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1 Introduction   

Coordination compounds such as transition metal (TM) complexes have been utilized by 

humanity since antiquity1-4. They exhibit a broad variety of properties and features, 

which makes them ubiquitous in everyday life and scientific research5, 6. TM catalysts 

mediate important (industrial) chemical reactions7-11 by homogenous catalysis and 

activate small molecules such as N2 or CO2 for subsequent functionalization12-15. The 

reactivity of TM complexes relates to their three dimensional structure. Thus, molecular 

structure elucidation is paramount in order to gain fundamental insight into their 

catalytic properties.  

Unpaired electrons within TM complexes give rise to intrinsic magnetic phenomena16 

like magnetization of the complexes in the presenÃÅ ÏÆ ÁÎ ÅØÔÅÒÎÁÌ ÍÁÇÎÅÔÉÃ ÆÉÅÌÄȢ Ȱ3ÉÎÇÌÅ 

-ÏÌÅÃÕÌÅ -ÁÇÎÅÔÓȱ ɉ3--Ɋ ÁÒÅ ÃÏÍÐÌÅØÅÓ ÄÅÓÉÇÎÅÄ ÔÏ ÒÅÍÁÉÎ ÍÁÇÎÅÔÉÚÅÄ ÅÖÅÎ ÁÆÔÅÒ ÔÈÅ 

magnetic field is switched off17. The intrinsic molecular magnetism of SMM´s sets them 

apart from traditional bulk magnets and promises a variety of applications18-20. 

Archetypical SMM´s contain a small number (~4 to 30) of paramagnetic TM centers, 

which are linked together by bridging atoms or molecules (e.g. O2-, CH3CO2-) and 

stabilized by further organic ligands21. Optimizing magnetic properties of TM complexes 

demands fundamental understanding of their intermetallic magnetic couplings.  

The elucidation of cooperative effects between two or more metal centers within TM 

complexes and clusters stands out as a very active field of research22. A cooperative 

effect in TM clusters or TM complexes is defined as a new magnetic, optical, or reactive 

effect or function emerging by combining two or more TM centers. This definition 

implies, that neither the participating TM centers nor the whole complex exhibit this 

function if the two TM centers are sufficiently far apart. Oligometallic systems have been 

investigated to elucidate how cooperative effects determine their magnetic23, catalytic24 

as well as their optical properties25. Investigations on free molecules in vacuo exclude 

superimposing effects (e.g. solvent or crystal packing effects) and benefits insights into 

such intramolecular properties.  

Soft ionization techniques like Matrix Assisted Laser Desorption/Ionization26-28 (MALDI) 

and Electrospray Ionization29-31 (ESI) enable the transfer of intact ionic TM complexes32-

35 into vacuum. Subsequent mass spectrometric analysis36-40 determines their mass to 
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charge (m/z) ratios and allows for an isolation of ion ensembles by m/z selection. A low 

ion density in the gas phase excludes molecule characterization by classical absorption 

spectroscopy, since any light attenuation would be bÅÌÏ× ÔÈÅ ÄÅÔÅÃÔÉÏÎ ÌÉÍÉÔȢ !Î ȰÁÃÔÉÏÎ 

ÓÐÅÃÔÒÏÓÃÏÐÙȱ ÁÐÐÒÏÁÃÈ41 provides a solution to this problem: Light may cause 

measurable changes of the ion ensemble´s m/z ratio (e.g. by dissociation) depending on 

the wavelength and photon flux. Collisions of the ions with background gas molecules 

provide an additional source of information. The ions may cool down, heat up, and 

undergo dissociations or reactions along sole or competing pathways. Various 

experimental methods42-46 employ action spectroscopy as well as molecular collisions to 

extract information on molecular properties like geometrical structure47-49, 

magnetism50, 51, reaction barriers52, 53, binding strengths54, 55 and fragmentation 

pathways56, 57. Such molecular properties may interdepend and modulate each other. 

Thus, combining several experimental methods in parallel favors a complete 

understanding of the TM complex. Quantum chemical calculations (e.g. density 

functional theory58, 59) support interpretations of experimental data and deepen the 

fundamental insight thereof.  

InfraRed (Multiple) Photon Dissociation (IR-ɉ-Ɋ0$Ɋ ÉÓ ÁÎ ÅÓÔÁÂÌÉÓÈÅÄ ȰÁÃÔÉÏÎ 

ÓÐÅÃÔÒÏÓÃÏÐÙȰ ÔÅÃÈÎÉÑÕÅ ÔÏ ÏÂÔÁÉÎ ÉÎÓÉÇÈÔ ÉÎÔÏ ÂÉÎÄÉÎÇ ÍÏÔÉÆÓ ÁÎÄ ÓÔÒÕÃÔÕÒÁÌ 

compositions of isolated TM complexes60-66. At resonance, photons in the infrared 

spectral region excite molecular vibrations. An intramolecular vibration redistribution67 

(IVR) process transfers the excess energy into internal vibrational degrees of freedom 

(internal energy). This allows for repeated absorption of several photons by one 

absorber68-70. The trapped ions fragmentize (measured as change their m/z ratio) if 

their internal energy reaches the dissociation threshold71, 72. High dissociation 

thresholds and/or inefficient IVR processes may prevent fragmentation within one laser 

pulse, which results in undetected vibrational bands73, 74Ȣ Ȱ-ÅÓÓÅÎÇÅÒȱ ÔÅÃÈÎÉÑÕÅÓ75-79 

circumvent this problem by collisional cooling of the trapped ions. At cryo temperatures 

the ions form adducts with background gas atoms or molecules (e.g. N2 or He). These 

ÍÏÌÅÃÕÌÅÓ ÁÃÔ ÁÓ ȰÍÅÓÓÅÎÇÅÒÓȱ ÏÆ ÔÈÅ ÖÉÂÒÁÔÉÏÎÁÌ ÂÁÎÄÓȟ ÓÉÎÃÅ ÔÈÅÉÒ ÌÏ× ÄÉÓÓÏÃÉÁÔÉÏÎ 

thresholds allow for dissociation by single photon absorption. A resonant 2-color (2c)-

IR-MPD technique enhances fragmentation efficiency of TM complexes80 by utiliz ing two 

IR lasers. The resulting 2c-IR-MPD spectra depend crucially on the temporal delay 

between the two laser pulses81. A detailed vibrational and structural analysis of the 
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IR-(M)PD spectra arises via comparison with calculated IR spectra of molecular 

structures with adequate geometries. Density Functional Theory (DFT) has been proven 

to be a capable and cost efficient approach to compute geometry optimized energy 

minima structures, linear absorption spectra as well as other molecular properties82, 83.  

Collisions between trapped ions and background gas atoms/molecules can increase the 

internal energy of the ions by thermal heating84. Such collisional activation results in 

collision induced dissociation85, 86 (CID). Historically, CID was observed in mass spectra 

by diffuse fragment peaks87, 88. Since then it has evolved to a widely used technique in 

mass spectrometry, e.g. for protein sequencing89, 90. In the context of TM complexes, CID 

is very useful to investigate activation barriers of catalyst precursors91, 92, ligand binding 

energies93-95 and intramolecular fragmentation pathways96, 97. The experimental results 

are compared with accompanying geometry optimized fragment and transition state 

structures along the reaction coordinate. The combination of CID experiments and DFT 

modelling provides fundamental insight into the intramolecular fragmentation 

processes98-100.  

The element selective X-ray Magnetic Circular Dichroism101 (XMCD) spectroscopy allows 

to investigate magnetic properties of samples such as deposited nanoparticles102, 103. 

Spin and orbital contributions to the total magnetic moment of the investigated 

compounds can be deconstructed by sum rule analysis104-106. Recently, the XMCD 

technique has been adopted as a ÇÁÓ ÐÈÁÓÅ ȰÁÃÔÉÏÎ ÓÐÅÃÔÒÏÓÃÏÐÙȱ ÍÅÔÈÏÄ ÔÏ ÉÎÖÅÓÔÉÇÁÔÅ 

the magnetism of isolated clusters and complexes107-109. XMCD spectra provide 

information on intrinsic magnetic properties, i.e. void of any alterations such as crystal 

packing or surface induced effects. The broken symmetry approach110, 111 is useful to 

simulate intramolecular magnetic couplings via DFT modelling. The combination of 

XMCD experiments and Broken Symmetry/DFT modelling provides fundamental insight 

into the molecular magnetism in isolated complexes112.  

This thesis comprises studies on isolated mononuclear and oligonuclear TM complexes. 

It applies ESI in conjunction with mass spectrometry to isolate species of interest as 

gaseous ions. Their molecular structures, fragmentation pathways and magnetic 

properties are elucidated by combining several experimental and computational 

methods (cf. Scheme 1). The thesis contains five independent research studies (chapters 
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3 to 7) utilizing IR-(M)PD, CID and XMCD investigations as well as DFT modelling in 

various combinations depending on the nature of the investigated TM complexes and 

individual scientific questions. Each research study provides an independent 

introduction, a short description of the experimental and theoretical methods, a 

discussion and a conclusion. 

 

Scheme 1: Overview of the experimental methods (grey oval shapes) and 
associated computational modelling (green oval shapes) utilized in this thesis 
to investigate molecular properties of isolated TM complexes. 

Chapter 3 reports on Ȱnon-ÃÌÁÓÓÉÃÁÌȱ ÖÉÂÒÁÔÉÏÎÁÌ ÂÌÕÅ shifts of dinitrogen molecules 

coordinated to trinuclear iron (III) oxo acetate complexes [Fe3O(OAc)6]+ (OAc = acetate). 

It presents IR-PD spectra of cryo cooled complexes in conjunction with DFT modelling. 

Molecular orbital analysis serves to rationalize the increasing N-N bond strength and 

provides insight into the nature of the N2-Fe bonding in [Fe3O(OAc)6(N2)n]+ (n = 1,2,3). 

Chapter 4 elucidates the cationization of a bimetallic [AuZnCl3] complex by coordinating 

alkali metal ions. It characterizes structural features of the charged adducts via IR-MPD 

spectroscopy and DFT modelling. CID experiments and calculated stationary points 

along the fragmentation pathway reveal molecular reorganizations upon CID activation. 

Chapter 5 showcases delay dependent 2c-IR-MPD spectroscopy in conjunction with DFT 

modelling. The investigation reveals laser induced torsional isomerization in a 

mononuclear silver (I) complex.  

Chapter 6 establishes magnetostructural correlations in trinuclear iron (III) oxo acetate 

pyridine complexes [Fe3O(OAc)6(Py)n]+ (Py = pyridine, n = 0,1,2,3). It utilizes CID/DFT to 
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determine pyridine binding strengths and IR-MPD/DFT to characterize the geometrical 

evolution of the triangular Fe3O core upon stepwise coordination of pyridine ligands. 

XMCD investigations in conjunction with Broken Symmetry/DFT modelling serve to 

characterize the magnetic couplings of the triangular Fe3O core in dependence of its 

geometry. 

Chapter 7 characterizes structural features and fragmentation pathways of mononuclear 

and binuclear palladium catalysts by IR-MPD and CID experiments as well as DFT 

modelling. 

1.1 References 

1. G. B. Kauffman, Coordination Chemistry: History, in Encyclopedia of Inorganic 
Chemistry, John Wiley & Sons, Ltd, 2006. 

2. A. T. Baker and S. E. Livingstone, Historical Sketch: The early history of 
coordination chemistry in Australia, Polyhedron, 1985, 4, 1337-1351. 

3. G. A. Lawrance, in Introduction to Coordination Chemistry, John Wiley & Sons, Ltd, 
2009, pp. 41-82. 

4. K. R. Dunbar and R. A. Heintz, Chemistry of Transition Metal Cyanide Compounds: 
Modern Perspectives, in Prog. Inorg. Chem., John Wiley & Sons, Inc., 2007, pp. 283-
391. 

5. J. E. Huheey, E. A. Keiter and R. L. Keiter, Inorganic Chemistry: Principles of 
Structure and Reactivity, Pearson Education, 2000. 

6. C. Elschenbroich, Organometallchemie, Teubner, 2005. 
7. A. Behr and P. Neubert, Applied Homogeneous Catalysis, Wiley, 2012. 
8. E. M. Beccalli, G. Broggini, M. Martinelli and S. Sottocornola, #Ͼ#ȟ #Ͼ/ȟ #Ͼ. "ÏÎÄ 

Formation on sp2 Carbon by Pd(II)-Catalyzed Reactions Involving Oxidant Agents, 
Chem. Rev., 2007, 107 , 5318-5365. 

9. M. Lersch and M. Tilset, -ÅÃÈÁÎÉÓÔÉÃ !ÓÐÅÃÔÓ ÏÆ #Ͼ( !ÃÔÉÖÁÔÉÏÎ ÂÙ 0Ô #ÏÍÐÌÅØÅÓ, 
Chem. Rev., 2005, 105 , 2471-2526. 

10. J. A. Labinger and J. E. Bercaw, Understanding and exploiting C-H bond activation, 
Nature, 2002, 417 , 507-514. 

11. V. Ritleng, C. Sirlin and M. Pfeffer, Ru-, Rh-, and Pd-#ÁÔÁÌÙÚÅÄ #Ͼ# "ÏÎÄ &ÏÒÍÁÔÉÏÎ 
)ÎÖÏÌÖÉÎÇ #Ͼ( !ÃÔÉÖÁÔÉÏÎ ÁÎÄ !ÄÄÉÔÉÏÎ ÏÎ 5ÎÓÁÔÕÒÁÔÅÄ 3ÕÂÓÔÒÁÔÅÓȡ  2ÅÁÃÔÉÏÎÓ ÁÎÄ 
Mechanistic Aspects, Chem. Rev., 2002, 102 , 1731-1770. 

12. H. Tanaka, K. Arashiba, S. Kuriyama, A. Sasada, K. Nakajima, K. Yoshizawa and Y. 
Nishibayashi, Unique behaviour of dinitrogen-bridged dimolybdenum complexes 
bearing pincer ligand towards catalytic formation of ammonia, Nat Commun, 
2014, 5. 

13. C. N. Cornell and M. S. Sigman, Molecular Oxygen Binding and Activation: Oxidation 
Catalysis, in Activation of Small Molecules, Wiley-VCH Verlag GmbH & Co. KGaA, 
2006, pp. 159-186. 

14. M. Aresta, Carbon Dioxide Reduction and Uses as a Chemical Feedstock, in 
Activation of Small Molecules, Wiley-VCH Verlag GmbH & Co. KGaA, 2006, pp. 1-
41. 



 Introduction  
 

 6 
 

15. L. M. Berreau, Water Activation: Catalytic Hydrolysis, in Activation of Small 
Molecules, Wiley-VCH Verlag GmbH & Co. KGaA, 2006, pp. 287-317. 

16. R. S. D. Gatteschi, J. Villain Molecular Nanomagnets, Oxford University Press, 
Oxford 2006. 

17. G. Christou, D. Gatteschi, D. N. Hendrickson and R. Sessoli, Single Molecule 
Magnets, MRS Bull., 2000, 25, 66. 

18. M. N. Leuenberger and D. Loss, Quantum computing in molecular magnets, Nature, 
2001, 410 , 789-793. 

19. G. Aromi, D. Aguila, P. Gamez, F. Luis and O. Roubeau, Design of magnetic 
coordination complexes for quantum computing, Chem. Soc. Rev., 2012, 41, 537-
546. 

20. G. Aromí, Single-molecule magnets and related phenomena, Springer, Berlin, New 
York, 2006. 

21. R. A. Layfield, Organometallic Single-Molecule Magnets, Organometallics, 2014, 
33, 1084-1099. 

22. G. Niedner-Schatteburg, Cooperative Effects in Clusters and Oligonuclear 
Complexes of Transition Metals in Isolation, in Clusters ɀ Contemporary Insight in 
Structure and Bonding, ed. S. Dehnen, Springer International Publishing, Cham, 
2017, pp. 1-40. 

23. M. Gysler, F. El Hallak, L. Ungur, R. Marx, M. Hakl, P. Neugebauer, Y. Rechkemmer, 
Y. Lan, I. Sheikin, M. Orlita, C. Anson, A. K. Powell, R. Sessoli, L. Chibotaru and J. 
van Slageren, Multitechnique investigation of Dy3 - Implications for Coupled 
Lanthanide Clusters, Chem. Sci., 2016. 

24. A. Fromm, C. van Wüllen, D. Hackenberger and L. J. Gooßen, Mechanism of Cu/Pd-
Catalyzed Decarboxylative Cross-Couplings: A DFT Investigation, J. Am. Chem. Soc., 
2014, 136 , 10007-10023. 

25. J. Chmela, M. E. Harding, D. Matioszek, C. E. Anson, F. Breher and W. Klopper, 
Differential Many-Body Cooperativity in Electronic Spectra of Oligonuclear 
Transition-Metal Complexes, Chemphyschem, 2016, 17, 37-45. 

26. K. Dreisewerd, S. Berkenkamp, A. Leisner, A. Rohlfing and C. Menzel, 
Fundamentals of matrix-assisted laser desorption/ionization mass spectrometry 
with pulsed infrared lasers, Int. J. Mass spectrom., 2003, 226 , 189-209. 

27. M. Karas and R. Krüger, )ÏÎ &ÏÒÍÁÔÉÏÎ ÉÎ -!,$)ȡ  4ÈÅ #ÌÕÓÔÅÒ )ÏÎÉÚÁÔÉÏÎ 
Mechanism, Chem. Rev., 2003, 103 , 427-440. 

28. S. Berkenkamp, F. Kirpekar and F. Hillenkamp, Infrared MALDI Mass Spectrometry 
of Large Nucleic Acids, Science, 1998, 281 , 260-262. 

29. J. B. Fenn, Electrospray Wings for Molecular Elephants (Nobel Lecture), Angew. 
Chem. Int. Ed., 2003, 42, 3871-3894. 

30. M. Yamashita and J. B. Fenn, Negative ion production with the electrospray ion 
source, J. Phys. Chem., 1984, 88, 4671-4675. 

31. M. Yamashita and J. B. Fenn, Electrospray ion source. Another variation on the free-
jet theme, J. Phys. Chem., 1984, 88, 4451-4459. 

32. V. Katta, S. K. Chowdhury and B. T. Chait, Electrospray ionization: a new tool for 
the analysis of ionic transition-metal complexes, J. Am. Chem. Soc., 1990, 112 , 
5348-5349. 

33. V. B. Di Marco and G. G. Bombi, Electrospray mass spectrometry (ESI-MS) in the 
study of metalɀligand solution equilibria, Mass Spectrom. Rev., 2006, 25, 347-379. 



Introduction   
 

 

7  

 

34. K. L. Vikse, M. P. Woods and J. S. McIndoe, Pressurized Sample Infusion for the 
Continuous Analysis of Air- And Moisture-Sensitive Reactions Using Electrospray 
Ionization Mass Spectrometry, Organometallics, 2010, 29, 6615-6618. 

35. J. S. McIndoe, Mass Spectrometry and Gas-Phase Chemistry of Non-Covalent 
Complexes. Supramolecular Chemistry in the Gas Phase. Wiley-Interscience Series 
on Mass Spectrometry. By Christoph A. Schalley and Andreas Springer, Angew. 
Chem. Int. Ed., 2010, 49, 3717-3717. 

36. W. N. Delgass and R. G. Cooks, Focal Points in Mass Spectrometry, Science, 1987, 
235 , 545-553. 

37. W. Paul, Electromagnetic traps for charged and neutral particles, Reviews of 
Modern Physics, 1990, 62, 531-540. 

38. 2Ȣ lÏÂÉďÓËÉȟ $Ȣ 3ÃÈÁÕÍÌĘÆÆÅÌ ÁÎÄ *Ȣ 3ÚÐÕÎÁÒȟ Mass spectrometry in bioinorganic 
analytical chemistry, Mass Spectrom. Rev., 2006, 25, 255-289. 

39. R. E. March, Quadrupole Ion Trap Mass Spectrometer, in Encyclopedia of Analytical 
Chemistry, John Wiley & Sons, Ltd, 2006. 

40. J. S. Sampson, K. K. Murray and D. C. Muddiman, Intact and Top-Down 
Characterization of Biomolecules and Direct Analysis Using Infrared Matrix-
Assisted Laser Desorption Electrospray Ionization Coupled to FT-ICR Mass 
Spectrometry, J. Am. Soc. Mass. Spectrom., 2009, 20, 667-673. 

41. T. Baer and R. C. Dunbar, Ion Spectroscopy: Where Did It Come From; Where Is It 
Now; and Where Is It Going?, J. Am. Soc. Mass. Spectrom., 2010, 21, 681-693. 

42. D. Scuderi, V. Lepere, G. Piani, A. Bouchet and A. Zehnacker-Rentien, Structural 
Characterization of the UV-Induced Fragmentation Products in an Ion Trap by 
Infrared Multiple Photon Dissociation Spectroscopy, J. Phys. Chem. Lett., 2014, 5, 
56-61. 

43. A. K. Shukla and J. H. Futrell, Tandem mass spectrometry: dissociation of ions by 
collisional activation, J. Mass Spectrom., 2000, 35, 1069-1090. 

44. L. Sleno and D. A. Volmer, Ion activation methods for tandem mass spectrometry, J. 
Mass Spectrom., 2004, 39, 1091-1112. 

45. K. Eller and H. Schwarz, Organometallic chemistry in the gas phase, Chem. Rev., 
1991, 91, 1121-1177. 

46. E. de Hoffmann, Tandem mass spectrometry: A primer, J. Mass Spectrom., 1996, 
31, 129-137. 

47. N. Heine, M. R. Fagiani, M. Rossi, T. Wende, G. Berden, V. Blum and K. R. Asmis, 
Isomer-Selective Detection of Hydrogen-Bond Vibrations in the Protonated Water 
Hexamer, J. Am. Chem. Soc., 2013, 135 , 8266-8273. 

48. A. Fielicke, G. Meijer and G. von Helden, Infrared multiple photon dissociation 
spectroscopy of transition metal oxide cluster cations - Comparison of group Vb (V, 
Nb, Ta) metal oxide clusters, EPJD, 2003, 24, 69-72. 

49. N. C. Polfer, J. Oomens, D. T. Moore, G. von Helden, G. Meijer and R. C. Dunbar, 
Infrared spectroscopy of phenylalanine Ag(I) and Zn(II) complexes in the gas phase, 
J. Am. Chem. Soc., 2006, 128 , 517-525. 

50. V. Zamudio-"ÁÙÅÒȟ +Ȣ (ÉÒÓÃÈȟ !Ȣ ,ÁÎÇÅÎÂÅÒÇȟ -Ȣ +ÏÓÓÉÃËȟ !Ȣ lÁ×ÉÃËÉȟ !Ȣ 4ÅÒÁÓÁËÉȟ "Ȣ 
v. Issendorff and J. T. Lau, Direct observation of high-spin states in manganese 
dimer and trimer cations by x-ray magnetic circular dichroism spectroscopy in an 
ion trap, J. Chem. Phys., 2015, 142 , 234301. 

51. S. Peredkov, A. Savci, S. Peters, M. Neeb, W. Eberhardt, H. Kampschulte, J. Meyer, 
M. Tombers, B. Hofferberth, F. Menges and G. Niedner-Schatteburg, X-ray 
absorption spectroscopy of mass-selected transition metal clusters using a 



 Introduction  
 

 8 
 

cyclotron ion trap: An experimental setup for measuring XMCD spectra of free 
clusters, J. Electron. Spectrosc. Relat. Phenom., 2011, 184 , 113-118. 

52. X.-N. Wu, H.-T. Zhao, J. Li, M. Schlangen and H. Schwarz, Highly regioselective 
hydride transfer, oxidative dehydrogenation, and hydrogen-atom abstraction in the 
thermal gas-phase chemistry of [Zn(OH)]+/C3H8, PCCP, 2014, 16, 26617-26623. 

53. U. Schwarz, M. Vonderach, M. Kappes, R. Kelting, K. Brendle and P. Weis, 
Structural characterization of metalloporphyrin-oligomer multianions by mass 
spectrometry and ion mobility spectrometryɂObservation of metastable species, 
Int . J. Mass spectrom., 2013, 339ɀ340 , 24-33. 

54. K. M. Ervin and P. B. Armentrout, Energy dependence, kinetic isotope effects, and 
thermochemistry of the nearly thermoneutral reactions 
.Ͻɉχ0ɊϽ(φɉ($ȟ$φɊ .(Ͻɉ.$ϽɊϽ(ɉ$Ɋ, J. Chem. Phys., 1987, 86, 2659-2673. 

55. P. B. Armentrout, The Power of Accurate Energetics (or Thermochemistry: What is 
it Good for?), J. Am. Soc. Mass. Spectrom., 2013, 24, 173-185. 

56. K. Levsen and H. Schwarz, Collisional Activation Mass SpectrometryɂA New Probe 
for Determining the Structure of Ions in the Gas Phase, Angew. Chem. Int. Ed., 
1976, 15, 509-519. 

57. J. Lang, M. Cayir, S. P. Walg, P. Di Martino-Fumo, W. R. Thiel and G. Niedner-
Schatteburg, Intermetallic Competition in the Fragmentation of Trimetallic AuɀZnɀ
Alkali Complexes, Chem.-Eur. J., 2016, 22, 2345-2355. 

58. W. Koch and M. C. Holthausen, The Kohn-Sham Approach, in A Chemist's Guide to 
Density Functional Theory, Wiley-VCH Verlag GmbH, 2001, pp. 41-64. 

59. T. Ziegler, Approximate density functional theory as a practical tool in molecular 
energetics and dynamics, Chem. Rev., 1991, 91, 651-667. 

60. J. Seo, J. Jang, S. Warnke, S. Gewinner, W. Schöllkopf and G. von Helden, Stacking 
Geometries of Early Protoporphyrin IX Aggregates Revealed by Gas-Phase Infrared 
Spectroscopy, J. Am. Chem. Soc., 2016, 138 , 16315-16321. 

61. J. Oomens, B. G. Sartakov, G. Meijer and G. von Helden, Gas-phase infrared multiple 
photon dissociation spectroscopy of mass-selected molecular ions, Int. J. Mass 
spectrom., 2006, 254 , 1-19. 

62. F. X. Sunahori, G. Yang, E. N. Kitova, J. S. Klassen and Y. Xu, Chirality recognition of 
the protonated serine dimer and octamer by infrared multiphoton dissociation 
spectroscopy, PCCP, 2013, 15, 1873-1886. 

63. J. Mohrbach, J. Lang, S. Dillinger, M. Prosenc, P. Braunstein and G. Niedner-
Schatteburg, Vibrational fingerprints of a tetranuclear cobalt carbonyl cluster 
within a cryo tandem ion trap, J. Mol. Spectrosc., 2017, 332 , 103-108. 

64. F. S. Menges, S. M. Craig, N. Tötsch, A. Bloomfield, S. Ghosh, H.-J. Krüger and M. A. 
Johnson, Capture of CO2 by a Cationic Nickel(I) Complex in the Gas Phase and 
Characterization of the Bound, Activated CO2 Molecule by Cryogenic Ion 
Vibrational Predissociation Spectroscopy, Angew. Chem. Int. Ed., 2015, 55, 1282-
1285. 

65. N. C. Polfer and J. Oomens, Vibrational spectroscopy of bare and solvated ionic 
complexes of biological relevance, Mass Spectrom. Rev., 2009, 28, 468-494. 

66. E. M. Duffy, B. M. Marsh, J. M. Voss and E. Garand, Characterization of the Oxygen 
Binding Motif in a Ruthenium Water Oxidation Catalyst by Vibrational 
Spectroscopy, Angew. Chem. Int. Ed., 2016, n/a-n/a. 

67. E. R. Grant, P. A. Schulz, A. S. Sudbo, Y. R. Shen and Y. T. Lee, Is Multiphoton 
Dissociation of Molecules a Statistical Thermal Process?, Physical Review Letters, 
1978, 40, 115-118. 



Introduction   
 

 

9  

 

68. J. Roithova, Characterization of reaction intermediates by ion spectroscopy, Chem. 
Soc. Rev., 2012, 41, 547-559. 

69. N. C. Polfer, Infrared multiple photon dissociation spectroscopy of trapped ions, 
Chem. Soc. Rev., 2011, 40, 2211-2221. 

70. T. D. Fridgen, Infrared consequence spectroscopy of gaseous protonated and metal 
ion cationized complexes, Mass Spectrom. Rev., 2009, 28, 586-607. 

71. D. W. Lupo and M. Quack, IR-laser photochemistry, Chem. Rev., 1987, 87, 181-216. 
72. S. L. Chin, Multiphoton Ionization of Molecules, Physical Review A, 1971, 4, 992-

996. 
73. D. Schröder, H. Schwarz, P. Milko and J. Roithová, Dissociation Routes of 

0ÒÏÔÏÎÁÔÅÄ 4ÏÌÕÅÎÅ 0ÒÏÂÅÄ ÂÙ )ÎÆÒÁÒÅÄ 3ÐÅÃÔÒÏÓÃÏÐÙ ÉÎ ÔÈÅ 'ÁÓ 0ÈÁÓÅɖ, J. Phys. 
Chem. A, 2006, 110 , 8346-8353. 

74. A. Simon, C. Joblin, N. Polfer and J. Oomens, Infrared Spectroscopy of 
[XFeC24H12]+ (X = C5H5, C5(CH3)5) Complexes in the Gas Phase: Experimental and 
Computational Studies of Astrophysical Interest, J. Phys. Chem. A, 2008, 112 , 8551-
8560. 

75. S. Dillinger, J. Mohrbach, J. Hewer, M. Gaffga and G. Niedner-Schatteburg, Infrared 
spectroscopy of N2 adsorption on size selected cobalt cluster cations in isolation, 
PCCP, 2015, 17, 10358-10362. 

76. *Ȣ *ÁĤþËȟ *Ȣ ¼ÁÂËÁȟ *Ȣ 2ÏÉÔÈÏÖÜ ÁÎÄ $Ȣ 'ÅÒÌÉÃÈȟ Infrared spectroscopy of trapped 
molecular dications below 4K, Int. J. Mass spectrom., 2013, 354ɀ355 , 204-210. 

77. A. B. Wolk, C. M. Leavitt, E. Garand and M. A. Johnson, Cryogenic Ion Chemistry and 
Spectroscopy, Acc. Chem. Res., 2013, 47, 202-210. 

78. C. J. Johnson, A. B. Wolk, J. A. Fournier, E. N. Sullivan, G. H. Weddle and M. A. 
Johnson, Communication: He-tagged vibrational spectra of the SarGlyH+ and 
H+(H2O)2,3 ions: Quantifying tag effects in cryogenic ion vibrational 
predissociation (CIVP) spectroscopy, J. Chem. Phys., 2014, 140 , -. 

79. *Ȣ *ÁĤþËȟ $Ȣ 'ÅÒÌÉÃÈ ÁÎÄ *Ȣ 2ÏÉÔÈÏÖÜȟ Two-Color Infrared Predissociation Spectroscopy 
of C6H62+ Isomers Using Helium Tagging, J. Phys. Chem. A, 2015, 119 , 2532-2542. 

80. Y. Nosenko, F. Menges, C. Riehn and G. Niedner-Schatteburg, Investigation by two-
color IR dissociation spectroscopy of Hoogsteen-type binding in a metalated 
nucleobase pair mimic, PCCP, 2013, 15, 8171-8178. 

81. J. Lang, M. Gaffga, F. Menges and G. Niedner-Schatteburg, Two-color delay 
dependent IR probing of torsional isomerization in a AgL1L2 (+) complex, PCCP, 
2014, 16, 17417-17421. 

82. F. Neese, Prediction of molecular properties and molecular spectroscopy with 
density functional theory: From fundamental theory to exchange-coupling, Coord. 
Chem. Rev., 2009, 253 , 526-563. 

83. I. Ciofini and C. A. Daul, DFT calculations of molecular magnetic properties of 
coordination compounds, Coord. Chem. Rev., 2003, 238ɀ239 , 187-209. 

84. S. A. McLuckey and D. E. Goeringer, SPECIAL FEATURE:TUTORIAL Slow Heating 
Methods in Tandem Mass Spectrometry, J. Mass Spectrom., 1997, 32, 461-474. 

85. K. Biemann and H. Scoble, Characterization by tandem mass spectrometry of 
structural modifications in proteins, Science, 1987, 237 , 992-998. 

86. K. R. Jennings, The changing impact of the collision-induced decomposition of ions 
on mass spectrometry, Int. J. Mass spectrom., 2000, 200 , 479-493. 

87. R. G. Cooks, Special feature: Historical. Collision-induced dissociation: Readings and 
commentary, J. Mass Spectrom., 1995, 30, 1215-1221. 



 Introduction  
 

 10 
 

88. F. Busch and W. Paul, Isotopentrennung mit dem elektrischen Massenfilter, Z. 
Physik, 1961, 164 , 581-587. 

89. K. Biemann and S. A. Martin, Mass spectrometric determination of the amino acid 
sequence of peptides and proteins, Mass Spectrom. Rev., 1987, 6, 1-75. 

90. R. Aebersold and D. R. Goodlett, Mass Spectrometry in Proteomics, Chem. Rev., 
2001, 101 , 269-296. 

91. D. Schröder, S. Shaik and H. Schwarz, Two-State Reactivity as a New Concept in 
Organometallic Chemistry, Acc. Chem. Res., 2000, 33, 139-145. 

92. C. Kerner, J. Lang, M. Gaffga, F. S. Menges, Y. Sun, G. Niedner-Schatteburg and W. R. 
Thiel, Mechanistic Studies on Ruthenium(II)-Catalyzed Base-Free Transfer 
Hydrogenation Triggered by Roll-Over Cyclometalation, ChemPlusChem, 2017, 82, 
212-224. 

93. D. R. Carl, B. K. Chatterjee and P. B. Armentrout, Threshold collision-induced 
dissociation of Sr2+(H2O)x complexes (x=1ɀ6): An experimental and theoretical 
investigation of the complete inner shell hydration energies of Sr2+, J. Chem. Phys., 
2010, 132 , 044303. 

94. F. Falvo, L. Fiebig, F. Dreiocker, R. Wang, P. B. Armentrout and M. Schäfer, 
Fragmentation reactions of thiourea- and urea-compounds examined by tandem 
MS-, energy-resolved CID experiments, and theory, Int. J. Mass spectrom., 2012, 
330ɀ332 , 124-133. 

95. B. R. Bzdek, J. W. DePalma, D. P. Ridge, J. Laskin and M. V. Johnston, Fragmentation 
Energetics of Clusters Relevant to Atmospheric New Particle Formation, J. Am. 
Chem. Soc., 2013, 135 , 3276-3285. 

96. J. Laskin, R. P. W. Kong, T. Song and I. K. Chu, Effect of the basic residue on the 
energetics and dynamics of dissociation of phosphopeptides, Int. J. Mass spectrom., 
2012, 330ɀ332 , 295-301. 

97. G. E. Johnson, T. Priest and J. Laskin, Size-dependent stability toward dissociation 
and ligand binding energies of phosphine ligated gold cluster ions, Chem. Sci., 2014, 
5, 3275-3286. 

98. E.-L. Zins, D. Rondeau, P. Karoyan, C. Fosse, S. Rochut and C. Pepe, Investigations 
of the fragmentation pathways of benzylpyridinium ions under ESI/MS conditions, 
J. Mass Spectrom., 2009, 44, 1668-1675. 

99. E.-L. Zins, C. Pepe, D. Rondeau, S. Rochut, N. Galland and J.-C. Tabet, Theoretical 
and experimental study of tropylium formation from substituted benzylpyridinium 
species, J. Mass Spectrom., 2009, 44, 12-17. 

100. K. V. Barylyuk, K. Chingin, R. M. Balabin and R. Zenobi, Fragmentation of 
"ÅÎÚÙÌÐÙÒÉÄÉÎÉÕÍ Ȱ4ÈÅÒÍÏÍÅÔÅÒȱ )ÏÎÓ ÁÎÄ )ÔÓ %ÆÆÅÃÔ ÏÎ ÔÈÅ !ÃÃÕÒÁÃÙ ÏÆ )ÎÔÅÒÎÁÌ 
Energy Calibration, J. Am. Soc. Mass. Spectrom., 2010, 21, 172-177. 

101. A. Scherz, H. Wende and K. Baberschke Fine structure of X-ray magnetic circular 
dichroism for early 3d transition metals, Appl. Phys. A, 2004, 78, 843-846. 

102. J. Bansmann, A. Kleibert, M. Getzlaff, A. F. Rodríguez, F. Nolting, C. Boeglin and K.-
H. Meiwes-Broer, Magnetism of 3d transition metal nanoparticles on surfaces 
probed with synchrotron radiation ɀ from ensembles towards individual objects, 
physica status solidi (b), 2010, 247 , 1152-1160. 

103. J. T. Lau, A. Föhlisch, M. Martins, R. Nietubyc, M. Reif and W. Wurth, Spin and 
orbital magnetic moments of deposited small iron clusters studied by x-ray 
magnetic circular dichroism spectroscopy, New Journal of Physics, 2002, 4, 98. 

104. C. T. Chen, Y. U. Idzerda, H. J. Lin, N. V. Smith, G. Meigs, E. Chaban, G. H. Ho, E. 
Pellegrin and F. Sette, Experimental Confirmation of the X-Ray Magnetic Circular 



Introduction   
 

 

11  

 

Dichroism Sum Rules for Iron and Cobalt, Physical Review Letters, 1995, 75, 152-
155. 

105. B. T. Thole, P. Carra, F. Sette and G. van der Laan, X-ray circular dichroism as a 
probe of orbital magnetization, Physical Review Letters, 1992, 68, 1943-1946. 

106. P. Carra, B. T. Thole, M. Altarelli and X. Wang, X-ray circular dichroism and local 
magnetic fields, Physical Review Letters, 1993, 70, 694-697. 

107. S. T. Akin, V. Zamudio-Bayer, K. Duanmu, G. Leistner, K. Hirsch, C. Bülow, A. 
lÁ×ÉÃËÉȟ !Ȣ 4ÅÒÁÓÁËÉȟ "Ȣ ÖȢ )ÓÓÅÎÄÏÒÆÆȟ $Ȣ 'Ȣ 4ÒÕÈÌÁÒȟ *Ȣ 4Ȣ ,ÁÕ ÁÎÄ -Ȣ !Ȣ $ÕÎÃÁÎȟ 
Size-Dependent Ligand Quenching of Ferromagnetism in Co3(benzene)n+ Clusters 
Studied with X-ray Magnetic Circular Dichroism Spectroscopy, The Journal of 
Physical Chemistry Letters, 2016, 7, 4568-4575. 

108. J. Meyer, M. Tombers, C. v. Wüllen, G. Niedner-Schatteburg, S. Peredkov, W. 
Eberhardt, M. Neeb, S. Palutke, M. Martins and W. Wurth, The spin and orbital 
contributions to the total magnetic moments of free Fe, Co, and Ni clusters, J. Chem. 
Phys., 2015, 143 , 104302. 

109. V. Zamudio-Bayer, R. Lindblad, C. Bülow, G. Leistner, A. Terasaki, B. v. Issendorff 
and J. T. Lau, Electronic ground state of Ni2+, J. Chem. Phys., 2016, 145 , 194302. 

110. S. Schmitt, Berechnung der Magnetischen Anisotropie mit Hilfe von ein- und 
zweikomponentigen dichtefunktionaltheoretischen Rechnungen: 
Weiterentwicklung vorhandener Methoden und Anwendung auf mehrkernige 
Übergangsmetallkomplexe, PhD Thesis, Technische Universität Kaiserslautern, 
2015. 

111. E. M. V. Kessler, S. Schmitt and C. van Wüllen, Broken symmetry approach to 
density functional calculation of zero field splittings including anisotropic exchange 
interactions, J. Chem. Phys., 2013, 139 , 184110. 

112. M. Tombers, J. Meyer, A. Lawicki, V. Zamdio-Bayer, E. K. T. Lau, C. van Wüllen and 
G. Niedner-Schatteburg, Single Molecule Magnetism in Isolation - X-Ray magnetic 
circular dichroism (XMCD) spectroscopy of gaseous [Mn12ac]+, under review in 
Nature - Communications. 

 

 

 

 

 





  
 

13  

 

2 Experimental and Computational Methods  

2.1 Electrospray Ionization  (ESI) 

Electrospray Ionization (ESI) is a widely used method to transfer molecular ions from 

solution into the gas phase1, 2 with minimal fragmentation of the analyte ions. It has 

enabled mass spectrometric investigations on biomolecules3, 4 as well as on transition 

metal (TM) complexes5. ESI ion sources have been continuously advanced in the last 

decades6-8 in order to generate labile non covalent complexes9, 10 or intermediate 

structures from catalytic cycles 11-13.  

 

Scheme 1: Release of charged droplets and ions by the Electrospray 
Ionization (ESI) process14. 

On a fundamental level, ESI proceeds as follows (cf. Scheme 1): An analyte solution flows 

into an ESI capillary (also called spray needle). A power supply generates a strong 

electrostatic field between the capillary and the orifice of the mass spectrometer. This 

electrophoretically separates cations and anions within the solution and leads to the 

formation of a Taylor Cone15, 16 at the exit of the capillary. The tip of the Taylor Cone 

releases charged droplets as soon as the coulomb repulsion between the ions within the 

solution overcomes the surface tension of the solvent. Subsequently, the droplets shrink 

by thermal induced desolvation. Reaching the Rayleigh limit17 the droplets undergo 

Coulomb explosions. Repeating this process, the analyte ions completely desolvate and 

remain as bare free molecular ions in vacuo. ESI-Models18 like the charge residue 

model19, 20 and the ion evaporation model21, 22 describe the desolvation mechanism on a 

qualitative basis. Polar solvents with low boiling points suit the ESI process since they 

stabilize ions and facilitate the desolvation process. 
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2.1.1 Apollo II ESI Source  

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

amazon SL mass spectrometer (cf. chapter 2.2.1) and the customized FRITZ tandem 

mass spectrometer (cf. chapter 2.2.2). An ESI Sprayer (1) houses the spray needle. 

HamiltonTM gas tight syringes serve to inject sample solutions into the spray needle 

through a peek capillary (inner diameter = 0.13 mm). A syringe pump provides a 

constant solution flow rate of 2 µl/min. A constant flow of nitrogen gas (nebulizer 

pressure ~400 mbar; flowrate ~2.5 L/min) along the spray needle supports the 

formation of small aerosol particles in the Spray Chamber (2). An electrostatic field is 

generated by applying a high voltage (4.5 kV ɀ 3.5 kV) on the Spray Shield (3) and 

grounding the spray needle. The Glass Capillary (6) serves as the entrance to the mass 

spectrometer. It is metal coated on both ends (platinum coating). Nitrogen gas heated by 

the Dry Gas Heater (5) (gas temperature ~220 °C) flows in the opposite direction of the 

droplet stream (4 - 6 L/min) and supports the desolvation of the ions. An electrostatic 

potential between the Spray Shield (3) and the Glass Capillary (6) focuses the ion to the 

capillary entrance. An additional electrostatic gradient between the entrance and exit 

coatings of the Glass Capillary (6) guides the charged particles into the vacuum of the 

vacuum of the subsequent instrumentation.  

 

Figure 1: 3D model of the Bruker Apollo II ESI source23.  

  

(1) ESI Sprayer 

(2) Spray Chamber 

(3) Spray Shield 

(4) Waste 

(5) Dry Gas Heater 

(6) Glass Capillary 
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2.1.2 Custom ESI Source  

A custom ESI source24, 25 developed by the research group of Thomas Schlathölter 

(University of Groningen, The Netherlands) is coupled to the NanoClusterTrap 

apparatus (cf. chapter 2.2.3). It consist of a stainless steel spray needle, a stainless steel 

transfer capillary and a home build radio frequency (RF) ion funnel26. HamiltonTM gas 

tight syringes serve to inject the sample solutions into the spray needle through a peek 

capillary (inner diameter = 0.13 mm). A syringe pump provides a constant solution flow 

rate of 2 µl/min. A x,y,z translation stage allows to optimize the position of the spray 

needle for maximum signal intensity. A voltage (3 - 3.5 kV) between the spray needle 

and the transfer capillary generates the electrostatic field needed for the ESI process. 

The transfer capillary is heated by an additional applied voltage of ~11 V to support 

desolvation. After passing the transfer capillary the ions are captured by a home build 

RF ion funnel consisting of 26 ion lenses with declining inner diameters. It operates at a 

frequency of ~250 kHz and peak to peak amplitudes of ~300 V. This alternating RF field 

is overlaid by a static voltage declining from the first to the last lens (120 V to 25 V). 

Passing the ion funnel the ions enter the vacuum of the experimental apparatus for 

further investigations.  

2.2 Mass Spectrometric Instrumentation  

Mass spectrometry is a versatile method allowing for the chemical analysis of gaseous 

ions27-29. It has as its basis the determination of mass-to-charge (m/z) ratios of these 

ions. A huge variety of analytical methods exploit m/z specific interactions of charged 

particles with electric and/or magnetic fields to extract its m/z ratios30. In addition, the 

ions can be trapped31 within the vacuum of the instrument (ion traps). Paul type32 traps 

as well as linear multipoles utilize RF voltages applied on metal rods (linear multipoles) 

or hyperbolic electrodes (Paul trap) to generate an alternating trapping potentials33-37. 

Wolfgang Paul has been awarded the Nobel Prize for Physics38 in honor of this method. 

Fourier Transform Ion Cyclotron Resonance ion traps utilize homogenous magnetic 

fields39-42 to trap the ions. The following chapters provide descriptions of the utilized 

mass spectrometric instrumentation of this work. 
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2.2.1 AmaZonSL Mass Spectrometer  

The modified Bruker amaZonSL mass spectrometer serves to conduct Collision Induced 

Dissociation (CID) and InfraRed Multiple Photon Dissociation (IR-MPD) studies43, 44. It is 

equipped with an Apollo II ESI ion source (cf. chapter 2.1.1) and comprises several 

differentially pumped vacuum chambers (cf. Fig. 2). Gaseous ions exit the transfer 

capillary and enter the first vacuum stage (pressure ~1  mbar). A double arrangement of 

ion lenses with declining inner diameters forms a dual ion funnel. It focuses the 

voluminous ion cloud by combining radio RF and direct current (DC) voltages. The dual 

ÉÏÎ ÆÕÎÎÅÌ ÉÓ ÆÉÔÔÅÄ ȰÏÆÆ ÁØÉÓȱȟ ÉÎ ÒÅÌÁÔÉÏÎ ÔÏ ÔÈÅ ÅØÉÔ ÏÆ ÔÈÅ ÔÒÁÎÓÆÅÒ ÃÁÐÉÌÌÁÒÙȢ "Ù ÔÈÉÓ 

arrangement it blocks the flow of neutral gas molecules from the ESI source, thereby 

providing an optimal vacuum gradient. Two linear RF - octopoles serve to guide the 

focused ions to the final vacuum chamber (pressure ~  10-6 mbar). A Paul type ion trap 

accumulates the ions and allows for their m/z determination and isolation.  

 

Figure 2: Schematic cross section of the Bruker amaZonSL mass spectrometer23. 

The Paul trap is a three dimensional quadrupole ion trap. It consists of a ring electrode 

and two end caps (cf. Fig 3) 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 resulting oscillating 

quadrupolar electric field allows for the accumulation of the ions within the three 

electrodes. Depending on the amplitude of the RF voltage, the field traps ions within a 

wide mass range. An auxiliary dipolar voltage is fed to either the exit cap or both 

end caps of for subsequent ion isolation and fragmentation. It is vital to slow down the 

arriving ions in order to trap them effectively. A proportional integral derivative (PID) 

gas controller maintains a partial Helium buffer gas pressure of ca. 10-3 mbar inside the 
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trap. The ions decelerate by collisions with the He atoms, which allows for their efficient 

trapping. It is possible to accumulate weak signals over an extended period of time. 

Typical accumulation times vary between 0.01 ms and 200 ms.  

 

Figure 3: Schematic cross section of a Paul type ion trap23.  

The motion of ions in an electric field comprises oscillations in both the radial as well as 

the axial direction. The oscillations depend on the m/z ratios as well as on the field 

parameter (voltage, amplitude, frequency etc.). The solutions of the Mathieu equations45 

describe such motions analytically and provide a two dimensional stability diagram, 

which indicates stable orbits of ions within the trap (cf. Fig. 4). An orbit is stable if its 

ÏÓÃÉÌÌÁÔÏÒÙ ÁÍÐÌÉÔÕÄÅÓ ÉÎ ÒÁÄÉÁÌ ÄÉÒÅÃÔÉÏÎ ɉÄÅÓÃÒÉÂÅÄ ÂÙ ÔÈÅ ÐÁÒÁÍÅÔÅÒ ɼr) and axial 

ÄÉÒÅÃÔÉÏÎ ɉÄÅÓÃÒÉÂÅÄ ÂÙ ÔÈÅ ÐÁÒÁÍÅÔÅÒ ɼz) lie between 0 and 1. Other orbits are unstable 

ÁÎÄ ÔÈÅ ÉÏÎÓ ÃÁÎ ÃÏÌÌÉÄÅ ×ÉÔÈ ÔÈÅ ×ÁÌÌÓ ÏÆ ÔÈÅ ÉÏÎ ÔÒÁÐȢ ɼz ÁÎÄ ɼr are inversely 

proportional to the mass of the ions and directly proportional to the RF voltage. In a 

particular field the m/z ratio of an ion determines the stability of its orbit. The axial 

ÍÏÔÉÏÎ ɉɼz) is of primary importance because this is the direction of ion injection and 

ion ejection. In RF only mode (during accumulation of ions) the stability diagram reveals 

a boundary of stability along ÔÈÅ ÌÉÎÅ ɼz = 1. This determines the lowest m/z ratio in the 

particular field, which allows for a stable orbit. All ions exhibiting lower m/z ration have 

unstable orbits. Therefore, the range of m/z ratios that can be stored simultaneously in 

the trap has a lower cut-off that is determined by the RF amplitude at the ring electrode. 

Theoretically, there is no upper limit to the storable mass range. However, for practical 

purposes and thermal reasons, there is an upper limit. This upper limit is about 20ɀ30 
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times the lower cut-off m/z ratio. Ions with an m/z above this limit are not efficiently 

trapped by the RF field. 

 
Figure 4: Stability diagram for ions in a Paul trap36. Oscillation in radial 
ÄÉÒÅÃÔÉÏÎ ÉÓ ÄÅÓÃÒÉÂÅÄ ÂÙ ÔÈÅ ÐÁÒÁÍÅÔÅÒ ɼr and the oscillation axial direction 
ÉÓ ÄÅÓÃÒÉÂÅÄ ÂÙ ÔÈÅ ÐÁÒÁÍÅÔÅÒ ɼz. Stable orbits exhibit 0 Ѕ ɼr, ɼz Ѕ 1.  

Variation of RF voltages in addition to applying DC voltages allows for the continuous 

ejection of the trapped ions under m/z control. The ejected ions are detected by a Daly 

detector46. A scan of ion ejection with various m/z rations yields a mass spectrum 

(MS Scan). Typical scan speeds lie around 32500 (m/z )/s (Ultrascan mode). This mode 

yields resolutions of ~0.3 FWHM / m/z. Isolation of ions with particular m/z ratios is 

possible by applying specific voltages, such that all other ions have instable orbits. A 

subsequent mass scan (MSn scan; n = 2,3, ...) exhibits only the isolated species. 

Several modifications of the amaZonSL mass spectrometer allow for IR-MPD 

experiments: Two pinholes drilled in the ring electrode of the Paul trap create an optical 

path through the center of the ion trap passing the ion cloud (cf. Fig. 5). The holes 

tamper from 6 mm on the outer side to 2 mm on the inner side to limit Helium loss of 

the trap. Associated windows and mirrors have been installed to guide the laser beam 

inside and outside the mass spectrometer. The software of the instrument has been 
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updated to allow for a synchronization of the duty cycle of the mass spectrometer to the 

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

amaZonSL mass spectrometer are available in the PhD thesis of Fabian S. Menges47.  

 

Figure 5: Scheme of the modified ring electrode (RE) of the Paul trap. IR 
laser beams pass the BaF2 windows (W1, W2) and are reflected by two 
mirrors (M1, M2). 
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2.2.2 FRITZ - Tandem Mass Spectrometer  

The customized Fourier Transform-Ion Cyclotron Resonance (FT-ICR)-mass 

spectrometer48-50 Ȱ&2)4:ȱ ɉÃÆȢ &ÉÇȢ 6) serves to conduct temperature controlled IR-(M)PD 

studies. It is based on a Bruker Apex Ultra FT-ICR and is equipped with an Apollo 2 ESI 

source (cf. chapter 2.1.1). An additional Laser VAPorization Source51, 52 (LVAP) stands 

by, but was not utilized in this work. The ESI generated ions are injected into a cryogenic 

hexapole ion trap passing different ion lenses, a 90 degrees ion beam bender and a 

quadrupole mass filter. 

 

Figure 6: 3 D model of the FRITZ setup52. The inset shows a 3 D model of the 
hexapole ion trap. 

The hexapole is cooled by a two stage closed cycle Helium cryostat (Sumitomo SRDK-

101E). Two sensors (LakeShore, CernoxTM) monitor the temperature of both cooling 

stages. Heating resistors (Catridge Heater, Janis Research, R = 50 ɱɊ ÉÎ ÃÏÍÂÉÎÁÔÉÏÎ ×ÉÔÈ 

a temperature controller (LakeShore, model 336) provide a constant temperature of 

26 K for the measurements of this thesis. Lower temperatures up to 11 K are possible. 

Buffer and/or reaction gas can be introduced into the hexapole both pulsed and 

continuously. In this work two continuous gas inlets were used. The pressure is first 

increased by N2 gas from 1.7 x 10-7 mbar up to 3.0 x 10-7 mbar and subsequently 

increased with He gas up to 4.0 x 10-6 mbar to accomplish N2 attachment as well as 

efficient trapping and cooling of the ions. Storage of the ions for a variable time (0ɀ10 s) 
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allows them to react with N2. The product ions are guided by electrostatic lenses into the 

FT-)#2 ÃÅÌÌ ÏÆ ÔÈÅ ȬȬÉÎÆÉÎÉÔÙȭȭ ÔÙÐe53. This cell is cooled at a temperature of about 10 K with 

a two stage closed cycle Helium cryostat (Sumitomo) to prevent heating of the ions by 

black body radiation. Three temperature sensors (LakeShore, CernoxTM) monitor the 

temperature within the ultra  high vacuum region. 

 

Figure 7: Infinity TM type ICR Cell: (1) front trapping plate, (2) excitation 
plate, (3) detection plate, (4) back trapping plate52. 

The ICR cell (cf. Fig. 7) is located in the high field region (7 T) of a superconducting 

solenoid and serves to trap, isolate and mass analyze the ions of interest. It consists of 

six plates. The ions enter the cell through the front plate. The strong magnetic field 

induces Lorentz forces on the ions which lead to a circular ion trajectory within the 

trap54-56. Electrostatic fields applied to the front and back plate serve to trap the ions. A 

RF is applied to the two excitation plates. Frequency sweeps applied to the excitation 

plates accelerate the ions on their trajectory. As a result, their orbits increase while they 

retain their specific cyclotron frequency. Ions passing the two detection plates induce an 

image current. Recording the time dependence of these signals yields a spectrum in the 

frequency domain. Fourier transformation of this data yields a mass spectrum of the 

trapped ions. Frequency sweeps can also be applied to eliminate ions with unwanted 

m/z ratios from the trap and therefore isolate ions of interest. A BaF2 window on the 

backside of the high vacuum chamber and a hole in the back trapping plate of the ICR 

cell provide optical access to the isolated ions in order to conduct IR-(M)PD 

experiments. Further instrumentational details of the FRITZ tandem mass spectrometer 

are available in the PhD thesis of Jennifer Mohrbach52. 
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2.2.3 NanoClusterTrap  

The custom build NanoClusterTrap instrument57-60 (cf. Fig. 8) serves to measure X-ray 

absorption (XAS) and XMCD spectra of isolated TM complexes and clusters. It has been 

build by the groups of Thomas Möller, Bernd von Issendorff and Tobias Lau and is 

located at the UE52-PGM beamline at the BESSY II (Helmhotz Zentrum Berlin) 

synchroton facility. In this work the NanoClusterTrap is coupled with a custom build 

ESI - ion source (cf. chapter 2.1.2) kindly provided by the group of Thomas Schlathölter, 

University of Groningen. 

 

Figure 8: Schematic cross section of the NanoClusterTrap instrument61. The 
ESI ion source is omitted for clarity. 

Gaseous ions of interest are mass selected in a linear quadrupole mass filter (Extrel, 40-

4000 m/z) and transported through several electrostatic lenses into the quadrupole ion 

bender. It bends the ion beam by 90 ° onto the axis of the superconducting solenoid and 

the X-ray propagation direction. The electrostatic lenses compensate for deflection of 

the ions by the stray field of the superconducting solenoid. Passing the ion bender the 

ions are constantly injected into a (liquid helium cooled) linear quadrupole (cf. Fig 9), 

where they are stored for cooling and irradiation by the X-Ray beam. The trap is 

operated between 2 and 4 MHz (~500 V peak to peak voltage) depending on the mass of 

the investigated ions. The quadrupolar electric field of the linear quadrupole focuses the 

ions to the X-Ray beam axis benefitting the overlap between the light and ion cloud. 

Static potential on entrance and exit plate serve for axial ion trapping. Evaporation of 

the liquid Helium (pressure of ~8 x 10-7 mbar within the vacuum chamber) cools down 
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the ion trap to cryo temperatures around 4 K. Collisional cooling of the trapped ions 

leads to thermalized ions at slightely elevated temperatures of ~15 K62 due to RF 

heating. The ion cooling is necessacy to reduce temperature induced orientation 

randomization of the magnetic moments of the investigated species. The ion trap is 

located inside the high field region of a superconducting solenoid (up to 5 - 4.5 T) to 

allign the magnetic moments of the investigated ions to the light pass of the X-Ray beam. 

Accordinglly, all rods and side electrodes of this linear quadrupole are made of non-

magnetic molybdenum. Irradiation of the ions with circularly polarized X-Ray radiation 

from the UE52-PGM beamline (10 - 15 s irradiation time per set photon energy) leads to 

their fragmentation. After Irradiation the parent ions as well as the associated fragment 

ions are ejected from the ion trap into an in line reflectron time of flight mass 

spectrometer (~100 Hz) to record the resulting mass spectra, specifically to record the 

intensity of the X-Ray induced fragments. Further instrumentational details of the 

NanoClusterTrap is available in the PhD thesis of Andreas. Langenberg61.  

 

Figure 9: Schematic drawing of the cryogenically cooled quadrupole of the 
NanoClusterTrap61. It comprises four parallel rods (d = 6 mm, L = 25 cm) 
along with four side electrodes, which increase 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. 
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2.3 Light Sources 

2.3.1 Optical Parametric Oscillator/Amplifier IR Laser Systems  

The wavelength of laser radiation can be converted within non linear optical crystals by 

means of second order non linear optical interaction63. This provides an approach to 

tune the frequency of laser radiation64. Non linear optical process demand very 

intensive and coherent light (laser light) as pump sources, since their frequency 

conversion efficiency is intrinsically low65. An optical parametrical oscillator66 (OPO) 

essentially consists of a non linear optical crystal and an optical resonator (e.g. two 

ÍÉÒÒÏÒÓɊȢ )Ô ÃÏÎÖÅÒÔÓ ÏÎÅ ÅÎÔÅÒÉÎÇ ȰÐÕÍÐ ÐÈÏÔÏÎȱ ÉÎÔÏ Ô×Ï ÐÈÏÔÏÎÓ ×ÉÔÈ ÌÏ×ÅÒ ÐÈÏÔÏÎ 

energies, called signal and idler photons. Changing the incident angle between laser 

beam and crystal surface allows to tune the outgoing signal and idler frequencies by 

phase matching67. An optical parametric amplifier68 (OPA) consists of one or several non 

linear crystals and serves to amplify seeded (tunable) laser light. The generation of 

intensive and tunable laser radiation makes OPO/OPA laser systems extremely useful 

for laser spectroscopic investigations69.  

)Î ÔÈÉÓ ×ÏÒËȟ Ô×Ï ÃÏÍÍÅÒÃÉÁÌÌÙ ÁÖÁÉÌÁÂÌÅ Ȱ$ÅÁÎ 'ÕÙÅÒ ,ÁÓÅÒ6ÉÓÉÏÎȱ /0/Ⱦ/0! )2 ÌÁÓÅÒ 

systems70 enable (two color) IR-(M)PD investigations on isolated TM complexes. The 

laser systems are coupled to the amaZonSL (cf. chapter 2.2.1) as well as the FRITZ 

(cf. chapter 2.2.3) instruments and provide identical frequency conversion schemes 

(cf. Scheme 2 and Figure 10):  

 

Scheme 2: 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 for 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). 
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Figure 10: a) Optical setup of the LaserVision broadband OPO/OPA laser 
system. Lines and arrow indicate the pathway of the incoming and outcoming 
laser beam. b) The inset shows the OPO configuration for the narrowband 
system. 

An injection seeded Nd:YAG laser (Continuum-PL8000; 10 Hz, 540 ɀ 560 mJ/pulse) 

provides intensive fundamental laser radiation pulses at 1064 nm (9394 cm-1) and a 

pulse length of ~7 ÎÓȢ 4ÈÉÓ ÆÕÎÄÁÍÅÎÔÁÌ ÂÅÁÍ ʖ ÐÕÍÐÓ ÔÈÅ /0/Ⱦ/0! ÓÙÓÔÅÍȢ ! ÂÅÁÍ 

ÓÐÌÉÔÔÅÒ ÇÕÉÄÅÓ ÏÎÅ ÔÈÉÒÄ ÏÆ ÔÈÅ ʖ ÐÈÏÔÏÎÓ ÔÏ Á ÐÏÔÁÓÓÉÕÍ ÔÉÔÁÎÙÌ ÐÈÏÓÐÈÁÔÅ crystal (KTP) 

for second harmonic generation65(SHG). The intensity of the fundamentaÌ ÂÅÁÍ ʖ ÃÁÎ ÂÅ 

attenuated by a ʇȾς ×ÁÖÅ ÐÌÁÔÅȢ 4×Ï ʖ ÐÈÏÔÏÎÓ ÏÆ ÔÈÅ ÐÕÍÐ ÂÅÁÍ ÃÏÍÂÉÎÅ ÔÏ ÏÎÅ 

ÐÈÏÔÏÎ ×ÉÔÈ ÔÈÅ ÄÏÕÂÌÅÄ ÆÒÅÑÕÅÎÃÙ ςʖ ɉυσς nm, 18789 cm-1ɊȢ 4ÈÅ ςʖ beam enters the 

/0/ ÒÅÓÏÎÁÔÏÒȢ 4ÈÅ /0/ ÃÏÎÖÅÒÔÓ ÏÎÅ ÅÎÔÅÒÉÎÇ ςʖ ÐÈÏÔÏÎ ÉÎÔÏ Ô×Ï ÐÈÏÔÏns: a signal 1 

and an idler 1 photon. Per definition, the frequency of the signal photon is higher than 

the frequency of the idler photon. The frequency (ὺ) of these photons can be tuned by 

ÖÁÒÙÉÎÇ ÔÈÅ ÉÎÃÉÄÅÎÔ ÁÎÇÌÅ ÂÅÔ×ÅÅÎ ÔÈÅ ςʖ ÂÅÁÍ ÁÎÄ ÔÈÅ ÓÕÒÆÁÃÅ ÏÆ the KTP crystal. The 

photon energy sum of signal 1 and an idler 1 has to be identical to the photon energy of 

ςʖ ɉÃÆȢ eq. 1 and 2) due to energy conservation. 

ςʖ υσς ὲά  ὺ   ὺ   ( 1 ) 

ςʖ ρψχψω ὧά  ὺ   ὺ   ( 2 ) 

A silicon filter blocks the signal 1 beam and the idler 1 beam enters the OPA stage 

consisting of four potassium titanyl arsenate (KTA) crystals. Within the OPA stage the 
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idler  ρ ÂÅÁÍ ÏÖÅÒÌÁÐÓ ×ÉÔÈ Ô×Ï ÔÈÉÒÄÓ ÏÆ ÔÈÅ ÆÕÎÄÁÍÅÎÔÁÌ ÂÅÁÍ ʖȢ "Ù ÔÈÅ /0! ÐÒÏÃÅÓÓ 

ÔÈÅ ʖ ÐÈÏÔÏÎ ÓÐÌÉÔÓ ÉÎ Ô×Ï ÐÈÏÔÏÎÓȟ Á ÓÉÇÎÁÌ ς ÁÎÄ ÁÎ ÉÄÌÅÒ ς ÐÈÏÔÏÎȢ 4ÈÅ ÉÄÌÅÒ ρ ÂÅÁÍ ÉÓ 

amplified by this process since the generated signal 2 photon has the same frequency as 

the idler 1 photon (cf. eq. 3 to 5). Thus the frequency of idler 1 determines the frequency 

of the new photon called idler 2. The intensity of the OPA output can be attenuated by a 

ʇȾς ×ÁÖÅ ÐÌÁÔÅ ÁÎÄ Á ÔÈÉÎ ÆÉÌÍ ÐÏÌÁÒÉÚÅÒȢ 

ὺ   ὺ   ( 3 ) 

ρπφτ ὲά  ὺ   ὺ   ( 4 ) 

ωσωτ ὧά  ὺ   ὺ   ( 5 ) 

The idler 2 and signal 2 beams exhibit different linear polarizations of their electric field 

vectors. A silicon filter tuned to the associated Brewster angle selectively filters out 

either the signal 2 or the idler 2 beam. This provides IR laser light radiation in the 

spectral range of 7400ɀ2200 cm-1 (idler  2: 2200 - 4700 cm-1; signal 2: 4700 - 7400 cm-1). 

Difference frequency mixing71 (DFM) of the idler  2 and signal 2 beams in an AgGaSe2 

crystal generates an new beam, whose frequency (ὺ ) is the difference frequency of 

the idler  2 and signal 2 photons (cf. eq. 6). The DFM process extends the available 

spectral range to 800 - 2200 cm-1. Residual idler 2 and/or  signal 2 photons are filtered 

out by a ZnSe filter. 

ὺ  ὺ   ὺ   ( 6 ) 

The two utilized laser systems differ by their OPO resonators (cf. Fig. 10). The 

ȰÂÒÏÁÄÂÁÎÄȱ /0/ ÃÏÎÓÉÓÔÓ ÏÆ Ô×Ï ÐÏÔÁÓÓÉÕÍ ÔÉÔÁÎÙÌ ÐÈÏÓÐÈÁÔÅ ɉ+40Ɋ ÃÒÙÓÔÁÌÓ ×ÉÔÈÉÎ the 

ÏÐÔÉÃÁÌ ÒÅÓÏÎÁÔÏÒȢ 4ÈÅ ȰÎÁÒÒÏ×ÂÁÎÄȱ /0/ ÃÏÎÓÉÓÔÓ ÏÆ ÏÎÅ ÌÁÒÇÅÒ +40 ÃÒÙÓÔÁÌ ÁÎÄ 

implements a grating within its optical resonator (cf. Fig. 10b). The grating reduces the 

linewidth of the resulting radiation72 enabling a resolution of < 0.3 cm-1 (hence the name 

ȰÎÁÒÒÏ×ÂÁÎÄȱɊȢ 4ÈÅ ÂÒÏÁÄÂÁÎÄ /0/ ÐÒÏÖÉÄÅÓ Á ÓÐÅÃÔÒÁÌ ÒÅÓÏÌÕÔÉÏÎ ÏÆ ͯπȢω cm-1. Both 

lasers are synchronized with each other and the mass spectrometers by a delay 

generator (Stanford Research Systems, DG645). The wavelengths of the OPO outputs are 

calibrated and monitored of by wave meters (Bristol Instruments: 821B-NIR and 

TopticaPhotonics: HighFinesse IRII-WS7). Power detector heads (i.a. gentec-eo. UP-19K-

H5D0) serve to record pulse energies during scanning. The beam profiles of the pump 

lasers are continuously monitored by beam profiler cameras (WinCamD, DataRay Inc) to 

avoid hot spots. 
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2.3.2 X-Ray Synchrotron Radiation @ BESSY II (UE52-PGM Beamline)  

Large scale synchrotron facilities provide very intense and coherent light in a wide 

spectral range73. Brilliant synchrotron X-Ray radiation74 is very useful for various 

analytical and spectroscopic applications75, 76. Electrons are accelerated to relativistic 

energies and transferred into a storage ring. Dipole magnets bend the electron beam 

path into a circular trajectory, due to radial acceleration of the electrons within these 

dipoles. Concurrently the electrons emit characteristic synchrotron radiation, which is 

monochromatized and used for subsequent experiments. Within the straight sections of 

the storage ring ÁÄÄÉÔÉÏÎÁÌ ÉÎÓÔÒÕÍÅÎÔÓ ÃÁÌÌÅÄ Ȱundulatorsȱ provide an additional 

approach to generate synchrotron radiation. Undulators consist of several neighboring 

permanent magnets with alternating polarity. The magnet field accelerates the electrons 

and induces an oscillatory electron motion (cf. Fig. 11), which induces the emission of 

synchrotron radiation. The (tunable) gap between the magnets within the undulator 

determines the emitted photon energy77.  

 

Figure 11: Arrangement of the permanent magnets within an APPLE 278, 79 
(advanced planar polarized light emitter) undulator77. a) Horizontal photon 
polarization. b)  Circular photon polarization. 
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The NanoClusterTrap (cf. chapter 2.2.3) is connected to the UE52-PGM undulator 

beamline at the BESSY II synchrotron facility of the Helmholtz Zentrum in Berlin. An 

APPLE278, 79 (advanced planar polarized light emitter) undulator (cf. Fig. 11) provides 

photons with variable polarization in the soft X-Ray spectral range (85 ɀ 1600 eV). The 

APPLE 2 undulator consists of four rows of permanent magnets of alternating 

polarizations. Al rows can be shifted independently from each other. Depending on the 

arrangement of these magnets the APPLE 2 undulator generates horizontal or circularly 

(left or right handed) polarized X-Ray photons. A grating serves to provide 

monochromatic light with photon fluxes of 1012 photons/s. New electrons are constantly 

injected into the storage ring to compensate electron loss by collisions with the tube or 

ÒÅÓÉÄÕÁÌ ÇÁÓȢ )Î ÔÈÅ ȰÔÏÐ ÕÐȱ ÏÐÅÒÁÔÉÏÎ ÔÈÅ ÓÔÏÒÁÇÅ ÒÉÎÇ ÅØÈÉÂÉÔÓ Á ÃÏÎÓÔÁÎÔ ÃÕÒÒÅÎÔ ÏÆ 

300 mA.  

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

The vibrational fingerprint of a molecule provides vital information to understand its 

structure and reactivity80. Electrospray Ionization Mass Spectrometry (ESI-MS) allows to 

transfer molecular ions into the gas phase (cf. chapter 2.1 and 2.2). Isolation of these 

molecular ions enables their investigation without any solvent influences. However, 

classical absorption spectroscopy methods reach their limits, since the ion density in the 

gas phase is often too low (< 108 cm-3) to observe a light attenuation due to absorption81.  

InfraRed-(Multiple) Photon Dissociation82 (IR-ɉ-Ɋ0$Ɋ ÓÐÅÃÔÒÏÓÃÏÐÙ ÐÒÏÖÉÄÅÓ ÁÎ ȰÁÃÔÉÏÎ 

ÓÐÅÃÔÒÏÓÃÏÐÙȱ ÔÙÐÅ ÁÐÐÒÏÁÃÈ ÔÏ ÒÅÃÏÒÄ ÖÉÂÒÁÔÉÏÎÁÌ ÓÐÅÃÔÒÁ ÏÆ ÉÓÏÌÁÔÅÄ ÍÏÌÅÃÕÌÁÒ ÉÏÎÓȢ 

Absorption of a single or multiple IR photons results in a fragmentation (change of the 

m/z ratio) of the isolated ion, which is detected by a mass spectrometer. IR photon 

energies lie in a range of 10-50 kJ/mol (800 - 4000 cm-1), which is sufficient to break 

noncovalent bonds, e.g. hydrogen bonds83 or messenger tags84, 85. The cleavage of 

stronger (covalent) bonds requires the absorption of multiple IR photons to pump 

enough energy into the molecule86, 87. This makes the usage of coherent and intensive IR 

laser light sources (cf. chapter 2.3) mandatory. 
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Scheme 3: Representation of the non-coherent IR-MPD processes88: A 
resonant IR photon is absorbed by the isolated ion. The additional energy is 
redistributed within the ion by internal vibrational redistribution 89 (IVR). 
This process repeats until the dissociation limit of the ion is exceeded and it 
fragmentizes. The irradiation time is ~ 7 ns (a single IR laser pulse). 

An isolated molecular ion absorbs one IR photon if the photon frequency is in resonance 

with a molecular energy transition (cf. Scheme 3). In the non-coherent IR-MPD model 

internal vibrational redistributio n89 (IVR) rapidly results in dissipation of the additional 

energy into molecular vibrational degrees of freedom. This effectively heats up the 

isolated molecular ion. The original oscillation mode is thereby able to absorb additional 

IR photons. This process repeats until the molecular dissociation threshold is exceeded 

and it fragmentizes. The weakest bond of the ion breaks even if it has not been excited 

directly by the IR laser90, 91, since the absorbed energy is stored in the entire molecular 

ion. The IR-(M)PD fragmentation yield (ὣὺ) is defined by eq. (6). 

ὣ’
ВὍ ’

ВὍ ’ ВὍ ’
 ( 6 ) 

where Ὅ = intensity of the fragment ions and Ὅ= 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 (’). 

IR-(M)PD spectra provide a multitude of information on the isolated ions, which are to 

be compared with quantum chemical calculations to extract valuable structural 

information. In practice, the IR-(M)PD spectra combine with calculated linear absorption 

spectra of geometry optimized energy minimum structures. Note, that the IR-MPD band 
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intensities may not linearly dependent on the laser intensity and the absorption 

intensity of the oscillation mode due to the multi photon process. High dissociation 

thresholds and/or inefficient IVR processes may prevent fragmentation within one laser 

pulse. This may result in undetected vibrational bands92, 93. Utilizing two IR lasers in a 

resonant 2-color (2c)-IR-MPD scheme enhances fragmentation efficiency of 

TM complexes94. The wavelength of the additional laser (IRfix) is set to a fixed frequency 

at resonant absorption, while the second laser scans the IR spectral region (IRscan: 800 -

 4000 cm-1). This scheme allows to investigate isomer populations95, 96 by systematically 

varying the temporal delay between the two laser pulses. 

Within this work, 1c/2c -IR-(M)PD measurements have been performed utilizing the 

modified Bruker amaZonSL mass spectrometer and the FRITZ tandem mass 

spectrometer (cf. chapters 2.2.1 and 2.2.3). 

2.5 Collision  Induced Dissociation (CID)  

Molecular fragmentation induced by collisional activation (CID) has been noticed in the 

form of diffuse peaks in the mass spectra97, 98 since the early days of mass spectrometry. 

With the advancement of mass spectrometers, CID has matured to a standard tandem-

MS method99, 100 for the characterization of organic molecules101 and TM complexes102.  

In the case of a Paul trap (cf. Fig. 12), application of DC voltages (in addition to the 

trapping potentials) accelerate the mass-selected precursor ions on their trajectory. This 

increases the kinetic energy of the ions as well as the number of collisions of the ions 

with the buffer gas (Helium). Inelastic collisions with the Helium atoms transfer the 

additional kinetic energy into intramolecular degrees of freedom103. The transferred 

energy accumulates in the inner degrees of freedom of the molecular ion until its 

dissociation threshold is exceeded and it fragmentizes104. Ionic fragments can be 

detected by the mass spectrometer. The mass of the fragments and the fragmentation 

pathways may yield information about the structure on the precursor ion.  
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Figure 12: Schematic representation of the processes during the CID process 
in a Paul trap. Precursor ions are activated by an acceleration voltage and 
collide with the buffer gas. The precursor ion fragmentizes and forms neutral 
and activated ionic fragments, which decelerate by collisional cooling. 

An additional method to investigate the stability and fragmentation pathways of isolated 

ions is to continuously increase the acceleration voltage while recording the relative 

frequency of the precursor ions and the resulting fragment ions. A corresponding plot of 

the acceleration voltage versus the relative intensity of fragment ion is referred to as a 

CID appearance curve. The DC excitation amplitudes within the laboratory frame 

(%  in V) determine the internal energy scale of the mass spectrometer. Thus, relative 

fragment ion abundances are calculated by eq. (7): 

Ὅ ȢὉ
ВὍ Ὁ

ВὍ Ὁ ВὍ Ὁ
 ( 7 ) 

where Ὅ = intensity of the fragment ions and Ὅ= intensity of the parent ions.  

The amount of energy transfer by inelastic collisions depends on both the mass of the 

ion (ά ) and the mass of the Helium atoms (ά ). Therefore, the excitation amplitude 

(ELAB) is corrected by a center of mass transformation (cf. eq. (8)).  

Ὁ
ά

ά ά
ϽὉ  ( 8 ) 

Note, that the current application of the CID technique by RF excitation in presence of 

ÍÕÌÔÉÐÌÅ ÃÏÌÌÉÓÉÏÎÓ ÒÅÓÕÌÔÓ ÉÎ Á ÓÏ ÃÁÌÌÅÄ ȰÓÌÏ× ÍÕÌÔÉ ÃÏÌÌÉÓÉÏÎ ÈÅÁÔÉÎÇȱ ÍÏÄÅ ÏÆ 

operation105. 
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The CID curves are modeled and fitted by sigmoidal functions (cf. eq. (9)) using a least-

squares criterion. 

Ὅ Ὁ
ρ

ρ Ὡ  
 ( 9 ) 

The %  fit parameter is the excitation 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 excitation amplitude and relative fragment intensities, it is feasible to 

assume, that %  values can be associated to the relative stability of the complex. This 

provides an experimental access to activation energies106-108.  

2.6 X-Ray Absorption and X -Ray Magnetic Circular Dichroism (XMCD)  

Synchrotron facililities provide very intensive and coherent X-Ray synchrotron radiation 

(cf. chapter 2.3.2) for various spectroscopic applications. The element selective X-ray 

Magnetic Circular Dichroism109 (XMCD) spectroscopy allows to investigate magnetic 

properties of isolated TM Complexes and Clusters110-112.  

Resonant as well as non resonant X-Ray photon absorption may excite core shell 

electrons of a given atom113. In this case the atom is part of an investigated molecule. 

Resonant absorption (cf. Fig. 13) excites the core electrons into empty valence states 

ɉȰÖÁÌÅÎÃÅ ÈÏÌÅÓȱɊȟ ×ÈÉÌÅ ÎÏÎ ÒÅÓÏÎÁÎÔ ÁÂÓÏÒÐÔÉÏÎ ÌÅÁÄÓ ÔÏ ÅÌÅÃÔÒÏÎ ÅØÃÉÔÁÔÉÏÎ ÉÎÔÏ ÔÈÅ 

continuum with subsequent ionization of the molecule. Both cases lead to the presence 

of empÔÙ ÃÏÒÅ ÓÔÁÔÅÓ ɉȰÃÏÒÅ ÈÏÌÅÓȱɊȢ %ÌÅÃÔÒÏÎÓ ÏÃÃÕÐÙÉÎÇ ÈÉÇÈÅÒ ÅÎÅÒÇÙ ÓÔÁÔÅÓ ÍÁÙ ÆÉÌÌ ÕÐ 

ÔÈÉÓ ÃÏÒÅ ÈÏÌÅÓ ÂÙ ȰÄÒÏÐÐÉÎÇ ÄÏ×ÎȰ ÉÎÔÏ ÔÈÅ ÅÎÅÒÇÅÔÉÃÁÌÌÙ ÌÏ×ÅÒ ÃÏÒÅ ÓÔÁÔÅÓȢ 

Concurrently, these electrons release the difference energy eigher by photons 

(fluorescence) or auger electrons114.  

 

Figure 13: Resonant X-Ray absorption in an one electron picture115. A core 
electron is excited from the core state ȿ░ἃ into empty valence shell ȿ█ἃ.  
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In the following discussion resonant absorption takes place exclussively by an one 

electron process. In such a case, the time dependent pertubation of the molecule by the 

X-Ray´s electromagnetic field leads to an immediate excitation from the initial ȿὭἃ into 

the final state ȿὪἃ ×ÉÔÈÏÕÔ ÃÒÏÓÓÉÎÇ ÁÎÙ ÉÎÔÅÒÍÅÄÉÁÔÅ ÓÔÁÔÅÓȢ Ȱ&ÅÒÍÉǰÓ 'ÏÌÄÅÎ 2ÕÌÅ .ÏȢ ςȱ 

as derived by Dirac116 describes the transition probability from ȿὭἃ to ȿὪἃ (Tif, cf. eq. 10) 

as well as the X-Ray absorption resonance intensity (Ὅ , cf. Eq. 11) 

Ὕ
ς“

ᴐ
ὪὌ Ὥ ‐‏  ‐  ” ‐  (10) 

Ὅ ὃȿἂὪȿ‭ǶϽὶǶȿὭἃȿ  (11) 

with Ὄ  = interaction Hamiltonian117, ‐ȟ  = energy of the initial and final state, 

” ‐ = density of the final state per unit energy, A = probability factor115, ‭Ƕ= unit photon 

polarization operator and ὶǶ = lenght operator. 

X-ray Magnetic Circular Dichroism ɉ8-#$Ɋ ÉÓ ÄÅÓÃÒÉÂÅÄ ÂÙ Á ÓÔÒÁÉÇÈÔ ÆÏÒ×ÁÒÄ ȰÔ×Ï ÓÔÅÐȱ 

model (cf. Fig. 14):  

1.) The circular polrized X-Ray Photon is absorbed by an electron in a spin-orbit split 

ground state ȿὭἃ (e.g. 2p3/2  and 2p1/2  in the case of L2,3 edges). The angular 

momentum of the photon is transferred partly to the spin of the core electron 

leading to its spin polarization. The spin polarization is opposite for the two core 

levels, since their spin orbit coupling is opposite (l + s and l - s). The quantization 

axis of the excited electrons is identical to that of the photon angular momentum 

(parallel or antiparallel to the X-Ray propagation axis) 

2.) 4ÈÅ ÅØÃÉÔÅÄ ɉÓÐÉÎ ÐÏÌÁÒÉÚÅÄɊ ÃÏÒÅ ÅÌÅÃÔÒÏÎÓ ÔÒÁÎÓÉÔ ÉÎÔÏ ÕÎÅÖÅÎ ÐÏÐÕÌÁÔÅÄ ȰÓÐÉÎ 

ÕÐȱ ÁÎÄ ȰÓÐÉÎ ÄÏ×Îȱ ÖÁÌÅÎÃÅ ÈÏÌÅÓ (e.g. empty 3d orbitals) with different 

transition probabilities. This results in different X-Ray absorption depending on 

the helicity of the circular polarized photons (XMCD). The empty valence holes 

thus act as a detector for the spin polarization of the core electrons. The 

maximum dichroic effect can be detected if the spins of the valence shell are 

alligned to the photon angular momentum (the X-Ray propagation direction). 

Allignment of the spin is achived by an high magnetic field of a superconducting 

solenoid.  
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The angular momentum of the photon is not completely transferred to the core electron 

spin. It is partly transferred into the electron´s angular momentum. This angular 

ÍÏÍÅÎÔÕÍ ÏÆ ÔÈÅ ÅØÃÉÔÅÄ ÅÌÅÃÔÒÏÎ ÉÓ ÁÌÓÏ ȰÄÅÔÅÃÔÅÄȱ ÂÙ ÔÈÅ ÖÁÌÅÎÃÅ ÓÈÅÌÌȟ ÉÆ the valence 

shell exhibits an angular momentum. The spin and orbital contributions to the 

difference in X-Ray absorptions have been derived by Thole and Carra in the form of the 

ȵÓÕÍ ÒÕÌÅÓȰ118, 119. The sum rules have been confirmed experimentally by Chen et al120 

for the L3,2 edges.  

 

Figure 14: Relative transition probabilities for spin up ( ) and spin down ( ) 
electrons from the 2p3/2  (a) and the 2p1/2  (b)  core states upon excitation 
with circularly polarized photons (helicity q = +ᴐ (black) and q = -ᴐ (grey)) . 
The transition probability of spin up ( ) and spin down electrons ( ) switches 
if the photon helicity is reversed113, 115. 

In this work XMCD spectroscopy is on utilized isolated TM complexes via ÁÎ ȰÁÃÔÉÏÎ 

ÓÐÅÃÔÒÏÓÃÏÐÙȱ ÁÐÐÒÏÁÃÈȢ 4ÈÅ .ÁÎÏ#ÌÕÓÔÅÒ4ÒÁÐ ÌÏÃÁÔÅÄ ÁÔ ÔÈÅ "%339 )) ÓÙÎÃÈÒÏÔÒÏÎ 

facility in Berlin (cf. chapter 2.2.3) offers an ion cloud of mass selected complexes. X-Ray 

absorption of the trapped ions induces their fragmentation due to the excess energy. 

The fragment ions can be detected by the mass spectrometric instumentation. Resonant 

X-Ray absorption results in drastically increased fragmentation yields as the absorption 

intensity increases. We gain X-ray absorption spectra by plotting the intensity of the 

fragment ions as a function of the X-Ray photon energy. A GaAs-diode records the X-Ray 

beam intensity from the undulator beamline (cf. chapter 2.3.2), which serves to 

normalize the recorded spectra for photon flux. The spectra were recorded on the Fe 

absorption edges with a spectral resolution of 500 meV at 711 eV and an increment size 
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of 200 meV. For a single data point exhibiting a single photon energy ÔÈÅ ȰÓÉÎÇÌÅ ÓÈot 

ÍÁÓÓ ÓÐÅÃÔÒÁȱ time of flight instrument were added over 10 - 15 s with a frequency of 

80 - 120 Hz. Several spectra for left and right handed circularly polarized light were 

recorded in an alternating manner to generate XMCD spectra. 5 - 6 raw spectra were 

added for both X-Ray polarizations for further analysis. Further details of the XMCD data 

evaluation is available in the PhD thesis of Matthias Tombers115.  

2.7 Density Functional Theory (DFT)  

The interpretation of experimental data significantly benefits from comparisons with 

quantum chemical calculations. A widely utilized approach to calculate molecular 

properties is the Density Functional Theory121-123 (DFT). 

In the 1920´s Thomas and Fermi formulated the basic idea of DFT: All information 

required to calculate the energy E of a molecule (and other properties) is given by the 

electron density ”ὶᴆ of the molecule124, 125. Hohenberg and W. Kohn proved the 

correctness of this idea in the 1960´s via the 1st Hohenberg-Kohn-Theorem126. The 2nd 

Hohenberg-Kohn Theorem proved that the variational principle is applicable to compute 

electron densities providing more accurate results. A significant simplification of the 

energy E minimization by the variational principle was obtained by W. Kohn and L. 

Sham127. They described the energy E as a function of ”ὶᴆ as in eq. (13).  

Ὁ”  Ὕ ”  Ὠὶ ”ὶᴆὠ ὶᴆ
ρ

ς
•ὶᴆ Ὁ ” (13)  

Ὕ ” is the kinetic energy of the system with the electron density ”ὶᴆ. The electron 

density depends on the distance r of the electrons from the nucleus. •ὶᴆ is the Coulomb 

potential and Ὁ ” defines the exchange-correlation energy. 

The electron density corresponds to a normalized wave function of a system with N 

electrons. The Kohn-Sham wave function is a single Slater determinant constructed from 

a set of orbitals that are the lowest energy solutions to the Schrödinger equation (14). ‐ 

indicates orbital energies of corresponding Kohn-Sham orbitals i. The electron density of 

the whole N electron system is defined in eq. 15.  

ᴐ

ςά
ᶯ ὠ ὶᴆ ɮ ὶ ‐ɮ ὶ (14) 
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”ὶᴆ ȿɮ ὶȿ (15) 

Ὕ ” and Ὠ᷿ὶ ”ὶᴆὠ ὶᴆ •ὶᴆ  in eq. (13) are relatively easy to compute, since 

they comprise only one electron or two-electron integrals. Ὁ ” consists of all 

unknown factors and is not negligible. In fact, the approximation of Ὁ ” plays a 

crucial role within DFT and is the main difference in relation to other methods.  

The local spin density (LSD) approach128 approximates Ὁ ” according to eq. 16: 

Ὁ ”  Ὠὶ ”ὶᴆ‐ ”ᴻὶᴆȟ”ᴽὶᴆ  (16) 

‐ ”ᴻ ὶᴆȟ”Ȣ ὶᴆ  describes the exchange-correlation energy per particle in a 

homogeneous electron gas. A distinction is made between the spin up (”ᴻὶᴆ) and spin 

down (”Ȣ ὶᴆ) electron density. The LSD approach is applicable to systems with 

constant electron densities, such as ideal metals. The more the electron density varies, 

the less accurate is this approximation. Gradient-corrected functionals expand the spin 

density according to their gradient.  

Hybrid functionals129, 130 are often used to compute atomic and molecular properties. 

Their exchange terms (cf. eq. 17) consist of exchange terms from Hartree-Fock theory131 

(Ὁ ) and correlation terms originating from DFT (Ὁ ). ὧ  and ὧ are parametric 

prefactors, which are estimated empirically by adjusting the calculated results to 

experimental data (e.g. ionization potentials). 

Ὁ ȟ  ὧ Ὁ  ὧ Ὁ  (17) 

The methodical advancements throughout the years established DFT as a standard tool 

for quantum chemical calculations. It is routinely used by scientists from various fields 

of research.  

  



Experimental and Computational Methods  
 

 

37  

 

2.7.1 Geometry Optimization and Vibrational Frequencies  

The Born-Oppenheimer approximation132 serves to compute the electronic energy of 

molecules with an arbitrary arrangement of N nuclei. The energy is a function of 3N-6 

coordinates (for a molecule with three translational and three rotational degrees of 

freedom) and thus forms a potential energy surface. So called stationary points along 

this energy surface occur, if its first derivative with respect to 3N-6 spatial degrees of 

freedom equals zero. Such stationary points indicate nuclei arrangements (geometries) 

in energetic minima (minima structures) as well as geometries in energy saddle points 

(transition state structures). The second derivatives of the potential energy surface 

discriminate between energetic minima structures and transition state structures: If all 

values of the second derivatives with respect to 3N-6 spatial degrees of freedom are 

positive an energetic minimum structure is reached. Transition state structures are 

indicated by exactly one negative second derivative among positive second derivatives 

with respect to 3N-6 spatial degrees of freedom. The process of finding geometries 

corresponding to the stationary points of the energy surface is called geometry 

optimization. It is usually achieved by iterative methods for energy gradient 

optimization. 

Minima structures represent stable isomers of a molecule, which may also exist in 

experimental environment. Computed molecular properties (e.g. linear absorption 

spectra) can be compared to experimental data to confirm or exclude the existence of 

such isomers. Transition state structures separate adjacent energetic minima along the 

minimum potential energy surface path. Transition state structures are very useful to 

characterize reaction mechanisms (e.g. isomerization processes). 

Vibrational Frequencies  

Geometry optimization of the molecular geometry of a molecule provides structures 

located at stationary points of the potential energy surface. Such structures can be 

analyzed with regards to their vibrational frequencies. Their second derivatives are 

transformed to mass-weighted coordinates and 3N eigenvectors/eigenvalues are 

determined. Rotational and translational motions of the molecule are sorted out and 3N-

6 vibrational modes emerge (or 3N-5 for linear molecules). Vibrational frequencies are 

calculated by these vibrational modes. Minima structures exhibit no negative 



 Experimental and Computational Methods 
 

 38 
 

frequencies as their second derivatives are all positive per definition. Transition state 

structures exhibit exactly one negative frequency (imaginary vibration) since it exhibits 

exactly one negative second derivative. This imaginary vibration corresponds to a force 

constant associated to the motion along the reaction coordinate. 

In the present work all geometry optimizations and frequency calculations have been 

performed using the Gaussian 09133 program package. The usage of basis set as well as 

functionals is addressed individually in the corresponding chapters. The calculations 

were gratefully performed on the computing clusters of the department of the 

Theoretical Chemistry group of Prof. C. van Wüllen. 

2.7.2 Magnetic Couplin gs: Broken Symmetry Approach  

Unpaired electrons within TM complexes give rise to intrinsic magnetic phenomena134 

like a magnetization of the complexes in the presence of an external magnetic field. The 

magnetic interaction between multiple paramagnetic metal centers within one complex 

is usually referred to as magnetic coupling. This magnetic coupling is 

phenomenologically rationalized in terms of model spin Hamiltonians such as the 

isotropic Heisenberg-Dirac-van Vleck (HDvV) Hamiltonian135 in eq. 18. 

Ὄ  ὐ╢░╢▒ (18)  

where Jij are the magnetic coupling constants of metal centers i and j. They govern the 

energy differences between the different spin states. ╢░ and ╢▒ are the total spin 

operators for the metal centers i and j. Ferromagnetic coupling (spins allign parallel) is 

represented by a positive J value while a negative J value indicates antiferromagnetic 

coupling (spins allign antiparallel). The ferromagnetic case presents no problem for DFT 

calculations, as a single Kohn-Sham determinant is readily constructed that describes 

the whole oligonuclear system as good as the corresponding mononuclear species. In 

contrast, the representation of antiferromagnetic couplings demand several 

determinants which are not provided by basic DFT136-138. The Broken Symmetry 

approach139-143 provides a solution to this problem. It permits to localize anti-parallel, 

unpaired spins separately on the metal centers (e.g. A and B) of the system. A Broken 

Symmetry state ‪  is constructed from a single determinant wavefunction that reflects 

the antiferromagnetic coupling, but is of the Ȱ×ÒÏÎÇȱ ÓÐÉÎ ÓÙÍÍÅÔÒÙ ɉÅÑȢ ρωɊȢ  
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‪ ȿɮ ‌ɮ ‍ȿ (19) 

Structures with one spin up electron on atom A and one spin down electron an atom B 

would exhibit regions of positive (atom A) and negative (atom B) spin density. This is 

qualitatively wrong, since proper singlet wavefunctions have zero spin density at each 

point in space. The orbitals (ɮ) in ‪  are optimized by applying the variational 

principle. While ɮ ‌ and ɮ ‍ are orthogonal by their spin parts, they are not 

orthogonally restricted withi n their space parts. 

In the case of multiple magnetic centers it is very difficult to find the eigenfunctions of 

the HDvV Hamiltionan. An Ising model Hamiltonian144, 145 (Ὄ , eq. 20) helps to solve 

this problem. The total spin operators ╢░ are substituted by the associated z-component 

Ὓȟ: 

Ὄ  ς ὐὛȟὛȟ 
(20)  

The eigenvalues of the Ising Hamiltonian and the HDvV Hamiltonian are not identical. 

However it is possible to extract coupling constants (Jij) from energy differences of 

appropriate broken symmetry configurations by assuming that all interactions are 

additive146, 147. A linear system of equations based on the Ising operator serves to 

calculate the coupling constants. 

In the present work Broken Symmtery calculations have been performed using the 

CANOSSA148 program as implemented in a local, customized installation of the 

TURBOMOLE 6.5 programm package149-151. The CANOSSA program was provided by the 

research group of Prof. C. van Wüllen. The usage of basis set as well as functionals is 

addressed individually in the corresponding chapter. 
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