur weist auf den höchsten 

anisotropen Tensor im Vergleich zum ferromagnetisch gekoppelten Komplex auf. Auch die 

relativen Energien liegen innerhalb der typischen Unsicherheiten von DFT Berechnungen. 

Daher ist keine Bestimmung der bevorzugten Spin Konfiguration möglich. Die Berechnungen 

deuten auf einen möglichen "Spin-Flip" von einem antiferromagnetisch gekoppelten Komplex 

zu einem ferromagnetisch gekoppelten Komplex hin. 

Die Entwicklung einer neuen Ionenquelle, die einen leichteren Zugang für die Adsorption 

kleiner Moleküle an Clusteroberflächen ermöglicht, verlief gut. Nachdem das selbstgebaute 

Massenspektrometer wieder funktionsfähig und von Verunreinigungen befreit war, wurde 

eine breite Clusterverteilung aufgezeichnet. Durch Einleiten von Stickstoff in die Ionenquelle 

wird die Adsorption dieser Moleküle an Tantal Cluster beobachtet. Im Vergleich zu früheren 

Experimenten mit dem FRITZ FTMS beobachten wir die gleiche Menge an Stickstoff, die an 

den verschiedenen Clustern adsorbiert wird. 

Die vorgestellten Arbeiten zeigen, dass Gasphasenuntersuchungen gute Techniken für 

magnetische, strukturelle oder elektronische Untersuchungen von 
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Übergangsmetallkomplexen sind, die von externen Effekten wie Packung oder Solvatation 

unabhängig sind. 

In zukünftigen Experimenten für die µ-Oxo-verbrückten Komplexe scheint eine Variation der 

Metallatome im M3O-Kern notwendig. Neben homoleptischen Verbindungen sind auch 

heteroleptische Verbindungen aufgrund des Einflusses ihres magnetischen Verhaltens und 

ihres elektronischen Grundzustandes von großem Interesse für alle verschiedenen 

spektroskopischen Ansätze. Für die in dieser Arbeit vorgestellten Komplexe scheinen weitere 

IR(M)PD-Experimente im Bereich von 400-1200 cm-1 mit einem Freie-Elektronen-Laser (FEL) 

notwendig, um die Verzerrung im M3O Kern besser zu bestimmen. Auch die Untersuchung der 

magnetischen Spin- und Bahnmomente pro Atom in verschiedenen homo- und 

heteroleptischen Metallkomplexen könnte einen besseren Einblick in die magnetische 

Austauschkopplung solcher Spin frustrierter Komplexe geben. Temperaturabhängige 

Messungen dieser Komplexe wären ebenfalls interessant, um einen thermischen Effekt der 

Austauschkopplung durch Erhöhung der Entropie auszuschließen. 

Im Hinblick auf magnetfeldabhängige Spin-Crossover-Komplexe wären XMCD Experimente 

interessant, um die Änderung der Spin Orientierung und die Auswirkungen des beobachteten 

Spin-Crossover im Komplex zu bestimmen. Die IR(M)PD Spektren des in dieser Arbeit 

vorgestellten Komplexes wurden bei Raumtemperatur aufgenommen. IR(M)PD-Spektren 

unter kalten Bedingungen würden den Komplex mit hohem Spin reduzieren, und eine bessere 

Bestimmung des Komplexes mit niedrigem Spin wäre möglich. Temperaturabhängige 

IR(M)PD-Spektren würden auch zu einer angenäherten Temperatur führen, bei der der Spin-

Crossover stattfindet. UV/VIS-Spektren in der Gasphase würden aufgrund der höheren 

Laserleistung ebenfalls einen besseren Einblick in die verschiedenen Isomere im Spin 

verbotenen Bereich ermöglichen. Darüber hinaus könnte die Untersuchung von Spin-

Crossover Komplexen von einkernigen Komplexen auf zwei- und dreikernige Komplexe mit 

diesem einzigartigen magnetischen Verhalten ausgeweitet werden. Die Untersuchung von 

Komplexen mit magnetischem Einzelmolekülverhalten ist faszinierend. Der Komplex mit der 

Struktur [Mn3(Hcht)2(bipy)4]3+ scheint ein guter Kandidat für feldabhängige XMCD-

Experimente zu sein, da er einen thermisch induzierten Spin-Flip aufweist. Ein anderes 

Magnetfeld könnte zu leicht veränderten Spin- und Bahnmomenten dieses Komplexes führen, 

indem die Orientierung der ungepaarten Elektronen im externen Magnetfeld verändert wird. 
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Darüber hinaus ist die Strukturbestimmung des Komplexes in der Gasphase mittels IR(M)PD 

noch nicht durchgeführt worden. Die strukturellen Eigenschaften könnten zu weiteren 

Erkenntnissen über die magnetischen Eigenschaften führen, die mit ihren strukturellen 

Eigenschaften zusammenhängen. UV/VIS-Experimente in der Gasphase sind notwendig, um 

den elektronischen Grundzustand in diesem Komplex zu bestimmen. 

Die in dieser Arbeit vorgestellten Komplexe mit der allgemeinen Struktur 

[M2Ln(HVab)(Vab)3(NO3)]2+ (M = Co, Cu; Ln = Dy, Gd, Nd, Sm, Tb) werden durch ihre 

strukturellen Eigenschaften charakterisiert. Der Bereich zwischen 1000 und 2000 cm-1 zeigt 

nur zwei Banden, so dass für diese Komplexreihe zwei Farben IR(M)PD-Messungen 

erforderlich zu sein scheinen. Die berechneten IR Spektren zeigen mehr Banden, was zu einer 

besseren Bestimmung der Struktur in diesen Komplexen führt. 

Die Reihe von Komplexen sollte ein magnetisches Einzelmolekülverhalten aufweisen. Daher 

müssen temperatur- und feldabhängige XMCD Experimente durchgeführt werden. In 

Kombination mit UV/VIS Experimenten führt die Bestimmung des Magnetismus mit dem 

entsprechenden Grundzustand zu einem besseren Einblick in das magnetische 

Einzelmolekülverhalten in solchen Komplexen. Außerdem scheinen Berechnungen unter 

Einbeziehung der Anharmonizität für diese Komplexe notwendig zu sein, um die Energie und 

die Schwingungsmoden in den IR(M)PD Spektren genau zu bestimmen. Broken Symmetry 

Berechnungen dieser Komplexe führen zu einer Annäherung an die magnetische 

Austauschkopplung und ihre anisotropen Barrieren in der Minimumstruktur. Kombiniert man 

die magnetischen Momente pro Atom mit den berechneten Broken Symmetry Strukturen, 

sollte eine bessere Erklärung des SMM-Verhaltens möglich sein. 

In der Stellungnahme zum Nitrogenase-Komplex wird eine strukturelle Charakterisierung 

mittels CID und IR(M)PD für notwendig erachtet. Der Austausch der Chlorid Liganden gegen 

einen Hydroxyl- oder Acetat-Liganden würde zu einer Antenne führen, und eine Änderung des 

Oxidationszustandes sollte zu einer Änderung ihrer Schwingungsmoden führen. 

Untersuchungen des Modellkomplexes mit UVPD können helfen, den elektronischen 

Grundzustand zu bestimmen und auch die Position des delokalisierten Elektrons in der Nähe 

des Fe3+-Ions zu bestätigen. Weitere Femtosekunden Experimente können helfen, die 

dynamischen Prozesse bei der Absorption von Photonen in solchen Komplexen zu verstehen. 
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Auch feld- und temperaturabhängige XA-Experimente zur Bestimmung der magnetischen 

Eigenschaften in solchen Cuban Komplexen und ihrer Veränderungen könnten dazu beitragen, 

einen besseren Einblick in nitrogenaseartige Komplexe zu gewinnen. 

Die Synthese des Komplexes mit der Struktur [Mn7(Vab)6](NO3)2 muss erneut durchgeführt 

werden. IR(M)PD Untersuchungen wurden durchgeführt, aber der Komplex begann aufgrund 

effizienter IVR Prozesse nicht zu fragmentieren. In Zukunft scheinen zweifarbige IR(M)PD 

Untersuchungen notwendig, um die Struktur zu untersuchen. Auch UVPD Spektren können 

helfen, den elektronischen Grundzustand dieses Komplexes zu bestimmen. Die Berechnungen 

zeigen einen breiten MLCT Übergang mit einem Hauptpeak und zwei kleinen Schultern. 

Außerdem müssen temperatur- und feldabhängige XMCD Studien durchgeführt werden, um 

die vorhergesagte Austauschkopplung im Komplex zu bestätigen. Auch der Wechsel des 

Übergangsmetalls zu Kobalt oder Eisen könnte für die Bestimmung der magnetischen 

Eigenschaften in solchen Komplexen interessant sein. Die Mischung verschiedener 

Übergangsmetalle mit einer Kombination aus ferromagnetischen und diamagnetischen 

Metallionen würde die vorhergesagte Austauschkopplung als Referenzsystem hemmen. 

Die modifizierte Laser-Vaporisations-Ionenquelle mit einer Pick-up-Einheit muss an unser FT-

ICR Massenspektrometer montiert werden, um die präsentierten Ergebnisse innerhalb des 

Instruments zu verifizieren. Dies würde die Koadsorption kleiner Moleküle auf der 

Clusteroberfläche von Interesse ermöglichen, z. B. die Ammoniaksynthese. Außerdem wäre 

es möglich, drei verschiedene Moleküle an verschiedene Übergangsmetallcluster zu 

adsorbieren. Eines dieser Moleküle könnte direkt adsorbiert werden, indem Gas in den Pick-

up geleitet wird, das andere in der Hexapol-Ionenfalle, und das letzte Molekül könnte in der 

Infinity-Zelle des modifizierten FT-ICR adsorbiert werden. IR(M)PD-Experimente und 

kinetische Untersuchungen der Adsorbate scheinen notwendig und könnten einen tieferen 

Einblick in die Oberfläche von Übergangsmetallclustern geben. 

Die vorliegende Arbeit dokumentiert mehrere Studien von mono- und multinukleare 

Übergangsmetall Komplexen in Bezug auf ihre magnetischen, elektronischen und 

strukturellen Eigenschaften. Hierbei konnten sehr gute Fortschritte in deren Charakterisierung 

erzielt werden und ebnet den Weg für ein besseres Verständnis für weitere Untersuchungen 

von Komplexen mit  ähnlichen Eigenschaften, wie in dieser Arbeit beschrieben wurden. 





 
 

459 
 

Appendices 

Appendix I: IR(M)PD and CID investigations on a trimetallic 
Rhodium complex in isolation 

Transition metal (TM) complexes have become a research field with high interest in different 

areas such as magnetism[1-9], catalysis[10-15], or biochemistry[16-20]. In this case, fluoro 

complexes combined with late transition metals in low oxidation states show features that 

have attracted growing attention in the last few years[21-25]. The presented complex obtains a 

triangular rhodium core. Two hydroxyl groups coordinate above and underneath to build up 

a trigonal bipyramidal structure. On each rhodium ion, a bidentate cyclooctadiene ligand 

coordinates to transition metal core. The netto charge is +1 and neutralizes by hydrofluoric 

acid (HF2-) as a counterion[26]. 

 
Fig. 1: Calculated minimum structure of [Rh3(µ-OH)2(COD)3]+. The calculations 
were performed with Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, O) and ecp-28-
mdf (Rh) level of theory. 

Schwartsburd prepared a complex with the general structure [Rh(6-NHC)-(PPh3)2H and 

performed catalytic hydrodeflourination of octaflourotoluene[27]. They found a catalytic 

reaction at room temperature for this compound to afford cis and trans isomers of these 

fluoride complexes. This reformation is observed by heating the complex solution with 

protonated triethyl silane to triethylsilaneflourid. 

Masciocchi synthesized the complex with the general structure [Rh3(µ-OH)2(COD)3](HF2), and 

this complex serves as starting point for further catalysis with Rh(I) and hydrofluoric acid[26]. 
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They performed abinitio X-ray powder diffraction methods for this complex and determined 

strong µ-OH-HF2 hydrogen bonding in the 1D chain. They also performed 1H NMR 

spectroscopy and found three multiplets for the COD ligands but no peaks for the hydroxyl 

group in this complex. However, a broad peak is observed with lower temperatures, and they 

assume that this peak belongs to the hydrogen-bonded hydroxyl group. 

Unfortunately, no further complex characterization was performed in solid state, solution, or 

gas phase. Masciocchi kindly provided the complex [Rh(µ-OH)2(COD)3](HF2) for the 

characterization of the structure and their electronics in gas phase. 

Electrospray ionization[28, 29] gives access to mass spectrometric investigations of complexes in 

isolation and their geometrical structure by irradiation with IR photons. Tandem MS based 

methods have helped investigate complexes void from external effects, e.g., packing and 

solvation effects. 

We combine experimental CID and IR(M)PD investigations of isolated [Rh3(µ-OH)2(COD)3]+, 

[Rh3(µ-OD)2(COD)3]+ and [Rh3(µ-OH)(µ-Cl)(COD)3]+ with quantum chemical calculations by 

Density Functional Theory (DFT). 

Experimental setup and methods 

ESI MS and CID measurements were performed with a quadrupole mass spectrometer 

(amazon ETD, Bruker daltonics), obtaining a Paul trap. The ions of interest are transferred into 

gas phase by electrospray ionization. The sample solution of [Rh3O(µ-OH)2(COD)3](HF2) 

(c ~ 1·10-6 mol/L) acetonitrile was constantly infused into the ESI chamber by a syringe pump 

with a flow rate of 180 µL/h. The deuterated and chloride complexes were prepared using 10 

µL deuterated water or tetrabutylammonium chloride solution in the same concentration as 

the sample solution. Nitrogen was used as a drying gas with a flow rate of 12 L/min at 180 °C. 

The nebulize pressure was set to 280 mbar (4 psi) for spraying the sample solution, and the 

spray needle was held at 4.5 kV. The Paul trap consists of a ring electrode and two end caps 

forming a nearly hyperbolic inner profile. The end caps possess pinholes that allow to enter or 

exit the ions in the trap. The ring electrode is powered with a high voltage RF (radio frequency) 

potential (781 kHz) while the end caps are grounded.  
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The ions are accumulated in this resulting oscillating quadrupolar electric field generated from 

the three electrodes. An auxiliary dipolar voltage is fed to either the exit cap or both end caps 

for ion isolation and fragmentation. For providing a constant partial Helium buffer gas 

pressure of ca. 10-3 mbar inside the trap, a proportional integral derivative (PID) gas controller 

is used. 

The recorded Collision Induced Dissociation (CID) breakdown curves were recorded by varying 

the excitation amplitudes (0.0 V–1.5 V). These amplitudes determine the internal energy scale 

of the mass spectrometer (Elab in V). Relative abundances were calculated according to: 

𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡
𝑓𝑓𝑓𝑓 . (𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙) = �

∑ 𝐼𝐼𝑖𝑖
𝑓𝑓𝑓𝑓(𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙)𝑖𝑖

∑ 𝐼𝐼𝑖𝑖
𝑓𝑓𝑓𝑓(𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙)𝑖𝑖 + ∑ 𝐼𝐼𝑖𝑖

𝑝𝑝(𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙)𝑖𝑖
� (1) 

where 𝐼𝐼𝑖𝑖
𝑓𝑓𝑓𝑓= intensity of the fragment ions and 𝐼𝐼𝑖𝑖

𝑝𝑝= intensity of the parent ions. Center of mass 

transferred fragmentation amplitudes (𝐸𝐸𝑐𝑐𝑡𝑡𝑐𝑐) were calculated from internal amplitudes by:  

𝐸𝐸𝑐𝑐𝑡𝑡𝑐𝑐 = �
𝑚𝑚𝐻𝐻𝐻𝐻

𝑚𝑚𝐻𝐻𝐻𝐻 + 𝑚𝑚𝑖𝑖𝑡𝑡𝑖𝑖
� ∙ 𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙 (2) 

where 𝑚𝑚𝑖𝑖𝑡𝑡𝑖𝑖 stands for the isotopically averaged mass of the molecular ion. Note that the 

current application of the CID technique by RF excitation in the presence of multiple collisions 

results in a so called “slow multi collision heating” mode of operation. 

Fragmentation amplitude dependent CID spectra were modeled and fitted by sigmoidal 

functions of the type 

𝐼𝐼𝑓𝑓𝑖𝑖𝑡𝑡
𝑓𝑓𝑓𝑓(𝐸𝐸𝑐𝑐𝑡𝑡𝑐𝑐). = �

1
1 + 𝑀𝑀(𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐50 −𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐) 𝐵𝐵

� (3) 

Using a least-squares criterion. The 𝐸𝐸𝑐𝑐𝑡𝑡𝑐𝑐50  fit parameter is the amplitude at which the sigmoid 

function is at half maximum value, whereas B describes the rise of the sigmoid curve. Due to 

the correlation of fragmentation amplitude and appearance energy, it is feasible to assume 

that the appearance curves can be associated with the relative stability.  

InfraRed (Multiple) Photon Dissociation (IR(M)PD) experiments were performed using a 

modified Paul-type quadrupole ion trap mass spectrometer (Amazon SL, Bruker Daltonics) at 

room temperature. The ions of interest are transferred into gas phase by electrospray 

ionization. The sample solution was constantly infused into the ESI chamber by a syringe pump 

with a flow rate of 180 µL/h. Nitrogen was used as a drying gas with a flow rate of 12 L/min at 
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180°C. The nebulize pressure was set to 280 mbar (4 psi) for spraying the sample solution, and 

the spray needle was held at 4.5 kV. The Paul trap consists of a ring electrode and two end 

caps forming a nearly hyperbolic inner profile. The end caps possess pinholes that allow to 

enter or exit the ions in the trap. The ring electrode is powered with a high voltage RF (radio 

frequency) potential (781 kHz) while the end caps are grounded. The ions are accumulated in 

this resulting oscillating quadrupolar electric field generated from the three electrodes. An 

auxiliary dipolar voltage is fed to either the exit cap or both end caps for ion isolation and 

fragmentation. For providing a constant partial Helium buffer gas pressure of ca. 10-3 mbar 

inside the trap, a proportional integral derivative (PID) gas controller is used. 

Laser system 

The laser pulses were generated using a KTP/KTA optical parametric oscillator/amplifier 

(OPO/OPA, LaserVision) system. A pulsed 10 Hz injection pumps the system seeded Nd3+:Yag 

laser (PL 8000, Continuum) and serves as source for tunable IR radiation. The difference 

frequency (DF) between the OPA signal and idler waves is generated within an AgGaSe2 

crystal, applied for the range between 1000 cm-1 and 2000 cm-1. The IR beam was guided and 

focused by 90° off-axis parabolic silver mirror with a focal length of 15 cm through the 

modified Paul-trap. After passing the Paul-trap, the IR beam was guided to a powermeter 

(Maestro, Gentech) to provide a constant laser power measurement. The experimental gained 

IR(M)PD spectra arise from the plot of the fragment yield as a function of the laser frequency 

(𝜈𝜈). The fragment yield is defined as:  

𝑌𝑌(𝜈𝜈) = �
∑ 𝐼𝐼𝑖𝑖

𝑓𝑓𝑓𝑓(𝜈𝜈)𝑖𝑖

∑ 𝐼𝐼𝑖𝑖
𝑓𝑓𝑓𝑓(𝜈𝜈)𝑖𝑖 + ∑ 𝐼𝐼𝑖𝑖

𝑝𝑝(𝜈𝜈)𝑖𝑖
� (4) 

Calibration of the IR frequency is done by a wavemeter (821B-NIR, Bristol instruments). The 

resulting power curves of the Laser are recorded parallel to the IR(M)PD experiments by 

digitizing the analog output of the laser power meter through a ADC input of the Amazon SL 

mass spectrometer. No normalization of the recorded spectra was done because there is an 

intrinsically nonlinear power dependence of the IR(M)PD fragmentation efficiencies. 
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Computational methods 

Crystal structures of the complex with the structure [Rh3(µ-OH)2(COD)3]+ serve as starting 

point for further calculations[26]. For multiplicity dependent determination of the minimum 

structure, linear absorption spectra, and their corresponding weak interactions, we 

performed Density Functional Theory (DFT) calculations with B3LYP[30, 31] functional and cc-

pVTZ[32] basis sets in combination with ecp-28-mdf[33] core potential (Rh) in Gaussian 09 

program package[34]. The linear absorption spectra were scaled with 0.948. The line spectra 

were convoluted by GaussSum using a Lorentzian function with a full width of half maximum 

of 10 cm-1.  

Results and discussion 

ESI mass spectra and Collision Induced Dissociation (CID) 

The ESI mass spectra of these complexes reveal different masses at 667, 669, and 685 m/z 

(cf. Fig. 1). The complexes, which do not contain chloride, do not feature any isotopic pattern 

other than the carbon isotopes. With the change of one hydroxyl group, a characteristic 

isotope pattern for chloride is observed. The intensity decreased from the original complex 

with the change of the hydroxyl groups to deuterated or chloride groups. We do not observe 

an exchange from two hydroxyl groups to two chloride ligands. We assume that the exchange 

of chloride is not that efficient and leads to less intensity. 
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Fig. 2: ESI mass spectra of [Rh3(µ-OH)2(COD)3]+ (top), [Rh3(µ-OD)2(COD)3]+ 

(middle)and [Rh3(µ-OH)(µ-Cl)(COD)3]+ (bottom). 

After isolation of the parent ion, we recorded Collision Induced Dissociation (CID) breakdown 

curves and their corresponding appearance curves of the fragments (cf. Fig. 2). The recorded 

CID breakdown curves reveal the loss of water as main fragmentation channel. After water 

loss, the complex starts deprotonating molecular hydrogen from the cyclooctadiene (COD) to 

cyclooctatriene (COT). Another deprotonation of the COD ligand takes part, and with higher 

excitation amplitudes, the loss of the second water appears. The last fragmentation channel 

observed in higher excitation amplitudes is the loss of one COT ligand in this complex. By 

exchanging the hydroxyl groups to deuterated groups or a chloride ligand, similar 

fragmentation channels are observed. With chloride, the primary fragmentation channel is 

not water loss but a loss of hydrochloric acid. 



Appendices 
 

465 
 

 
Fig. 3: CID breakdown curves of [Rh3(µ-OH)2(COD)3]+, [Rh3(µ-OD)2(COD)3]+and 
[Rh3(µ-OH)(µ-Cl)(COD)3]+ and their appearance curves of the associated 
fragments. 

The cross-section of the CID breakdown curves represents the relative gas phase stabilities of 

these complexes. We observe the highest stability with the exchange of a hydroxyl group 

(0.00227) to a chloride ligand (0.00305) and the lowest stability for the deuterated complex 

(0.00189) (cf. Fig. 2). Therefore, an exchange to a chloride ligand might lead to stronger 

bondings in the complex, enhancing the stability of the complex. On the other hand, the 

deuterated complex obtains the lowest gas phase stability because of the exchange with 

hydrogen in the complex.  
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Fig. 4: Determined ECOM50  values of [Rh3(µ-OH)2(COD)3]+ , [Rh3(µ-OD)2(COD)3]+and 
[Rh3(µ-OH)(µ-Cl)(COD)3]+. 

To better interpret the different gas phase stabilities, we performed calculations of the weak 

interactions[35] in these complexes (cf. Fig. 5). Electron localized field (ELF) plots point out 

covalent bonding situations, and we observe stronger covalent bondings for the chloride 

complex than for the hydroxyl complexes. The chloride atom obtains a more diffuse electron 

distribution than the oxygen atoms. The non covalent interactions (NCI) point out non 

covalent interactions instead. The chloride complex also brings the highest non covalent 

interactions, leading to stronger bonding situations. The hydroxyl groups in the other 

complexes reveal similar covalent and non covalent interactions. The differential orbital 

covalency (DORI) plots show the interplay between the covalent and non covalent 

interactions. These plots reveal an attractive interplay between covalent and non covalent 

interactions. This is in good agreement with the experimental gas phase stabilities.  

Mike
Rectangle
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Fig. 5: Electron field localization (ELF), density orbital regions indicator (DORI), and 
non covalent interaction (NCI) plots of [Rh3(µ-OH)2(COD)3]+, [Rh3(µ-
OD)2(COD)3]+and [Rh3(µ-OH)(µ-Cl)(COD)3]+. The calculations were performed with 
Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, O) and ecp-28-mdf (Rh) level of theory. 
Hydrogen is omitted for clarity. 

The exchange of the hydroxyl group leads to a change of the non covalent bonding situation, 

resulting in a higher gas phase stability. Electron localized field plots also reveal a stronger 

covalent bonding situation for the chloride complex than for the hydroxyl complex (cf. Fig. 6). 

These plots point out that the chloride obtains a broader and more diffuse electron density 

than the hydroxyl groups. 
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Fig. 6: Electron field localization (ELF) plots of [Rh3(µ-OH)2(COD)3]+, [Rh3(µ-
OD)2(COD)3]+and [Rh3(µ-OH)(µ-Cl)(COD)3]+ for the exchange of the ligand in these 
complexes. The calculations were performed with Gaussian 09 at the B3LYP/cc-
pVTZ (H, C, N, O) and ecp-28-mdf (Rh) level of theory. 

We do not observe a fragmentation of the rhodium triangle in these complexes. Therefore, 

we calculated two dimensional electronic localized field plots to determine the bonding 

situation of the rhodium triangle (cf. Fig. 6). These plots reveal similar stabilities for the 

different coordination of the ligands to the triangle. Therefore, we assume that the triangle's 

bondings are intense that no dissociation appears in the experiment. This also means that the 

different ligands' coordination does not affect the electron density in the transition metals.  

 
Fig. 7: Electron field localization (ELF) plots of [Rh3(µ-OH)2(COD)3]+, [Rh3(µ-
OD)2(COD)3]+and [Rh3(µ-OH)(µ-Cl)(COD)3]+. The calculations were performed with 
Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, O) and ecp-28-mdf (Rh) level of theory.  

 

 

 



Appendices 
 

469 
 

InfraRed (Multiple) Photon Dissociation (IR(M)PD) 

We recorded an IR(M)PD spectrum of [Rh3(µ-OH)2(COD)3]+  in comparison with calculated 

linear absorption spectra for all complexes (cf. Fig. 7). The minimum structure of these 

complexes predicts that all Rhodium ions in the complex are in a Low spin configuration 

without unpaired electrons resulting in a multiplicity of 1. We observe one band at 3621 cm-1 

which belongs to the free OH stretching modes in the complex. This reveals a high symmetry 

in the complex due to degenerated hydroxyl stretching modes in the complex. The area 

between 2900 cm-1 and 3000 cm-1 belongs to the C-H stretching modes in the cyclooctadiene 

ligands. The vibrational mode at 2988 cm-1 belongs to the double-bonded carbon atom's 

symmetric C-H stretching modes in the COD ligands. The asymmetric stretching C-H modes of 

these double-bonded carbon atoms are at 2943 cm-1. At 2925 cm-1 belongs to the asymmetric 

C-H stretching modes of the CH2 units in the COD ligands. The symmetric C-H stretching modes 

of these CH2 units are found at 2900 cm-1. We also observe a vibrational mode at 2852 cm-1 

which belongs to symmetric C-H stretching modes of the CH2 units in just one COD ligand. We 

can exclude a rhodium triangle with a high spin configuration because the experimental 

IR(M)PD spectral pattern on the spectrum does not fit the calculated spectrum (cf. Fig. 7) in 

the C-H stretching modes. 
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Fig. 8: IR(M)PD spectra (top) in comparison with calculated linear absorption 
spectra of [Rh3(µ-OH)2(COD)3]+.The calculations were performed with Gaussian 09 
at the B3LYP/cc-pVTZ (H, C, N, O) and ecp-28-mdf (Rh) level of theory. 

With higher multiplicity, a degeneration of the C-H stretching modes is not given anymore, 

and more vibrational modes should be present in the experimental gained IR(M)PD spectrum. 

In addition, a small shoulder appears in the vibrational band at 2900 cm-1, indicating a repeal 

of degeneration in the C-H stretching modes of the CH2 units in the COD ligands, which is also 

not observed in the experimental spectrum. 
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Fig. 9: IR(M)PD spectra (top) in comparison with calculated linear absorption 
spectra of [Rh3(µ-OH)2(COD)3]+ in the region between 2750 cm-1 and 3100 cm-1.The 
calculations were performed with Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, O) 
and ecp-28-mdf (Rh) level of theory. 

The calculated spectra of the chloride complex reveal almost similar vibrational modes as the 

hydroxyl complex (cf. Fig. 9). The main difference is that the degeneration of C-H stretching 

modes is not given because the complex is not symmetric anymore. The deuterated complex 

reveals a band underneath 2800 cm-1 for the free O-D stretching modes. This band is also 

degenerated due to the symmetry of the complex. The band is more than 1000 cm-1 red 

shifted relative to the free O-H stretching modes but earlier studies observed similar behavior 

in nonmetallic investigations[36, 37]. We assume a higher force constant in the O-D stretching 

mode induced by the reduced masses leads to the observed redshift in the spectra. 
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Fig. 10: Calculated linear absorption spectra of [Rh3(µ-OH)2(COD)3]+ (top), [Rh3(µ-
OD)2(COD)3]+ (middle) and [Rh3(µ-OH)(µ-Cl)(COD)3]+.The calculations were 
performed with Gaussian 09 at the B3LYP/cc-pVTZ (H, C, N, O) and ecp-28-mdf (Rh) 
level of theory. 

Conclusion 

In the presented work, we investigated the bonding situation of the complex with the 

structure [Rh3(µ-OH)2(COD)3]+ by the exchange of the hydroxyl groups by chloride and 

deuterated OH groups. The fragmentation patterns are almost similar in every complex and 

lead to the same results that the rhodium triangle does not start a fragmentation. However, 

the gas phase stabilities are slightly different for these complexes. Calculated weak 

interactions reveal strong covalent and non covalent interactions in all complexes. Still, the 

chloride complex obtains the highest covalent and also non covalent interactions in this 

complex series. This points out the high gas phase stability in the chloride complex. Also, the 

deuterated complex has the lowest gas stability, which is given by two reasons. 

On the one hand, there are almost the same interactions as in the original hydroxyl complex, 

which does not favor higher stability than the original complex. On the other hand, a constant 

exchange from the deuterium to a more available hydrogen atom leads to a decreased gas 
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phase stability. The Electron localized field plots reveal similar covalent interactions of the 

rhodium triangle in these complexes, pointing out high stability in the triangle with a good 

agreement in the experimental data where no fragments with one rhodium are observed. 

The recorded IR(M)PD spectrum of the complex reveals a highly symmetric complex. Both 

hydroxyl groups degenerate in one vibrational stretching mode. The C-H stretching modes in 

this complex are degenerated, not observed in the calculated chloride complex. The 

deuterated complex calculation reveals a vibrational stretching mode at around 2800 cm-1 due 

to the change of the force constants.  
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Appendix II: Investigation of the auto oxidation in a neutral 
trinuclear palladium complex to a monocationic 
complex in isolation 

Transition metal complexes have become a fascinating field in research for many applications 

such as magnetism[1-8], photoluminescent processes[9, 10], or catalysis[11-16]. Much effort has 

been spent synthesizing polynuclear transition metal complexes for homogeneous[17- 19] and 

heterogeneous[20, 21] catalysis. In terms of the catalytic behavior of transition metal complexes, 

the coordination of the ligand is an essential factor for the efficiency of the catalytic cycle. 

Therefore, tetradentate ligands seem suitable for the stabilization of small transition metal 

clusters[22-25]. 

The presented complex obtains a triangular palladium core with two µ3-capping 

tris(methimazolyl)silanide (Si(mtMe)) ligands in trans position[26]. The silicium and palladium 

ions build up a trigonal bipyramidal configuration (cf. Fig.1). 

 
Fig.1: Calculated minimum structure of [Pd3(Si(mtMe)3)2]. The calculations were 
performed at the B3LYP/cc-pVTZ (H, C, N, O) and ecp-28-mdf (Pd) level of theory 
with no unpaired electrons on the Pd ions. 

Gerhards et al. performed time-resolved step scan Fourier transform infrared spectroscopy 

(FTIR), UV/VIS, and lifetime experiments of the presented complex[27]. They found a 1A ground 

state and a long living 3A excited state in this complex. They assume that the 3A state is 

populated in less than 400 fs. The long living excited state is formed by the interaction of the 
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three palladium ions in the complex. They also observe a change of the symmetry from a D3 

symmetry into a C2 symmetry by excitation of the electronic ground state. 

These experiments were performed in solid state or solvation where external effects such as 

packing and solvation cannot be excluded. Breher kindly provided the complex for gas phase 

experiments.  

Electrospray ionization[28, 29] gives access for mass spectrometric investigations of complexes 

in isolation and their bonding strengths in the complex by Collision Induced Dissociation (CID). 

Tandem MS based methods have helped investigate complexes void from external effects, 

e.g., packing and solvation effects. 

Experimental setup and methods 

ESI MS and CID measurements were performed with a quadrupole mass spectrometer 

(amazon ETD, Bruker daltonics), obtaining a Paul trap. The ions of interest are transferred into 

gas phase by electrospray ionization. The sample solution of the complex [Pd3(Si(mtMe)3)2]   

(c~ 1·10-6 mol/L) in acetonitrile was constantly infused into the ESI chamber by a syringe pump 

with a flow rate of 180 µL/h. Nitrogen was used as a drying gas with a flow rate of 12 L/min at 

180 °C. The nebulize pressure was set to 280 mbar (4 psi) for spraying the sample solution, 

and the spray needle was held at 4.5 kV. The Paul trap consists of a ring electrode and two 

end caps forming a nearly hyperbolic inner profile. The end caps possess pinholes that allow 

to enter or exit the ions in the trap. The ring electrode is powered with a high voltage RF (radio 

frequency) potential (781 kHz) while the end caps are grounded. The ions are accumulated in 

this resulting oscillating quadrupolar electric field generated from the three electrodes. An 

auxiliary dipolar voltage is fed to either the exit cap or both end caps for ion isolation and 

fragmentation. For providing a constant partial Helium buffer gas pressure of approx. 10-3 

mbar inside the trap, a proportional integral derivative (PID) gas controller is used. The 

recorded Collision Induced Dissociation (CID) breakdown curves were recorded by varying the 

excitation amplitudes (0.0 V–3.0 V). These amplitudes determine the internal energy scale of 

the mass spectrometer (Elab in V). Relative abundances were calculated according to: 
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𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡
𝑓𝑓𝑓𝑓 . (𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙) = �

∑ 𝐼𝐼𝑖𝑖
𝑓𝑓𝑓𝑓(𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙)𝑖𝑖

∑ 𝐼𝐼𝑖𝑖
𝑓𝑓𝑓𝑓(𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙)𝑖𝑖 + ∑ 𝐼𝐼𝑖𝑖

𝑝𝑝(𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙)𝑖𝑖
� (1) 

where 𝐼𝐼𝑖𝑖
𝑓𝑓𝑓𝑓= intensity of the fragment ions and 𝐼𝐼𝑖𝑖

𝑝𝑝= intensity of the parent ions. Center of mass 

transferred fragmentation amplitudes (𝐸𝐸𝑐𝑐𝑡𝑡𝑐𝑐) were calculated from internal amplitudes by:  

𝐸𝐸𝑐𝑐𝑡𝑡𝑐𝑐 = �
𝑚𝑚𝐻𝐻𝐻𝐻

𝑚𝑚𝐻𝐻𝐻𝐻 + 𝑚𝑚𝑖𝑖𝑡𝑡𝑖𝑖
� ∙ 𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙 (2) 

where 𝑚𝑚𝑖𝑖𝑡𝑡𝑖𝑖 stands for the isotopically averaged mass of the molecular ion. Note that the 

current application of the CID technique by RF excitation in the presence of multiple collisions 

results in a so called “slow multi collision heating” mode of operation. 

Fragmentation amplitude dependent CID spectra were modeled and fitted by sigmoidal 

functions of the type 

𝐼𝐼𝑓𝑓𝑖𝑖𝑡𝑡
𝑓𝑓𝑓𝑓(𝐸𝐸𝑐𝑐𝑡𝑡𝑐𝑐). = �

1
1 + 𝑀𝑀(𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐50 −𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐) 𝐵𝐵

� (3) 

using a least-squares criterion. The 𝐸𝐸𝑐𝑐𝑡𝑡𝑐𝑐50  fit parameter is the amplitude at which the sigmoid 

function is at half maximum value, whereas B describes the rise of the sigmoid curve. Due to 

the correlation of fragmentation amplitude and appearance energy, it is feasible to assume 

that the appearance curves can be associated with relative stability.  

Computational methods 

Crystal structures of the neutral complex with the structure [Pd3(Si(mtMe)3)2][27] serve as 

starting point for further calculations. For multiplicity dependent determination of the 

minimum structures for the neutral and the cationic complexes and their corresponding weak 

interactions, we performed Density Functional Theory (DFT) calculations with B3LYP[30, 31] 

functional and cc-pVTZ[32] basis sets in combination with ecp-28-mdf[33] core potential (Pd) in 

a local installed Gaussian 09 program package[34]. 

Results and discussion 

Usually, the complex should not be observed in the mass spectrum. However, spraying the 

sample solution, an isotropic peak with a characteristic isotope pattern is observed at a mass 

of 1053 m/z (cf. Fig. 1). Comparing the simulated isotope pattern with the experimental mass 

peak, we observe a good agreement with the intact cationic complex.  
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Fig. 1: ESI mass spectrum of [Pd3{Si(mtMe)3}2]+ (top) and the simulated isotope 
pattern within a Paul type trap. 

We recorded Collision Induced Dissociation (CID) breakdown curves of the cationic complex 

and their corresponding appearance curves of the fragments (cf. Fig. 2). We observe the loss 

of one methimazole (mtMe) ligand and molecular hydrogen aggregation as main fragmentation 

channel. With higher excitation amplitude, the loss of another methimazole ligand and three 

methyl groups appears. The aggregation of molecular hydrogen leads to the assumption that 

the catalytic reaction in such complexes starts when the ligand of the complex at least rotates, 

and one of the palladium ions reveals a free coordination sphere to perform a possible 

catalytic reaction. 
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Fig. 2: CID breakdown curves of [Pd3{Si(mtMe)3}2]+ and their appearance curves of 
the associated fragments. 

The non covalent interactions (NCI) determination reveals similar interactions for the neutral 

as for the cationic complex (cf. Fig. 3). Therefore, we assume that a similar fragmentation 

behavior occurs for the neutral complex than for the cationic complex. The loss of one electron 

does not change the structural properties nor the non covalent interactions of the complex 

resulting in similar gas phase stabilities for the complex. Also, a loss of an electron must occur 

from the palladium ions rather than from the ligand. 

 
Fig. 3: Non covalent interactions in neutral complex (left) and in the cationic 
complex (right) with the structure [Pd3{Si(mtMe)3}2]+. The calculations were 
performed at the B3LYP/cc-pVTZ (H, C, N, O) and ecp-28-mdf (Pd) level of theory 
with no unpaired electrons on the Pd ions for the neutral complex and one 
unpaired electron on each Pd ion in the cationic complex. 
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Multiplicity dependent calculations of the minimum structure for both complexes reveal a 

minimum structure with no unpaired electrons for the neutral complex and three unpaired 

electrons for the cationic complex (cf. Fig. 4). Higher multiplicities for the cationic complexes 

are all lower in their relative energies than in the neutral complex. This hints that a cationic 

complex is more favored due to higher stability than in the neutral complex.  

 
Fig. 4: Multiplicity dependent energies of the minimum structures of the neutral 
complex and the cationic complex. The calculations were performed at the 
B3LYP/cc-pVTZ (H, C, N, O) and ecp-28-mdf (Pd) level of theory with no unpaired 
electrons on the Pd ions the neutral complex and one unpaired electron on each 
Pd ion in the cationic complex. 

Comparing the relative minimum energies from the neutral complex with the first ionization 

energy for palladium, we observe lower energy for the cationic complex than the ionization 

energy, suggesting that the complex reduces the d orbital levels in the Pd ions by coordinating 

the ligands compared to the ESI process where the high voltage is set to 4.5 kV a redox reaction 

of the Pd ions cannot be excluded. Therefore, we assume that the complex performed a redox 

reaction within the ESI process to a cationic complex by losing one electron on each palladium 

ion in the complex.  
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Fig. 5: Relative energies of the neutral and the cationic complex compared with 
the palladium's first ionization energy. The calculations were performed at the 
B3LYP/cc-pVTZ (H, C, N, O) and ecp-28-mdf (Pd) level of theory with no unpaired 
electrons on the Pd ions the neutral complex and one unpaired electron on each 
Pd ion in the cationic complex. 

The calculated spin density indicates that the unpaired electrons are strongly localized on the 

Pd ions (cf. Fig. 6). This leads to excluding the ionization of the Silicium ions or the organic 

ligands in the complex. Moreover, this indicates that the ligands change their coordination 

from a radical anion to an anion to establish a netto charge of +1 in this complex. 

 
Fig. 6: Spin densities of the neutral and the cationic complex. The calculations were 
performed at the B3LYP/cc-pVTZ (H, C, N, O) and ecp-28-mdf (Pd) level of theory 
with no unpaired electrons on the Pd ions the neutral complex and one unpaired 
electron on each Pd ion in the cationic complex. 
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Electron localized field plots[35] reveal stronger covalent interactions for the cationic complex 

than for the neutral complex (cf. Fig. 7), leading to the assumption that the cationic complex 

obtains higher stability due to stronger covalent interactions in the palladium triangle. 

Covalent interactions are getting stronger in the 4d orbitals with unpaired electrons because 

they are more diffuse than in the neutral complex without unpaired electrons. These unpaired 

electrons overlap into the other 4d orbitals of the neighboring palladium ions, resulting in a 

stronger bonding situation than in the neutral complex. 

 
Fig. 7: Electron localized field plots of the neutral (top) and the cationic (bottom) 
complex. The calculations were performed at the B3LYP/cc-pVTZ (H, C, N, O) and 
ecp-28-mdf (Pd) level of theory with no unpaired electrons on the Pd ions the 
neutral complex and one unpaired electron on each Pd ion in the cationic complex. 

Conclusion 

We observe auto oxidation of the neutral complex to a mono cationic complex without any 

fragmentation. CID break down curves reveal the loss of a mtMe ligand as the main 

fragmentation channel, indicating a possible way to perform catalytic reactions. We do not 

observe a fragmentation of the palladium triangle at any excitation amplitude. The ligand does 

not feature the possibility of losing electrons for the observed auto oxidation. 
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The calculations of the non covalent interactions in the complex reveal almost similar 

interactions for the complex in the neutral and the cationic state. In both oxidation states, the 

complex shows strong non covalent interactions in the palladium core, explaining the high 

stability of the transition metal core observed in the CID experiments. 

Multiplicity-dependent calculations to determine the minimum structure in the neutral and 

the cationic complex reveal a minimum structure with no unpaired electrons in the neutral 

complex and three unpaired electrons in the cationic complex. Also, the different multiplicities 

point out that the cationic complex obtains higher stabilities by lower energies. This leads to 

the assumption that the cationic complex is preferred in gas phase rather than the neutral 

complex. 

The relative energies of the minimum structures are lower than the first ionization energy of 

palladium, which hints that auto oxidation occurs because the energy in the complex is lower 

than in the free ion. Also, a static high voltage of 4.5 kV is kept on the spray needle during the 

ESI process, and we assume that a Redox reaction is observed, leading to the cationic complex 

as follows. 

The calculated spin densities reveal localized electrons on the palladium ions. Therefore, the 

loss of the electrons does not occur from the ligand instead from the Pd ions themselves. The 

ligand coordinates radically, leading to a netto charge of +1.  

Electron localized field plots reveal intense covalent bonding situation in the neutral complex. 

The oxidation of the palladium ions enhancing the covalent bonding situation in the palladium 

triangle, resulting in higher stability. 
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Appendix III: Repairing an RF contact failure in an AmaZon Paul trap 
mass spectrometer 

One of the most common errors in the mass spectrometer of the Amazon series is a power 

supply failure for the RF voltage to transfer the ions through the mass spectrometer into the 

Paul trap. Therefore, a screen appears in the trap control program where no RF voltages are 

found (cf. Fig. 1). 

 

 
Fig. 1: Error message for the power supply failure to provide RF voltage to the ion 
funnels in the trap control program. 

A closer look at the Power Communication Frontend indicates that no RF voltages are applied 

to the ion funnel 2 via diagnostic (cf. Fig. 2). All the other voltages seem to be applied to the 

ion optic. This hints broken cables or a broken RF generator in the mass spectrometer.  
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Fig. 2: Error message for the power supply failure to provide RF voltage to the ion 
funnels. 

In both cases, the Mass spectrometer must be opened and controlled. First, the mass 

spectrometer's cover must be removed to see the electronic power supplies for the different 

ion optics. On the right side of the mass spectrometer is the RF power supply for the ion 

funnels mounted. The cover must be carefully removed (cf. Fig. 3). 
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Fig. 3: RF generator for the ion funnels in the Amazon mass spectrometer. The 
cover is removed for clarity. 

On the different circuit boards are LED lights installed. These LED light serves as control lights 

if the RF generator works o if there is a failure. In the best case, all lights are green. If not, then 

a failure in the power supply is present. Before the mass spectrometer needs to be vented, a 

service switch at the top back of the mass spectrometer can be flipped, and all power supplies 

are shut down, except the vacuum system (cf. Fig. 4). Flip the switch is important because the 

RF generator needs to be unmounted to check the power supply contacts. 
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Fig. 4: Service switch on the top back of the mass spectrometer to cut all power 
supplies. 

To unmount the RF power supply, all supply cables need to be unplugged and marked for later 

when the power supplies are plugged in again(cf. Fig. 5).  

 
Fig. 5: Power supply plugs to the RF generator in the mass spectrometer. 

Then two screws need to be unscrewed, and the RF generator can be carefully unmounted 

from the slide system (cf. Fig. 6). 
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Fig. 6: Mass spectrometer without RF power supply. 

Now the RF generator can be checked for burned electrical parts on the circuit boards. If no 

obvious burnt electronic parts are found, a contact failure seems to be the problem. Check 

and clean the gold pins on the backside of the RF generator with isopropanol and let the pins 

dry. On the other side, at the mass spectrometer is a pin plate installed, with a multimeter, 

the electrical continuity, and the applied resistance can be checked. The corresponding 

contacts can be extracted from the circuit diagram (cf. Fig.7). 
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Fig. 7: Circuit diagram for the RF contacts of the mass spectrometer with described 
resistance between two contacts. 

When no electrical continuity or resistance is observed, the contact failure is inside the mass 

spectrometer. It needs to be vented, and the ion funnel needs to be removed from the mass 

spectrometer. To vent the mass spectrometer, go to the power PC Communication module 

Frontend and click on service. Then click on vacuum control and then click on stop continuous. 

Then click on the vent button and wait approx. 30 minutes. When the mass spectrometer is 

vented, turn off the main switches of the mass spectrometer and the fore pump (cf. Fig. 8). 

  
Fig. 8: Main switches of the mass spectrometer (left) and the fore pump (right). 
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When the mass spectrometer is shut down, close the nitrogen supply. Then remove the ESI 

spray chamber, the solvent waste hose, all power supply cables, and the nitrogen gas line. 

(cf. Fig. 9). 

 
Fig. 9: Unplugged transfer capillary unit with spray shield. 

Then unscrew the transfer capillary unit, which is mounted on a slide system. Carefully remove 

the whole unit from the mass spectrometer. When the unit is removed, the ion funnel stack 

is free to remove out of the mass spectrometer (cf. Fig. 10). 

 
Fig. 10: Ion funnel stack in and out of the mass spectrometer. 
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With a multimeter, the electrical continuity can be measured from the inside of the gold-

coated plates and from the outside where the RF generator usually is mounted (cf. Fig. 11). 

     
Fig. 11: Gold-coated pin plate inside the mass spectrometer and circuit diagram 
for the pin position of the RF voltages. 

Check the ion funnel stack there are a lot of gold-coated pins with a feather inlay. Sometimes, 

these feathers get stuck, resulting in contact issues. If one of these pins is lower in height than 

the others, this must be changed (cf. Fig. 12). 

 
Fig. 12: Ion funnel stack with defect gold-coated pin (left) and unplugged defective 
pin (right). 
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After replacing the broken golden pin, take some Q-tips to clean the pins with isopropanol and 

dry them. When everything is dried, replace the ion funnel stack to the mass spectrometer (cf. 

Fig. 13). For the correct position of the ion funnel stack, a small block with a small pole must 

be located on the ion funnel stack's left side.  

 
Fig. 13: Ion funnel stack replacement into the mass spectrometer. 

After the ion funnel stack is replaced, check for electrical continuity and resistance as before 

(cf. Fig. 7). If there is no contact, remove the stack again and carefully pull the gold-coated pin 

out of the pin holder to guarantee a contact. Repeat this procedure until the electrical 

continuity and resistance are observed. When the contact is established, replace the transfer 

capillary unit, connect the gas inlet and the electronic wires. Then replace the ESI chamber 

and mount the RF generator. Flip the service switch, the fore pump switch, and the main 

switch of the mass spectrometer. Then go to the Power PC communication Module Frontend 

and start the vacuum system. Wait until every interlock is passed and start a diagnostic. The 

failure should vanish when everything is okay, and all results should appear green (cf. Fig. 14). 
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Fig. 14: Power PC Communication Module Frontend after diagnosis of the ion 
funnel 2. 
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Appendix IV: Reanimation of the MALDI ULTRAFLEX TOF mass 
spectrometer 

The commercial bought mass spectrometer MALDI (Ultraflex, bruker daltonics) is essential for 

analytics for many workings groups, focusing on synthesizing molecules to determine the 

masses and their fragmentation behavior. Electrospray ionization (ESI) leads to a soft 

ionization and transfer into the vacuum of molecules, but the mass spectrometer (Amazon, 

bruker daltonics) is limited by the mass range within a quadrupole ion trap[1-5]. Usually, such 

mass spectrometers are used for small organic molecules[6-8] and transition metal complexes[9-

18] up to 2000 m/z. Matrix assisted laser desorption (MALDI) in combination with a time of 

flight mass spectrometer enables access to mass spectrometric investigations without a mass 

range limitation for proteomics[19-22] and xylomics[23-26]. 

 
Fig. 1: Experimental Setup of the Ultraflex time of flight mass spectrometer. 

After an electrical shutdown of the building, the mass spectrometer broke down, starting with 

a broken hard drive of the computer, which is needed to operate the mass spectrometer. A 

new one replaced the hard drive, and a backup of the operating system was installed. In the 

operation mode, the instrument did not start the turbo molecular pump of the source 

chamber. The expansion of the vacuum pump did not show damage to the pump itself. 

Therefore, we exchanged the turbo pump controller (cf. Fig. 2) and started the vacuum 

system. 
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Fig. 2: Turbo molecular pump underneath the source chamber of the Ultraflex 
time of flight mass spectrometer. 

Unfortunately, the vacuum ventiles did not work as expected. Usually, both ventiles for the 

source chamber and time of flight should open simultaneously to get the rough vacuum in 

both chambers, and when the vacuum is reached, the ventiles for the turbo molecular pumps 

should open to get the high vacuum in both chambers. The instrument only opens the ventile 

for the source chamber to get the rough vacuum and then opens the ventile for the high 

vacuum for the source chamber. A few seconds later, the ventile for the rough vacuum at the 

time of flight opens. As a result of this scheme, both turbo molecular pumps have to pump 

against the atmospheric pressure from the time of flight chamber with their full rotation 

frequency. Both vacuum pumps are at high risk for a break down due to the rough vacuum. 

The diagnostics did not show any failure, and therefore we assume a failure on the mainboard 

of the instrument where the digital logic is installed (cf. Fig. 3). The panel was unscrewed, and 

as far as the panel was removed, we observed sparks at one of the fuses. The whole mass 

spectrometer shut down and did not boot up again. The mainboard was extracted and 

repaired by the local electronic repair shop at the TU Kaiserslautern.  
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Fig. 3: Mainboard without the panel of the Ultraflex time of flight mass 
spectrometer. 

The electronic repair shop found four defective SMD fuses (cf. Fig. 4) and a preceding resistor 

at the main fuse, serving as a sacrificial resistor to prevent electrical damage to the mainboard.  

 
Fig. 4: SMD fuses installed on the mainboard of the Ultraflex time of flight mass 
spectrometer. 

We checked all fuses installed in the mass spectrometer and found 2 more defective fuses in 

the distribution box for the different electrical parts (cf. Fig. 5). The distribution box obtains 

three fuses, and two of these 3 fuses were nonexistent and replaced by new fuses.  
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Fig. 5: Fuses of the distribution box for the electrical parts in the Ultraflex time of 
flight mass spectrometer. 

Also, the oil of the fore pump was renewed, and due to the lack of vacuum, the whole vacuum 

system needed to be cleaned because the oil got into the vacuum chambers. The mainboard 

was reinstalled, and the mass spectrometer went operable again, but the communication 

between the computer and the instrument was not established. After the shutdown of the 

instrument, we rechecked the mainboard and found a coin cell neighbors to the digital logic. 

The coin cell is as old as the instrument, and we assume that the reparation of the main board 

took too long due to the corona pandemic, which the coin cell discharged over that time. The 

old coin cell was replaced, and the main board was installed again. After installing the backup 

of the digital logic to the mainboard, communication between the computer and the 

instrument was established. 

When the vacuum in the instrument has reached a failure in the stepper motor for the laser 

attenuator and focus was displayed in the Flex control operation program. A burnt resistor 

and diode were detected on the electrical board for the power supply of these Stepper 

motors, and therefore we removed the electrical board. The electronic repair shop changed 

the defective parts and checked the whole board. Meanwhile, a loose contact on the six pole 

platin plug was fixed, and both stepper motors were checked to see if they were working. The 

repaired electrical board was reinstalled, and the flex control program did not show any 

failures. By adjusting the zero positions of the different lenses and filters, a defective probe 

for the laser focus was detected. The defective probe leads to a focus lens position out of the 

adjustment range, resulting in an error and a defocused laser beam. Because there are no 

spare parts available, we optimized the laser focus manually and ruled out the laser focus 
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application from the program in the service mode to prevent defocusing the laser by the 

defective probe.  

We noticed that the lightbulb was broken by transferring the sample plate into the vacuum 

and switching on the light to see the sample spots. So the lightbulb was replaced by a new 

one, and the light was adjusted to the sample spots for optimal illumination of the sample. 

The measurement of the first mass spectra delivered a failure in the trigger setup of the 

instrument. The master trigger seems to work, but the slave processor does not respond, and 

data acquisition does not take part. This part was replaced too, and the slave processor started 

to respond. Therefore, we checked the trigger main board and found nothing defective but 

the measurements of the inner resistance of the optocoupler was infinity high, indicating that 

this part is also defective (cf. Fig. 6). 

 
Fig. 6: Trigger main board of the Ultraflex time of flight mass spectrometer. 

After booting the instrument, the data acquisition works without any problems, but the 

vacuum ventiles shut with several shots onto the sample plate. We also installed the newest 

version for the master and slave triggers and the Flex control program starts the data 

acquisition. The data acquisition of the test spectra took several shots and then went into 

longer loops. No errors occurred, therefore the instrument was shut down and all power 
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supplies were disconnected from electricity. The disconnect leads to a hard reset of all 

electrical parts and also erases temporally files written in the random access memory.  

A quick check of the vacuum control reveals insufficient pressures near the setpoints of the 

instruments, which release the interlocks of the mass spectrometer to prevent further 

damage to other parts (cf. Tab. 1). The high vacuum of the analyzer is only 0.1 underneath the 

setpoint, leading to the release of the interlock. The old fore pump (Pfeiffer duo 10) was 

replaced by another fore pump (Edwards, E2M30). Also, the bigger fore pump obtains a higher 

absorbency than the original one. This should lead to a better vacuum, and the resulting gases 

can be more efficiently pumped out from the vacuum chamber. 

Tab. 1: Setpoint of the instrument and reached pressures with the old and the new 
fore pump. 

 Set point/mbar old fore pump/mbar new fore pump/mbar 

lock rough 2.9·10-1 3.9·10-2 1.6·10-2 

source rough 2.8·10-1 6.4·10-2 1.9·10-2 

source high 3.0·10-6 2.9·10-6 1.4·10-6 

analyzer rough 2.9·10-1 6.2·10-2 1.8·10-2 

analyzer high 3.0·10-6 2.9·10-6 1.2·10-7 

Finally, no errors occur, and the mass spectrometer works again. We recorded mass spectra 

of [Cs(CsI)n]+ clusters and Vitamin B12 (VB12) with different laser power (LP) (cf. Fig. 7). The 

recorded mass spectra reveal that the data acquisition works, and also, the laser attenuator 

switches the laser power to adjust the laser desorption from a small amount of fragmentation 

to a high amount of fragmentation. In the CsI sample, we observe a higher CsI cluster with 

higher laser power and in the Vitamin B12 mass spectra, we observe a higher amount of 

fragments by adjusting the laser power to higher energies. 
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Fig. 7: Recorded mass spectra of [Cs(CsI)n]+ clusters and Vitamin B12 (VB12) with 
different laser power (LP). 
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