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Abstract 

Nitrido-iron and oxo-iron complexes are important species in manifold biological and industrial 

processes. While nitrido-iron complexes are intermediates in biological and industrial nitrogen fixation, 

oxo-iron complexes are known to be active species in biological oxidation reactions. Therefore, in the 

work presented herein, mononuclear nitrido-iron(V) complexes are studied as well as  a novel oxo-iron 

species  that shows distinct differences when compared to other complexes reported so far. The aim 

of studying the (spectroscopic) properties of those well-defined model systems is to benefit from their 

understanding when more complex systems are investigated, whose exact structures are not known 

in detail. Spectroscopic and theoretical methods are applied that individually provide valuable 

information, but the combination of both facilitates the interpretation of data and permits an even 

more detailed understanding of the systems. Proposed species can be further confirmed or ruled out 

by comparison of their calculated spectroscopic properties with experimental results. 

Azido-iron(III) complexes that serve as precursors for the photolytic formation of nitrido-iron(V) 

complexes are studied in Chapter 4. Absorption bands are assigned to various LMCT-transitions by 

TD-DFT calculations, and bands observed in the visible region are confirmed to originate from azide 

ligand to metal transitions by resonance Raman spectroscopy. It has been assumed that excitation into 

these bands results in the elimination of N2, thereby yielding high-valent nitrido-iron(V) complexes, 

while photolysis with UV-light results in the reductive elimination of an azide radical giving ferrous 

complexes. However, photolysis experiments with visible (470 nm) and UV-light (304 nm) on frozen 

solution Mössbauer samples of [FeIII(N3)cyc-ac]PF6 have shown that both wavelengths result in the 

corresponding nitrido-iron(V) complex, whereas time-resolved IR measurements on fluid solution 

samples performed after photolysis with UV-light (266 nm) have revealed the formation of a ferrous 

species and an azide radical. Upon allowing the frozen solution sample of [FeV(N)cyc-ac]PF6 to thaw it 

immediately decays. Interestingly, the analog complex [FeV(N)TMC-ac]PF6 with methylated cyclam 

ligand obtained by photolysis of frozen solution samples of the parent azido-iron(III) complex 

[FeIII(N3)TMC-ac]PF6 was shown to be stable in liquid solution. However, photolysis of the 

[FeIII(N3)TMC-ac]PF6 complex in liquid solution did not yield the iron(V) complex. The chemoselectivity 

of photolysis is, therefore, found to be more complex than a simple wavelength dependence, with the 

collated data indicating that the state of aggregation determines which photoproducts are observed. 

Previously reported iron(V) complexes and one new tetragonal nitrido-iron(V) species are studied in 

detail in Chapter 5. The first nitrido-iron(V) species reported were five coordinate porphyrin 

complexes, for which an S=3/2 ground state was assumed. The same ground state spin was deduced 

for the first non-heme iron(V) complex [FeV(N)(N3)cyc]+. However, combining the previously published 

spectroscopic data with state of the art calculations led to revised S=1/2 ground state assignment. 

High-level multiconfigurational ab initio calculations have demonstrated, that even though the used 

ligand systems are not genuinely symmetric, the nitrido-iron(V) species exhibit a nearly degenerate 
2B2[(dxy)2(πy

*/dyz)1] ground state separated by only very few hundred wavenumbers from the 
2B1[(dxy)2(πx

*/dxz)1] excited state. 
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In certain transition metal complexes the strong nitrido π-ligand raises the energy of the dxz/dyz-orbitals 

above the dx²-y²-orbital. However, for the studied tetragonal nitrido-iron(V) complexes this is not the 

case, as demonstrated by the calculations that result in a 2B2[(dxy)2(πy
*/dyz)1] ground state and not the 

alternative 2A1[(dxy)2(dx²-y²)1] state. This is in line with the fully consistent interpretation of the 

spectroscopic data assuming a 2B2[(dxy)2(πy
*/dyz)1] ground state. 

EPR spectra for a series of tetragonal nitrido-iron(V) complexes (g3<g2≈g1<ge) are reported here for the 

first time and show unexpectedly small g-values. Spin-Hamiltonian equations are derived for the 

g-values, taking into account the near degeneracy and the high degree of covalency in the studied 

systems. These provide a detailed explanation for the experimental results and demonstrate the large 

impact of low-lying excited states upon the g-values observed. Interestingly, comparison of the 

expected g-values for analogous nitrido- and oxo-iron(V) complexes showed only minor differences. 

The fleeting nature of tetragonal nitrido-iron(V) complexes rendered their reactivity very challenging 

to study. However, it was shown that the tetragonal nitrido-iron(V) complexes [FeV(N)cyc-ac]+ and 

[FeV(N)(N3)cyc]+ decay via a reductive nitrogen coupling mechanism yielding ferrous complexes an 

dinitrogen, which is the microscopic reverse of the Haber-Bosch process. 

A novel oxo-iron(IV) complex [FeIV(O)(NHC)4(EtCN)]2+ was computationally studied and compared to 

previously published oxo-iron(IV) complexes in Chapter 6. While all previously studied tetragonal oxo-

iron(IV) complexes and most other tetragonal oxo-transition metal complexes show the “classical” 

dxy<dxz,dyz<dx²-y²<dz² d-orbital splitting, a dxy<dxz,dyz<dz²<dx²-y² arrangement is found for the 

aforementioned species. The new complex [FeIV(O)(NHC)4(EtCN)]2+ and the complex 

[FeIV(O)(TMC)(MeCN)]2+, which is the most widely studied “classical” system, show a 3A2[(dxy)2(dxz,dyz)2] 

doublet ground state, however, the excited quintet state was shown to be involved in CH-activation 

reactions by oxo-iron(IV) complexes. Notably, the distinct d-orbital splitting results in an 
5B1[(dxy)1(dxz,dyz)2(dz²)1] excited quintet state for the new complex and 5A1[(dxy)1(dxz,dyz)2(dx²-y²)1] excited 

quintet state for the complex [FeIV(O)(TMC)(MeCN)]2+. 

A computational study of hydrogen abstraction reactivity for the complexes [FeIV(O)(NHC)4(EtCN)]2+ 

and [FeIV(O)(TMC)(MeCN)]2+ demonstrated significant differences between the two. While for the 

complex [FeIV(O)(TMC)(MeCN)]2+ and all other existing oxo-iron(IV) complexes the well-established 

concept of two-state reactivity successfully describes the electronic structure in the underlying 

mechanism, this is not the case for [FeIV(O)(NHC)4(EtCN)]2+. More specifically, due to its distinct 

electronic structure of the latter complex in the quintet state, the usual lowest energy 5-pathway for 

hydrogen abstraction reaction is not accessible. Instead, for the [FeIV(O)(NHC)4(EtCN)]2+ complex it was 

shown that the reaction barrier is lowest in the triplet ground state. 
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Nomenclature 

cyc, Cyclam  1,4,8,11-tetraazacyclotetradecane 

cyc-ac, Cyclam-ac 1,4,8,11-tetraazacyclotetradecane-1-acetate 

TMC   1,4,8,11-tetra methyl-1,4,8,11-tetraazacyclotetradecane 

TMC-ac   4,8,11-tri methyl-1,4,8,11-tetraazacyclotetradecane-1- acetate 

TAML tetraamide macrocyclic ligand: 3,3,6,6,9,9-hexamethyl-3,4,8,9-tetrahydro-1H-

1,4,8,11-benzotetraazacyclotridecine-2,5,7,10(6H,11H)-tetraone 

TPP   5,10,15,20-Tetraphenylporphyrin 

TMP   5,10,15,20-Tetramesitylporphyrin 

OEP   2,3,7,8,12,13,17,18-Octaethylporphyrin 
tBuIm   1-tert-butylimidazole 

MeCN   Acetonitrile 

PrCN   Butyronitrile 

DCM   Dichlormethane 

NHC   N-Heterocyclic carbene 

SOMO   Singly occupied molecular orbital 

DOMO   doubly occupied molecular orbital 

HOMO   highest occupied molecular orbital 

DFT   Density Functional Theory 

TD-DFT   Time-Dependent Density Functional Theory 

COSMO   Conductor like screening model 

VDW   Van der Waals 

ZPE   Zero point energy 

BS   Broken Symmetry 

BO   Born Oppenheimer 

SOC   Spin-Orbit Coupling 

CASSCF   Complete Active Space Self-Consistent Field 

NEVPT2   N-electron valence state perturbation theory 

δ   Mössbauer isomer shift in mm s-1 

ΔEQ   Mössbauer quadrupole splitting in mm s-1 

ge   g-Value of the free electron, ge=2.0023 

SH   Spin-Hamiltonian 

LFT   Ligand Field Theory 

EPR   Electron Paramagnetic Resonance 

rR   Resonance Raman 
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1. Introduction 

 

Iron is by its mass the most common element on earth.[1] Besides its typical use as steel, in alloys and 

numerous other everyday life applications, it is a very important metal in biology as the effective site 

in metallo-enzymes.[1-2] Iron compounds do exist in a wide range of oxidation states, from –II to +VI, 

whereas the most common oxidation states are +II and +III.[1] Oxidation states +IV and higher are 

usually considered as high-valent. The scope of this thesis is to study mono nuclear nitrido-iron and 

oxo-iron complexes that appear exclusively in oxidation states +IV or higher and that belong therefore 

to the class of high-valent iron complexes. 

Before in particular the chemistry of nitrido-iron and oxo-iron complexes is briefly reviewed (Chapter 

1.2 and Chapter 1.3), some general properties of transition metal compounds with monoatomic 

ligands relevant for the present study will be discussed. This allows to examine the (electronic-) 

structure and properties of specific iron complexes studied here in a more general chemical context. 

 

 

1.1. Transition Metal Complexes with Monoatomic Ligands 

While metal-ligand multiple bonding is a common feature of early transition metal chemistry in high 

oxidation states, late transition metal complexes with multiple bonds tend to be highly reactive.[3-5] 

The most common multiple bonded monoatomic ligands are the oxo- and nitrido-groups.[4] Since the 

present thesis mainly addresses tetragonal complexes, trigonal species will not be discussed here in 

detail. 

Nitrido- and oxo-ligands can be formally considered as closed-shell N3– and O2- groups. This implies 

that their p-orbitals are filled which makes them strong σ- and π-donor ligands. Multiple bonding to 

the metal is possible by overlap of orbitals with appropriate symmetry. Provided that the d-orbitals 

are not fully occupied, which implies that the metal adopts a higher oxidation state, π-bonding 

between the ligand px/py-orbitals and the dxz/dyz-orbitals of the metal as well as σ-bonding between 

the pz-orbital and the dz²-orbital is possible. The classical example from which the d-orbital splitting of 

tetragonal complexes with strongly donating monoatomic-ligands was derived by Ballhausen and Gray 

is the vanadyl ion [VIV(O)(H2O)5]2+.[6] The classical 1+2+1+1 d-orbital splitting is outlined in Scheme 1.1. 

Typically, the frontier orbitals b2, e*, b1*, a1* have mainly d-orbital character (dxy, dxz/dyz, dx²-y², dz²) while 

the lower-lying a1 and e orbitals in Scheme 1.1 have mainly ligand p-orbital character (pz, px/py). Due 

to the higher charge, higher polarizability and lower effective nuclear charge (lower electronegativity) 

the nitrido-complexes are usually more covalent than the oxo-species.[4,7] The non-bonding b2-orbital 

in Scheme 1.1 has mainly dxy-character, while the b1*-orbital is mainly derived from the metal dx²-y²-

orbital and is σ*-anti bonding with respect to the equatorial ligands. 
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Scheme 1.1: Qualitative MO-diagram for oxo- and nitrido-complexes in C4v-symmetry (X=O,N in the inset).[4] 

This classical description for complexes with mono-atomic ligands is valid for the vast majority of 

reported complexes. However, there do exist some remarkable exceptions. 

For a series of nitrido-manganese and nitrido-chromium complexes is was shown by Wieghardt et al. 

that the e*(dxz,dyz) level is at similar energy as the b*1(dx²-y²) level and the orbital splitting might be 

better described as 1+3+1.[8-10] Bendix et al. have further shown that in the complexes [CrV(N)Cl4]2-, 

[CrV(N)(NCS)4]2-, [CrV(N)(N3)4]2- and two CrVN-species with bidentate 1,3-diphenylpropane-1,3-dionate 

and pyrrolidinedithiocarbamate ligands the 2B1[b2(dxy)b1*(dx²-y²)] transition appears at lower energy 

than the 2E[b2(dxy)e*(dxz/dyz)] transition.[11-13] Hence, due to the strongly donating nitrido-ligand the 

dxz- and dyz-orbitals are higher in energy than the b*1(dx²-y²)-orbital. Appearance of the b*1(dx²-y²)-orbital 

below the e*(dxz-/dyz)-orbitals is further facilitated by weak equatorial ligands.[11-13] How the 

contrasting order of d-orbitals can be attributed to the nitrido-ligand is seen in a comparison of the 

analog complexes [Cr(N)Cl4]2- and [Cr(O)Cl4]-.[11,14-15] While the lowest energy transition in the nitrido-

species at 12887 cm-1 was assigned to the 2B1[b2(dxy)b1*(dx²-y²)] excited state, the lowest energy band 

for the oxo-complex was observed at 13100 cm-1 and assigned to the 2E[b2(dxy)e*(dxz/dyz)] excited 

state. Hence, the oxo-complex is consistent with the d-orbital splitting derived by Ballhausen and Gray, 

while in contrast the nitrido-species does not fit into this “classical” picture. 

Various nitrido- and oxo-complexes will be studied in this work and the discussed differences between 

nitrido- and oxo-ligands can have impact on their electronic structure. It will be further shown for oxo-

iron complexes that by choosing an appropriate equatorial ligand, the energetic order of the dx²-y² and 

dz²-orbitals can be reversed compared to the “classical” energetic order, which will have notable effects 

on the chemical properties of these complexes. 
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1.2. High-Valent Nitrido-Iron Complexes 

Nitrido-iron complexes have attracted attention since these species are assumed to play important 

roles in biological or industrial processes.[16-17] These include nitrogen transfer reactions,[18] synthesis 

of ammonia in biology by the enzyme nitrogenase[19-22] or in its industrial counterpart, the Haber-Bosch 

process.[23-24] Motivated by the complexity of these systems, various low molecular weight model 

compounds have been synthesized during the last decades. The aim is to study their (spectroscopic) 

properties in detail and to benefit from understanding these well-defined compounds when more 

complex systems are investigated whose exact structures are not known in detail. Several 

mononuclear complexes[16-17,25-28] and few dinuclear-complexes[29-31] as well as polynuclear[32-34] 

nitrido-iron species have been reported so far. 

A variety of ligands were explored for mononuclear nitrido-complexes with four-, five-, or six-

coordination on the iron centers resulting in trigonal/tetrahedral,[35-39] square-pyramidal,[40] and 

octahedral coordination geometries.[29,41-45] The most common way to obtain iron-nitrides is by 

photolysis of the parent azido-complex, which oxidizes the metal by two units and is accompanied by 

the elimination of dinitrogen (Scheme 1.2, right).[29,35-36,43,46-47] These photolytic reactions were usually 

performed with light in the visible region. 

 
Scheme 1.2: Oxidative formation of nitrido-iron complexes and reductive formation of iron-
complexes via photolysis of azido-iron precursors, n denotes the formal oxidation state (n=2, 3, 4). 

However, in some cases where light of shorter wavelength was used in the photolysis of azido-iron(III) 

complexes, the formation of iron(II) was observed. This was assumed to result from homolytic Fe-N3 

bond cleavage in the azido-iron(III) precursor, resulting in iron(II) complexes by elimination of an azide 

radical (Scheme 1.2, left).[29,43] 

By photolysis of the parent azido-iron(III) porphyrin complexes at 30K, Nakamoto and Wagner 

obtained a series of nitrido-iron(V) porphyrin complexes in 1988 (see Scheme 1.3, left).[40,46] However, 

the complexes were characterized only by resonance Raman spectroscopy. By comparison with other 

nitrido porphyrin complexes they assumed that the complexes show an S=3/2 ground state and the 

unpaired electrons are, in contrast to analogue oxo-complexes, located on the metal center only. 

It took another decade (until 1999) until in the group of Karl Wieghardt the first non-heme nitrido-

iron(V) complex trans-[FeV(N)(N3)cyc]+ (cyc=cyclam; 1,4,8,11-tetraazacyclotetradecane) was prepared 

by photolysis of a bis-azido iron(III) complex trans-[FeIII(N3)2cyc]+ at cryogenic temperature (see 

Scheme 1.3, center)1.[29] Just one year later the same group published the characterization of an 

nitrido-iron(V) complex [FeV(N)cyc-ac]+ (see Scheme 1.3, right) with a cyclam-derived ligand 

                                                           
1 It should be noted that both isomers trans-[FeIII(N3)2cyc]+ and cis-[FeIII(N3)2cyc]+ were described previously,[29] 
however, in the present work only the trans-species is studied and the prefix trans is omitted in the following. 
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(cyc-ac=1,4,8,11-tetraazacyclotetradecane-1-acetate).[43] For both complexes initially an S=3/2 ground 

state was postulated based on magnetic Mössbauer measurements. However, in a later study it was 

shown that the correct spin ground state of the [FeV(N)cyc-ac]+ complex is S=1/2.[41,45] 

 
Nakamoto 1988[46] Wieghardt 1999[29] Wieghardt 2000[43] 

Scheme 1.3: Structure of the nitrido-iron(V) complexes [FeV(N)TPP], [FeV(N)(N3)cyc]+ and [FeV(N)cyc-ac]+. 

By photolysis of the azido-iron(IV)-complex [FeIV(N3)TMC-ac]2+ (TMC-ac=1-acetate-4,8,11-trimethyl -

1,4,8,11-tetraazacyclotetradecane) it was even possible to obtain the first iron(VI) complex[48] 

[FeVI(N)TMC-ac]2+  besides the ferrate ion [FeVIO4]2- (see Scheme 1.4, left).[49] 

 
 Wieghardt 2006[47] Smith, Meyer 2011[35]  

Scheme 1.4: Structure of the tetragonal nitrido-iron(VI) complex [FeVI(N)TMC-ac]2+ (left) and the 
trigonal nitrido-iron(V) complex [FeV(N)(tBuIm)3BPh]+  that was characterized crystallographically. 

The first pseudo-tetrahedral nitrido-iron(V) complex was synthesized in 2011 (see Scheme 1.4, right). 

This is the only nitrido-iron(V) compound reported so far for which it has been possible to determine 

the crystal structure.[35] Other examples of tetragonal nitrido-iron(V)-complexes are only stable in a 

frozen solvent matrix at cryogenic temperatures.[29,41,43-44] 

All mononuclear nitrido-iron complexes show formal oxidation states between +IV and +VI. Lower 

oxidation states would result in population of orbitals that are anti-bonding with respect to the 

strongly donating nitrido-ligand and are therefore less stable. The nitrido-iron(IV) complexes reported 

so far are of threefold symmetry, diamagnetic, and several of these species were characterized 

crystallographically.[35-37,50] Inspection of the qualitative frontier orbital splitting reveals that in these 

d4-complexes in trigonal symmetry only non-bonding orbitals are occupied (e(dx²-y²,dxy)) level in Scheme 

1.5 left).[16,25,27] In contrast, tetragonal coordination (Scheme 1.5 right) would necessitate the 

occupation of anti-bonding orbitals with at least two electrons which has prevented the synthesis of 

tetragonal iron(IV)-complexes up to now.2 

                                                           
2 It should be noted that in the present chapter mainly the simplified d-orbital labels are used (dxy, dxz, dyz, dx²-y², 

dz²), even in nitrido-iron complexes it is possible that the frontier π* and * orbitals are mainly derived from 
nitrido 2p-orbitals. This will be discussed in detail in Chapter 5.5.2. 
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Scheme 1.5: Typical trigonal (left) and tetragonal (right) ligand fields of nitrido-iron complexes.[16] 

For all tetragonal nitrido-iron(V) complexes (d3) initially a S=3/2 ground state was proposed. For the 

[FeV(N)cyc-ac]+ complex this was later corrected based on further spectroscopic data that revealed a 

S=1/2 spin ground state.[41] 

Considering both possible spin states and the aforementioned circumstance that the b*1(dx²-y²) orbital 

may be shifted below the e*(dxz/dyz) set of orbitals due to the strong nitrido-ligand gives rise to four 

conceivable electronic ground states for tetragonal iron(V) complexes as outlined in Scheme 1.6. 

 

Scheme 1.6: Possible electronic configurations and ground states for a d3-system in C4v symmetry. 

The different ground states then of course result in different properties (reactivity, spectroscopy) for 

these complexes. One goal of this thesis will be to determine the electronic structure and ground state 

of various tetragonal nitrido-iron(V) complexes by a combination of spectroscopic and theoretical 

methods. 

 

The reactivity of trigonal nitrido-iron(IV) complexes was investigated for a number of 

transformations.[25,38,51] It was further shown that one species decays via formation of a FeI-NN-FeI 

dimer.[37,52] For the only trigonal nitrido-iron(V) species (Scheme 1.4 right) the formation of ammonia 

from water was reported.[35] Due to the fleeting nature of tetragonal nitrido-iron(V) complexes (these 

species are only stable in a frozen solvent matrix at cryogenic temperatures) their chemistry is less well 

understood.[29,40-41,43-44,46] The reactivity of the [FeV(N)cyc-ac]+ complex towards CH-activations was 

studied in gas phase, but no reactivity was observed.[53] For the [FeV(N)cyc-ac]+ and [FeV(N)(N3)cyc]+ 

complexes the reaction with phosphine in solution was investigated by time resolved IR-spectroscopy 

on a very short time scale.[54-56] 
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1.3. High-Valent Oxo-Iron Complexes 

Another class of high-valent iron complexes that was investigated in much more detail than the nitrido-

species are oxo-iron complexes. Oxo-iron(IV) complexes and formally oxo-iron(V) complexes have 

been identified in various enzymatic reactions as important intermediates.[57-66] They can be divided 

into heme-systems with porphyrin ligands and non-heme systems. Various reactions including 

halogenation, desaturation, cyclization, epoxidation and decarboxylation are known to involve oxo-

iron complexes.[57,59] However, in most cases where oxo-iron complexes are involved, inert CH-bonds 

are activated by insertion of an oxygen atom resulting in hydroxo species.[57-66] 

Cytochrome P450 that catalyzes the hydroxylation of alkane C-H bonds is a prototypical example for a 

heme-system that was extensively studied experimentally and theoretically.[67-68] Likewise 

mononuclear non-heme iron centers are found in a group of enzymes that also carry out oxidative 

transformations.[69-70] Non-heme oxo-iron(IV) intermediates have been characterized, e.g. for TauD, a 

prototypical α-ketoglutarate-dependent enzyme.[71-73] 

To understand these complex biological reactions, considerable effort has been put towards the 

synthesis of low molecular weight model complexes during the last decades.[16,74] The first high-valent 

oxo-iron complex was synthesized by Groves et al. via oxidation of [FeIII(Cl)(TMP)] (TMP=tetramesityl 

porphyrin) in 1981.[64] This approach resulted in a formally oxo-iron(V) species [FeV(O)(TMP)], however, 

detailed spectroscopic characterization has shown that the complex is better described as iron(IV) with 

a radical on the porphyrin ligand, [FeIV(O)(TMP+•)]. The high-spin iron center (SFe=2) is 

antiferromagnetically coupled to the ligand radical resulting in an overall quartet ground state (S=3/2). 

Since then, a large number of heme oxo-iron complexes have been synthesized, characterized and 

their reactivity explored.[59,62-63] 

The first non-heme oxo-iron(IV) complex [FeIV(O)cyc-ac]+ was reported in 2000 by Wieghardt et al. (see 

Scheme 1.7, left).[43] In 2003 Rohde et al. reported the X-ray crystal structure for the 

[FeIV(O)(TMC)(MeCN)]2+ complex, which represents the first crystal structure for an oxo-iron(IV) 

complex (see Scheme 1.7, right).[75] Many non-heme oxo-iron(IV) complexes have been reported in the 

following decade with tetragonal and trigonal coordination modes that were reviewed recently.[74] 

 
Scheme 1.7: The oxo-iron(IV) complexes [FeIV(O)cyc-ac]+ (left) and [FeIV(O)(TMC)(MeCN)]2+ (right). 

 

Using a tetraamido macrocyclic ligand (TAML), Tiago de Oliveira et al. succeeded in synthesizing a well-

defined non-heme oxo-iron(V) complex in 2007 (see Scheme 1.8, left).[76] Another complex that can be 

described as non-heme oxo-iron(V) has been synthesized recently in the Que group (see Scheme 1.8, 

right).[77] However, its electronic structure is complicated, possibly including a ligand radical. The 

spectroscopic properties notably differ from the TAML-system.[77] 
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Scheme 1.8: The oxo-iron(V) complexes [FeV(O)TAML]– (left) and [FeV(O)(TMC)(NC(O)Me)]+ (right). 

 

The typical d-orbital splitting for oxo-iron complexes is shown in Scheme 1.9. Trigonal non-heme oxo-

iron complexes usually show a S=2 ground state, while those in tetragonal coordination show a S=1 

ground state ([FeIV(O)(H2O)5]2+ is the only exception with S=2).[74] 

 

Scheme 1.9: Typical trigonal (left) and tetragonal (right) ligand fields of oxo-iron complexes.[16] 

Sterically demanding ligands enforce the trigonal bipyramidal 5-fold coordination where the 

e(dxy,dx²-x²)-orbitals are non-bonding. In tetragonal symmetry only the b2(dxy)-orbital is non-bonding 

while the degenerate e(dxz,dyz)-orbitals are anti-bonding. This enforces an intermediate-spin S=1 

ground state and the qualitative ligand field splitting outlined in Scheme 1.9 follows the one derived 

by Ballhausen and Gray for the [VIV(O)(H2O)5]2+ complex.[6] 

 

It should be noted here, while a large number of tetragonal oxo-iron(IV) complexes were synthesized 

in the last decade that are stable in solution for spectroscopic and kinetic measurements and several 

X-ray structures were determined, tetragonal nitrido-iron(IV) complexes remain elusive so far.[16,74] The 

reason can be found in the moderately covalent Fe-O bond while the Fe-N bond is very strong and 

covalent. Therefore, in the nitrido-species the π*(dxz/dyz)-orbitals are pushed up in energy compared 

to oxo-complexes which prevents occupation of these orbitals with electrons. This leads to the general 

conclusion that the formation of nitrido-complexes requires higher oxidation states on the metal 

center than it is necessary for the formation of oxo-complexes. 
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1.3.1. CH-Activation by Non-Heme Oxo-Iron(IV) Complexes 

One of the key roles for oxo-iron(IV) complexes in biology is the oxidation of CH-bonds, yielding 

alcohols and an iron(II) moiety.[16,57,62,78] It was shown in experimental and theoretical studies for the 

heme-system Cpd I that the reaction is initiated by a rate-determining hydrogen abstraction, followed 

by rebound of the organic radical with the hydroxo-group which results in formation of an alcohol (see 

Scheme 1.10).[67,79-81] Further evidence was found, that non-heme oxo-iron(IV) species undergo the 

same reaction mechanism.[57,78,82-84] 

 
Scheme 1.10: Proposed reaction mechanism for CH-bond oxidation by oxo-iron(IV) complexes. 

The hydrogen-abstraction and oxygen-rebound mechanism was also investigated in detail 

computationally and these studies further confirm the hydrogen-abstraction as the rate determining 

step.[67-68,84-95] 

Some theoretical aspects of the hydrogen abstraction by tetragonal non-heme oxo-iron(IV) complexes 

will be briefly reviewed here to facilitate the association of results from the present work with previous 

results. 

One of the fundamental outcomes from computational studies on the hydrogen abstraction by 

tetragonal oxo-iron(IV) complexes was that the barrier for hydrogen abstraction is lowest in the quintet 

state (S=2), while all investigated model complexes show a triplet ground state (S=1).[88] That states of 

different multiplicity than the starting molecules can be involved in chemical reactions was already 

proposed by Shaik and Schwarz in their pioneering work on gas-phase reactions between bare FeO+ 

and H2.[96-97] Since hydrogen abstraction by oxo-iron(IV) complexes were found to proceed via crossing 

of potential energy surfaces of different multiplicity (S=1 and S=2) this principle was termed “two-

state-reactivity”.[86,89,91,97] 

However, besides different spin states there is another level of complexity. The iron center is reduced 

from iron(IV) to iron(III) by transfer of an hydrogen atom which can follow a so called σ-pathway or 

alternatively a π-pathway.[91,93] The different possibilities are best described by electron-shift-diagrams 

as outline in Scheme 1.11.[86,89,91,93,98-100] 

In the π-pathway a spin-down electron is transferred from the substrate CH-bond (σCH) into the 

π*-orbital of the FeO-moiety.[86,91,101] The π*-orbital is anti-bonding between a metal dxz/dyz-orbital and 

a 2px/py-orbital of the oxo-ligand (π* orbitals in Scheme 1.1). This results in a σOH-bond formed by an 

oxygen px/py-orbital and the hydrogen s-orbital which is accompanied by decrease of the formal Fe-O 

bond order. An unpaired spin-up electron remains on the substrate and one π*-orbital (dxz/dyz) is 

doubly occupied following electron transfer, since in the triplet and quintet state of the oxo-iron(IV) 

complex these orbitals are already singly occupied (see Scheme 1.11).[86,88-89,98-100,102-104] 
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Scheme 1.11: Electron-shift-diagram for σ- and π-pathways in the triplet (left) and quintet (right) state. 

In the σ-pathway, a spin-up electron is shifted from the CH-bond (σCH) to the metal σ*-orbital that is 

mainly derived from the dz²-orbital which forms an anti-bonding orbital with the oxygen pz-orbital (* 

in Scheme 1.1). In this case a spin-up electron is transferred from the substrate into the vacant 

dz²-orbital, resulting in a spin-down electron on the substrate.[86,88-89,98-100,102-104] 

Closer inspection of the involved orbitals explains some details of the geometric structures of the σ- 

and π-transition states. In the π-pathway, a sideways approach of the substrate to the metal results in 

best overlap between the σCH- and π*(dxz/dyz)-orbitals (Scheme 1.12 left). However, due to steric 

effects the Fe-O-H bond angle is usually found to be slightly above 90°. For the σ-pathway maximum 

overlap between the σCH- and σ*(dz²)- orbitals is achieved by adopting a linear Fe-O-H-angle (Scheme 

1.12 right).[86,88-89,98-100,102-104] 

 
Scheme 1.12: Schematic overlap of substrate and FeO orbitals on the π- and σ-pathway. 

For all non-heme oxo-iron(IV) complexes studied computationally so far, the 5σ-pathway was found to 

be lowest in energy, despite the fact that nearly all synthetic model complexes show a triplet ground 

state.[86,88-89,100,104] This high-spin pathway is described as exchange enhanced.[104] Exchange 

interactions are related to Hund’s rule in the sense that a state is lowest in energy for which the 

number of unpaired electrons reaches its maximum.[105] As can be seen in Scheme 1.11, the largest 

number of unpaired electrons can be found for the 5σ-pathway in agreement with computational 

results, which have indeed identified this possibility as the lowest energy pathway.[86,88-89,98-100,102-104]  

While in earlier computational studies only the 5σ- and 3π-pathways were investigated,[86,88-89,100,106-107] 

in few more recent studies reaction channels via the 3σ- and 5π-pathways were also explored.[87,91,93] 

These studies show that in general the reactivity for all viable pathways is:[87,91,93] 

5σ > 3π  5π > 3σ 
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2. Physical Methods 

 

A variety of physical methods is applied in the present thesis work, including EPR-, Mössbauer-, 

resonance Raman, IR- and Absorption-spectroscopy that are well described in various text books. For 

EPR-[108-111], Mössbauer[112-114] and resonance Raman-spectroscopy[114-116] a brief introduction is given 

here which is meant to make the interpretation of presented spectroscopic data more 

comprehensible.  

 

 

2.1. Electron Paramagnetic Resonance Spectroscopy (EPR) 

Electron Paramagnetic Resonance spectroscopy (EPR-spectroscopy) probes the absorption of 

microwave radiation by a paramagnetic species in an applied magnetic field.  

Different energy states for paramagnetic species 

arise from the interaction of the unpaired electron 

spin moment with the magnetic field. This so called 

electronic Zeeman-effect is illustrated in Figure 2.1 

for an S=1/2 system, in the simplest case this might 

be a free electron. The ms=±1/2 levels that are 

degenerate without applied magnetic field are often 

described as α and β. Application of a magnetic field 

lifts the degeneracy and the splitting can be 

described by the electronic Zeeman Hamiltonian that 

depends on the magnetic field strength (𝐵), the 

electron Bohr magneton (𝛽), the electron spin operator (�̂�) and the g-value (𝑔): 

�̂� = 𝑔𝛽𝑩�̂� 2.1 

The g-value or spectroscopic splitting factor for a free electron (ge) is 2.0023, however, for electrons in 

a molecule or ion it can strongly deviate from this value. The energy separation between the two states 

that arise by application of a magnetic field as indicated in Figure 2.1 is: 

∆𝐸 = 𝑔𝛽𝑩 2.2 

EPR-experiments are usually carried out at fixed microwave frequency while the magnetic field is 

varied. Microwave absorption is observed, when the resonance condition given by Equation 2.2 is 

fulfilled. 

 
 
Figure 2.1: Splitting of the ms=±1/2 levels by 
application of a magnetic field. 
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Absorption of microwave radiation by paramagnetic species can strongly depend on the orientation of 

the complex in the magnetic field and the g-value is therefore anisotropic. Detailed information about 

the electronic structure can be obtained from the g-value, and further information can be gained from 

hyperfine coupling, which results from interactions of the electron spins with the nuclear spin of one 

or several atoms. In the following sections a brief review about the Spin-Hamiltonian for calculating 

the g-value will be given, which will be applied in detail in Chapter 5.6. 

 

2.1.1. The Spin-Hamiltonian 

One of the most important tools in analyzing and understanding spectroscopic data, e.g. from EPR-

spectroscopy is the concept of spin-Hamiltonian. Originally it was developed by M. H. L. Pryce “for a 

problem in paramagnetism”,[117-118] more precisely for explaining the g-values and the temperature-

independent paramagnetism of ions in a crystal. However, it was extended and can be used in various 

other spectroscopic methods e.g. nuclear magnetic resonance (NMR) and nuclear quadrupole 

resonance (NQR) spectroscopy. The spin-Hamiltonian allows to parameterize the experimental results 

in a simple, unified way without any explicit reference to the geometric and electronic structure of the 

studied system.[119-120] Spin-Hamiltonian expressions (sometimes with solely empirical relations) are 

used to fit experimental spectra to obtain for example g-values, hyperfine-, zero-field- or quadrupole-

splitting. However, these data can be interpreted in detail with an appropriate theoretical model.[119-

120] The spin-Hamiltonian is a special case of an effective-Hamiltonian, it only contains spin degrees of 

freedom besides some numerical parameters that can be obtained from the experimental data.  

The spin-Hamiltonian that describes the interaction of various magnetic dipole moments (that result 

from the spin of an electron or nucleus) with the external magnetic field and between each other can 

be written as:[119-120] 

�̂�𝑠𝑝𝑖𝑛 =  𝛽𝑩𝒈�̂� + �̂�𝑫�̂� + ∑ �̂�𝑨(𝑨) 𝐼(𝐴)
𝐴

− 𝛽𝑁𝑔𝑁
(𝐴)𝐼(𝐴)𝑩 2.3 

The first term describes the electronic Zeeman-effect, the interaction of the electron spin with the 

external magnetic field. The second term describes the zero-field splitting (ZFS) which occurs only for 

systems with S > ½. It result from magnetic interaction of unpaired electrons and can be observed 

without the application of a magnetic field. The magnetic moments of the electrons can interact with 

the nuclear spin magnetic moment (which results in the hyperfine coupling in EPR spectra) and is 

considered by the third term. The interaction of the nuclear spin magnetic moment with the external 

magnetic field is considered in the fourth term. The interaction of the nuclear spins (which can be 

observed in NMR spectroscopy) as well as the nuclear quadrupole interaction are neglected here due 

to their limited relevance in EPR-spectroscopy. 

Since in this work only the g-values of systems with on unpaired electron are studied in detail, it will 

be focused on the g-values in this brief introduction that is based on various text books and 

publications.[108,119-124] 
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2.1.2. The g-Value 

In most paramagnetic compounds, the g-values deviate from the g-value of the free electron 

(ge=2.0023). This occurs to varying degree due to the coupling of the electronic spin to the orbital 

momentum. General spin-Hamiltonian equations for the g-values are derived here and will be refined 

for the systems studied in this work. 

The g-tensor contains four main contributions and can be written as (𝜇, 𝜈 = 𝑥, 𝑦, 𝑧):[119-120] 

𝑔𝜇𝜈 = 𝑔𝜇𝜈
(𝑆𝐵)

+ 𝑔𝜇𝜈
(𝑅𝐶𝑀)

+ 𝑔𝜇𝜈
(𝐺𝐶)

+ 𝑔𝜇𝜈
(𝑂𝑍 / 𝑆𝑂𝐶)

     ≈ 𝛿𝜇𝜈𝑔𝑒 + 𝑔𝜇𝜈
(𝑂𝑍/𝑆𝑂𝐶)

 2.4 

The first two terms result from the product of the spin magnetic moment and the magnetic field, the 

first one is the spin-Zeeman term and it can be shown that 𝑔𝜇𝜈
(𝑆𝐵)

= 𝛿𝜇𝜈𝑔𝑒 where ge is the g-value of 

the free electron.[119-120] The second contribution is the relativistic mass correction which is usually 

small and can be neglected. [119-120] The third term 𝑔𝜇𝜈
(𝐺𝐶) arises from the gauge correction to the spin-

orbit coupling. It is of the same order and most times of opposite sign of the 𝑔𝜇𝜈
(𝑅𝐶𝑀)

 term and can be, 

therefore, neglected. The most important terms that affect the deviation of the g-value from ge are 

the orbital Zeeman and spin-orbit coupling (SOC) terms, summarized in 𝑔𝜇𝜈
(𝑂𝑍 / 𝑆𝑂𝐶)

. 

The effective operator for the SOC is usually written as[119-120] 

�̂�𝑆𝑂 = ∑  𝐴 ∑ 𝜉(𝑟𝑖𝐴)𝒍𝒊
𝑨𝒔𝒊𝑖   2.5 

where the function 𝜉(𝑟𝑖𝐴) is  

𝜉(𝑟𝑖𝐴) =
𝛼2𝑍𝑒𝑓𝑓

𝐴

2 𝑟𝑖𝐴
3   2.6 

Here, A runs over all nuclei, i over all electrons and  𝑟𝑖𝐴  is the distance between electron i and nuclei 

A. The effective nuclear charges 𝑍𝑒𝑓𝑓
𝐴  are semi-empirical parameters that need to be determined from 

experimental results or calculations. 

The orbital Zeeman-effect can be described by the effective Hamiltonian 

�̂�𝑂𝑍 = ∑ 𝑩𝒍𝒊𝑖   2.7 

It shall be mentioned here, that this is not the actual Zeeman-operator which is 

�̂�𝑍𝑒 =  𝛽𝑩∑(𝒍𝒊 + 𝑔𝑒𝒔𝒊)

𝑖

 2.8 

 

Following McWeeny[125-127] it is possible to express the spin-Hamiltonian on a way that it contains the 

effect of the magnetic perturbations and the interaction of the ground state magnetic sublevels with 

the excited states up to second order.[119-120] If then further Equation 2.5 and 2.7 are used, it is possible 

to express the g-value as: 
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𝑔𝜇𝜈
(𝑂𝑍 / 𝑆𝑂𝐶)

= −
1

𝑆
∑ 𝛥𝑏

−1 {< 0𝑆𝑆| ∑𝑙𝑖𝜇  |𝑏𝑆𝑆 >< 𝑏𝑆𝑆| ∑𝜉(𝑟𝑖𝐴)𝑙𝑖𝜈
𝐴 𝑠𝑖𝑧

𝑖,𝐴

| 0𝑆𝑆 > 

𝑖𝑏 (𝑆𝑏=𝑆)

 

+< 0𝑆𝑆|∑𝜉(𝑟𝑖𝐴)𝑙𝑖𝜇
𝐴 𝑠𝑖𝑧

𝑖,𝐴

 |𝑏𝑆𝑆 >< 𝑏𝑆𝑆|∑𝑙𝑖𝜈
𝑖

 | 0𝑆𝑆 >} 

2.9 

Here, S is the total spin of the ground state and Δ𝑏
  is the excitation energy into state b. In deriving this 

equation, it can be seen that only excited states of the ground state multiplicity have to be considered 

(which is different e.g. in analogue equations for the ZFS).[119-120] To evaluate this term the states 

|𝑏𝑆𝑆 > with 𝑀 = 𝑆 have to be known and the matrix elements of the angular momentum and the SOC 

operator between the ground and excited states have to be calculated. In principle, the sum runs over 

an infinite number of excited states but usually only very few excited states have to be considered. 

It is assumed here, that the ground state with total spin S can be described by a single normalized 

Slater determinant with n doubly and m singly occupied MOs. This can be written as (a bar over the 

orbital indicates that it is occupied by a spin down electron, without a bar it is occupied by a spin-up 

electron) 

|𝑂𝑆𝑆 > = |𝜓1�̅�1𝜓2�̅�2 . . . 𝜓𝑛�̅�𝑛𝜓𝑂1  . . . 𝜓𝑂𝑚| 2.10 

Analog to that, excited states will be represented by many electron wave functions of single 

configuration type. The excitation of an electron from a doubly occupied orbital (DOMO) into one of 

the singly occupied orbitals (SOMO) will result in the many electron wave function: 

|𝐼
𝑖

𝑂𝑗𝑆𝑆 > = |𝜓1�̅�1 . . . 𝜓𝑖�̅�𝑂𝑗  . . . 𝜓𝑛�̅�𝑛𝜓𝑂1 . . .  𝜓𝑂𝑚| 
2.11 

And the excitation from a singly occupied orbital (Oi) into an empty orbital (a) results in: 

|𝐼𝐼𝑂𝑖
𝑎 𝑆𝑆 > = |𝜓1�̅�1 . . . 𝜓𝑛�̅�𝑛𝜓𝑂1 . . . 𝜓𝑎  . . . 𝜓𝑂𝑚| 2.12 

Other excitations, e.g. from a doubly occupied orbital into an empty orbital do not affect the g-value 

and will not be considered here.[119-120] 

Making use of the Wigner-Eckart theorem[119,128] gives for the SOC matrix elements of DOMO to SOMO 

excitations 

< 0𝑆𝑆| ∑𝜉(𝑟𝑖𝐴)𝑙𝑖𝜈
𝐴 𝑠0,𝑖

𝑖,𝐴

 |𝐼
𝑖

𝑂𝑗
𝑆𝑆 > = −

1

2
 < 𝜓𝑖|∑𝜉(𝑟𝐴)𝑙𝜈

𝐴

𝑖

|𝜓𝑂𝑗  > 2.13 

and for SOMO to empty orbital excitations 

< 0𝑆𝑆| ∑𝜉(𝑟𝑖𝐴)𝑙𝑖,𝜇
𝐴 𝑠0

𝑖,𝐴

 |𝐼𝐼𝑂𝑖
𝑎 𝑆𝑆 > = +

1

2
 < 𝜓𝑂𝑖|∑𝜉(𝑟𝐴)𝑙𝜇

𝐴

𝑖

|𝜓𝑎 > 2.14 

 

It shall be noted here, that the two classes of excitations result in different signs of the spin-orbit 

coupling matrix elements due to rules, that were first formulated by Slater.[129-130] Inserting Equations 

2.13 and 2.14 in Equation 2.9 then results in 



Physical Methods 15 
 

  

  

𝑔𝜇𝜈
(𝑂𝑍 / 𝑆𝑂𝐶)

= +
1

2𝑆
 ∑ ∑  

𝑂𝑗 (𝑠𝑖𝑛𝑔𝑙𝑦)

𝛥
𝐼𝑖
𝑂𝑗
−1 {𝐿2𝜇

𝑖 𝑂𝑗
𝐿1𝜈
𝑖 𝑂𝑗
+ 𝐿1𝜇

𝑖 𝑂𝑗
𝐿2𝜈
𝑖 𝑂𝑗
}

𝑖 (𝑑𝑜𝑢𝑏𝑙𝑦)

  

−
1

2𝑆
 ∑ ∑  

𝑂𝑗 (𝑠𝑖𝑛𝑔𝑙𝑦)

𝛥𝐼𝐼𝑂𝑗
𝑎

−1 {𝐿2𝜇
𝑂𝑗 𝑎
𝐿1𝜈
𝑂𝑗 𝑎

+ 𝐿1𝜇
𝑂𝑗 𝑎
𝐿2𝜈
𝑂𝑗 𝑎
}

𝑎 (𝑒𝑚𝑝𝑡𝑦)

 

2.15 

Or with Equation 2.4, the g-values can be calculated by 

𝑔𝜇𝜈 = 𝛿𝜇𝜈𝑔𝑒  +
1

2𝑆
 ∑ ∑  

𝑂𝑗 (𝑠𝑖𝑛𝑔𝑙𝑦)

𝛥
𝐼𝑖
𝑂𝑗
−1 {𝐿2𝜇

𝑖 𝑂𝑗
𝐿1𝜈
𝑖 𝑂𝑗
+ 𝐿1𝜇

𝑖 𝑂𝑗
𝐿2𝜈
𝑖 𝑂𝑗
}

𝑖 (𝑑𝑜𝑢𝑏𝑙𝑦)

−
1

2𝑆
 ∑ ∑  

𝑂𝑗 (𝑠𝑖𝑛𝑔𝑙𝑦)

𝛥𝐼𝐼𝑂𝑗
𝑎

−1 {𝐿2𝜇
𝑂𝑗 𝑎
𝐿1𝜈
𝑂𝑗 𝑎

+ 𝐿1𝜇
𝑂𝑗 𝑎
𝐿2𝜈
𝑂𝑗 𝑎
}

𝑎 (𝑒𝑚𝑝𝑡𝑦)

 

2.16 

where the integrals of the reduced SOC-operator are written 

𝐿1 𝜇
𝑖 𝑗
= < 𝜓𝑖  |  ∑𝜉(𝑟𝐴) 𝑙𝜇

𝐴

𝐴

| 𝜓𝑗 > 2.17 

and the orbital-Zeeman integrals 

𝐿2 𝑝
𝑖 𝑗
= < 𝜓𝑖  | 𝑙𝑝

𝐴 | 𝜓𝑗 > 2.18 

To calculate the g-values with the help of Equation 2.16, knowledge about the excitation energies (Δn) 

is needed. These can be obtained e.g. from absorption spectroscopy. Furthermore, it is necessary to 

compute orbital Zeeman and SOC-matrix elements between molecular orbitals (MOs) which can be 

quite complicated. Within the framework of ligand field theory the orbitals are expressed by a linear 

combination of metal d- and ligand orbitals. 

| 𝜓𝑖 > =  𝛼𝑖  |𝑑𝑖 > + 𝛽𝑖  |𝐿𝑖 >  =  𝛼𝑖  |𝑑𝑖 > + √1 − 𝛼𝑖
2 |𝐿𝑖 > 2.19 

Where 𝑑𝑖  is a metal d-orbital, 𝐿𝑖 are ligand orbitals of appropriate symmetry to overlap with the metal 

orbital and 𝛼𝑖 and 𝛽𝑖 are MO-coefficients of the metal and ligand orbitals, respectively. 

Different approximations can be made in the evaluation of spin-orbit-coupling and orbital Zeeman 

matrix elements when molecular orbitals are used as briefly outlined on the following pages. 
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Spin-orbit coupling matrix elements 

Calculation of the reduced SOC matrix elements (operator 2.17) between molecular orbitals (Equation 

2.19) results in  

𝐿1 𝜇
𝑖 𝑗
≈ < 𝜓𝑖|  ∑𝜉(𝑟𝐴) 𝑙𝜇

𝐴

𝐴

|𝜓𝑗 >  

         =  𝛼𝑖𝛼𝑗 < 𝑑𝑖|  ∑𝜉(𝑟𝐴) 𝑙𝜇
𝐴

𝐴

|𝑑𝑗 > + 𝛼𝑖𝛽𝑗 < 𝑑𝑖|  ∑𝜉(𝑟𝐴) 𝑙𝜇
𝐴

𝐴

|𝐿𝑗 >  

                                                + 𝛼𝑗𝛽𝑖 < 𝐿𝑖|  ∑𝜉(𝑟𝐴) 𝑙𝜇
𝐴

𝐴

|𝑑𝑗 > + 𝛽𝑖𝛽𝑗 < 𝐿𝑖|  ∑𝜉(𝑟𝐴) 𝑙𝜇
𝐴

𝐴

|𝐿𝑗 > 

2.20 

Several approximations can be made to simplify this term. Equation 2.6 shows, that the SOC-operator 

𝜉(𝑟𝑀) is depending on 𝑟𝑀
−3. Therefore, those terms that include ligand and metal orbitals (multi center 

terms) can be neglected. If then the SOC by only one specific ligand atom (L) is considered, and in the 

last step multi center terms are neglected again one obtains: 

𝐿1 𝜇
𝑖 𝑗
≈ < 𝜓𝑖|  ∑𝜉(𝑟𝐴) 𝑙𝜇

𝐴

𝐴

|𝜓𝑗 >  

        ≈  𝛼𝑖𝛼𝑗 < 𝑑𝑖| ∑ 𝜉(𝑟𝐴) 𝑙𝜇
𝐴

𝐴 |𝑑𝑗 > +  𝛽𝑖𝛽𝑗 < 𝐿𝑖| ∑ 𝜉(𝑟𝐴) 𝑙𝜇
𝐴

𝐴 |𝐿𝑗 >   

        = 𝛼𝑖𝛼𝑗 < 𝑑𝑖|𝜉(𝑟𝑀) 𝑙𝜇
𝑀 + 𝜉(𝑟𝐿) 𝑙𝜇

𝐿|𝑑𝑗 > + 𝛽𝑖𝛽𝑗 < 𝐿𝑖|𝜉(𝑟𝑀) 𝑙𝜇
𝑀 + 𝜉(𝑟𝐿) 𝑙𝜇

𝐿|𝐿𝑗 >   

        ≈  𝛼𝑖𝛼𝑗 < 𝑑𝑖|𝜉(𝑟𝑀) 𝑙𝜇
𝑀|𝑑𝑗 >  +  𝛽𝑖𝛽𝑗 < 𝐿𝑖| 𝜉(𝑟𝐿) 𝑙𝜇

𝐿|𝐿𝑗 >  

 

 

 

2.21 

Most times, the ligand SOC is much smaller than for the metal. Therefore, the last term in Equation 

2.21 can be neglected, unless heavier ligands (e.g. sulfur or bromine) are present. 

𝐿1 𝜇
𝑖 𝑗
≈ < 𝜓𝑖  | 𝜉(𝑟𝑀) 𝑙𝜇

𝑀|𝜓𝑗 > ≈ 𝛼𝑖𝛼𝑗  휁𝑖 𝑗 < 𝑑𝑖| 𝑙𝜇
𝑀|𝑑𝑗 >  2.22 

Where the radial integral over the operator 𝜉(𝑟𝑀) is: 

휁𝑖 𝑗 = < 𝑑𝑖|𝜉(𝑟𝑀)|𝑑𝑗 > 2.23 

If it is assumed, that all metal d-orbitals have the same radial function, the radial integration becomes 

independent of i and j and it is obtained 휁𝑖𝑗 = 휁 .̅ A collection of values for 휁 can be found in the 

literature from Bendix et al.[131] and the values for iron are summarized in Table 2.1. 

Table 2.1: Empirically determined SOC constants for Iron in cm-1 taken from Bendix et al.[131] 

oxidation state +II +III +IV +V +VI 

𝜻  for iron 427 464 505 578 649 

 

Very important is the factor 𝛼𝑖𝛼𝑗  in Equation 2.22 which determines the metal-ligand covalency. The 

spin-orbit coupling constant is sometimes expressed as an effective SOC- constant 휁𝑒𝑓𝑓 = 휁𝛼𝑖𝛼𝑗 and 

given that 𝛼𝑖𝛼𝑗 ≤ 1 it is described as a covalently reduced constant. 

The remaining term that has to be calculated in Equation 2.22 is < 𝑑𝑖| 𝑙𝜇
𝑀|𝑑𝑗 >. With the help of Table 

2.2, which can be found in various text books, this is easily done.[108,111] 
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Table 2.2: Operation of l-operators on real p- and d-orbitals. 

 𝑙𝑥
  𝑙𝑦

  𝑙𝑧
  

|𝑝𝑥 > 0 -i |𝑝𝑧 > i |𝑝𝑦 > 

|𝑝𝑦 > i |𝑝𝑧 > 0 -i |𝑝𝑥 > 

|𝑝𝑧 > -i |𝑝𝑦 > i |𝑝𝑥 > 0 

|𝑑𝑥2−𝑦2 > -i |𝑑𝑦𝑧 > -i |𝑑𝑥𝑧 > 2i |𝑑𝑥𝑦 > 

|𝑑𝑥𝑦 > i |𝑑𝑥𝑧 > -i |𝑑𝑦𝑧 > -2i |𝑑𝑥2−𝑦2 > 

|𝑑𝑦𝑧 > i |𝑑𝑥2−𝑦2 > + i √3|𝑑𝑧2 > i |𝑑𝑥𝑦 > -i |𝑑𝑥𝑧 > 

|𝑑𝑥𝑧 > -i |𝑑𝑥𝑦 > i |𝑑𝑥2−𝑦2 > - i √3|𝑑𝑧2 > i |𝑑𝑦𝑧 > 

|𝑑𝑧2 > -i √3|𝑑𝑦𝑧 > i √3|𝑑𝑥𝑧 > 0 

 

 

Orbital Zeeman matrix elements 

Much more difficult than the SOC-matrix elements is the evaluation of orbital Zeeman matrix 

elements. The operator does not contain any factor r-3 which would justify neglecting multi center 

terms. 

𝐿2 𝑝
𝑖 𝑗
≈ < 𝜓𝑖 | 𝑙𝜇

𝑀|𝜓𝑗 >  

= 𝛼𝑖𝛼𝑗 < 𝑑𝑖|𝑙𝜇
𝑀|𝑑𝑗 > + 𝛼𝑖𝛽𝑗 < 𝑑𝑖|𝑙𝜇

𝑀|𝐿𝑗 >  

       + 𝛼𝑗𝛽𝑖 < 𝐿𝑖|𝑙𝜇
𝑀|𝑑𝑗 > + 𝛽𝑖𝛽𝑗 < 𝐿𝑖|𝑙𝜇

𝑀|𝐿𝑗 > 

2.24 

The first term is easy to evaluate, as it was for the SOC-matrix element. The second, third and fourth 

terms include contributions from the ligand and are sometimes neglected.[108,110] However, especially 

the last term can contribute significantly to the g-value.[132-134] In its calculation, it has to be considered 

that the metal of mono nuclear complexes is usually chosen to lie in the origin. Therefore the angular 

momentum operator 𝑙𝜇
𝑀, which refers to the metal, has to be shifted to the origin of the ligand orbitals. 

The x-, y- and z-component of the angular momentum operator can be written as shown in Equation 

2.25.[135] 

𝑙𝑥 = −𝑖ℏ(𝑦
𝜕

𝜕𝑧
− 𝑧

𝜕

𝜕𝑦
) 2.25a 

𝑙𝑦 = −𝑖ℏ(𝑧
𝜕

𝜕𝑥
− 𝑥

𝜕

𝜕𝑦
) 2.25b 

𝑙𝑧 = −𝑖ℏ(𝑥
𝜕

𝜕𝑦
− 𝑦

𝜕

𝜕𝑥
) 2.25c 

Transformation of 𝑙𝜇
𝑀 centered on the metal to another point in the coordinate system (e.g. the origin 

of the ligand orbitals) then leads to[109] 

𝑙𝑥
𝑀 = 𝑙𝑥

𝐿 − 𝑖ℏ (𝑅𝑦
𝜕

𝜕𝑧
− 𝑅𝑧

𝜕

𝜕𝑦
) 2.26a 

𝑙𝑦
𝑀 = 𝑙𝑦

𝐿 − 𝑖ℏ (𝑅𝑧
𝜕

𝜕𝑥
− 𝑅𝑥

𝜕

𝜕𝑦
) 2.26b 

𝑙𝑧
𝑀 = 𝑙𝑧

𝐿 − 𝑖ℏ (𝑅𝑥
𝜕

𝜕𝑦
− 𝑅𝑦

𝜕

𝜕𝑥
) 2.26c 
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where 𝑙𝜇
𝐿 is the angular momentum operator located at the ligand. Rx, Ry and Rz are the replacements 

along the x-, y- and z-axis, respectively. This can be negative and in Equations 2.26a-c it is further  

assumed, that the x-, y- and z-axis for the metal orbitals and ligand 

orbitals are parallel. If this would not be the case, also the angel 

between the ligands have to be considered.[109] 

However, in the tetragonal systems that are studied here, this 

assumption can be made (e.g. for tetrahedral complexes this would 

not be possible). In the present complexes, covalency of one mono-

atomic ligand (nitrido or oxo) is important (at X6 in Figure 2.2). 

Inspection of the coordinate system (see Figure 2.2) allows to 

simplify Equations 2.26 further, since for the ligand on the z-axis 

Rx=Ry=0 and therefore some of the terms in Equation 2.26 vanish. 

It is seen that the z-component of the angular momentum operator is the same as long as it is only 

displaced along the z-axis: 

𝑙𝑥
𝑀 = 𝑙𝑥

𝐿 + 𝑖ℏ𝑅𝑧
𝜕

𝜕𝑦
 2.27a 

𝑙𝑦
𝑀 = 𝑙𝑦

𝐿 − 𝑖ℏ𝑅𝑧
𝜕

𝜕𝑥
 2.27b 

𝑙𝑧
𝑀 = 𝑙𝑧

𝐿 2.27c 

Neglecting the second and third term in Equation 2.24 and making use of the transformation of the 

angular momentum operator (Equations2.27) results in 

𝐿2 𝑝
𝑖 𝑗
≈ < 𝜓𝑖 | 𝑙𝜇

𝑀|𝜓𝑗 > 

= 𝛼𝑖𝛼𝑗 < 𝑑𝑖|𝑙𝜇
𝑀|𝑑𝑗 > + 𝛽𝑖𝛽𝑗 < 𝐿𝑖|𝑙𝜇

𝐿|𝐿𝑗 > − 𝛽𝑖𝛽𝑗 < 𝐿𝑖|𝑖ℏ𝑅𝐿𝑀𝛻|𝐿𝑗 > 
2.28 

where the shift of the operator is written in a general form as 𝑅LM∇. 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.2: Axis system for the 
studied tetragonal systems. 
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2.2. Mössbauer Spectroscopy 

One of the most useful methods to study iron containing materials is Mössbauer spectroscopy. The 

underlying principal, nuclear gamma resonance absorption, was discovered by R. L. Mössbauer in 

1958[136-138] and he was awarded the Nobel Prize for it in 1961. 

There exists numerous text books and review articles that discuss the underlying principles and 

application of Mössbauer spectroscopy in detail.[113,139-142] Based upon these texts, a brief introduction 

shall be given here. 

The Mössbauer effect requires a nucleus with a low-lying excited state which is observed for 43 

elements. Still, it is mainly applied for 57Fe (natural abundance 2.2%) due to its most favorable physical 

properties among the family of Mössbauer isotopes, and iron complexes are of high interest in the 

field of bioinorganic chemistry. The 57Fe isotope possesses a nuclear ground state with nuclear spin 

Ig=1/2 and a nuclear excited state at 14.4 KeV with Ie=3/2. 57Co is used as a source for γ-photons of the 

required energy to induce the excitation from the nuclear ground state into the nuclear excited state 

in the 57Fe center. The loss of nuclear energy due to recoil imparted to the nucleus during emission 

and absorption prevents the observation of γ-resonance. However, R. L. Mössbauer has shown, that 

for a small fraction of nuclei, photon emission and absorption in solids is not affected by recoil energy 

loss. Therefore, solution samples have to be frozen or powder samples have to be used. 

A further problem is, that the 57Co γ-ray source only emits at certain energies. But as in every 

spectroscopic method, it is desired to scan through a certain energy range for recording the full 

absorption spectrum of a Mössbauer absorber (the sample). The energy of the photons have to be 

varied to detect the absorption as a function of the photon energy. In Mössbauer spectroscopy this is 

achieved by making use of the Doppler-effect. Moving the γ-source during the measurements towards 

and apart from the sample adds or subtracts energy to the photons. Doppler velocities required to 

observe usual splitting in 57Fe Mössbauer spectroscopy are normally not higher than ±10 mm s-1. In a 

standard Mössbauer setup, the transmission of γ-photons is detected and plotted as dependence on 

Doppler velocity. 

Information about the geometric and electronic structure of iron containing samples is obtained, since 

the absorption is influenced by the chemical environment of the 57Fe nucleus. The position and possible 

splitting of the Mössbauer signals depend on electric monopole (isomer shift) and quadrupole 

interactions (quadrupole splitting), magnetic hyperfine interaction, zero-field splitting, electronic 

Zeeman interaction and exchange coupling for multi nuclear systems.  

The nuclear levels (ground and excited state) are shifted in energy due to electric monopole 

interactions, which is described as the isomer shift δ (see Scheme 2.1). If the coordination environment 

of the nucleus is lower than spherical, cubic or tetrahedral (which is in many complexes the case) the 

degeneracy of the excited state is partially lifted by quadrupole interaction and a splitting of the 

Mössbauer signal is observed (quadrupole splitting ∆EQ, see Scheme 2.1, middle). 

On the right hand side in Scheme 2.1 the effect of an applied magnetic field on the nuclear levels is 

indicated. Magnetic dipole interaction can completely lift the degeneracy of ground and excited states. 

Due to the selection rules ∆m=0,±1, only six transitions are seen for the iron nuclei (Scheme 2.1). 
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Further effects like zero-field splitting or electronic Zeeman interaction can appear for paramagnetic 

species, however, these effects will not be discussed here in detail. 

 
Scheme 2.1: Overview of 57Fe hyperfine interactions. 

Isomer shift (δ) and quadrupole splitting (∆EQ) are those parameters that are mainly discussed since 

they are easily obtained from Mössbauer measurements without the application of an external 

magnetic field. Both parameters are illustrated in the Mössbauer spectrum in Figure 2.3. 

 

Figure 2.3: Illustrative Mössbauer spectrum with the isomer shift 
δ and quadrupole splitting ∆EQ. 
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The isomer shift 

The isomer shift (δ) is proportional to the electron density 𝑒|𝜓(0)|2 at the Mössbauer nucleus. This 

can be expressed by 

𝛿 =  𝛼{|𝜓(0)|2 − 𝐶} 

where 𝜓(0) is the radial part of the electron wave function at r=0, the constant C summarizes the 

properties of the source material and 𝛼 is an isomer shift calibration constant which depends on 

various physical constants (e.g. the speed of light) and the nuclear transition energy.[139] The electron 

density at the nucleus mainly results from s-electrons, since p- and d-orbitals have nodes at r=0. 

Based on basic shielding arguments, a correlation can be found between the oxidation state and the 

isomer shift. However, it was also shown that the isomer shift significantly depends on the iron-ligand 

bond distance and the 4s-contribution to |𝜓(0)|2.[143] All these effects result from the electronic 

structure of the considered complexes. 

The following general trends can be often observed for the isomer shift:[140] 

- A lower coordination number results in shorter bond lengths and lower isomer shifts. 

- Longer bond distances in high-spin complexes than in low-spin complexes results in higher 

isomer shift values. 

- Higher oxidation states result in shorter bond distances and lower isomer shifts. 

 

The electron density at the iron nucleus can be easily calculated by DFT and a linear correlation is found 

that can be described by the equation 

𝛿 =  𝛼(𝜌 − 𝐶) + 𝛽 

where 𝜌 is the calculated electron density at the nucleus and the constants 𝛼, 𝛽 and C are determined 

by linear regression analysis of experimental isomer shifts versus theoretically calculated electron 

densities for a series of compounds. These constants depend on the basis-set and DFT functional used, 

but a compilation for different methods is available in the literature.[143-144] 

In the present thesis the B3LYP functional with a CP(PPP) basis set for iron was used to calculate the 

Mössbauer parameters which results in the following correlation between the isomer shift and the 

calculated electron density at the nucleus:[144] 

𝛿 =  −0.366(𝜌 − 11810) + 2.852 
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The quadrupole splitting 

As mentioned before and shown in Scheme 2.1, the first excited state of the 57Fe nucleus can be split 

due to the quadrupole moment into two doublets with the magnetic quantum numbers ml=±1/2 and 

ml=±3/2. Only nuclei with I>1/2 show a nuclear quadrupole moment, hence, the ground state is not 

affected. The electric quadrupole interaction depends on the orientation of the nuclei in the electric 

field generated by an antisymmetric charge distribution of the surrounding electrons. The hyperfine 

coupling energy (degree of splitting of the two levels in the excited state, which is observed as ∆EQ) 

depends on the electric field gradient (efg, a 3x3 tensor) generated by the electrons and the nuclear 

quadrupole moment. Usually, a principal axes system is used where the Vzz-component is the so-called 

main component of the traceless tensor.  By convention, the principal axes system is chosen in a way 

that |𝑉𝑧𝑧| ≥ |𝑉𝑦𝑦| ≥ |𝑉𝑥𝑥|. The symmetry parameter η is defined as 

휂 =
𝑉𝑥𝑥−𝑉𝑦𝑦

𝑉𝑧𝑧
  for which 1 ≥ 휂 ≥ 0 2.29 

For axial symmetry 𝑉𝑥𝑥 = 𝑉𝑦𝑦 and it follows that 휂 = 0. The sign of 𝑉𝑧𝑧 depends on the symmetry of 

the electric charge distribution that causes the efg. Axial elongation along the z-axis will cause a 

negative 𝑉𝑧𝑧 and axial compression a positive 𝑉𝑧𝑧. This will affect the sign of the 57Fe quadrupole 

splitting which is given by 

∆𝐸𝑄 =
𝑒𝑄𝑉𝑧𝑧
2

√1 +
휂2

3
 2.30 

where e is the proton charge and Q the quadrupole moment of the nucleus.  

 

 

In DFT calculations the efg tensor is computed, from which 휂 is obtained via Equation 2.29 and ∆𝐸𝑄 via 

Equation 2.30. 
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2.3. Resonance Raman Spectroscopy 

The physical principles of resonance Raman spectroscopy and vibrational spectroscopy in general are 

discussed in detail in the literature.[114,142] Here, based on common text books[114,142] and review 

papers[115-116] a brief review of the underlying principles is given that will be used in the present work. 

Transitions to vibrationally excited states can be accessed by direct absorption of light in the infrared 

region (IR spectroscopy), since molecular vibrational frequencies lay in the IR region of the 

electromagnetic spectrum. Vibrational transitions can be also observed via a scattering technique, 

based on the Raman-effect. 

The Raman-effect is observed when a sample is irradiated by a laser in a transparent region of the 

molecular spectrum. Hence, long wavelength lasers are used that do not coincide with allowed 

electronic transitions. A small fraction of the light is scattered by the sample molecules in all directions. 

Some of these collisions are inelastic resulting in a shift of the frequency of the scattered light with 

respect to the frequency of the incident light. 

IR absorptions require the change of the dipole moment while Raman scattering requires a change in 

the molecular polarizability, as a result of the vibrational motions. In Raman scattering the intensity IR 

varies directly with the square of the induced dipole-moment (P), that depends on the perturbing 

electric field component of the radiation (E) and the degree of electronic polarization (α). The 

polarizability of the molecule (α) is closely related to the molecular structure.[114,142] 

IR ∝ P2 = (α E)2                           with    𝛼 = (
𝜕𝛼′

𝜕𝑄𝑖
)
0
𝑄𝑖  

Here, (
𝜕𝛼′

𝜕𝑄𝑖
)
0

 is the change of the polarizability due to a normal mode vibration with the vibrational 

coordinate Qi. Symmetric bond stretching vibrations, which produce large polarizability changes 

therefore usually dominate the Raman spectra. 

In contrast to conventional (off-resonance) Raman-spectroscopy, in resonance Raman spectroscopy a 

laser is chosen with a wavelength that coincides with an allowed electronic transition. This causes a 

strong enhancement of certain modes in the resonance Raman spectrum (103-106 times more intense) 

compared to off-resonance measurements. The reason is that the polarizability and its dependence on 

the molecular motions (vibrations) is strongly enhanced via the electronic transition. As a result, not 

all Raman modes are enhanced but those that mimic the deformation of the molecule upon electronic 

excitation. Therefore, dd-transitions usually result in only small enhancements of the Raman lines 

given that the deformation of the molecular structure in an excited state from a dd-transition is usually 

small. Charge-transfer (CT) transitions generally result in strongly enhanced metal-ligand and intra 

ligand modes. Resonance Raman spectroscopy is therefore also much more selective than IR-

spectroscopy since Raman modes are enhanced that are associated with the excited-state distortion 

and valuable information about the processes induced by irradiation can be obtained. 

The underlying processes are outlined in Scheme 2.2 for Raman (green) and resonance Raman (red) 

scattering. Electronic states are indicated by black curves and vibrational levels are indicated by blue 

horizontal lines. 
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Scheme 2.2: Underlying processes of Raman and resonance Raman spectroscopy 

In resonance Raman spectroscopy the sample is irradiated by a laser with wavelength νL which 

transfers the molecule into an electronic excited state with the energy E1=ℎνe. The molecule then falls 

back to the electronic ground state, but on a higher vibrational level (νf) which is often depicted as the 

final-state. Hence, the molecule did absorb the energy ℎνf and a signal will be observed in the 

resonance Raman spectrum at νf. In principal it is possible that the electronically excited state is a 

dissociative state. But as outlined in Scheme 2.2, there are no well-defined vibrational levels for the 

dissociative state. Therefore, it will be difficult to obtain useful resonance Raman data for such states, 

and the recorded signals might result also from the dissociated product.  

 

Enhancement Mechanisms 

By the application of second-order perturbation theory, the polarizability (α) can be written in terms 

of a sum-over-states form. This results in the Kramers-Heisenberg dispersion equation.[114,142,145] 

𝛼𝜌𝜎(𝜔) =
1

ℏ
∑(

< 𝑓|𝜇𝜌|𝑒 >< 𝑒|𝜇𝜎|𝑔 >

𝜈𝑒 − 𝜈𝑔 − 𝜈𝐿 + 𝑖Γ𝑒
+
< 𝑓|𝜇𝜎|𝑒 >< 𝑒|𝜇𝜌|𝑔 >

𝜈𝑒 − 𝜈𝑓 + 𝜈𝐿 + 𝑖Γ𝑒
)

𝑒

 2.31 

The subscripts 𝜌 and 𝜎 are Cartesian directions (x,y,z) of the polarizability tensor 𝛼 and the dipole 

moment operator 𝜇. g, e and f are the ground, the electronic excited and final state (electronic ground 

state, vibrationally excited), respectively. The excitation energy in wavenumbers into the electronic 

excited state is then  𝜈𝑒 − 𝜈𝑔 and  the signal in the spectrum will be observed at 𝜈𝑓 − 𝜈𝑔, the difference 

between the final state and the ground state. The laser frequency is 𝜈𝐿 and Γ𝑒 is a damping constant 

corresponding to the half-bandwidth of the electronic excited state. It should be noted here, that  𝜈𝑒 

is not only the energy difference between the electronic ground state and the electronic excited state. 

It is the difference between the electronic ground state on a specific vibrational level (most times a 
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low-lying vibrational level, but this also depends on the temperature) and a higher vibrational level on 

the electronic excited state. As already mentioned, well-defined vibrational levels on the excited state 

surface have to be accessible to gain proper resonance Raman signals, which might not be the case for 

dissociative states. 

The denominator in the first term in Equation 2.31 decreases rapidly when the laser frequency (𝜈𝐿) 

approaches the energy for the excitation from the electronic ground in the excited state                        

𝜈𝑒𝑔 = 𝜈𝑒 − 𝜈𝑔. Therefore it is the much more dominant term and the reason for the resonance 

enhancement. 

Dropping the second term in Equation 2.31, and making use of the adiabatic Born-Oppenheimer 

approximation (separation of electronic and vibrational wave functions) results in[114] 

𝛼𝜌𝜎(𝜔) =
1

ℎ
∑
𝜇𝜌
𝑒𝑙𝜇𝜎

𝑒𝑙 < 𝑗||𝑛 >< 𝑛||𝑖 >

𝜈𝑛𝑖 − 𝜈𝐿 + 𝑖Γ𝑛

 

𝑛

 2.32 

Where n are vibrational levels of the electronic excited state with the band width Γ𝑛, 𝜈𝑛𝑖 is the 

transition frequency from the ground vibrational level i to the level n; |𝑗 >, |𝑛 > and |𝑖 > are 

vibrational states (j,i electronic ground state; n electronic excited state) and the sum runs over all 

vibrational levels in the electronic excited state n. The pure electronic transition dipole moments are 

𝜇𝜌
𝑒𝑙 =< 𝑔|𝜇𝜌

𝑒𝑙|𝑒 > and 𝜇𝜎
𝑒𝑙 =< 𝑒|𝜇𝜎

𝑒𝑙|𝑔 >. The integrals < 𝑗||𝑛 > and < 𝑛||𝑖 > are Franck-Condon 

factors (overlap integrals) between the vibrational wave functions of the initial (i) and final (j) 

vibrational levels of the ground state with the intermediate vibrational level (n) of the electronic 

excited state. They are zero, unless there is a shift in the excited state along the vibrational coordinate 

(Qk in Scheme 2.2). The dependence of 𝜇 
𝑒𝑙  on the coordinate Qk can be expanded in a Taylor-series:[142] 

𝜇 
𝑒𝑙 = 𝜇0

𝑒𝑙 + ∑𝜇1
𝑒𝑄𝑘

 

𝑘

+  .  .  . 2.33 

where 𝜇1
𝑒𝑙 = (

𝜕𝜇0
𝑒𝑙

𝜕𝑄𝑘
)
0

. When the excited state |e> can gain absorption strength from other excited 

states by vibronic coupling via coordinate Qk, 𝜇1
𝑒𝑙  can even exceed 𝜇0

𝑒𝑙. The vibronic coupling can be 

written in Herzberg-Teller formalism as[142] 

𝜇1
𝑒𝑙 =

𝜇𝑠
𝑒𝑙 < 𝑠|(𝜕𝐻𝑒/𝜕𝑄𝑘)0|𝑒 > 

𝜈𝑠 − 𝜈𝑒
  2.34 

where |s> is another excited state that can mix with |e> by Qk. 𝜈𝑠 and 𝜇𝑠
𝑒  are the frequency and 

transition dipole moments of the mixing electronic state |s> and (𝜕𝐻𝑒/𝜕𝑄𝑘)0 is the vibronic coupling 

operator with 𝐻𝑒 being the Hamiltonian for the total electronic energy of the molecule. Insertion of 

Equation 2.33 and 2.34 in Equation 2.32 yields a lengthy expression with various terms. The first three 

terms are called A-, B- and C- terms and are dominant in resonance Raman scattering. 

𝛼𝜌𝜎(𝜔) = 𝐴 + 𝐵 + 𝐶 +  .  .  . 2.35 
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The individual contributions are[114,116] 

                              𝐴 =
(𝜇0
𝑒𝑙)2

ℎ
∑
< 𝑗||𝑛 >< 𝑛||𝑖 >

𝜈𝑛𝑖 − 𝜈𝐿 + 𝑖Γ𝑛

 

𝑛

 2.36 

                              𝐵 =
𝜇0
𝑒𝑙𝜇1

𝑒𝑙

ℎ
∑
< 𝑗|𝑄𝑘|𝑛 >< 𝑛||𝑖 > +< 𝑗||𝑛 >< 𝑛|𝑄𝑘|𝑖 >

𝜈𝑛𝑖 − 𝜈𝐿 + 𝑖Γ𝑛

 

𝑛

 2.37 

                              𝐶 =
(𝜇1
𝑒𝑙)2

ℎ
∑
< 𝑗|𝑄𝑘|𝑛 >< 𝑛|𝑄𝑘|𝑖 >

𝜈𝑛𝑖 − 𝜈𝐿 + 𝑖Γ𝑛

 

𝑛

 2.38 

Two conditions must be fulfilled for an A-term contribution; i) The transition dipole moment 𝜇0
𝑒𝑙  must 

be non-zero ii) The Franck-Condon factors < 𝑗||𝑛 > and < 𝑛||𝑖 > must be non-zero.[116] 

The first condition is fulfilled for electronic transitions that are electric-dipole-allowed. This is especially 

the case for charge transfer (CT) transitions. To get non-zero Franck-Condon factors, the vibrational 

wave functions have to be non-orthogonal. The most important contribution arises here due to the 

shift in the excited state potential along the vibrational coordinate, ∆𝑘
𝑒= 𝑄𝑘

𝑒 − 𝑄𝑘
𝑔

. The larger ∆𝑘
𝑒  

(dimensionless normal coordinate displacement) the more intense is the resonance Raman signal. 

Contributions by the B-term arise from vibronic coupling of the resonant state to other excited states 

(see Equation 2.34 which appears in 2.37).[116] The B-term is usually much smaller than the A-term, 

since it depends on the vibronic coupling contribution which is usually small. However, if the A-term 

contribution is small (e.g. due to small displacements ∆𝑘
𝑒 ) the contributions from the B-term might be 

significant. 

The C-term is usually much smaller than the B-term and can be therefore neglected most times. Only 

overtones are enhanced by the C-term.[116] 

Resonance Raman intensity not only depends on the normal coordinate displacement, it is further 

depending on the excitation energy for the considered electronic transition. For a single electronic 

transition from the electronic ground state g0, where gl is a vibrational excited level in the electronic 

ground state and e is the electronic excited state the relation 

𝐼𝑒,𝑔0→𝑔𝑙 = 𝜈𝑙
2Δe,l
2  2.39 

is known as the Savin formula.[115,146-148] 

 

Resonance Raman spectra were calculated by DFT within the independent mode displaced harmonic 

oscillator (IMDHO) model using the normal mode gradient technique for calculating the dimensionless 

displacements (∆) for each normal mode.[149-151] Normal modes are obtained with the B3LYP functional 

in conjunction with the def2-TZVP basis set for the ground state. Excited state gradients are obtained 

from TD-DFT calculations with 20 roots on the same level of theory. The orca_asa program is used to 

simulate resonance Raman spectra for first order vibrational transitions.[150-151] 
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3. Computational Methods 

 

During the last decades, the popularity of theoretical methods in chemical research has been steadily 

growing.[152-153] Computer hardware is constantly improving which makes the necessary resources 

available for a reasonable cost. Parallel to that, various quantum chemistry programs were developed 

which provides the necessary functionality in a user-friendly manner. Therefore, a lot of experimental 

work is nowadays accompanied by calculations that provide additional insight in the investigated 

systems. Postulated molecular structures and reaction mechanisms (reaction energies and barriers) 

can be easily supported by calculations. In addition, the calculation of (spectroscopic) molecular 

properties provides another level in supporting experimental results by theoretical methods. 

The great variety of computational methods is reviewed in many text books[125,154-156] and 

publications[149,157-159] and based on these, the applied methods shall be briefly reviewed. 

 

 

3.1. Density Functional Theory 

The most popular computational method is density functional theory (DFT).[157,160-162] W. Kohn[163] was 

rewarded with the Nobel Prize in chemistry for its development together with J. Pople[164] for making 

it available to the chemical community. 

The general non-relativistic molecular Hamiltonian operator that describes the interactions between 

N electrons and M nuclei in atomic units reads as:[154,156] 

�̂�𝐵𝑂 = 𝑇𝑒 + 𝑉𝑒𝑁 + 𝑉𝑒𝑒 + 𝑉𝑁𝑁  

 

= −
1

2
∑∇𝑖

2

𝑁

𝑖=1

−∑∑
𝑍𝐴

|𝒓𝑖 − 𝑹𝐴|

𝑁

𝐴=1

𝑁

𝑖=1

+
1

2
∑∑

1

|𝒓𝑖 − 𝒓𝑗|

𝑁

𝑗=1
𝑗≠𝑖

𝑁

𝑖=1

+
1

2
∑∑

𝑍𝐴𝑍𝐵
|𝑹𝐴 − 𝑹𝐵|

𝑀

𝐵=1
𝐴≠𝐵

𝑀

𝐴=1

 
3.1 

A, B sum over all nuclei at positions RA with nuclear charges ZA and i, j sum over all electrons at positions 

ri. The terms on the right hand side describe the kinetic energy of the electrons, the potential of the 

electron-nuclei interaction, the potential of the electron-electron interaction and the potential energy 

of the nuclei. The Born-Oppenheimer (BO) approximation is used where the nuclear positions are 

considered as fixed since they are much heavier than electrons and move much more slowly. In the 

BO-Hamiltonian the kinetic energy term of the nuclei is therefore neglected. 

The time-independent N-electron Schrödinger equation is associated with the N-electron Hamiltonian 

(Equation 3.1) 
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�̂�𝐵𝑂Ψ(𝒙1, . . . , 𝒙𝑁|𝑹1, . . . , 𝑹𝑀) =  𝐸Ψ(𝒙1, . . . , 𝒙𝑁|𝑹1, . . . , 𝑹𝑀) 3.2 

where xi denotes the spatial (ri) and spin-degree of freedom (σi) for the i-th electron. However, solving 

the 3N-dimensional antisymmetric wave function for a system with N electrons is quite challenging. 

Since the many-electron wave functions contain far more information than it is necessary in order to 

calculate the properties of a chemical system, it is desired to find solutions for Equation 3.2 without 

calculating the whole wave function. 

In 1964 Hohenberg and Kohn formulated theorems that form the basis for DFT.[165] In the first 

Hohenberg-Kohn theorem they have shown that it should be possible to construct a functional 𝐸[𝜌], 

where 𝜌(𝒓) is the electron density at the point 𝒓, that provides the exact energy, given the exact 

density is known. One can therefore write the total energy as a functional of the electron density, 

separated into different contributions (compare Equation 3.1) 

𝐸[𝜌] = 𝑉𝑁𝑁 + 𝑉𝑒𝑁[𝜌] + 𝑇[𝜌] + 𝑉𝑒𝑒[𝜌] 

= 𝑉𝑁𝑁 + 𝑉𝑒𝑁[𝜌] + 𝑇[𝜌] + 𝐽[𝜌] + 𝐸𝑋𝐶
′ [𝜌] 

3.3 

where the electron-electron interaction consists of the Coulomb term of electron-electron repulsion 

(𝐽[𝜌]) and an exchange-correlation term  for the electron-electron repulsion (𝐸𝑋𝐶
′ [𝜌]), as it is the case 

in Hartree-Fock theory.[155] The kinetic energy functional 𝑇[𝜌] and the exchange-correlation functional 

𝐸𝑋𝐶
′ [𝜌] are unknown, but the second Hohenberg-Kohn theorem provides the necessary recipe to 

obtain the exact energy presuming that these functionals are known.[157,165] It states that 𝐸[𝜌] follows 

the variational principle and for any trial density �̃�, minimization of 𝐸[𝜌] over the allowed range for �̃� 

would yield the exact ground state energy which can be expressed by 

𝐸[𝜌] ≤ 𝐸[�̃�] 3.4 

where the equality holds if �̃� matches the exact density 𝜌. 

One of the challenges in DFT is to express the kinetic energy of the electrons as a function of the 

electron density, 𝑇[𝜌]. Walter Kohn and Lu Jeu Sham expressed the electron density as a function of 

the (Kohn-Sham-) orbitals 

𝜌(𝒓) =∑|𝜓𝑖(𝒙)|
2𝑑𝑠

𝑖

 3.5 

and considered a fictitious system of non-interacting electrons (as in Hartree-Fock theory) which is 

described by a single Stater determinant:[166] 

Ψ𝐾𝑆(𝒙) = |𝜓𝑖… 𝜓𝑁| 3.6 

The non-interacting kinetic energy is then calculated from the Kohn-Sham orbitals, where this term is 

only indirectly a function of the electron density, since the Kohn-Sham orbitals are a function of the 

electron density: 

𝑇𝑠[𝜌] = −
1

2
∑ < 𝜓𝑖|∇

2|𝜓𝑖 >

 

𝑖

 3.7 

Equation 3.3 is now reformulated as  

𝐸[𝜌] =  𝑉𝑁𝑁 + 𝑉𝑒𝑁[𝜌] + 𝑇𝑠[𝜌] + 𝐽[𝜌] + 𝐸𝑋𝐶
 [𝜌] 3.8 
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where the exchange correlation functional is redefined as 

𝐸𝑋𝐶
 [𝜌] =  𝐸𝑋𝐶

′ [𝜌] + 𝑇[𝜌] − 𝑇𝑠[𝜌] 3.9 

and now contains the part of the kinetic energy that is not covered by 𝑇𝑠[𝜌].  

The 2nd Hohenberg-Kohn theorem can be applied now to obtain the single-particle Kohn-Sham 

equation by variation of the electron density, using the Lagrange method of undetermined 

multipliers:[154,156-157] 

ℎ𝐾𝑆𝜓𝑖 = {−
1

2
∇2 + 𝜈𝑒𝑓𝑓(𝒓)}𝜓𝑖 = 휀𝑖𝜓𝑖 3.10 

𝜈𝑒𝑓𝑓(𝒓) = −∑𝑍𝐴|𝒓 − 𝑹𝑨|
−1 +∫𝜌(𝒓′)|𝒓 − 𝒓′|−1𝑑𝒓′ + 𝑉𝑋𝐶(𝒓)

 

𝐴

 3.11 

The effective potential seen by the electrons (𝜈𝑒𝑓𝑓(𝒓)) contains the nuclear contributions, the 

electronic Coulomb repulsion and the exchange-correlation potential, which is the derivative of the 

exchange-correlation energy (Equation 3.9) with respect to the density: [154,156-157] 

𝑉𝑋𝐶(𝒓) =
𝛿𝐸𝑋𝐶[𝜌]

𝛿𝜌(𝒓)
 3.12 

The Kohn-Sham equations are at this point very similar to the Hartree-Fock equations, the only 

difference is that the exchange term is replaced by the local exchange-correlation potential. The big 

challenge in DFT is to derive approximate expressions for 𝐸𝑋𝐶
 [𝜌]. 

The Kohn-Sham orbitals are expanded in terms of a set of basis functions (Equation 3.13) and inserting 

these in the Kohn-Sham equation (Equation 3.10) results in a matrix pseudo-eigenvalue equation 

(Equation 3.14) 

𝜓𝑖(𝒙) =∑𝑐𝜇𝑖𝜑𝜇(𝒙)

 

𝜇

 3.13 

𝑭(𝒄)𝒄𝑖 = 휀𝑖𝑺𝒄𝑖  3.14 

where 𝑭 is the Kohn-Sham Matrix, 𝒄𝑖  is a vector with the elements 𝑐𝜇𝑖  and 𝑺 is the overlap matrix with 

elements 𝑆𝜇𝜈 =< 𝜑𝜇|𝜑𝜈 >.[154,156-157] 

In a special case where a fraction cHF of Hartree-Fock exchange is added to Kohn-Sham theory the Kohn-

Sham matrix reads 

𝐹𝜇𝜈 = ℎ𝜇𝜈 + 𝐽𝜇𝜈(𝑃) − 𝑐𝐻𝐹𝐾𝜇𝜈(𝑃) + 𝑐𝐷𝐹𝑉𝜇𝜈
𝑋𝐶[𝜌] 3.15 

where h is the one-electron matrix, P the density matrix and VXC the exchange-correlation matrix. The 

most difficult contribution is the exchange-correlation term and various approximations were 

developed for its calculation. 

The first approximation made to derive a formula for the exchange functional is the local density 

approximation (LDA), or for the unrestricted case the local spin approximation (LSD). [154,156] In this 

approach, a uniform electron gas is assumed for which expressions for the exchange energy are 
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obtained. Even this is a strong simplification since the electron density in molecules is not 

homogeneous, it significantly improves the results. Various parametrizations were proposed and the 

most popular ones are from Vosko, Wilks and Nusair[167] or Perdew and Wang.[168] 

In the generalized gradient approximation (GGA) further terms are taken into account to consider the 

inhomogeneity of the electron density. These terms include the gradient of the electron density ∇𝜌(𝒓). 

Popular GGA functionals are BP86 by Perdew and Wang[169-171] or PBE by Perdew, Burke and 

Ernzerhof.[172-173] 

Becke suggested in 1993 to include a fraction of the non-local Hartree-Fock exchange and the resulting 

functionals are described as hybrid functionals. The most popular hybrid functional is B3LYP which 

consists of the exchange part B88 by Becke,[171,174] a correlation part by Perdew,[169-170] as well as an 

exchange contribution from Hartree-Fock theory. This exchange functional can be written as 

𝐸𝑋𝐶
𝐵3𝐿𝑌𝑃 = 𝑎𝐸𝑋

𝐻𝐹 + (1 − 𝑎)𝐸𝑋
𝐿𝑆𝐷 + 𝑏𝐸𝑋

𝐵88 + 𝐸𝐶
𝐿𝑆𝐷 + 𝑐(𝐸𝐶

𝐿𝑌𝑃 − 𝐸𝐶
𝐿𝑆𝐷) 3.16 

where a, b and c are empirically derived constants with the values 0.20, 0.72 and 0.81. 
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3.1.1. Computational Setup for DFT Calculations 

All calculations were performed with the ORCA program, developed by Frank Neese.[175]  

Within the scope of the present work, molecular structures were optimized with the GGA-functional 

BP86, and in certain cases with the B3LYP functional. Bühl et al. have shown that the BP86 functional 

results in very good geometries for transition metal complexes.[176-177] In all calculations with the BP86 

functional the resolution of the identity (RI) approximation[178] was applied. The triple-ζ basis set 

def2-TZVP developed by Weigend et al.[179-180] was used in conjunction with the def2-TZV/J auxiliary 

basis set for the RI approximation. Solvent effects were taken into account implicitly, within the 

conductor like screening model (COSMO).[181-182] Structures from geometry optimizations were 

confirmed as minima (transition states) on the potential energy surface by numerical frequency 

calculation that did result only in positive (one negative) normal modes. In some cases, dispersion 

correction was included in the DFT calculations.[183-185] 

IR-frequencies were also calculated by the BP86 functional, but without COSMO. For increased 

accuracy, 10-9Eh was used as the convergence criterion for the energy change in the SCF procedure 

and the size of the DFT integration grid was set to 434 angular points. Molecular structures were 

considered to be converged in the optimization when the root mean square (RMS) of the gradient was 

below 3x10-5 Eh/bohr, the RMS of the displacements was below 6x10-4 bohr, and the energy change 

compared to the previous optimization step was below 10-6 Eh (verytightscf, grid5, tightopt). 

Vibrational frequency calculations were performed through two-sided numerical differentiation of the 

analytical gradient. 6N displacements were calculated (N is the number of atoms) with a numerical 

increment of 0.005 bohr. Calculated harmonic frequencies were scaled by the factor 0.9914. A 

calibration study has shown that the root-mean-square deviation between experimental and 

calculated frequencies with this setup is about 41 cm-1.[186] 

Energies and properties were calculated with the same setup as used for geometry optimization but 

the BP86 functional was replaced by the B3LYP functional[169-171,174] and the RIJCOSX[187] approximation 

was used. 

For resonance Raman spectra,[150-151,188-189] the geometries were optimized with the B3LYP functional, 

the def2-TZVP basis set and the corresponding def2-TZV/J auxiliary basis set for the RIJCOSX 

approximation. To increase the accuracy for the obtained vibrations, tight conversion criteria and 

integration grids were employed (verytightscf, grid5, gridx9). Calculated modes were scaled by the 

factor 0.9614 for comparison with the experimental fundamentals.[186] Excited states were calculated 

by TD-DFT within the Tamm-Dancoff approximation on the same level of theory.[190-192] 

To calculate Mössbauer parameters, a previously published calibration study was used which 

correlates the calculated electron density at the iron nucleus with the experimental isomer shift.[144] In 

these calculations, for iron the integration grid was increased (grid7), the CP(PPP) basis set[143] was 

used and for all other atoms the def2-TZVP basis set was employed. The RIJCOSX approximation was 

not used in these calculations. 

Exchange coupling constants were calculated within the broken symmetry approach.[193-194] 
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3.2. Complete Active Space Self-Consistent Field Method 

In certain cases, the electronic structure of chemical compounds cannot be properly described by 

methods that are based on one Stater determinant only. More flexibility in the wave function is 

necessary e.g. to describe near degenerate states, the situation of weak, nearly broken bonds or 

excited states that have to be represented by mixtures of single- and double-excitations.[149,158-159,195] 

The resulting effects can be taken into account by a multi configurational self-consistent field method 

(MCSCF). In this case, the total electronic wave function Ψ(𝒙) is formed as a linear combination of 

many-electron wave functions (ΦI)  that are Slater determinants or linear combinations of Slater 

determinants, so called configuration-state functions (CSFs). The Ansatz for the N-electron wave 

function is then:[158] 

Ψ(𝒙𝟏, … , 𝒙𝑵) =∑𝑐𝐽ΦJ(𝒙𝟏, … , 𝒙𝑵)

 

𝐽

 3.17 

This can result in a large number of configurations which can be applied only to very small molecules 

or light atoms. However, the number of determinants/CSFs can be drastically reduced by only treating 

a certain range of electrons and orbital by this approach. The chosen number of electrons is then 

allowed to distribute in the chosen orbital range in every possible manner, which corresponds to 

Full-CI. Orbitals are therefore divided in three subsets. The inactive orbitals are all doubly occupied in 

each CSF and represent a “SCF sea” in which the active electrons move.[158] The external orbitals are 

all unoccupied in all CSFs. Between the inactive and external orbitals are the active space orbitals with 

occupation numbers between 0 and 2. The multi configurational character is then introduced by a Full-

CI within the active space.[149] This method is known as complete active space self-consistent field 

method for which the notation CASSCF(n,m) is used to denote the size of the active space (n: active 

electrons, m: active orbitals). While in a Hartree-Fock calculation the MO-coefficients are varied in 

order to minimize the energy, during a CASSCF calculations the MO-coefficients as well as the CI-

coefficients (𝑐𝐽 in Equation 3.17) are varied. This procedure is stable for the ground state but certain 

problems can arise for the optimization of the excited state wave function. To overcome this, usually 

state average CASSCF (SA-CASSCF) calculations are performed over a specific number of roots, where 

a single set of orbitals minimizes the average energy. Hence, the resulting wave function is an average 

of the roots included in the calculation. 

By adding more flexibility to the wave function as described above, the CASSCF method takes  static 

correlation into account and is able to describe the electronic structure of complexes that show 

significant multi-configurational character, e.g. due to (nearly) degenerate states. However, dynamic 

correlation, which is the correlation of the movements of electrons, is not covered. Based on a CASSCF 

wave-function it is possible to take dynamic correlation into account e.g. by multi-configurational 

second-order perturbation theory (CASPT2)[159] or N-electron valence state second-order perturbation 

theory (NEVPT2)[196-199]. Both methods are based on multireference perturbation theory applied on top 

of a CASSCF wave function. However, the more recently developed NEVPT2 method shows certain 

advantages over CASPT2, e.g. it is intruder state free.[196-199] A strongly contracted version of NEVPT2 

is implemented in ORCA and used to calculate excited state energies.[198-199] 
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Calculation of Spin-Orbit Coupling and g-Values 

The starting point for taking spin-orbit coupling (SOC) into account is a multi-configurational wave 

function ΨI
𝑆,𝑀 where the superscript 𝑆 denotes the total spin and 𝑀 its spin-projection quantum 

number (𝑀 = +𝑆, 𝑆 − 1, . . . , −𝑆 ). The subscript 𝐼 runs over the number of roots considered in the 

calculation and the wave function is obtained e.g. from a CASSCF calculation. SOC Effects are treated 

through quasi-degenerate perturbation theory (QDPT)[200] which amounts to the diagonalization of the 

Born-Oppenheimer (�̂�𝐵𝑂) and SOC-operator (�̂�𝑆𝑂𝐶) in the basis of the states {ΨI
𝑆,𝑀}. The matrix 

elements are obtained by 

< ΨI
𝑆,𝑀|�̂�𝐵𝑂 + �̂�𝑆𝑂𝐶|ΨI′

𝑆′,𝑀′ >= 𝛿𝐼𝐽𝛿𝑆𝑆′𝛿𝑀𝑀′𝐸𝐼+< ΨI
𝑆,𝑀|�̂�𝑆𝑂𝐶|ΨI′

𝑆′,𝑀′ > 3.18 

The spin-orbit coupling operator can be approximated by an effective one-electron spin-orbit mean-

field (SOMF) operator.[200-201] SOC-Matrix elements are calculated between all state-averaged CASSCF 

wave functions and only diagonal elements are replaced by NEVPT2 energies that contain dynamic 

correlation. Diagonalization of the SOC matrix results in eigenvalues and eigenfunctions where for odd 

S the doubly degenerate pairs of eigenvalues represent Kramers pairs Φ and Φ̅. These are used as a 

basis for the Zeeman operator and elements of the g-matrix are obtained by[202-204] 

𝑔𝑘𝑥 = 2𝑅𝑒𝑎𝑙 < Φ|Lk + 𝑔𝑒𝑆𝑘|Φ̅ > 

𝑔𝑘𝑦 = −2𝐼𝑚𝑎𝑔𝑖𝑛𝑎𝑟𝑦 < Φ|Lk + 𝑔𝑒𝑆𝑘|Φ̅ > 

𝑔𝑘𝑧 = 2𝑅𝑒𝑎𝑙 < Φ|Lk + 𝑔𝑒𝑆𝑘|Φ > 

k = x, y, z 

3.19 

and the true G tensor is built from the g-matrix 𝐺 = 𝑔𝑔𝑇. The square roots of the eigenvalues from a 

further diagonalization of 𝐺 results in the principal g-values 

𝑔𝑥𝑥 = √𝐺𝑥𝑥               𝑔𝑦𝑦 = √𝐺𝑦𝑦               𝑔𝑧𝑧 = √𝐺𝑧𝑧 3.20 

 

Even a multi-configurational approach to calculate g-values in the above described manner gives good 

results for transition metal complexes, there are some exceptions. The electronic structure of systems 

with a (nearly) degenerate ground state are properly described by CASSCF/NEVPT2, however, the g-

values are strongly affected by low lying excited states (the splitting of a nearly degenerate state).[205] 

Only minor changes in the lowest excited state can result in notable changes of the calculated g-values. 

This is the case in some of the studied systems as will be discussed in Chapter 5.6. 
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3.2.1. Computational Setup for CASSCF Calculations 

CASSCF calculations were performed as single point calculations on DFT-optimized geometries or 

structures that were determined by X-ray diffraction. Most crucial is the selection of orbitals that are 

included in the active space, for which no general rules exist.[159,195,206] The only constant factor is that 

the reference wave function should include all important nondynamic correlation effects.[195] For 

transition metal complexes, dd-transitions can be low in energy which results in multiconfigurational 

character and all d-orbitals should be included in the active-space. If the complex is purely ionic, metal 

d- and ligand-orbitals are energetically well separated. Given that they do not interact (overlap/mix) it 

is not necessary to include ligand orbitals into the active space. However, the more covalent the ligand-

metal bonds become the larger is their contribution to nondynamic correlation effects. Then not only 

the metal d-orbitals (that most times represent anti-bonding orbitals) should be included in the active 

space but also the corresponding bonding-orbitals that are most times derived from ligand p- or s-

orbitals.[195] 

In the present work, the studied iron(V) complexes feature a very covalent bonding between the metal 

and the nitrido- or oxo-ligand, respectively. Therefore, all bonding (πx, πy, σ) and anti-bonding orbitals 

(πx
*, πy

*, σ*) are included in the active space. Details about the chosen orbitals will be given in the 

corresponding chapters. 

Quasi restricted orbitals from DFT calculations were chosen as initial guess for the CASSCF calculations 

after orbitals were rotated in the desired order. Where the aim was to study the ground state 

electronic structure, state average CASSCF (SA-CASSCF) calculations were performed over the smallest 

possible number of roots, which still results in a converged wave function. 

To calculate the g-values of azido-iron(III) complexes or iron(V) complexes, SA-CASSCF calculations 

were performed over 20-roots. Test calculations with more roots resulted in nearly identical results. 

All CASSCF as well as the NEVPT2 calculations were performed with the def2-TZVP basis set and the 

corresponding def2-TZV/C auxiliary basis set for the RI approximation. 
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4. Azido-Iron(III) Complexes 

 

Nitrido-iron(V) complexes studied in the present thesis are obtained by photolysis of their parent 

azido-iron(III) complexes. Besides the dinitrogen elimination resulting in nitrido-iron(V) species, the 

reductive elimination of azide radicals yielding ferrous complexes and the redox neutral elimination of 

azide anions are conceivable reaction pathways of the studied azido-iron(III) complexes.[29,43,47,56] 

The complexes [FeIII(N3)cyc-ac]+,[41,43] [FeIII(N3)2cyc]+[29] and [FeIII(N3)TMC-ac]+[42,48] were previously 

studied by Mössbauer-, EPR-, UV-vis and IR-spectroscopy and their crystal structures were determined. 

In the present chapter, additional spectroscopic data on these species is collected and combined with 

quantum chemical calculations. This will allow a deeper understanding of their spectroscopic 

properties and provides insight in their photochemical properties and reactions the azido-iron(III) 

complexes can undergo. 
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4.1. Synthesis of Azido-Iron(III) Complexes 

 

The complexes [FeIII(N3)2cyc]ClO4,[9] [FeIII(N3)TMC-ac]PF6,[42] and [FeIII(N3)TPP][30] were synthesized as 

published previously. 

Substantial amounts of the [FeIII(N3)cyc-ac]PF6 complex were necessary which was not possible to 

obtain with the previously published synthesis.[43,292-293] As a consequence, a new synthetic route was 

worked out. The ligand cyc-ac•4HCl (cyc-ac=cyc-ac=1,4,8,11-tetraazacyclotetradecane-1-acetate) was 

synthesized as published previously[294-295] and was found to contain 1.5 equivalents of water. 

Unless otherwise specified, commercially available solvents and starting materials were used. 

 

4.1.1. [FeIII(Cl)cyc-ac]PF6 

To a suspension of cyc-ac•4HCl•1.5H2O (500 mg, 1.16 mmol) in absolute ethanol (15 mL) under inert 

argon atmosphere, triethylamine (0.8 mL, 5.8 mmol) was added. A clear, colorless solution was 

obtained after 5 minutes of stirring at room temperature. This solution was transferred under argon 

to a Schlenk tube containing anhydrous FeCl3 (188 mg, 1.16 mmol) and after further 5 minutes of 

stirring a clear brown-orange solution was obtained. For 2h the reaction mixture was heated at 50°C. 

After cooling the solution to room temperature, a solution of NH4PF6 (378 mg, 2.32 mmol) in absolute 

ethanol (5 mL) was added. The reaction mixture was stored for 12 h at 5°C and the red precipitate 

obtained was separated from the solvent by filtration. The solid was washed with absolute ethanol 

(3x3 mL), diethyl ether (2x3 mL) and dried under vacuum for 2h. 

Yield:  501 mg (1.01 mmol, 87%) 

IR (in KBr) [cm-1]:  3432(m, br), 3261 (s), 3202 (m), 2981 (m), 2961 (m), 2934 (m), 2905 (m), 2879 (m), 

1683 (vs, sh, ν(C=O)) 1669 (vs, ν (C=O)), 1466 (m), 1431 (m), 1385 (w), 1345 (m), 1323 (m), 1297 (s), 

1243 (w), 1137 (w), 1103 (m, sh), 1096 (m), 1072 (sh), 1064 (m), 1040 (sh), 1031 (s), 969 (w), 937 (m), 

929 (m), 911 (w), 881 (s), 841 (vs, (PF6)), 814 (s), 743 (w), 558 (s, PF6), 539 (w), 522 (w), 490 (m), 428 

(m), 410 (w);  

MS (ESI positive, acetonitrile):  m/z: 348.1 [M-PF6]+,  312.1 [M-PF6-HCl]+ 

MS (ESI negative, acetonitrile):  m/z: 145.0 [PF6]- 

Elemental analysis for C12H25ClF6FeN4O2P (493.61 g mol-1) 

calculated (%): C 29.20, H 5.10, N 11.35, Cl 7.18 

found (%): C 29.06, H 4.89, N 11.65, Cl 7.67 
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4.1.2. [FeIII(N3)cyc-ac]PF6 

NaN3 (410 mg, 6.31 mmol) and [Fe(Cl)cyc-ac]PF6 (1.046 g, 2.12 mmol) were suspended in acetonitrile 

(80 mL) and stirred at room temperature for 2 h. The red-brown solution was filtered, and the filtrate 

was evaporate under reduced pressure. The remaining solid was cooled with an ice bath (~0°C) and 

washed with methanol (3x1 mL) and diethyl ether (3x3 mL). After drying in vacuum for 1h a brown 

solid was obtained. 

Yield: 830 mg (1.66 mmol, 78%) 

IR (in KBr) [cm-1]: 3433 (m, br), 3262 (m), 3231 (m), 3209 (m), 2962 (m), 2932 (m), 2882 (m), 2051 (vs, 

n(N3)), 1682 (vs,sh, ν(C=O)) 1663 (vs, ν(C=O)), 1470 (m), 1458 (m), 1435 (m), 1384 (w), 1341 (m), 1328 

(m), 1299 (m,sh), 1284 (s), 1256 (m,sh), 1135 (w), 1106 (m,sh), 1095 (s), 1073 (sh), 1064 (m), 1042 (m), 

1032 (s), 969 (w), 937 (m), 929 (m), 910 (w), 881 (s), 838 (vs, ν (PF6)), 812 (s), 740 (m), 559 (s,PF6), 538 

(w), 522 (w), 489 (m), 429 (m), 408 (w) 

MS (ESI positive,acetonitrile): m/z: 355.2 [M-PF6]+, 327.2 [M-PF6-N2]+, 312.2 [M-PF6-HN3]+  

Elemental analysis for C12H25F6FeN7O2P (500.18 g mol-1) 

calculated (%): C 28.82, H 5.04, N 19.60 

found (%):  C 28.95, 5.00, N 19.53. 

 

 

4.1.3. 57FeCl3-Precursor 

Isotope 57Fe enriched material was synthesized for the Mössbauer measurements. A small wire of pure 
57Fe (12 mg) was dissolved by heating in concentrated hydrochloric acid (5 mL) for 1h under air at 90°C. 

The hydrochloric acid was evaporated under reduced pressure, the residue was dissolved in 

hydrochloric acid (5 mL) and the solution was again heated at 90°C for 1h under air. After cooling down 

to room-temperature, the hydrochloric acid was evaporated under reduced pressure. For the synthesis 

of the complex [57FeIII(Cl)cyc-ac]PF6, the 57FeCl3 obtained was dissolved in absolute ethanol and 

transferred under argon via a filter-cannula to a Schlenk tube containing the ligand 

cyc-ac•4HCl•1.5H2O. The Synthesis of [57FeIII(Cl)cyc-ac]PF6 and [57FeIII(N3)cyc-ac]PF6 it was following the 

procedures described above. 
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4.2. Electronic Structure Calculations on Azido-Iron(III) Complexes 

The structures of the complexes [FeIII(N3)cyc-ac]+, [FeIII(N3)2cyc]+ and [FeIII(N3)TMC-ac]+ are optimized 

by DFT (BP86/def2-TZVP/RI/COSMO(acetonitrile)). Selected bond-lengths and angles are provided in 

Table 4.1 and good agreement is found between the computed structures and those determined by 

X-ray crystallography. 

Table 4.1: Selected experimental and calculated bond lengths and angles of azido-iron(III) complexes. 

  [Fe(N3)cyc-ac]+ [Fe(N3)2cyc]+ [Fe(N3)TMC-ac]+ 

bond distance 
[Å] 

calc. exp.[43]  calc. exp.[29]  
calc. 

S=1/2 
calc. 

S=5/2 
exp.[42]  

Fe-N3 1.93 1.931 1.947  1.947 1.937 1.937 1.917 1.933 1.953 

FeN-N2 1.208 1.209 1.208 1.208 1.180 1.180 1.202 1.198 1.202 

FeN2-N 1.163 1.156 1.164 1.164 1.145 1.145 1.116 1.163 1.16 

Fe-O/N 1.907 1.889 - - - - 1.929 2.070 1.953 

Fe-Neq 2.053 2.028 2.036  2.004  2.067 2.193 2.129 

Fe-Neq 2.029 2.001 2.035  1.998  2.121 2.227 2.162 

Fe-Neq 2.03 2.007 2.036  2.004  2.078 2.174 2.129 

Fe-Neq 2.036 2.002 2.035  1.998  2.119 2.251 2.162 

          

bond angle [°]          

N/O-Fe-N3 175.48 172.74 180.00  180.0  174.82 176.09 180.00 

Fe-N-N2 134.61 131.80 131.85 131.85 129.5 129.5 140.77 173.37 147.78 

N3 175.36 175.7 175.62 175.62 176.4 176.4 175.12 179.66 177.98 

 

Geometries of the complex [FeIII(N3)TMC-ac]+ were optimized in the high-spin and low-spin state, since 

it has been reported previously that this complex undergoes a (partial) spin crossover at low 

temperature.[42,48] Comparison of the calculated geometric parameters for both considered spin states 

reveals that for both structures, agreement with the X-ray structure is inferior than it was found for 

the complexes [FeIII(N3)cyc-ac]+ and [FeIII(N3)2cyc]+ (see Table 4.1). Besides the ambiguous spin state, 

the reason might also be the low quality XRD-data. Only disordered crystals were obtained and the 

crystal structure was solved in the space group P21/n which results in a center of inversion in the iron 

atom. This of course introduces higher symmetry into the structure than possible, since the axial 

ligands are different and a center of inversion is not feasible. For this reason, identical Fe-O and Fe-N3 

bond distances were obtained experimentally, which is not necessarily true. 

The low-spin state for [FeIII(N3)TMC-ac]+ is calculated to be 22 kJ mol-1 higher in energy than the high-

spin state. This relatively small splitting is very reasonable, since spin crossing behavior was observed 

for this complex experimentally.[42,48] The intermediate-spin state was calculated to be 29 kJ mol-1 

higher in energy than the high-spin state (B3LYP/def2-TZVP/RIJCOSX/ COSMO(acetonitrile)). 

Furthermore, the calculated Mössbauer parameters (B3LYP/def2-TZVP/Fe:CP(PPP)) are in good 

agreement with the previously published experimental data, and the data that was re-recorded for the 

[FeIII(N3)cyc-ac]+ complex in this thesis work (see Table 4.2). 
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Table 4.2: Experimental and calculated Mössbauer parameters for iron(III) complexes. 

Compound S 
calculated experimental 

Exp. Ref. 
δ ΔEQ η δ ΔEQ η 

  [mm s-1] [mm s-1]  [mm s-1] [mm s-1]   

[FeIII(N3)cyc-ac]+ 1/2 0.26 -2.36 0.27 
0.27 
0.27 
0.30a 

-2.53 
(-)2.30 
-2.70a 

0.40 
 

0.42a 

[43] 
[41] 

this work 

[FeIII(N3)2cyc]+ 1/2 0.27 -2.09 0.30 0.29 (-)2.26  [29] 

[FeIII(N3)TMC-ac]+ 

1/2 0.34 -2.07 0.28 
0.33 
0.34a 

(-)2.21 
-2.43a 

 
0.3a 

 [42] 
 [42] 

 
 [42] 
 [42] 

3/2 0.49 1.45 0.12    

5/2 0.48 -1.10 0.58 
0.35 
0.42a 

(-)0.84 
-0.32a 

 
0a 

a: Measurements at 4.2 K with applied magnetic field 

Besides the DFT calculations, higher level complete active space self-consistent field (CASSCF) 

calculations were performed. Qualitatively, this gave similar results on the electronic structure as 

obtained from the DFT calculations. However, the CASSCF calculations in combination with n-electron 

valence perturbation theory (NEVPT2) allows to calculate the EPR g-values with much better accuracy 

(especially for transition metal complexes) than by DFT.[207] Furthermore, electronic excitations can be 

calculated much more accurate than within the framework of density functional theory. 

In the active space for in the CASSCF calculations, all d-orbitals were included, four doubly occupied π-

orbitals from the azide ligand(s) and two vacant π*-orbitals of the azide ligand(s). This results in an 

active space of 13 electrons in 11 orbitals. A plot of the active space orbitals is shown in Figure 4.1. 

Those π-orbitals of the azide ligand that lie perpendicular to the plane of the cyclam-ligand are labeled 

π⊥ and can form an σ-bond e.g. with the dz²-orbital. Those π-orbitals that lie parallel to the cyclam plane 

are labeled π⏊ and can form π-bonds e.g. with the dxz- and dyz-orbitals. 

All three complexes show a (dxy)2(dyz)2(dxz)1 electronic ground state configuration (2B1 state within C2v-

symmetry).1 This electronic configuration is typical for low-spin iron(III) complexes in pseudo 

octahedral coordination with axial elongation, that moves the dxy-orbital below the dxz- and dyz-orbitals 

and further rhombic distortion lifts the degeneracy of the dxz- and dyz-orbitals. 

 

 

 

 

 

 

                                                           
1 The (dxy)2(dxz)2(dyz)1 electronic configuration is of course equivalent to that, it is obtained by interchanging the 
x- and y-axis. 
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Figure 4.1: Active space orbitals from CASSCF(13,11) calculations on [FeIII(N3)cyc-ac]+ (A), [FeIII(N3)2cyc]+ (B) and [FeIII(N3)TMC-ac]+ (C) with outlined ground state configuration. 
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The lowest excited state was calculated to be 2B2[dyzdxz] resulting from a transition of a -electron 

from the dyz- into the dxz-orbital and the second excited state 2A2[dxydxz] results from elevating a -

electron from the dxy-orbital into the singly-occupied dxz-orbital (see Table 4.3). In perfect Oh-symmetry 

these complexes would exhibit a triply degenerated 2T2g ground-state. 

EPR-spectra of the complexes [FeIII(N3)cyc-ac]+, [FeIII(N3)2cyc]+ and [FeIII(N3)TMC-ac]+ will be discussed 

in Chapter 5.4. In anticipating these results, the g-values are provided in Table 4.3 together with those 

obtained from the CASSCF/NEVPT2 calculations. The calculated g-values are in very good agreement 

to the experimental ones. 

Table 4.3: CASSCF(13,11)/NEVPT2 calculated lowest excited states and g-values for FeIII low-spin complexes 

 2B2 
(dxy)2(dxz)2(dyz)1 

2A2 
(dyz)2(dxz)2 (dxy)1 

calculated experimental 

 [cm-1] [cm-1] g1 g2 g3 g1 g2 g3 

[FeIII(N3)cyc-ac]+ 2158 4471 1.83 2.22 2.67 1.81 2.29 2.60 

[FeIII(N3)2cyc]+ 2230 4092 1.85 2.24 2.65 1.85 2.31 2.54 

[FeIII(N3)TMC-ac]+ 1355 4270 1.68 2.10 3.20 1.78a 2.26a 2.70a 

a: Experimental g-values taken from Berry, Bill, Bothe, Neese, Wieghardt, J. Am. Chem. Soc. 2006, 128, 13515. 

 

 

Experimental structures, g-values and Mössbauer parameters of the azido-iron(III) complexes are very 

well reproduced by the quantum chemical calculations. These experimental spectroscopic parameters 

have been studied previously, but the calculations performed here demonstrates the predictive power 

of the used theoretical methods. New spectroscopic data will be presented in the following chapters, 

accompanied with calculations that will provide further insight and a deeper understanding of 

experimental results. 
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4.3. Absorption Spectra of Azido-Iron(III) Complexes at Room Temperature 

The photolysis of azido-iron(III) complexes is studied in the present work and therefore the absorption 

spectra are of special relevance, since they provide insight in electronic transitions that can be induced 

by irradiation. Assignment of observed bands will be supported by TD-DFT calculations. Attempts were 

further made to calculate the absorption spectra with the CASSCF/NEVPT2 method. However, 

reasonable prediction of the LMCT-states was not possible, which is known to be a potential problem 

in CASSCF calculations.[195] 

Room temperature spectra are discussed here and the UV-vis spectra obtained at low temperature 

from frozen solutions as well as the photolysis of these samples will be discussed in the next chapter 

(Chapter 4.4). 

 

4.3.1. The Complex [FeIII(N3)cyc-ac]+ 

Room temperature absorption spectra were recorded from 1mM acetonitrile solutions in 1mm quartz 

cells and the acetonitrile background was subtracted from the resulting spectra. In Figure 4.2, results 

for the complex [FeIII(N3)cyc-ac]PF6 are shown. The spectrum was decomposed into Gaussian bands (in 

blue, sum of the Gaussian functions in red) and the result of this decomposition is summarized in Table 

4.4. Arrows in Figure 4.2 indicate wavelengths that will be used for resonance Raman measurements 

(514 nm) and photolysis experiments (470 nm, 304 nm, 266 nm) in the present work. 

 

Figure 4.2: Room temperature UV-vis spectrum of [FeIII(N3)cyc-ac]PF6 in acetonitrile solution 
(black) and decomposition in single Gaussian bands (blue; in red: sum of the Gaussian 
functions). Arrows indicate wavelengths used for resonance Raman measurements (514 nm) 
and photolysis experiments (470 nm, 304 nm, 266 nm). 
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Table 4.4: Result from Gaussian deconvolution of the UV-vis spectrum of [FeIII(N3)cyc-ac]PF6. 

Excitation  fosc FWHM 

[cm-1] [M-1 cm-1]  [cm-1] 

21895 2120 0.0304 3220 

32108 3960 0.0869 5042 

35861 4640 0.0491 3695 

40598 11320 0.2504 5072 

44227 13560 0.1349 3850 

46730 14780 0.1537 4018 

50221 13900 0.3094 5528 

The complex [FeIII(N3)cyc-ac]+ shows an isolated absorption at 21895 cm-1 (458 nm, =2120 M-1 cm-1), 

as seen in Figure 4.2 and previously reported in the literature.[43] Even higher molar absorptions are 

usually expected for LMCT-transitions (ɛ>10 mM-1cm-1),[208] this band presumably results from an 

transition from the azide ligand to the iron center. This will be verified by resonance Raman 

measurements in Chapter 4.5.1. Further signals were observed at higher energy and decomposed in 

Gaussian bands at 32108 cm-1, 35861 cm-1 and 40698 cm-1, respectively. However, bands from 

40000 cm-1 on strongly overlap and a decomposition in Gaussian functions is difficult. Attempts were 

also made to measure the UV-vis spectrum of the [FeIII(Cl)cyc-ac]PF6 precursor under identical 

conditions. This would allow to identify the LMCT-bands that result from the azide ligand since LMCT-

bands from the chloride ligand are expected to appear at much higher energy. However, strong 

concentration dependence was observed in the UV-vis spectra which is a clear sign that the complex 

is not stable in solution. Similar behavior was observed when it was tried to measure the EPR-spectrum 

of [FeIII(Cl)cyc-ac]PF6 in solution. Presumably, the chloride ligand is more labile than the azido ligand 

and undergoes a substitution reaction with solvent molecules in solution. 

TD-DFT calculations were performed to gain insight into the nature of the observed bands. In Table 4.5 

difference density plots are provided and in Figure 4.3 the experimental spectrum is shown together 

with the calculated oscillator strengths indicated by blue bars. In very good agreement with the 

experimentally observed band at 21824 cm-1, an intense band was calculated to appear at 22533 cm-1. 

The difference density plot for this transition (see Table 4.5) identifies it as a LMCT-transition from the 

azide ligand π-system to the metal. The donating π-orbital lies parallel to the plane of the equatorial 

cyclam ligand and is therefore labeled by π‖ as it was done in Figure 4.1, the singly occupied orbital 

(SOMO) dxz is the accepting orbital for this LMCT-transition. 

The experimental band at 32108 cm-1 does, referring to the TD-DFT calculations, result from a π⏊(N3) 

dz² transition that was calculated to appear at 30389 cm-1. At 34319 cm-1 a LMCT-transition from the 

carboxylate group to the iron-center was calculated that might be assigned to the experimental band 

observed at 35861 cm-1. 
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Table 4.5: Difference density plots from TD-DFT calculations on the complex [FeIII(N3)cyc-ac]+ (red:negative, 
yellow:positive), calculated transition energies, oscillator strengths (fosc) and description of the electronic 
transition. 

 

calculated transition (fosc) main character 

23140 cm-1 (0.0294) 

exp.: 21895 cm-1 (0.0304) 
π‖(N3)  dxz/yz (SOMO) 

 

30389 cm-1 (0.0107) 

exp.: 32108 cm-1 (0.0869) 
π⏊(N3)  dz² 

 

34319 cm-1 (0.0177) 

exp: 35861 cm-1 (0.0491) 
π(-CO2)  dx²-y² + dz² 

 

37427 cm-1 (0.0476) π(-CO2)  dz² 

 

38958 cm-1 (0.0352) π⏊(N3)  π*(N3) + dz² 

 

41401 cm-1 (0.0624) π(-CO2)  dz² 

 

41828 cm-1 (0.0486) π(-CO2)  dz² 
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The assignment of experimentally observed bands above 40000 cm-1 is difficult since several bands 

seem to overlap in this region. A band with high intensity was included in the fit at 40598 cm-1, 

however, this absorption might be a superposition of two or more bands. Several transitions were also 

calculated to appear in the 35000 cm-1-45000 cm-1 region. A LMCT transitions from the carboxylate 

group to the metal π(CO2)dz² was calculated to appear at 37427 cm-1 and a mixture of LMCT 

π⏊(N3)dz² and intra-ligand-transition π⏊(N3)π*(N3) was calculated to appear at 38958 cm-1, 

respectively (see Table 4.5). At 41401 cm-1 and 41828 cm-1, two very similar transitions from the 

carboxylate-group to the metal dz²-orbital were calculated. However, the experimental spectrum was 

decomposed in one Gaussian function at 40598 cm-1 for this region. 

 
Figure 4.3: Experimental absorption spectrum of [FeIII(N3)cyc-ac]PF6 in acetonitrile at room 
temperature (black) and calculated (B3LYP/def2-TZVP/RIJCOSX) oscillator strengths (blue). 

The calculations clearly support the assignment of the experimentally observed band at 21895 cm-1 to 

a LMCT-band from the azide ligand to the metal center. This will be further verified by resonance 

Raman measurements in Chapter 4.5.1. TD-DFT calculations further reveal, that transitions at higher 

energy result from additional azide ligand to metal transitions, but carboxylate to metal transitions 

also play an important role in the explanation of the experimental spectrum.  

In the photolysis experiments, light with 470 nm  wavelength will be used. The discussed TD-DFT results 

suggest that 470 nm (21277 cm-1) encounters the LMCT-transition from the π‖(N3)-orbital to metal the 

dxz/yz-orbital. In the photolysis experiment with 304 nm (32895 cm-1) light, presumably a transition from 

the π⏊(N3)-orbital into the metal dz²-orbital is induced which was calculated by TD-DFT to appear at 

30389 cm-1. 266 nm light used in the time resolved IR measurements (see Chapter 4.5.3) lies between 

the bands at 35861 cm-1 (279 nm) and 40598 cm-1 (246 nm) that resulted from a Gaussian 

decomposition of the experimental spectrum. The performed calculations suggest that the observed 

transition at 35861 cm-1 results from a LMCT-transition from the carboxylate group to the metal. 

Assignment of the band at 40598 cm-1 is more difficult. It might also result from a carboxylate to metal 

transition, or a transition from the azide ligand to the metal and partially to a ligand π*-orbital. Hence, 

the nature of the electronic transitions induced by a 266 nm laser is unfortunately not known, besides 

the fact that it is a LMCT transition. 
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4.3.2. The Complex [FeIII(N3)2cyc]+ 

Under the same conditions as discussed above for the complex [FeIII(N3)cyc-ac]PF6 (room temperature, 

acetonitrile solution), the UV-vis absorption spectrum for the bis-azido complex [FeIII(N3)2cyc]ClO4 was 

recorded. The spectrum and the decomposition into Gaussian functions is shown in Figure 4.4, results 

of the decomposition are provided in Table 4.6. Arrows in Figure 4.4 indicate wavelengths that are 

used for resonance Raman measurements (514 nm) and photolysis experiments (470 nm). 

 
Figure 4.4: Room temperature UV-vis spectrum of [FeIII(N3)2cyc]ClO4 in acetonitrile (black) and 
decomposition in Gaussian bands (red: sum of the Gaussian functions). Arrows indicate wavelengths 
used for resonance Raman measurements (514 nm) and photolysis experiments (470 nm). 

  

Table 4.6: Result from Gaussian deconvolution of the UV-vis spectrum of [FeIII(N3)2cyc]ClO4 (Figure 4.4.) 

Excitation  fosc FWHM 
[cm-1] [M-1 cm-1]  [cm-1] 

20499 4310 0.0352 2037 

23784 840 0.0389 10576 

29182 5497 0.0889 3948 

33533 5640 0.0822 3825 

38849 7660 0.1443 5857 

47507 12890 0.6860 11539 

Again, an isolated band in the visible region is observed (20499 cm-1/488 nm) as reported previously,[29] 

only slightly lower in energy than for the mono-azido complex [FeIII(N3)cyc-ac]PF6 (21895 cm-1). This 

band presumably results from a LMCT-transition from the azide ligand to the metal. A very broad band 

with low intensity had to be included at 23784 cm-1 for a reasonable fit of the spectrum but it is not 

clear if this results from the sample or is a problem e.g. from the subtracted background. The bands 

on the higher energy side again overlap, however, they are more separated from each other than in 

the complex [FeIII(N3)cyc-ac]+, which facilitates the decomposition into Gaussian functions. Bands of 

similar intensity were observed at 29182 cm-1, 33533 cm-1 and 38849 cm-1. 
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The experimental results are again combined with TD-DFT calculations 

(B3LYP/def2-TZVP/RIJCOSX/COSMO) to support the assignment of observed bands. Calculated 

oscillator strengths together with the experimental spectrum are shown in Figure 4.5. Difference 

density plots for the four most intense calculated transitions are provided in Table 4.7. 

 

Figure 4.5: Experimental (black) and calculated (blue bars, oscillator strength) absorption 
spectrum of [FeIII(N3)2cyc]ClO4 

A transition with significant intensity is calculated to appear at 21537 cm-1, in good agreement with 

the experimentally observed band at 20499 cm-1. As also predicted by the TD-DFT calculations for the 

mono azido complex [FeIII(N3)cyc-ac]PF6, this band results from a LMCT-transition from the azido π‖-

orbital to the singly occupied dxz-metal orbital (see Table 4.7). 

A transition from the azide ligand (π⏊-orbital) into the metal dz²-orbital was calculated to appear at 

27185 cm-1, which is in reasonable agreement with the band observed at 29182 cm-1 in the 

experimental spectrum. A band of very similar nature was calculated to appear at 36103 cm-1 (see 

Table 4.7). The calculated oscillator strength is very high, however, the position is in reasonable 

agreement with the experimentally observed band at 33533 cm-1. Presumably, in the calculations the 

oscillator strength for this transition is strongly overestimated. Analog transitions (π⏊dz²) were 

calculated for the mono-azido complex [FeIII(N3)cyc-ac]+ at slightly lower energy, 30389 cm-1 and 

38958 cm-1, respectively. 

An azido intra-ligand transition (ππ*) was calculated to be at 40510 cm-1, which is in good agreement 

with the experimentally observed band at 38849 cm-1. In the mono-azido complex [FeIII(N3)cyc-ac]+, a 

similar band was calculated to appear at almost identical energy, 38958 cm-1. Intra ligand ππ* 

transitions in the 30000 cm-1 – 40000 cm-1 range have also been reported for various azido-manganese 

and -chromium complexes previously.[9-10] 
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Table 4.7: Difference density plots from TD-DFT calculations on the complex [FeIII(N3)2cyc]+ (red:negative, 
yellow:positive), calculated transition energies, oscillator strengths (fosc) and description of the transition. 

 
calculated transition (fosc) main character 

 

         21537 cm-1  (0.0346) 

exp.: 20499 cm-1  (0.0352) 
π‖(N3)  dxz/yz (SOMO) 

 

          27185 cm-1  (0.0314) 

exp.: 29182 cm-1  (0.0889) 
π⏊(N3)  dz² 

 

          36103 cm-1  (0.3171) 

exp.: 33533 cm-1  (0.0822) 
π⏊ (N3)  dz² 

 

          40510 cm-1  (0.1040) 

exp.: 38849 cm-1  (0.1443) 
π‖(N3)  π*(N3) 

Individual band positions for the mono-azido-complex [FeIII(N3)cyc-ac]PF6 and the bis-azido-complex 

[FeIII(N3)cyc]ClO4 differ, however, strong analogy can be found in the absorption spectra. Most striking 

is the isolated band in the visible region that, based on the TD-DFT calculations, can be assigned to a 

LMCT-transition from the azide ligand to the singly occupied metal d-orbital. For both complexes it has 

been reported before, that irradiation into this band leads to elimination of N2 and formation of an 

nitrido-iron(V) species.[29,43] To get further insight in the processes that are initiated by light that 

coincides with this band, resonance Raman measurements are performed and will be discussed in 

Chapter 4.5. 

At higher energy, for both complexes LMCT-transitions from the azide ligand to the metal dz²-orbital 

are predicted by TD-DFT and bands at the corresponding positions can be found in the experimental 

spectra. Furthermore, azido intra-ligand transitions (ππ*) were calculated and LMCT-transitions 

from the carboxylate-group to the metal center for the complex [FeIII(N3)cyc-ac]PF6. 

In particular for the complex [FeIII(N3)cyc-ac]PF6 understanding the nature of transitions at higher 

energy is crucial, since for this complex photolysis experiments with a wavelength of 304 nm and 

266 nm were performed (see Chapter 4.5.3 and Chapter 4.6.2). The assignment of these bands allows 

therefore a deeper understanding of the processes that take place upon photolysis with light in this 

region. 
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4.4. Absorption Spectra and Photolysis of Azido-Iron(III) Complexes at Low 

Temperature 

UV-vis spectra were also recorded at low temperature on frozen solution samples. In certain cases, 

this allows to observe vibronic coupling, the coupling between electronic transitions and vibrational 

motions. Further, it is possible to photolyze the sample and to record absorption spectra of the 

resulting species. It will be shown by Mössbauer spectroscopy (Chapter 4.6.1), EPR-spectroscopy 

(Chapter 5.4) and has been reported in the literature[41,43,45] that photolysis of frozen solution samples 

with 470 nm light results in the nitrido-iron(V) complex [FeV(N)cyc-ac]+. 

To get a transparent sample, solvents had to be used that form a glass upon freezing. In the present 

case, samples of ~1mM concentration were prepared in a 1:9 mixture of ethanol and methanol. The 

solution was prepared in a glove box under inert N2-atmosphere and degassed by freezing the solution 

with liquid nitrogen, applying vacuum on the frozen solution, and allowing the solution to thaw again. 

This “freeze-and-pump” procedure was repeated two times. The solution was then transferred in a 

1mm UV-vis cell and immediately frozen with liquid nitrogen outside the glove-box. Measurements 

were performed by placing the sample in an Oxford-Instruments cryostat cooled by liquid nitrogen and 

equipped with quartz glass windows. The photolysis was performed with a 560mW LED lamp emitting 

light of 470 nm while the sample was kept in the cryostat. Correction of the recorded data for the 

effect of scattering did not significantly improve the results. Therefore, the raw data is presented here 

which allows a good qualitative analysis.  

 

 

4.4.1. The Complex [FeIII(N3)cyc-ac]PF6 

The UV-vis spectrum of the complex [FeIII(N3)cyc-ac]PF6 recorded at 80K is shown in Figure 4.6 (black 

trace). No significant differences between the low temperature and room temperature spectra are 

observed (compare Figure 4.2), no effects of vibronic coupling are present. After photolysis of the 

sample in the cryostat with 470 nm light for 30 min, the band in the visible region (21895 cm-1) 

completely disappeared. This is in line with the expectations since it is assumed to result from an LMCT-

transition of the azide ligand to the metal and the azide ligand is expected to be transformed into a 

nitrido-group by release of dinitrogen. Absorption bands observed at higher energy (30000 cm-1 – 

40000 cm-1) also disappeared after the photolysis process. This can be partially explained by the 

elimination of the azide ligand. However, the band at 40598 cm-1 for the azido-complex was assumed 

to result from a transition from the carboxylate-group to the metal and given that the carboxylate 

group is not affected in the photolysis,[41,45] LMCT-bands from the carboxylate-group to the metal 

center might be expected. 

dd-transitions calculated by the CASSCF/NEVPT2 method for the resulting complex [FeV(N)cyc-ac]+ will 

be discussed in detail in Chapter 5.5.2, page 131. It will be shown that the 2A2[a1(dxy)b2(πy*)] 

transition is expected at 19358 cm-1 and the 2A1[b2(πy*)a1(dz²)] transition at 16959 cm-1. Due to 
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covalency these transitions are expected to show the highest intensity among the dd-transitions. 

However, it was not possible to identify any bands in this region in the experimental spectrum. 

 
Figure 4.6: UV-vis spectrum of [FeIII(N3)cyc-ac]PF6 in ~1mM in MeOH:EtOH solution at 80K 
before (black) and after (red) photolysis with 470nm light. 

 

The absence of significant bands for the nitrido-iron(V) complex is still in agree with the qualitative 

observation during the photolysis of EPR-, Mössbauer- or the UV-vis samples. The initially slightly 

yellow frozen solution samples are completely bleached during the photolysis and a white sample is 

obtained after the photolysis has been completed. Therefore, resonance Raman measurements on the 

nitrido-iron(V) complex will be difficult, if not impossible, since there are no absorption bands that can 

be used for laser excitation. 
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4.4.2. The Complex [FeIII(N3)2cyc]ClO4 

The absorption spectrum for the complex [FeIII(N3)2cyc]ClO4 recorded in Methanol:Ethanol 9:1 at 80K 

is shown in Figure 4.7 (black curve). Again, the spectrum is nearly identical to the one obtained at room 

temperature in acetonitrile solution (see Figure 4.4). No vibronic coupling is observed. After photolysis 

with 470 nm light for 60 min the bands observed for the azido-iron(III)-complex completely vanish (red 

curve in Figure 4.7) as it was also the case for the [FeIII(N3)cyc-ac]PF6 complex. 

 

Figure 4.7: UV-vis spectrum of [FeIII(N3)2cyc]ClO4 1mM in MeOH:EtOH solution at 80K before 
(black) and after (red) photolysis with 470nm light. 

 

In anticipating results from CASSCF/NEVPT2 calculations on the complex [FeV(N)(N3)cyc]+ (Chapter 

5.5.2, page 131), it is noted that the most intense dd-transitions 2A2[a1(dxy)b2(πy*)] and 
2A1[b2(πy*)a1(dz²)] were calculated to be 19949 cm-1 and 17567 cm-1, respectively. However, no 

significant bands are observed in this region experimentally. 

This again agrees with the qualitative observations made during the preparation of EPR- and UV-vis-

samples that turned completely white after the photolysis has been completed, while the initial azido-

iron(III) complex in frozen solution is slightly yellow/orange. However, the absence of any absorption 

bands again prevents the measurement of resonance Raman spectra on the nitrido-iron(V) complex 

[FeV(N)(N3)cyc]+. 
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4.5. Vibrational Spectroscopy on Azido-Iron(III) Complexes 

Azide ligands show several characteristic bands in their IR spectrum and further vibrations can be 

identified by (resonance) Raman spectroscopy. While IR spectroscopy on the complexes 

[FeIII(N3)cyc-ac]PF6 and [FeIII(N3)2cyc]ClO4 provides basic information on the structure of these species, 

more insight in the processes that proceed upon photo excitation is obtained by resonance Raman 

spectroscopy.  

High-valent nitrido-iron(V) species studied in the present work are obtained by photolysis of azido-

iron(III) complexes and resonance Raman spectroscopy on the iron(III) precursors can provide valuable 

information about the underlying processes. The azido-iron(III) complexes are transformed into 

nitrido-iron(V) complexes by photolysis with 470 nm light, as will be shown in more detail in Chapter 

4.6.1, Chapter 5.4 and has been reported previously.[29,41,43,45]  

The complexes [FeIII(N3)cyc-ac]PF6 and [FeIII(N3)cyc]ClO4 show absorption bands at 458 nm (21895 cm-1) 

and 488 nm (20499 cm-1), respectively (see Chapter 4.3). TD-DFT calculations discussed in Chapter 4.3 

suggested that these bands result from LMCT-transitions from the azide ligand(s) to the metal center. 

In the initial studies on these systems[29,43] it was assumed that irradiation into these bands induces the 

elimination of N2 and the formation of high-valent nitrido species. 

As outlined in the introductory Chapter 2.3, high intensity is found in resonance Raman measurements 

for modes that mimic the deformation of the molecule upon electronic excitation,[114,116] and therefore 

intense signals are expected upon irradiation into these bands that originate from azide modes. 

However, if the electronic excited state is of dissociative nature (e.g. with respect to N2-elimination), 

detection of resonance Raman signals can be difficult, as outlined in the introduction (Chapter 2.3). 

Given that azido-iron(III) complexes are photo labile, the excitation wavelength for the resonance 

Raman experiments was chosen in a way that it does not hit the maximum of the visible absorption of 

interest, but the tail of the absorption band on the lower energy side at 514 nm (so called 

pre-resonance Raman spectroscopy). This way it was tried to avoid irradiation damage of the samples 

during the measurements. 

Experimental results will be combined with DFT calculations to support the assignment of 

experimentally observed signals. Frequency and TD-DFT calculations in this chapter were performed 

with the B3LYP functional, the def2-TZVP basis set and the corresponding auxiliary basis set for the 

RIJCOSX approximation. In Chapter 4.3 it was already shown for both complexes considered here, that 

an intense signal in the visible region is very well reproduced by TD-DFT calculations, which is required 

to calculate resonance Raman spectra properly. A scaling factor of 0.9614 was applied on the 

calculated harmonic modes to compare them with the experimental fundamentals.[186] 
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4.5.1. IR and Resonance Raman Spectroscopy on the Complex 

[FeIII(N3)cyc-ac]PF6 

Azide anions show 3N-5 = 4 normal modes. One antisymmetric (νas(N3)) and one symmetric stretching 

mode (νs(N3)) as well as two degenerate bending modes. When the azide anion is coordinated to a 

metal in an end-on and bent fashion, these two bending modes are described as in plane δip(N3) and 

out-of-plane δop(N3) modes. The four azido normal modes will also be present in azides that are bond 

to a transition metal. Coordination of the azide anion to the metal gives rise to further stretching and 

bending modes between the metal and ligand (ν(Fe-N3) and δ(Fe-N3)). For the O-Fe-N3 fragment, 

3N-6=9 normal modes are expected, that are spanned by 7A’+2A’’ in Cs symmetry for the complex  

[FeIII(N3)cyc-ac]+, that does not show any symmetry element besides a mirror plane.[209] Both, A’ and 

A’’ vibrations are IR- and Raman active, respectively. 

 

IR Spectroscopy 

IR samples were prepared as KBr disks from ~200 mg KBr (stored at 110°C prior usage for drying) and 

~2 mg of the sample. Recorded spectra were baseline corrected and manually normalized to show the 

same intensity for the natural- and 15N-isotope samples. Resulting IR spectra of [FeIII(N3)cyc-ac]PF6 and 

[FeIII(15NN2)cyc-ac]PF6 are shown in Figure 4.8. Peaks at 835 cm-1 and 560 cm-1 originate from the PF6
- 

counter anion and are indicated by asterisks.[210] 

 
Figure 4.8: IR spectrum of [FeIII(N3)cyc-ac]PF6 in black, [FeIII(15NN2)cyc-ac]PF6 in blue  and the difference 

spectrum in red. 

The signals at 3260 cm-1 and around 3230 cm-1 are typical for the N-H stretching vibrations of amine 

ligands,[211] signals between 2850 cm-1 and 3000 cm-1 are characteristic for C-H stretching vibrations.[211] 

Both can be assigned to the organic ligand. The intense signal at 2052 cm-1 shows an isotope shift (from 
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2052 cm-1 to 2037 cm-1) and results from the antisymmetric stretching vibration of the azide and the 

band at 1664 cm-1 can be assigned to the C=O stretching vibration of the carboxylate group. 

Given that many peaks overlap at lower energy (shown in more detail in Figure 4.9), assigning signals 

in this region  is difficult. As discussed before (vide supra), the azide ligand features a symmetric 

stretching vibration νs(N3) that is expected in this area, as reported for a series of high-spin azido 

iron(III) porphyrins in the 1318 cm-1 – 1324 cm-1 range,[209] or at 1210 cm-1 in a non-heme high-spin bis-

azido iron(III) complex.[212] However, the C-O stretching mode (between carbon and the iron bond 

oxygen) of the carboxylate is also expected in this region, which was previously assigned to a signal at 

1285 cm-1 for the present complex.[43] When the natural isotope sample and the 15N-isotope labeled 

material are compared (Figure 4.9), only minor, not very well resolved, differences can be observed in 

the 1220 cm-1-1350 cm-1 area and identification of the νs(N3) signal is difficult. 

In Figure 4.10, the IR spectra of the complexes [FeIII(N3)cyc-ac]PF6, [FeIII(15NN2)cyc-ac]PF6, and their 

chloride precursor [FeIII(Cl)cyc-ac]PF6 are compared. Most features of the three spectra are identical, 

besides some minor variations in the 1220 cm-1-1350 cm-1 region where the chlorine complex shows 

less signals. This agrees with the expectation that the azido complexes should show signals for the 

symmetric stretching vibration νs(N3) in this region. The chloride complex [FeIII(Cl)cyc-ac]PF6 shows a 

clear signal at 1296 cm-1 which presumably represents the C-O vibration of the carboxylate group, as 

mentioned before. However, due to the number of signals that overlap in this region it is not possible 

to clearly identify the symmetric stretching vibration νs(N3). C-H Wagging (bending) modes usually 

appear in the same region as the νs(N3) mode[211] and might overlap with the signal of the νs(N3) mode. 

 
Figure 4.9: 390 cm-1 – 1500 cm-1 region of the IR spectra for the [FeIII(N3)cyc-ac]PF6 complex in black, 

[FeIII(15NN2)cyc-ac]PF6 in blue and the difference spectrum in red. 
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Figure 4.10: Comparison of the IR-spectra from [FeIII(N3)cyc-ac]PF6 (black), [FeIII(15NN2)cyc-ac]PF6 (blue) and 

[FeIII(Cl)cyc-ac]PF6 (red) in the 630 cm-1 – 1380 cm-1 region. 

A small signal is observed at 653 cm-1, which is not present in the chloride complex and shows an 

isotope effect of -4 cm-1 (see Figure 4.10). This presumably results from a bending mode between iron 

and the azide ligand, as will be also shown in the resonance Raman spectra and the DFT calculations 

(vide infra). 

 

To support the assignment of observed IR bands, spectra were calculated by DFT including isotope 

labeling effects. In the experiments, samples with isotopes in their natural abundance and 15N-isotope 

labeled azide was used. It has to be adhered to the fact, that in commercially available sodium-azide 

which was used in the synthesis (see Chapter 4.1), only one of the terminal nitrogen-atoms is 15N-

labeled. Therefore, a mixture of azido-iron complexes is obtained with the terminal azido-nitrogen 

atom 15N-labeled (Fe-NN15N, in the following denoted as -15N) and with a 15N-labeled nitrogen atom 

bond to iron (Fe-15NNN, denoted as α-15N). However, the differences between the two 15N-isomers 

were not resolved in the obtained vibrational spectra but have to be considered in the DFT calculations. 

Some cases are reported in the literature where a splitting of azide vibrations was observed in 

measurements at 20 K due to the presence of two different 15N-isomeres.[40,46,209] Calculated modes 

(mainly resulting from the O-Fe-N3 fragment) that are affected by 15N-isotope labeling are provided in 

Table 4.8. The calculations predict largest isotope effects for the symmetric and antisymmetric 

stretching vibrations of the azide ligand. Table 4.8 further reveals that the isotope shift significantly 

depends on which N-atom is 15N-substituted (α-15N or -15N). In the following discussion the average 

calculated isotope effect for the two 15N-isomers will be used that is also provided in Table 4.8. 
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Table 4.8: Calculated modes with significant iron/azide contribution and possible isotope 15N-patterns. 

mode / character 
Fe-NNN α-15N (Fe-15NNN) -15N (Fe-NN15N) 15N-average 

[cm-1]   [cm-1] Δ   [cm-1] Δ   [cm-1] Δ 

νas(N3) / A’ 2078   2074 -4   2057 -21   2066 -12 
νs(N3) / A’ 1301   1274 -27   1286 -15   1277 -21 

δip(N3) / A’ 663   656 -7   661 -2   658 -5 

δop(N3) / A’’ 596   593 -3   592 -3   592 -4 

νas(O-Fe-N3) / A’ 471   471 0   471 0   471 0 

νs(O-Fe-N3) / A’ 352   350 -1   351 0   351 -1 

δip(O-Fe-N3) / A’ 191   190 -1   191 -1   191 -1 
δop(O-Fe-N3) / A’’ 173   171 -1   173 -1   172 -1 

δ(Fe-N3) / A’ 96   96 0   94 -2   95 -1 

In Figure 4.11 the calculated spectra in the 600cm-1-1500cm-1 region are shown. C-H bending modes 

of “scissoring” type are visible in the 1400 cm-1 - 1450 cm-1 range and probably correspond to the 

experimentally observed signals between 1400 cm-1 and 1500 cm-1 (see Figure 4.9). Signals that are 

calculated to appear at 1063 cm-1 and 1028 cm-1 (see Figure 4.11) refer to C-N stretching modes and 

those at 992 cm-1 to N-H bending/wagging modes of the ligand. These can be assigned to the 

experimentally observed signals at 969 cm-1, 938 cm-1 and 929 cm-1, respectively (see Figure 4.10). 

 
Figure 4.11: Calculated IR spectra for the [FeIII(N3)cyc-ac]+ complex (black), a 50:50 mixture of the 
[FeIII(15NNN)cyc-ac]+ and [FeIII(NN15N)cyc-ac]+ isotope labeled material (blue) and a differential spectrum of the 
two calculations. Line shapes were generated using a Gaussian function with 15 cm-1 line width. 

DFT calculations predict the symmetric stretching vibration of the azide ligand to appear at 1301 cm-1 

and the C-O stretching vibration at 1216 cm-1. For the symmetric stretching vibration νs(N3) further an 

average isotope effect of -21 cm-1 was calculated (see Table 4.8). However, as already discussed (vide 

supra) it is not possible to clearly identify the signal of the symmetric stretching vibration in the 
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experimental IR spectra. Only minor variations, not very well defined, are observed in the 

corresponding spectral range which precludes to assign the νs(N3) mode to a distinct experimentally 

observed peak. 

The experimentally observed signal at 653 cm-1 (isotope shift -4 cm-1) is in good agreement with the 

calculated down shift of a signal from 663 cm-1 to 658 cm-1, respectively. It originates from the in-plane 

bending mode δip(N3) of the azide ligand. Even the signal is very small in the IR-measurements, this 

assignment is very reasonable as will be further shown in the following resonance Raman section. 

 

 

Resonance Raman Spectroscopy 

Resonance Raman samples were prepared from 6 mmol L-1 acetonitrile solutions in EPR quartz tubes. 

The measurements were performed at 77 K by placing the sample in a quartz glass finger dewar with 

liquid nitrogen. Separate measurements for the 100 cm-1-1450 cm-1 and the 1320cm-1-2500 cm-1 range 

were stitched together ensuring overlap that includes at least one peak for normalization. The 

instrument was calibrated to the signal of Na2SO4 and the acetonitrile solvent signals. To obtain 

reasonable spectra, 30 measurements, each one for 30 seconds, were accumulated to obtain the final 

spectrum. Solvent and quartz signals from the sample tube are omitted in the presented data on which 

the Savitsky−Golay smoothing algorithm has been applied, too. 

 
Figure 4.12: Resonance Raman spectra from [FeIII(N3)cyc-ac]PF6 at 514 nm/220mW/77K in acetonitrile; Black: 
natural isotope, blue: 15N-isotope labeling on the azide; red: difference spectrum. Spectra were normalized to 
the peak intensity at 2049 cm-1/ 2038 cm-1.  
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Figure 4.12 shows the resonance Raman spectra of [FeIII(N3)cyc-ac]PF6 obtained from natural isotope 

and 15N-labeled material. In contrast to published resonance Raman studies on azido 

iron(III)porphyrins at 20 K,[40,46,209] the difference between the two 15N-isotope isomers (α-15N vs -15N) 

was not resolved in the present experiments. 

Very clear is the intense signal for the antisymmetric azide stretching vibration at 2051 cm-1 (2041 cm-1 

for 15N-material), as it was present in the IR-spectra at 2052 cm-1 (2037 cm-1). Figure 4.13 shows the 

180 cm-1-1350 cm-1 range of the spectra in more detail. 

 
Figure 4.13: Zoom in the 180 cm-1 – 1350 cm-1 area of spectra in Figure 4.12. 

In the range where the symmetric stretching vibration of the azide ligand is expected, signals at 1150 

cm-1, 1214 cm-1, 1244 cm-1 and 1323 cm-1 were detected; however, none of these signals show a 

significant isotope shift. For the IR-spectra only minor intensity variations were observed but a clear 

identification of the νs(N3) mode and its isotope-shift was impossible, too. However, in the IR-spectra 

it might be the case that the signal is hidden under additional peaks (see discussion in the previous 

section). The resonance Raman signals in the 1100 cm-1 – 1400 cm-1 range were decomposed into 

Gaussian peaks for a more detailed analysis (not shown here), however, this did not result in any 

further information. Possibly, the signal at 1305 cm-1 and/or at 1324 cm-1 correspond to the expected 

νs(N3) signal, but this assignment is equivocally. 

An isotope shift of -6 cm-1 was observed for the signal at 665 cm-1, similar to the IR-spectra where a 

shift from 653 cm-1 to 649 cm-1 was detected. This signal can be therefore assigned to one of the δ(N3) 

bending mode (in-plane or out-of-plane). 
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Resonance Raman spectra were calculated by DFT for the natural isotope and the 15N-labeled complex 

to support band assignments, as shown in Figure 4.14. The excitation wavelength in the calculations 

was shifted, according to the deviation of the calculated UV-vis absorption from the experimentally 

observed band at 458 nm (21485 cm-1). The calculated spectrum for the 15N-labeled material was 

generated in a way that calculations were performed for the α-15N and -15N species separately and 

the shown spectrum is a 50:50 mixture of these two calculated spectra. The plot was generated using 

Gaussian functions with a linewidth of 10 cm-1 which results in a splitting of the signals 2078 cm-1 and 

1301 cm-1 due to the two different 15N-isotope isomers (α-15N and -15N). Calculated resonance Raman 

modes are summarized in Table 4.9 and the displacements are described graphically in Figure 4.16 

(page 62). In Table 4.9 (page 61) also the calculated dimensionless normal coordinate displacements 

(∆) are provided. Dimensionless normal coordinate displacements are of interest, since it is well 

established that they correlate with the resonance Raman intensity by 𝐼𝑟𝑅  ∝  𝜔
2 ∙ ∆2.[213-214] 

Assignment of the calculated band at 2078 cm-1 to the antisymmetric stretching vibration in the 

experimental spectrum at 2049 cm-1 and the valence stretching vibration of the C=O group which was 

calculated to be 1714 cm-1 and found experimentally at 1645 cm-1 is straightforward and was already 

discussed (vide supra). 

 
Figure 4.14: Calculated resonance Raman spectrum of [FeIII(N3)cyc-ac]+. Black: natural isotope; blue: 15N-labeled 

complex. 

Calculated and experimental resonance Raman spectra in the 150 cm-1 – 1750 cm-1 range are compared 

in Figure 4.15. Even the intensity of several peaks differs, the overall pattern is reproduced reasonably 

well in the calculations. 

Low intensity was calculated for two δ(C-H) scissoring modes and one δ(C-H) wagging mode at 

1464 cm-1, 1451 cm-1 and 1391 cm-1, respectively. In the experimental spectrum they were not 
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detectable since many solvent peaks appear in this region. Therefore, a comparison to the 

experimental results is not possible for these modes. 

 
Figure 4.15: Calculated (black) and experimental (blue) resonance Raman spectra for [FeIII(N3)cyc-ac]+ in the 

150 cm-1 to 1750 cm-1 range.  

As discussed above (vide supra), five vibrations are observed in the 1150 cm-1 – 1330 cm-1 range in the 

experimental spectrum (1323 cm-1, 1305 cm-1, 1244 cm-1, 1214 cm-1, 1150 cm-1). This is in agreement 

with the calculations, since five signals are also predicted in this region by DFT, with two modes 

calculated to appear at the same position at 1301 cm-1. The mode which is calculated to be 1301 cm-1 

can be assigned to the symmetric stretching vibration of the azide (see Figure 4.16) and an average 

down shift of -21 cm-1 was calculated (see Table 4.8). The second mode that was also calculated to 

appear at 1301 cm-1 is a combination of δ(C-H) twisting modes (see Figure 4.16). Therefore, the mode 

at 1301 cm-1 splits up in three bands in the calculations for the 15N-isotope labeled complex as it can 

be seen in Figure 4.14. The two coinciding signals at 1301 cm-1 might correspond to the modes 

observed at 1323 cm-1 and 1305 cm-1 in the experiment, however, it is not clear why the isotope effect 

is not detected experimentally. 

In the experimental spectrum a signal was detected at 665 cm-1, which was already assigned to a 

deformation mode δ(N3) of the azide ligand due to the isotope shift from 665 cm-1 to 658 cm-1 (see as 

well the IR spectra in Figure 4.10). This is in good agreement with the mode that was calculated to be 

663 cm-1, which shows a down shift of -5 cm-1 upon 15N-substitution. From the calculations it can be 

further seen, that the visible mode is the in-plane bending mode (δip(N3) at 663 cm-1), as outlined in 

Figure 4.16. The corresponding out-of-plane bending mode (δop(N3)) was calculated to appear at 

596 cm-1 without any significant resonance Raman intensity. 

A possible assignment of the resonance Raman modes (experimental and calculated) is provided in 

Table 4.9 and the modes are outlined graphically in Figure 4.16. 
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Table 4.9: Calculated and experimental resonance Raman modes, their assignment, dimensionless normal 
coordinate displacements and calculated relative resonance Raman intensity. 

exp. 
freq. 

calc. 
freq. 

Δ 
calc. rel. 
intensity 

mode description 

[cm-1] [cm-1]    

2049 2078 0.42 1.00 νas(N3) / A’ 

1645 1714 -0.10 0.05 νs(C=O) 

 1464 0.10 0.04 δ(C-H), scissoring modes 

 1451 -0.09 0.03 δ(C-H), scissoring modes 

 1391 0.10 0.03 δ(C-H), wagging modes 

1323 1301 -0.41 0.52 νs(N3) / A’ 

1305 1301 0.25 0.19 δ(C-H), twisting modes 

1244 1234 0.07 0.01 δ(C-H), twisting modes 

 1217 -0.03 0.00 νs(C-O) 

1214 1213 -0.18 0.08 δ(C-H), twisting modes ( mainly N-CH2-COO) 

1150 1177 -0.26 0.17 δ(N-H)   (and  δ(C-H), rocking modes) 

 1107 -0.13 0.04 δ(N-H)   and  δ(C-H) twisting modes 

 1082 -0.11 0.03 δ(N-H)   and  δ(C-H) twisting modes 

977 1007 0.37 0.25 δ(N-H), wagging modes 

817 860 -0.09 0.01 δ(C-H), rocking modes 

744 788 0.19 0.03 δ(C-H), rocking modes / ν (N-CH2COO) 

665 663 0.10 0.02 δip(N3), in-plane bending / A’ 

 596 -0.07 0.00 δop(N3), out-of-plane bending / A’’ 

528 515 -0.43 0.07 δ(CH2), rocking modes 

501 471 1.14 0.42 νas(O-Fe-N3) / A’ 

 389 0.83 0.15 ν(Fe-Ncyc) 

 368 0.82 0.12 δ(O-Fe-N3) / ν(Fe-Ncyc) 

482 454 -0.72 0.12 ν(Fe-Ncyc) 

438 399 -0.66 0.11 ν(Fe-Ncyc) 

334 352 -0.80 0.14 νs(O-Fe-N3) / A’ 

321 316 1.10 0.16 ν(Fe-N3) 

308 299 -0.68 0.06 ν(Fe-Ncyc) 

212 191 -1.25 0.07 δip(O-Fe-N3) / A’ 

194 176 0.69 0.02 δop(O-Fe-N3) / A’’ 

 96 1.78 0.03 δ(Fe-N3) / A’ 
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Figure 4.16: Schematic representation of calculated 
normal modes of the complex [FeIII(N3)cyc-ac]+. The 
lengths of the arrows roughly indicate the relative 
amplitude of the displacements. 

 



Azido-Iron(III) Complexes 63 
 

  

  

The area below 600 cm-1 was studied previously by nuclear resonance vibrational spectroscopy 

(NRVS).[45] Therefore, the experimental resonance Raman results are correlate to the published NRVS 

data where possible and provided in Table 4.10.[45] From the calculations as well as the experimental 

NRVS study, normal mode composition factors for iron (𝑒𝐹𝑒
2 ) can be extracted, that correlate with the 

intensity which is also considered in the mode assignment. Several modes observed in the NRVS-study 

can be also found in the presented resonance Raman spectra. 

Table 4.10: Comparison of the resonance Raman results with the data of a previously published NRVS study 

 Present resonance Raman Study NRVS Data from Literature[a] 

 rR exp. calculated  experimental calculated 

 freq. freq. Δ 𝒆𝑭𝒆
𝟐   freq. 𝒆𝑭𝒆

𝟐  freq. 𝒆𝑭𝒆
𝟐  

 [cm-1] [cm-1]    [cm-1]  [cm-1]  

νas(O-Fe-N3) 501 471 1.14 0.29  512 0.29 480 0.33 

ν(Fe-Ncyc) 438 399 -0.66 0.23  432 0.28 411 0.28 

ν(Fe-N3) 321 316 1.10 0.15  323 0.15 320 0.13 

ν(Fe-Ncyc) 308 299 -0.68 0.23  307 0.19 299 0.21 

δip(O-Fe-N3) 212 191 -1.25 0.02  - - - - 

ν(Fe-Ncyc) - 212 -0.09 0.03  207 0.02 189 0.01 

δop(O-Fe-N3) 194 176 -0.73 0.02  196 0.02 171 0.02 

a: Petrenko et al. J. Am. Chem. Soc. 2007, 129, 11053. 

 

Based on experimental and computational IR-, resonance Raman as well as previously published NRVS-

spectroscopy data it was possible to assigne several bands in the vibrational spectra. For two bands 

(νas(N3), δip(N3)), the assignment is very clear based on the observed isotope shift. However, for the 

symmetric stretching vibration of the azide ligand no isotope effect was observed in the resonance 

Raman spectra, even it was clearly predicted in the calculations. In the IR-measurements only minor 

variations were observed in the corresponding spectral region which did not allow a distinct 

assignment of the symmetric azide stretching mode. Reasons might be a too low resolution of the 

experimental data or the isotope effect is overestimated in the calculations.  

Broadening of the experimental spectra might be caused by the presence of more than one isomer. In 

Figure 4.17 the structure that coincides with the X-ray structure is shown, however, rotation of the 

azide ligand results in an additional isomer that is calculated to be only 2 kJ mol-1 higher in energy 

(B3LYP/RIJCOSX/def2-TZP/COSMO). A relaxed surface scan along the O-Fe-N-N dihedral angle (not 

shown here in detail) reveals that the barrier of this rotation is not more than 10 kJ mol-1. Given that 

samples were prepared from solution and then frozen with liquid nitrogen, it is throughout possible 

that in the sample more than one conformation is present which results in broadening of the 

experimental signals. Calculated modes that significantly involve the azide ligand are provided in Table 

4.11 for the two possible isomers shown in Figure 4.17 and different 15N-isotope labeling isomers. The 

data reveals differences of up to 10 cm-1 between the cis- and trans-isomers. 

Another potential problem in the resonance Raman measurements is irradiation damage, since azido 

iron(III) complexes can be photolyzed with light of similar wavelength as used in the measurements. 
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Figure 4.17: Cis-configuration of the [FeIII(N3)cyc-ac]+ complex as found in the crystal structure[43] (left) and the 
corresponding trans-structure (right). 

Table 4.11: Calculated modes with significant iron/azide contribution for both isomers and possible isotope 
15N-patterns. The differences between the cis-/trans- isomers is denoted as Δ. 

mode / character 
Fe-NNN Fe-15NNN Fe-NN15N 

cis trans Δ  cis trans Δ  cis trans Δ 

νas(N3) / A’ 2078 2075 3  2074 2071 3  2057 2053 4 

νs(N3) / A’ 1301 1292 9  1274 1264 10  1286 1277 9 

δip(N3) / A’ 663 668 -5  656 661 -5  661 666 -5 

δop(N3) / A’’ 596 601 -5  593 598 -5  592 598 -6 

νas(O-Fe-N3) / A’ 471 476 -5  471 476 -5  471 476 -6 

νs(O-Fe-N3) / A’ 352 349 3  350 348 2  351 349 2 

δip(O-Fe-N3) / A’ 191 195 -4  190 194 -4  191 195 -4 

δop(O-Fe-N3) / A’’ 173 171 2  171 169 2  173 171 2 

δ(Fe-N3) / A’ 96 91 5  96 91 5  94 90 4 

 

As outlined at the beginning of this chapter, the aim of the resonance Raman measurements was to 

investigate the effect of irradiation into a visible absorption band of the complex [FeIII(N3)cyc-ac]PF6. 

Experimentally observed peaks at 2049 cm-1 and 664 cm-1 can be clearly assigned to the azide ligand 

due to the presence of a significant isotope shift upon 15N-isotope labeling. By far the highest intensity 

was observed for the antisymmetric stretching vibration of the azide ligand at 2049 cm-1. It can, 

therefore, be concluded that the azide ligand is involved in the observed absorption at 458 nm 

(21845 cm-1) in the UV-vis spectrum and the previous assumption that this represents a LMCT-

transition is supported by the present resonance Raman study. 

The observation of an intense band for the antisymmetric azide stretching vibration implies, that 

irradiation in the visible band induces an antisymmetric deformation of the azide ligand. This mimics 

the elimination of N2 from the azido complex (see Figure 4.16, mode at 2078 cm-1) and indicates that 

breaking the FeN-N2 bond might be possible by photolysis with visible light. Unfortunately, attempts 

to measure off-resonance Raman spectra failed and comparison of Raman and resonance-Raman 

spectra, which would show in more detail which modes are enhanced due to resonance, is not possible. 

The difficulties in obtaining well resolved resonance Raman data might also result from the fact that 

the excited states are dissociative. However, in anticipating a result from Chapter 4.8.2 it should be 

noted, that TD-DFT calculations do not provide evidence that the corresponding excitation is 

dissociative with respect to the N2-elimination. Still, the data discussed in this chapter shows clearly 

that the azide ligand is involved in the excited state accessed by photolysis with visible light and of 

course, this is necessary for the photolytic elimination of N2 from the azido complex.  
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4.5.2. IR and Resonance Raman Spectroscopy on the Complex 

[FeIII(N3)2cyc]ClO4  

Vibrational spectroscopy measurements were also performed on the trans-bis-azido complex 

[FeIII(N3)2cyc]ClO4, similar to those for the mono-azido complex [FeIII(N3)cyc-ac]PF6. While the mono-

azido complex [FeIII(N3)cyc-ac]+ shows only Cs symmetry, the bis-azido complex [FeIII(N3)2cyc]+ is C2h-

symmetric (the crystal structure has been solved in the space group P21/n) which is expected to result 

in a lower number of active modes in the IR- and Raman-spectra, respectively. In a simplified treatment 

considering only the Fe(N3)2 fragment, 3N-6=15 normal mode vibrations are expected that are span by 

5Ag, 1Bg, 3Au and 6Bu. The Ag and Bg modes are only Raman active while the Au and Bu modes are only 

IR active. Therefore, the vibrations are either visible in the Raman- or in the IR-spectrum, but in 

contrast to the mono-azido complex, not in both. 

 

 

IR Spectroscopy 

Room temperature IR-measurements were performed on KBr-disks of ~200 mg dry KBr and ~2 mg of 

the sample. Recorded spectra were baseline corrected and manually normalized to show the same 

intensity for the 14N- and 15N-isotope sample. Peaks at 1093 cm-1 and 625 cm-1 result from the 

perchlorate counter-ion and are marked by asterisks. Basic IR-spectroscopy data was already published 

in literature.[29] 

 
Figure 4.18: Room-temperature IR-spectra of [FeIII(14N3)2cyc]+  (black), [FeIII(15NN2)2cyc]+ (blue) and their 
difference spectrum (red). 
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The most intense peak is observed at 2043 cm-1 (2026 cm-1 for the 15N-sample) which is typical for the 

antisymmetric stretching vibration of azide ligands.[215] This is further confirmed by the observed 

isotope shift of -17 cm-1 upon 15N-substitution. On the higher energy side, the signal observed at 

3233 cm-1 is typical for N-H stretching vibrations and results from the amine groups of the cyclam-

ligand.[211] The signals in the 2800 cm-1 – 3000 cm-1 range are typical for C-H stretching vibrations that 

can be also assigned to the cyclam-ligand.[211] 

The 400 cm-1-1500 cm-1 region is shown in more detail in Figure 4.19. In comparison to the spectra of 

the complex [FeIII(N3)cyc-ac]+ (see Chapter 4.5.1, page 53), less signals are found which can be 

explained by higher symmetry in the bis-azido complex [FeIII(N3)2cyc]+. 

 
Figure 4.19: Zoom in the 400 cm-1-1500 cm-1 region of the IR-spectra in Figure 4.18. 

Signals were observed at 1471 cm-1 and 1429 cm-1 that are typical for cyclam (CH2) and (N-H) bending 

modes, in agreement with a previous study on analog complexes (e.g. trans-[CoCl2cycl]ClO4).[216] 

Comparing the 14N- and 15N-spectra reveals moderate changes in the 1250 cm-1-1350 cm-1 region. Even 

these peaks seem to overlap with various other signals, the signals at 1342 cm-1 and 1294 cm-1 seems 

to be shifted to 1321 cm-1 and 1274 cm-1, respectively, due to 15N-isotope labeling. This region is typical 

for the symmetric stretching vibration of azide ligands[215] which agrees well with the observed isotope 

shift. However, in the IR spectrum only one peak for the in-phase coupling of the symmetric stretching 

vibrations from the two azide ligands should be present (νs(N3)), while in the recorded spectrum more 

than one band in this region is affected by 15N-isotope labeling. Further difficulties arise since several 

signals overlap. A distinct assignment of the symmetric stretching vibration based on the recorded IR-

spectra is therefore difficult, but presumably the 1342 cm-1 or the 1294 cm-1 signals result from the 

symmetric stretching vibration of the azide ligands. 
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Signals observed at 1020 cm-1 and 887 cm-1 can be assigned to N-H wagging modes and the signal at 

812 cm-1 to CH2-rocking modes, again based on a comparison with analog complexes that were studied 

previously.[216] 

Even the signals are small, isotope effects are observed for the 663 cm-1 and 592 cm-1 signals that 

appear at 658 cm-1 and 590 cm-1 in the 15N-labeled sample, respectively. For the mono-azido complex 

[FeIII(N3)cyc-ac]+ one signal was observed at 653 cm-1 for the δip(N3) bending mode. For the bis-azido 

complex, out-of-phase combinations of the in-plane (Bu) and out-of-plane (Au) bending modes are 

expected to show IR intensity. Therefore, the signals at 663 cm-1 and 592 cm-1 can be assigned to 

bending modes of the azide ligand. 

 

To support the band assignment, vibrations were calculated by DFT. Those mode that originate mainly 

from the Fe(N3)2-fragment are expected to show an isotope shift upon 15N-isotope labeling. It should 

be noted here, that for the bis-azido complex even three different 15N-isomers are possible, depending 

on which nitrogen atom is 15N-labeled (α,α-15N, α,γ-15N or γ,γ-15N). The 15 normal modes that are 

mainly derived from the Fe(N3)2-fragment are summarized in Table 4.12, including the calculated 

isotope shift and if the mode is expected to be IR or Raman active resulting from the irreducible 

representation of the mode. In Figure 4.25 (page 73) the modes are sketched schematically. An average 

isotope shift is also provided in Table 4.12, which will be used in the following discussion. 

Table 4.12: Calculated normal modes and 15N-isotope effect for the Fe(N3)2 fragment of the [FeIII(N3)2cyc]+ 
complex. R stands for Raman active and IR for IR active. 

The largest isotope shift is predicted for the antisymmetric and the symmetric stretching mode of the 

azide ligands. It can be further seen, that the isotope shift strongly depends on the 15N-substitution 

mode (terminal -15N or iron bond α-15N). Given that all three possibilities will be present in the 15N-

labeled sample, this might cause broadening in the experimental spectra. 

mode act. 
14N α, α-15N   α, γ-15N   γ, γ- 15N   15N-average 

         

  cm-1    cm-1 cm-1    cm-1 cm-1    cm-1 cm-1    cm-1 cm-1 

as(N3) / Ag R 2077    2073 -4    2070 -6    2056 -21    2066 -10 

as(N3) / Bu IR 2069    2066 -3    2051 -18    2048 -21    2055 -14 

s(N3) / Ag R 1300    1271 -29    1283 -17    1285 -15    1279 -20 

s(N3) / Bu IR 1293    1265 -28    1267 -25    1279 -14    1271 -22 

ip(N3) / Bu IR 674    666 -8    669 -4    672 -2    669 -5 

ip(N3) / Ag R 663    656 -7    658 -5    661 -2    658 -5 

op(N3) / Au IR 608    605 -3    605 -3    605 -3    605 -3 

op(N3) / Bg R 601    598 -3    598 -3    598 -3    598 -3 

(Fe-N3) / Bu IR 390    389 -2    389 -1    390 0    389 -1 

(Fe-N3) / Ag R 335    331 -4    332 -2    334 -1    332 -2 

(Fe-N3) / Bu IR 197    195 -2    196 -1    196 -1    196 -1 

(Fe-N3) / Au IR 192    188 -3    190 -2    191 0    190 -2 

(Fe-N3) / Ag R 178    176 -2    176 -1    176 -1    176 -1 

(N3) / Bu IR 94    94 0    93 -1    93 -1    93 -1 

(N3) / Au IR 34    35 1    33 -1    33 -1    34 0 
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In the IR-spectrum the antisymmetric stretching vibration is observed at 2043 cm-1 with an isotope 

shift of -17 cm-1 upon 15N-labeling (2026 cm-1) which is in good agreement with the calculated average 

shift of -14 cm-1 from 2069 cm-1 to 2055 cm-1 (see Table 4.12). A comparison of the experimental and 

calculated 300 cm-1 - 1500 cm-1 region is shown in Figure 4.20. 

 
Figure 4.20: 400 cm-1 – 1500 cm-1 region of the Experimental (black) and calculated (blue) IR spectrum of 
[FeIII(N3)2cyc]+. 

Reasonable agreement between the relatively small and broad experimental signals at 1471 cm-1 and 

1429 cm-1 and the calculated spectrum is found. In the experimental spectrum, these were already 

assigned to (CH2) and (N-H) bending modes (vide supra) that are calculated to be 1459 cm-1 and 

1407 cm-1. 

The IR-active symmetric stretching vibration of the azide ligand is predicted to appear at 1293 cm-1 as 

one single peak, showing an average 15N-shift of -22 cm-1. However, several signals are observed 

experimentally in this region that are affected by 15N-substitution and a clear identification of the 

isotope shift is not possible (vide supra). Even the isotope shift for the symmetric stretching vibration 

varies significantly depending on the 15N-labeling isomer (-28 cm-1, -25 cm-1, -14 cm-1, for αα-15N, α-
15N, -15N, respectively), this cannot explain the observed isotope shift for more than one peak in this 

region. 

A CH2-rocking mode and a combination of various (C-C) stretching vibrations were calculated to be 

1064 cm-1 and 1058 cm-1 that can be assigned to the experimental signals at 1064 cm-1 and 1050 cm-1, 

respectively. A CH2-rocking mode is further predicted to appear at 860 cm-1 by DFT and two NH-

wagging modes at 987 cm-1 / 1018 cm-1. This agrees well with the assignment of the experimental 

signal at 812 cm-1 to a CH2-rocking mode and the signals at 987 cm-1/1018 cm-1 to NH-wagging modes, 

based on comparison with previously studied analog complexes.[216] 

The out-of-phase combinations of the in-plane / out-of-plane bending modes δip(N3)/ δip(N3) of the 

azide ligands were calculated to be 674 cm-1 and 608 cm-1, with isotope shifts of -5 cm-1 and -3 cm-1, 

respectively. This agrees well with the experimentally observed bands at 663 cm-1 and 592 cm-1 that 

show isotope shifts of -5 cm-1 and -2 cm-1, respectively. 
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Finally, the DFT calculations suggest to assign the signal at 499 cm-1 to a stretching mode between the 

iron atom and the equatorial cyclam nitrogen atoms which was calculated to be 468 cm-1 and the 

experimental peak at 425 cm-1 to a stretching mode between iron and the azide ligands calculated to 

be 390 cm-1. For both, only a negligible isotope shift was calculated which agrees with the experimental 

results. 

 

 

Resonance Raman Spectroscopy 

Resonance Raman measurements were performed on samples prepared in EPR quartz tubes from 

acetonitrile solution and frozen with liquid nitrogen (77K). A laser with a wavelength of 514 nm was 

chosen for the excitation at a power of 10 mW. Separate measurements were performed for the 100 

cm-1-1450 cm-1
 and the 1320 cm-1-2500 cm-1

 range that were stitched together ensuring overlap that 

includes at least one peak for normalization. The instrument was calibrated to the signals of Na2SO4 

and the acetonitrile solvent peaks. To obtain reasonable spectra, 100 measurements, each one for 5 

seconds, were accumulated to obtain the final spectrum. Solvent and quartz signals from the sample 

tube are omitted in the presented spectra. 

 
Figure 4.21: Resonance Raman measurements on [FeIII(N3)2cyc]ClO4 at 514 nm /10mW/77K in acetonitrile; Black: 
natural isotope, blue: 15N-isotope labeling on the azide; red: difference spectrum. Spectra were normalized to 
the peak intensity at 2052 cm-1/ 2041 cm-1. 

An intense signal was observed at 2052 cm-1 that shows an isotope shift of -11 cm-1 upon 15N-

substitution. This is typical for the antisymmetric stretching vibration of azide ligands. Given that in the 

resonance Raman measurements the in-phase combination of both azide ligands (of Ag symmetry) is 

observed while in the IR measurements the out-of-phase combination (Bu) was observed (2043 cm-1), 
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it is throughout expected that the peaks in the IR and resonance Raman spectra appear at slightly 

different energies. 

Unfortunately, the quality of the obtained data is very low and for less intense peaks it is even difficult 

to determine peak positions accurately. In Figure 4.22, the 300 cm-1 – 1450 cm-1 region of the 

resonance Raman spectra is shown in detail. As discussed in the previous section, the symmetric 

stretching vibration of azide ligands is expected around ~1300 cm-1 with a significant isotope shift upon 
15N-isotope substitution. However, this is not observed in the experimental spectra as it was also the 

case for the [FeIII(N3)cyc-ac]+ complex. Presumably, one of the peaks at 1234 cm-1, 1285 cm-1, 1316 cm-1 

or 1399 cm-1 result from the symmetric stretching vibration of the azide ligands. 

 
Figure 4.22: Zoom into the 300 cm-1 – 1450 cm-1 region of the spectra in Figure 4.21. 

Three broad signals were recorded in the 650 cm-1-840 cm-1 region. Due to the high noise level, it is 

not even possible to deduce the exact maximum of these peaks. Two signals are expected in this region 

for the in-phase combination of the δip(N3) and δop(N3) bending modes that are expected to show an 

isotope effect. 

Signals observedat 462 cm-1, 384 cm-1 and 369 cm-1 show relatively high intensity in the experimental 

spectrum and a small shift upon 15N-isotope labeling (2 cm-1, -2 cm-1, -4 cm-1). However, due to the low 

quality of the data it is not clear if this is really an effect that can be attributed to an isotope shift or is 

just a result of the high noise-level. 

 

Again, DFT-calculations are performed to support the assignment of the observed peaks. A 

comprehensive list, including a description of the modes and a possible assignment to experimentally 

observed peaks is provided in Table 4.13. Calculated spectra for the natural isotope and for the 15N-
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isotope labeled compound are provided in Figure 4.23. The antisymmetric stretching vibration is 

calculated to be 2076 cm-1 which is in reasonable agreement with the experimentally observed signal 

at 2052 cm-1. An isotope shift of -11 cm-1 is observed experimentally which is in excellent agreement 

with the calculated average shift of -10 cm-1 (see Table 4.12). 

 
Figure 4.23: Calculated resonance Raman spectrum for [FeIII(N3)2cyc]+. Black: Natural isotope, Blue: mixture of 
the different 15N-isotope labeling possibilities, red: Difference spectrum. Level of theory: 
B3LYP/RIJCOSX/def2-TZVP excitation wavelength 512 nm. 

 
Figure 4.24: Experimental (black) and calculated (blue) resonance Raman spectrum for [FeIII(N3)2cyc]+. 

The 150 cm-1 - 1500cm-1 area of the experimental and calculated spectra are compared in Figure 4.24. 

Assignment of the peaks in the 1200 cm-1 – 1400 cm-1 range is still very difficult due to the high noise 

level and the absence of any isotope effect in the experimental spectra. Still, a possible assignment is 

provided in Table 4.13, even it is vague. Calculated modes are illustrated in Figure 4.25. 
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The in phase combination of the δip(N3) bending modes is predicted by DFT to appear at 663 cm-1 with 

an isotope shift of -5 cm-1 upon 15N-substitution and can be assigned to the experimentally observed 

signal at ~659 cm-1. The Raman active δop(N3) mode is predicted by DFT to appear at 601 cm-1, but with 

negligible resonance Raman intensity. It is therefore not expected in the experimental spectrum. 

 

Table 4.13: Calculated and experimental resonance Raman modes for [FeIII(N3)2cyc]+ , suggested assignment 

based on the calculations, dimensionless normal coordinate displacements () for the LMCT transition and 
the calculated relative resonance Raman intensity. 

exp. 

freq. 

calc. 

freq. 

calc. rel. 

int. 

   

 mode description 

[cm-1] [cm-1]    

2052 2077 0.34 0.38 as(N3), in-phase combination / Ag 

 2069   s(N3), out-of-phase combination / Bu 

1399 1387 0.03 -0.13 (CH2) wagging mode 

1316 
1300 0.11 -0.26 s(N3); in-phase combination / Ag. 

1297 0.11 -0.23 (CH2) twisting mode 

1285     

1234 1191 0.19 -0.29 (N-H) bending + (CH2) rocking 

 993 0.21 -0.27 (N-H) bending 

831     

817     

736     

659 663 0.06 -0.50 ip(N3) / Ag 

525 

507 
500 0.12 -0.23 (CH2) rocking mode 

462 421 0.54 -0.38 (Fe-NCyc) 

428 

415 
396 0.04 0.05 (Fe-NCyc) 

384 362 1.00 0.70 (Fe-NCyc) + (Fe-N3) 

369 335 0.81 0.24 (Fe-NCyc) + (Fe-N3) 

322 178 (?) 0.50 -2.12 (Fe-N3) 

316     
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Figure 4.25: Schematic representations of calculated normal modes for the [FeIII(N3)2cyc]+ complex. 
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The experimental peak pattern in the 350 cm-1 – 500 cm-1 range is reasonably well reproduced in the 

calculations, even in the calculations these modes appear systematically at lower energy. At 421 cm-1 

a (Fe-NCyc) stretching vibration between iron and the equatorial cyclam-nitrogen atoms was 

calculated which can be assigned to the experimental peak at 462 cm-1. As discussed in Chapter 4.5.1, 

similar vibrations were identified for the [FeIII(N3)cyc-ac]+ complex by resonance Raman spectroscopy 

and in previously published NRVS-measurements.[45] The intense signal calculated at 362 cm-1 results 

from a stretching vibration between iron and all iron bond atoms and shows a small isotope shift 

of -2 cm-1. Due to the position and the high intensity in the experimental spectrum, this calculated 

mode can be assigned to the experimental peak at 384 cm-1 that also shows an isotope shift of -2 cm-1. 

A similar vibration was calculated to appear at 335 cm-1 that shows an isotope shift of -3 cm-1. It can, 

therefore, be assumed that the experimental signal observed at 369 cm-1, that also shows a small 

isotope shift, results from this vibration. 

A summary of the calculated and experimental resonance Raman modes is given in Table 4.13 together 

with a possible assignment. The modes are sketched schematically in Figure 4.25. 

 

Even the quality of the obtained data is low, it was possible to assign few bands based on the 

experimentally observed isotope effect and DFT calculations. However, it remains difficult to identify 

the symmetric stretching vibration of the azide ligand, as it was also the case for the mono-azido 

complex [FeIII(N3)cyc-ac]+. In the IR-spectrum, slight variations were observed in the corresponding 

region, however, several bands overlap in this spectral range. In the experimental resonance Raman 

spectra, no isotope shift was observed in the corresponding region at all. 

A reason for the aforementioned difficulties might be the presence of several isomers for the 
15N-labeled species, since in the azide anions only one nitrogen atom is 15N-substituted. It was shown 

by DFT-calculations that the isotope shift significantly depends on the 15N-substitution pattern (αα-15N, 

α-15N or -15N). Given that the barrier of rotation for the azide ligand is expected to be small, several 

conformations for the azide ligand are possible as it was shown in more detail for the mono-azido 

complex (see page 64). The presence of further conformations besides the one characterized by X-ray 

crystallography will result in additional peaks and/or broadening of the signals. Further difficulties 

might result from irradiation damage given that photolysis of the azido-iron(III) complexes is possible 

with a similar wavelength alike the one used in the resonance Raman measurements.  

Hence, there are several potential reasons for the limited quality of the obtained spectra. But still, the 

data provides valuable information. As already assumed from the intensity and position of the signal 

at 488 nm / 20499 cm-1 in the experimental absorption spectrum and corresponding TD-DFT 

calculations (Chapter 4.3.2), the resonance Raman data supports the assignment of this band to a 

LMCT-transition from the azide ligand to the metal. The antisymmetric-stretching mode of the azide 

ligand calculated to be 2077 cm-1, for which an intense signal is obtained in the resonance Raman 

spectrum, indicates a non-symmetric deformation of the azide ligands upon irradiation in the LMCT 

band. This might results in the elimination of N2 and formation of an nitrido-iron(V) complex. 
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4.5.3. Time Resolved IR Spectroscopy on the Complex [FeIII(N3)cyc-ac]PF6  2 

In collaboration with the group of Prof. Peter Vöhringer (University of Bonn) and the group of Prof. 

Dirk Schwarzer (Max-Planck-Institute for biophysical Chemistry, Göttingen) the photochemistry of the 

complex [FeIII(N3)cyc-ac]PF6 was investigated by time-resolved IR measurements.[217-218] It shall be 

stated here explicitly that the time resolved IR spectra shown in this chapter were recorded by these 

groups and are not part of the thesis. Significant amounts of the sample were synthesized by the author 

of the present thesis and DFT calculations were performed to support the experimental results. 

Publications based on the results presented in this Chapter 4.5.3 (Eur.J.Chem 2012, 18, 3043 and 

Phys.Chem.Chem.Phys. 2012, 14, 6165) have been written together by all involved groups. The results 

will be discussed here briefly without going in details of the experimental work., the experimental 

results are only provided here for consistency. 

Time resolved IR measurements allow to probe the photochemistry on a very short time scale. 

Therefore, detection of short living species is possible that cannot be studied by steady-state methods, 

i.e. Mössbauer or EPR-spectroscopy used in the present thesis. For these methods, the investigated 

compounds have to be stable at least for very few minutes (EPR) or several hours (Mössbauer).  

Step-scan and rapid-scan time-resolved Fourier transform infrared spectroscopy allows to record IR-

spectra immediately after the sample was excited by a 266 nm laser pulse. In the present study, 

picosecond (ps) to millisecond (ms) time resolutions were achieved, depending on the used 

experimental setup. The time resolved IR-spectra were measured from 0.6-2.0 mmol L-1 solutions of 

the complex [FeIII(N3)cyc-ac]PF6 in argon purged acetonitrile. Vacant coordination sites that originate 

from photo-elimination of a ligand are assumed to be occupied immediately by a solvent acetonitrile 

molecule. It is well established that these processes take place within a few picoseconds.[219-220]  

Detected IR modes are compared to those obtained from DFT calculations to support the assignment 

to the proposed photo products. For those complexes where the spin ground state is not known, 

calculations were performed for all conceivable multiplicities. Structures were optimized with the 

BP86/def2-TZVP/RI/COSMO level of theory and given energies are obtained from 

B3LYP/def2-TZVP/RIJCOSX/COSMO single point calculations on these geometries including ZPE 

correction from the BP86 frequency calculations. IR modes were calculated on the BP86/def2-TZVP/RI 

level of theory with tightened convergence criteria (see page 31 for details). The calculated and 

experimental vibrations are summarized in Table 4.14. It will be referred to these during the discussion 

of the results. 

The absorption spectrum of the complex [FeIII(N3)cyc-ac]PF6 in acetonitrile solution was already 

discussed in Chapter 4.3.1. The chosen laser wavelength of 266 nm (37594 cm-1) lies between two 

transitions at 35861 cm-1 (279 nm) and 40598 cm-1 (246 nm), deduced from a Gaussian deconvolution 

of the experimental spectrum (see Chapter 4.3.1). The higher energy tail of the lower energy band and 

the lower energy tail of the higher energy band encounters with the laser wavelength and therefore 

several excited states might play a role in the observed photochemistry. TD-DFT calculations have 

                                                           
2 This section is reprinted with permission from J.T. Alacan, O. Krahe, A.C. Filippou, F. Neese, D. Schwarzer, P. 

Vöhringer “The Photochemistry of [FeIIIN3(cyclam‐ac)]PF6 at 266 nm”, Chem. Eur. J. 2012, 18, 3043. Copyright 
2014 John Wiley & Sons, Inc and Reproduced from Ref.[217] with permission from the PCCP Owner Societies. 
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shown that several LMCT transitions appear in the corresponding region, however, a clear assignment 

is difficult (see discussion on page 45). Therefore, the nature of the excited state that might be reached 

upon excitation with a 266 nm laser is unfortunately not known in detail, besides the fact that it must 

be a LMCT-state. Experimentally observed IR bands at 2051 cm-1 and 1698 cm-1 were already in Chapter 

4.5.1 assigned to the antisymmetric stretching vibration of the azide ligand and the carboxylate 

stretching vibration, respectively. 

Table 4.14: Calculated and experimental IR frequencies for observed and conceivable species For those species 
where the spin ground state is not known, calculated relative energies are provided. 

 S rel E 
ν(C=O) 
Calc. 

ν(C=O) 
Exp. 

νas(N3) 
Calc. 

νas(N3) 
Exp. 

  [kJ mol-1] [cm-1] [cm-1] [cm-1] [cm-1] 

[FeIII(N3)cyc-ac]+ 1/2  1702 1689 2053 2051 

[FeII(N3)cyc-ac]+ 0  1651 1635 2063 2051 

[FeIII(MeCN)cyc-ac]2+ 
1/2 0 1733    
3/2 19 1717    
5/2 36 1711    

[FeII(MeCN)cyc-ac]+ 0  1687 1640   

[FeV(N)cyc-ac]+ 1/2  1643        1658 (from ref [56])  

[FeII(CO)cyc-ac]+ 

0 0 
1696[a] 1655[a]   
1912[b] 1945[b]   

1 69 
1692[a]    
1933[b]    

2 64 
1682[a]    
1919[b]    

[FeIII(NCO)cyc-ac]+ 

1/2 0 
1706[a]    
2210[c]    

3/2 29 
1692[a]    
2211[c]    

5/2 26 
1682[a]    
2187[c]    

[FeII(O2)cyc-ac]+ 
0 70 1698 1677   
1 0 1706    
2 52 1700    

N3
— 0    2035 2006 

N3
● 1/2    1705 1660 

N6
●— 1/2    1901  

[a] acetato CO, [b] carbon monoxide ligand, [c] isocyanato ligand 

Difference spectra recorded 104 ms and 11 s after excitation with a 266 nm laser are shown in Figure 

4.26, left. Bleaching of the antisymmetric azide stretching vibration at 2051 cm-1 is observed after 

irradiation with a 266 nm laser pulse. The carbonyl stretching vibration at 1689 cm-1 is shifted about 

49 cm-1, resulting in a signal at 1640 cm-1. It was proposed previously by Grapperhaus et al.[43] that 

photolysis in solution with UV light yields the low-spin ferrous complex [FeII(MeCN)cyc-ac]+ via 

reductive elimination of an azide radical (N3
●). The same photoreaction is assumed here upon 

photolysis with 266 nm light. As shown in Table 4.14, even the shift of the carbonyl stretching vibration 

is underestimated by the DFT-calculations, reasonable agreement between theory and experiment is 

found when the calculated modes for the azido-iron(III) complex and the formed iron(II) complex 
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[FeII(MeCN)cyc-ac]+ are compared to the experimental results. Hence, the species formed upon 

irradiation with a 266 nm laser can be assigned to the ferrous low-spin complex3 [FeII(MeCN)cyc-ac]+. 

 

  
Figure 4.26: FTIR-Spectra of [FeIII(N3)cyc-ac]PF6 in acetonitrile after 266 nm laser excitation. Left: Difference 
spectra 104 ms and 11 s after irradiation, grey curve represents the stationary FTIR spectrum. Right: FTIR 
difference spectra in CO purged acetonitrile 150 ms, 450 ms, 2.1 s and 15 s after laser excitation. 

Further experiments were performed to prove the formation of the complex [FeII(MeCN)cyc-ac]+, and 

to rule out the formation of the nitrido-iron(V) complex [FeV(N)cyc-ac]+ via the elimination of N2. 

Therefore, time resolved IR-measurements were performed on an identical sample that was purged 

this time with carbon monoxide prior excitation with a 266 nm laser. If the [FeII(MeCN)cyc-ac]+ complex 

is formed it is expected to react with CO resulting in the complex [FeII(CO)cyc-ac]+ since CO is a much 

better ligand than the acetonitrile solvent molecules. For the formed carbon-monoxide complex a new 

characteristic band is expected from the CO ligand in the range between 1800 cm-1 and 

2100 cm-1.[215,221] On the other hand, if the nitrido-iron(V) species is formed, it can react with CO 

resulting in an isocyanato complex [FeIII(NCO)cyc-ac]+. For the isocyanato complex a characteristic new 

IR band is expected around 2200 cm-1.[215,222-223] The possible reactions are shown in Scheme 4.1. 

For both complexes (NCO and CO) the low-spin state is predicted to be the ground state by DFT. The 

stretching vibration of the CO ligand in the [FeII(CO)cyc-ac]+ complex is calculated to appear at 

1912 cm-1 and the carbonyl stretching vibration of the carboxylate group at 1696 cm-1, respectively. 

For the isocyanato complex a new band is expected at 2210 cm-1 while the carbonyl stretching 

vibration of the carboxylate group is expected at 1706 cm-1. Hence, a small down shift of the 

carboxylate mode is expected for the CO-complex while a small shift to higher energy is expected for 

the isocyanato complex. Therefore, it is possible to distinguish the two potentially formed species 

based on their characteristic IR-mode for the new ligand. 

 

                                                           
3 The nature of the formed complex will be investigated in detail in Chapter 4.6. It will be shown that 
electrochemical reduction of [FeIII(N3)cyc-ac]PF6 results in the low-spin ferrous complex [FeII(MeCN)cyc-ac]PF6 
that shows a carboxylate stretching vibration at 1688 cm-1, in agreement with the mode observed for the species 
that is formed here upon photolysis with a 266 nm laser. 
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Scheme 4.1: Plausible reactions of the generated iron complexes upon 
photolysis in the presence of CO. 

The resulting spectrum after photolysis of the [FeIII(N3)cyc-ac]+ complex in the presence of CO is shown 

in Figure 4.26, right. Spectra recorded 150 ms and 450 ms after laser-excitation are nearly identical to 

those spectra obtained without CO. The azido mode at 2051 cm-1 is bleached while the carbonyl 

stretching vibration is shifted to 1640 cm-1. However, spectra recorded after 2.1 s and 15 s show a shift 

of the 1640 cm-1 feature to 1655 cm-1. Simultaneously a new signal evolves at 1945 cm-1. This is 

completely consistent with the calculated modes for the carbon monoxide complex [FeII(CO)cyc-ac]+. 

The experimentally observed mode at 1945 cm-1 is in good agreement with the calculated mode for 

the CO-ligand (1912 cm-1). For the carboxylate CO-band a downshift of 34 cm-1 is observed while the 

DFT calculations predict a down shift of only 6 cm-1. However, this is still within the accuracy of the DFT 

calculations. A signal at about 2210 cm-1, which is the calculated IR-mode for the isocyanato complex, 

was not observed. Therefore it is clearly shown by a combination of experiments and DFT calculations 

that upon laser excitation with 266 nm in solution, the low-spin ferrous complex [FeII(MeCN)cyc-ac]+ is 

formed, that can be trapped with carbon monoxide. 

To explore in more detail the sub-millisecond processes following the 266 nm photolysis, step-scan 

FTIR difference absorption spectra were recorded with a time resolution of 500 ns for time delays of 

up to 800 μs. The resulting spectra are shown in Figure 4.27. 

Again, the signal of the azido antisymmetric stretching vibration at 2051 cm-1 disappears. However, a 

small new feature evolves at 2006 cm-1 that disappears after 80 μs while the signal of the azido mode 

partially recovers with a delay of 800 μs. In the region of the carbonyl-stretching mode, a rather broad 

feature in the range from 1630 cm-1 to 1670 cm-1 appears in the 500 ns spectrum. After 80 μs the signal 

at ~1638 cm-1 has slightly increased. Notably, while the signal at 2051 cm-1 partially recovers, this is not 

seen for the 1689 cm-1 signal of the initial [FeIII(N3)Cyc-ac]+ complex. Hence, the recovery of the 2051 

cm-1 signal in the spectrum recorded 80 μs after photolysis cannot be explained by reformation of the 

initial [FeIII(N3)Cyc-ac]+ complex. In the difference spectrum recorded 800 μs after laser excitation, the 

signal at 1660 cm-1 completely decayed, whereas an absorption at 1640 cm-1 remains and continues to 

persist for at least 10 s, as it was the case in the spectra shown in Figure 4.26, left. Furthermore, the 

band at 1689 cm-1, which was assigned to the carboxylate group of the initial complex [FeIII(N3)cyc]+,is 

partially recovered. 
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Figure 4.27: Difference FTIR spectra recorded 500 ns, 80 μs and 800 μs 
after excitation with a 266 nm laser. 

It is obvious from the measurements shown in Figure 4.27 that further processes take place on a 

shorter time scale, in addition to those observed in the rapid-scan measurements (Figure 4.26).  

The signal at 1660 cm-1 decays within 800 μs and was therefore not visible in the measurements with 

a millisecond resolution shown in Figure 4.26, left. It was discussed that the just shown formation of 

the [FeII(MeCN)cyc-ac]+ complex proceeds via elimination of an azide radical. However, the azide 

radical itself was not observed in the measurements with millisecond resolution. This very reactive 

species was observed up to now only at cryogenic temperatures in a nitrogen matrix with an 

antisymmetric stretching vibration at 1658 cm-1.[224-225] Therefore, it is very likely that the signal 

observed at 1660 cm-1 after 80 μs results from the azide radical whose antisymmetric stretching 

vibration was calculated to be 1705 cm-1. 

Interesting is the transient observation of a signal at 2006 cm-1, since this coincides with the signal that 

can be observed for the free azide anion in acetonitrile solution (see Figure 4.35, page 91 for the IR 

spectrum of tetrabutylammonium azide in acetonitrile). The antisymmetric stretching vibration of the 

azide anion is further calculated to appear at 2035 cm-1, which is in reasonable agreement with the 

measured signal at 2006 cm-1. Further kinetic analysis[218] (not shown here in detail) reveals that the 

decay of the signal at 2006 cm-1 is correlated with the rise of the 1638 cm-1 band which indicates that 

the 1638 cm-1 signal is formed through a reaction that consumes azide anions. As mentioned before, 

this reaction cannot be the recovery of the initial [FeIII(N3)Cyc-ac]+ complex since the characteristic 

signal of the carboxylate group at 1689 cm-1 does not recover parallel to that within the first 80 μs. 

The formation of an azide anion can be easily explained by redox-neutral dissociation of this ligand 

from the parent [FeIII(N3)cyc-ac]+ complex, which is shown in Scheme 4.2 as pathway b. As discussed 

before, occupation of the vacant coordination site by an acetonitrile solvent molecule is expected to 

be fast. Still, it is not clear which species is responsible for the signal observed at 1638 cm-1, which is 

coupled with the consumption of azide anions. A possibility would be the adduct formation with azide 

radicals. This radical-anion species N6
●— was observed earlier, its characteristic IR vibration is 

calculated here by DFT to appear at 1901 cm-1 and was observed experimentally at 1842 cm-1.[226] 
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Hence, this species would be expected at much higher energy in the IR spectrum than the observed 

1638 cm-1 signal. The only remaining reaction partner for the azide anions resulting in a new species 

that shows a signal at 1938 cm-1 is the iron(II) complex [FeII(MeCN)cyc-ac]+. This is indicated in Scheme 

4.2 as pathway c. 

 
Scheme 4.2: Possible photo-dissociative pathways and subsequent reactions. 

The iron(II) complex formed via azide radical elimination reacts with azide anions that are present in 

the solution due to redox-neutral dissociation of the azide anion from the initial [FeIII(N3)cyc-ac]+ 

complex. This can be supported again by DFT calculations. For the neutral ferrous complex 

[FeII(N3)cyc-ac] the antisymmetric stretching vibration of the azide ligand was calculated to appear at 

2063 cm-1, hence, upshifted about 10 cm-1 when compared to the calculations for the iron(III) analogue. 

Experimentally, the antisymmetric stretching mode is observed at 2051 cm-1 for the putative iron(II) 

complex [FeII(N3)cyc-ac] as well as for the analogue iron(III) complex [FeIII(N3)cyc-ac]+. Even a different 

of 10 cm-1 was calculated for this vibration by DFT, this is still in good agreement with the experiment 

and might not be resolved in the measurements due to the line width of the signal. The carbonyl 

stretching vibration for the azido-iron(II) complex is predicted to be 1651 cm-1 and therefore 51 cm-1 

below the calculated mode for the azido-iron(III) complex. This is in nearly perfect agreement with the 

experimentally observed down shift of 54 cm-1. It was further probed computationally if the proposed 

reaction is thermodynamically feasible and it turned out that the substitution of a coordinated solvent 

molecule in [FeII(MeCN)cyc-ac]+ by an azide anion resulting in the complex [FeII(N3)cyc-ac] (pathway c 

in Scheme 4.2) is exothermic about -18 kJ mol-1. This proposed reaction was further verified by 

additional kinetic analysis where the photolysis was performed in the presence of a large excess of 

azide anions.[218] 

Further measurements were performed with a femtosecond time resolution by the group of Prof. Dirk 

Schwarzer.[217] This allows to study even faster processes than those that were discussed above. In 

these experiments, also a 266 nm laser was used for the photo excitation and the dynamics were 

studied by time-resolved IR spectroscopy. 

In agreement with the just discussed results, a bleaching of the signal at 2051 cm-1 was initiated upon 

excitation with the 266 nm laser. Furthermore, a shift of the carbonyl stretching vibration to higher 

energy was observed (see Figure 4.28). The signal at ~1650 cm-1 was analyzed in detail and a 
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deconvolution of the spectrum recorded 80 ps after the excitation results in two peaks at 1659 cm-1 

and 1643 cm-1 which reveals that the signal must result from two different species (see Figure 4.28, 

left). In analogy to the signal observed at 1660 cm-1 in the measurements with a ns resolution (see 

Figure 4.27), the 1659 cm-1 peak is assigned to the azide radical formed by reductive elimination from 

the parent [FeIII(N3)cyc-ac]+ complex. This is also in reasonable agreement with the calculated 

antisymmetric stretching vibration for the azide radical at 1705 cm-1. Again, the signal at 1643 cm-1 can 

be assigned to the ferrous low-spin complex [FeII(MeCN)cyc-ac]+ that results from the elimination of 

the azide radical and whose carbonyl stretching vibration was calculated to be 1687 cm-1. 

  
Figure 4.28: Gaussian decomposition of the ~1650 cm-1 band observed 80 ps after photolysis with a 266 nm 
laser (left) and difference spectra of azido stretching region after different time delays (right). 

Detailed inspection of the spectra in the ~2050 cm-1 region (see Figure 4.28, right) shows further 

interesting results about the azide ligand. The signal at 2051 cm-1 is bleached immediately after photo 

excitation within very few picoseconds (i.e. at a delay of 0.38 ps in Figure 4.28, right). However, at such 

early delays no induced absorption is observed for the excited molecule. 

A possible explanation would be the formation of a species that does not show a characteristic IR-band. 

For the azide radical (N3
•) it was reported earlier that it can form a cyclic isomer,[227-230] that was 

previously studied computationally. Calculations at the CASSCF(15,12)/cc-pVTZ level of theory 

revealed that the cyclic isomer represents a minimum structure that is 126 kJ mol-1 higher in energy 

than the linear isomer.[228,230] The antisymmetric stretching vibration for the linear isomer was 

calculated to appear at 1659 cm-1 in this study and the breathing mode of the cyclic species at 1632 

cm-1. However, the infrared activity of the cyclic isomer turned out to be two orders of magnitude 

lower than for the linear isomer, which can be easily explained by symmetry reasons.[227] 

Therefore, in the present work it is investigated computationally if the formation of such a cyclic azide 

isomer is also feasible for the [FeIII(N3)cyc-ac]+ complex. On the B3LYP/def2-TZVP/RIJCOSX level of 

theory it was indeed possible to locate a minimum structure with a cyclic azide coordinated to the iron 

complex via one nitrogen atom, as shown in Figure 4.29. By DFT this isomer in the doublet state was 

calculated to be 235 kJ mol-1 higher in energy than the parent [FeIII(N3)cyc-ac]+ complex with a linear 

azide ligand (the quartet state is 38 kJ mol-1 and the sextet state is 46 kJ mol-1 higher in energy than 

the doublet state, respectively). CASSCF/NEVPT2 calculations were used to calculate the energy 

difference of these two isomers in the doublet state with higher accuracy. The chosen active space 

consisted of 7 electrons (five d-electrons of Fe(III) and two electrons from an azide ligand π-orbital) in 

7 orbitals (five d-orbitals, one doubly occupied and one virtual azido-π-orbital). For both isomers the 

same active space was chosen and state average calculations over 10 roots were performed. The 
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resulting NEVPT2 energy difference between the ground state structure with a linear azide ligand and 

the isomer with a cyclic azide ligand is 256 kJ mol-1. 

 
Figure 4.29: Structure of the [FeIII(N3)cyc-ac]+ complex with a 
cyclic azide isomer coordinated at iron.  

DFT frequency calculations (B3LYP/def2-TZVP/RIJCOSX, scaling factor 0.9614[186]) result in a stretching 

(breathing) mode for the cyclic azide at 1779 cm-1 with an intensity ~200 times lower than that for the 

acetato-CO-stretching vibration. Hence, the DFT calculations support the assumption that a species 

with a cyclic isomer of the azide ligand will be formed within the first picoseconds that does not show 

any signal for the azide ligand in the IR spectrum. Furthermore, the energy of a 266 nm photon inducing 

the photolysis corresponds to 450 kJ mol-1 which shows that the cyclic isomer might be accessible in 

the photochemical reaction, even it was calculated to be high in energy (256 kJ mol-1). 

 

Time-resolved IR measurements in combination with DFT calculations provided valuable information 

about the photochemistry of the complex [FeIII(N3)cyc-ac]+ in solution upon excitation with a 266 nm 

laser. It was possible to detect the ferrous [FeIII(MeCN)cyc-ac]+ complex that was further trapped with 

CO. Further, a signal observed at 1660 cm-1 on a s time scale presumably results from the azide radical 

which is in agreement with the initially assumed reductive elimination reaction upon photolysis with 

light in the UV-region.[43] 

However, it should be mentioned here that in a very recent study Vöhringer et al. have shown that 

formation of the nitrido-iron(V) complex [FeV(N)cyc-ac]+ can also be observed as a product from the 

photolysis of the parent azido-iron(III) complex with a 266 nm laser.[56]  

 

In Chapter 4.6.3, photolysis experiments on frozen and liquid solution Mössbauer samples will be 

performed. These will reveal differences and similarities to the just discussed fluid solution room 

temperature measurements. 
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4.6. Mössbauer Experiments and Photolysis of the Complex 

[FeIII(N3)cyc-ac]PF6  
4 

One of the most useful methods to investigate iron complexes is 57Fe-Mössbauer spectroscopy. 

Mössbauer spectroscopy provides valuable information about the iron center in the compounds of 

interest, as outlined in the introduction (Chapter 2.2). Mössbauer experiments on the 

[FeIII(N3)cyc-ac]PF6 complex and its photolysis products were performed previously.[43] However, the 

variable wavelength photolysis experiments were conducted using different conditions which makes 

it difficult to draw any conclusions about wavelength dependence. Therefore, photolysis experiments 

on Mössbauer samples were performed under identical conditions, where only the wavelength of the 

light source used was varied, or the same light source was used for different samples (liquid solution 

or frozen solution).  

Samples were prepared from 1 mM solutions of the [57FeIII(N3)cyc-ac]PF6 complex in dry acetonitrile or 

butyronitrile, respectively. The compound was synthesized from 100% 57Fe enriched material. ~0.7 mL 

of the solution was transferred in a Mössbauer cup under an inert atmosphere of argon and frozen 

using liquid nitrogen. 

Mössbauer measurements were performed on a conventional spectrometer with alternating constant 

acceleration of the γ-source (1.8 GBq, 57Co/Rh), which was kept at room temperature. The Sample 

was placed in an Oxford Instruments Variox cryostat at 80 K. Magnetic Mössbauer measurements were 

performed in an Oxford Instruments Mössbauer-Spectromag 2000 cryostat where the sample was 

cooled down by Helium to 4.2 K. The magnetic field in the setup used is oriented perpendicular to the 

γ-beam and the magnetic field is stabilized at 1.0 T or 7.0 T. Calibration was performed with metallic 

iron and isomer shifts are quoted relative to the center of the magnetic spectrum of α-iron. 

 

 

 

 

 

 

 

 

 

 

                                                           
4 This section is reprinted/adapted with permission from O. Krahe, E. Bill, F. Neese “Decay of Iron(V) Nitride 

Complexes By a N-N Bond-Coupling Reaction in Solution: A Combined Spectroscopic and Theoretical Analysis”, 
Angew. Chem. Int. Ed. 2014, 53, 8727. Copyright 2014 John Wiley & Sons, Inc 
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4.6.1. Photolysis of Frozen Solution Samples with 470 nm Light 

It was reported before, that photolysis of a frozen solution of [FeIII(N3)cyc-ac]PF6 with light in the visible 

region results in the formation of nitrido-iron(V) complex [FeV(N)cyc-ac]PF6.[43] In the present study, a 

blue LED lamp was used that mainly emits light with a wavelength of 470 nm (in the previous studies 

420 nm light was used). As discussed in Chapter 4.3.1, 470 nm light coincides with an absorption of the 

complex that is assigned to a LMCT transition from the azide ligand to the metal (π‖(N3)dxz/dyz).The 

sample was kept in a Dewar with liquid nitrogen during the photolysis process. After 6h of photolysis, 

the sample was transferred into a cryostat for the Mössbauer measurements while keeping the sample 

frozen by cooling with liquid nitrogen at all time. The Mössbauer spectra obtained before (top) and 

after (bottom) the photolysis are shown in Figure 4.30. 

 

Figure 4.30: 57Fe-Mössbauer spectra of a 1 mM solution of [FeIII(N3)cyc-ac]PF6 in 
acetonitrile before (top) and after (bottom) photolysis at 77K with 470 nm light. 

 

The spectrum of the iron(III) starting material (Figure 4.30, top, blue curve) was simulated with the 

Mössbauer parameters δ=0.27 mm s-1 and ∆EQ=2.48 mm s-1 that account for ~96% of the spectrum. An 

impurity of 4% (orange trace, presumably ferric low-spin) was simulated with Mössbauer parameters 

δ=0.41 mm s-1 and ∆EQ=0.71 mm s-1. The sum of the simulations is indicated by the black curve in Figure 
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4.30. These Mössbauer-parameters are in good agreement with the previously published results and 

the calculated values shown in Table 4.15.[41,43] 

After 6h photolysis with 470 nm light the Mössbauer spectrum changed significantly (Figure 4.30, 

bottom). The small impurity of ~4% remained, but most of the iron(III) starting material disappeared 

and a new signal with smaller isomer shift and smaller quadrupole splitting evolved. This new feature 

accounts for 87% of the spectrum and was simulated with the Mössbauer parameters δ=-0.01 mm s-1 

and ∆EQ=1.58 mm s-1 (red trace in Figure 4.30, bottom). This is once again in good agreement with 

previously published results for the nitrido-iron(V) complex.[41,43] DFT calculations 

(B3LYP/def2-TZVP/Fe: CP(PPP)/COSMO) were performed on the nitrido-iron(V) complex5 and the 

predicted Mössbauer parameters are in good agreement with the experimental result. These results 

are summarized in Table 4.15. 

Table 4.15: Experimental and calculated Mössbauer parameters for the [FeIII(N3)cyc-ac]PF6 and 
[FeV(N)cyc-ac]PF6 complexes. 

 experimental calculated 

 δ ∆EQ η  δ ∆EQ η 

 [mm s-1] [mm s-1]    [mm s-1] [mm s-1]  

[FeIII(N3)cyc-ac]PF6 0.27 -2.48 0.42   0.26 -2.36 0.27 

[FeV(N)cyc-ac]PF6 -0.01 1.58    -0.11 -1.89 0.61 

η  and the sign of ∆EQ are obtained from measurements with applied magnetic field, see Chapter 5.8 

 

It is, therefore, confirmed that the azido-iron(III) complex is oxidized during photolysis which is evident 

in a decrease of the isomer shift. 

 

 

 

 

 

 

 

 

 

 

 

 

                                                           
5 Mössbauer parameters for the complexes [FeIII(N3)cyc-ac]+ and [FeV(N)cyc-ac]+ were calculated by DFT 
previously and are reported in Ref.[41] 
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4.6.2. Photolysis of Frozen Solution Samples with 304 nm Light 

In the initial work by Grapperhaus et al. photolysis with UV-light at 300 nm was performed on solution 

samples at -35°C.[43] After photolyzing the sample, a new species with the Mössbauer parameters δ= 

0.56 mm s-1 and ∆EQ= 0.54 mm s-1 was detected and assigned to an low-spin iron(II) complex. From 

these results it was concluded that the photolysis with 300 nm light occurs primarily via homolytic 

cleavage of the Fe-N3 bond, resulting in an iron(II) complex. Given that the photolysis experiments with 

visible and UV light were not performed under identical conditions (frozen vs. solution), the photolysis 

was repeated here with 304 nm light under the same conditions as just described for the experiment 

with 470 nm light. As discussed in Chapter 4.3.1, with 304 nm light other electronic excitations are 

expected than with 470 nm light which might result in different photochemical reactions. 

An identical sample (1mM [57Fe(N3)cyc-ac]PF6 in acetonitrile) was prepared and cooled down with 

liquid nitrogen. The sample was then photolyzed for 11h with light of 304 nm while the sample was 

kept in a Dewar cooled with liquid nitrogen. A HBO 100 mercury arc lamp equipped with a 

monochromator was used as the light source. The resulting Mössbauer-spectrum is shown in Figure 

4.31 (the initial spectrum before photolysis was identical to that in Figure 4.30). 

 

Figure 4.31: Mössbauer spectrum of 1mM [57FeIII(N3)cyc-ac]PF6 in 
acetonitrile after photolysis with 304 nm light for 11h. 

Clearly, the photolysis is incomplete and iron(III) starting material partially remains (47%, blue line). 

But a new species was formed (red line 50%), simulated with the Mössbauer parameters 

δ= -0.01 mm s-1 and ∆EQ= 1.58 mm s-1. Hence, the isomer shift is reduced and did not increase as it 

would be expected for a reduction of the iron center. The Mössbauer parameters of the new species 

are completely identical to those obtained after photolysis with 470 nm light (vide supra). It can, 

therefore, be concluded that the nitrido-iron(V) complex [FeV(N)cyc-ac]PF6 is formed independent of 

the wavelength used for photolysis and no iron(II) is formed on frozen solution samples. The initial 

conclusion of wavelength dependence for photolysis on Mössbauer samples[43] can be, therefore, not 

confirmed here. It should be mentioned again, that in the present experiments completely identical 

photolysis conditions were chosen, only the wavelength for the photolysis was varied. 
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4.6.3. Photolysis in Liquid Solution with 470 nm Light 

Further photolysis experiments were performed on a Mössbauer sample with 470 nm light. Again a 

sample of 1mM [57Fe(N3)cyc-ac]PF6 was prepared but this time butyronitrile was used as the solvent. 

The low melting point of butyronitrile (m.p. -112°C) allows the sample to be cooled down significantly, 

without yielding a solid frozen solution sample. The solution was prepared in a glove box and filled in 

a 1 mL Mössbauer cup containing a miniature stirring bar. The sample was then placed carefully in a 

Schlenk tube, taken out of the glove box but kept under argon at all times. While continuously stirring 

the solution with a magnetic stirring plate it was cooled with a cooling bath of dry ice / acetone. During 

the whole process, including the photolysis with 470 nm light for 1h, the cooling bath was kept below 

-65°C. After the photolysis was complete, the stirring bar was removed with a magnet and the sample 

was frozen with liquid nitrogen for Mössbauer measurements, the result of which are shown in Figure 

4.32. 

 

Figure 4.32: Mössbauer spectrum of 1mM [57FeIII(N3)cyc-ac]PF6 in 
butyronitrile after photolysis with 470 nm light for 1h at -65°C, without 
(top), with 1.0T (middle ) and with 7.0T (bottom ) applied magnetic 
fields. 

 

The initial [FeIII(N3)cyc-ac]PF6 complex is quantitatively converted into a new species with a relatively 

small quadrupole splitting ∆EQ= 0.57 mm s-1, an isomer shift of δ= 0.57 mm s-1 and the symmetry 

parameter η=0.31. Given that this combination of isomer shift and quadrupole splitting could result 

either from a high-spin ferric or low-spin ferrous complex, measurements were performed with 

applied magnetic field (Figure 4.32, middle and bottom). The species was found to be diamagnetic, 
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hence, it has to be a low-spin ferrous complex. Based upon close agreement with the parameters 

previously reported by Grapperhaus et al. (δ= 0.56 mm s-1 / ∆EQ= 0.54 mm s-1) for the photolysis in 

solution with 300 nm light[43] it can be assumed that the ferrous species [FeII(PrCN)cyc-ac]+ is formed, 

where the sixth coordination site is occupied by a butyronitrile solvent molecule. To verify this 

assumption further, DFT calculations were performed on this species (B3LYP/def2-TZVP/Fe: 

CP(PPP)/COSMO) that yielded the Mössbauer parameters δ= 0.54 mm s-1, ∆EQ= +0.42 mm s-1 and 

η=0.31, in very good agreement with the experimental results. Hence, whereas by photolysis in liquid 

solution with visible light (470 nm) the ferrous low-spin complex [FeII(PrCN)cyc-ac]+ is formed, 

photolysis of frozen samples yields iron(V) [FeV(N)cyc-ac]+. 

 

 

From the presented Mössbauer study of photolyzed samples of the complex [FeIII(N3)cyc-ac]PF6 the 

following conclusions can be drawn. 

I) The initially proposed wavelength dependence is not observed in the present experiments 

on frozen solution samples. Beyond use of different wavelengths (304 nm or 470 nm) the 
photolysis was performed under identical conditions (frozen solution). Even different 
electronic transitions are expected to be induced by the significantly different wavelengths 
used (see discussion in Chapter 4.3.1), photolysis on frozen solution samples only yield the 
nitrido-iron(V) complex [FeV(N)cyc-ac]+. 

II) It was further shown, that the photolysis of [FeIII(N3)cyc-ac]PF6 in liquid butyronitrile 
solution with 470 nm light results in the low-spin ferrous complex [FeII(PrCN)cyc-ac]PF6. 
Higher-energy light from the UV region is not necessary. 

 

It should be noted here, that it is of course only possible to detect species that are stable during/after 

the photolysis. Hence, it might be the case that when the photolysis is performed in fluid solution, the 

primary photo product immediately undergoes further reactions and the complexes detected in the 

Mössbauer measurements are not the actual direct product of the photolysis. This will be discussed in 

more detail in Chapter 5.9 where the decay of nitrido-iron(V) complexes is studied. It will be shown 

that the ferrous complex [FeII(PrCN)cyc-ac]PF6 is also obtained via the decay of the [FeV(N)cyc-ac]PF6 

complex. It is, therefore, possible that during the photolysis of the [FeIII(N3)cyc-ac]PF6 complex in 

butyronitrile solution the nitrido-iron(V) complex is formed and then decays immediately to the iron(II) 

complex [FeII(PrCN)cyc-ac]PF6. However, in Chapter 4.5.3 evidence was provided for direct formation 

of the iron(II) complex [FeII(MeCN)cyc-ac]PF6 and an azide radical by photolysis in solution with a 266 

nm laser. 

In a very recent time resolved IR-study, Vöhringer et al.[56] proposed the formation of the iron(III) 

complex [FeIII(MeCN)cyc-ac]2+ upon photolysis with a 450 nm laser. However, in the just discussed 

Mössbauer results this species was neither observed in the frozen solution, nor in the liquid solution 

photolysis experiments with 470 nm light.  
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4.6.4. Electrochemical Formation of Iron(II) Complexes 

In the initial work on the azido iron(III) complexes [FeIII(N3)cyc-ac]PF6 and [FeIII(N3)2cyc]ClO4, Mössbauer 

data of electrochemically reduced species derived from the parent iron(III) complexes were reported 

and these species were formulated as [FeII(N3)cyc-ac]PF6 and [FeII(N3)2cyc]ClO4.[29,43] Surprisingly, the 

reported values are identical to those Mössbauer parameters obtained for the iron(II) complexes that 

result from the photolysis of the azido-iron(III) complexes in solution, which were formulated as 

[FeII(MeCN)cyc-ac]PF6 and [FeII(MeCN)(N3)cyc]ClO4. The values are summarized in Table 4.16, together 

with the data recorded within this thesis for the [FeII(MeCN)cyc-ac]PF6 complex (see Chapter 4.6.3 and 

Chapter 5.9), and DFT calculations on the proposed iron(II) species. 

Table 4.16: Experimental and calculated Mössbauer data for various iron(II) complexes. 

 Experimental   Calculated 
 δ ∆EQ  δ ∆EQ 
 [mm s-1] [mm s-1]  [mm s-1] [mm s-1] 

[FeII(MeCN)cyc-ac]+ 0.56[a] 0.56[a]  0.54 +0.42 

“[FeII(N3)cyc-ac]” 0.56[a] 0.56[a]  0.64 +0.66 

[FeII(MeCN)(N3)cyc]+ 0.55[b] 0.72[b]  0.55 +0.66 

“[FeII(N3)2cyc]” 0.55[b] 0.72[b]  0.65 +0.84 

[a] Experimental data for electrochemically reduced complexes taken from Ref.[43] [b] taken from Ref.[29] 

It would be expected that the Mössbauer parameters of the ferrous complexes differ depending upon 

the identity of the axial ligand, which could be either a neutral acetonitrile solvent molecule or an 

anionic azide ligand. This is shown as well in the calculated Mössbauer parameters, where the iron(II) 

complexes in which the azide ligand is replaced by a solvent molecule show a slightly larger isomer 

shift and quadrupole splitting than those where the reduction is assumed to proceed without 

replacement of an azide ligand with a solvent molecule (see Table 4.16). The calculated Mössbauer 

parameters for those species, where the apical azide ligand is replaced by a solvent molecule are 

further in better agreement with the experimental results than those calculated for the complexes 

where the azide ligand is not replaced. 

It shall be shown here by electrochemical experiments combined with IR spectroscopy, that the 

complexes obtained by electrochemical reduction indeed are the species [FeII(MeCN)cyc-ac]PF6 and 

[FeII(MeCN)(N3)cyc]ClO4 and not, as previously assumed the complexes [FeII(N3)cyc-ac] and 

[FeII(N3)2cyc].  

The IR spectrum for the [FeIII(N3)cyc-ac]PF6 complex shows a characteristic signal at 2053 cm-1 for the 

antisymmetric stretching vibration of the  azide ligand and at 1688 cm-1 for the carbonyl stretching 

mode (see Figure 4.33). This is in agreement with the IR spectra discussed in Chapter 4.5.1 and the 

time resolved IR measurements discussed in Chapter 4.5.3. Upon electrochemical one electron 

reduction the azide vibration nearly completely vanishes and a new feature evolves at 2006 cm-1. In 

parallel, the carbonyl stretching vibration is shifted from 1688 cm-1 to 1636 cm-1.  

Interestingly, upon reduction of the bis-azido complex [FeIII(N3)2cyc]ClO4 the signal of the 

antisymmetric stretching vibration is only reduced by about ~50% while again a signal evolves at 

2006 cm-1 (Figure 4.34). 
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Figure 4.33: IR spectra of [FeIII(N3)cyc-ac]PF6 (1.5 mM) before (red) and after (blue) 
electrochemical one-electron reduction in acetonitrile solution with 0.5 M 
tetrabutylammonium hexafluorophosphate as the electrolyte. The black trace 
shows the recovery of the initial IR signals after re-oxidation. 

 

 
Figure 4.34: IR spectra of [FeIII(N3)2cyc]ClO4 (1.5 mM) before (red) and after (blue) 
electrochemical one-electron reduction in acetonitrile solution with 0.5 M 
tetrabutylammonium hexafluorophosphate as the electrolyte. The black trace 
shows the recovery of the initial IR signals after re-oxidation. 

 
In Figure 4.35, the IR spectrum of tetrabutylammonium azide in acetonitrile (20 mM) is shown and it 

turns out that the antisymmetric stretching mode of a free azide anion appears at 2006 cm-1. This is at 

exactly the same position as the new signal that evolves upon one-electron reduction of the complexes 

[FeIII(N3)cyc-ac]PF6 and [FeIII(N3)2cyc]ClO4. It can, therefore, be concluded that during the reversible 

one-electron reduction of the azido-iron(III) complexes, an azide ligand is replaced by a solvent 

molecule (acetonitrile) and free azide anions are present in the solution. This substitution is reversible 

and when the complexes are electro-chemically re-oxidized the azido-iron(III) starting complexes are 

recovered. 
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Figure 4.35: IR spectra of tetrabutylammonium azide (20 mM) in acetonitrile solution. 

This interpretation of the IR data is in good agreement with the results of the time dependent IR 

measurements and DFT calculations on the complex [FeIII(N3)cyc-ac]PF6 that were discussed in Chapter 

4.5.3. The antisymmetric stretching vibration for the azido-iron(III) complex is predicted by DFT 

(BP86/def2-tzvp/RI) to be 2053 cm-1 (exp.: 2053 cm-1) and the carbonyl stretching vibration to be 

1702 cm-1 (exp.: 1688 cm-1). For the hypothetical [FeII(N3)cyc-ac] complex an upshift of the azide 

stretching vibration about 10 cm-1 is predicted by DFT (2063 cm-1) and a significant down shift of the 

carbonyl vibration about 52 cm-1 (1651 cm-1). Hence, the calculated downshift of the carbonyl vibration 

might be in agreement with the experimental results, however, for the azide stretching vibration a 

significant down shift was observed experimentally which does not agree with the calculations on the 

[FeII(N3)cyc-ac] complex. In good agreement with the experimental findings, a downshift of the 

carbonyl-stretching vibration from 1702 cm-1 to 1687 cm-1 is predicted by DFT for the formation of the 

complex [FeII(MeCN)cyc-ac]+ where upon reduction the azide ligand is replaced by a solvent molecule. 

DFT calculations of the bis-azido complex also support formulation of the electrochemically formed 

iron(II) complex as [FeII(MeCN)(N3)cyc]+. The antisymmetric stretching vibration for the complex 

[FeIII(N3)2cyc]+ is predicted by DFT to be 2052 cm-1 (exp.: 2042 cm-1). For the iron(II) complex 

[FeII(N3)2cyc] it is predicted to appear at nearly the same position (2053 cm-1) but  the band is calculated 

to be about 22% more intense which does not agree with the experimental results. For the 

[FeII(MeCN)(N3)cyc]+ complex, the antisymmetric stretching vibration is calculated to be 2062 cm-1, 

which is 10 cm-1 higher in energy compared to the azido-iron(III) species. Furthermore it is predicted 

to be 39% less intense than for the parent Fe(III) complex, which is in good agreement with the 

experimental findings. The predicted shift of 10 cm-1 upon reduction of the [FeIII(N3)2cyc]+ complex and 

formation of the [FeII(MeCN)(N3)cyc]+ species is not observed in the experiments. However, this is 

probably just not resolved due to the experimental bandwidth of ~20 cm-1. 

Thus, the Mössbauer, IR and DFT data show that the iron(II) species obtained by electrochemical 

reduction are the well-defined complexes [FeII(MeCN)cyc-ac]+ and [FeII(MeCN)(N3)cyc]+, identical to 

those complexes obtained by photolysis of the parent azido-iron(III) complexes in solution. The 

complexes [FeII(N3)cyc-ac] and [FeII(N3)2cyc] are not obtained under the conditions of the 

electrochemical experiments. 
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4.7. Mass Spectrometry on Azido-Iron(III) Complexes6 

In collaboration with Dr. Marianne Engeser (University of Bonn) azido-iron(III) complexes were studied 

in the gas phase.[231] The results were published in ChemPlusChem 2013, 78, 1053-1057. Samples were 

synthesized by the author of this thesis, the measurements were performed by Dr. Marianne Engeser 

at the University of Bonn and the publication was written together. The shown spectra in this Chapter 

4.7 were not recorded by the author of this thesis, however, a brief summary of the results shall be 

presented here. 

 

Due to the fleeting nature of tetragonal nitrido-iron (V) complexes, they have been studied mainly at 

cryogenic temperatures.[29,40-41,43,45-46] However, Schröder et al. also observed the formation of these 

high-valent species in the gas phase where the reactivity was probed and the decay mechanism 

investigated for the azido-iron(III) complex [FeIII(N3)cyc-ac]PF6 (1), which is studied in this thesis by 

various spectroscopic and theoretical methods.[53,232] 

Mass spectrometry measurements were performed on the complexes [FeIII(N3)cyc-ac]PF6 (1·PF6), 

[FeIII(N3)2cyc]ClO4 (2·ClO4) and [FeIII(N3)TMC-ac]PF6 (3·PF6) (see Scheme 4.3) with special attention paid 

to the formation of high-valent nitrido-species. 

 

Scheme 4.3: Complexes investigated in the gas phase. 

The results from measurements on the [FeIII(N3)cyc-ac]+ complex (1) are shown in Figure 4.36 and 

confirm the results from the study performed by Schröder et al.[53] Not only is the azide-cation 

(m/z=355.2) seen in the ESI-MS spectrum, but also the fragment [1-N2]+ at m/z=327 resulting from the 

nitrido-iron(V) complex [FeV(N)cyc-ac]+, which was confirmed by 15N-isotope labeling. In addition, the 

[1-HN3]+ fragment at m/z= 312 resulting from elimination of the azide anion and deprotonation of one 

cyclam amine group was detected. The ratio of these two fragments can be varied by changing the 

ionization parameters in collision-induced dissociation (CID) spectra of mass-selected [FeIII(N3)cyc-ac]+ 

(see Figure 4.36 b+c). Interestingly, the loss of an azide radical (N3
●), as proposed in the initial work on 

the [FeIII(N3)cyc-ac]PF6 from photolysis in solution[43] or in more recent time-resolved IR studies,[217-218] 

is not seen in the gas phase. 

                                                           
6 This section is reprinted with permission from O. Krahe, F. Neese, M. Engeser “Iron Azides with Cyclam-Derived 
Ligands: Are They Precursors for High-Valent Iron Nitrides in the Gas Phase?” ChemPlusChem 2013, 78, 1053. 
Copyright 2013 John Wiley & Sons, Inc 
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Figure 4.36: ESI-MS spectrum of [FeIII(N3)cyc-ac]PF6 (1) (a) and CID 
spectra of mass-selected 1 (m/z=355) at varied collision energy (b,c). 
Fragments stemming from initial loss of NH3 are marked in green. 

 

 

Figure 4.37: CID MS/MS spectra of [FeIII(N3)TMC-ac]+ (3, m/z=397.2) (a), 
the respective chloride complex m/z=390.2 (b) and the [FeIITMC-ac]+ 
fragmentation product (m/z=355.2). 
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Interesting differences are observed for the analogue complex of 1, where the cyclam amino groups 

are methylated. The resulting spectra for thecomplex [FeIII(N3)TMC-ac]+ (3) and the corresponding 

chloride complex [FeIII(Cl)TMC-ac]+ are shown in Figure 4.37. Loss of hydrazoic acid (HN3) is not possible 

since the N-H protons of the cyclam-amine groups are replaced by methyl-groups. However, the 

expulsion of N2 and formation of the nitrido-iron(V) complex is not observed neither. Instead, the loss 

of an azide radical (N3
●) is observed, which results in the ferrous species [FeIITMC-ac]+ (m/z=355.2). 

Formation of this complex was proposed earlier during the photolysis of the corresponding azido-

iron(III) complex 3.[47] However, it will be shown in Chapter 5.4.2 that photolysis of the 

[FeIII(N3)TMC-ac]+ (3) complex can also result in the iron(V) complex [FeV(N)TMC-ac]+, which is not 

observed in the gas phase. The iron(II) species further degrades via CO2 expulsion followed by the 

fragmentation of the cyclam ligand by ethylene elimination (see MS/MS spectrum Figure 4.37 c). 

Similar fragmentation is observed for the iron(III) chloride complex [FeIII(Cl)TMC-ac]+ (Figure 4.37 b), 

with direct loss of CO2 also observed for this species. 

Further measurements were performed on the bis-azido complex [FeIII(N3)2cyc]+ (2) that are shown in 

Figure 4.38. In contrast to the aforementioned complexes, the primary fragmentation reaction 

observed is the expulsion of HN3 resulting in the coordinatively unsaturated iron(III) mono-azido 

complex [FeIII(N3)cyc-H]+ at m/z=297 (see Scheme 4.4 for the molecular structure). Minor amounts of 

the high-valent species [FeV(N)(N3)cyc]+ are only observed after carefully fine-tuning of the collision 

energies. For the analogue cyclam-acetate complex [FeIII(N3)cyc-ac]+ (1) a nitrido-iron(V) species was 

the main fragmentation product at low collision energies. As it was not observed for the mono-azido 

complex 1, loss of an azide radical is not observed for 2, either. However, for the azido complex with 

the methylated cyclam ligand (3) loss of an azide radical was observed. 

 

Figure 4.38: CID MS/MS spectra of (a) [FeIII(N3)2cyc]+ (2, m/z=340.1), (b) 
the primary fragmentation product [FeIII(N3)cyc-H]+ m/z=297.1, (c) the 
deuterated analogue of [FeIII(N3)2cyc]+ (D4-2, m/z=344.2). 

Consecutive fragmentation of the [FeIII(N3)cyc-H]+ ([2-HN3]+) species at higher energies (see MS/MS 

spectrum for m/z= 297, Figure 4.38 b) leads to the iron(III) complex with two fold deprotonated cyclam 

ligand ([FeIII(cyc-2H)]+, [2-2N3]+, m/z=254) via expulsion of a second molecule HN3 (see Scheme 4.4 for 

the molecular structure). This was further confirmed by measurements on material where the amine 

groups of the cyclam ligand were deuterated (see Figure 4.38 c). 
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Scheme 4.4: Major fragmentation products observed in CID mass spectra of [FeIII(N3)cyc]+ (2) 

Interestingly, it was also possible to detect small amounts of the five coordinate nitrido-iron(V) 

complex [FeV(N)cyc-H]+ (m/z=269) that results from HN3 expulsion followed by loss of N2 (spectrum in 

Figure 4.38 b, structure in Scheme 4.4). This species was detected alongside fragmentation products 

for the deuterated complex (m/z= 272.1, Figure 4.38 b). The presence of the iron(V) complexes 

[FeV(N)(N3)cyc]+ as well as [FeV(N)cyc-H]+ in the gas phase, even in small amounts, is very interesting. 

By the initial Mössbauer measurements performed by Meyer et al.[29] it was not possible to say what 

exactly the coordination number of iron is, and if the azide ligand in trans-position to the nitride is still 

intact. However, clear evidence for an azide ligand in trans-position to the nitride will be provided from 

low-temperature IR measurements (see Chapter 5.2) and from DFT calculations of the Mössbauer 

parameters (see Chapter 5.1) on the nitrido-iron(V) complexes derived from the bis-azido complex 

[FeIII(N3)2cyc]+ (2). 

 

The gas phase measurements provide an interesting additional perspective to the investigations on 

azido iron(III) complexes in the condensed phase (solution / frozen solution). Analog to the Mössbauer 

photolysis experiments on frozen solution samples (Chapter 4.6.1 and 4.6.2), the formation of the 

nitrido-iron(V) complex was observed in the gas phase for the complex [FeIII(N3)cyc-ac]+. On the other 

hand, the azide radical elimination that was observed in the condensed phase (time resolved IR study 

Chapter 4.5.3), was not observed in the mass spectrometry measurements, while in the gas phase HN3 

expulsion was detected, which was not seen for photolysis experiments performed in the condensed 

phase. 

For the methylated complex [FeIII(N3)TMC-ac]+ only the elimination of an azide radical was observed, 

in agreement with previous studies on frozen solution samples. Regardless, in Chapter 5.4.2 it will be 

shown that the formation of the iron(V) complex [FeV(N)TMC-ac]+ in frozen solution is also possible. 

Major differences are found for the bis-azido complex [FeIII(N3)2cyc]+ when its behavior in the gas phase 

is compared to the photolysis experiments in frozen solution. Only minor amounts of the 

[FeV(N)(N3)cyc]+ complex were detected in the MS-experiments, while this is the main product of 

photolysis in frozen solution, as was shown in a previous Mössbauer study[29] and is confirmed by EPR-

measurements discussed in Chapter 5.4.1 of this thesis. The main fragmentation reaction observed in 

the gas phase is the loss of hydrazoic acid (HN3), which was not observed in the condensed phase.  
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4.8. DFT Calculations on the Elimination of N2, N3
– and N3

• from Azido Iron(III) 

Complexes 

Azido-iron(III) complexes were investigated in the antecedent chapters by various spectroscopic 

techniques in combination with calculations. Before the nitrido-iron(V) species will be studied in detail 

in the following sections, possible reactions for the azido-iron(III) complexes shall be explored also by 

DFT calculations. These provide insight in the energetics of competing reactions and the role of excited 

states will be probed by TD-DFT. 

Possible reactions induced thermally or photo-chemically are the reductive elimination of an azide 

radical (N3
•) yielding an iron(II) complex, the oxidative elimination of N2 yielding a nitrido-iron(V) 

complex or the redox-neutral elimination an azide anion (N3
–). These reactions are outlined in Scheme 

4.5 for the [FeIII(N3)cyc-ac]+ complex. The formation of iron(II) and iron(V) was already discussed in 

conjunction with Mössbauer measurements in Chapter 4.6. The redox neutral elimination of an azide 

anion was observed in the time resolved IR experiments (Chapter 4.5.3) and also proposed in a recently 

published study.[56] 

 
Scheme 4.5: Possible N2 -, N3

●- and N3⊝-elimination reactions for the [FeIII(N3)cyc-ac]+ complex. 

The Energetics of the reactions outlined in Scheme 4.5 are investigated by DFT calculations for the 

complexes [FeIII(N3)cyc-ac]+ and [FeIII(N3)TMC-ac]+. The photochemical elimination of N2 and the N3
– -

anion from the complex [FeIII(N3)cyc-ac]+ will be explored in Chapter 4.8.2 within the framework of 

time-dependent density functional theory (TD-DFT). 

Structures were optimized using the BP86 functional, the def2-TZVP basis set and the corresponding 

def2-TZVP/J auxiliary basis-set for the RI approximation. Solvent effects were taken into account within 

the conductor like screening model approach assuming acetonitrile as the solvent and van der Waals 

correction (D3ZERO) was employed. Final energies are calculated for these optimized geometries using 

the B3LYP functional in conjunction with the RIJCOSX approximation and thermal corrections were 

obtained from the frequency calculation with the BP86 functional. Azido-nitrogen atoms are labeled 

by α, β and  in the following discussion, starting with the iron bond nitrogen atom (Fe-Nα–Nβ–N). 
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4.8.1. Thermal Reactions of the Complex [FeIII(N3)cyc-ac]+ 

As a first step, relaxed surface scans were performed for the complex [FeIII(N3)cyc-ac]+ in the doublet 

spin ground state as well as the excited quartet- and sextet-states. In these calculations the Fe-N3 and 

FeN-N2 distances were stepwise increased and frozen, while all the remaining bonding parameters 

were energy minimized. Results from these calculations are shown in Figure 4.39. The energy is given 

relative to the energy of the equilibrium geometry in the doublet ground state and the energy is 

plotted against the bond distance of the constrained bond. 

The graph in Figure 4.39 clearly shows for all conceivable spin states a maximum energy when the 

FeN-N2 bond was elongated about ~0.5 Å, followed by a decay of the relative energy. This indicates, 

that in this region a transition state should be located. When the Fe-N3 bond was elongated, only a 

significant rise of the relative energy was observed without passing through a maximum which 

prevents the location of a transition state. 

Furthermore, it is interesting to follow the Loewdin spin-population on selected atoms during the 

performed scans since this reveals if a closed-shell or radical moiety is eliminated from the iron 

complex (see Figure 4.39). For the scan along the nitrogen-nitrogen bond (FeN-N2) it is seen that part 

of the spin-population is transferred from iron to the α-nitrogen atom that is bond to iron. This is 

expected, due to the strong covalency in the formed iron-nitride where the unpaired electron is 

located in an anti-bonding Fe-N π-bond (see Chapter 5.5 for a detailed discussion of the electronic 

structure of nitrido-iron(V) complexes). 

The spin-population during the scan along the iron-azido bond (Fe-N3) is very interesting, since it 

reveals if an iron(III) complex and an azide anion is formed or an iron(II) complex and an azide radical, 

respectively. From the corresponding graph (Figure 4.39, right) it is clear, that the unpaired electron(s) 

remain exclusively on iron for all spin states. No spin-population was calculated for the azide nitrogen 

atoms. This is in agreement with the expectations, based on experimental redox-potentials. The N3
–

/N3
• redox couple shows a very high redox potential (+1.33 V in acetonitrile vs. NHE[233]) while the 

potential for the FeIII/FeII redox couple is much lower (+0.69 V, see Chapter 4.6.4) for the complex 

[FeIII(N3)cyc-ac]+. This indicates, that the iron(II) complex in the presence of an azide radical under 

electrochemical conditions is not expected to be stable. The iron(III) complex and an azide anion would 

be formed immediately. 

As mentioned before, the relaxed surface scan along the iron-nitrogen bond reveals that a transition 

state for the cleavage of the iron-nitrogen bond cannot be located. However, Gibbs free energies for 

the elimination of an azide radical and an azide anion were calculated and are shown in Scheme 4.6. 

The given energies are relative to the complex [FeIII(N3)cyc-ac]+ in its doublet ground-state. 

Furthermore, calculations were performed where the axial coordination site was saturated by an 

acetonitrile molecule which was used as solvent in the experiments. From the data in Scheme 4.6 it is 

clear that all considered reactions are highly endergonic. For the azide anion this can be rationalized 

by the charge separation that is necessary to form an anionic azide and a cationic iron fragment 

(charge 2+).  
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Figure 4.39: Results from relaxed surface scan along the FeN-N2 (left) and Fe-N3 bond (right). Top: Energies 
relative to the lowest energy structure/spin state, column 2-4, Löwdin spin population on iron,  the iron bond 

(Nα), the central (Nβ) and the terminal azido nitrogen atom (N) for spin states S=1/2, 3/2, 5/2.  
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Further, the calculations demonstrate that the spin state preference depends on the coordination 

number. For the five coordinate complexes [FeIII(cyc-ac)]2+ and [FeII(cyc-ac)]+, the intermediate-spin 

configuration is preferred for the former and the high-spin state for the latter. If the sixth coordination 

site that results from removal of the azide ligand is saturated with an acetonitrile molecule, for the 

[FeIII(MeCN)(cyc-ac)]2+ complex low-spin is lowest in energy. For the [FeII(MeCN)(cyc-ac)]+ complex the 

high-spin state was calculated to be 11 kJ mol-1 lower in energy than the low-spin state. However, there 

is strong experimental evidence (see Chapter 4.6.3) that the complex [FeII(MeCN)(cyc-ac)]+ is a 

diamagnetic low-spin species. Presumably DFT fails here to predict the correct spin state, which is 

known to be difficult when the energy difference is as small as in the present case.[234] 

[FeIII(N3)cyc-ac]+    
               
→        [FeIIcyc-ac]+  +  N3

• 

SFe=0 
SFe=1 
SFe=2 

180 kJ mol-1 
135 kJ mol-1 
107 kJ mol-1 

[FeIII(N3)cyc-ac]+  +  MeCN   
               
→        [FeII(MeCN)cyc-ac]+  +  N3

• 

SFe=0 
SFe=1 
SFe=2 

140 kJ mol-1 
179 kJ mol-1 
129 kJ mol-1 

[FeIII(N3)cyc-ac]+    
               
→        [FeIIIcyc-ac]2+  +  N3

– 

SFe=1/2 
SFe=3/2 
SFe=5/2 

158 kJ mol-1 
111 kJ mol-1 
130 kJ mol-1 

[FeIII(N3)cyc-ac]+  +  MeCN   
               
→       [FeIII(MeCN)cyc-ac]2+  +  N3

– 

SFe=1/2 
SFe=3/2 
SFe=5/2 

   89 kJ mol-1 
114 kJ mol-1 
115 kJ mol-1 

Scheme 4.6: Gibbs free energy (∆G) for azide-elimination from [FeIII(N3)cyc-ac]+, SFe refers to the spin on iron in 
the products (BP86/def2-TZVP/RI/COSMO/D3ZERO //B3LYP/def2-TZVP/RIJCOSX/COSMO/D3ZERO) 

The transition states and reaction enthalpies for the N2-elimination were calculated for the 

[FeIII(N3)cyc-ac]+ complex, as shown in Scheme 4.7. 

 
Scheme 4.7: Gibbs free energy (∆G) the N2-elimination from [FeIII(N3)cyc-ac]+, energies in kJ mol-1. BP86/def2-

TZVP/RI/COSMO(Acetonitrile)/D3ZERO // B3LYP/def2-TZVP/RIJCOSX/COSMO(Acetonitrile)/D3ZERO 

The reaction barrier for elimination of N2 is calculated to be lowest in the doublet state, however, the 

calculated barrier of 170 kJ mol-1 is still very high. To overcome such a barrier in a thermal reaction is 

rather unlikely, but a photochemical elimination can still be possible. On the other hand, mass 
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spectrometry measurements discussed in Chapter 4.7 have revealed that the nitrido-iron(V) complex 

is also formed in the gas phase without photo excitation. Formation of the iron(V) species in the 

doublet state is calculated to be endergonic about 23 kJ mol-1. The calculations demonstrate that the 

N2-elimination is expected to proceed on the doublet state surface, since transition states in the sextet 

or quartet state are 69 kJ mol-1 and 115 kJ mol-1 higher in energy, respectively. 

Besides the separate relaxed scans for the iron-nitrogen and nitrogen-nitrogen bonds, further 

calculations were performed where both bond distances were constrained simultaneously. The iron-

nitrogen bond was varied between 1.5 Å and 3.2 Å and at the same time the bond distance between 

the iron bond azide nitrogen atom and the central-azide nitrogen atom was varied from 0.9 Å to 2.8 Å. 

The results of these calculations are shown as a three-dimensional potential energy surface plot in 

Figure 4.40. As expected, the iron(III)-azido structure represents a minimum on the energy surface 

(local minimum on the upper left in Figure 4.40). Elongation of the nitrogen-nitrogen bond leads to an 

increase in energy and at a bond-distance of ~1.7 Å (Fe-N ~1.8 Å) a maximum is reached from where 

the energy decreases again. On this way, another minimum in the calculated area is found for the 

nitrido-iron(V) structure at an iron-nitrogen bond length of 1.6 Å (on the lower left hand side in Figure 

4.40). On the other hand, upon lengthening the iron-nitrogen bond distance the energy was found to 

only constantly increase. No maximum is passed within the range of the calculations. It should be noted 

here again, that elongation of the iron azide bond (Fe-N3) results in an iron(III) complex and an azide 

anion, not in an azide radical. 

 
Figure 4.40: Three-dimensional potential energy surface scan on the complex [FeIII(N3)cyc-ac]+  that leads to 

FeVN + N2 in one direction and FeIII + N3
– in the other direction. 
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The present calculations show that a very high barrier have to be overcome to form an nitrido-iron(V) 

complex from the corresponding azido-iron(III)-complex via N2-eliminations. However, the calculated 

barrier of 170 kJ mol-1 is lower than the photon energy of 470 nm light that was used in the photolysis 

(see e.g. Chapter 4.6.1) and photons of 470 nm (255 kJ mol-1) might deliver enough energy to overcome 

a that high barrier. For the elimination of the azide ligand from the iron(III)-complex it was not possible 

to locate a transition state. The calculations revealed that by elongation of the iron-azide bond an azide 

anion and an iron(III) complex is obtained, for all conceivable spin states. The results clearly 

demonstrate, that the formation of an iron(II)-complex and an azide radical cannot proceed on the 

electronic ground-state surface. This reaction, which was observed experimentally, has to proceed in 

an electronically excited state, which might open further reaction channels for the azide radical 

elimination.[41,43,217-218]  

 

 

4.8.2. Computational Studies on the Photolysis of the Complex 

[FeIII(N3)cyc-ac]+ 

Thermal reactions of the azido-iron(III) complex [FeIII(N3)cyc-ac]+ were explored in the antecedent 

chapter by DFT calculations without considering electronically excited states. Here, it will be tried to 

investigate the photochemistry, hence, the electronic excited states during these reactions. The 

reactions discussed in the present work are mainly initiated by irradiation with light of well-defined 

wavelengths. Hence, specific electronically excited states will be populated that might initiate the 

elimination of N2, N3
– or N3

•. The absorption spectrum of the azido-iron(III) complex was already 

discussed in Chapter 4.3.1 where observed transitions were assigned to specific electronic transitions 

with the help of TD-DFT calculations. 

A comprehensive theoretical study of the photochemistry of the present azido-iron(III) complexes or 

transition metal complexes in general is computationally demanding and challenging[235-237] due to the 

size of the complexes but also due to its complex photochemistry. The latter originates from a large 

number of energetically close lying states which is in particular the case for transition metal complexes 

with only partially filled d-shells. It can be foreseen that a high density of excited electronic states 

would lead to many (near)-degeneracies or crossing points such as conical intersections (CI) and inter 

system crossings (ISC).[238] The proper treatment of such degeneracies requires the calculation of non-

adiabatic couplings (NACs) between the corresponding states. These NACs are necessary to evaluate 

probabilities of state transitions in order to map the path from the excited state to the ground state.[236] 

An appropriate method for the qualitatively correct description requires a multiconfigurational ansatz. 

For this purpose CASSCF is commonly used in the computational photochemistry. Due to the size of 

the azido-iron(III) complexes such a treatment is too expensive and as mentioned in Chapter 4.1, it was 

not possible to calculate the LMCT transition in the visible region properly by CASSCF/NEVPT2. Hence, 

in this case one is constrained to less expensive methods such as TD-DFT. Although TD-DFT is useful to 

calculate excitation energies (e.g. to reproduce experimental UV-vis spectra as done in Chapter 4.3) it 

has a serious drawback in the calculation of photochemical reactions. Todd Martinez and coworkers 

have shown that the dimensionality of a degeneracy, such as a conical intersection, is not correctly 
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described at the TD-DFT level of theory.[239] In consequence of this incorrect description TD-DFT can 

lead to a wrong path and unphysical dwell on excited states. 

Further complication arises from the choice of the simulation technique. It was shown that even for a 

small organic molecule such as ethylene the static calculations, i.e. a minimum energy path, yields 

unrealistic crossing points.[240] These crossing points differ from those determined from molecular 

dynamics simulations where the kinetic energy is explicitly considered. Given that a large number of 

crossings is expected for the close lying excited states in azido-iron(III)-complexes with half-filled 3d-

shell, its correct description and location is crucial. 

Due to the size of the system an attempt to describe the initial excited state relaxation until an early 

encounter of a crossing of the excited states is made using TD-DFT. The aim is to see whether the 

excitation is leading directly to a dissociative state or a more complex path involving multiple crossings 

and the consequent change of the excited state character is required. 

 

Excited state gradients calculated by TD-DFT 

The gradients for selected excited states are calculated at the ground state geometry. Calculations 

were performed on the B3LYP/def2-TZVP/RIJCOSX level of theory with a total of 40 roots (the same 

method was used to calculate the absorption spectrum discussed in Chapter 4.3.1). For visualization, 

the gradients are scaled by a factor 50 and they are indicated by yellow vectors in Figure 4.41 for the 

excited states that were already described in Table 4.5 (page 44). The length of the vectors is direct 

proportional to the size of the gradient. 

First it is followed the initial assumption that irradiation into the LMCT-band observed at 21895 cm-1 

(calculated π‖(N3)  dxz/yz / 23140 cm-1) induces the elimination of dinitrogen, resulting in the nitrido-

iron(V)-complex.[43] However, from the gradient shown in Figure 4.41 for this transition it seems to be 

unlikely that this excitation will directly result in a cleavage of the FeN-N2 bond. The gradient at the 

azide ligand does not indicate a shortening of the Fe-N3 bond, much more it is an elongation of the 

Fe-N3 bond and a shortening of the nitrogen-nitrogen bond between the iron bond nitrogen atom and 

the central nitrogen atom in the azide ligand (FeN-N2). Given that this nitrogen-nitrogen bond is 

calculated to be about 0.07 Å longer than the bond between the central and terminal nitrogen atoms, 

the calculated gradient rather suggests the elimination of an azide anion or –radical, since for these 

species a totally symmetric N3-group would be expected with equivalent nitrogen-nitrogen bond-

lengths. Further, the gradients indicate a shortening of the Fe-O bond which is in contradiction to an 

EXAFS study[41] and DFT-calculations (see Chapter 5.5 and in the literature[41,45]) which have shown that 

the Fe-O bond in the nitrido-iron(V) complex is longer than in the azido-iron(III) complex. 

Very similar gradients are calculated for the π⏊(N3)  dz² transition that is predicted to appear at 

30389 cm-1. However, the Fe-O bond distance might be elongated when following the gradient. This 

can be understood easily, since the dz²-orbital, which is the electron acceptor for this transition, is anti-

bonding with respect to the axial ligands. 
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The next two transitions that were calculated to be 34319 cm-1 and 37427 cm-1 are LMCT-transitions 

from the carboxylate group to the metal center. Therefore the gradient is largest for the carboxylate-

group atoms. 

At 38958 cm-1 an azido intra-ligand excitation (π⏊(N3)  π*(N3) + dz²) is predicted by TD-DFT which 

corresponds very well with the gradient at the azide ligand. This gradient again rather suggests the 

elimination of an azide anion or –radical than of dinitrogen. 

 
  

π‖(N3)  dxz/yz 
23140 cm-1 

π⏊(N3)  dz² 
30389 cm-1 

π(-CO2)  dx²-y² + dz² 
34319 cm-1 

   

 
  

π(-CO2)  dz² 
37427 cm-1 

π⏊(N3)  π*(N3) + dz² 
38958 cm-1 

π(-CO2)  dz² 
41401 cm-1 

   

 

Figure 4.41: Gradients (indicated by yellow arrows) for excited states 
calculated by TD-DFT (B3LYP/def2-TZVP/RIJCOSX). Hydrogen atoms are 
omitted for clarity. See Table 4.7 (page 48) for the corresponding 
difference density plots. 

 

π(-CO2)  dz² 
41828 cm-1   
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The remaining two excitations that show significant intensity were calculated to be carboxylate to 

metal LMCT-transitions at 41401 cm-1 and 41828 cm-1, respectively. However the gradients show 

significant magnitude not only for the carboxylate group but also for the azido nitrogen atoms. 

Notably, the gradient for the π(-CO2)  dz² transition calculated to appear at 41401 cm-1 is the only 

one where a shortening of the iron-nitrogen bond might be concluded from. This would be expected 

for the formation of the nitrido-iron(V) species. However, for all considered excited states, the overall 

gradients calculated for the azide ligand do rather imply the formation of an isolated N3-group (anion 

or radical) with equivalent nitrogen-nitrogen bond-distances. Hence, from the static calculation of the 

gradients, it cannot be concluded that an excited state can lead directly to the elimination of 

dinitrogen. 

 

TD-DFT calculations on the N2-elimination 

The calculated gradients of course only provide a static picture on possible photochemical reactions 

initiated in a specific excited state. To gain some basic insight in the excited states during the 

elimination of dinitrogen another approach was chosen here: 

A relaxed surface scan calculation was performed on the [FeIII(N3)cyc-ac]+ complex, where the distance 

between the iron-bond nitrogen atom and the central nitrogen atom of the azide (FeN-N2) was varied 

which leads to the elimination of N2. This results in molecular structures along the pathway of 

dinitrogen elimination in the electronic ground state. Results of these calculations were already 

discussed in Chapter 4.8.1. Similar calculations are performed in this context, however, excited states 

were calculated by TD-DFT on the optimized structures. This presents a rough approximation because 

the relaxation of the molecular structure in the excited states is not considered. However, it might 

allow a qualitative inspection of excited states for dissociative character that might induce the 

elimination of dinitrogen. 

Structures were minimized using the BP86/def2-TZVP/RI/COSMO(Acetonitrile) level of theory. The 

considered bond was varied in 0.02 Å steps. TD-DFT calculations were performed for 40 roots (states) 

on these structures at the same level, the BP86 functional was only replaced by the B3LYP functional 

and the RIJCOSX approximation was used. 

In Figure 4.42 result for the scan along the nitrogen-nitrogen bond is shown. The lowest black trace 

represents the electronic ground state (root 0) and is therefore analogue to the plot in Figure 4.39. On 

the very left (the Franck Condon region), at a constrained nitrogen-nitrogen bond distance of 1.2 Å the 

result corresponds to the TD-DFT results discussed in Chapter 4.3.1 and the character of these 

transitions is indicated on the left hand side. 

For the π‖(N3)  dxz/yz transition that was initially assumed to induce the elimination of N2, it was 

possible to follow the excited state in a limited range where it is relatively well separated from other 

states and inspection of the difference densities confirm that the points on the potential energy 

surface that are shaded light yellow correspond to this state. However, at a bond distance of 1.4 Å 

crossing with other states occur and it is not clear anymore which point on the PES corresponds to this 

excited state. The character of this excitation changed to a degree that it cannot be identified anymore 

by inspection of the difference-density plots. Figure 4.2 still reveals for the range where the 
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π‖(N3)dxz/yz excited state is not crossing any other states that the energy of this state significantly 

rises, while it would be expected to decrease for a dissociative state. By visual inspection of the graph, 

the started path is continued following a minimum energy pathway, connecting states that are close 

in energy (see cyan shaded pathway in Figure 4.42). This is of course relatively arbitrary, since NAC, 

the probability to move from one excited state surface to another, is completely neglected. However, 

following the indicated path from its beginning in the Franck-Condon region, crossing of a high barrier 

on the excited state surface (about 11770 cm-1=141 kJ mol-1 high) is necessary at a FeN-N2 distance of 

1.44 Å which appears to be rather unlikely. The TD-DFT calculations, therefore, do not provide evidence 

that the excited LMCT state π‖(N3)dxz/yz is dissociative with respect to the FeN-N2 bond. 

 
Figure 4.42: Excited state energies for a relaxed surface scan along the FeN-N2 bond. 

Similar conclusions as just discussed can be drawn for the π⏊(N3)dz² transition. It was partially 

possible to follow this excited state during the scan (see light yellow underlined trace in Figure 4.42 

starting at ~30000 cm-1) and it is seen that the energy of this state also increases. Hence, the 

π⏊(N3)dz² excited state is not found to be dissociative in the TD-DFT calculations. Nonetheless, 

crossing with other states occurs at an early stage for this state which might allow reactions to proceed 

on another potential energy surface. However, by visual inspection of the plot no pathway is found 

starting with the π⏊(N3)dz² excited state where the energy is significantly decreasing. 

It should be also noted that the π⏊(N3)dz² excitation appears at higher energy (calculated 30389 cm-1, 

assigned to the experimentally observed band at 32108 cm-1, see Chapter 4.3.1) than the energy of 

470 nm (21277 cm-1) light which was used in the photolysis experiments. In these experiments with 

470 nm light that exclusively yielded the nitrido-iron(V) complex (see Chapter 4.6.1), population of the 

π⏊(N3)dz² excited states is therefore not possible. 
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For excited states even higher in energy, it is much more difficult to follow them during the scan along 

the FeN-N2 bond distance. Many states close in energy are calculated which makes it difficult to follow 

possible reaction pathways. 

 

The TD-DFT results do not provide evidence that the π‖(N3)dxz/yz LMCT-transition observed in the 

visible region at 21895 cm-1 (calculated 23140 cm-1) results in a state that is dissociative with respect 

to the FeN-N2 bond. Given the assumption and the constraints of the TD-DFT calculation it can be only 

excluded that the N2-elimination process is not directly initiated. Hence, it rather points towards a 

more complicated cleavage of the nitrogen-nitrogen bond. 

One possibility might be that other spin states play a role in the N2-elimination reaction that were not 

taken into account in the present TD-DFT study. However, it was shown in Chapter 4.8.1 that the 

reaction barrier (in the electronic ground state) is significantly higher in energy for the quartet 

(239 kJ mol-1) and sextet (285 kJ mol-1) state when compared to the transition state in the doublet spin 

ground-state (170 kJ mol-1, see Scheme 4.7). Still, a photon of 470 nm (=21277 cm-1 = 255 kJ mol-1) 

delivers enough energy to overcome the very high barrier for the (thermal) N2-elimination in the 

doublet state. 

As mentioned before, one might also consider more complicated mechanisms for the N2-elimination. 

Based on time resolved IR-measurements, an intermediate was proposed with a cyclic azide species 

coordinated to iron (see Chapter 4.5.3 page 82) which might also play a role in the N2-elimination. 

However, this species was calculated to be 234 kJ mol-1 (B3LYP/def2-TZVP) or 255 kJ mol-1 

(CASSCF(7,7)/NEVPT2/def2-TZVP) higher in energy than the ground state azido-iron(III) complex. 

Hence, this species is even higher in energy than the calculated transition state for the thermal N2-

elimination (170 kJ mol-1). Furthermore, it should be mentioned that in the experiments where this 

species was proposed a laser of 266 nm wave length was used. Hence, light of much higher energy 

than the 470 nm light source used for the formation of the nitrido-iron(V) complex in Chapter 4.6.1. 

A satisfactory computationally explanation of the underlying photochemical mechanism for the N2-

elimination cannot be provided here. An excited state that is dissociative with respect to the 

elimination of N2, or a pathway that shows a low barrier for the elimination of N2 on the excited state 

surface was not found within the chosen approach. 

 

TD-DFT calculations on the N3-elimination 

In analogy to the TD-DFT calculations on the N2-elimination discussed above, calculations on the 

N3-elimination were performed. The bond distance between iron and the azido-nitrogen atom bond 

to iron was varied from 1.92 Å to 2.6 Å in 0.02 Å steps (in the full optimization a Fe-N3 distance of 1.93 

was calculated, see Table 4.1). Structures were optimized at the 

BP86/def2-TZVP/RI/COSMO(Acetonitrile) level of theory and for the excited states the B3LYP 

functional was used in conjunction with the RIJCOSX approximation. The results are shown in Figure 

4.43. 
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For the electronic ground state (root 0) the same curve was obtained as already shown in Figure 4.39. 

The energy increases without reaching any maximum and it should be noted again, that in the 

performed scan in the ground state an iron(III) complex and an azide anion are obtained, not an iron(II) 

complex and an azide radical. However, LMCT transitions from the azide ligand to the iron center can 

result in an azide radical and an iron(II) complex. 

Remarkable differences are found when the plot is compared to the results for the FeN-N2-scan (Figure 

4.42). While in the scan along the FeN-N2 bond the energy for all states rises during lengthening the 

selected bond, in the present case the energy decreases for certain states when the Fe-N3 bond is 

elongated. The LMCT-transition from the azide ligand into the SOMO (π‖(N3)dxz/yz) is underlined light 

yellow and it is possible to follow it by inspection of the difference densities during the whole scan. Its 

energy decreases until an iron-azide distance of 2.14 Å is reached (at 21477 cm-1, it should be noted 

that at this point the state did already cross with another state). Then it increases again, reaching 

25002 cm-1 which is even above the energy at the starting point of the scan in the Franck Condon 

region. However, it is possible that the reaction proceeds via non-adiabatic transitions between 

multiple electronic states that are crossing. In the present case a transition to another state at a bond 

distance of 2.16 Å is conceivable and a possible minimum energy pathway is shaded orange in Figure 

4.3. Even the energy does not decrease much further on this pathway, it is a possible reaction pathway 

for the elimination of an azide. 

 

Figure 4.43: Excited state energies for a relaxed surface scan along the Fe-N3 bond. 

The transition from the azide ligand to the metal dz²-orbital (π⏊(N3)dz²) also decreases in energy, even 

more significantly than the π‖(N3)dxz/yz transition. It was possible to follow this transition by 

inspection of the difference density plots until an iron-azide distance of 2.52 Å is reached (see cyan 
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shaded pathway in Figure 4.43). The curve evolves rather irregular between 2.08 Å and 2.16 Å where 

the energy is first increasing and then decreasing again. This is indicating a strong interaction with 

neighboring excited states. However, the transition to another excited state at this point is possible, 

allowing to follow a pathway on which the energy is further decreasing. The π⏊(N3)dz² excitation that 

was calculated to be 30389 cm-1 and assigned to the experimentally observed band at 32108 cm-1 might 

therefore also open a reaction channel that is dissociative with respect to the Fe-N3 bond. 

It is again not possible to follow higher excited states on the potential energy surface. There are too 

many excited states very close in energy. 

The shown PES (Figure 4.43) correlates well with the calculated excited state gradients (shown in Figure 

4.41). Most excited state gradients suggested the elimination of an azido-group which is in agreement 

with the fact that these states (as far as it was possible to identify them on the PES) decrease in energy 

when the Fe-N3 bond is elongated. 

The finding that some LMCT-transitions decrease in energy for the Fe-N3 scan can be understood from 

the removal of one axial ligand. Removing an axial ligand will lower the energy especially for the dz²-

orbital that is antibonding with respect to these ligands. Hence, LMCT-transitions where the dz²-orbital 

is the accepting orbital will appear at lower energy. This explains the dissociative nature of the 

π⏊(N3)dz² transition. On the other hand, the elimination of dinitrogen will result in a nitrido-iron 

complex where the monoatomic nitrido ligand is a very strong donor ligand. It will therefore rise the 

energy of the d-orbitals as well as the energy of the LMCT-transitions. 

 

The chosen approach includes some strong approximations, but by TD-DFT it was tried to gain some 

insight into the photochemical reactions of the [FeIII(N3)cyc-ac]+ complex. It was not possible to identify 

any dissociative states during the FeN-N2 bond cleavage. As discussed, this might indicate that the N2-

elimination process is more complicated than it was considered here. The reason might be as well, that 

the chosen approach is a too drastic simplification and more subtle effects have to be considered, e.g. 

relaxation of the molecular structure in electronically excited states. Dissociative states were only 

found for the cleavage of the Fe-N3 bond. 
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4.8.3. Thermal Reactions of the Complex [FeIII(N3)TMC-ac]+ 

The dinitrogen, azide anion and azide radical elimination reactions were further investigated 

computationally for the complex [FeIII(N3)TMC-ac]+. Considering all possible spin states is of special 

relevance here, because the azido-iron(III) complex shows spin crossover behavior at low 

temperature[42,48] and it is not clear in which spin state the reactions proceed. Gibbs free energies for 

the azide anion and azide radical elimination from [FeIII(N3)TMC-ac]+ in the quintet state, which is 

calculated to be the ground state, are summarized in Scheme 4.8. 

[FeIII(N3)TMC-ac]+    
               
→        [FeIITMC-ac]+  +  N3

• 

SFe=0 
SFe=1  
SFe=2 

111 kJ mol-1 
65 kJ mol-1 
27 kJ mol-1 

[FeIII(N3)TMC-ac]+  +  MeCN   
               
→        [FeII(MeCN)TMC-ac]+  +  N3

• 

SFe=0 
SFe=1  
SFe=2 

89 kJ mol-1 
107 kJ mol-1 
47 kJ mol-1 

[FeIII(N3)TMC-ac]+    
               
→        [FeIIITMC-ac]2+  +  N3

– 

SFe=1/2 
SFe=3/2  
SFe=5/2 

101 kJ mol-1 
57 kJ mol-1 
74 kJ mol-1 

[FeIII(N3)TMC-ac]+  +  MeCN   
               
→       [FeIII(MeCN)TMC-ac]2+  +  N3

– 

SFe=1/2 
SFe=3/2  
SFe=5/2 

55 kJ mol-1 
80 kJ mol-1 
48 kJ mol-1 

Scheme 4.8: Gibbs free energy (∆G) for N3-elimination from [FeIII(N3)(TMC-ac)]+, SFe refers to the spin on iron in 
the products (BP86/def2-TZVP/RI/COSMO/D3ZERO//B3LYP/def2-TZVP/RIJCOSX/COSMO/D3ZERO). 

For the complexes [FeII(TMC-ac)]+, [FeII(MeCN)(TMC-ac)]+ and [FeIII(MeCN)(TMC-ac)]2+ the S=5/2 spin 

state is calculated to be lowest in energy. For the complex [FeIII(TMC-ac)]2+ a S=3/2 ground state is 

predicted. This indicates, that with the methylated ligand system TMC-ac-, the additional axial solvent 

molecule has less influence on the spin states than for the complex with the non-methylated ligand 

system cyc-ac (see Scheme 4.8). As already concluded in a previous study from the spin crossover 

behavior of the [FeIII(N3)(TMC-ac)]+ complex, the methylation of the cyclam acetato ligand leads to a 

system with lower ligand field strength.[42] Possible impacts on the electronic structure of nitrido-

iron(V) complexes due to the weaker ligand will be discussed in Chapter 5.5.  

In general, the reactions are calculated to be less endergonic than for the complex [FeIII(N3)cyc-ac]+, 

especially the elimination of an azide radical is only endergonic about 27 kJ mol-1. This is in line with 

the mass spectrometry measurements where azide radical elimination was observed as the mayor 

fragmentation product for the [FeIII(N3)(TMC-ac)]+ complex (see Chapter 4.7). 

Similar to the calculations performed on the [FeIII(N3)(cyc-ac)]+ complex in the antecedent section, the 

N2-elimination reaction from [FeIII(N3)(TMC-ac)]+ was calculated for various spin states. Energies are 

given relative to the azido-iron(III) complex in the S=5/2 state, which was calculated to be the spin 

ground state (see Scheme 4.9). 

The lowest energy transition state is the one in the doublet state, as shown in Scheme 4.9. Transition 

states in the sextet and quartet state are 67 kJ mol-1 and 93 kJ mol-1 higher in energy, respectively. 

Hence, if the lowest energy pathway is followed in the thermal elimination of N2, a change from high-

spin for the azido-iron(III) complex to low-spin is necessary. 
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Scheme 4.9: Gibbs free energy (∆G) for N2-elimination from [FeV(N)(TMC-ac)]+, Energies in kJ mol-1. 

BP86/def2-TZVP/RI/COSMO(Acetonitrile)/D3ZERO //B3LYP/def2-TZVP/RIJCOSX/COSMO(Acetonitrile)/D3ZERO 

For the resulting nitrido-iron(V) complex [FeV(N)(TMC-ac)]+ the doublet state is calculated to be slightly 

lower in energy than the quartet state (about 12 kJ mol-1). It is further interesting to see, that the 

formation of the [FeV(N)(TMC-ac)]+ species in is calculated to be exergonic about -28 kJ mol-1, while the 

formation of the [FeV(N)(cyc-ac)]+ complex is endergonic about +23 kJ mol-1). However, the barrier for 

the TMC-ac complex is calculated to be 31 kJ mol-1 higher in energy than for the cyc-ac complex. 

Given that the calculated reaction barrier for the complex [FeIII(N3)TMC-ac]+ is even higher in energy 

than for the non-methylated [FeIII(N3)(cyc-ac)]+-complex, a thermal reaction seems to be even less 

realistic. However, it should be noted that the calculated barrier of 201 kJ mol-1 is still below the energy 

of 470 nm photons (255 kJ mol-1). Light of 470 nm is used in Chapter 5.4.2 to irradiate EPR-samples of 

the [FeIII(N3)TMC-ac]+ complex which results in the nitrido-iron(V) species [FeV(N)TMC-ac]+. 
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4.9. Discussion and Conclusions 

In the present chapter, azido-iron(III) complexes were studied by various experimental and theoretical 

methods and possible (photochemical) reactions were explored. These reactions are the elimination 

of N2 yielding nitrido-iron(V) complexes, the N3
•-radical elimination yielding iron(II) complexes, and the 

redox-neutral N3
—-anion elimination. 

The complexes [FeIII(N3)cyc-ac]PF6 and [FeIII(N3)2cyc]ClO4 show absorption bands in the visible region at 

21895 cm-1 (458 nm) and 20499 cm-1 (488 nm), respectively, and light that coincides with these 

characteristic bands was used in their photolysis. TD-DFT calculations and resonance Raman 

measurements have shown that these absorptions originate from azido-to-metal LMCT-transitions. An 

intense antisymmetric stretch vibration of the azide ligand was observed in the resonance Raman 

spectra, which indicates that irradiation into the visible band induces an antisymmetric distortion of 

the azide ligand, as would be expected in the elimination of N2. 

Photolysis of frozen solution Mössbauer samples of the complex [FeIII(N3)cyc-ac]PF6 with 470 nm or 

304 nm light, both resulted exclusively in formation of the nitrido-iron(V) complex [FeV(N)cyc-ac]PF6. 

This demonstrates, that even when very different electronic transitions are induced by irradiation, 

photolysis of frozen solution samples results in identical nitrido-iron(V) species. In other words, a 

wavelength dependence is not observed. In contrast, 470 nm photolysis of liquid solution samples 

yielded the low-spin ferrous complex [FeII(MeCN)cyc-ac]PF6. However, from steady-state Mössbauer 

measurements it is not possible to definitively conclude if this is the primary photo product or a decay 

product of the species initially formed in liquid solution. This question will be addressed in more detail 

in Chapter 5.9.1, where elucidation of the decay mechanism of nitrido-iron(V) complexes in solution is 

provided. In addition, the effect of the state of aggregation upon the product of photolysis of the 

complex [FeIII(N3)TMC-ac]PF6 is discussed in Chapter 5.4.2. 

Time-resolved IR measurements were performed for the complex [FeIII(N3)cyc-ac]+ in order to 

investigate the primary photochemical events observed in solution upon irradiation with a 266 nm 

laser. The data revealed the formation of the ferrous complex [FeII(MeCN)cyc-ac]+ via reductive 

elimination of an azide radical (N3
•). In contrast, in the gas phase (without any photoexcitation) the N2-

elimination and formation of the nitrido-iron(V) complex was found to be the lowest-energy 

dissociation pathway for [FeIII(N3)cyc-ac]PF6 (see Chapter 4.7 as well as Ref.[53]). Elimination of a neutral 

azide radical was not observed even at higher collision energies. On the other hand, for the analogous 

complex of the methylated cyclam ligand, [FeIII(N3)TMC-ac]PF6, loss of an azide radical was detected as 

the main fragmentation product in the gas phase and the nitrido-iron(V) complex was not observed at 

all. 

DFT calculations were performed to gain insight in the energetics of the potential reactions and the 

photochemistry of the complex [FeIII(N3)cyc-ac]PF6. The reaction barrier for N2-elimination from the 

complex [FeIII(N3)cyc-ac]+ in the doublet state is calculated to be 170 kJ mol-1 high, and even higher in 

energy for the quartet (285 kJ mol-1) and sextet state (239 kJ mol-1). Therefore, the barrier appears to 

be too high for a thermal reaction. However, light of 470 nm that was used in the photolysis 

experiments corresponds to a photon energy of 255 kJ mol-1, which is sufficient energy to overcome 

the high barrier and the reaction is assumed to be initiated by an electronic excitation. In response, 



112 Azido-Iron(III) Complexes 
  

  

 

 

the role of excited states during the N2-elimination reaction was explored using TD-DFT calculations. 

However, within the chosen approach, it was not possible to identify any excited state that shows 

significant dissociative character with respect to the FeN-N2 bond. Calculations further revealed that 

upon elongation of the Fe-N3 bond an azide anion and iron(III) complex is obtained, and not an azide 

radical and iron(II) complex. This clearly shows that the elimination of an azide radical, yielding an 

iron(II) complex, is not possible on the electronic ground state surface. Photoexcitation is required to 

reduce the metal and oxidize the ligand. 

In summary it can be concluded, that the photochemical reactions of the azido-iron(III) complexes 

considered are far more complex than the previously assumed wavelength dependence. There seem 

to be further effects that dictate whether the oxidative (FeVN), reductive (FeII) or redox-neutral (FeIII) 

pathway is chosen. The state of aggregation (liquid solution vs. frozen solution) appears to have a 

strong  influence on the outcome of the reaction. A possible explanation for this is that the 

photochemical azide radical and/or anion elimination might be reversible, whilst the oxidative 

formation of a nitrido-iron(V) complex is expected to be irreversible due to the expulsion of a highly 

inert N2 molecule. Given that the rigid solid environment in frozen solution is likely to suppress the 

extensive nuclear reorganization required for successful loss of azide,[241] prolonged irradiation under 

these conditions would then yield the high-valent species exclusively. This supposition is in line with 

relaxed surface scans demonstrating that after passing an energetic maximum at which the FeN-N2 

bond is elongated by about only 0.5 Å a new energy minimum is accessible, whereas upon lengthening 

the Fe-N3 bond by about 1.5 Å (resulting in an azide anion) the energy was found to only constantly 

increase. 

The discussed results provide new insight into the photolysis of azido-iron(III) complexes and are, 

therefore, relevant for planning photochemical routes to new nitrido-iron(V) complexes. These can 

serve as model systems for the plethora of biological and industrial processes that potentially involve 

iron nitrides. The nitrido-iron(V) complexes whose formation was studied in the present chapter, plus 

other examples, will be investigated in detail in Chapter 5. 
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5. Nitrido- and Oxo-Iron(V) Complexes 

 

Only a few iron(V) complexes of tetragonal symmetry (square pyramidal or octahedral) are known, as 

outlined in the introduction (Chapter 1.2 and 1.3). The photolysis of azido-iron(III) complexes and the 

formation of nitrido-iron(V) complexes was already investigated by Mössbauer-, absorption-, (time 

resolved) IR spectroscopy and quantum chemical calculations in the antecedent chapters. In the 

present chapter, previously reported and one new nitrido-iron(V) complex are studied by 

spectroscopic and theoretical methods in detail. This provides new insight into their electronic 

structure and a detailed understanding of observed spectroscopic parameters. As outlined in the 

introduction (Chapter 1), nitrido- and oxo-iron(V) species can serve as model complexes for more 

complex industrial or biological systems. Hence, an in-depth understanding of these species is crucial 

to allow a transfer of the results to more complex systems. 

The spin state of the previously reported nitrido-iron(V) complexes [FeV(N)(N3)cyc]+, [FeV(N)TPP], 

[FeV(N)OEP] and [FeV(N)TMP] is still under dispute. A simple computational approach for determining 

the correct spin state would be to calculate the relative spine state energies. However, beyond that 

the calculation of experimentally observable parameters for different spin states provides further 

evidence for the correct spin state, as will be shown in Chapter 5.1 and Chapter 5.3. Further 

information about the structure and spin state of the iron(V) complex [FeV(N)(N3)cyc]+ will be obtained 

from low temperature IR-spectroscopy and photolysis experiments in Chapter 5.2. 

EPR-spectra for tetragonal nitrido-iron(V) complexes have not been reported in the literature so far.1 

Therefore, spectra recorded for a series of tetragonal nitrido-iron(V) complexes will be discussed in 

detail in Chapter 5.4 and the g-values will be analyzed in detail, supported by extended quantum 

chemical calculations. 

Furthermore, the decay pathway of tetragonal nitrido-iron(V) complexes will be studied and the 

underlying mechanism is revealed in a combination of experimental and computational methods 

(Chapter 5.9). 

 

 

 

                                                           
1 EPR-data was presented in Ref.[242] which was assumed to result from the species [FeV(N)(N3)cyc]ClO4. However, 
the low quality of the data was already noted in this work. In the following chapters it will be shown that the 
observed spectrum did not result from the complex [FeV(N)(N3)cyc]ClO4. 
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5.1. Vibrational Spectroscopy Calculations and the Spin-State of Nitrido- 

Iron(V) Porphyrin Complexes2 

Nakamoto et al. reported the first nitrido-iron(V) complexes in 1989.[40,46] These porphyrin complexes 

were obtained by photolyzing resonance Raman samples of the parent azido-iron(III) porphyrinato 

complexes. Based on a comparison with analog transition metal oxo- and nitrido porphyrin complexes 

a quartet ground state was assumed. Key vibrational modes further indicated that the complexes do 

not undergo ligand oxidation, as known for several analog oxo-porphyrin complexes that are best 

described as iron(IV) species with a ligand centered radical, [FeIV(O)(POR•+)].[40,46,62,92,244-246] However, 

further spectroscopic data besides the resonance Raman study is not available. 

The characteristic iron-nitrido stretching vibration ν(Fe-N) was identified as such in the resonance 

Raman experiments by 15N-isotope labeling. Given that the formal bond-order of the nitrido-iron bond 

is affected by the spin state (this will be discussed in Chapter 5.5.2), also the nitrido stretching vibration 

is expected to be highly sensitive to the spin state. Therefore, ν(Fe-N) modes were calculated by DFT 

(BP86/def2-TZVP/RI, modes scaled by 0.9914) for both conceivable spin states for the series of 

porphyrin complexes reported by Nakamoto et al.[40,46] Attempts were also made to find a broken-

symmetry solution including a ligand radical, but all calculations converged to solutions with a closed-

shell ligand. Calculated modes and relative spin state energies (B3LYP/def2-TZVP/RIJCOSX) are 

provided in Table 5.1. 

Table 5.1: Experimental and calculated ν(FeN) modes for the doublet and quartet state and 
calculated doublet-quartet gap (ΔEd-q) for three FeVN porphyrin complexes. 

 ν(FeN) exp.[a] 
S 

ν(FeN) calc. ΔEd-q 

 [cm-1] [cm-1] [kJ mol-1] 

[FeV(N)TPP] 876 
1/2 956 0 

3/2 713 76 
     

[FeV(N)OEP] 876 
1/2 969 0 

3/2 686 74 
     

[FeV(N)TMP] 873 
1/2 960 0 

3/2 719 81 

a: Experimental data taken from Ref. [46] and Ref.[40] 

Best agreement between experimental and calculated modes is found for the doublet state, and the 

doublet state is also calculated to be lower in energy. The relatively large deviation between 

experimental and calculated modes can be attributed to the nearly degenerate ground state for the 

nitrido-iron(V) complexes (see detailed discussion in Chapter 5.5) which is difficult to describe properly 

by the single configurational DFT method. 

The results provide strong evidence that the considered complexes possess a doublet ground state and 

not a quartet state as initially assumed. The calculations further confirm that the ligand is closed shell. 

                                                           
2 It should be noted here, that DFT calculations on a nitrido-iron(V) porphyrin complex have been performed 
previously by Ghosh et al.,[243] however, the S=1/2 ground state was not considered in this work and calculated 
vibrational modes were not reported. 
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5.2. Low Temperature IR-Spectroscopy on the Complexes [FeIII(N3)2cyc]ClO4 

and [FeV(N)(N3)cyc]ClO4 

The complex trans-[FeIII(N3)2cyc]+ features two potentially photo-labile azide ligands. Azide ligands in 

general show an intense antisymmetric stretching vibration (νas(N3)) in the IR-spectra, as discussed in 

Chapter 4.5.2. These modes are therefore a good IR-probe for the structure of complexes that feature 

azide ligands. To evaluate if only one, or possibly both azide ligands in the [FeIII(N3)2cyc]+ complex are 

photolyzed, low temperature IR-measurements and photolysis experiments were performed. 

Samples were prepared as KBr disks from approximately 200 mg of dry KBr and 2 mg of the complex 

under inert atmosphere in the glove box. The powder was transferred in the pressing tool and pressed 

until a transparent sample disk was obtained. The disk was directly transferred in a high vacuum cell 

which was cooled with helium down to 8 K. The windows of the vacuum cell allow measurement of IR-

spectra and the photolysis of the sample with visible light. For the photolysis, the same LED lamp with 

a dominant wavelength of 470 nm was used as for the photolysis of EPR-samples (see Chapter 5.4.1) 

and a similar wavelength (419 nm) has been used in the photolysis of Mössbauer samples previously.[29] 

IR-spectra were recorded before, after 60 min photolysis and after 120 min photolysis (see Figure 5.1). 

The spectrum recorded before the photolysis (black trace in Figure 5.1) is identical to the one recorded 

at room temperature (Figure 4.18). 

 
Figure 5.1: Low temperature IR spectrum of the [FeIII(N3)2cyc]ClO4 complex before (black) and after irradiation 
with 470nm light at 8K for 60 min (red) and for 120 min (blue). 

The most pronounced feature is the antisymmetric azide stretching vibration at 2041 cm-1. The 

vibration at 3222 cm-1 can be assigned to the N-H vibrations and the symmetric azide stretching 

vibration is expected in the region around 1320 cm-1. Possibly the peaks at 1296 cm-1 and/or 1344 cm-1 

result from the symmetric stretching vibration of the azide ligand, peaks at 1294 cm-1 and 1342cm-1 

have been also observed in the room temperature IR-spectra (Chapter 4.5.2, page 53). However, for 

the symmetric complex trans-[FeIII(N3)2cyc]+ only one IR-active symmetric stretching mode for the 

azide ligands is expected (see discussion in Chapter 4.5.2). 
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During the photolysis the νas(N3) mode loses intensity and is shifted from 2041 cm-1 to 2054 cm-1. The 

loss of intensity in the region around ~1320 cm-1 can be attributed to the symmetric stretching 

vibration. Interestingly, both bands at 1296 cm-1 and 1344 cm-1 nearly vanish completely. This indicates 

that both signals are related to the azide ligands and possibly they result from different isomers as 

discussed in Chapter 4.5.2. The shift of the N-H vibrations from 3222 cm-1 to 3268 cm-1 can be explained 

by the large influence of the metal center to which the amino groups are directly bond. A shift to higher 

energy shows that the N-H bond is weakened upon oxidation of the iron center from iron(III) to Iron(V). 

It was reported recently from time-resolved IR-measurements in solution, that the azide vibration is 

shifted about 20 cm-1 from 2041 cm-1 to 2061 cm-1 upon formation of the nitrido-iron(V) complex 

[FeV(N)(N3)cyc]+ from the parent iron(III) complex [FeIII(N3)2cyc]+.[54] Considering the significantly 

different sample preparations (solid sample at 8K vs. solution at room temperature) this is in good 

agreement with the results presented here. 

Reductive elimination of an azide ligand might be also conceivable, however, in all studies the 

photolysis of solid samples with visible light resulted in the nitrido-iron(V) moiety.[29] Further, an azide 

radical should appear in the IR-spectrum around 1660 cm-1 (see Chapter 4.5.3 and Ref.[218]), which is 

not the case here. The elimination of an azide anion can be ruled out, since this should in a νas(N3) band 

for the azide anion in the 2006 cm-1 region, as shown in Figure 4.35 from solution measurements. 

DFT calculations were performed to supports the band assignment (BP86/def2-TZVP/RI, modes scaled 

by 0.9914). The antisymmetric stretching vibration of the bis-azide [FeIII(N3)2cyc]+ is calculated to 

appear at 2053 cm-1. For the [FeV(N)(N3)cyc]+ complex the spin state is still under dispute, and initially 

a quartet state was assumed.[29] Therefore, vibrations were calculated for both spin states. For the 

antisymmetric stretching vibration of the remaining azide ligand in the complex [FeV(N)(N3)cyc]+ in the 

doublet state, an upshift about 25 cm-1 from 2053 cm-1 to 2078 cm-1 is calculated. For the quartet state 

a downshift about 14 cm-1 to 2039 cm-1 is calculated, when compared with the bis-azido iron(III) 

complex (see Table 5.2). For the doublet state, this is in good agreement with the experimental finding 

of a 13 cm-1 shift upon formation of the nitrido-iron(V) species. For the quartet state, the calculated 

down shift of the antisymmetric stretching vibration is in contradiction to the experimental finding. 

Table 5.2: Experimental and calculated νas(N3) modes for [FeIII(N3)2cyc]+ and [FeV(N)(N3)cyc]+. 

 νas(N3) exp 
S 

νas(N3) calc 
 [cm-1] [cm-1] 

[FeIII(N3)2cyc]+ 2041 1/2 2053 

[FeV(N)(N3)cyc]+ 2054 / 2061a 
1/2 2078 
3/2 2039 

a: The νas(N3) mode was reported to be 2061 cm-1 at room temperature in solution in Ref.[54] 

This leads to the conclusion, that the formed complex is best described as [FeV(N)(N3)cyc]+, with an 

azide ligand still bound to iron. The results further provide strong evidence, that the formed nitrido-

iron(V) complex shows a doublet ground state. Mössbauer parameters will be calculated in the 

following chapter which will support the revised S=1/2 ground state assignment. 
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5.3. Mössbauer Parameter Calculations and the Spin-State of the Complex 

[FeV(N)(N3)cyc]+ 

The first non-heme nitrido-iron(V) complex was obtained by photolysis of the trans-[FeIII(N3)2cyc]ClO4 

complex. From Mössbauer measurements with applied magnetic field it was concluded, that the 

formed [FeV(N)(N3)cyc]ClO4 complex possesses a quartet state (S=3/2)[29] and the same spin state was 

initially assumed for the complex [FeV(N)cyc-ac]+ only few years later.[43] However, magnetic 

measurements, Mössbauer spectroscopy and DFT-calculations for the complex [FeV(N)cyc-ac]+ led to 

a revised S=1/2 ground state assignment in 2005.[41] This study demonstrated that Mössbauer 

parameters for different spin states can be calculated accurately by DFT, and comparison with 

experimental results allows to deduce the correct spin state. 

Mössbauer parameters calculated here for the [FeV(N)(N3)cyc]+ complex in the doublet and quartet 

state are provided in Table 5.3. Calculated Mössbauer parameters for the parent azido-iron(III) 

complex were already provided in Chapter 4.1, page 39. 

Table 5.3: Experimental[a] and calculated Mössbauer parameters for iron(V) complexes derived 
from [FeIII(N3)2cyc]ClO4 for different spin states (B3LYP/def2-TZVP, Fe:CP(PPP)/COSMO). 

 
S 

calculated 
relative 
Energy 

 δ ΔEQ 

  mm s-1 mm s-1 

[FeV(N)(N3)cyc]+  
1/2 -0.10 -1.90 0 

3/2  0.06 -4.22 57 kJ mol-1 
     

Experimental[a]  -0.04 -1.90  

a: From K. Meyer, E. Bill, B. Mienert, T. Weyhermüller, K. Wieghardt, J.Am.Chem. 1999, 121, 4859-4876. 

It is evident from Table 5.3 that the calculated isomer shift (δ) for both spin states is in agreement with 

the experimental results, within the error range of the calculations.[143-144] Still, slightly better 

agreement is found for the doublet state. The calculated quadrupole splitting are less ambiguous and 

better agreement between the calculated and experimental value is found for the doublet state than 

for the quartet state. The quadrupole splitting calculated for the quartet state is impressively large; for 

a pseudo octahedral complex with half-filled t2g shell a very small value would be expected.[139] This 

shows the large influence of the strong nitrido-ligand that causes strong anisotropy in the electric field 

gradient. 

The doublet state is further calculated to be 57 kJ mol-1 lower in energy than the quartet state (Table 

5.3). Therefore, it is concluded, that the investigated species [FeV(N)(N3)cyc]+ exhibits a doublet state, 

and not as initially assumed, a quartet state.[29] This is completely consistent with the assumptions 

made based on low-temperature IR measurements and calculations discussed in the antecedent 

Chapter 5.2. 

The electronic structure of the nitrido-iron(V)-complex will be discussed in detail in Chapter 5.5. 
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5.4. EPR Spectroscopy on Iron(V) Complexes and their Iron(III) Precursors 

Due to the paramagnetic nature of nitrido-iron(V) and their parent azido-iron(III) complexes, 

investigations by EPR-spectroscopy are eligible. EPR measurements on the tetragonal nitrido-iron(V) 

complexes will provide new insight in their spectroscopic properties, since these species have not been 

investigated by EPR-spectroscopy before.3 

The EPR-spectra of the azido-iron(III) complexes [FeIII(N3)cyc-ac]PF6,[43] [FeIII(N3)2cyc]ClO4,[29] 

[FeIII(N3)TMC-ac]PF6
[48] and [FeIII(N3)TPP][245] were reported in the literature before. These iron(III) 

complexes have been further characterized by various other spectroscopic methods that are EPR-, 

Mössbauer-, UV-vis- and IR-spectroscopy and their X-ray structures were determined. Further results 

from spectroscopy and calculations were presented in Chapter 4. 

EPR-data for iron(V) complexes only exist for the pseudo tetrahedral nitrido-iron(V) complex 

[FeV(N)(tBuIm)3BPh]+[35,247] and the tetragonal oxo-iron(V) complexes [FeV(O)TAML]– [76] and 

[FeV(O)(TMC)(NC(O)Me)]+.[77]  

 

 

EPR-Sample preparation 

The sample preparation turned out to be very crucial, since different ways of preparing the sample 

yields spectra of significantly different quality. By using acetonitrile as solvent (1 mmol L-1 

concentration), only a broad signal was obtained for the iron(III) starting compounds 

[FeIII(N3)cyc-ac]PF6 and [FeIII(N3)2cyc]ClO4, which makes it difficult to compare their spectra with those 

obtained after photolysis. Adding a large excess of inert salt (100 mmol L-1 Bu4NClO4) results in a better 

resolution, but signals for two very similar species (possibly different conformations) were obtained. 

A mixture of 1:10 methanol:acetonitrile resulted in spectra with three very well resolved g-values. 

Further improvement, especially an increase in intensity, was obtained by a 1:10 solvent mixture of 

methanol:butyronitrile. 

Samples of the complex [FeIII(N3)TMC-ac]PF6 were prepared from 1 mmol L-1 solutions in 1:5 

methanol:butyronitrile. Samples of the complex [FeIII(N3)TPP] were prepared from 1 mmol L-1 solutions 

in 1:9 DCM:toluene. 

Quartz glass EPR tubes were used, filled in a glove box under inert argon atmosphere with ~0.2 mL of 

the sample solution and melt-sealed. Samples were photolyzed with an LED lamp that exhibit a 

dominant wave length at 470 nm, the same light source was used to photolyze UV-vis- (Chapter 4.4), 

Mössbauer (Chapter 4.6) and IR-samples (Chapter 5.2). 

Continuous wave (cw) X-Band EPR spectra were recorded on a Bruker E500 ELEXSYS EPR spectrometer 

equipped with an Oxford flow-cryostat CF 935. 

                                                           
3 EPR-data was presented in Ref.[242] that was assumed to result from the species [FeV(N)(N3)cyc]ClO4. However, 
the low quality of the data was already noted in this work. In the following chapters it will be shown that the 
signal observed in this work did not result from the complex [FeV(N)(N3)cyc]ClO4. 
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5.4.1. The Complexes [FeIII(N3)cyc-ac]PF6 / [FeV(N)cyc-ac]PF6
 and 

[FeIII(N3)2cyc]ClO4 / [FeV(N)(N3)cyc]ClO4 

Well resolved rhombic EPR-spectra for the complexes [FeIII(N3)cyc-ac]PF6 and [FeIII(N3)2cyc]ClO4 were 

obtained that show typical low-spin iron(III) g-values; one smaller than ge (the g-value of a free 

electron, ge=2.0023) and two g-values larger than ge (see Figure 5.2 and Figure 5.5). Spectra simulation 

yielded the g-values g1 = 1.81, g2 = 2.29 and g3 = 2.60 for [FeIII(N3)cyc-ac]PF6 and  g1 = 1.85, g2 = 2.31 

and g3 = 2.54 for [FeIII(N3)2cyc]ClO4 (see Figure 5.3 and Figure 5.6). These g-values are in very good 

agreement with those calculated by CASSCF/NEVPT2 with deviations below ~0.1 (see Chapter 4, Table 

4.3 page 41) and the experimental ones reported previously.[29,43] 

After measuring the initial EPR-spectrum of the iron(III) complexes, the samples were transferred into 

a finger dewar with liquid nitrogen, keeping the sample frozen at all times. Each sample was photolyzed 

with 470 nm light at 80 K for 30 minutes. In Chapter 4.6.1 it was shown for the complex 

[FeIII(N3)cyc-ac]PF6 and in the literature for both complexes previously,[29,43] that these photolysis 

conditions yield nitrido-iron(V) complexes. EPR-measurements after photolysis show, that the initial 

signals completely vanished and a new and broad signal evolved at higher magnetic field (see Figure 

5.2 and Figure 5.5). 

Given that the identical samples were used for measurements before and after photolysis, the 

intensity of the samples from double integration can be compared. However, the accuracy of this 

method is limited, but a roughly quantitative estimate can be made to verify that the new species is 

the main product and not an impurity or side product. Double integration reveals that the sample of 

the iron(V) species [FeV(N)cyc-ac]+ possesses 85% of the intensity that the parent iron(III) sample has 

shown prior photolysis. For the iron(V) sample of the complex [FeV(N)(N3)cyc]ClO4 obtained by 

photolysis of [FeIII(N3)2cyc]ClO4, a remaining intensity of 119% was calculated. This clearly shows the 

limitations of the method, but it still indicates that the lower height of the signals in both photolyzed 

samples results from broadening and not a loss of total intensity by formation of EPR-silent species 

(e.g. FeII low-spin). Hence, most (if not all) of the iron(III) species is converted into nitrido-iron(V) 

complexes. Accordingly, Mössbauer measurements under comparable conditions have shown, that 

only iron(V) is formed by photolyzing frozen solution samples of the parent azido-iron(III) complex (see 

literature[29,41,43] or Mössbauer measurements on [FeV(N)cyc-ac]+ in Figure 4.30, page 84). 

The new spectra obtained by photolysis are nearly axial, only with a slight rhombic distortion. They 

were simulated with the g-values g1 = 1.036, g2 = 1.629 and g3 = 1.746 for [FeV(N)cyc-ac]+ and g1 = 0.985, 

g2 = 1.626 and g3 = 1.748 for [FeV(N)(N3)cyc]+, as shown in Figure 5.4 and Figure 5.7, respectively.  

The sealed samples were allowed to thaw and immediately frozen again, after they were liquid. In EPR-

measurements performed after this procedure, no signal was detected anymore. This is in line with 

the results that will be discussed in Chapter 5.8, where it will be shown that in fluid solution the nitrido-

iron(V) species immediately form EPR-silent low-spin iron(II) complexes. 
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Figure 5.2: EPR spectrum of the complex [FeIII(N3)cyc-ac]PF6 before (black) and after (blue) photolysis.  

X-Band measurements at 10 K, 10 mW, 15 G, 1 mmol L-1 in 1:10 MeOH:PrCN 

 

Figure 5.3: Experimental (black) and 
simulated (red) EPR-spectrum of the 
complex [FeIII(N3)cyc-ac]PF6. 

 

Figure 5.4: Experimental (black) and 
simulated (red) EPR-spectrum of the 
complex [FeV(N)cyc-ac]PF6, obtained 
by photolysis of [FeIII(N3)cyc-ac]PF6  
(y-axis scaled up). 
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Figure 5.5: EPR spectrum of the complex [FeIII(N3)2cyc]ClO4 before (black) and after (blue) photolysis.  

X-Band measurements at 10 K, 10 mW, 15 G, 1 mmol L-1 in 1:10 MeOH:PrCN 

 

Figure 5.6: Experimental (black) and 
simulated (red) EPR-spectrum of the 
complex [FeIII(N3)2cyc]ClO4. 

 

Figure 5.7: Experimental (black) and 
simulated (red) EPR-spectrum of the 
complex [FeV(N)(N3)cyc]ClO4 obtained by 
photolysis of [FeIII(N3)2cyc]ClO4 (y-axis 
scaled up). 
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5.4.2. The Complexes [FeIII(N3)TMC-ac]PF6 and [FeV(N)TMC-ac]PF6 

One more azido iron(III) complex that was used for photolysis experiments previously is the complex 

[FeIII(N3)TMC-ac]PF6.[47] It also obeys a cyclam derived ligand, but the amine groups were methylated. 

Earlier studies have revealed that due to steric reasons the TMC-ac ligand causes a weaker ligand field 

than its non-methylated analogue in the [FeIII(N3)cyc-ac]PF6 complex.[48] The EPR-spectrum for the 

complex [FeIII(N3)TMC-ac]PF6 shows several peaks  that can be explained by the presence of high- and 

low-spin species (see Figure 5.9). This was discussed in detail in the literature before and combined 

with magnetic measurements it was shown, that the complex undergoes a (incomplete) spin crossover 

at low temperature.[42,48] Hence, the high- and low-spin species in the EPR-spectrum presumably 

belongs to the same species (elemental analysis and mass spectrometry revealed high purity of the 

sample). After measuring the EPR-spectrum of the iron(III) starting material the sample was photolyzed 

for 4 hours at 80 K with 470 nm light. 

 
Figure 5.8: EPR spectrum of complex [FeIII(N3)TMC-ac]PF6 before (black) and after (blue) photolysis. 

X-Band measurements at 10 K, 1 mW, 20 G, 1 mmol L-1 in 1:5 MeOH:PrCN 

Significant changes can be observed in the EPR-spectrum after photolysis (see Figure 5.8). The intensity 

of the iron(III) species decreases, a minor new species (probably low-spin iron(III)) is formed, and a 

dominant new signal evolved at higher magnetic field (see Figure 5.8). The line shape of the new 

feature is very similar to the EPR-spectra obtained for the nitrido-iron(V) complexes [FeV(N)cyc-ac]PF6 

and [FeV(N)(N3)cyc]ClO4. Simulation of the spectrum (see Figure 5.9) results in g-values g1 = 0.919, g2 = 

1.547 and g3 = 1.677, very similar to the aforementioned complexes [FeV(N)cyc-ac]+ and 

[FeV(N)(N3)cyc]+ (Chapter 5.4.1). It is concluded therefore, that also the complex [FeIII(N3)TMC-ac]PF6 

undergoes, at least partially, an oxidative N2-elimination and forms the nitrido-iron(V) complex 

[FeV(N)TMC-ac]PF6. It cannot be shown if iron(II) is also formed by the present EPR measurements. For 

the detection of an high-spin iron(II) species measurements in parallel-mode would be necessary and 

low-spin iron(II) species are EPR-silent. 
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Figure 5.9: Experimental (black) and simulated (red) EPR-spectrum of [FeV(N)TMC-ac]PF6 obtained by photolysis 
of [FeIII(N3)TMC-ac]PF6 (y-axis scaled up). 

As mentioned before, the nitrido-iron(V) complexes [FeV(N)cyc-ac]+ and [FeV(N)(N3)cyc]+ immediately 

decay upon allowing the samples to thaw (see detailed discussion in Chapter 5.8). In these complexes 

the nitrido ligand is easily accessible for reactions, since it is not shielded by the ligand. In contrast to 

the [FeV(N)cyc-ac]+ complex, the [FeV(N)TMC-ac]PF6 compound features methyl-groups that might 

introduce some degree of sterical protection for the nitride. By storing a EPR-sample that shows the 

iron(V) signal at -80° C where the solvent (1:5 MeOH:PrCN) is liquid, its stability was probed. Indeed, 

after 13 h at -80°C the nitrido-iron(V) signal is still present. It does not even vanish when the same 

sample is stored for further 18 h at -24° C (see Figure 5.10). Hence, the [FeV(N)TMC-ac]+ species is stable 

in liquid solution at low temperature. 

 
Figure 5.10: EPR spectrum of [FeV(N)TMC-ac]PF6 obtained by photolysis (black) and after storing for 13 h 

at -80° C (red) and 18h at -24° C (blue) X-Band at 10 K, 1 mW, 20 G, 1 mmol L-1 in 1:5 MeOH:PrCN 
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A complete photolytic conversion of the azido-iron(III) complex [FeIII(N3)TMC-ac]+ into the 

corresponding nitrido-iron(V) species in frozen solution was not successful. Given that the complex 

[FeV(N)TMC-ac]+ is stable in liquid solution, the question arises whether it is possible to photolyze the 

parent azido-iron(III) complex in liquid solution to obtain the nitrido-iron(V) species. This experiment 

is very interesting with respect to the photolysis conditions and how these affect the selectivity of light 

induced reactions (formation of iron(II) vs. iron(V)). This is a matter of discussion for the 

[FeIII(N3)cyc-ac]PF6 complex, where different products are observed depending on the photolysis 

conditions (frozen solution vs. liquid solution; formation of iron(II) vs. formation of iron(V), see 

discussion in Chapter 4.6 and Chapter 4.9).[43,54,217-218] 

An identical sample was prepared and result in the same Fe(III) EPR-spectrum  as shown before (see 

Figure 5.11). The sample was then placed in a finger dewar with a mixture of methanol and liquid 

nitrogen, which results in a temperature of approximately -95°C. This is above the melting point of the 

butyronitrile (m.p. -112 °C) - methanol (m.p. -97°C) solvent mixture (ratio 10:1) which was used as 

solvent. The sample was then photolyzed with 470 nm light for 2 minutes, after which already a 

significant bleaching of the initially yellow sample was observed. The EPR-spectrum recorded 

thereafter revealed a loss of intensity, especially for the high-spin species in the initial spectrum, while 

no nitrido-iron(V) signal evolved (Figure 5.11). The photolysis was continued for 5 minutes but no 

further significant changes were observed in the spectrum. Interestingly, the changes in the EPR-

spectra in the low-field region (50-150 mT) are nearly identical to those observed when the sample 

was photolyzed in frozen solution. However, formation of iron(V) was not observed. 

 
Figure 5.11: EPR spectrum of [FeIII(N3)TMC-ac]PF6 (black), after 2 min 470 nm photolysis at -95° C (green) and 

further 5 min photolysis under the same conditions (blue). X-Band measurements at 10K/0.2mW/20G. 

It can, therefore, be concluded that the state of aggregation is crucial for the photolysis of the 

[FeIII(N3)TMC-ac]PF6 complex. Photolyzing a frozen sample at 80 K yields the nitrido-iron(V) species, 

while photolysis at -95°C in liquid solution does not result in the nitrido-iron(V) complex. Since the 

nitrido-iron(V) complex [FeV(N)TMC-ac]+ was shown to be stable in solution at this temperature (and 

even at higher temperature) it should be detectable in subsequent EPR-measurements if it is formed 

as the primary photoproduct. The loss of intensity in the spectrum after photolysis can be presumably 

explained by the formation of an EPR-silent iron(II) species. 
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5.4.3. The Complexes [FeIII(N3)TPP] and [FeV(N)TPP] 

The first nitrido-iron(V) species were reported in 1988 by Nakamoto et al.,[40,46] and in Chapter 5.1 it 

was shown that these complexes exhibit a doublet ground state. However, further spectroscopic 

characterization beside the resonance Raman measurements are elusive. It was therefore tried here 

to record EPR-spectra of the [FeV(N)TPP] species formed by photolysis of the parent azido-iron(III) 

porphyrin complex. 

Simulation of the X-band EPR spectrum of the [FeIII(N3)TPP] complex results in g-values g1=6.00, g2=5.95 

and g3=2.00, that are typical for porphyrin high-spin iron(III) complexes (see Figure 5.12).[245] 

 
Figure 5.12: EPR spectrum of the complex [FeIII(N3)TPP] before (black) and after (blue) photolysis.X-Band 

measurements at 10 K, 0.2 mW, 20 G, 1 mmol L-1 in 1:9 DCM:Toluene 

The EPR-sample was then placed in an Oxford Instruments cryostat with a house designed sample 

holder and kept at 80K with liquid nitrogen. It was photolyzed for 18 hours with 470 nm light. 

EPR-measurements after photolysis show that the iron(III) signal has decreased and a small new 

feature appeared at higher magnetic field (see blue trace in Figure 5.12). The new feature becomes 

more obvious in a spectrum measured at 2 mW microwave power (instead of 0.2 mW which was used 

for the initial measurements on the iron(III) complex in Figure 5.12). The result is shown in Figure 5.13 

together with the simulation, which results for the new species in g-values g3=1.80, g2=1.54 and the 

smallest g-value had to be fixed at g1=1.00, since otherwise a simulation was not possible. The new 

compound represents 11% of the overall intensity. By numerical integration of the spectrum the 

absorption shape spectrum is obtained where the feature at higher magnetic fields becomes more 

obvious (Figure 5.14). 

The simulated g-values are again similar to those of the nitrido-iron(V) complexes discussed in Chapter 

5.4.1 and Chapter 5.4.2 and the peak shows a similar band shape. Therefore, it is concluded that (even 
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in low yield) the nitrido-iron(V) complex is formed which was previously only detected in resonance 

Raman measurements.[40,46] The large g-shift further provides evidence that the nitrido-iron(V) 

complex is a “real” iron(V) species without oxidized ligand, as it was previously proposed,[40,46]. 

 
Figure 5.13: Experimental EPR-spectrum of photolyzed [FeIII(N3)TPP]  measured at 2mW/20G (black) and 

simulation (red).  

 
Figure 5.14: Numerical integration for the EPR spectrum of [FeV(N)TPP]  measured at 2mW/20G/10K (top) and 

the measured spectrum (bottom). 
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5.4.4. Comparison of Nitrido-Iron(V) EPR-Spectra 

The spectra presented in Chapter 5.4.1, 5.4.2 and 5.4.3 are the first EPR-spectra of tetragonal nitrido-

iron(V) complexes and to the best of our knowledge there are no other low-spin first-row transition 

metal d3 complexes in tetragonal coordination reported in the literature so far. A summary of the 

measured g-values is given in Table 5.4 and a comparison of all four measured iron(V) EPR-spectra is 

shown in Figure 5.15, zoomed in on the characteristic iron(V) feature. 

Table 5.4: g-Values from X-band EPR measurements on nitrido-iron(V) complexes. 

 g1 g2 g3 

[FeV(N)cyc-ac]+ 1.036 1.629 1.746 

[FeV(N)(N3)cyc]+ 0.985 1.626 1.748 

[FeV(N)TMC-ac]+ 0.919 1.547 1.677 

[FeV(N)TPP] (1)* 1.539 1.802 

* g-value had to be fixed to one for the simulation 

 

 
Figure 5.15: FeVN EPR spectra of [FeV(N)TPP] (green), [FeVN(N3)cyc]+ (red), [FeVN(cyc-ac)]+ (black) and 
[FeV(N)TMC-ac]+ (blue). 

The plot reveals a very similar band shape for all four complexes. The dominant signal at ~1.7 of the 

complexes [FeV(N)cyc-ac)]+ and [FeVN(N3)cyc]+ are nearly identical, while the signal of the [FeV(N)TPP] 

complex is slightly shifted to lower magnetic field and the signal of the [FeV(N)TMC-ac]+ complex is 

slightly shifted to higher magnetic field.  

The measured g-values will be discussed in detail in Chapter 5.6 in combination with quantum chemical 

calculations and spin-Hamiltonian equations derived for the g-values. 
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5.5. Computational Study of Tetragonal Iron(V) Complexes  

Density functional theory calculations have been performed on the nitrido-iron(V) complexes 

[FeV(N)cyc-ac]+ and [FeV(N)POR] previously.[41,243] However, for the porphyrin complex only the quartet 

state was considered which is not the correct ground state, as demonstrated in Chapter 5.4.3. More 

detailed calculations on a higher level of theory are presented here for these and other nitrido-iron(V) 

complexes that were investigated by EPR-spectroscopy in Chapter 5.1. 

Furthermore, calculations on the oxo-iron(V) complex [FeVO(TAML)]– are performed that was studied 

previously by various spectroscopic methods and DFT-calculations.[76] High level CASSCF/NEVPT2 

calculations are performed here, that will result in a detailed understanding of the electronic structure 

and g-values. 

Unfortunately, there is no ligand system for which the nitrido- as well as the oxo-iron(V) complex exist. 

It was therefore not yet possible to study experimentally the differences between a mono-atomic 

nitrido- and oxo-ligand on iron(V) complexes and the same holds for iron(IV) complexes.[16] Therefore, 

the hypothetical complex [FeV(O)cyc-ac]2+ is included in the theoretical study, whose nitrido-analogue 

[FeV(N)cyc-ac]+ is also investigated experimentally in the present work.[41,43] 

The analysis of the electronic structure presented in this chapter is based on complete active space 

self-consistent field calculations. DFT calculations on various spectroscopic parameters were already 

discussed in Chapter 4, 5.1 and 5.3 for iron(II), iron(III) and iron(V) complexes, respectively. 

Results from quantum chemical calculations and EPR-spectroscopy (Chapter 5.4) will be brought 

together in Chapter 5.6. Spin Hamiltonian equations for the g-values are derived that allows a detailed 

analysis and interpretations of the experimental results. 

Calculations were also performed on the tetragonal oxo-iron(V) complex [FeV(O)(TMC)(NC(O)CH3]+ that 

was synthesized in the group of Lawrence Que and published in 2012.[77] Since this complex 

significantly differs from all other tetragonal iron(V) complexes it will be discussed separately in 

Chapter 5.7. 
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5.5.1. The Molecular Structure of Tetragonal Iron(V) Complexes 

Molecular structures of the iron(V) complexes were optimized with the BP86 functional, a triple zeta 

def2-TZVP basis-set, the resolution of the identity approximation (RI) and the appropriate auxiliary 

basis-set. Solvent effects were taken into account by COSMO considering acetonitrile as solvent. 

For the nitrido-iron(V) complexes [FeV(N)TPP],[40,46,209] [FeV(N)cyc-ac]+[43] and [FeV(N)(N3)cyc]+[29] initially 

a triplet ground state (S=3/2) was assumed. This was corrected later for the [FeV(N)cyc-ac]+ complex, 

for which a doublet state (S=1/2) was assigned based on magnetic measurements and DFT 

calculations.[41] For the [FeV(N)(N3)cyc]+ and [FeV(N)TPP] complexes it was shown in a combination of 

previously published spectroscopic data and new DFT calculations that these complexes exhibit a 

doublet ground state (see Chapter 5.1, 5.2 and 5.3). To get further insight in the spin state energetics, 

the complexes were optimized by DFT in the doublet- and quartet-state and relative energies were 

calculated by CASSCF/NEVPT2 on these structures (details of the CASSCF calculations will be discussed 

in the following chapter). The complex [FeV(O)TAML]– was not included in the spin state calculations, 

since its S=1/2 spin state was clearly assigned based on the reported spectroscopic data.[76] 

Table 5.5: Selected bond length and angles for iron(V) complexes in the doublet-/quartet state and relative spin state 
energies calculated by CASSCF/NEVPT2 (optimized at BP86/def2-TZVP/COSMO). Xax is the ligand trans to the nitrido-
/oxo-ligand and Neq are the nitrogen atoms in the equatorial plane. 

 
S 

ED-Q Fe-N/O Fe-Xax Fe-Neq N-Fe-X Neq-Fe-Neq 

 [kJmol-1] [Å] [Å] [Å] [Å] [Å] [Å] [°] [°] [°] 

[FeV(N)cyc-ac]+ 
1/2 0 1.597 2.066 2.051 2.035 2.038 2.069 176.51 168.41 174.86 

3/2 +89 1.718 2.071 2.046 2.034 2.032 2.064 178.40 173.40 177.93 

[FeV(O)cyc-ac]2+ 
1/2 0 1.597 1.902 2.060 2.023 2.041 2.104 173.12 167.68 176.61 

3/2 +83 1.666 1.927 2.061 2.058 2.049 2.071 177.71 172.72 177.18 

[FeV(N)(N3)cyc]+ 
1/2 0 1.595 2.160 2.050 2.049 2.032 2.025 175.90 173.30 172.05 

3/2 +87 1.718 2.157 2.043 2.040 2.031 2.032 175.33 176.49 176.62 

[FeV(N)TMC-ac]+ 
1/2 0 1.594 2.054 2.125 2.092 2.115 2.080 173.77 172.69 174.59 

3/2 +52 1.610 2.021 2.261 2.176 2.207 2.151 173.12 171.77 173.79 

[FeV(N)TPP] 
1/2 0 1.580 - 1.988 2.013 1.989 2.015 - 166.02 157.39 

3/2 +111 1.705 - 1.967 1.974 1.968 1.976  167.88 167.76 

[FeV(O)TAML]– 1/2  1.609 - 1.866 1.909 1.861 1.922 - 153.38 141.69 

The calculated spin state energies show clear preference for the doublet state in all nitrido-iron(V) 

complexes. Separation of the doublet and quartet states for the complexes [FeV(N)cyc-ac]+, 

[FeV(O)cyc-ac]2+ and [FeV(N)(N3)cyc]+ is calculated to be very similar (89 kJ mol-1, 83 kJ mol-1 and 

87 kJ mol-1, respectively) while it is significantly lower for the [FeV(N)TMC-ac]+ complex (52 kJ mol-1). 

The largest energy difference is calculated for the porphyrin complex [FeV(N)TPP] where the quartet 

state is 111 kJ mol-1 higher in energy than the doublet state. 

Interestingly, the oxo-iron and nitrido-iron bond-lengths are very similar for all complexes. For the 

[FeV(N)cyc-ac]+ complex the Fe-N distance was previously determined in EXAFS measurements to be 

1.61 Å which is in good agreement with the calculations (1.597 Å).[41] The most significant difference 
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between the analogue iron(V)-complexes [FeV(N)cyc-ac]+ and [FeV(O)cyc-ac]2+ is found for the iron-

carboxylate oxygen distance, which is much longer in the nitrido-species (2.066 Å vs. 1.902 Å). This 

reflects the strong trans-influence of the nitrido-group as it was shown previously for smaller model 

systems.[7] The nitrido-complex [FeV(N)(N3)cyc]+ that features an azide ligand in trans-position to the 

nitrido group shows a nitrido-iron bond-length that is nearly identical to the nitrido-/oxo-iron bond of 

the two just discussed species. 

The iron(V) complex with tris-methylated cyclam-acetato ligand [FeV(N)TMC-ac]+ shows slightly longer 

equatorial metal-ligand bond lengths when compared with the complexes with non-methylated 

cyclam derived ligands ([FeV(N)cyc-ac]+ and [FeV(O)cyc-ac]2+). It has been shown in a previous study 

that this can be attributed to steric effects of the methyl groups.[48] 

In the five-coordinate nitrido-iron(V) porphyrin complex the iron atom is much further located above 

the equatorial ligand plane than in the non-heme, cyclam based systems. This is seen from the angle 

between the equatorial nitrogen ligand atom, the iron center and the nitrogen atom in trans position. 

These angles are smaller for the porphyrin complex than for the other tetragonal nitrido-iron(V) 

complexes (see Table 5.5). 

For the [FeV(O)TAML]– complex that was synthesized in the group of Collins,[76] an iron-oxo bond-

distance of 1.609 Å was calculated. This is in excellent agreement with the published EXAFS data 

(1.60 Å) and previous DFT-calculations (1.60 Å).[76] The bond-distances calculated for iron and the TAML 

nitrogen-atoms was determined to be 1.87 Å on average in the EXAFS measurements,[76] which is also 

in good agreement with the calculations performed here (see Table 5.5). 

For most complexes, the nitrido-iron or oxo-iron bond-length is longer for the quartet-state than for 

the doublet state. This can be explained by the occupation of an additional anti-bonding π*-orbital 

between iron and the nitrido-/oxo-ligand, as will be discussed in detail in the following section. 
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5.5.2. The Electronic Structure of Tetragonal Iron(V) Complexes 

Complete active space self-consistent field (CASSCF) calculations were performed on the DFT 

optimized structures. The chosen active space consists of all iron 3d-orbitals, the 2p-orbitals of the 

nitrido/oxo ligand and the bonding combination of the dx²-y²-orbital with the equatorial lone-pairs of 

the nitrogen ligand atoms. This results in an active space of 11 electrons in 9 orbitals. State-average 

CASSCF calculations over 3 roots were performed and on top of this wave function dynamic correlation 

was taken into account with the NEVPT2 method. Inclusion of dynamic correlation turned out to be 

crucial in the present systems, since the CASSCF-single point calculations resulted in the wrong ground 

state for some species. For labeling the orbitals/states C2v-symmetry was assumed and orbitals are 

shown in increasing energetic order. In certain cases, the relative order of the orbitals differs, e.g. for 

the [FeV(N)cyc-ac]+ complex 1a1 is the σeq- and 2a1 is the σz-orbital, while for [FeV(O)cyc-ac]2+ 1a1 is the 

σz- and 2a1 is the σeq-orbital. To avoid any misconception, simplified σ/π-labels will be used in the 

following discussion that are also provided in the MO-figures. 

A plot of the active space orbitals is given in Figure 5.16 for the complexes [FeV(N)cyc-ac]+ and 

[FeV(O)cyc-ac]2+ and in Figure 5.17 for the complexes [FeV(N)(N3)cyc]+ and [FeV(N)TMC-ac]+, together 

with an outline of the electronic ground state configuration. For all complexes, the qualitative picture 

is very similar. As expected from simple LFT-considerations, the px- and py- orbitals of the monoatomic 

ligands form π-bonding orbitals of b1- and b2-symmetry (πx, πy) with the dxz- and dyz-orbitals, as well as 

the corresponding anti-bonding orbitals (πx*, πy*), respectively. A σ-bond and the corresponding anti-

bonding σ*-orbital of a1-symmetry is formed between the pz-orbital of the ligand atom and the dz²-

orbital of the metal. The none-bonding metal dxy-orbital (a2) is doubly occupied and the unpaired 

electron is located in the anti-bonding πy*-orbital (2b2).4 

 

                                                           
4 The coordinates were chosen in a way, that the dyz-orbital is singly occupied. Of course, rotation of the 
coordinate system about 90° is possible resulting in a singly occupied dxz-orbital. This would not change anything 
in the electronic structure or the experimentally observable spectroscopic parameters (e.g. for the g-values only 
gxx and gyy would be interchanged). 
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Figure 5.16: Active space orbitals from SA-CASSCF(11,9)/3 roots calculations on [FeV(N)cyc-ac]+ (left) and 
[FeV(O)cyc-ac]2+ (right)  with outlined ground state configuration. 

 

 
 

Figure 5.17: Active space orbitals from SA-CASSCF(11,9)/3 roots calculations on [FeV(N)(N3)cyc]+ (left) and 
[FeV(N)TMC-ac]+ (right) with outlined ground state configuration. 
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Analogous calculations were also performed on the porphyrin complex [FeV(N)TPP] and the oxo-

complex [FeV(O)TAML]–. In Figure 5.18 the active space orbitals of the porphyrin complex are shown. 

As already mentioned in the previous section (Chapter 5.1, page 114), iron(V)-porphyrin complexes 

are known to form ligand centered radicals. Oxo-iron complexes, that are formally iron(V), are then 

better described as iron(IV)-complexes with an oxidized ligand, which results in an unpaired electron 

centered on the ligand, [FeIV(O)POR+•].[246] However, attempts to calculate the electronic structure by 

DFT including ligand centered radicals always converged to solutions with a closed shell ligand (see 

Chapter 5.1). Further, experimental evidence was provided in the initial study by Nakamoto et al.[40,46] 

that the nitrido-iron(V) porphyrin complexes do not undergo ligand oxidation. Therefore, the chosen 

active space should be sufficient and inclusion of further ligand orbitals is not necessary. 

The qualitative electronic structure that can be derived from the molecular orbitals is very similar to 

the above discussed non-heme iron(V)-complexes. The unpaired electron is located in an anti-bonding 

πy*-orbital (2b2) and the non-bonding dxy-orbital (1a2) is doubly occupied (see Figure 5.18). 

 

Figure 5.18: Active space orbitals from a CASSCF(11,9) calculation on the [FeV(N)TPP] complex and outlined 
ground state electronic configuration. Hydrogen atoms are omitted. 

Active space orbitals for the oxo-iron(V) complex [FeV(O)TAML]– are shown in Figure 5.19 and the 

resulting qualitative picture is again analog to the above discussed iron(V)-complexes. The unpaired 

electron is located in the π*-orbital (2b2) while the non-bonding dxy-orbital (1a2) is doubly occupied. 

Hence, the calculations reveal a qualitative similar electronic structure for all tetragonal iron(V) 

complexes. The unpaired electron is located in the πy*-orbital of b2-symmetry, resulting in a 2B2 

[(dxy)2(πy*/dyz)1] ground state when assuming C2v-symmetry. The formal bond-order for the nitrido-

/oxo-iron Bond is 2.5. 
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Figure 5.19: Active space orbitals from a SA-CASSCF(11,9)/3 roots calculation on the [FeV(O)TAML]– complex 
and outlined ground state electronic configuration. 

Jesper Bendix et al. have shown that the strong axial nitrido ligand can significantly destabilize the 

dxz/dyz-orbitals, and provided the equatorial ligands are weak, they might be raised energetically even 

above the dx²-y²-orbital (e.g. in [CrV(N)Cl4]2-, see also discussion in Chapter 1).[11] Therefore, a 

dxy<dx²-y²<dxz/dyz<dz² ligand field splitting is sometimes discussed in the literature[248-249] as an potential 

alternative to the classical dxy< dxz/dyz< dx²-y²<dz² orbital splitting derived by Ballhausen and Grey[6] for 

tetragonal transition metal complexes with multiply bonded monoatomic ligands (see Scheme 1.1, 

page 2). For a d3-low-spin complex such as the present iron(V) species, a 2A1[(dxy)2(dx²-y²)1]-ground state 

would be therefore throughout conceivable, but is not found for the investigated systems. 

The discussed MO-schemes indicated that in the quartet state an additional π*-orbital might be 

occupied, resulting in a formal bond order of 1.5 for the Fe-N or Fe-O bond, respectively. This is indeed 

the case for the complexes [FeV(N)cyc-ac]+, [FeV(O)cyc-ac]2+ and [FeV(N)(N3)cyc]+ that show a 
4A1[(dxy)1(πy*/dyz)1(πx*/dxz)1] quartet state about 89 kJ mol-1, 87 kJ mol-1 and 83 kJ mol-1 higher in energy 

than the doublet ground state, respectively. However, for the complex [FeV(N)TMC-ac]+ the 
4B1[(dxy)1(πy*/dyz)1(eq*/dx²-y²)1] state was calculated to be the lowest energy quartet state, only 

52 kJ mol-1 higher in energy than the doublet ground state. Hence, the additional unpaired electron is 

located in the eq*(dx²-y²)-orbital and not in the πx*-orbital, as found for all other tetragonal iron(V) 

complexes. The relatively small doublet-quartet gap for the TMC-ac complex and also different 

changes in the bond distances when the S=1/2 and S=3/2 structures are compared indicates its 

exceptional position in the series of iron(V) complexes studied here (see Table 5.5). While the nitrido-

iron/oxo-iron bond distances in the complexes [FeV(N)cyc-ac]+, [FeV(O)cyc-ac]2+ and [FeV(N)(N3)cyc]+ is 
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significantly elongated in the S=3/2 structures when compared to the S=1/2 structure due to the 

occupation of an antibonding πx*-orbital, this is not observed for the complex [FeV(N)TMC-ac]+ (see 

Table 5.5). In contrast, for the [FeV(N)TMC-ac]+ complex the equatorial Fe-N bonds distance are 

increased in the quartet state due to population of the eq*(dx²-y²)-orbital that is antibonding with 

respect to the equatorial ligands. This demonstrates that the TMC-ac ligand in the complex 

[FeV(N)TMC-ac]+ is the weakest equatorial ligand in the present series of iron(V) complexes, facilitating 

the occupation of the eq*(dx²-y²)-orbital by one electron in the quartet state while only one π*-orbital 

of the Fe-N/Fe-O bond is occupied by one electron. The lower ligand field strength is also seen in the 

parent azido-iron(III) complexes. While the complex [FeIII(N3)TMC-ac]+ is high-spin at room 

temperature,[42,48] the related six-coordinate non-heme complexes [FeIII(N3)cyc-ac]+ and [FeIII(N3)2cyc]+ 

are low-spin. The calculations therefore reveal, that in the excited quartet state the complex 

[FeV(N)TMC-ac]+ shows a d-orbital splitting as derived by Bendix et al. e.g. for the complex 

[CrV(N)Cl4]2-.[11] 

The orbital plots in Figure 5.16, Figure 5.17, Figure 5.18 and Figure 5.19 show that the bonding (σ/π) 

and anti-bonding (σ*/π*) orbitals between the monoatomic ligand and the metal center are strongly 

delocalized, in particular for the nitrido-species. Hence, the bonds are very covalent as expected for 

mono-atomic nitrido- or oxo-ligands.[4] Higher covalency in the nitrides can be explained by the higher 

formal charge of the nitrido ligand (-3) and the lower effective nuclear charge (electronegativity) of 

nitrogen, when compared to the oxo-ligand. Therefore, the occupied nitrogen 2p-orbitals appear 

higher in energy than the oxo-orbitals, thus allowing π-donation from nitrogen to iron since the 

nitrogen orbitals will be better energetically matched with the valence d-orbitals on iron.[7] 

Loewdin population analysis demonstrates this quantitatively (see Table 5.6). For the nitrido-iron(V) 

complexes the π*-orbitals (including the SOMO) are slightly more nitrogen- than metal centered while 

the corresponding π-orbitals are more metal- than nitrogen-centered. Therefore, the bonding 

situation in the nitrido-complexes can be described as inverted-bonding which was also concluded 

from DFT-calculations previously.[250] While formally the nitrido-complexes are iron(V)-species, they 

might be described as a resonance of the type FeV(SFe=1/2) N3– ↔ FeII(SFe=0)N•(SN=1/2) as proposed 

previously for the [FeV(N)cyc-ac]+-complex based on DFT-calculations.[41,250] In contrast, the oxo-iron(V) 

complexes are less covalent and can be still considered as pure iron(V) complexes where the π*-

orbitals are mainly metal-derived (dxy/dyz) and the π-orbitals are mainly oxygen derived (2px, 2py). 

Table 5.6: Loewdin orbital composition for metal d- and ligand orbitals from CASSCF calculations on iron(V) complexes For 
σeq and σeq* the average percentage of the four equatorial ligand atoms is given. 

 πx(dxz+px) 

(1b1) 

πy(dyz+py) 

(1b2) 

σz(pz) 

(1a1/2a1) 

σeq 

(2a1/1a1) 

dxy 

(a2) 

πx*(dxz-px) 

(2b1) 

πy*(dyz-py) 

(2b2) 

σz*(dz²) 

(4a1/3a1) 

σeq*(dx²-y²) 

(3a1/4a1) 

 Fe L Fe L Fe L Fe 4xL Fe Fe L Fe L Fe L Fe 4xL 
 [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] 

[FeV(N)cyc-ac]+ 56 42 56 42 43 56 25 14 98 48 50 49 49 59 35 84 3 

[FeV(O)cyc-ac]2+ 38 59 44 53 36 60 42 10 98 61 36 60 38 64 25 67 6 

[FeV(N)(N3)cyc]+ 56 41 56 41 43 55 25 14 98 48 50 48 49 58 35 84 3 

[FeV(N)TMC-ac]+ 57 41 57 40 43 56 23 14 98 47 50 47 50 59 35 85 3 

[FeV(N)TPP] 55 43 57 41 47 52 26 14 98 47 51 49 49 56 40 85 3 

[FeV(O)TAML]– 35 63 37 61 37 60 43 11 97 64 32 66 28 64 27 69 6 
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MO-coefficients can be derived from the Loewdin orbital composition in Table 5.6. Those who will be 

relevant in the calculation of the g-values (see Chapter 5.6) are summarized in Table 5.7. Metal 

coefficients are denoted by α and ligand coefficients by β. Given that the composition of the πx*- and 

πy*-orbitals are close to identical (see Table 5.6) the coefficients are harmonized in one ligand and one 

metal coefficient απ =αxz=αyz and βπ =βx =βy, respectively. The coefficients for the equatorial nitrogen-

atoms that form an σ*-bond with the metal dx²-y²-orbital are denoted by βσ. Since the a2(dxy)-orbital is 

purely metal centered (97%-98%) the corresponding coefficient αxy is unity and not considered in the 

following discussion. 

Table 5.7: MO coefficients derived from Loewdin orbital composition in Table 5.6. 

 πx* / πy*  σz*/dz²  σeq*/dx²-y² 

 απ βπ  αz² βz  αx²-y² βσ 

[FeV(N)cyc-ac]+ 0.70 0.71  0.79 0.61  0.94 0.18 

[FeV(O)cyc-ac]2+ 0.79 0.62  0.85 0.53  0.86 0.26 

[FeV(N)(N3)cyc]+ 0.70 0.71  0.79 0.61  0.94 0.18 

[FeV(N)TMC-ac]+ 0.70 0.72  0.79 0.61  0.94 0.18 

[FeV(N)TPP] 0.70 0.71  0.76 0.65  0.94 0.18 

[FeV(O)TAML]– 0.83 0.56  0.84 0.54  0.86 0.25 

 

 

Calculated Excited states for tetragonal iron(V) complexes 

Besides the electronic ground state, excited states and their relative order contain valuable 

information on the studied systems. On top of SA-CASSCF(11,9) calculations with 20 roots (same active 

space as in the above discussed calculations), NEVPT2 calculations were performed to obtain accurate 

excitation energies. Calculated one electron excitation energies are provided in Table 5.8. 

Table 5.8: CASSCF(11,9)/NEVPT2 excitation energies for tetragonal FeV-complexes 

State: 
2B1 

[2b2(πy*)2b1(πx*)] 

12A1 

[2b2(πy*)3a1(eq*)] 

2A2 

[1a2(dxy)2b1(πy*)] 

22A1 

[2b2(πy*)4a1(z*)] 

 [cm-1] [cm-1] [cm-1] [cm-1] 

[FeV(N)cyc-ac]+ 340 2653 19358 16959 

[FeV(O)cyc-ac]2+ 627 23683 8764 23845 

[FeV(N)(N3)cyc]+ 431 5509 19949 17569 

[FeV(N)TMC-ac]+ 567 2160 20323 16844 

[FeV(N)TPP] 637 4195 23745 12108 

[FeV(O)TAML]– 2112 28752 (22A1)* 12016 11642 (12A1)* 

*The excitation in the dx²-y²- and dz²-orbital are swapped for the TAML complex. 

Even the ligand systems are not genuine symmetric, all complexes show a very low lying 
2B1[2b2(πy*)2b1(πx*)] excited state implying nearly fourfold symmetry on the iron site. In C4v-

symmetry the ground state would be 2E with a degenerate set of πy*(dyz)-and πx*(dxz)-orbitals. Only for 

the TAML-system the rhombic distortion is larger, resulting in a splitting of the 2E-state by 2112 cm-1. 

Deviation from C4v-symmetry (which would result in a 2E ground state) can be attributed to Jahn-Teller 

distortion, however, given that the used ligands are not genuinely symmetric it might also be a result 

of geometric constrains by the ligands systems. 
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The 12A1[2b2(πy*)3a1(σeq*/dx²-y²)] excitation is important in the overall discussion of transition metal 

nitrido compounds since the 2A1[(dxy)2(dx²-y²)1] state is a throughout conceivable alternative to the 
2B2[(dxy)2(πy*/dyz)1] ground state (vide supra).[248-249] However, for the complex [FeV(N)TMC-ac]+ that 

features the weakest equatorial ligand in the studied complexes it is calculated to be separated from 

the 2B2 ground state by 2160 cm-1 (26 kJ mol-1), and for all other iron(V) complexes it was calculated to 

appear at even higher energies. 

The excitation 2A2[1a1(dxy)2b2(πy*/dyz)] is a measure for the covalency and strength of the Fe-N or 

Fe-O π-bond, respectively.[251] In this excited state an electron is transferred from the non-bonding  

a2(dxy)-orbital into the π*-anti-bonding 2b2(πy*/dyz)-orbital. Given that π-bonding is stronger in the 

nitrido-complexes than in the oxo-complexes, the corresponding anti-bonding orbitals 2b2(πy*/dyz) and 

2b1(πx*/dxz)) are higher in energy for the former. Excitations where these are the accepting orbitals 

are, therefore, expected to appear at higher energy for the nitrido- than for the oxo-complexes. This 

explains why the 2A2[1a1(dxy)2b2(πy*/dyz)] excited state is much higher in energy for the nitrido-

complexes than for the oxo-complexes, which is best seen for the analogue complexes [FeV(N)cyc-ac]+ 

(19258 cm-1) and [FeV(O)cyc-ac]2+ (8764 cm-1). 

The 2A2[1a1(dxy)2b2(πy*/dyz)] excitation energy calculated for the heme-system [FeV(N)TPP] is at the 

same order as found for the non-heme nitrido-complexes. Appearance of this transition at higher 

energy for the nitrido- than for the oxo-complexes  might explain why the [FeV(N)TPP] complex is a real 

iron(V) species, while analogue heme oxo-iron complexes are better described as iron(IV) with an 

oxidized ligand. Oxidation of the ligand would require electron transfer from the porphyrin π-system 

to a metal orbital, as outlined in Scheme 5.1 for an oxo-complex. However, the electron accepting π*-

orbitals for this electron-transfer are much higher in energy for the nitrido- than for the oxo-

complexes. Hence, ligand oxidation is possible for oxo-iron heme complexes but not for the analogue 

nitrido-species, as outlined in Scheme 5.1. 

 

Scheme 5.1: Qualitative electronic structure and electron transfer in oxo-iron(V) porphyrin and oxo-iron(IV) 
porphyrin radical complexes, and the electronic structure of nitrido-iron(V) porphyrin complexes. 

Further differences between the oxo- and nitrido species are indicated by the 

12A1[2b2(πy*/dyz)4a1(eq*/dx²-y²)] excited state. When the [FeV(N)cyc-ac]+ and [FeV(O)cyc-ac]2+ 

complexes with identical equatorial ligands are compared, this excitation appears at much higher 

energy for the oxo-species. Given that the dx²-y²-orbital is expected to be at similar energy in both 

systems it can be concluded that the anti-bonding 2b2(πy*/dyz)-orbital is at much higher energy (hence, 

more anti-bonding) for the nitrido-complex when compared to the analogue oxo-species. The 

12A1[2b2(πy*/dyz)3a1(eq*/dx²-y²)] excitation is calculated to be highest in energy for the 

[FeV(O)TAML]–-complex. Besides the oxo-ligand, this is further influenced by the strongly donating bis-
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anionic TAML-ligand. It will rise the energy of the dx²-y²-orbital even above the dz²-orbital. Therefore, 

the 22A1[2b2(πy*/dyz)4a1(eq*/dx²-y²)] excited state appears at higher energy (28752 cm-1) than the 

12A1[2b2(πy*/dyz)3a1(z*dz²)] excited state (11642 cm-1) for the TAML system. 

Comparing the individual excitation energies results in the relative frontier orbital arrangement dxy< 

πy*(dyz) ≈ πx*(dxz) < dx²-y² < dz² for all complexes studied here, besides the [FeV(O)TAML] –-complex where 

the dx²-y² and dz² orbitals are swapped resulting in dxy < πy*(dyz) ≈ πx*(dxz) < dz² < dx²-y². Scheme 5.2 shows 

a qualitative MO-diagram for a distorted octahedral nitrido complex in C2v-symmetry (also the 

excitation energies were considered here and not only the calculated orbital energies). 

 
Scheme 5.2: MO-scheme for an nitrido-iron(V) complex in C2v symmetry. The coordinate system is outlined on 
the lower left hand side and the box on the lower right hand side illustrates how the equatorial a1-orbital is 
formed by p-orbitals of the equatorial ligand. Electrons that occupy orbitals are symbolized by black circles. 

The calculations have shown that the nitrido-complexes are very covalent. Given that also the 

experimental g-values are very similar, the properties of these complexes seems to be strongly driven 

by the {Fe =⃛ N}2+-unit. However, the equatorial ligands still have significant impact on the electronic 

structure as seen in the 2B2[(dxy)2(πx*/dxz)1] ground state while a 12A1[(dxy)2(dx²-y²)1] ground state would 

be possible with weak (or without) equatorial ligand. Hence, the present complexes cannot be 

considered as a {Fe =⃛ N}2+-unit with additional ligands, whereas it was shown by Bendix that e.g. 

tetragonal nitrido-chromium(V) complexes can be described as {Cr ≡ N}2+-units with additional 

ligands instead of chromium complexes with a nitrido and further ligands.[11] 

The large covalency effects in the discussed complexes will also affect numerous spectroscopic 

properties; e.g. EPR g-values (the g-shift),[108-110] Mössbauer quadrupole splitting/isomer shifts[7,139] as 

well as the intensity in X-Ray absorption spectroscopy.[7,252] Taking these effects into account, the g-

values of the tetragonal iron(V) complexes will be discussed in detail in the following chapter. 
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5.6. Analysis of the g-Values in tetragonal Iron(V) complexes 

Within the framework of ligand field theory, spin-Hamiltonian (SH) equations for the g-values can be 

derived (see introduction 2.1.1and 2.1.2 ). This will not only provide a qualitative understanding of the 

g-values, in an accurate treatment g-values can be reproduced nearly quantitatively. Results from the 

CASSCF/NEVPT2 calculations (excitation energies, MO-coefficients) discussed in Chapter 5.5.2 will be 

used in the derived equations. 

One-particle wave functions (molecular orbitals, MOs) are defined using the coordinate system and 

ligand labels shown in Figure 2.2, page 18. Based on the calculations in Chapter 5.5.2 the MOs for the 

relevant frontier orbitals are defined as: 

1a2        𝜓𝑥𝑦 ≈ |𝑑𝑥𝑦〉 

2b1        𝜓𝑥𝑧 ≈ 𝛼𝑥𝑧|𝑑𝑥𝑧〉 − 𝛽𝑥|𝑝𝑥
6〉 

2b2        𝜓𝑦𝑧 ≈ 𝛼𝑦𝑧|𝑑𝑦𝑧〉 − 𝛽𝑦|𝑝𝑦
6〉 

3a1        𝜓𝑥2−𝑦2 ≈ 𝛼𝑥2−𝑦2|𝑑𝑥2−𝑦2〉 + 𝛽𝜎(|𝑝𝑥
3〉 − |𝑝𝑥

1〉 + |𝑝𝑦
2〉 − |𝑝𝑦

4〉) 

4a1        𝜓𝑧2 ≈ 𝛼𝑧2|𝑑𝑧2〉 − 𝛽𝑧|𝑝𝑧
6〉  

5.1a 

5.1b 

5.1c 

5.1d 

5.1e 

For the shake of convenience frontier orbitals are labeled in the following as d-orbitals, even in the 

nitrido-complexes they show more ligand p-orbital than metal d-orbital character (see Chapter 5.5.2). 

One-electron excitation energies will be labeled by Δ𝑛 where n is the accepting orbital and in cases 

where a spin-down electron is excited, it is the donating orbital, e.g. the excitation energy of the 
2B1[2b2(πy*/dyz)2b1(πx*/dxz)] transition is denoted by Δ𝑥𝑧. 

As outlined in the introduction (Chapter 2.1.2) and in various text books[108,111,124] the g-values for an 

S=1/2 system can be calculated by Equation 2.16.(page 15). For the d3-iron(V) systems with the 

electronic ground state configuration (dxy)2(dyz)1 this results in the following equations: 

gxx = 𝑔𝑒 −
2𝛼
𝑥2−𝑦2
2 𝛼𝑦𝑧

2 𝜁𝐹𝑒 

Δ𝑥2−𝑦2(1 𝐴1 
2 )

−
2[3𝛼𝑦𝑧

2 𝛼𝑧
2+√3𝛼𝑦𝑧

 𝛼
𝑧2
 𝛽𝑦𝛽𝑧]𝜁𝐹𝑒 

Δ𝑧2(2 𝐴1 
2 )

  
5.2 

gyy = 𝑔𝑒 + 
2𝛼𝑦𝑧

2 𝛼𝑥𝑦
2  𝜁𝐹𝑒

Δ𝑥𝑦( 𝐴2 
2 )

  5.3 

gzz = 𝑔𝑒 −
2𝜁𝐹𝑒(𝛼𝑦𝑧

2 𝛼𝑥𝑧
2 −2𝛽𝑥

 𝛽𝑦
 𝛼𝑦𝑧
 𝛼𝑥𝑧

 ) 

Δ𝑥𝑧( 𝐵1 
2 )

  5.4 

It is directly seen, that Equation 5.2-5.4 would result in gxx<ge, gzz<ge and gyy>ge which is not in 

agreement with the experimental results, where all g-values are found to be smaller than ge (see Table 

5.4). However, the CASSCF/NEVPT2 calculations revealed a very low lying excited state only very few 

hundred wave numbers above the ground state. This is at the same order of magnitude as the spin-

orbit coupling constant for iron(V) (휁𝐹𝑒𝑉 =580 cm-1, in the following denoted as 휁𝐹𝑒).[131] Therefore, 

the usual approach based on non-degenerated perturbation theory is not valid here, and the near 

degeneracy has to be taken into account in deriving spin Hamiltonian expressions for the g-values. 
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5.6.1. Spin-Hamiltonian Equations for the g-Values in the Degenerate Case 

In C4v-symmetry the studied tetragonal iron(V) systems would show a degenerate 2E[(dxy)2(dyz,dxz)1] 

state, however, rhombic distortion does split this degenerate state in the two close lying states 
2B2[(dxy)2(dyz)1] and 2B1[(dxy)2(dxz)1] in C2v-symmetry. The many particle wave functions (|Ψ𝑛

𝑆,𝑀 >, M=+S, 

…,–S) for these close lying states are (only for M=+1/2 given here) 

  |Ψ𝑦𝑧

1

2
,+
1

2 > = |𝜓𝑥𝑦�̅�𝑥𝑦𝜓𝑦𝑧|  2B2 in C2v (ground state) 

   |Ψ𝑥𝑧

1

2
,+
1

2 > = |𝜓𝑥𝑦�̅�𝑥𝑦𝜓𝑥𝑧|   2B1 

and for the remaining one-electron excited states that affect the g-value 

  |Ψ𝑥𝑦

1

2
,+
1

2 > = |𝜓𝑥𝑦𝜓𝑦𝑧�̅�𝑦𝑧|    2A2 

  |Ψ
𝑥2−𝑦²

1

2
,+
1

2 > = |𝜓𝑥𝑦�̅�𝑥𝑦𝜓𝑥2−𝑦2|  12A1 

|Ψ
𝑧2

1

2
,+
1

2 > = |𝜓𝑥𝑦�̅�𝑥𝑦𝜓𝑧2|  22A1 

Where 𝜓𝑛 denotes an orbital occupied by a spin-up electron and �̅�𝑛 is an orbital occupied by a spin-

down electron. 

 

Quasi degenerate treatment of the lowest excitation 

In the present case the effect by spin orbit coupling and the crystal field on the ground state are of 

very similar order and a successively treatment of these perturbations will lead to significant errors. It 

is possible to circumvent this problem by treating these two perturbations simultaneously within the 

framework of quasi degenerate perturbation theory.[124,253-255] 

The spin-orbit coupling (SOC) and Born-Oppenheimer (BO) Hamiltonian is calculated in the basis 

|Ψ𝑦𝑧,𝑥𝑧

1

2
,±
1

2 >. MO-coefficients for the π-bonds formed by dxz+px and dyz+py orbitals are harmonized in one 

ligand/metal coefficient 𝛼𝜋
  𝛼𝑥𝑧 𝛼𝑦𝑧 and 𝛽𝜋

  𝛽𝑥 𝛽𝑦 as discussed in the antecedent chapter (see 

Table 5.19). 

< Ψ𝑦𝑧,𝑥𝑧

1
2
,±
1
2 |𝑉𝑟ℎ𝑜𝑚𝑏 + ∑ 휁𝐹𝑒𝒍𝑖

𝐹𝑒  𝒔𝑖
𝑖=𝑥,𝑦,𝑧

|Ψ𝑦𝑧,𝑥𝑧

1
2
,±
1
2 > =

(

 
 
 
 
 
 

0
𝑖𝛼𝜋
2휁𝐹𝑒
2

0 0

−
𝑖𝛼𝜋
2휁𝐹𝑒
2

Δxz 0 0

0 0 0 −
𝑖𝛼𝜋
2휁𝐹𝑒
2

0 0
𝑖𝛼𝜋
2휁𝐹𝑒
2

Δxz )

 
 
 
 
 
 

 

Equation 5.5 
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Columns and rows are in the order Ψ𝑦𝑧

1

2
,+
1

2, Ψ𝑥𝑧

1

2
,+
1

2, Ψ𝑦𝑧

1

2
,−
1

2, Ψ𝑥𝑧

1

2
,−
1

2 which results in a block matrix. The 

rhombic splitting of the 2E ground state (in C4v symmetry) is xz. For calculating the matrix elements, 

MOs defined in Equations 5.1a-e were used. 

Eigenvalues and eigenfunctions are obtained by diagonalization of the secular determinant of Equation 

5.5. This can be done separately for the upper left block (Ψ𝑦𝑧

1

2
,+
1

2, Ψ𝑥𝑧

1

2
,+
1

2) and the lower right block 

(Ψ𝑦𝑧

1

2
,−
1

2, Ψ𝑥𝑧

1

2
,−
1

2) of the resulting block matrix. It has to be considered, that some entities of the matrix 

are imaginary.[256] 

The following eigenfunctions and corresponding eigenvalues are obtained for the basis Ψ𝑦𝑧

1

2
,+
1

2, Ψ𝑥𝑧

1

2
,+
1

2: 

𝐸0 = 
1

2
(Δxz − √Δxz

2
+ (𝛼𝜋

2휁𝐹𝑒)
2)  |Θ0

+
1
2 > = cos 휃 |Ψ𝑦𝑧

1
2
,+
1
2 > + 𝑖 sin휃 |Ψ𝑥𝑧

1
2
,+
1
2 > 

𝐸1 = 
1

2
(Δxz +√Δxz

2
+ (𝛼𝜋

2휁𝐹𝑒)
2)  |Θ1

+
1
2 > = cos 휃 |Ψ𝑥𝑧

1
2
,+
1
2 > − 𝑖 sin휃 |Ψ𝑦𝑧

1
2
,+
1
2 > 

And for the matrix with the basis Ψ𝑦𝑧

1

2
,−
1

2, Ψ𝑥𝑧

1

2
,−
1

2: 

𝐸0 = 
1

2
(Δxz − √Δxz

2
+ (𝛼𝜋

2휁𝐹𝑒)
2)  |Θ0

−
1
2 > = cos 휃 |Ψ𝑦𝑧

1
2
,−
1
2 > − 𝑖 sin휃 |Ψ𝑥𝑧

1
2
,−
1
2 > 

𝐸1 = 
1

2
(Δxz +√Δxz

2
+ (𝛼𝜋

2휁𝐹𝑒)
2)  |Θ1

−
1
2 > = cos 휃 |Ψ𝑥𝑧

1
2
,−
1
2 > + 𝑖 sin휃 |Ψ𝑦𝑧

1
2
,−
1
2 > 

The lower Kramers doublet is then: 

|Θ0
+
1

2 > = cos휃 |Ψ𝑦𝑧

1

2
,+
1

2 > + 𝑖 sin 휃 |Ψ𝑥𝑧

1

2
,+
1

2 >  
5.6a 

|Θ0
−
1

2 > = cos휃 |Ψ𝑦𝑧

1

2
,−
1

2 > − 𝑖 sin휃 |Ψ𝑥𝑧

1

2
,−
1

2 >  
5.6b 

With 

𝑐𝑜𝑠2 휃 =
1

2
+
1

2
(1 + (

𝛼𝜋
2𝜁𝐹𝑒

𝛥𝑥𝑧
)
2

)
−
1

2

  5.7 

𝑠𝑖𝑛2 휃 =
1

2
−
1

2
(1 + (

𝛼𝜋
2𝜁𝐹𝑒

𝛥𝑥𝑧
)
2

)
−
1

2

  5.8 

𝑡𝑎𝑛 휃 = −
2 𝛼𝜋

2𝜁𝐹𝑒

𝛥𝑥𝑧
  5.9 

 

cos 휃 and sin휃 in Equation 5.6a-b can be considered as coefficients that determine the contribution 

of the low lying state to the ground state with cos2 휃 + sin2 휃 = 1. 
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Perturbation of the lowest Kramers doublet with remaining excitations 

The Kramers doublet in Equation 5.6 is perturbed with the remaining excitations which is done by 

second order perturbation theory. Spin-orbit coupling matrix elements are calculated here between 

states which results in the correct signs,[125,129-130,257] and not between orbitals as it is frequently done 

in the literature which would require to adjust the sign in the final equations.[108-109,111,124]  

|�̃�0

1

2
,+
1

2 >  =  𝑐𝑜𝑠휃 |Ψ𝑦𝑧

1

2
,+
1

2 > + 𝑖 𝑠𝑖𝑛휃 |Ψ𝑥𝑧

1

2
,+
1

2 > − ∑
<Ψ𝑛

1
2
,±
1
2|𝜁𝐹𝑒 𝒍

𝑭𝒆𝒔 | Θ0

1
2>

∆𝑛
|Ψ𝑛

1

2
,±
1

2 >𝑛   

          = 𝑐𝑜𝑠휃 |Ψ𝑦𝑧

1

2
,+
1

2 > + 𝑖 𝑠𝑖𝑛휃 |Ψ𝑥𝑧

1

2
,+
1

2 >  

             − Δ𝑥2−𝑦2
−1 [𝑐𝑜𝑠휃 < Ψ

𝑥2−𝑦2

1

2
,−
1

2 |휁𝐹𝑒 𝒍
𝑭𝒆𝒔|Ψ𝑦𝑧

1

2
,+
1

2 > + 𝑖 𝑠𝑖𝑛휃 < Ψ
𝑥2−𝑦2

1

2
,−
1

2 |휁𝐹𝑒 𝒍
𝑭𝒆𝒔|Ψ𝑥𝑧

1

2
,+
1

2 >] |Ψ
𝑥2−𝑦2

1

2
,−
1

2 > 

             − Δ𝑥𝑦
−1 [𝑐𝑜𝑠휃 < Ψ𝑥𝑦

1

2
,−
1

2|휁𝐹𝑒 𝒍
𝑭𝒆𝒔|Ψ𝑦𝑧

1

2
,+
1

2 > + 𝑖 𝑠𝑖𝑛휃 < Ψ𝑥𝑦

1

2
,−
1

2|휁𝐹𝑒 𝒍
𝑭𝒆𝒔|Ψ𝑥𝑧

1

2
,+
1

2 >] |Ψ𝑥𝑦

1

2
,−
1

2 > 

             − Δ𝑧2
−1 [𝑐𝑜𝑠휃 < Ψ

𝑧2

1

2
,−
1

2|휁𝐹𝑒 𝒍
𝑭𝒆𝒔|Ψ𝑦𝑧

1

2
,+
1

2 > + 𝑖 𝑠𝑖𝑛휃 < Ψ
𝑧2

1

2
,−
1

2|휁𝐹𝑒 𝒍
𝑭𝒆𝒔|Ψ𝑥𝑧

1

2
,+
1

2 >] |Ψ
𝑧2

1

2
,−
1

2 >  

|�̃�0

1

2
,+
1

2 > ≈  𝑐𝑜𝑠휃 |Ψ𝑦𝑧

1

2
,+
1

2 > + 𝑖 𝑠𝑖𝑛휃 |Ψ𝑥𝑧

1

2
,+
1

2 > −
𝑖𝛼𝜋𝛼𝑥2−𝑦2  𝜁𝐹𝑒

2Δx2−y2  
 [𝑐𝑜𝑠휃 −  𝑠𝑖𝑛휃]|Ψ

𝑥2−𝑦2

1

2
,−
1

2 >  

               + 
𝛼𝜋𝜁𝐹𝑒

2Δxy
[𝑠𝑖𝑛휃 − 𝑐𝑜𝑠휃]|Ψ𝑥𝑦

1

2
,−
1

2 > − 
𝑖 √3𝛼𝜋 𝛼𝑧2𝜁𝐹𝑒

2Δ𝑧2
[𝑐𝑜𝑠휃 + 𝑠𝑖𝑛휃]|Ψ

𝑧2

1

2
,−
1

2 > 

5.10 

And analogously 

|�̃�0

1

2
,−
1

2 > ≈  𝑐𝑜𝑠휃 |Ψ𝑦𝑧

1

2
,−
1

2 > − 𝑖 𝑠𝑖𝑛휃 |Ψ𝑥𝑧

1

2
,−
1

2 > −
𝑖𝛼𝜋𝛼𝑥2−𝑦2  𝜁𝐹𝑒

2Δx2−y2  
 [𝑐𝑜𝑠휃 −  𝑠𝑖𝑛휃]|Ψ

𝑥2−𝑦2

1

2
,+
1

2 > 

         + 
𝛼𝜋𝜁𝐹𝑒

2Δxy
[𝑐𝑜𝑠휃 − 𝑠𝑖𝑛휃]|Ψ𝑥𝑦

1

2
,+
1

2 > − 
𝑖 √3𝛼𝜋 𝛼𝑧2𝜁𝐹𝑒

2Δ𝑧2
[𝑐𝑜𝑠휃 + 𝑠𝑖𝑛휃]|Ψ

𝑧2

1

2
,+
1

2 > 

5.11 

 

 

 

Calculation of the Zeeman matrix 

The Zeeman matrix is calculated in the basis of the Kramers doublet Equation 5.10 and 5.11 |�̃�0

1

2
,± 
1

2 > 

with the operator: 

𝐻𝑍𝑒 = 𝛽𝑒 ∑ 𝑩𝒊(𝒍𝒊 + 𝑔𝑒𝒔𝒊)

𝑖=𝑥,𝑦,𝑧

= 𝛽𝑒 ∑ 𝑩𝒊𝝁𝒊
𝑖=𝑥,𝑦,𝑧

= 𝛽𝑒(𝜇𝑥𝐵𝑥 + 𝜇𝑦𝐵𝑦 + 𝜇𝑧𝐵𝑧) 5.12 

The resulting terms < �̃�0

1

2
,± 
1

2|𝒔𝑖|�̃�0

1

2
,± 
1

2 > that give rise to the contributions < 𝜓𝑛
± 
1

2|𝒔𝑖|𝜓𝑚
± 
1

2 > are easily 

calculated. More difficult to evaluate are the orbital Zeeman matrix elements < �̃�0

1

2
,± 
1

2|𝒍𝑖|�̃�0

1

2
,± 
1

2 > or 

< 𝜓𝑛
± 
1

2|𝒍𝑖|𝜓𝑚
± 
1

2 >, respectively, given that covalency cannot be neglected the same way as done for 

the spin-orbit coupling matrix elements (see Chapter 2.1.2, page 17). Calculation of the orbital Zeeman 
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matrix element < 𝜓𝑦𝑧
 |𝑙𝑧

𝐹𝑒|𝜓𝑥𝑧
 > will be outlined here, since it leads to interesting results that further 

simplify the calculations. The remaining orbital Zeeman matrix elements are provided in Appendix 

7.1.1, page 205. 

matrix elements:  < 𝜓𝑦𝑧
 |𝑙𝑧

𝐹𝑒|𝜓𝑥𝑧
 > and < 𝜓𝑥𝑧

 |𝑙𝑧
𝐹𝑒|𝜓𝑦𝑧

 > 

< 𝜓𝑦𝑧
 |𝑙𝑧

𝐹𝑒|𝜓𝑥𝑧
 > = −< 𝜓𝑥𝑧

 |𝑙𝑧
𝐹𝑒|𝜓𝑦𝑧

 > 

= 𝛼𝜋
2 < 𝑑𝑦𝑧|𝑙𝑧

𝐹𝑒 |𝑑𝑥𝑧 > + 𝛽𝜋
2 < 𝑝𝑦

(6)|𝑙𝑧
𝐹𝑒 |𝑝𝑥

(6) > − 𝛼𝜋𝛽𝜋[< 𝑑𝑦𝑧|𝑙𝑧
𝐹𝑒 |𝑝𝑥

(6) > +< 𝑝𝑦
(6)|𝑙𝑧

𝐹𝑒 |𝑑𝑥𝑧 >] 

here, 𝑙𝑧
𝐹𝑒 = 𝑙𝑧

𝐿 (Equation 2.28c, page 18) 

= + 𝑖 𝛼𝜋
2  + 𝛽𝜋

2 < 𝑝𝑦
(6)
|𝑙𝑧
𝐿6|𝑝𝑥

(6)
> − 𝛼𝜋𝛽𝜋 < 𝑑𝑦𝑧|𝑙𝑧

𝐿6 |𝑝𝑥
(6)
> − 𝛼𝜋𝛽𝜋 < 𝑝𝑦

(6)
|𝑙𝑧
𝐹𝑒 |𝑑𝑥𝑧 > 

= +𝑖  𝛼𝜋
2  + 𝑖 𝛽𝜋

2 −  𝑖 𝛼𝜋𝛽𝜋 < 𝑑𝑦𝑧| |𝑝𝑦
(6)
> − 𝑖 𝛼𝜋𝛽𝜋 < 𝑝𝑦

(6)
| |𝑑𝑦𝑧 >  

 since < 𝑑𝑦𝑧| |𝑝𝑦
(6)
> = < 𝑝𝑦

(6)
| |𝑑𝑦𝑧 >= 𝑆𝜋   and5   𝛼𝜋

2 + 𝛽𝜋
2 − 2𝛼𝜋𝛽𝜋𝑆𝜋 = 1  

< 𝜓𝑦𝑧
 |𝑙𝑧

𝐹𝑒|𝜓𝑥𝑧
 > = − < 𝜓𝑥𝑧

 |𝑙𝑧
𝐹𝑒|𝜓𝑦𝑧

 > =  + 𝑖 5.13 

This result shows that covalency cancels out even without neglecting any term (e.g. p-d-overlap).[133,258] 

As will be shown shortly, the just evaluated matrix element is the only orbital Zeeman matrix element 

that goes into the formula for the gzz-value. Therefore, the gzz-value will be affected by covalency only 

through 휃. In the studied systems, the error for the gzz-value is about ~50% if ligand contributions 

would have been neglected here, since then covalency would not cancel out. 

The calculated orbital Zeeman matrix elements are used to evaluate the individual contributions to the 

Zeeman matrix (the whole Zeeman matrix and all contributions, including terms quadratic order in 

energy (Δ𝑛
−2) are provided in the Appendix 7.1.2, page 208). Zeeman matrix elements relevant for 

calculating the g-values are (Bx, By, Bz and βe omitted): 

〈�̃�0

1

2
,+
1

2| 𝒍𝒛 + 𝑔𝑒𝒔𝒛 |�̃�0

1

2
,+
1

2〉 = − sin 2휃  

〈�̃�0

1

2
,+
1

2| 𝒍𝒙 + 𝑔𝑒𝒔𝒙 |�̃�0

1

2
,−
1

2〉 =
𝑔𝑒 cos2𝜃

2
  

−
𝛼𝜋
2𝛼
𝑥2−𝑦2
2 𝜁𝐹𝑒(cos

2 𝜃−sin𝜃 cos𝜃) 

Δ𝑥2−𝑦2
−
[3𝛼𝜋

2𝛼
𝑧2
2 +√3𝛼𝜋

 𝛼
𝑧2
 𝛽𝜋𝛽𝑧]𝜁𝐹𝑒(cos

2 𝜃+sin𝜃 cos𝜃) 

Δ𝑧2
−
𝛼𝜋
2𝜁𝐹𝑒(sin

2 𝜃−sin𝜃 cos𝜃) 

Δ𝑥𝑦
  

 

〈�̃�0

1

2
,+
1

2| 𝒍𝒚 + 𝑔𝑒𝒔𝒚 |�̃�0

1

2
,−
1

2〉 =
𝑖 𝑔𝑒 cos2𝜃

2
− 

𝑖 𝛼𝜋
2  𝜁𝐹𝑒(cos

2 𝜃−cos𝜃 sin𝜃)

Δ𝑥𝑦
  

−
𝑖 𝛼𝜋

2𝛼
𝑥2−𝑦2
2  𝜁𝐹𝑒(sin

2 𝜃−cos𝜃 sin𝜃)

Δ𝑥2−𝑦2
−
𝑖 [3𝛼𝜋

2𝛼
𝑧2
2 +√3𝛼𝜋

 𝛼
𝑧2
 𝛽𝜋𝛽𝑧] 𝜁𝐹𝑒(sin

2 𝜃+cos𝜃 sin𝜃)

Δ𝑧2
  

 

                                                           
5 It should be noted here, that the overlap-integral 𝑆𝜋  is negative since 𝜓𝑦𝑧

  and 𝜓𝑥𝑧
  are anti-bonding orbitals 

(see their definition in Equation 5.1b and  5.1c, page 135). 
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Final expressions for the g-values 

For obtaining expressions for the g-values, the Zeeman matrix is compared with the matrix of the 

general spin-Hamiltonian 𝐻𝑠𝑝𝑖𝑛 = 휁 ∑ 𝑔𝑖𝑗𝑠𝑖𝐵𝑗𝑖,𝑗  in the basis of the Kramers doublet. The secular 

determinant must produce the same energy as the secular determinant of the Zeeman matrix.[109] By 

comparison of the matrix elements, the following relations are obtained:6 

𝑔𝑥𝑥 = 2 ∙ 𝑅𝑒𝑎𝑙 (〈�̃�0

1

2
,+
1

2| 𝒍𝒙 + 𝑔𝑒𝒔𝒙 |�̃�0

1

2
,−
1

2〉)  

𝑔𝑦𝑦 = 2 𝑖 ∙ 𝐼𝑚𝑎𝑔𝑖𝑛𝑎𝑟𝑦 (〈�̃�0

1

2
,+
1

2| 𝒍𝒚 + 𝑔𝑒𝒔𝒚 |�̃�0

1

2
,−
1

2〉)  

𝑔𝑧𝑧 = 2 ∙ 𝑅𝑒𝑎𝑙 (〈�̃�0

1

2
,+
1

2| 𝒍𝒛 + 𝑔𝑒𝒔𝒛 |�̃�0

1

2
,+
1

2〉)  

 

This finally leads to the following expressions for the g-values: 

gxx = 𝑔𝑒 cos 2휃 −
2𝛼
𝑥2−𝑦2
2 𝛼𝜋

2𝜁𝐹𝑒(cos
2 𝜃−sin𝜃 cos𝜃) 

Δ𝑥2−𝑦2
   5.14 

−
2[3𝛼𝜋

2𝛼𝜎
2+√3𝛼𝜋 𝛼𝑧2𝛽𝜋𝛽𝑧]𝜁𝐹𝑒(cos

2 𝜃+sin𝜃 cos𝜃) 

Δ𝑧2
 −

2𝛼𝜋
2𝜁𝐹𝑒(sin

2 𝜃−sin𝜃 cos𝜃) 

Δ𝑥𝑦
 

−
𝑔𝑒𝛼𝜋

2𝜁𝐹𝑒
2

4
[
𝛼
𝑥2−𝑦2
2 (cos𝜃−sin𝜃)2 

(Δ𝑥2−𝑦2)
2 −

(cos𝜃−sin𝜃)2

(Δ𝑥𝑦)
2 +

3𝛼
𝑧2
2 (cos𝜃+sin𝜃)2

(Δ𝑧2)
2 ]  

 

gyy = 𝑔𝑒 cos 2휃 + 
2𝛼𝜋

2  𝜁𝐹𝑒(cos
2 𝜃−cos𝜃 sin𝜃)

Δ𝑥𝑦
   5.15 

+
2𝛼
𝑥2−𝑦2
2 𝛼𝜋

2  𝜁𝐹𝑒(sin
2 𝜃−cos𝜃 sin𝜃)

Δ𝑥2−𝑦2
 +

2 [3𝛼𝜋
2𝛼
𝑧2
2 +√3𝛼𝜋 𝛼𝑧2𝛽𝜋𝛽𝑧] 𝜁𝐹𝑒(sin

2 𝜃+cos𝜃 sin𝜃)

Δ𝑧2
  

+
 𝑔𝑒𝛼𝜋

2𝜁𝐹𝑒
2

4
[
𝛼
𝑥2−𝑦2
2 (cos𝜃−sin𝜃)2

(Δ𝑥2−𝑦2)
2 −

(cos𝜃−sin𝜃)2

(Δ𝑥𝑦)
2 +

3𝛼
𝑧2
2 (cos𝜃+sin𝜃)2

(Δ𝑧2)
2 ]  

 

gzz = 𝑔𝑒 − 2 sin2휃   5.16 

−
𝛼𝜋
2𝛼
𝑥2−𝑦2
2 𝜁𝐹𝑒

2 [cos𝜃−sin𝜃]2

Δ𝑥𝑦Δ𝑥2−𝑦2
+ 𝑔𝑒 [

𝛼𝜋
2𝜁𝐹𝑒
2 [cos𝜃−sin𝜃]2

4 (∆𝑥𝑦)
2
 

−
𝛼𝜋
2𝛼
𝑥2−𝑦2
2 𝜁𝐹𝑒

2 [cos𝜃−sin𝜃]2

4 (∆𝑥2−𝑦2)
2 −

3𝛼𝜋
2𝛼
𝑧2
2 𝜁𝐹𝑒

2 [cos𝜃+sin𝜃]2

4 (∆𝑧2)
2
 

]  

                                                           
6 An alternative way is to calculate the eigenvalues under the assumption of a magnetic field along the x-, y- or 

z-axis, resulting in the energy separation between the two levels, e.g. Ex for Bx≠ By=Bz=0. This has to coincide 

with the resonance condition h=gxxB=Ex from which the desired expression for gxx is obtained.[108-109] 
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In the case that ∆𝑥𝑧 ≫ 휁, the angle 휃 minimizes and the small-angle approximation can be applied for 

cos 휃, sin휃 and tan 휃 in Equations 5.7, 5.8 and 5.9. This way it is possible to show that the Equations 

5.14, 5.15 and 5.16 turn in to the equations for the non-degenerate case (Equation 5.2, 5.3 and 5.4). 

The fictitious angle 휃 can be computed from 𝛼𝜋
  and ∆𝑥𝑧(2B1[2b2(πy*)2b1(πx*)]) that were obtained 

from the CASSCF/NEVPT2 calculations (see Equations 5.7-5.9, page 141) and will be denoted by 휃𝑐𝑎𝑙𝑐 

in the following. However, when terms of quadratic order in energy (∆𝑛
−2) are neglected (it will be 

shown that these contributions are very small), Equation 5.16 allows to obtain 휃 directly from the 

experimental gzz-value. In the following, the angle derived from the experimental gzz-value will be 

denoted by 휃𝑒𝑥𝑝. 

2 arcsin (
𝑔𝑒 − gzz
2

) = 휃𝑒𝑥𝑝  5.17 

Using 휃𝑒𝑥𝑝 derived from the experimental gzz-value will avoid inaccuracies that might be introduced 

through the calculated excitation energy ∆𝑥𝑧(2B1[2b2(πy*)2b1(πx*)]) and the MO-coefficient 𝛼𝜋
  when 

calculating the spin-orbit coupling matrix element between the close lying 2B1 and 2B2 states. 

It is further seen in the formulas 5.14, 5.15 and 5.16 that not only gzz-depends on the low-lying 
2B1[2b2(πy*)2b1(πx*)] excited state. The gxx- and gyy-values are also affected by this excitation via the 

fictitious angle 휃, which is not the case in non-degenerate case (see Equations 5.2-5.4, page 139). 
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5.6.2. Resulting g-Values from Spin-Hamiltonian Expressions 

The CASSCF/NEVPT2 calculated excitation energies (Table 5.8) and MO-coefficients derived from the 

Loewdin orbital composition (Table 5.7) are used to calculate g-values with the equations 5.14-5.16. 

Further, a spin-orbit coupling constant 휁𝐹𝑒=578 cm-1 is used for iron(V).[131] Contributions by terms of 

the order ∆𝑛
−2 in equations 5.14-5.16 are small and therefore neglected in the following discussion 

(these are provided in Appendix 7.1.3, Table 7.1 and Table 7.2 page 209). 

In agreement with the experimental results, all three g-values obtained with 휃𝑐𝑎𝑙𝑐, 휃𝑒𝑥𝑝 and those 

calculated directly with the CASSCF/NEVPT2 method are smaller than ge=2.0023 (see Table 5.9.).  

Table 5.9: g-Values obtained with the derived Eq. 5.14- 5.16 calculated with calc (CASSCF/NEVPT2) and exp (obtained from 
experimental gzz-values). Further, g-values calculated directly by CASSCF/NEVPT2 and experimental results are provided. 

 LFT (휃𝑐𝑎𝑙𝑐) LFT (휃𝑒𝑥𝑝) NEVPT2/CASSCF experimental 

     gxx   gyy gzz     gxx gyy     g2   g3 g1     g2   g3 g1 

[FeV(N)cyc-ac]+     1.322   1.551 0.715     1.518 1.768     1.317   1.379 0.363     1.629   1.746 1.036 

[FeV(N)(N3)cyc]+     1.513   1.703 0.900     1.564 1.755     1.460   1.492 0.339     1.626   1.748 0.985 

[FeV(N)TMC-ac]+     1.528   1.802 1.117     1.432 1.690     1.540   1.561 0.406     1.547   1.677 0.919 

[FeV(N)TPP]     1.602   1.859 1.190     - -     1.629   1.714 0.687     1.539   1.802 (1) 

[FeV(O)TAML]–     1.760   2.044 1.634     1.779 2.058     1.931   2.021 1.648     1.97a   1.99a 1.74a 

[FeV(O)cyc-ac]2+     1.639   1.816 1.009     - -     1.507   1.556 0.621     - - - 

a: g-values taken from literature[76], all other values are from own measurements (see Chapter 5.4). 

 

General trends of the experimental g-values are reasonably well reproduced by the SH-equations with 

휃𝑐𝑎𝑙𝑐, however, the g-values are systematically underestimated. g-Values obtained directly from the 

CASSCF/NEVPT2 calculations also reproduce the general trends of the experimental results, however, 

they are also systematically to low. Making use of 휃𝑒𝑥𝑝 results in very good agreement between 

experimental and calculated gxx-/gyy-values (gzz calculated with 휃𝑒𝑥𝑝 is of course identical to the 

experimental gzz-value).  

Obviously the value used for 휃 has to be very accurate to obtain reasonable g-values with the SH-

equations. It was shown previously for the AlO molecule[205] that accurate prediction of low-lying 

excited states is necessary to reproduce experimental g-values precisely. This indicates that due to the 

dependence of 휃 on ∆𝑥𝑧(2B2) (see Equation 5.7/5.8, page 141), inaccurateness in this calculated low-

lying excitation significantly affects the g-values. By making use of 휃𝑒𝑥𝑝 (obtained from the 

experimental gzz-values) in equations 5.14-5.16, excellent agreement with the experimental g-values 

is obtained. 
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The individual contributions from different terms in Equation 5.14-5.16 are listed in Table 5.10 

obtained with 휃𝑐𝑎𝑙𝑐 and in Table 5.11 with 휃𝑒𝑥𝑝 obtained from the experimental gzz-value. 

Contributions by terms of the order ∆𝑛
−2 in equations 5.14-5.16 are provided in Appendix 7.1.3, Table 

7.1 and Table 7.2 page 209. Since these contributions are small they are neglected in the following. 

Table 5.10: Contributions to the g-values by different terms obtained with calc. 
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[FeV(N)cyc-ac]+ 0.883 0.117 1.533   -0.106  -0.111 0.006   -0.039  0.040 0.017   -1.287 

[FeV(N)(N3)cyc]+ 0.917 0.083 1.671   -0.058  -0.105 0.005   -0.017  0.032 0.018   -1.102 

[FeV(N)TMC-ac]+ 0.948 0.052 1.795   -0.165  -0.107 0.005   -0.039  0.025 0.020   -0.885 

[FeV(N)TPP] 0.957 0.043 1.830   -0.089  -0.142 0.004   -0.019  0.030 0.018   -0.812 

[FeV(O)TAML]– 0.991 0.009 1.968   -0.018  -0.195 0.005   -0.002  0.018 0.059   -0.368 

[FeV(O)cyc-ac]2+ 0.934 0.066 1.738   -0.015  -0.098 0.015   -0.004  0.026 0.056   -0.993 

 

Table 5.11: Contributions to the g-values by different terms obtained with exp. 
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[FeV(N)cyc-ac]+ 0.938 0.062 1.753   -0.131  -0.109 0.005   -0.034  0.028 0.021   -0.966 

[FeV(N)(N3)cyc]+ 0.930 0.070 1.724   -0.061  -0.105 0.005   -0.017  0.029 0.019  -1.017 

[FeV(N)TMC-ac]+ 0.920 0.080 1.683   -0.148  -0.109 0.005   -0.043  0.032 0.018   -1.083 

[FeV(O)TAML]– 0.996 0.004 1.985   -0.019  -0.191 0.004   -0.001  0.013 0.061   -0.262 

 

The values cos2 휃 and sin2 휃 indicate how much the low lying 2B2[2b2(πy*)2b1(πx*)] excited state 

with the excitation energy ∆𝑥𝑧 affects the g-values. For the TAML complex, the largest ∆𝑥𝑧 is calculated 

in the series of compounds which is clearly reflected in the very low value of sin2 휃. 

In the non-degenerate case, excitations of the unpaired electron into an empty orbital always cause a 

negative g-shift (gnn<ge) while excitations from a doubly occupied orbital into the singly occupied 

orbital cause a positive g shift (gnn>ge).[119-120] However, in a degenerate perturbation theory treatment 

as it is outlined here, this is not the case anymore. The term that arises from the perturbation sum 

which includes the excitation ∆𝑧2[2b2(πy*)4a1(z*/dz²)] in the denominator causes a positive 

contribution to the gyy-value (see Table 5.10 or Table 5.11), even it is an excitation from the SOMO to 

an empty orbital. 
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Dependence of the g-values on the low-lying 2B1[2b2(πy*)2b1(πx*)] excited state 

As seen in Equations 5.7-5.9, cos 휃 and sin 휃 are functions of the fraction απ
2ζFe/∆xz(2B1). The 

nominator results from the reduced spin-orbit coupling matrix element between the nearly 

degenerate states 2B2[(dxy)2(πy*)1] (ground state) and 2B1[(dxy)2(πx*)1] (first excited state), while the 

denominator is the energetic (rhombic) splitting of these two states. Given that both contributions are 

at the same order of magnitude (vide supra), small changes in the rhombic splitting can have notable 

effects on cos 휃 and sin 휃, and therefore on the g-values. These changes can be caused by Jahn-Teller 

distortion or simply result from a non-symmetric coordination environment (the ligand system). 

Understanding the influence of the low-lying 2B1[2b2(πy*)2b1(πx*)] excited state on the g-values is 

important to interpret EPR-spectra of the present complexes properly and to transfer the findings on 

more complex biological or industrial systems for which the species studied here might serve as model 

complexes. Therefore, this effect will be explored in more detail for the [FeV(N)cyc-ac]+ complex. 

Analysis of the g-values as a function of the lowest excited state is easily done by varying the excitation 

energy ∆𝑥𝑧(2B1) in Equations 5.14-5.16 while keeping all other parameters constant to the 

CASSCF/NEVPT2 calculated values for the remaining excitations. Further, in the CASSCF/NEVPT2 

calculations the diagonal element of the spin-orbit coupling matrix for the 2B1(∆𝑥𝑧) excited state is 

varied stepwise in the range 300 cm-1-5000 cm-1. g-Values as a function of 2B1(∆𝑥𝑧) are shown in Figure 

5.20, the experimental g-values are indicated by grey dashed lines. The upper x-axis (sin2 휃x100) 

indicates the contribution of the lowest excited state via spin orbit coupling on the ground state (cf. 

Equation 5.6). 

 

Figure 5.20: Dependence of the g-values on ∆xz , obtained by SH-equations (solid lines) and CASSCF/NEVPT2 
calculations (squares) for the [FeV(N)cyc-ac]+ complex. Experimental g-values are indicated by grey dashed lines. 
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The plot in Figure 5.20 demonstrates a steep dependence of all three g-values on ∆𝑥𝑧 for small 

excitation energies (∆𝑥𝑧(2B1)<1500 cm-1). Traces for the SH-formulas 5.14-5.16 and the more 

sophisticated CASSCF/NEVPT2 calculations run very parallel and gzz- and gyy-values obtained from the 

CASSCF/NEVPT2 calculations are systematically smaller than those obtained from the SH-equations. 

The gxx-values obtained from the CASSCF/NEVPT2 calculations are systematically larger than those 

obtained from the LFT-expressions and agreement between both approaches is generally slightly 

inferior than for the gyy- and gzz-values. This is probably a result of the much more accurate 

incorporation of covalency in the quantum chemical calculations. In deriving the SH-equations, several 

ligand-metal and ligand-ligand overlap integrals were neglected, in particular for the expressions for 

gxx (this can be seen by detailed inspection of the calculated orbital Zeeman terms provided in 

Appendix 7.1.1, page 205 and the applied approximations). 

The curve for the gzz-value obtained by the CASSCF/NEVPT2 method reveals that at ∆𝑥𝑧 ≈ 800 cm-1 

best agreement between the experimental and calculated gzz-value is found, hence, ~460 cm-1 above 

the calculated value of 340 cm-1 (see Table 5.8, page 136). For gxx and gyy best agreement is found at 

~600 cm-1/700 cm-1, hence, 260 cm-1/360 cm-1 above the calculated excitation energy, respectively. 

This demonstrates that the calculated ∆𝑥𝑧(2B1) value is only few hundred wave numbers to low. Hence, 

the absolute deviation is a very small, beyond the accuracy of the CASSCF/NEVPT2 method, however, 

since the excitation energy itself is very small the relative deviation is large. 

g-Values obtained directly from the CASSCF calculations as well as those obtained with the SH 

expressions and 휃𝑐𝑎𝑙𝑐 are underestimated (see Table 5.9), which also indicates that the lowest 

excitation energy ∆𝑥𝑧(2B1) calculated by CASSCF/NEVPT2 is underestimated by very few hundred wave 

numbers.  

On the other hand, it should be also noted that minor changes in the calculated spin-orbit coupling 

matrix element between the low lying 2B2 and 2B1 states will have a similar effect on the g-values. 

Overestimating the spin-orbit coupling matrix element will result in smaller g-values. By determining 

휃𝑒𝑥𝑝 from the experimental gzz-value, both potential sources of inaccuracy are circumvented. 

 

Previously reported experimental g-values for the [FeV(O)TAML]– complex are significantly larger than 

those presented here for the tetragonal nitrido-iron(V) complexes (see Table 5.9).[76] This is completely 

in line with the just demonstrated dependence of the g-values on the low-lying 2B1[2b2(πy*)2b1(πx*)] 

excitation. This excitation is calculated to be much higher in energy for the [FeV(N)TAML]– complex 

when compared to the nitrido-species (see Table 5.8), resulting in a smaller g-shift and larger g-values. 
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g-Values of oxo- versus nitrido-complexes 

The electronic structure of nitrido-iron(V) and oxo-iron(V) complexes was studied computationally in 

Chapter 5.5.2. Given that analog oxo- and nitrido-complexes with identical ligand systems do not exist, 

the hypothetical species [FeV(O)cyc-ac]2+ was included in the calculations, which is the oxo-analog of 

the experimentally studied complex [FeV(N)cyc-ac]+. The CASSCF/NEVPT2 calculations have 

demonstrated stronger covalency in the nitrido complexes that further affects the excitation energies 

(see discussion in Chapter 5.5.2). g-Values for the nitrido-complex [FeV(N)cyc-ac]+ were calculated as 

1.317, 1.379 and 0.363 and for the oxo-complex [FeV(O)cyc-ac]2+ as 1.507, 1.556 and 0.621, 

respectively. Hence, in the calculations the g-values for the oxo-iron(V) complex appear to be larger 

than for the nitrido-iron(V) complex. However, in the antecedent section it was shown that the 

g-values strongly depend on the lowest excited state 2B1[2b2(πy*)2b1(πx*)] which was calculated to 

be 340 cm-1 for the nitrido and 627 cm-1 for the oxo-complex. This is in line with the analysis on the 

previous pages that has shown that a lower ∆xz(2B1) excitation energy results in smaller g-values. In the 

antecedent section it was further demonstrated that the derived Equations 5.14-5.16 provide a good 

basis for analyzing the g-values. Differences in the g-values for the nitrido-iron(V) and oxo-iron(V) 

complexes, therefore, can be compared in terms of the derived equations. For the analog complexes 

[FeV(N)cyc-ac]+ and [FeV(O)cyc-ac]2+ g-values are plotted as a function of the lowest excitation ∆xz in 

Figure 5.21, which allows to compare the resulting g-values independent of ∆xz. All other parameters 

in Equations 5.14-5.16 were kept to the calculated values provided in Table 5.7 and Table 5.8. Selected 

points of the shown curves are provided in Table 5.12 and Table 5.13 for the nitrido- and oxo-complex, 

respectively, including the individual contributions by various terms in the Equations 5.14-5.16. 

 
Figure 5.21: Dependence of the g-values for the [FeV(N)cyc-ac]+ and [FeV(O)cyc-ac]2+ complexes on the 

2B1[2b2(πy*)2b1(πx*)] excited state. 

The gyy-values for both complexes turn out to be very similar, which is rather unexpected. The gyy-value 

significantly depends on the ∆xy(2A2) excitation energy and contributions from the ∆z²(22A1) and ∆x²-

y²(12A1) excitations mainly cancel out (see Table 5.12 and Table 5.13). However, the 
2A2[1a2(dxy)2b2(πy*)] excited state was calculated to be much higher in energy for the nitrido- than 
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for the oxo-complexes (see Table 5.8). Therefore, a significantly larger gyy-value would be expected for 

the nitrido-complex as it is seen in the ∆xy contribution to gyy in Table 5.12 and Table 5.13, respectively. 

However, this effect is cancelled out via the 𝑔𝑒 cos
 2휃 term which is larger for the nitrido-complex due 

to the higher degree of covalency, resulting in very similar gyy-values for the oxo- and nitrido-

complexes. 

The most significant difference between the oxo- and nitrido-complexes can be seen in the gxx-values 

in Figure 5.21, that are slightly smaller for the nitrido- than for the oxo-complex. This g-value is mainly 

affected by the 12A1[2b2(πy*)3a1(dx²-y²)] (∆x²-y²) and 22A1[2b2(πy*)4a1(dz²)] (∆z²) excitations. The 22A1 

excited state was calculated to appear only slightly higher in energy for the oxo-complex (23845 cm-1) 

when compared to the nitrido-complex (16959 cm-1) while the 12A1 excited state was calculated to 

appear at much higher energy for the oxo-complex (23683 cm-1) than for the nitrido-complex 

(2653 cm-1). As can be seen in Table 5.12 and Table 5.13, the negative g-shift caused by 12A1(∆x²-y²) on 

gxx, which is not compensated by the𝑔𝑒 cos
 2휃 term that is larger for the nitride, results in a smaller 

gxx-value for the nitrido-complex. 

Table 5.12: Contributions for selected points from the curve shown in Figure 5.21 for [FeV(N)cyc-ac]+. 
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500 1.737 -0.130 -0.109 0.005 -0.035 0.029 0.020 -0.996 1.503 1.751 1.005 

1000 1.925 -0.160 -0.103 0.004 -0.022 0.015 0.025 -0.552 1.665 1.942 1.448 

1500 1.967 -0.170 -0.100 0.003 -0.016 0.010 0.027 -0.376 1.699 1.987 1.624 

2000 1.982 -0.175 -0.098 0.002 -0.012 0.007 0.027 -0.284 1.711 2.004 1.716 

2500 1.989 -0.178 -0.097 0.002 -0.010 0.006 0.028 -0.228 1.716 2.012 1.772 

3000 1.993 -0.180 -0.097 0.001 -0.009 0.005 0.028 -0.190 1.718 2.017 1.809 

3500 1.996 -0.181 -0.096 0.001 -0.007 0.004 0.028 -0.163 1.720 2.021 1.836 

4000 1.997 -0.182 -0.096 0.001 -0.007 0.003 0.029 -0.143 1.720 2.023 1.857 

 

Table 5.13: Contributions for selected points from the curve shown in Figure 5.21 for [FeV(O)cyc-ac]2+. 
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500 1.625 -0.014 -0.100 0.016 -0.004 0.032 0.050 -1.168 1.528 1.703 0.834 

1000 1.884 -0.018 -0.095 0.011 -0.003 0.017 0.066 -0.677 1.782 1.963 1.325 

1500 1.947 -0.019 -0.092 0.008 -0.002 0.011 0.071 -0.467 1.844 2.027 1.535 

2000 1.971 -0.020 -0.090 0.007 -0.002 0.008 0.074 -0.354 1.867 2.051 1.647 

2500 1.982 -0.021 -0.089 0.005 -0.001 0.006 0.076 -0.285 1.878 2.063 1.717 

3000 1.988 -0.021 -0.088 0.005 -0.001 0.005 0.077 -0.238 1.883 2.069 1.763 

3500 1.992 -0.021 -0.088 0.004 -0.001 0.004 0.078 -0.205 1.887 2.073 1.797 

4000 1.994 -0.021 -0.087 0.004 -0.001 0.004 0.078 -0.179 1.889 2.075 1.822 
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The gzz-value only depends on the 2 sin 2휃𝑐𝑎𝑙𝑐 term, that via 휃 only depends on the spin orbit coupling 

matrix element between the close lying states 2B2 and 2B1 and the excitation energy ∆xz(2B1) as can be 

seen in Equation 5.8. Since covalency is larger in the nitrido-complex, the spin-orbit coupling matrix 

element between the two close lying states is smaller for the nitride resulting in a smaller 2 sin 2휃𝑐𝑎𝑙𝑐 

term for the nitride when compared to the oxide (given that identical values for ∆xz are used). For the 

same reason 𝑔𝑒 cos
 2휃 is larger for the nitrido-complex when compared to the oxo-complex (see 

Equation 5.7 and the resulting values in Table 5.12 and Table 5.13). 

 

 

A recent study has shown that significant differences can be found in the reactivity of nitrido-iron(V) 

and oxo-iron(V) complexes.[250] However, as demonstrated in the present chapter, only small variations 

between these two species are found in their g-values, based on differences in the excitation energies 

and the covalency effects. These differences between the oxo- and nitrido-complexes cancel out to a 

large degree in the resulting g-values. Hence, distinguishing the oxo and nitrido species solely based 

on X-Band EPR measurements might be challenging as long as hyperfine coupling is not properly 

resolved. Within the present work attempts were also made to use more advanced EPR techniques 

(ENDOR, HYSCORE, ESEEM), however, these experiments were unfortunately not successful. 
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5.7. The Complex [FeV(O)(TMC(NC(O)CH3)]+ 

In 2012 the tetragonal oxo-iron(V) complex [FeV(O)(TMC)(NC(O)CH3)]+ was published by the group of 

Lawrence Que (see Scheme 5.3).[77] The complex features an acetylimido ligand that was formed upon 

oxidation of a coordinate acetonitrile solvent molecule in the [FeIV(O)(TMC)(MeCN)]2+ species (this 

iron(IV) complex will be discussed in detail in Chapter 6). 

 
Scheme 5.3: FeVO complex published by Que et al.[77] 

Interestingly, the g-values 1.971, 2.010 and 2.053 for this complex significantly differ from those that 

were recorded for the tetragonal nitrido-iron(V) complexes (see Chapter 5.1) and the previously 

published [FeV(O)TAML]– complex. They do further not show the g1,g2<ge<g3 pattern expected for a 

(xy)2(yz)1 electronic configuration with Equation 5.2-5.4. In the present chapter, the electronic 

structure and resulting g-values will be analyzed and compared with tetragonal iron(V) complexes 

discussed in the previous chapters. 

 

5.7.1. Electronic Structure Calculations 

Previously published DFT-calculations on the [FeV(O)(TMC)(NC(O)CH3)]+ complex already revealed, that 

the electronic structure is more complex and delocalized than for other iron(V) complexes. The need 

of including an iron(IV) resonance structure with a ligand based radical for a balanced description of 

the electronic structure was also discussed.[77] Therefore, a large active space for the CASSCF 

calculations is chosen to consider as accurate as possible the delocalization and to calculate excited 

states and spectroscopic parameters properly.All iron 3d-orbitals, the 2p orbitals of the oxo-ligand, the 

nitrogen 2px- and 2py-orbitals of the acetylimido ligand and the bonding combination of the cyclam 

nitrogen lone-pairs in the equatorial plane (Neq) with the iron dx²-y²-orbital were included. This results 

in an active space of 15 electrons in 11 orbitals. Coordinates were used, that are provided in the 

literature from a structure optimized at the BP86/6-311G level of theory.[77] Active space orbitals from 

a SA-CASSCF(15,11) calculation over 3 roots are shown in Figure 5.22 and the Loewdin orbital 

composition is provided in Table 5.14. 

The plot demonstrates strong covalency and incorporation of the acetylimido nitrogen 2p-orbitals in a 

delocalized π-system within the linear [O=Fe=N]-group. This results in a bonding combination without 

nodal plane (πx, πy), a linear-combination with one nodal plane (πx*, πy*) and a linear-combination with 

two nodal planes (πx**/dxz, πy**/dyz). All of these π-orbitals can be found in the orbital plot, even not 

all orbitals are equally delocalized over the N-, Fe- and O-atoms (see Figure 5.22 and Loewdin orbital 

composition in Table 5.14). 
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Figure 5.22: Active space orbitals from SA-CASSCF(15,11)/3 roots calculation on [FeV(O)(TMC)(NC(O)CH3)]+ and 
outlined ground state electronic configuration. Hydrogen atoms are omitted for clarity. 

Table 5.14: Loewdin orbital composition from SA-CASSCF(15,11)/3 roots calculation and MO-coefficients. 

 Loewdin orbital composition   MO-coefficients 

MO Fe O N Neq C O’  Fe O N Neq C O’ 

 [%] [%] [%] [%] [%] [%]        

1a1 (σz/pz) 31 65      0.57 0.82     

1b2 (πy) 32 65     𝛼′′𝑦𝑧/𝛽′′𝑦
𝑂  0.57 0.82     

1b1 (πx) 35 59 1    𝛼′′𝑥𝑧/𝛽′′𝑥
𝑂 0.61 0.78 0.12    

1a2 (dxy) 98       1      

2a1 (σeq) 19   14    0.51   0.43   

2b2 (πy*) 7 0 63 0 13 8 𝛼′′𝑦𝑧/𝛽′′𝑦
𝑂/𝛽′′𝑦

𝑁  0.27  0.83  0.38 0.29 

2b1 (πx*) 24 22 43  5  𝛼′𝑥𝑧/𝛽′𝑥
𝑂/𝛽′𝑥

𝑁  0.50 0.48 0.68  0.23  

3b2 (πy**) 68 27 2    𝛼𝑦𝑧/𝛽𝑦
𝑂/𝛽𝑦

𝑁 0.84 0.53 0.16    

3b1 (πx**) 46 12 34  4  𝛼𝑥𝑧/𝛽𝑥
𝑂/𝛽𝑥

𝑁 0.69 0.35 0.59  0.20  

3a1 (dx²-y²) 88   2   𝛼𝑥2−𝑦2/𝛽𝑒𝑞  0.96  0.15    

4a1 (dz²) 67 24 3    𝛼𝑧2/𝛽𝑧
𝑂 0.86 0.51     

As it was the case for the already discussed oxo-iron(V) complexes (see Chapter 5.5), the singly 

occupied orbital is an iron-oxo πy**-orbital of b2-symmetry (in C2V) which is mainly derived from the 

metal dyz-orbital. The corresponding unoccupied πx**-orbital (3b1) is mainly derived from the metal 

dxz-orbital but the acetylimido nitrogen px-orbital also contributes significantly (34%, see Table 5.14). 

The 2b1(πx*) and 2b2(πy*) orbitals are mainly derived from the acetylimido nitrogen atom, the 1b1(πx) 

and 1b2(πy) orbitals are mainly derived from the mono atomic oxo-ligand. Describing the metal center 

as iron(V), (dxy)2(dyz)1 with an bis-anionic acetylimido ligand is therefore fully consistent with the orbital 

picture provided in Figure 5.22 and the Loewdin orbital composition in Table 5.14, even the electronic 

structure is partially delocalized. 
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SA-CASSCF(15,11)/NEVPT2 calculations were also performed with 40 roots to obtain one-electron 

excitation energies. The results that are summarized in Table 5.15 reveal some clear differences when 

compared to the tetragonal oxo-iron(V) complexes [FeV(O)TAML]–, [FeV(O)cyc-ac]2+ or the nitrido-

iron(V) complexes discussed in Chapter 5.5.2. 

Table 5.15: Excitation energies from SA-CASSCF(15,11)/NEVPT2 calculation with 40 roots on the 
[FeV(O)TMC(NC(O)CH3]+ complex. 

dd-
transitions 

12A1 

[3b2(dyz)3a1(dx²-y²)] 

12B1 

[3b2(dyz)3b1(dxz)] 

12A2 

[1a1(dxy)3b2(dyz)] 

22A1 

[3b2(dyz)4a1(dz²)] 

 [cm-1] [cm-1] [cm-1] [cm-1] 

 6369 7573 18825 19224 

LMCT-
transitions 

22B1 

[2b1(πx*)3b2(dyz)] 

12B2 

[2b2(πy*)3b2(dyz)] 

32B1 

[1b1(πx)3b2(dyz)] 

22B2 

[1b2(πy)3b2(dyz)] 

 [cm-1] [cm-1] [cm-1] [cm-1] 

 10966 15193 23852 23234 

While for the iron(V) complexes discussed in Chapter 5.5 a very low lying 2B1[3b2(dyz)3b1(dxz)] excited 

state was calculated, the lowest excited state for the complex [FeV(O)TMC(NC(O)CH3]+ is predicted to 

be the 12A1[3b2(dyz)3a1(dx²-y²)] state. This state is separated from the 2B2 ground state by 6369 cm-1, 

hence, the ground state is far off from being degenerate. The 2B1[3b2(dyz)3b1(dxz)] state is calculated 

to be the second lowest excited state (7573 cm-1), which was calculated to be the lowest excited state 

for the iron(V)-complexes discussed in Chapter 5.5.2. This demonstrates that the present complex is 

fare off from being C4-symmetric which was already concluded by Que et al. based on the x/y 

anisotropy of the 57Fe and 17O A-tensor.[77] The 12A2[1a1(dxy)3b2(dyz)] excited state was calculated to 

be 18825 cm-1, which is at the same order of magnitude as it was calculated for the nitrido-iron(V) 

complexes in Chapter 5.5.2 (see Table 5.8, page 136) and significant higher in energy when compared 

to the oxo-iron(V) complexes [FeV(O)cyc-ac]2+ (8764 cm-1) and [FeV(O)TAML]– (12016 cm-1). It can, 

therefore, be concluded that the π(FeO)-bond in the [FeV(O)TMC(NC(O)CH3]+ complex is as strong as 

the π(FeN)-bond in the nitrido-iron(V) complexes, and stronger than in the oxo-iron(V) complexes 

[FeV(O)TAML]– and [FeV(O)cyc-ac]2+ (see discussion in Chapter 5.5.2). 

Another remarkable difference are low lying LMCT transitions from the π-orbitals of the [O-Fe-N] unit 

into the SOMO; 22B1[2b1(πx*)3b2(dyz)], 32B1[1b1(πx)3b2(dyz)], 12B2[2b2(πy*)3b2(dyz)] and 

22B2[b2(πy)3b2(dyz)], respectively (see Table 5.15). As these are LMCT-transition, they are expected 

to show significantly higher intensity in the absorption spectrum than the d-d-transitions. Indeed, two 

absorption bands were observed in the experimental spectrum at 12821 cm-1 and 24390 cm-1 which is 

in reasonable agreement with the calculations (see Table 5.15).[77] Given that the LMCT-transitions 22B1 

and 32B1 can couple with the 2B2-ground state via spin-orbit coupling (B1⨂A2⨂B2=A1, where A2 is the 

irreducible representation for a rotation with respect to the z-axis), they contribute to the shift of the 

g-value from ge. Hence, they have to be taken into account in the interpretation of the gzz-value as will 

be shown in the following section. 
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5.7.2. Interpretation of the g-Values 

Quantum chemical calculation (vide supra) on the complex [FeV(O)TMC(NC(O)CH3]+ have revealed that 

not only the oxo-ligand, but also the acetylimido ligand is covalently bond to the iron center. This has 

to be considered in the definition of molecular orbitals used in Equation 2.16 to derive expressions for 

the g-values. 

As mentioned in the discussion of the electronic structure, LMCT-transitions with the appropriate 

symmetry (here 22B1[πx*dyz] and 32B1[πxdyz]) contribute to the g-value, in the present case to gzz. 

With Equation 2.16 and by taking into account LMCT-transitions, the following expressions are 

obtained for the g-values. 

𝑔𝑥𝑥 = 𝑔𝑒 −
2𝜁𝐹𝑒𝛼𝑦𝑧
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It should be noted for gzz that the contributions from the LMCT-states 22B1 and 32B1 are of opposite 

sign than the contribution of the dd-excited state 12B1. 

g-Values obtained from Equations 5.19a-c with calculated MO-coefficients (Table 5.14) and excitation 

energies (Table 5.15) as well as those directly obtained from the CASSCF/NEVPT2 calculations are 

summarized in Table 5.16 together with the reported[77] experimental results. 

Table 5.16: g-Values obtained from SH-equations, CASSCF/NEVPT2 calculations and 
experimental ones taken from literature.[77] 

 gxx gyy gzz 

LFT (Eq. 5.19) 
1.774 2.045 1.954 

(1.926)a 

CASSCF/NEVPT2 1.955 2.006 1.962 

experimental[77] 1.971 2.053 2.010 

a: Without LMCT-transitions 

𝜓𝑥𝑦 ≈ |𝑑𝑥𝑦〉 

𝜓𝑥𝑧 ≈ 𝛼𝑥𝑧|𝑑𝑥𝑧〉 − 𝛽𝑥
𝑂|𝑝𝑥

𝑂〉 + 𝛽𝑥
𝑁|𝑝𝑥

𝑁〉 

𝜓𝑦𝑧 ≈ 𝛼𝑦𝑧|𝑑𝑦𝑧〉 − 𝛽𝑦
𝑂|𝑝𝑦

𝑂〉 + 𝛽𝑦
𝑁|𝑝𝑦

𝑁〉 

𝜓𝑥2−𝑦2 ≈ 𝛼𝑥2−𝑦2|𝑑𝑥2−𝑦2〉 + 𝛽𝜎(|𝑝𝑥
3〉 − |𝑝𝑥

1〉 + |𝑝𝑦
2〉 − |𝑝𝑦
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𝜓𝑧2 ≈ 𝛼𝑧2|𝑑𝑧2〉 − 𝛽𝑧|𝑝𝑧
𝑂〉  
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5.18b 
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5.18e 

5.18f 

5.18g 
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g-Values obtained from the CASSCF/NEVPT2 calculations are systematically underestimated but still in 

reasonable agreement with the experimental g-values. Equations 5.19a-c also underestimate the g-

values, but general trends are reasonably well reproduced. Deviations, especially for gxx, might result 

from the rather simple description of covalency in the SH-expressions. For gzz a g-value of 1.954 is 

obtained while it is 1.926 if the LMCT-transitions are neglected (see Table 5.16). This reflects the 

positive g-shift for gzz due to the low lying LMCT-transitions, even their effect is small within the chosen 

approach. The obtained value for gzz is still smaller than ge, however, qualitatively it is shown that the 

low-lying LMCT-transitions are presumably the reason why two g-values larger than ge were observed 

for the [FeV(O)TMC(NC(O)CH3]+ complex. 

Hence, due to the ground state that is fare of from being degenerate and the low lying LMCT-

transitions, observed g-values for the [FeV(O)TMC(NC(O)CH3]+ complex differ significantly from the g-

values observed for the tetragonal iron(V) species discussed in Chapter 5.6. 
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5.8. The Complex [FeV(N)(tBuIm)3BPh]+  7 

The first trigonal iron(V) complex [FeV(N)(tBuIm)3PhB]+ was synthesized in 2011 in the group of Karsten 

Meyer, and it is the only iron(V) complex characterized by X-ray crystallography so fare.[35] DFT-

calculations were performed earlier on this complex and additional CASSCF calculations performed 

here allow to compare this trigonal species with the tetragonal iron(V) complexes studied in this thesis. 

While the ligand systems for the tetragonal iron(V) complexes do not impose high symmetry, the tris-

carbene ligand shows nearly perfect three-fold symmetry. However, due to Jahn-Teller distortion the 

symmetry is lower than C3v.  

As it was done for the tetragonal iron(V) complexes, all d-orbitals and nitrido 2p-orbitals were included 

in the active space. Furthermore, linear-combinations of the equatorial carbene lone-pairs were 

included that would span a degenerated e-level within C3v-symmetry. In labeling the orbitals and 

excited states, lower symmetry of C2v-was assumed which will be justified by the calculations. Active 

space orbitals from this CASSCF(13,10) calculation are shown in Figure 5.23. 

 
Figure 5.23: Active space orbitals from SA-CASSCF(13,10) calculations with 2-roots on the [FeV(N)(tBuIm)3BPh]+ 

complex and outlined ground state electronic configuration.Hydrogen atoms are omitted. 

The three d-electrons are located in the dxy- and dx²-y²-derived orbitals that are non-bonding with 

respect to the iron-nitrido bond. In contrast to the tetragonal iron(V)-complexes, the antibonding π- 

and σ-orbitals derived from the metal dxz-, dyz- and dz²-orbitals are vacant which explains the stability 

                                                           
7 It should be noted here, that at the same time the complex was investigated by advanced EPR-techniques in 
combination with quantum mechanical calculations by Hoffman et al. and results were published very recent.[247] 
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of the trigonal iron(V) complex. As evident from the orbital plot and the Loewdin orbital composition 

provided in Table 5.17, the nitrido-iron bond is again strongly covalent. 

Table 5.17: Loewdin orbital compositions for [FeV(N)(tBuIm)3BPh]+ (SA-CASSCF(13,10)/2 roots)  

 
 1a1 

 (pz) 
 1b2 
 (py) 

 1b1 
 (px) 

 
 

2b1 
(NHC) 

  Fe N  Fe N  Fe L  Fe C C C 
popul.  51 47  50 48  51 47  24 26 26 0 

    

  2b2 
 (NHC) 

 
 

a2 
(dxy) 

2a1 
(dx²-y²) 

 3b1 
 (dxz) 

 3b2 
 (dyz) 

 3a1 
 (dz²) 

  Fe  C  C C  Fe N Fe  Fe N  Fe L  Fe L 
popul.  27  38  8 8  85 8 91  55 37 54 38 53 42 

Calculated one-electron excitation energies are provided in Table 5.18. In idealized C3v-symmetry, the 

complex would exhibit a degenerate 2E ground state. However, the calculations reveal a splitting of 

the lowest level about 4114 cm-1, hence, much larger than found for the tetragonal nitrido-iron(V) 

complexes (see Chapter 5.5). The complex is therefore considered as C2v-symmetric resulting in a 
2A2[(dx²-y²)2(dxy)1] ground state, separated from the lowest 2A1 excited state by 4114 cm-1. 

Table 5.18: Calculated excitations (NEVPT2/CASSCF(13,10)/20-roots) for the [FeV(N)(tBuIm)3BPh]+ complex 

 Calculations    Experimentala 
 energy fosc  energy  
 [cm-1] (x104)  [cm-1] [M-1 cm-1] 

2A1[2a1(dx²-y²)2a2(dxy)] 4114 0.1659    
2B1[2a2(dxy)3b1(dxz)] 19681 3.0003    
2B2[2a2(dxy)2b2(dyz)] 21063 5.9954  17762 1400 

22A1[2a2(dxy)3a1(dz²)] 22088 14.2601  22124 1500 

a: Experimental data taken from Ref.[35] 

Experimentally, absorption bands for the [FeV(N)(tBuIm)3PhB]+ complex were observed at 17762 cm-1 

and 22124 cm-1. This is in reasonable agreement with the NEVPT2/CASSCF calculations that predict the 

largest oscillator strengths (fosc) for the 2B2, 2B1 and 22A1 excited states, respectively. The calculated 

excitation energies further indicate that the dz²-, dxz- and dyz-orbitals are close in energy. 

g-Values were obtained from SA-CASSCF(13,10)/NEVPT2 calculations over 20 roots as 1.975, 1.976 and 

2.424, and are in good agreement with the experimental results g=1.98 and g||=2.30. Hoffman et al. 

have performed an in-depth analysis of these g-values including the effect of Jahn-Teller distortion[247] 

based on equations previously derived by Ammeter et al.[253,259-260]  

Clearly, the g-shift (deviation of the g-values from ge) for the trigonal nitrido-iron(V) complex is much 

smaller than for the tetragonal iron(V) species discussed in Chapter 5.6. This can be explained by the 

nearly degenerate ground state in the tetragonal complexes resulting in a large orbital momentum and 

a large g-shift, while Jahn-Teller distortion is large in the present trigonal nitrido-complex and therefore 

the ground state is significantly separated from other excited states. This results in a smaller orbital 

momentum and a smaller g-shift. Still, it was shown by Hoffman et al., that the g-values of the tris-

carbene complex are significantly affected by the lowest excited state,[247] as it was to a very large 

degree for the tetragonal iron(V) complexes as discussed in Chapter 5.6. 
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5.9. Decay of Tetragonal Nitrido-Iron(V) Complexes8 

Even through there are a few nitrido-iron(V) complexes reported in the literature, little is known about 

their reactivity.[25] In contrast, various reactions have been performed with nitrido-iron(IV) complexes, 

all of which possess a pseudo-tetrahedral geometry. For example, the addition of phosphines to form 

the corresponding phosphoraniminato complexes,[37,39,261] and the reaction with iso-nitriles and carbon 

monoxide.[51] Furthermore, dimerization of nitrido-iron(IV) complexes has been observed, resulting in 

an FeI-NN-FeI dimer.[37,52] For the sole nitrido-iron(V) complex that has been crystallographically 

characterized (a pseudo tetrahedral complex with tripodal N-heterocyclic carbene ligand, NHC) 

formation of ammonia from water was reported.[35] 

Studying the reactivity of tetragonal nitrido-iron(V) complexes is very challenging due to the fleeting 

nature of these species, which have been generated mainly at cryogenic temperatures in a solid solvent 

matrix. Reactivity towards C-H activation has been studied only in the gas phase, but no C-H activation 

was observed,[53] and evidence was found recently in room temperature time resolved IR 

measurements that these complexes react with phosphines.[54,262] 

Attempts were made to trap the nitrido-iron(V) complex [FeV(N)cyc-ac]+ chemically. EPR-samples were 

prepared including a large excess of potential trapping agents, and the samples were photolyzed to 

form the iron(V) complex as described in Chapter 5.4. By allowing the samples to thaw, reaction with 

the added reagent is expected. Chosen reagents were trimethylamine N-oxide (Me3NO), N-tertiary-

butyl nitrone (PBN) and triphenyl phosphane (PPh3). For a nitrido-iridium(IV) complex it was shown 

previously that oxygen transfer from Me3NO to the nitrido ligand yields the analog nitrosyl complex.[263] 

However, formation of the previously studied[264] nitrosyl complex [Fe(NO)cyc-a]+ from the nitrido-

iron(V) complex was not observed and the parent azido-iron(III) complex already undergoes not very 

well defined reactions with Me3NO. Due to the radical character of the nitrido-ligand (see discussion 

in Chapter 5.5.2), reactivity towards the spin-trapping reagent PNB was tested. Formation of the 

nitrido-iron(V) species in the presence of PBN was possible, however, after allowing the sample to 

thaw no EPR-signal was detected anymore. It is, therefore, assumed that only EPR-silent species are 

formed, either by reaction with PBN or via the decay mechanism that will be described in the following 

chapter. 

Finally, it was tried to react the nitrido-iron(V) complex with PPh3 as it was previously done in time 

resolved IR measurements.[56] Photolysis of the azido-iron(III) complex at cryogenic temperature in the 

presence of PPh3 resulted in the nitrido-iron(V) signal in the EPR-spectrum. After allowing the sample 

to thaw, various new signals were observed but the intensity of the spectrum was relatively low. The 

main feature might result from an high-spin iron(III) complex, however, due to the mixture of various 

species clear identification of the formed products was not possible.  

Due to the difficulties in trapping the nitrido-iron(V) complex [FeV(N)cyc-ac]+ chemically, only the self-

decay process of nitrido-iron(V) complexes in tetragonal coordination will be studied here, by allowing 

a sample of cryogenically trapped iron(V) to thaw. 

                                                           
8 This section is reprinted/adapted with permission from O. Krahe, E. Bill, F. Neese “Decay of Iron(V) Nitride 

Complexes By a N-N Bond-Coupling Reaction in Solution: A Combined Spectroscopic and Theoretical Analysis”, 
Angew. Chem. Int. Ed. 2014, 53, 8727. Copyright 2014 John Wiley & Sons, Inc 
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5.9.1. The Decay of Nitrido-Iron(V) Complexes Investigated by Mössbauer 

Spectroscopy 

In Chapter 4.5.3 (page 84) it was demonstrated by Mössbauer spectroscopy that the high-valent 

complex [FeV(N)cyc-ac]PF6 can be obtained by preparative photolysis of the parent [FeIII(N3)cyc-ac]PF6 

complex. The Mössbauer sample, whose spectrum is shown in Figure 4.30, was prepared under an 

inert atmosphere of argon and was kept frozen with liquid nitrogen at all times. After the spectrum of 

the nitrido-iron(V) complex was recorded, the sample was again transferred to a Schlenk tube while 

keeping it frozen with liquid nitrogen. The sample was then again set under an inert atmosphere of 

argon and allowed to thaw. As soon as the sample was thoroughly melted, the sample was frozen once 

again with liquid nitrogen. The entire thaw/freeze process took about ~5 min. The Mössbauer spectra 

recorded after this thawing process are shown in Figure 5.24. 

 
Figure 5.24: Mössbauer spectra of the decay product of the nitrido-iron(V) complex 
recorded at 80K (top), at 4.2K and 1T applied magnetic field (middle) and at 4.2K 
and 7T applied field (bottom). The solid green and blue lines represent spin-
Hamiltonian simulations for the FeII-complex and the FeIII-species, respectively. 

The results of the fit are provided in Table 5.19 alongside the corresponding DFT calculated Mössbauer 

parameters (B3LYP/def2-TZVP/Fe:CP(PPP)). Clearly, the signal associated with the nitrido-iron(V) 

complex completely vanished and a new species with the Mössbauer parameters δ = 0.57 mm s-1 and 

∆EQ = +0.59 mm s-1 appears (compare spectra in Figure 5.24 with Figure 4.30). 
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Table 5.19: Mössbauer data from the simulation shown in Figure 5.24 and results from DFT calculations. 

 [FeII(MeCN)cyc-ac]PF6 FeIII(N3)cyc-ac]PF6 

 exp (87%) calc  exp (13%) calc 

δ [mm s-1] 0.57 0.54  0.27 0.26 

∆  [mm s-1] 0.59 +0.42  -2.7 -2.36 

η 0.42 0.41  0.40 0.27 

g-matrix    1.91, 2.26, 2.55  

Euler angles (α,β,γ)    12, -144, 0  

A /gNβN  [T]    -41.17, 34.98, -6.32  

Remarkably, the fraction of residual FeIIIN3 starting material remaining from incomplete photolysis 

(13%) was not affected by the thaw/freeze procedure. It can, therefore, be concluded that the 

nitrido-iron(V) complex does not oxidize the iron(III) precursor or undergo any other reaction with it. 

The moderate isomer shift and low quadrupole splitting of the new species are identical to the values 

obtained for the complex that did result from photolysis in solution (see Chapter 4.5.3, Figure 4.32). 

The performed Mössbauer measurements with applied magnetic field show once again, that the 

species is diamagnetic and must originate from low-spin iron(II), hence, the [FeII(MeCN)cyc-ac]PF6 

complex. 

Mössbauer and DFT results demonstrate that the [FeV(N)cyc-ac]+ complex decays differently in solution 

than in the gas phase. For the gas phase, only formation of iron(III) products have been detected in a 

study by Schröder et al. which was explained by intramolecular decomposition through ligand 

degradation.[53] 

In polar solutions (1mM in acetonitrile) collisions of complex cations are more likely than in low-

pressure gas atmosphere. Therefore, intermolecular reactions of the high-valent species might be 

favored over intramolecular decomposition. Then, the easiest conceivable way to transform the 

nitrido-iron(V) complexes to low-spin ferrous species is the direct coupling of two nitrides, which 

results in one equivalent of N2 and two low-spin iron(II) complexes (see Scheme 5.4). 

 

Scheme 5.4: Proposed decay pathway for tetragonal FeVN complexes. 

Interestingly, the formation of an low-spin iron(II) complex was observed previously, too, when the 

[FeV(N)N3cyc]ClO4 complex was allowed to thaw, however, the formation mechanism was not further 

investigated.[29] For this species the Mössbauer parameters δ= 0.55 mm s-1, ∆EQ= +0.72 mm s-1 were 

reported in the initial work by Meyer et al.[29] This species can be further confirmed to be the low-spin 

ferrous complex [FeII(N3)(MeCN)cyc]+ by DFT calculations, which yields Mössbauer parameters 

δ = 0.55 mm s-1, ∆EQ = +0.66 mm s-1, in very good agreement with the previously reported experimental 

results.[29] 

DFT calculations of the Mössbauer parameters were further performed for the dimeric complexes 

(N2)[FeII(cyc-ac)]2
2+ and (N2)[FeII(N3)(cyc)]2

2+ which yielded δ = 0.44 mm s-1, ∆EQ= +0.78 mm s-1 and 

η = 0.41 for the former and δ= 0.39 mm s-1, ∆EQ = +0.73 mm s-1 η = 0.21 for the latter. Hence, the 

agreement between the experimental and the calculated parameters for the monomeric iron(II) 
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complexes is better than between the experimental and the calculated Mössbauer values for the 

dimeric iron(II) complexes. In the coordinating solvent, it can be assumed that the weakly bond dimer 

immediately dissociates and the vacant coordination site is filled with a solvent molecule. This further 

supports the formulation of the iron(II) complexes detected by Mössbauer spectroscopy as 

[FeII(MeCN)cyc-ac]PF6 and [FeII(MeCN)(N3)cyc]ClO4. 

Therefore, a similar decay process can be assumed for the nitrido-iron(V) complexes [FeV(N)cyc-ac]PF6 

and [FeV(N)(N3)cyc]ClO4, where the complex is reduced to iron(II) in an six-electron redox process and 

the nitrido-ligand is replaced by an acetonitrile solvent molecule. 

 

 

5.9.2. Detection of the formed 15N2 by EI-MS 

Since it was shown by Mössbauer spectroscopy in combination with DFT calculations that the decay of 

the nitrido-iron(V) complexes [FeV(N)cyc-ac]+ and [FeV(N)(N3)cyc]+ results in the low-spin ferrous 

complexes [FeII(MeCN)cyc-ac]+ and [FeII(MeCN)(N3)cyc]+, it shall now be demonstrated what the 

underlying mechanism is. This can be proven by mass spectrometry via 15N-isotope labeling of the azide 

ligand. The proposed mechanism is outlined in Scheme 5.5 including expected 15N-isotope labeling. 

 
Scheme 5.5: Proposed decay pathway with 15N isotope labeling. 

In commercially available 15N-sodium azide that was used in the synthesis of the complexes, only one 

of the terminal nitrogen atoms is 15N-labeled. This results in an equal mixture of azido-iron(III) 

complexes where the terminal or the iron bond azido nitrogen atom is 15N-isotope labeled (Scheme 

5.5, left side). Photolysis then results in equal amounts of 15N- and 14N-nitrido-iron(V) as well as an 

equal mixture of 14N2 and 14N15N (Scheme 5.5, middle). Subsequent nitride coupling and decay of the 

resulting [FeII-NN-FeII]2+ intermediate during melting of the samples leads to the same N2 isotopes, 

albeit in different yields. However, in addition, doubly labeled 15N15N is generate upon dimerization of 

two FeV(15N) groups. Of the overall formed N2, 2/3 are obtained in the photolysis and 1/3 in the final 

decay of the FeV(N)-complexes (Scheme 5.5). The dimerization is the only possible means to form 
15N15N. The alternative pathway through N3

● radical coupling (2N3
●  3N2) is excluded as the absence 

of FeII photoproducts also rules out the formation of N3
● by reductive FeIII-N3 cleavage, that is, the 

reaction FeIIIN3  FeII + N3
● is not observed (see Mössbauer spectrum Figure 4.30, page 84). 
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To detect the formed 15N2 isotope electron ionization mass spectrometry measurements of the 

product gas phase were performed. In a glove box under argon atmosphere, 2 mM solutions of 

[Fe(15NN2)cyc-ac]PF6 and [Fe(15NN2)2cyc]ClO4 in acetonitrile were prepared and ~1 mL of the solution 

was filled in glass sample cells that were sealed with a septum. The samples were frozen with liquid 

nitrogen and photolyzed for 6h with 470 nm light. It was made sure that the sample was covered with 

liquid nitrogen during this process and the septum kept out of the nitrogen to avoid nitrogen/air 

diffusion into the cells. The samples were then allowed to thaw and the gas phase above the sample 

was transferred into the spectrometer via a gas tight syringe. The results of the measurements, the 

calculated isotope ratio and the natural abundance are shown in Table 5.20, the full data is provided 

in the appendix, including background measurements (page 210). 

Even it was not possible to purge the spectrometer completely from atmospheric N2 which did result 

in a lower yield of 15N-labeled material than calculated, the detected intensity of 3.9% 15N2 for 

[Fe(15NN2)cyc-ac]PF6 and 2.5% for [Fe(15NN2)2cyc]ClO4 is clearly above the natural abundance and 

above the detection limit. This demonstrates that N2 is formed via nitrogen coupling of two nitrido-

iron(V) complexes. 

 

 

5.9.3. DFT calculations on the Mechanism 

For a deeper understanding of the nitride-coupling pathway and its driving force, DFT calculations were 

performed. To show that the dimerization reaction is the energetically most favored pathway, 

conceivable reactions with the solvent (acetonitrile) were also investigated computationally. 

Structures were optimized with the BP86 functional in conjunction with the resolution of the identity 

(RI) approximation, the def2-TZVP basis set and the corresponding def2-TZV/J auxiliary basis set. The 

conductor like screening model (COSMO) was used to take into account solvent effects considering 

acetonitrile as the solvent which was used in the experiments. Furthermore, empirical van der Waals 

correction was used in all calculations. Reported energies were obtained by B3LYP calculations with 

the RIJCOSX approximation on the BP86 optimized structures. Thermal corrections were used from the 

BP86 frequency calculations. 

The results for the dimerization reactions are shown in Scheme 5.6. It is clear from the calculated Gibbs 

free energy that the dimerization is strongly exergonic. The newly formed N-N-bond in the dimeric 

intermediate shows a bond distance of 1.158 Å for [(cyc-ac)FeN-NFe(cyc-ac)]2+ and 1.161 Å for  

Table 5.20: Relative amounts of dinitrogen isotopes obtained from melting photolyzed samples of 
[Fe(15NN2)cyc-ac]PF6 and [Fe(15NN2)2cyc]ClO4. 

 Natural abundance calculated 
observed for 

[Fe(15NN2)cyc-ac]PF6 
observed for 

[Fe(15NN2)2cyc]ClO4 
 [%] [%] [%] [%] 

14N14N 99.2813 41.7 73.9 82.2 
14N15N 0.7174 50.0 22.2 15.4 
15N15N 0.0013 8.3 3.9 2.5 
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[(cyc)(N3)FeN-NFe(N3)(cyc)]2+, respectively, which is slightly longer than the calculated bond length of 

1.102 Å  for the free N2 molecule. 

In the coordinating acetonitrile solvent this intermediate is expected to be unstable. This is seen in the 

final step in Scheme 5.6 where the substitution of the dinitrogen molecule by acetonitrile is calculated 

to be exergonic about -54 kJ mol-1 and -55 kJ mol-1, respectively. 

 
Scheme 5.6: Calculated dimerization pathway for [FeV(N)cyc-ac]+ / [FeV(N)(N3)cyc]+, 
with the spin multiplicity of iron as nFe superscript and energies in kJ mol-1. 

Due to the change of the multiplicity during the dimerization reaction from a triplet to a singlet ground 

state it was not possible to locate a transition state for this reaction. Relaxed surface scans were 

performed along the nitride-nitride distance during the coupling reaction as shown in Figure 5.25. It is 

clearly seen for the triplet and singlet state that while shortening the N-N-distance the relative energy 

strongly decreases without any discernible barrier which would be characteristic for a transition state. 

  

Figure 5.25: Relaxed surface scan along the incipient N-N-bond on the triplet (blue) and singlet (red) surface 
for [FeV(N)cyc-ac]+ (left) and [FeV(N)(N3)cyc]+ (right). 

The scans further reveal a change of the spin state from triplet, for the two FeVN-fragments separated 

about 3 Å, to singlet in the dimer structure. Optimization of the dimers in the triplet state showed that 

the triplet is 66 kJ mol-1 higher in energy for the (N2)[Fe(cyc-ac)]2
2+ dimer and 89 kJ mol-1 higher in 

energy for the (N2)[Fe(N3)(cyc)]2
2+ dimer, relative to the corresponding singlet states. 
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As discussed in Chapter 5.5.2, the very covalent Fe-N bond in the nitrido-iron(V) complexes can be 

assumed to have the resonance forms FeV(SFe=1/2) N3–↔FeII(SFe=0)N●(SN=1/2). Based upon the 

nitride-radical resonance structure, the dimerization can be regarded as a radical coupling reaction 

that proceeds in a barrier-free fashion. The stability of the dimeric intermediate is likely due to the 

strong driving force for formation of a triple bond in the resulting dinitrogen molecule. However, in 

acetonitrile solution dissociation of the dimer followed by saturation of the vacant coordination site 

by a solvent molecule is expected and this was further calculated to be exergonic about 54 kJ mol-1/55 

kJ mol-1, respectively. 

Since the described reaction appears to process barrier-free and is extremely exergonic, competing 

reactions are very unlikely. This notion is in good agreement with the very clean formation of the 

iron(II) species from the [FeV(N)cyc-ac]PF6 complex observed in the Mössbauer measurements, which 

lacks any detectable side products (see Figure 5.24). To validate this assumption, DFT calculations were 

performed for possible reactions of the nitrido-iron(V) complex [FeV(N)cyc-ac]+ with the acetonitrile 

solvent. Intramolecular reactions are not considered here, since these would result in iron(III) 

complexes as shown in a mass spectrometry study by Schröder et al.[53] But the Mössbauer 

measurements (see Figure 5.24) reveal that a low-spin ferrous species is formed exclusively. 

The first considered reaction is the hydrogen-abstraction from an acetonitrile molecule resulting in an 

acetonitrile radical and an iron-imido complex. All possible spin states were considered in these 

reactions (Scheme 5.7). The transition state in the doublet spin state was calculated to be 133 kJ mol-1 

higher in energy than the starting molecule, and 14 kJ mol-1 lower in energy than the transition state 

in the quartet spin state (147 kJ mol-1). The calculated barrier of 133 kJ mol-1 seems to be too high to 

make H-abstraction feasible at room temperature. The overall reaction is further calculated to be 

endergonic about 48 kJ mol-1 for the imido-complex in its triplet ground state. All attempts to locate a 

transition state for a direct nitrogen insertion into the C-H-bond failed for all possible spin states. It 

can be concluded therefore that the H-abstraction from a solvent molecule is very unlikely. 

 

Scheme 5.7: Calculated C-H-activation pathway for [FeV(N)cyc-ac]+ from acetonitrile, 
with the spin multiplicity of iron as nFe superscript and energies in kJ mol-1. 

Another feasible reaction would be the attack of the acetonitrile nitrogen on the nitrido nitrogen (see 

Scheme 5.8). Even throughout the reaction is calculated to be slightly exergonic, about -5 kJ mol-1 for 
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the product in the doublet state, the barrier lowest in energy is calculated to be 102 kJ mol-1. Again, 

this seems to be too high to allow this reaction thermally. 

 

Scheme 5.8: Calculated coordination of acetonitrile on [FeV(N)cyc-ac]+, with the 
spin multiplicity of iron as nFe superscript and energies in kJ mol-1. 

 

In this chapter, it was shown by Mössbauer spectroscopy that the nitrido-iron(V) complexes exclusively 

form iron(II) low-spin complexes. By mass spectrometry and 15N-isotope labeling it was verified that 

the underlying mechanism is a nitride coupling that results in the formation of dinitrogen. This was 

further supported by DFT-calculations of the proposed mechanism, and possible side reactions with 

the acetonitrile solvent which can be ruled out due to the very high reaction barriers calculated. 

The dimerization, which could be described as an “inverse” of the Haber-Bosch reaction, is very fast 

and exergonic and the reaction equilibrium is strongly on the dinitrogen side. It will, therefore, be 

challenging to push it to the nitride side for possible ammonia formation or N-functionalization of 

substrates from dinitrogen. Still, the results provide interesting insight in the reactivity of tetragonal 

nitrido-iron(V) complexes. 

It should be noted here as well, that the shown results also impact the understanding of the photolysis 

of the azido-iron(III) complexes in solution. It is clear now that upon photolysis of Mössbauer samples 

in solution, it will not be possible to detect the formation of nitrido-iron(V) complexes. They would 

decay immediately resulting in the discussed iron(II) species which are also obtained when the initial 

photochemical reaction involves homolytic cleavage of the Fe-N3 bond. Hence, more sophisticated 

experimental techniques, such as the time resolved IR measurements discussed in Chapter 4.5.3, are 

necessary to investigate the formation of nitrido-iron(V) complexes in solution. 

Furthermore, the data presented here as well as the results discussed in Chapter 4.5.3 reveal that the 

identical iron(II) complexes [FeII(MeCN)cyc-ac]+ and [FeII(MeCN)(N3)cyc]+ can be formed in various 

ways. i) By photolysis in solution ii) by electrochemical one-electron reduction iii) via the decay of the 

related nitrido-iron(V) complexes. All of these transformations result in the same low-spin ferrous 

complexes. 

 

 



168 Nitrido- and Oxo-Iron(V) Complexes 
  

  

 

 

5.10. Discussion and Conclusions 

In this chapter, iron(V) complexes were investigated by means of experimental and computational 

methods. Besides the tetragonal nitrido-iron(V) complexes that were studied experimentally in the 

present thesis, the computational survey also included previously reported oxo-iron(V) complexes for 

comparison. 

The combined results from previously published Mössbauer and resonance Raman experiments with 

DFT calculations unequivocally demonstrated that the complex [FeV(N)(N3)cyc]+ and a series of nitrido-

iron(V) porphyrin complexes have a low-spin S=1/2 ground state, and not a S=3/2 ground state as 

initially assumed.[9,40,46] This result is highly crucial for the understanding of the electronic structure 

and spectroscopic parameters of these complexes. 

For the previously described tetragonal nitrido-iron(V) complexes [FeV(N)cyc-ac]+, [FeV(N)(N3)cyc]+, 

[FeV(N)TPP] and the new complex [FeV(N)TMC-ac]+ it was possible to record EPR-spectra for the first 

time. All four complexes show nearly axial spectra (g1<g2≈g3<ge) with all g-values smaller than ge. Given 

that one g-value larger than ge is usually expected for these low-spin d3-complexes with the electron 

configuration (dxy)2(dyz)1, at first sight the g-values appear to be counterintuitive. It was further shown 

by EPR-spectroscopy that the complex [FeV(N)TMC-ac]+ obtained by photolysis of the parent azido-

iron(III) complex in frozen solution is stable in fluid solution. However, photolysis of the azido-iron(III) 

complex directly in fluid solution did not yield the nitrido-iron(V) species which demonstrates the 

notable effect of the state of aggregation on the photochemical reactions. 

Even the used ligand systems are not genuinely symmetric, CASSCF/NEVPT2 calculations have revealed 

that all tetragonal nitrido-iron(V) complexes exhibit a nearly degenerate 2B2[(dxy)2(πy*/dyz)1] ground 

state separated from the 2B1[(dxy)2(πx*/dxz)1] first excited state only by a few hundred wave numbers. 

Within the framework of quasi degenerate perturbation theory (QDPT) spin-Hamiltonian equations 

were derived for the g-values, taking into account the near degeneracy and large covalency of the 

studied iron(V) complexes. These expressions show that the very low-lying excited state 
2B1[2b2(πy*)2b1(πx*)] gives rise to the experimentally observed small g-values (gx,gy,gz<ge) and 

further demonstrate the strong dependence of the g-values on this low-lying excited state. By inclusion 

of the hypothetical oxo-iron(V) complex [FeV(O)cyc-ac]2+ in the calculations and the detailed spin-

Hamiltonian analysis of the g-values, it was shown that there are only subtle variations in the g-values 

for analog oxo- and nitrido-complexes. These result from differences in the excitation energies and 

covalency effects. 

The experimental g-values and calculated electronic structure for all tetragonal nitrido-iron(V) 

complexes are very similar, which indicates that the properties are strongly driven by the {Fe =⃛ N}2+ 

unit. Bendix et al. suggested e.g. for the [CrV(N)Cl4]2—complex that it might be regarded as an 

{Cr ≡ N}2+ unit ligated by four chloride ligands rather than an CrV-center with nitrido- and chloride-

ligands.[11] For the nitrido-chromium(V) complex [CrV(N)Cl4]2— it was further shown that the dx²-y²-orbital 

lies below the dxz/dyz-orbitals due to the very strong axial nitrido-ligand, which for the tetragonal 

nitrido-iron(V) complexes would result in an 2A1[(dxy)2(dx²-y²)1] ground state. However, CASSCF/NEVPT2 

calculations have revealed that this state is well separated from the 2B2[(dxy)2(πy*/dyz)1] ground state 

for the tetragonal nitrido-iron(V) complexes. Hence, the equatorial ligands in the nitrido-iron(V) 
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complexes throughout affect the electronic structure. Considering the nitrido-iron(V) complexes as 

isolated {Fe =⃛ N}2+ units would underestimate the effect of the equatorial ligands and result in an 
2A1[(dxy)2(dx²-y²)1] ground state. Good correlation between the experimental and calculated 

spectroscopic parameters have further demonstrated, that the electronic structure derived from the 

calculations properly describes the studied systems. 

CASSCF/NEVPT2 calculations on the [FeV(O)TMC(NC(O)CH3]+ complex have shown that in contrast to 

other tetragonal iron(V) complexes the ground state is far off from being degenerate. Due to the 

increased separation of excited states from the ground state (>6000 cm-1), the g-shift is significantly 

smaller resulting in g-values close to ge for the complex [FeV(O)TMC(NC(O)CH3]+. Furthermore, 

contributions from LMCT-transitions partially cancel out the negative g-shift for the gzz-value which 

results in gzz  ge, in agreement with the previously reported experimental results.[77] 

Finally, it was demonstrated that the tetragonal nitrido-iron(V) complexes [FeV(N)cyc-ac]+ and 

[FeV(N)(N3)cyc]+ undergo a reductive nitride coupling reaction yielding dinitrogen and ferrous 

complexes. This six electron transfer reaction can be considered as the reverse of the Haber-Bosch 

reaction. The reaction equilibrium is lying strongly on the dinitrogen side which will undoubtedly make 

it a challenging task to shift it to the nitride side for possible ammonia formation or N-functionalization 

of substrates from dinitrogen. 

In summary, spectroscopy combined with calculations provided detailed insight in the electronic 

structure of nitrido- and oxo-iron(V) complexes. This allows for an in-depth understanding of 

spectroscopic parameters, as demonstrated in particular for the g-values of a series of tetragonal 

nitrido-iron(V) complexes. g-Values were shown to be strongly sensitive to the lowest-lying excited 

state and, therefore, changes in the coordination sphere are expected to have notable effects on the 

observed g-values. This result may also have relevance in more complex industrial or biological 

systems, for which the complexes investigated here can serve as model systems. 
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6. Oxo-Iron(IV) Complexes 

 

The number of iron(V) complexes that have been synthesized and characterized is somewhat 

limited.[16,25] All of these complexes were discussed in the previous chapters. In contrast, a larger 

number of complexes does exist for another class of high-valent iron species, the oxo-iron(IV)-

complexes.[74] Oxo-iron(IV) complexes are key intermediates in numerous heme and non-heme iron 

enzymes that are capable of oxidizing unactivated C-H bonds.[57,78] Therefore, much effort has been 

put into the synthesis and characterization of model oxo-iron(IV) complexes during the last decade.[74] 

Of special interest is the reactivity of these species which was studied by various experimental and 

computational methods, in the hope to gain a better understanding of the more complex biological 

systems, the present species can serve as model complexes for.[85-86,91,93,101,265] Interestingly, the first 

synthetic non-heme oxo-iron(IV) complex [FeIV(O)cyc-ac]+ was synthesized in the group of 

Wieghardt,[43] which is the oxo-iron(IV) analogue of the nitrido-iron(V) complex [FeV(N)cyc-ac]+ 

described in previous chapters. 

Besides the penta-aquo complex [FeIV(O)(H2O)5]+ all synthetic oxo-iron(IV) complexes reported in the 

literature are based on tetra- or pentadentate N-donor ligands.[74] However, in 2013 the Franc Meyer 

group succeeded in synthesizing an oxo-iron(IV) complex with tetradentate N-heterocyclic carbene 

(NHC) ligand (see Scheme 6.1).[266] Its electronic structure and reactivity is studied here 

computationally and related to the experimental results. The experimental results of this chapter were 

obtained in the group of Prof. Franc Meyer. They are not part of the thesis and are only shown here 

for completeness. To compare the properties of the new complex [FeIV(O)(NHC)4(EtCN)]2+ with the 

established systems based on N-donor ligands, analogue calculations were performed for the complex 

[FeIV(O)(TMC)(MeCN)]2+ (see Scheme 6.1). The synthesis and analysis of [FeIV(O)(TMC)(MeCN)]2+ 

including the crystal structure was published in 2003.[75] This was a great breakthrough in the chemistry 

of high-valent oxo-iron complexes since it was the first in detail characterization of such a species.[75] 

 

 

Scheme 6.1: Oxo-iron(IV) complexes studied in this work. 
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6.1. Determination of the Electronic Structure of Oxo-Iron(IV) Complexes 

As a first step, the electronic structure of both oxo-iron(IV) complexes was studied by DFT and 

CASSCF/NEVPT2 calculations. Structures for the NHC-system [FeIV(O)(NHC)4(EtCN)]2+ and TMC-system 

[FeIV(O)(TMC)(MeCN)]2+ were optimized for all conceivable spin states using the BP86 functional, the 

RI-approximation, the def2-TZVP(-f) basis set and the corresponding auxiliary basis set for the RI 

approximation. Solvent effects were taken into account by using COSMO with acetonitrile as solvent. 

Relative energies were calculated on these structures with the B3LYP functional, the def2-TZVP basis 

set and the corresponding def2-TZV/J auxiliary basis set for the RIJCOSX approximation. COSMO was 

used to incorporate solvent effects. Relative energies reported in this chapter take into account zero 

point energy corrections obtained from the BP86 frequency calculations. Mössbauer parameters were 

calculated with the same setup, the basis set for iron was replaced by the CP(PPP) basis set and the 

RIJCOSX approximation was not used. 

In the active space for the CASSCF calculations, all metal 3d-orbitals and oxo 2p-orbitals were included. 

Further, the bonding combination of the equatorial ligand with the metal dx²-y²-orbital was taken into 

account, which results in an active space of 12 electrons in 9 orbitals, CASSCF(12,9). CASSCF 

calculations were performed on structures that were optimized with DFT  in the triplet and quintet 

state, respectively. 
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6.1.1. Electronic Structure of the Complex [FeIV(O)(TMC)(MeCN)]2+ 

Table 6.1 summarizes key bond parameters, relative energies and Mössbauer parameters for the oxo-

iron(IV) TMC complex. These are in good agreement with previously published studies.[92,106-107,251,267-

268] Experimental data was obtained from the literature.[75] 

Table 6.1: Calculated parameters for the complex [FeIV(O)(TMC)(MeCN)]2+ and experimental[75] values. 

S 
rel. Energy Mössbauerc selected bond distances 

B3LYPa NEVPT2b δ ∆EQ η Fe-O Fe-N Fe-N Fe-N Fe-N Fe-Nd 

 [kJ mol-1] [mm s-1]  [Å] [Å] [Å] [Å] [Å] [Å] 

0 134  0.07 -3.03 0.69 1.660 2.098 2.099 2.127 2.128 1.973 

1 0 0 0.09 +0.85 0.16 1.650 2.095 2.096 2.135 2.137 2.014 

2 4 22 0.13 -0.82 0.35 1.646 2.175 2.176 2.240 2.241 1.998 

            
Exp.[75] S=1 0.17 +1.24 0.5 1.646 2.067 2.069 2.109 2.117 2.058 

a: B3LYP/def2-TZVP/RIJCOSX/COSMO(acetonitrile), BP86/def2-TZVP(-f)/RI/COSMO optimized + ZPE corr. 
b: Active space orbitals see below, SA-CASSCF(12,9) over 5 roots, relative energies of NEVPT2 ground states 
c: B3LYP/def2-TZVP/Fe:CP(PPP)/COSMO calculation on BP86 optimized geometries 
d: Distance between iron and the axial coordinated acetonitrile molecule 

The spin state was determined experimentally to be S=1. This is in agreement with the DFT-calculations 

which place the quintet and singlet state 4 kJ mol-1 and 134 kJ mol-1 higher in energy than the triplet 

state, respectively. Given that the quintet state is important for the discussion of the complexes 

reactivity (vide infra), the triplet-quintet gap was further calculated by the higher level CASSCF/NEVPT2 

method (see next pages for a discussion of the active space orbitals). Again, the triplet state is 

predicted to be the ground state, 22 kJ mol-1 lower in energy than the quintet state. The calculated 

Mössbauer isomer shift is in reasonable agreement with the experimental value for all considered spin 

states. However, the calculated quadrupole splitting of +0.85 mm s-1 for the triplet state agrees best 

with the experimental value of +1.24 mm s-1. 

The calculated iron-oxygen bond distance for the S=1 as well as for the S=2 state is in good agreement 

with the crystallographically determined value, while for the S=0 state it is slightly overestimated. 

However, the equatorial iron-nitrogen bond distances for the quintet-state are predicted to be much 

longer than the experimental values while good agreement is found for the triplet and singlet state. 

Overall, the agreement between the experimental and computational results is best for the S=1 state 

(however, it does not differ much from the bond distances for the singlet state), which is consistent 

with the experimentally determined spin state. 

 



174 Oxo-Iron(IV) Complexes 
  

  

 

 

 
 

Figure 6.1: Active space orbitals from SA-CASSCF(12,9) calculations over 5 roots for [FeIV(O)(TMC)(MeCN)]2+ in 
the triplet (left) and quintet state (right). Orbitals are sorted by increasing occupation number which in the 
present case coincides with the energetic order (hydrogen atoms omitted for clarity). 

The active space orbitals from a SA-CASSCF(12,9) calculation are shown in Figure 6.1 for the S=1 and 

S=2 states. In the triplet ground state (see Figure 6.1 left) the none bonding dxy-orbital (1b2) is doubly 

occupied while the dxz- and dyz-orbitals (2e) are each singly occupied and form π*-bonds with the oxo-

ligand. The vacant dx²-y²-orbital (2b1) is anti-bonding with respect to the equatorial TMC-ligand and an 

σ*-orbital is formed between the iron dz²-orbital and the oxygen pz-orbital (2a1). Singl occupation of 

the dxz/dyz-orbitals results in a 3A2 ground state within approximate C4v-symmetry.  

In the quintet state (see Figure 6.1 right) in addition to the dxz- and dyz-orbitals, the dxy- and dx²-y²-orbitals 

are also singly occupied. This results in a 5A1 ground state assuming C4V-symmetry. Like in the case of 

the triplet state, the dz²-orbital is vacant and the bonding orbitals between the oxo-ligand and iron as 

well as the TMC-ligand and iron are identical. 

A comparison of the electronic structure for the triplet and quintet state explains the geometrical 

changes in the DFT calculations when changing from S=1 to S=2 (see Table 6.1). Since adjustments in 

the population of Fe-O anti-bonding orbitals (dxz, dyz, dz²) is negligible, the modification of the Fe-O 

distance is only very small. Further, the formal bond order in the triplet as well as in the quintet state 

is 2. However, population of the dx²-y²-orbital in the quintet state (anti-bonding with respect to the 

equatorial ligand) results in notable elongation in the equatorial Fe-N bonds compared to the triplet 

ground state. 
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6.1.2. Electronic Structure of the Complex [FeIV(O)(NHC)4(EtCN)]2+ 

Similar calculations as discussed above for the [FeIV(O)(TMC)(MeCN)]2+ complex were performed for 

the novel tetra-carbene [FeIV(O)(NHC)4(EtCN)]2+ complex synthesized in the group of Franc Meyer.[266] 

Again, the triplet state was calculated to be the ground state by DFT and the quintet and singlet states 

are 69 kJ mol-1 and 120 kJ mol-1 higher in energy, respectively. Higher level CASSCF/NEVPT2 

calculations result in an even larger triplet-quintet gap (245 kJ mol-1). Hence, in agreement with the 

experimental findings the triplet state is calculated to be the ground state, however, the separation 

from the quintet state is significantly larger than for the TMC-complex. 

Table 6.2: Calculated parameters for the [FeIV(O)(NHC)4(EtCN)]2+ complex and experimental[266] values. 

S 
rel. Energy Mössbauerc selected bond distances 

B3LYPa NEVPT2b δ ∆EQ η Fe-O Fe-C Fe-C Fe-C Fe-C Fe-Nd 

 [kJ mol-1] [mm s-1]  [Å] [Å] [Å] [Å] [Å] [Å] 

0 120  -0.20 -4.03 0.37 1.680 1.967 2.034 2.035 2.035  

1 0 0 -0.18 +2.93 0.01 1.673 1.981 2.042 2.041 2.041 2.049 

2 69 245 -0.16 -2.03 0.05 1.743 2.025 1.976 1.979 1.979 3.838 
            

Exp. S=1 -0.13 +3.08 0.27 1.661 1.979 2.037 2.045 1.980 2.105 

a: B3LYP/def2-TZVP/RIJCOSX/COSMO(acetonitrile), BP86/def2-TZVP(-f)/RI/COSMO optimized + ZPE corr. 
b: Active space orbitals see below, SA-CASSCF(12,9) over 5 roots, relative energies of NEVPT2 ground states 
c: B3LYP/def2-TZVP/Fe:CP(PPP)/COSMO calculation on BP86 optimized geometries 
d: Distance between iron and the axial coordinated propionitril molecule 

Mössbauer parameters calculated by DFT for the triplet state are in good agreement with the 

experimental ones, while those calculated for the singlet and quintet state show larger deviations. 

Good agreement is further found for the bond lengths calculated in the triplet state when compared 

to the distances determined by X-ray diffraction. Interestingly, the iron-oxo bond increases significantly 

(0.07 Å) when going from the triplet to the quintet state. Furthermore, the propionitril solvent 

molecule is no longer bonded to the iron-center in the quintet state. This was not the case for the TMC-

complex and indicates differences in the electronic structure. 

The active space orbitals from a SA-CASSCF(12,9) calculation are shown in Figure 6.2 for S=1 and S=2. 

In the triplet state the occupied orbitals and SOMOS are identical to those of the TMC-system. This 

again results in a 3A2 ground state assuming C4v-symmetry. However, the vacant dx²-y²-orbital turns out 

to be higher in energy than the dz²-orbital. To verify that these orbitals are indeed swapped when 

compared to the TMC-system excited states will be discussed in Chapter 6.1.3 (page 177). 

For the quintet state the MO-scheme reveals (Figure 6.2 right) that the dxy-, dxz-, dyz- and dz²-orbitals 

are occupied by one electron and the dx²-y²-orbital remains vacant. Hence, while for the 

[FeIV(O)(TMC)(MeCN)]2+ complex in the quintet state the dx²-y²-orbital is singly occupied and the 

dz²-orbital is vacant, it is the other way around for the [FeIV(O)(NHC)4(EtCN)]2+ complex. Within C4v-

symmetry, this results in a 5B1[(dxy)1(dxz,dyz)2(dz²)1] state for the NHC-system and the TMC-complex 

obeys a 5A1[(dxy)1(dxz,dyz)2(dx²-y²)1] state in the quintet state. For the [FeIV(O)(NHC)4(EtCN)]2+ complex, 

the 5A1[(dxy)1(dxz,dyz)2(dx²-y²)1] state is calculated (CASSCF(12,9)/NEVPT2) to be separated from the 

lowest energy quintet state 5B1[(dxy)1(dxz,dyz)2(dz²)1] by 9033 cm-1 and for the [FeIV(O)(TMC)(MeCN)]2+ 

complex the 5B1 state is separated from the lowest energy quintet state 5A1 by 20822 cm-1, respectively. 
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Figure 6.2: Active space orbitals from SA-CASSCF(12,9) calculations over 5 roots for [FeIV(O)(NHC)4(EtCN)]2+ in 
the triplet (left) and quintet (right) state. Orbitals are sorted by increasing occupation number which in the 
present case coincides with the energetic order (hydrogen atoms omitted for clarity). 

These differences in the electronic structure also explain the significant elongation of the iron-oxygen 

bond in the NHC-complex when going from S=1 to S=2, which is not observed for the TMC-complex 

(see Table 6.2, page 175). Occupation of the dz²-orbital in the NHC-complex results in an elongation of 

the iron-oxo bond (~0.07 Å) since the dz²-orbital is σ* anti-bonding with respect to the oxo-ligand. For 

the TMC-complex in the quintet state the dz²-orbital remains vacant, while the dx²-y²-orbital is occupied. 

Therefore, only the equatorial bonds are significantly elongated (~0.1 Å) related to the anti-bonding 

character between the dx²-y²-orbital and the equatorial ligand. The differences in the electronic 

structure also results in different bond orders for the quintet state. While for the 

[FeIV(O)(NHC)4(EtCN)]2+ complex the formal Fe-O bond order in the quintet state is 1.5, it is 2.0 for the 

[FeIV(O)(TMC)(MeCN)]2+ complex. 

These differences seen for the two oxo-iron(IV) complexes can be explained by the nature of the 

equatorial ligand. While the TMC-ligand is only a moderate equatorial σ-donor ligand, the tetra 

carbene ligand is a strong σ-donor. Therefore, the dx²-y²-orbital in the NHC-complex is energetically 

raised even above the dz²-orbital which itself forms a strongly anti-bonding σ*-orbital with the oxygen 

2pz-orbital. On the other hand, for all tetragonal non-heme oxo-iron(IV) complexes that have been 

studied so far,[7,85-86,91-93,101,251,267-270] the same d-orbital splitting was found as described here for the 

[FeIV(O)(TMC)(MeCN)]2+ complex. Hence, the NHC-complex is to date the first studied example that 

differs from these “classical” systems. Since the C-H activation by oxo-iron(IV) complexes proceeds via 

the excited quintet state, the changes in the novel carbene-complex are expected to affect its 

reactivity. This will be studied in detail in Chapter 6.2 (page 181) where the complexes reactivity will 

be compared with the TMC-complex as a representative of “classical” oxo-iron(IV) complexes. 
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6.1.3. Excited States and Ligand Field Splitting of the Complexes 

[FeIV(O)(TMC)(MeCN)]2+ and [FeIV(O)(NHC)4(EtCN)]2+ 

The excited states for oxo-iron(IV) model complexes have been previously analyzed by means of 

computational methods.[269-270] For the [FeIV(O)(TMC)(MeCN)]2+ complex absorption and MCD-data 

were published and analyzed with the help of TD-DFT calculations.[75,251,267,271] In this section, results 

are presented for the [FeIV(O)(TMC)(MeCN)]2+ and [FeIV(O)(NHC)4(EtCN)]2+ complexes. The first 20 roots 

for the doublet state are calculated by the high level CASSCF/NEVPT method which will allow a detailed 

study and comparison of the excited states for both complexes. 

Excitations for oxo-iron(IV) complexes in their 3A2 ground state (assuming ideal C4v-symmetry) result in 

a large number of possible excited states, possible dd-excitations are shown in Scheme 6.2. 

 
Scheme 6.2: Spin allowed dd-transitions for oxo-iron(IV)complexes (3A2 ground state) under C4v symmetry. 

There are three degenerate transitions of 3E symmetry arising from the one electron excitations 
3E[1b2(dxy)2e(dxz/dyz)], 3E[2e(dxz/dyz)2b1(dx²-y²)] and 3E[3e(dxz/dyz)2a1(dz²)]. A more complex 

situation is found for the excitations 1b2(dxy)2b1(dx²-y²) and 1b2(dxy)2a1(dz²) that result in four 

unpaired electrons.[269-270] The transition of one electron from the 1b2(dxy) into the 2b1(dx²-y²) orbital 

results in excited states of A1, A2, B1 and B2 symmetry. Provided the electrons in the 2e(dxz/dyz) sub-

shell remain paired, this transition is of 3A1[1b2(dxy)2b1(dx²-y²)] symmetry. Excited states of A1, A2, B1 

and B2 symmetry result if one electron is transferred from the 1b2(dxy) to the 2a1(dz²) orbital, the excited 

state is of 3B1[1b2(dxy)2a1(dz²)] if the electrons in the 2e(dxz/dyz) sub shell remain coupled. 

Excitation energies from a SA-CASSCF(12,9)/NEVPT2 calculation with 20 roots for the complex 

[FeIV(O)(TMC)(MeCN)]2+ are provided in Table 6.3. Furthermore, the calculated oscillator strengths are 

provided that indicate significant intensity for the 3E[2e(dyz/dxz)2b1(dx²-y²)] transitions at 11272 cm-1 

and 11630 cm-1 as well as for the 3E[2e(dyz/dxz)2a1(dz²)] transitions at 16944 cm-1 and 17152 cm-1, 

respectively. This is in reasonable agreement with the observed bands at 12100 cm-1 and 15600 cm-1 

in the experimental absorption spectra.[75] In a more detailed MCD-study on the TMC-complex the 
3E[2e(dyz/xz)2b1(dx²-y²)] transition was assigned to bands observed at 12900 cm-1 in the MCD-

spectrum, again in good agreement with the calculations presented here.[251] In this experimental study 



178 Oxo-Iron(IV) Complexes 
  

  

 

 

further an MCD-band observed at 17600 cm-1 was assigned to the degenerated 3E[2e(dxz/dxz)2a1(dz²)] 

transition which is again in very good agreement with the transitions calculated to be 16944 cm-1 and 

17152 cm-1.[251] 

Table 6.3: Excitation energies and oscillator strengths from a SA-CASSCF(12,9)/NEVPT2 calculation with 20 
roots for the [FeIV(O)(TMC)(MeCN)]2+ complex in its triplet ground state (3A2, assuming C4v). 

Excitation Energy fosc  Excited State 
[cm-1] (x104)  

11272 3.3202 3E [2e(dyz)2b1(dx²-y²)] 

11630 3.0744 3E [2e(dxz)2b1(dx²-y²)] 

12216 0.4108 3E [1b2(dxy)2e(dyz)] 

12448 0.1253 3A2 [1b2(dxy)2e(dxz) + 2e(dyz)2b1(dx²-y²)] 

12455 0.1576 3 [1b2(dxy)2b1(dx²-y²)] 

13364 0.0105 3 [1b2(dxy)2b1(dx²-y²)] 

13540 0.2422 3E [1b2(dxy)2e(dxz)] 

15397 0.0860 3A2 [1b2(dxy)2e(dyz) + 2e(dxz)2b1(dx²-y²)] 

15662 0.2512 3 [1b2(dxy)2b1(dx²-y²)] 

16944 0.6672 3E [2e(dyz)2a1(dz²)] 

17152 0.8532 3E [2e(dxz)2a1(dz²)] 

22085 0.0579 3 [1e(py)2e(dxz)] 

22243 0.0034 3 [1e(px)2e(dxz)] 

22535 0.0001 3 [1e(px)2e(dyz)] 

26534 0.0021 2B1 {2e(dxz)+2e(dyz)} {2b1(dx²-y²)+2a1(dz²)} 

26909 0.0775 2E [1b2(dxy)2b1(dx²-y²)] + [2e(dyz) 2b1(dx²-y²)] 

26964 0.0251 2E [1b2(dxy)2b1(dx²-y²)] + [2e(dxz) 2b1(dx²-y²)] 

30993 0.0001 2E {1b2(dxy) + 2e(dyz)}  {2b1(dx²-y²) + 2a1(dz²)} 

31163 0.0156 2E {1b2(dxy) + 2e(dxz)}  {2b1(dx²-y²) + 2a1(dz²)} 
3=2A1+A2+B1+B2 for 1b2(dxy)2b1(dx²-y²) and 3=A1+A2+2B1+B2 for 1b2(dxy) 2a1(dz²) 

Results for the [FeIV(O)(NHC)4(EtCN)]2+ complex are summarized in Table 6.4. Large oscillator strengths 

were calculated for the 3E[2e(dxz/dyz)2b1(dx²-y²)] excitations at 24899 cm-1 / 24937 cm-1 which is again 

in good agreement with a band observed at 25000 cm-1 in the experimental absorption spectrum.[266] 

Comparison of the excited states for the TMC- and NHC-systems highlight some remarkable differences 

in the electronic structure.  

For the TMC-complex the 3E[2e(dyz/xz)2b1(dx²-y²)] state is calculated to be the lowest excited state and 

the nearly degenerate transition energies are calculated to be 11272 cm-1 and 11630 cm-1. 

Interestingly, these excitations appear at much higher energy for the NHC-complex. The 
3E[2e(dxz)2b1(dx²-y²)] excitations were calculated to be 24899 cm-1 and 24937 cm-1, and therefore 

twice as high in energy than for the TMC-complex. Excitations calculated to appear for the NHC-system 

at 18559 cm-1 and 18602 cm-1 are corresponding to the 3E[2e(dxz/dxz)2a1(dz²)] excited state, which is 

very similar to the TMC-complex (16944 cm-1 / 17152 cm-1) but significantly lower in energy when 

compared with the 3E[2e(dxz)2b1(dx²-y²)] excited state for the NHC-system. Taking these two excited 

states as a reference for the relative order of the 2b1(dx²-y²) and 2a1(dz²) orbitals it can be concluded 

that in the TMC-system the 2b1(dx²-y²) orbital is lower in energy than the 2a1(dz²) orbital (in agreement 
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with all previously studied non-heme tetragonal oxo-iron(IV) complexes[74,91,106,251,267,271-272]). For the 

NHC-system these orbitals are the other way around as indicated in Scheme 6.3. 

Table 6.4: Excitation energies and oscillator strengths from a SA-CASSCF(12,9)/NEVPT2 calculation with 20 
roots for the [FeIV(O)(NHC)4(EtCN)]2+ complex in its triplet ground state (3A2, assuming C4v). 

Excitation Energy fosc Excited State 
[cm-1] (x104)  

12958 0.0018 3E [1b2(dxy)2e(dyz)] 

13074 0.0584 3E [1b2(dxy)2e(dxz)] 

18559 4.3264 3E [2e(dxz)2a1(dz²)] 

18602 3.7493 3E [2e(dyz)2a1(dz²)] 

23478 0.0064 3 [1e(py)2e(dxz)] 

23763 0.0807 3 [1e(px)2e(dxz)] 

24236 0.3176 3 [1b2(dxy)2b1(dx²-y²)] 

24899 9.2465 3E [2e(dxz)2b1(dx²-y²)] 

24937 7.3141 3E [2e(dyz)2b1(dx²-y²)] 

24987 2.7189 3A2 [1b2(dxy)2e(dxz) + 2e(dyz)2b1(dx²-y²)] 

25227 1.8630 3 [1b2(dxy)2b1(dx²-y²)] 

26827 0.0266 3 [1b2(dxy)2b1(dx²-y²)] 

27938 0.4291 3A2 [1b2(dxy)2e(dxz) + 2e(dyz)2b1(dx²-y²)] 

29258 0.8749 3 [1b2(dxy)2b1(dx²-y²)] 

30815 170.3311 3 [1a1(pz)2a1(dz²)] 

31313 0.5531 3 [1b2(dxy)2b1(dx²-y²)] 

31341 0.3196 3 [1b2(dxy)2a1(dz²)] 

32467 2.4094 3 [1b2(dxy)2a1(dz²)] 

34675 0.0013 2B2 [1b2(dxy)  2e(dxz) + 2e(dyz) 2a1(dz²)] 
3=2A1+A2+B1+B2 for 1b2(dxy)2b1(dx²-y²) and 3=A1+A2+2B1+B2 for 1b2(dxy) 2a1(dz²) 

 

 

 

Scheme 6.3: Relative d-orbital arrangement for [FeIV(O)(TMC)(MeCN)]2+ and [FeIV(O)(NHC)4(EtCN)]2+  complexes 
in their triplet ground state. 

Therefore, the classical orbital splitting scheme can be applied for the complex 

[FeIV(O)(TMC)(MeCN)]2+, as it was originally derived from the [V(O)(H2O)5]2+ complex by Gray et al. for 

transition metal compounds with multiple bonded monoatomic ligands.[4,6,273] However, it cannot be 

applied to the novel NHC-system. 
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The reason for the distinctive relative order can be found in the equatorial ligand whose strength is 

reflected in transitions from the non-bonding 1b2(dxy) orbital to the equatorial anti-bonding 2b1(dx²-y²) 

orbital.[251] For the [FeIV(O)(TMC)(MeCN)]2+ complex the lowest excitation of this type was calculated 

to be 12455 cm-1 while for the [FeIV(O)(NHC)4(EtCN)]2+ complex these transitions do not appear below 

24236 cm-1, i.e. at much higher energy, which shows that the NHC-ligand is a much stronger equatorial 

ligand than the TMC-ligand. 

The energy of the 3E[1b2(dxy)2e(dyz/dxz)] excitation is a measure of the strength of the Fe-O 

π-bond.[251] Since the 2e(dyz/dxz) orbitals are the anti-bonding π*-orbitals for the Fe-O bond, a higher 
3E[1b2(dxy)2e(dyz/dxz)] excited state indicates a stronger Fe-O bond. However, for both systems 

studied here these excitations are of very similar energy (TMC:12216 cm-1/13540 cm-1 

NHC:12958 cm-1 / 13074 cm-1) which indicates a very similar Fe-O bonding strength in the triplet 

ground state. 

 

Prof. Mihail Atanasov recently proposed an ab initio based ligand field approach (ab initio parametric 

ligand field, AIPLF) that allows to connect results from the CASSCF/NEVPT2 calculations with ligand 

field theory and the angular overlap model (AOM).[204,274] On top of the above discussed calculations 

Prof. Mihail Atanasov applied the AIPLF approach and the derived relative energetic order for the d-

orbitals is shown in Figure 6.3.  In line with the calculated and discussed excitation energies (vide 

supra), in the TMC-system the mainly dx²-y² derived orbital is lower in energy than the dz²-orbital, while 

it is the other way around in the NHC complex. This is can be attributed to the much stronger equatorial 

carbene ligand, rising the energy of the dx²-y²-orbital above the dz²-orbital, resulting in 𝑒𝜎
𝑒𝑞

 values of 

4309 cm-1 for the TMC-complex and 7718 cm-1 for the NHC-complex. Therefore, the AIPLF approach 

confirms quantitatively (Figure 6.3) the qualitative picture shown in Scheme 6.3. 

 

Figure 6.3: Ligand field splitting diagrams for [FeIVO(TMC)(MeCN)]2+ and [FeIVO(NHC)4(EtCN)]2+ derived from the 
AIPLF approach.[These results were obtained by Prof. Mihail Atanasov, based on the CASSCF(12,9)/NEVPT2 
calculations discussed above that were performed by the author of the present thesis.] 

How the unequal energetic order of the dx²-y² and dz²-orbitals in the studied systems affects their 

reactivity will be explored in the following chapter. 
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6.2. Reactivity of Oxo-Iron(IV) Complexes 

In the antecedent chapter the electronic structures of the complexes [FeIV(O)(TMC)(MeCN)]2+ and 

[FeIV(O)(NHC)4(EtCN)]2+ were elucidated with a focus on differences between the two systems. While 

the TMC-system shows a d-orbital splitting identical to all previously studied tetragonal oxo-iron(IV) 

complexes, in the novel NHC-systems the vacant (triplet ground state) dx²-y²- and dz²-orbitals are in 

reverse energetic order. In the quintet state this results in a singly occupied dx²-y²-orbital while the dz²-

orbital is vacant for the “classical” TMC system, the reverse situation being observed for the NHC-

complex. Given that these orbitals are involved in C-H activation reactions, the well-established two-

state-reactivity concept is not applicable anymore without modification. As outlined in the 

introduction (Chapter 1.3.1, page 9) the four possible reaction channels can be illustrated with electron 

shift diagrams (ESD).[86,89,91,93,98,101] This is shown in Scheme 6.4 (left) for the TMC-complex, but is 

applicable to all tetragonal oxo-iron(IV) complexes. Further shown in Scheme 6.4 (right) is the putative 

electron shift process for the NHC-complex. 

 

Scheme 6.4: Electron shift diagram (ESD) for the TMC- (left) and the NHC-system (right). 

As discussed in Chapter 1.3.1, in the triplet state a spin-down electron is transferred from the C-H-

bond to one of the singly occupied dxz/dyz-orbitals (3π-pathway). Alternatively, a spin-up electron can 

be transferred to the vacant dz²-orbital (3σ-pathway). Both options are possible for the TMC- and the 

NHC-system. However, for the systems studied so far[86,89,91,93,101] the quintet transition state was found 

to be lowest in energy, hence, the reaction is expected to proceed via the quintet state, even the initial 

FeIVO-complex shows a triplet ground state. In the quintet state σ- and a π-pathways represent possible 

reaction channels and the lowest barrier is usually found for the former. A spin-down electron is 

transferred from the C-H-bond into one of the singly occupied dxz/dyz-orbitals on the 5π-pathway, which 

is possible for both complexes (TMC and NHC). Within the 5σ-pathway a spin-up electron is shifted 

from the C-H-bond into the dz²-orbital which is vacant in the “classical” TMC-system. However, due to 

the specific electronic structure in the novel NHC-complex this orbital is occupied and cannot act as an 

accepting orbital for another spin-up electron. Hence, the 5σ-pathway which is the preferred pathway 

for all other oxo-iron(IV)-complexes studied before is now blocked for the NHC-complex. 
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Herein, the effect of these changes are studied in detail employing computational methods. All 

possible C-H-abstraction pathways on the triplet and quintet surface are computed for the complexes 

[FeIV(O)(TMC)(MeCN)]2+ and [FeIV(O)(NHC)4(EtCN)]2+ with identical methods which allows for a 

comparison of the resulting barriers for the different complexes. As evident from the calculated 

singlet-triplet gaps (see Table 6.1 and Table 6.2) the singlet state for the FeIVO-complexes is well 

separated from the triplet and quintet states and is therefore not considered in the reactions. It will 

be shown that the calculated singlet-triplet gaps are already of the same order of magnitude and 

correlate with barriers for the corresponding triplet and quintet state. Reactions in the singlet state 

are therefore unlikely. Ethane was chosen as a model substrate since the main focus will lie on the 

comparison between the two FeIVO-complexes and ethane has proven to be a useful model substrate 

previously.[93] 

 

Structures were optimized with the def2-SVP basis set on the ligand, while for iron, all atoms bond to 

iron as well as the hydrogen and carbon atoms participating in the reaction the larger def2-TZVP basis 

set was used. The B3LYP functional was used in combination with the RIJCOSX approximation to speed 

up the calculations. Solvent effects were taken into account within the COSMO model and Grimme’s 

D3 (zero damping) dispersion correction was applied. Thermal corrections (for ∆G) and zero point 

energy corrections (for ∆H) were also obtained from the frequency calculation. Total energies were 

obtained from single-point calculations on these structures using the same methodological setup but 

employing the def2-TZVPP basis set for all atoms. The electronic structure is discussed in terms of 

orbital plots for which quasi restricted orbitals were used and corresponding orbitals for the magnetic 

orbitals that result from antiferromagnetic coupling. 

Reported energies are relative to the reaction complex in the triplet ground state (3RC) which is the 

oxo-iron(IV) complex and ethane weakly-bound via van der Waals interaction. Using 3RC instead of two 

infinitely separated iron and substrate fragments as the reference will reduce the errors in the entropy 

term. Structures for the transition states of the 3σ-, 3π-, 5σ- and 5π-pathways (3TSσ, 3TSπ, 5TSσ, 5TSπ), 

respectively, are displaced along their imaginary mode to obtain guess structures for optimization to 

the intermediates of the C-H-oxidation reaction (3Iσ, 3Iπ, 5Iσ, 5Iπ). These hydroxo-iron(III) complexes are 

weakly coordinated to the resulting ethane-radical. 

 

 

 

 

 

 

 



Oxo-Iron(IV) Complexes 183 
 

  

  

6.2.1. Hydrogen Abstraction by the Complex [FeIV(O)(TMC)(MeCN)]2+ 

Calculations on hydrogen abstraction reactions by the complex [FeIV(O)(TMC)(MeCN)]2+ were 

performed previously,[86,101,106-107] however, in these studies not all conceivable σ- and π-pathways 

were explored. Instead, these studies only considered one triplet and one quintet pathway. The 3σ-, 
5σ-, 3π and 5π-pathways were only calculated for a series of smaller model complexes[93] as well as for 

some analogue compounds with different ligand systems.[87,275] 

First, the energetics of the reaction shown in Scheme 6.5 will be examined before details of the 

electronic structure and the geometry will be discussed. Free Gibbs energies (∆G) will be used in the 

following discussion, however, reaction enthalpies (∆H) are very similar for the calculated reactions 

and lead to the same conclusions. 

In agreement with the calculations in the previous section the reaction complex (FeIVO-complex + 

ethane) in the triplet state (3RC) is calculated to be slightly lower in energy than in the quintet state 

(5RC , Scheme 6.5).  

 

Scheme 6.5: Reaction profile for the hydrogen abstraction from ethane by [FeIV(O)(TMC)(MeCN)]2+. Given 
energies for ∆G/∆H in kJ mol-1 relative to 3RC, upper left superscripts denote the multiplicity of the iron center. 

The lowest barrier for hydrogen atom abstraction was calculated for the 5TSσ transition state 

(48 kJ mol-1), which agrees well with previous studies.[86,101,106-107] In these studies only the π-pathway 

on the triplet surface via 3TSπ was considered, which was calculated here to be 97 kJ mol-1 high, hence, 

10 kJ mol-1 higher in energy than the 3TSσ transition state (87 kJ mol-1). The 5TSπ transition state 

(99 kJ mol-1) was calculated to be nearly at the same energy as the 3TSπ transition state. From the 

calculated barriers the following reactivity can be derived for the hydroxylation reaction: 

5σ  >  3σ  >  3π    5π 

In a study on the model complex [FeIV(O)(NH3)5]2+ with the same substrate (ethane) the 5σ-pathway 

was also calculated to be lowest in energy and well separated from the other transition states.[93] In 

contrast to the TMC-system, the 3σ-transition state was found to be highest in energy and above the 

π-pathways and the same was found in a study on the [FeIV(O)(N4Py)]2+ complex.[87] However, it should 

be noted that the energy differences between the 3σ-, 3π- and 5π-transition states is rather small in the 

present study as well as in those studies that were published previously.[87,93,276] 
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The resulting hydroxo-iron(III) complexes 5Iσ, 3Iπ and 3Iσ are in a similar energetic order as the transition 

states. Lowest in energy is the 5Iσ species, even the reaction is still calculated to be endergonic by about 

29 kJ mol-1. Identical energies were calculated for the 3Iπ and 3Iσ complexes (57 kJ mol-1). All attempts 

to locate a structure for the FeIII(OH) intermediate 3Iπ proved to be unsuccessful. Starting from the 3TSπ 

transition state, optimizations always result in barrier free rebound of the ethyl-radical resulting in 

ethanol and the corresponding iron(II)-complex. 

Selected geometric parameters are provided in Table 6.5, Loewdin spin-populations for the transition 

states can be found in Table 6.6 and spin density plots are shown in Figure 6.4. 

Table 6.5: Selected bond distances and angles for the [FeIV(O)(TMC)(MeCN)]2+ complex, transition states and 
FeIII(OH) intermediates. 

 Fe-O O-H H-C Fe-NAc Fe-O-H O-H-C O-Fe-NAc Fe-NAc-CAc 

 [Å] [Å] [Å] [Å] [ ° ] [ ° ] [ ° ] [ ° ] 

FeIVO, S=1 1.623   2.049   179.13 175.64 

FeIVO, S=2 1.619   2.028   178.86 175.03 
5TSσ 1.736 1.223 1.301 2.177 175.33 176.11 176.09 173.03 
3TSσ 1.762 1.154 1.355 2.305 168.58 177.20 178.47 171.96 
5TSπ 1.742 1.176 1.351 2.018 136.95 160.45 173.45 176.20 
3TSπ 1.749 1.187 1.352 2.032 136.45 162.99 173.65 177.44 

5Iσ 1.815 0.974 2.051 2.174 145.02 177.91 175.42 172.17 
3Iσ 1.868 0.969 2.106 2.329 138.78 161.35 178.00 178.78 
3Iπ 1.800 0.964 2.324 1.998 119.44 136.25 175.70 178.73 

B3LYP/COSMO(Acetonitril)/D3ZERO/def2-SVP, Fe bond atoms, C+H:def2-TZVP optmization 

  

Table 6.6: Loewdin spin-population for selected atoms of transition states 
from the [FeIV(O)(TMC)(MeCN)]2+ complex. 

 Loewdin spin-population 

 5TSσ 3TSσ 5TSπ 3TSπ 

Fe 3.90 2.55 2.91 1.04 

O 0.18 0.14 0.34 0.47 

H -0.10 -0.09 0.10 0.11 

C -0.31 -0.34 0.31 0.33 

B3LYP/def2-TZVPP/RIJCOSX/D3ZERO/COSMO single point calculations 

 

    

5TSσ 3TSσ 5TSπ 3TSπ 

Figure 6.4: Spin density plots for the transition states of the [FeIV(O)(TMC)(MeCN)]2+ complex (red: negative, 
yellow: positive). 
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For both σ-transition states the Fe-O-H bond is found to be nearly linear (5TSσ: 175°, 3TSσ: 169°), which 

can be explained by the overlap of the iron centered dz²-orbital with the C-H σ-bond of the substrate 

which is largest for a linear arrangement (see Scheme 1.12, page 9).[91,93] For the transition state lowest 

in energy (5TSσ) the shortest C-H distance and longest O-H-distance is found when compared to the 

alternative transition states. This can be described as an early transition state with a relatively low 

barrier where the structure still strongly resemble the geometry of the starting compound. As 

evidenced by the spin density plots for 5TSσ and 3TSσ (Figure 6.4) and the calculated spin-population 

(Table 6.6), negative spin density is located on the carbon-atom of the substrate. As already outlined 

in Scheme 6.4, the reason for this is the transfer of a spin-up electron from the substrate C-H-bond to 

the iron dz²-orbital while the spin-down electron remains on the carbon atom. Population of the dz²-

orbital further explains the significant elongation of the bond between iron and the coordinated 

acetonitrile molecule (~0.1-0.2 Å) since the dz²-orbital is anti-bonding with respect to the axial iron 

ligands. 

The electronic structure for the 5TSσ transition state and the resulting FeIII(OH) complex 5Iσ is shown in 

Figure 6.5. The dxy-, dxz-, dyz- and dx²-y²-orbitals remain singly occupied with one spin-up electron as was 

the case for the initial FeIVO-complex in the quintet state. Since one electron is transferred from the 

substrate to the metal, the dz²-orbital becomes occupied with one spin-up electron, and a singly 

occupied orbital that exhibits a spin-down electron is found at the substrate carbon atom. As can be 

seen in the orbital plot (Figure 6.5), a σ-bonding orbital (doubly occupied) is found between the carbon 

and hydrogen atom, slightly delocalized onto the oxygen atom (σCHO). The anti-bonding combination 

of this orbital is the σ*CHO bond that is occupied by a spin-down electron. Further, the spin-up electron 

centered on iron in the dz²-orbital and the spin-down electron on the carbon atom (σ*CHO) are 

antiferromagnetically coupled with an overlap of S=0.61. The three orbitals σCHO, σ*CHO, dz² are formed 

in course of the reaction from the vacant iron dz²-orbital, the doubly occupied oxygen pz-orbital and 

the doubly occupied C-H σ-bond of the substrate. 

Only minor differences in the electronic structure are observed when proceeding to the resulting 

FeIIIOH complex 5Iσ (see Figure 6.5, right). The orbital occupation remains the same, however, the 

overlap between the antiferromagnetically coupled dz²- and σ*CHO- orbitals is reduced to S=0.19 which 

can be easily explained by elongation of the distance between the iron center and the substrate. While 

the C-H bond is elongated from 1.30 Å in 5TSσ to 2.05 Å in 5Iσ the O-H bond is shortened from 1.22 Å to 

0.97 Å. The nearly linear Fe-O-H angle in the 5TSσ transition state (175°) is more acute (145°) in the 

intermediate 5Iσ. 

In Figure 6.6 the electronic structure of the 3TSσ transition state and the 3Iσ intermediate are shown. 

Overall, these closely resemble the electronic structure for the 5TSσ and 5Iσ species just discussed, with 

the difference that the dx²-y²-orbital is vacant now and the dxy-orbital is doubly occupied. This is also 

reflected in the reduced positive spin population for 3TSσ on iron when compared to the analogue 

transition state in the quintet spin state 5TSσ (see Table 6.6). 
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Figure 6.5: Electronic structure of 5TSσ (left) and 5Iσ (right) for the [FeIV(O)(TMC)(MeCN)]2+ complex. 

 
Figure 6.6: Electronic structure of 3TSσ (left) and 3Iσ (right) for the [FeIV(O)(TMC)(MeCN)]2+ complex. 
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Substantial differences are found when the σ-pathways are compared with the π-pathways. Most 

obviously, the Fe-O-H angle for 5TSπ (137°) and 5TSπ (137°) is much smaller when compared to the σ-

transition states 5TSσ (175°) and 3TSσ (169°), respectively. This can be explained by the overlap of the 

involved orbitals. In the π-pathway a spin-down electron is transferred from the C-H σ-orbital to the 

singly occupied dxz-orbital (or dyz) at iron. Best overlap between these orbitals would be found in a 

rectangular fashion (Fe-O-H 90°, see Scheme 1.12, page 9), however, due to steric repulsion with the 

equatorial ligand the angle is increased but still significantly smaller than for the σ-pathway. The 

calculated spin population and spin densities bear out the described electron shift on the π-pathway. 

A spin population of 2.91 for iron was calculated for the 5TSσ transition state which very well correlates 

with three singly occupied iron d-orbitals (dxy, dyz, dx²-y²). While the dxz-orbital is singly occupied in the 

initial FeIVO complex in the quintet state, it is filled by two electrons now, due to the transfer of a spin-

down electron from the substrate to the metal (see Figure 6.7). The doubly occupied oxygen px-orbital 

in the initial FeIVO-complex overlaps with the C-H σ-bond of the substrate forming a σCHO-bond. Because 

of the electron transfer from the substrate to the metal, the corresponding anti-bonding σ*CHO-orbital 

is singly occupied in the transition state. The transfer of one electron into the dxz-orbital and not into 

the dz²-orbital that is antibonding with respect to the axial ligands is also indicated by the bond lengths. 

While for the σ-transition states the distance between iron and the coordinate acetonitrile molecule 

is strongly elongated, this is not the case for the π-transition states. 

Unfortunately it was not possible to calculate the structure of intermediate 5Iπ, owing to the fact that 

all optimizations resulted directly in the formation of ethanol and the FeII-complex. 

 
Figure 6.7: Electronic structure of 5TSπ for the [FeIV(O)(TMC)(MeCN)]2+ complex. 
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On the π-pathway in the triplet state again one electron is transferred from the C-H bond of the 

substrate to the metal dxz-orbital. Therefore the dxy- and dxz-orbitals are doubly occupied while the dyz-

orbital remains singly occupied. Due to the transfer of one electron to the metal center, there remains 

one unpaired electron on the substrate. As evident from the calculated spin population (O: 0.47; 

H:0.11; C:0.33) the unpaired electron is delocalized over the substrate and the oxo-atom. This is in 

good agreement with the shape of the singly occupied σ*CHO-orbital shown in Figure 6.8. 

In the resulting FeIII(OH) species 3Iπ the unpaired substrate electron is completely located on the carbon 

atom which can be explained by the elongation of the C-H-bond by ~1 Å from 1.35 Å in 3TSπ to 2.32 Å 

in 3Iπ. The σHO-bond is finally formed and the dyz-orbital is singly occupied in the resulting low-spin 

iron(III) complex. 

 

Figure 6.8: Electronic structure of 3TSπ (left) and 3Iπ (right) for the [FeIV(O)(TMC)(MeCN)]2+ complex. 

The results are in line with previous studies on C-H abstraction reactions by the [FeIV(O)(TMC)(MeCN)]2+ 

complex.[86,101,106-107] However, in these earlier studies only the 5σ- and 3π-pathways were explored. The 

present study reveals that the 3σ- and 5π-pathways are competitive alternatives when compared to 

the 3π-pathway. Still, the 5σ-transition state is found to be lowest in energy and well separated from 

the other alternatives. 

The results discussed above will provide a reference for studying the C-H activation by the new complex 

[FeIV(O)(NHC)4(EtCN)]2+. Calculations will be performed to investigate in detail the consequences of the 

distinct electronic structures (see Chapter 6.1 and 6.1.3) in the [FeIV(O)(NHC)4(EtCN)]2+ and 

[FeIV(O)(TMC)(MeCN)]2+ complexes in the following chapter. 
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6.2.2. Hydrogen Abstraction by the Complex [FeIV(O)(NHC)4(EtCN)]2+ 

In a similar vein to the TMC-complex, all possible reaction channels will be explored for the hydrogen 

abstraction from ethane by the oxo-iron(IV) NHC-complex. The energetics of the reaction shown in 

Scheme 6.6 will be examined first, before details of the electronic structure and the geometry will be 

discussed. During the following discussion energies will be reported as Gibbs free energies (∆G), 

however, the reaction enthalpies (∆H) are nearly identical for the calculated reactions and would result 

in the same conclusions. 

It was demonstrated by the group of Prof. Franc Meyer in Göttingen (unpublished results) that the 

[FeIV(O)(NHC)4(EtCN)]2+ complex undergoes hydrogen abstraction reactions with alkanes such as 

dihydroanthracene. Currently, detailed kinetic measurements are underway in order to compare the 

reactivity of the TMC- and NHC-systems experimentally. 

 

In agreement with the calculations in the previous section (Table 6.2, page 175) the reaction complex 

in the triplet state (3RC) is calculated to be significantly lower in energy than in the quintet state, 5RC 

(see Scheme 6.6). 

 

Scheme 6.6: Reaction profile for the hydrogen abstraction from ethane by [FeIV(O)(NHC)4(EtCN)]2+. Given 
energies for ΔG/ΔH in kJ mol-1 relative to 3RC, upper left superscripts denote the multiplicity of the iron center. 

Calculated barriers and free reaction energies are summarized in Table 6.7 for both complexes 

[FeIV(O)(TMC)(MeCN)]2+ and [FeIVO(NHC)4(EtCN)]2+, which will allow for a comparison between the two 

complexes in terms of their activation barriers and reaction energies. 

Table 6.7: Calculated barriers and free reaction energies (∆G) for the TMC- and NHC-complexes. 

 5TSσ 3TSσ 5TSπ 3TSπ 5Iσ 3Iσ 5Iπ 3Iπ 
 [kJ mol-1] [kJ mol-1] [kJ mol-1] [kJ mol-1] [kJ mol-1] [kJ mol-1] [kJ mol-1] [kJ mol-1] 

[FeIV(O)(TMC)(MeCN)]2+ 48 87 99 97 29 57 - 57 

[FeIV(O)(NHC)4(EtCN)]2+ - 73 99 81 - 31 36 48 

As illustrated by the electron shift diagram in Scheme 6.4 (page 181), the classical 5σ-pathway is not 

accessible for the NHC-system since the dz²-orbital is already occupied in the quintet state and cannot 

serve as an accepting orbital for an additional spin-up electron. Attempts were made to locate a 

transition state featuring a (near) linear Fe-O-H angle that allows best overlap of the iron dz²- and 



190 Oxo-Iron(IV) Complexes 
  

  

 

 

substrate σCH-orbital which might result in transfer of a spin-down electron from the substrate to the 

metal. However, no such transition state was found.  

For the oxo-iron(IV) tetracarbene complex transition state 3TSσ was calculated to be lowest in energy 

(73 kJ mol-1). However, this barrier is still significantly higher in energy than the transition state 5TSσ for 

the TMC-system (48 kJ mol-1) which turned out to be the lowest energy pathway for the TMC-system 

(vide supra). The transition state 3TSσ results in the FeIII(OH) intermediate 3Iσ that is calculated to be 

lowest in energy (31 kJ mol-1) for the NHC system. Interestingly, the 3TSσ transition state for the NHC-

system (73 kJ mol-1) is lower in energy when compared to the TMC-system (87 kJ mol-1). Moreover, the 

3TSπ transition state for the NHC-system (81 kJ mol-1) is slightly lower in energy than the barrier 

calculated for 3TSσ of the TMC-system (87 kJ mol-1). Identical barriers were calculated for the 5TSπ 

transition states (+99 kJ mol-1) for hydrogen abstraction by the complexes [FeIV(O)(TMC)(MeCN)]2+ and 

[FeIV(O)(NHC)4(EtCN)]2+, respectively, and in both cases this is the highest energy pathway. From these 

calculations the following reactivity can be derived for hydrogen abstraction by the NHC-complex: 

3σ  >  3π  >  5π 

Likewise, the order was 5σ  >  3σ  >  3π    5π for the classical TMC-system. Hence, the relative order for 

the different pathways is the same, despite the absence of a 5σ-pathway for the novel NHC-system for 

the aforementioned reasons. It should be further noticed, that for the NHC-system the transition state 

lowest in energy (3TSσ) is not energetically well separated from the other pathways which was the case 

for the lowest energy pathway of the TMC-system (5TSσ). 

Selected key geometric parameters are summarized in Table 6.8, Loewdin spin populations and spin 

density plots for the transition states are provided in Table 6.9 and Figure 6.9, respectively. 

Table 6.8: Selected geometric parameters for transition states and intermediates of [FeIV(O)(NHC)4(EtCN)]2+. 

 Fe-O O-H H-C Fe-NPr Fe-O-H O-H-C O-Fe-NPr Fe-NPr-CPr 

 [Å] [Å] [Å] [Å] [ ° ] [ ° ] [ ° ] [ ° ] 

FeIVO, S=1 1.645   2.107   176.55 167.40 

FeIVO, S=2 1.734   3.826   153.16 123.59 
3TSσ 1.794 1.249 1.273 3.478 123.67 178.13 172.84 113.01 
3TSπ 1.783 1.173 1.369 2.041 116.82 171.79 176.85 168.45 
5TSπ 1.905 1.351 1.215 3.867 105.75 177.27 150.01 111.80 

3Iσ 1.882 0.971 2.200 3.557 114.84 164.45 174.62 113.31 
3Iπ 1.846 0.971 2.198 2.012 109.54 165.66 176.88 169.62 
5Iπ

 1.881 0.970 2.239 3.881 114.67 163.30 149.81 111.17 

B3LYP/COSMO(Acetonitril)/D3ZERO/def2-SVP, Fe and bond atoms, C+H:def2-TZVP optimization. 
 

Table 6.9: Loewdin spin-population for selected atoms of the transition 
states from the [FeIV(O)(NHC)4(EtCN)]2+-complex. 

 Loewdin spin-population 

 3TSσ 3TSπ 5TSπ 

Fe 2.48 1.00 2.69 

O -0.02 0.47 0.82 

H -0.06 0.11 0.11 

C -0.36 0.35 0.24 

B3LYP/def2-TZVPP/RIJCOSX/D3ZERO/COSMO single point calculations  
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3TSσ 3TSπ 5TSπ 

Figure 6.9: Spin density plots for the transition states of [FeIV(O)(NHC)4(EtCN)]2+. red: negative, yellow: positive 

The calculated spin population and the spin density plot for 3TSσ show that as expected a spin-down 

electron is located on the substrate since on this pathway a spin-up electron is transferred from the C-

H bond of the substrate (ethane) to iron. However, the situation is less clear cut as it was the case for 

the TMC-system. The Fe-O-H angel (124°) in the σ-transition state 3TSσ is far off from being linear and 

therefore differs from what is usually found for transition states on the σ-pathway.[91] This might 

suggest that the reaction passes through a rather late transition state where it resembles more the 

geometry of the product than the geometry of the starting molecule. In the hydroxo-iron(III) complex 
3Iσ, whose electronic structure is shown in Figure 6.10 (right) the Fe-O-H angle is 115°, hence even 

more bent than in the transition state. The MO-diagram for 3TSσ and 3Iσ in Figure 6.10 reveals what the 

differences compared to the TMC-system are (compare Figure 6.6). Clearly, for 3TSσ there are three 

unpaired spin-up electrons on iron and one spin-down electron on the substrate which is 

antiferromagnetically coupled with one of the electrons on iron (overlap S=0.54). However, due to 

mixing between the dxz and dz²-orbitals it is difficult to distinguish the dz²- and dxz-orbitals in the surface 

plot (inspection of the Kohn Sham orbitals instead of the corresponding and quasi restricted orbitals 

shown in Figure 6.6 gave the same result). While for the classical σ-transition state antiferromagnetic 

coupling between the metal dz²- and substrate σ*CHO-orbitals would be expected, from the orbitals in 

Figure 6.10 coupling between the unpaired-electron in a dxz-orbital with an unpaired electron on the 

substrate could be concluded, too. Further, the orientation of the doubly occupied mainly oxygen 

derived orbitals is less well-defined as in the TMC-system. The orbital depicted as O px in Figure 6.10 

(left) is bent in a way that it could be also described as oxygen pz-orbital, even in a σ-transition state 

the pz-orbital should have formed the σCHO-bond (see Figure 6.6 for the TMC-system). 

The orbital picture (Figure 6.10) gives therefore rise to an alternative formulation for the electronic 

structure: The dz²- and dyz-orbitals are singly occupied, the dxz-orbital is singly occupied and 

antiferromagnetically coupled to the unpaired electron residing on the substrate. Then, overlap of the 

oxygen px-, the substrate σCH- and the dxz-orbital in the transition state results in the formation of an 

σCHO-orbital that is doubly occupied as well as a singly occupied dxz-orbital that is antiferromagnetically 

coupled to the electron in the mainly substrate derived σ*CHO-orbital. Overlap of the dxz-orbital with 

the substrate σCH-bond is largest when the Fe-O-H angle is 90° which would explain the relatively small 

angle in the transition state (123.7°). Presumably, the electron from the substrate is directly 

transferred to the dz²-orbital (as it is usually the case on the σ-pathway) on an early stage of the reaction 

and in the structure that is localized as the transition state the Fe-O-H angle is already bent (indicative 

for a late transition state) which results in antiferromagnetic coupling between the spin-up electron in 

the iron dxz-orbital with the spin-down electron on the substrate. Hence, while in the “classical” TMC-

system the underlying electron transfer process is well-defined, the situation is less clear cut for the 

novel NHC-system. 
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Figure 6.10: Electronic structure of 3TSσ (left) and 3Iσ (right) for the [FeIV(O)(NHC)4(EtCN)]2+-complex. 

Inspection of the electronic structure of the intermediate 3Iσ (Figure 6.10, right) indeed reveals 

differences when compared to the 3σ-pathway for the TMC-system (Figure 6.6, right). 

Antiferromagnetic coupling occurs between a spin-down electron on the substrate and a spin-up 

electron in the iron dxz-orbital, however, the overlap S=0.08 is very small. Hence, what was indicated 

already in 3TSσ due to the mixing of the dxz- and dz²-orbitals is here completed. This explains why the 

Fe-O-H angle in the transition state 3TSσ (124°) is nearly as small as for 3TSπ (117°) given that overlap 

between a substrate σ-orbital and a dxz-orbital is best in a bent geometry. In a pointedly formulation, 

one could describe this transition state as a 3π-type transition state but in the present case a spin-up 

electron is transferred from the substrate to the metal center and not a spin-down electron, as it is 

usually the case for the π-pathway. 

The electronic structure of the 3TSπ transition state and the resulting 3Iπ intermediate is shown in Figure 

6.11. On this pathway a spin-down electron is transferred from the substrate C-H bond to the 

dxz-orbital on iron, resulting in an unpaired spin-up electron on iron (dyz-orbital) and one unpaired spin-

up electron distributed over the O-, H- and C-atoms of the substrate (see spin-population Table 6.9 

and spin density plot Figure 6.9). The Fe-O-H angle with 117° is strongly bend as it is expected to allow 

best overlap between the substrate σCH-bond and the iron dxz-orbital for the electron transfer. In 

contrast to 3TSσ and 5TSπ the distance between iron and the coordinated solvent molecule is not 

significantly changed when the initial FeIVO-complex (3RC) is compared to 3TSπ. This can be explained 

by the fact that only in the 3TSπ transition state the dz²-orbital is left unoccupied. Transition from 3TSπ 

to 3Iπ is accompanied by relatively minor changes in the electronic structure. The σHO-bond is finally 

formed and the unpaired electron on the substrate is now completely located on the carbon atom. 

Interestingly, when the electronic structure of the transition states for the NHC- and TMC-systems are 

compared, most similarities are found for the pathway via 3TSπ. 



Oxo-Iron(IV) Complexes 193 
 

  

  

 

Figure 6.11: Electronic structure of 3TSπ (left) and 3Iπ (right) for the [FeIV(O)(NHC)4(EtCN)]2+-complex. 

The only pathway accessible on the quintet surface for the NHC-system is via transition state 5TSπ 

whose electronic structure is shown in Figure 6.12 (left). Transfer of a spin-down electron from the 

substrate σCH-bond to the dyz-orbital is expected which would result in the electron configuration 

(dyz)2(dxy)1(dxz)1(dz²)1 on iron and a spin-up electron mainly located on the substrate. However, as is 

bone out in the schematic MO diagram for 5TSπ, in the transition state the dxy-orbital is doubly occupied 

while the dyz-orbital is only occupied by one spin-up orbital. Given that efficient overlap is not possible 

between the substrate σCH-bond (the electron donating orbital in this pathway) and the iron centered 

dxy-orbital required for a direct electron transfer, it seems to be more plausible that a redistribution of 

d-electrons took already place after the electron was transferred. Presumably, transfer of a spin-down 

electron from the substrate to the dyz-orbital is followed directly by the transfer of this spin-down 

electron to the dxy-orbital. This results in the electronic structure shown in Figure 6.12 (left). The 

strongly bent Fe-O-H angle of 106° is typical for a π-transition state where the dyz-orbital (or dxz) acts 

as the accepting orbital. 

The FeIII(OH) species 5Iπ reveals the (local) electron configuration (dxy)2(dyz)1(dxz)1(dz²)1 for iron and one 

unpaired electron on the substrate carbon atom (see Figure 6.12, right), similar to 5TSπ. 
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Figure 6.12: Electronic structure of 5TSπ (left) and 5Iπ (right) for the [FeIV(O)(NHC)4(EtCN)]2+-complex. 

 

Calculations on the hydrogen abstraction reaction by the oxo-iron(IV) complexes 

[FeIV(O)(TMC)(MeCN)]2+ and [FeIV(O)(NHC)4(EtCN)]2+ have revealed major differences. While for the 

previously studied complex [FeIV(O)(TMC)(MeCN)]2+ the 5 pathway was found to be lowest in energy, 

this reaction channel is blocked for the novel [FeIV(O)(NHC)4(MeCN)]2+ complex due to a distinct 

electronic structure that deviates from all previously described tetragonal oxo-iron(IV) complexes. For 

the complex [FeIV(O)(NHC)4(MeCN)]2+ the 3 pathway was found to be lowest in energy, but also 

significantly higher in energy than the 5 pathway for the “classical” complex [FeIV(O)(TMC)(MeCN)]2+. 
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6.3. Electronic Structure of the Complex [Fe2O(NHC4)2]4+  1 

As a decay product of the [FeIV(O)(NHC)4(EtCN)]2+ complex the oxo-bridged iron(III) dimer 

[Fe2O(NHC4)2]4+ was isolated and characterized in the group of Prof. Franc Meyer (see Scheme 6.7).[266] 

 

Scheme 6.7: Molecular structure of the iron dimer [Fe2O(NHC4)2]4+. 

Commonly, μ-oxo Iron(III) dimers are considered to be high-spin (local spin SFe=5/2), as evidenced by 

a number of examples of this type[277] and only few low-spin complexes are known.[278-280] However, 

the Mössbauer isomer shift of δ=0.04 mm s-1 falls notably below the range of values (0.15-0.50 mm s-1) 

observed for other μ-oxo bridged iron(III) dimers and already indicates differences in the electronic 

structure of this novel μ-oxo dimer containing macrocyclic carbene ligands.[277] Furthermore, the 

antiferromagnetic coupling of previously studied complexes (J usually between -10 and -200 cm-1) is 

one order of magnitude smaller than it was measured for the present species.[277-280] 

The complex was structurally characterized by X-ray crystallography, and further characterized by 

magnetic Mössbauer spectroscopy and SQUID measurements.[266] The data pointed to an Stotal=0 

ground state with a strong antiferromagnetic coupling of J=-606 cm-1. However, it was not possible to 

determine the local spin due to the infinitesimal population of the first excited state even at 295 K. The 

obtained data is, therefore, consistent with local spins on iron of Si=1/2, 3/2 and 5/2. 

To reveal the spin state and provide detailed insight in the electronic structure of the complex, 

spectroscopic parameters were calculated by DFT. All possible spin states were considered for this 

purpose and the antiferromagnetic coupling was calculated within the broken symmetry approach. 

The notation BS(m,n) corresponds to m electrons on site A coupled with n electrons on site B (in the 

present case A and B are the iron centers).[17] Two coupled low-spin iron(III) centers are then denoted 

by BS(1,1), intermediate-spin iron(III) by BS(3,3) and high-spin iron(III) by BS(5,5). Additionally, the 

closed shell case is also considered, however, this seems to be an unlikely scenario since it would imply 

a superoxo (O2
2-) bridged iron(IV) dimer or an iron(II) dimer bridged by an O2

2+ cation. 

Calculations were performed on the crystal structure with the B3LYP functional, the def2-TZVP basis 

set and the corresponding def2-TZV/J auxiliary basis set for the RIJCOSX approximation. Solvent effects 

were considered by the COSMO model assuming acetonitrile as solvent. For the calculations of the 

Mössbauer parameters the CP(PPP) basis set was used for iron and calculations were performed 

without the RIJCOSX approximation. 

                                                           
1 All experimental data given in the present Chapter 6.3 were obtained by the group of Franc Meyer and can be 
found in Ref.[266] 
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The structure was optimized in the spin state that yielded the energetically most stable ground state 

based on calculations on the X-ray structure. A def2-TZV basis set was used for optimizing the structure 

in combination with the BP86 functional, the RI approximation and COSMO to include solvent effects. 

Results from the calculations and experimental data are summarized in Table 6.10. 

Table 6.10: Calculated and experimental parameters for the [Fe2O(NHC4)2]4+ complex. 

 relative 
energya 

Ja 

Mössbauer 
parametersb 

selected bond 
distances/angles 

Loewdin spin 
population 

 δ ΔEQ Fe-O Fe-O Fe-O-Fe Fe O Fe 

 [kJ mol-1] [cm-1] [mm s-1] [mm s-1] [Å] [Å] [°]    

S=0 279  0.14 +2.55       

BS(1,1) 110 1962 -0.04 +2.50    0.95 0.01 -0.95 

BS(3,3) 0 -538 -0.03 +2.33    2.64 0.01 -2.64 

BS(5,5) 332 -183 -0.02 +1.91    3.86 0.01 -3.84 
           

optimizedc 

BS(3,3) 
 -551 -0.04 +2.37 1.743 1.744 179.83 2.65 0.00 -2.65 

           

Experimental[266] -606 0.04 +2.56 1.752 1.752 178.79    

 a: B3LYP/def2-TZVP/RIJCOSX/COSMO(Acetonitrile) single point calculation on X-ray structure. 
 b: B3LYP/def2-TZVP Fe: CP(PPP)/COSMO(Acetonitrile) 
 c: BP86/def2-TZVP/RI/COSMO(Acetonitrile) optimization 

 

The calculated relative energies reveal that two antiferromagnetically coupled intermediate-spin iron 

centres (each SFe=3/2) are lowest in energy, corresponding to the BS(3,3) solution. As expected, the 

closed-shell solution is very high in energy. Low-spin iron(III) (BS(1,1)) results in strong ferromagnetic 

coupling (J=1962 cm-1) and this solution is 110 kJ mol-1 higher in energy than the BS(3,3) solution. 

Highest in energy is the solution with two coupled high-spin centres (BS(5,5)). The Loewdin spin 

populations for iron reveal that the calculations converged to the desired solutions with +/- 0.95 for 

iron(III) low-spin, +/- 2.64 for intermediate-spin and +/- 3.86 for high-spin, even the spin population is 

slightly below the idealized number of unpaired electrons on each centre (1, 3, 5). Best agreement 

between the experimental and calculated coupling constant (J) is also found for the BS(3,3) solution 

and calculated Mössbauer parameters are in reasonable agreement with the experimental results. 

Subsequent optimization of the structure by DFT assuming the coupling of two intermediate-spin 

iron(III) centres result in excellent agreement between the calculated and experimental (XRD) iron-

oxygen bond distances and the Fe-O-Fe angle. 

From the calculations a detailed picture of the electronic structure was obtained and a MO scheme is 

shown in Figure 6.13. This demonstrates that the non-bonding dxy-orbital is doubly occupied and the 

dx²-y²-orbital is vacant. It was discussed in Chapter 6.1.3 that the strong NHC-ligand pushes the dx²-y²-

orbital high in energy and presumably the same effect is observed here. The population of the 

dx²-y²-orbital with electrons is therefore precluded. Magnetic orbitals are the singly occupied dz²-, dxz- 

and dyz-orbitals with an overlap of S=0.36, S=0.33 and S=0.33, respectively, resulting in strong 

antiferromagnetic coupling with J=-551 cm-1 (for the optimized structure). 
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Figure 6.13: MO scheme from BS(3,3) calculations on the [Fe2O(NHC4)2]4+ complex. Quasi restricted orbitals 
(doubly occupied / vacant) and corresponding orbitals (SOMOs) are shown. Hydrogen atoms omitted for clarity. 

 

The combination of experimental and computational results clearly show that the oxo-bridged dimer 

[Fe2O(NHC4)2]4+ is a rare case[277-280] of an intermediate-spin (local spin SFe=3/2) complex, with strong 

antiferromagnetic coupling. This is rather unexpected and in contrast to the low-spin state (SFe=1/2) 

that was initially assumed for the present complex based on the experimental results.[266]  

For five coordinate, tetragonal iron(III) complexes the high-spin state is actually the most common spin 

state (e.g. in porphyrins[244]). However, as mentioned before, occupation of the dx²-y²-orbital with 

electrons to form high-spin centers on iron in the present species is presumably precluded due to the 

strong equatorial NHC-ligand. This results in an intermediate-spin ground state. 
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6.4. Electronic Structure of the Complex [Fe2S2(NHC4)2]4+  2 

[2Fe-2S] clusters are common cofactors in various metalloproteins.[282] A large number of low 

molecular weight model complexes for these systems have been synthesized with different terminal 

ligands.[283-285] In contrast, only few examples are known of trans-1,2-disulfide-bridged [Fe-S-S-Fe] 

complexes with identical ligands.[286-287] 

In the group of Prof. Franc Meyer a new species of this type was synthesized with the macrocyclic 

tetracarbene ligand that was used as well for the synthesis of the oxo-iron(IV) complex discussed in 

Chapter 6.1.[281] The resulting μ-η1-η1-disulfide bridged binuclear iron complex (see Scheme 6.8) is the 

S2 analog of the μ-oxo bridged iron dimer that was discussed in the previous section. 

 

Scheme 6.8: Molecular structure of the disulfide bridged iron dimer [Fe2S2(NHC4)2(MeCN)2]4+. 

It was possible to solve the crystal structure of this complex and it was further characterized by 

Mössbauer-, IR-, resonance Raman- and UV-vis-spectroscopy as well as SQUID measurements. All 

experimental data presented in this chapter were obtained by the group of Prof. Franc Meyer and 

published recently.[281] They are not part of this thesis but are provided here for consistency. 

The magnetic measurements show a total spin of S=0, however, it was not possible to determine the 

local spins from the experimental data and even both oxidation states +III and +II on iron are 

compatible with the experimental results. Therefore, a closed shell FeII-SS-FeII structure, or strong 

antiferromagnetic coupling that is not measurable anymore in a conventional temperature range 

(J<-800 cm-1) with local spins of Si=1/2, 3/2 or 5/2 for two ferric sites or Si=1 or 2 for two ferrous sites 

are conceivable. 

Binuclear disulfide bridged dimers can be formally described by three resonance structures, depicted 

in Scheme 6.9.[288] 

 

Scheme 6.9: Possible resonance structures of the Fe-SS-Fe core. 

The mixed-valence structure (center of Scheme 6.9) is rather unlikely, since the single-crystal analysis 

reveals a symmetric structure with equivalent Fe-S bonds. Further, the experimental Fe-S and S-S bond 

                                                           
2 This section is reprinted/adapted with permission from S. Meyer, O. Krahe, C. Kupper, I. Klawitter, S. Demeshko, 

E. Bill, F. Neese, F. Meyer Inorg. Chem. 2015, 54, 9770. Copyright 2015 American Chemical Society. 
All experimental data given in the present chapter 6.4 were obtained by the Meyer group and can be found in 
Ref.[281] 
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distances (2.148 Å, 2.023 Å) are similar to a previously published trans-Fe2(μ-S2) (2.191 Å, 2.046 Å) 

complex for which an antiferromagnetically coupled iron(III) low-spin structure was postulated.[286] 

DFT calculations were performed on the crystal structure assuming both, a closed-shell S=0 spin state 

as well as all possible open-shell coupling schemes that result in a total spin S=0. Using once more the 

broken symmetry approach, the possible couplings between the iron centers are BS(1,1) for low-spin 

iron(III), BS(3,3) for intermediate-spin iron(III), BS(5,5) for high-spin iron(III), BS(2,2) for intermediate-

spin iron(II) and BS(4,4) for high-spin iron(II). The B3LYP functional was used, the def2-TZVP basis set 

and the corresponding def2-TZV/J auxiliary basis set for the RIJCOSX approximation. Solvent effects 

were taken into account within the COSMO model, assuming acetonitrile as the solvent. Results from 

single point calculations on the X-ray structure are summarized in Table 6.11 together with the 

experimental data. 

Table 6.11: Calculated and experimental[281] parameters for the [Fe2S2(NHC4)2(MeCN)2]4+ complex. 

 relative 
energya 

Ja 
Mössbauer parametersb Loewdin spin population 

 δ ΔEQ η Fe S S Fe 
 [kJ mol-1] [cm-1] [mm s-1] [mm s-1]      

S=0 46 0 0.15  2.55 0.72 0.00 0.00 0.00 0.00 

BS(1,1) 0 -912 0.10 -2.93 0.94 0.75 0.14 -0.14 -0.75 

BS(2,2) 0 -2291 0.10 -2.93 0.94 0.75 0.14 -0.14 -0.75 

BS(3,3) 0 -2167 0.10 -2.93 0.94 0.75 0.14 -0.14 -0.75 

BS(4,4) 0 -1869 0.10 -2.94 0.94 0.75 0.14 -0.14 -0.75 

BS(5,5) 548 -81 0.16 -0.97 0.68 3.80 0.25 -0.25 -3.80 
          

optimizedc 

BS(1,1) 

 
-836 0.07 -2.78 0.97 0.76 0.14 -0.14 -0.75 

         

experimental[281] < -800 0.13 2.80 0.72     

 a: B3LYP/def2-TZVP/RIJCOSX/COSMO(Acetonitrile) single point calculation on X-ray structure. 
 b: B3LYP/deft-TZVP Fe: CP(PPP)/COSMO(Acetonitrile) 
 c: BP86/deft-TZVP/RI/COSMO(Acetonitrile) optimization 

As evident from the calculated Loewdin spin population on iron and sulfur (Table 6.11), the BS(2,2), 

BS(3,3) and BS(4,4) calculations all converge to the BS(1,1) solution for antiferromagnetically coupled 

low-spin iron(III) centers. The calculated coupling J=-912 cm-1 from the BS(1,1) calculation is consistent 

with the experimental finding, that the complex must be closed shell (S=0) or the antiferromagnetic 

coupling must be very strong (J<-800 cm-1) that it is not measurable anymore in a conventional 

temperature range. Calculated Mössbauer parameters for the low-spin iron(III) case (δ=0.10 mm s-1, 

∆EQ=-2.93 mm s-1) are in good agreement with the experimental results (δ=0.13 mm s-1, 

∆EQ=2.80 mm s-1), even the sign for the quadrupole splitting is different when compared to the 

experiment. It should be noted, that the sign of the quadrupole splitting loses its meaning when η 

approaches unity,[139] like seen in the present case (calculated η=0.94). 

The high-spin  iron(III) case is calculated to be very high in energy, which again can be explained by 

population of the dx²-y²-orbitals. As discussed for the oxo-iron(IV)-complex this is unfavorable due to 

the strongly donating tetracarbene ligand. Furthermore, the calculated antiferromagnetic coupling of 

J=-81 cm-1 for the high-spin case is completely at odds with the experiment. 
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Mössbauer parameters calculated for the closed-shell case, which would result in a local [FeII-S2-FeII] 

electronic structure, are in reasonable agreement with the experimental values, and as mentioned 

before, the SQUID measurements would also be consistent with this electronic structure. However, 

this electronic structure was calculated to be 46 kJ mol-1 higher in energy than the 

antiferromagnetically coupled low-spin iron(III) case, and can therefore be confidently ruled out. 

The calculations on the crystal structure point towards an antiferromagnetically coupled low-spin 

iron(III) system in this compound. The structure was optimized by DFT 

((BS(1,1)/def2-TZVP/BP86/RI/COSMO) within the broken symmetry approach. Results for selected 

geometric parameters in comparison to the experimental results are provided in Table 6.12, calculated 

spectroscopic parameters and spin populations can be found in Table 6.11. Only minor changes in the 

calculated coupling and Mössbauer parameters are obtained, in line with the fact that the bonding 

parameters remain close to the ones in the crystal structure. This further confirms that the present 

complex should be considered as a strongly antiferromagnetically coupled iron(III) dimer bridged by 

an S2
2- -anion. For an [FeII-S=S-FeII] species the S-S-bond would be expected to be significantly shorter. 

Table 6.12: Selected experimental and calculated geometric parameters for the [Fe2S2(NHC4)2]4+ complex 

 Fe-S S-S Fe-S Fe-S-S Fe-S-S Fe-S-S-Fe 

 [Å] [Å] [Å] [°] [°] [°] 

exp 2.148 2.023 2.148 112.59 112.59 180.00 

calc 2.152 2.042 2.152 111.91 111.77 178.10 

 

 
Figure 6.14: MO scheme from BS(1,1) calculations on the [Fe2S2(NHC4)2]4+ complex. Quasi restricted orbitals 

(doubly occupied / vacant) and corresponding orbitals (SOMOs) are shown. Hydrogen atoms omitted for clarity. 



Oxo-Iron(IV) Complexes 201 
 

  

  

An MO-scheme obtained from the BS(1,1) calculations is provided in Figure 6.14. As expected for an 

low-spin iron(III) complex in pseudo octahedral coordination the dxy-orbital and dyz-orbitals are doubly 

occupied. The singly occupied dxz-orbitals correspond to the magnetic orbitals with an overlap of 

S=0.37. As can be seen inferred from the plot, the dxz-orbitals are slightly delocalized over the S2
2--

bridge. Interestingly, even throughout the [Fe2S2(NHC4)2(MeCN)2]4+ complex and the [Fe2O2(NHC4)2]4+ 

complex discussed in the previous section are both iron(III), they show different electronic structures. 

While the oxo-bridged dimer is intermediate-spin, the S2
2--bridged dimer is low-spin. This might be due 

to the additional solvent molecule that is coordinated in the complex [Fe2S2(NHC4)2(MeCN)2]4+ which 

results in a preference of the low-spin state in contrast to the five-coordinate oxo-bridged complex 

that is intermediate-spin. 

The [Fe2S2(NHC4)2(MeCN)2]4+ complex was further characterized spectroscopically in the group of Prof. 

Franc Meyer by IR-, resonance Raman- and UV-vis/NIR-spectroscopy (experimental data is not shown 

here in detail but can be found in Ref[281]).  

In the experimental absorption spectrum a very intense band was observed at 9852 cm-1, and 

additional bands at 14663 cm-1 and 27778 cm-1. TD-DFT calculations were performed to explore the 

origin of these bands. The calculated spectrum is shown in Figure 6.15 and selected difference density 

plots are provided in Figure 6.16. At 11473 cm-1 an intense band was calculated which is in reasonable 

agreement with the experimentally observed intense band at 9852 cm-1. The difference density plot in 

Figure 6.16 (root 5, 11473 cm-1) reveals that this signal results from a LMCT-transition from the πx-

system of the [S-S]2—unit into the singly occupied d-orbitals. This is in agreement with comparable 

bands of trans-1,2-disulfide ruthenium and iron complexes that Sellmann and coworkers assigned to 

ππ* transitions of the delocalized [M-S-S-M]-core.[289-291] 

 
Figure 6.15: TD-DFT calculated absorption spectrum for the [Fe2S2(NHC4)2(MeCN)2]4+ complex. Blue bars 
represent the calculated oscillator strengths and the black curve was obtained by simulating the spectrum with 
Gaussian functions assuming a FWHM of 2000 cm-1. 
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A band of lower intensity was calculated to appear at 20379 cm-1 which mainly results from a πy(S)dz² 

LMCT-transition. Experimentally, the closest band to this calculated one was observed at 14663 cm-1, 

hence, with a significant deviation from the computational result. 

 

In agreement with the experimental results where additional signals were observed at higher energy 

(~28000 cm-1), several bands were calculated in this region by TD-DFT. As shown in the difference 

density plots in Figure 6.16, these do mainly draw their intensities from transitions from the NHC-

ligand to the metal centers. 

 

     

root 5 root 12 root 15 root 31 root 32 

11473 cm-1 20379 cm-1 21255 cm-1 26277 cm-1 26700 cm-1 

πx(S2)dxz πy(S2)dz² dyzdz² NHCdxz (SOMO) NHCdxz (SOMO) 

Figure 6.16: Difference density plots for selected transitions in the [Fe2S2(NHC4)2(MeCN)2]4+ complex. red: 
negative; yellow: positive, hydrogen atoms omitted for clarity. 

The nature of the visible band in the absorption spectrum was further investigated by resonance 

Raman measurements with an excitation wavelength of 633 nm (15798 cm-1) that hits the band at 

14663 cm-1. This results in intense signals at 389 cm-1 and 501 cm-1 which can be assigned to the total 

symmetric (Ag) stretching vibrations ν(S-S) and ν(Fe-SS-Fe), respectively. Further evidence for this 

assignment is found in the calculations where the ν(S-S) and ν(Fe-SS-Fe) vibrations were predicted to 

appear at 379 cm-1 and 483 cm-1, respectively. Hence, even the transition calculated to appear at 

20379 cm-1 significantly deviates from the observed band at 14663 cm-1, the calculated nature of this 

transition (πy(S)dz²) is compatible with the results from the resonance Raman measurements. A 

transition from the S2 π-system to the metal dz²-orbitals will strongly affect the S-S and Fe-S bonds and 

therefore enhancement is expected for modes that resemble these deformations. 

 

It can be summarized, that based on the experimental results it was not possible to assign the a spin 

state or even an oxidation state to the μ-η1-η1-disulfide bridged binuclear iron complex 

[Fe2S2(NHC4)2(MeCN)2]4+. By calculating the spectroscopic parameters with DFT it was possible to show 

that the complex should be described as iron(III) low-spin (SFe=1/2) with very strong antiferromagnetic 

coupling. Hence, the S2
2—bridged iron(III) dimer is low-spin (SFe=1/2) in contrast to the intermediate-

spin (SFe=3/2) oxo-bridged iron(III) dimer discussed in the antecedent chapter. 
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6.5. Discussion and Conclusions 

In the present chapter the novel oxo-iron(IV) complex [FeIV(O)(NHC)4(EtCN)]2+ was studied 

computationally in conjunction with experimental results obtained in the group of Prof. Franc Meyer. 

The hydrogen abstraction reaction was compared to the previously studied complex 

[FeIV(O)(TMC)(MeCN)]2+. Further, the electronic structures of the dimeric iron complexes 

[Fe2O(NHC4)2]4+ and [Fe2S2(NHC4)2(MeCN)2]4+ were revealed, again, by combining computational and 

experimental approaches. 

It was shown that the electronic structure of the complex [FeIV(O)(TMC)(EtCN)]2+ is in line with the 

classical dxy<dxz,dyz<dx²-y²<dz² orbital splitting,[4,6] found for all tetragonal oxo-iron(IV) complexes so far 

and for most mononuclear tetragonal transition metal oxo-complexes. In contrast, the d-orbital 

splitting for the novel complex [FeIV(O)(NHC)4(MeCN)]2+ is dxy<dxz,dyz<dz²<dx²-y² and differs from all 

previously described tetragonal oxo-iron(IV) complexes.[86,101,106-107] Both complexes exhibit a 
3A2[(dxy)2(dxz)1(dyz)1] ground state, however, due to the distinct d-orbital splitting the TMC-system 

shows a 5A1[(dxy)1(dxz)1(dyz)1(dx²-y²)1] lowest energy quintet state (that was shown to be involved in 

hydrogen abstraction reactions previously[86,101,106-107]) while the NHC-system shows a 
5B1[(dxy)1(dxz)1(dyz)1(dz²)1] quintet state. 

As anticipated from the differences in their electronic structures, transition states differ significantly 

for the lowest energy pathways of hydrogen abstraction from model substrate ethane by the two oxo-

iron(IV) complexes. The [FeIV(O)(TMC)(MeCN)]2+ complex is expected to follow the established S=2, 5σ-

pathway (activation barrier 48 kJ mol-1) which is in agreement with previous studies.[86,101,106-107] It was 

further shown for the TMC-system that the barriers for the 3σ-, 5π- and 3π-pathway are of comparable 

height, 87 kJ mol-1, 97 kJ mol-1, and 99 kJ mol-1, respectively, and well separated from the 5σ-transition 

state. It should be noted here, that the 3σ- and 5π-pathways have not been considered for the present 

TMC-system in previous studies and therefore it is interesting to see that the barrier for the 3σ-pathway 

is even 10 kJ mol-1 lower than for the 3π-pathway.[86,101,106-107] 

For the novel NHC complex the lowest barrier was found for the 3σ-pathway (73 kJ mol-1), however, 

lying significantly higher in energy than the lowest barrier for the TMC-complex (5σ, 48 kJ mol-1). Given 

the overall higher energy span of the profile, the [FeIV(O)(NHC)4(EtCN)]2+ complex is expected to be less 

reactive towards CH-bond oxidation than the [FeIV(O)(TMC)(MeCN)]2+ complex. 

Comparison of the TMC- and NHC-systems leads to some remarkable conclusions. While for all 

previously studied oxo-iron(IV) complexes the CH-activation was found to proceed via the quintet 

state,[85-89,93,99,104,107,265,275-276] this so called “two-state-reactivity” cannot be found for the novel NHC-

complex. Hence, the well-established concepts are not applicable to the present NHC-system. 

Reactions via the high-spin state are generally explained by the gain of exchange energy due to the 

largest number of unpaired electrons on the 5σ-pathway when compared to the other conceivable 

reaction channels. However, the dx²-y²-orbital is pushed up in energy due to the strong NHC-ligand 

which results in the population of the dz²-orbital instead of the dx²-y²-orbital in the quintet state for the 

complex [FeIV(O)(NHC)4(EtCN)]2+. Therefore the dz²-orbital cannot act as the accepting orbital, blocking 

the classical 5σ-pathway. 
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The dimeric complexes [Fe2O(NHC4)2]4+ and [Fe2S2(NHC4)2(MeCN)2]4+ were also isolated in the Meyer 

group, both featuring the strong equatorial tetra carbene ligand (NHC4). While the former was 

obtained as a decay product of the parent monomeric FeIVO species, the latter was obtained by 

reacting the FeIVO precursor [FeII(NHC4)(MeCN)]2+ with sulfur. Both complexes were characterized by 

Mössbauer, UV-vis spectroscopy and SQUID measurements revealing a total spin of S=0. However, it 

was not possible to elucidate from the experimental data if the complexes are closed-shell, or if strong 

antiferromagnetic coupling results in a total spin of S=0. DFT calculations on both complexes have 

demonstrated that the spectroscopic parameters of the complex [Fe2O(NHC4)2]4+ are in best 

agreement with the experimental results for a local iron spin of SFe=3/2 and for the 

[Fe2S2(NHC4)2(MeCN)2]4+ complex for SFe=1/2. Hence the oxo-bridged dimer is best describes as two 

intermediate-spin iron(III) centers while the iron centers in the disulfide bridged dimer are best 

described as low-spin SFe=1/2 iron(III) sites. Antiferromagnetic coupling in both cases is very strong. 

 

The results of the present chapter are highly relevant for the understanding of hydrogen abstraction 

by oxo-iron(IV) complexes that was studied previously for various systems and was shown to be an 

important reaction in metalloenzymes. It is demonstrated here that the novel complex 

[FeIV(O)(NHC)4(EtCN)]2+ cannot undergo this reaction following the well-established two-states 

reactivity mechanism that is applicable to all tetragonal oxo-iron(IV) complexes reported so far. Since 

the d-orbital ordering established in the present study appears as the only viable alternative to the 

established pattern, it is suspected that the present conclusions have a broader range of validity and 

should hold in similar fashion for other systems in which the dz²-based orbital is found below the dx²-y²-

orbital. 
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7. Appendices 
 

7.1. Appendices to Chapter 5.6 

Additional results are provided here, relevant for deriving the discussed spin-Hamiltonian equations. 

 

7.1.1. Calculation of Orbital Zeeman Matrix Elements 

Throughout the process the Hermitian property of the angular momentum operator is used, which 

significantly reduces the number of terms that have to be calculated. The coordinate system is defined 

in Figure 2.2, page18 and superscripts in parenthesis denote the ligand atoms. MOs were defined in 

Equation 5.1a-5.1e on page 139. 

Some terms include the derivative of wave functions resulting from replacement of the angular 

momentum operator from the metal to the ligand (nitrido or oxo) as described on page 17. This results 

in the contributions < 𝑝𝑎|
𝜕

𝜕𝑏
|𝑝𝑐 > (a=x,y,z; b=x,y,z; c=x,y,z≠b) and < 𝑑𝑛| 

𝜕

𝜕𝑏
 |𝑝𝑐 > 

(n=xz,yz,xy,x²-z²,z²), hence, the overlap of a p- or d-orbital with the derivative of a p-orbital. It can be 

shown, that the derivative of a p-orbital with respect to x, y or z results in an orbital with the radial 

properties of the p-orbital and the angular properties of a d-orbital multiplied by an additional constant 

factor.[109] These “orbitals” are abbreviated in the following as 
𝜕

𝜕𝑏
 |𝑝𝑐 >= |𝛿𝑏𝑐 >. Inspection of the 

coordinate system (Figure 2.2, page 18) reveals that several overlap integrals vanish. Further, overlap 

integrals between different ligand atoms as well as between metal and ligand orbitals will be neglected 

here. These overlap integrals are expected to be small (S<<1, for example see ref.[296-298]) and the 

derived formulas are still accurate enough for a near quantitative interpretation of the g-values. 
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matrix elements:  < 𝜓𝑦𝑧
 |𝑙𝑥

𝐹𝑒|𝜓𝑥2−𝑦2
 > and < 𝜓𝑥2−𝑦2

 |𝑙𝑥
𝐹𝑒|𝜓𝑦𝑧

 > 

< 𝜓𝑦𝑧
 |𝑙𝑥

𝐹𝑒|𝜓𝑥2−𝑦2
 > = +𝛼𝜋𝛼𝑥2−𝑦2 < 𝑑𝑦𝑧| 𝑙𝑥

𝐹𝑒|𝑑𝑥2−𝑦2 > 

−𝛽𝜎𝛽𝜋 < 𝑝𝑦
(6)|𝑙𝑥

𝐹𝑒|𝑝𝑥
(3)
− 𝑝𝑥

(1)
+ 𝑝𝑦

(2)
− 𝑝𝑦

(4)
> 

−𝛼𝜋𝛽𝜎 < 𝑑𝑦𝑧|𝑙𝑥
𝐹𝑒|𝑝𝑥

(3)
− 𝑝𝑥

(1)
+ 𝑝𝑦

(2)
− 𝑝𝑦

(4)
>  

−𝛼𝑥2−𝑦2𝛽𝜋 < 𝑝𝑦
(6)
|𝑙𝑥
𝐹𝑒|𝑑𝑥2−𝑦2 > 

with Equation 2.26b and since 𝑅𝑧
(1,2,3,4)

= 0 

= −𝑖 𝛼𝜋𝛼𝑥2−𝑦2 + i𝛼𝑥2−𝑦2𝛽𝜋 < 𝑝𝑦
(6)
||𝑑𝑦𝑧 > 

+ i 𝛽𝜎𝛽𝜋 [< 𝑝𝑦
(6)
| |𝑝𝑧

(2)
> −< 𝑝𝑦

(6)
| |𝑝𝑧

(4)
> −ℏ𝑅𝑦

(2)
< 𝑝𝑦

(6)
| |𝛿𝑦𝑧

(2)
> +ℏ𝑅𝑦

(4)
< 𝑝𝑦

(6)
| |𝛿𝑦𝑧

(4)
>]

− i 𝛽𝜎𝛼𝜋 [< 𝑑𝑦𝑧| |𝑝𝑧
(2)
> −< 𝑑𝑦𝑧| |𝑝𝑧

(4)
> −ℏ𝑅𝑦

(2)
< 𝑑𝑦𝑧| |𝛿𝑦𝑧

(2)
> +ℏ𝑅𝑦

(4)
< 𝑑𝑦𝑧| |𝛿𝑦𝑧

(4)
>] 

Here, several ligand-ligand as well as ligand-metal overlap integrals are neglected. This is a plausible 

approximation, since the overlap integrals are expected to be much smaller than the remaining term. 

Further, the last two lines are of opposite sign and expected to be at the same order of magnitude. 

< 𝜓𝑦𝑧
 |𝑙𝑥

𝐹𝑒|𝜓𝑥2−𝑦2
 > =  − < 𝜓𝑥2−𝑦2

 |𝑙𝑥
𝐹𝑒|𝜓𝑦𝑧

 > ≈  −𝑖 𝛼𝜋𝛼𝑥2−𝑦2 

 

matrix elements:  < 𝜓𝑦𝑧
 |𝑙𝑥

𝐹𝑒|𝜓𝑧2
 > and < 𝜓𝑧2

 |𝑙𝑥
𝐹𝑒|𝜓𝑦𝑧

 > 

< 𝜓𝑦𝑧
 |𝑙𝑥

𝐹𝑒|𝜓𝑧2
 > =  −< 𝜓𝑧2

 |𝑙𝑥
𝐹𝑒|𝜓𝑦𝑧

 >  

= 𝛼𝜋𝛼𝑧2 < 𝑑𝑦𝑧
 |𝑙𝑥

𝐹𝑒|𝑑𝑧2
 > + 𝛽𝜋𝛽𝑧 < 𝑝𝑦

(6)|𝑙𝑥
𝐹𝑒|𝑝𝑧

(6)
> 

−𝛽𝜋𝛼𝑧2 < 𝑝𝑦
(6)|𝑙𝑥

𝐹𝑒|𝑑𝑧2 > −𝛽𝑧𝛼𝜋 < 𝑑𝑦𝑧|𝑙𝑥
𝐹𝑒|𝑝𝑧

(6)
> 

= −𝑖 𝛼𝜋𝛼𝑧2√3 + 𝑖 𝛽𝜋𝛼𝑧2√3 < 𝑝𝑦
(6)||𝑑𝑦𝑧 > + 𝛽𝜋𝛽𝑧 [< 𝑝𝑦

(6)
|𝑙𝑥
(6)
| 𝑝𝑧
(6) > +𝑖ℏ𝑅𝑧

(6)< 𝑝𝑦
(6)||𝛿𝑦𝑧

(6) >⏟        
=0

] 

 −𝛼𝜋𝛽𝑧 [< 𝑑𝑦𝑧 |𝑙𝑥
(6)
| 𝑝𝑧
(6)
> +𝑖ℏ𝑅𝑧

(6)
< 𝑑𝑦𝑧

 ||𝛿𝑦𝑧
(6)
>] 

= −𝑖 𝛼𝜋𝛼𝑧2√3 − 𝑖 𝛽𝜋𝛽𝑧 

  +𝑖 𝛽𝜋𝛼𝑧2√3 < 𝑝𝑦
(6)||𝑑𝑦𝑧 > −𝑖𝛼𝜋𝛽𝑧 [< 𝑑𝑦𝑧||𝑝𝑦

(6)
> +ℏ𝑅𝑧

(6)
< 𝑑𝑦𝑧

 ||𝛿𝑦𝑧
(6)
>]   

< 𝜓𝑦𝑧
 |𝑙𝑥

𝐹𝑒|𝜓𝑧2
 > =  −< 𝜓𝑧2

 |𝑙𝑥
𝐹𝑒|𝜓𝑦𝑧

 > ≈ −𝑖 𝛼𝜋𝛼𝑧2√3 − 𝑖 𝛽𝜋𝛽𝑧 

 

 

matrix elements:  < 𝜓𝑥𝑧
 |𝑙𝑥

𝐹𝑒|𝜓𝑥𝑦
 > and < 𝜓𝑥𝑦

 |𝑙𝑥
𝐹𝑒|𝜓𝑥𝑧

 > 

< 𝜓𝑥𝑧
 |𝑙𝑥

𝐹𝑒|𝜓𝑥𝑦
 > =  −< 𝜓𝑥𝑦

 |𝑙𝑥
𝐹𝑒|𝜓𝑥𝑧

 > = 𝛼𝜋 < 𝑑𝑥𝑧|𝑙𝑥
𝐹𝑒|𝑑𝑥𝑦 > − 𝛽𝜋 < 𝑝𝑥

(6)|𝑙𝑥
𝐹𝑒|𝑑𝑥𝑦 > 

= 𝑖 𝛼𝜋 − 𝑖 𝛽𝜋 < 𝑝𝑥
(6)||𝑑𝑥𝑧 > 

< 𝜓𝑥𝑧
 |𝑙𝑥

𝐹𝑒|𝜓𝑥𝑦
 > =  −< 𝜓𝑥𝑦

 |𝑙𝑥
𝐹𝑒|𝜓𝑥𝑧

 > ≈  𝑖 𝛼𝜋 
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matrix elements:  < 𝜓𝑦𝑧
 |𝑙𝑦

𝐹𝑒|𝜓𝑥𝑦
 > and < 𝜓𝑥𝑦

 |𝑙𝑦
𝐹𝑒|𝜓𝑦𝑧

 > 

< 𝜓𝑦𝑧
 |𝑙𝑦

𝐹𝑒|𝜓𝑥𝑦
 > =  −< 𝜓𝑥𝑦

 |𝑙𝑦
𝐹𝑒|𝜓𝑦𝑧

 > = 𝛼𝜋 < 𝑑𝑦𝑧|𝑙𝑦
𝐹𝑒|𝑑𝑥𝑦 > −𝛽𝜋 < 𝑝𝑦

(6)
|𝑙𝑦
𝐹𝑒|𝑑𝑥𝑦 >  

= −𝑖 𝛼𝜋 + 𝑖 𝛽𝜋 < 𝑝𝑦
(6)
||𝑑𝑦𝑧 >  

< 𝜓𝑦𝑧
 |𝑙𝑦

𝐹𝑒|𝜓𝑥𝑦
 > =  −< 𝜓𝑥𝑦

 |𝑙𝑦
𝐹𝑒|𝜓𝑦𝑧

 > ≈  −𝑖 𝛼𝜋  

 

matrix elements:  < 𝜓𝑥𝑧
 |𝑙𝑦

𝐹𝑒|𝜓𝑥2−𝑦2
 > and < 𝜓𝑥2−𝑦2

 |𝑙𝑦
𝐹𝑒|𝜓𝑥𝑧

 > 

< 𝜓𝑥𝑧
 |𝑙𝑦

𝐹𝑒|𝜓𝑥2−𝑦2
 > =  −< 𝜓𝑥2−𝑦2

 |𝑙𝑦
𝐹𝑒|𝜓𝑥𝑧

 >  

= 𝛼𝜋𝛼𝑥2−𝑦2 < 𝑑𝑥𝑧|𝑙𝑦
𝐹𝑒|𝑑𝑥2−𝑦2 > −𝛽𝜋𝛼𝑥2−𝑦2 < 𝑝𝑥

(6)
|𝑙𝑦
𝐹𝑒|𝑑𝑥2−𝑦2 > 

−𝛽𝜋𝛽𝜎 < 𝑝𝑥
(6)
|𝑙𝑦
𝐹𝑒|𝑝

𝑥
(3) − 𝑝

𝑥
(1) + 𝑝

𝑦
(2) − 𝑝

𝑦
(4) > −𝛼𝜋𝛽𝜎 < 𝑑𝑥𝑧

 |𝑙𝑦
𝐹𝑒|𝑝

𝑥
(3) − 𝑝

𝑥
(1) + 𝑝

𝑦
(2) − 𝑝

𝑦
(4) > 

since 𝑅𝑧
(1,2,3,4)

= 0 and 𝑅𝑥
(2,4)

= 0 and 𝑙𝑦
 |𝑝

𝑦
 >= 0 

= −𝑖𝛼𝜋𝛼𝑥2−𝑦2 − 𝑖𝛽𝜋𝛼𝑥2−𝑦2 < 𝑝𝑥
(6)||𝑑𝑥𝑧 > 

−𝛽𝜋𝛽𝜎[< 𝑝𝑥
(6)
|𝑙𝑦
(3)
|𝑝𝑥
(3)
> −< 𝑝𝑥

(6)
|𝑙𝑦
(1)
|𝑝𝑥
(1)
> +𝑖ℏ𝑅𝑥

(3)
< 𝑝𝑥

(6)
||𝛿𝑥𝑦

(3)
>⏟        

=0

− 𝑖ℏ𝑅𝑥
(1)
< 𝑝𝑥

(6)
||𝛿𝑥𝑦

(1)
>⏟        

=0

 ]  

− 𝛼𝜋𝛽𝜎[< 𝑑𝑥𝑧|𝑙𝑦
(3)
|𝑝𝑥
(3)
> −< 𝑑𝑥𝑧|𝑙𝑦

(1)
|𝑝𝑥
(1)
> +𝑖ℏ𝑅𝑥

(3)
< 𝑑𝑥𝑧||𝛿𝑥𝑦

(3)
>⏟        

=0

− 𝑖ℏ𝑅𝑥
(1)
< 𝑑𝑥𝑧||𝛿𝑥𝑦

(1)
>⏟        

=0

 ] 

= −𝑖𝛼𝜋𝛼𝑥2−𝑦2 − 𝑖𝛽𝜋𝛼𝑥2−𝑦2 < 𝑝𝑥
(6)
||𝑑𝑥𝑧 > 

+𝑖𝛽𝜋𝛽𝜎 [< 𝑝𝑥
(6)
||𝑝𝑧

(3)
> −< 𝑝𝑥

(6)
||𝑝𝑧

(1)
>] + 𝑖𝛼𝜋𝛽𝜎[< 𝑑𝑥𝑧||𝑝𝑦

(3)
> −< 𝑑𝑥𝑧||𝑝𝑦

(1)
> ] 

< 𝜓𝑥𝑧
 |𝑙𝑦

𝐹𝑒|𝜓𝑥2−𝑦2
 > =  −< 𝜓𝑥2−𝑦2

 |𝑙𝑦
𝐹𝑒|𝜓𝑥𝑧

 > ≈  −𝑖 𝛼𝑥𝑧𝛼𝑥2−𝑦2 

 

matrix elements:  < 𝜓𝑥𝑧
 |𝑙𝑦

𝐹𝑒|𝜓𝑧2
 > and < 𝜓𝑧2

 |𝑙𝑦
𝐹𝑒|𝜓𝑥𝑧

 > 

< 𝜓𝑥𝑧
 |𝑙𝑦

𝐹𝑒|𝜓𝑧2
 > =  −< 𝜓𝑧2

 |𝑙𝑦
𝐹𝑒|𝜓𝑥𝑧

 >  

= 𝛼𝜋𝛼𝑧2 < 𝑑𝑥𝑧|𝑙𝑦
𝐹𝑒|𝑑𝑧2 > + 𝛽𝜋𝛽𝑧 < 𝑝𝑥

(6)
|𝑙𝑦
𝐹𝑒|𝑝𝑧

(6) > −𝛼𝜋𝛽𝑧 < 𝑑𝑥𝑧|𝑙𝑦
𝐹𝑒|𝑝𝑧

(6) > 

−𝛽𝜋𝛼𝑧2 < 𝑝𝑥
(6)
|𝑙𝑦
𝐹𝑒|𝑑𝑧2 > 

=  𝑖√3𝛼𝜋𝛼𝑧2 + 𝑖√3𝛽𝜋𝛼𝑧2 < 𝑝𝑥
(6)||𝑑𝑦𝑧 > + 𝛽𝜋𝛽𝑧 < 𝑝𝑥

(6)
|𝑙𝑦
𝐹𝑒|𝑝𝑧

(6) > − 𝛼𝜋𝛽𝑧 < 𝑑𝑥𝑧|𝑙𝑦
𝐹𝑒|𝑝𝑧

(6) > 

= 𝑖√3𝛼𝜋𝛼𝑧2 + 𝑖√3𝛽𝜋𝛼𝑧2 < 𝑝𝑥
(6)||𝑑𝑦𝑧 > +𝑖 𝛽𝜋𝛽𝑧[< 𝑝𝑥

(6)||𝑝𝑥
(6) > −ℏ𝑅𝑧

(6)< 𝑝𝑥
(6)||𝛿𝑥𝑧

(6) >⏟        
=0

] 

− 𝑖𝛼𝜋𝛽𝑧[< 𝑑𝑥𝑧||𝑝𝑥
(6) > −ℏ𝑅𝑧

(6) < 𝑑𝑥𝑧||𝛿𝑥𝑧
(6) >] 

= 𝑖√3𝛼𝜋𝛼𝑧2 + 𝑖 𝛽𝜋𝛽𝑧 + 𝑖√3𝛽𝜋𝛼𝑧2 < 𝑝𝑥
(6)||𝑑𝑦𝑧 > 

− 𝑖𝛼𝜋𝛽𝑧[< 𝑑𝑥𝑧||𝑝𝑥
(6) > −ℏ𝑅𝑧

(6) < 𝑑𝑥𝑧||𝛿𝑥𝑧
(6) >] 

< 𝜓𝑥𝑧
 |𝑙𝑦

𝐹𝑒|𝜓𝑧2
 > =  −< 𝜓𝑧2

 |𝑙𝑦
𝐹𝑒|𝜓𝑥𝑧

 > ≈  𝑖 𝛼𝑥𝑧𝛼𝑧2√3 + 𝑖 𝛽𝑥𝛽𝑧 
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7.1.2. The Zeeman Matrix 

The resulting Zeeman matrix with the Zeeman operator 5.12 in the basis �̃�0

1

2
,±
1

2 is written as: 

𝛽𝑒  

(

 
 
 
 
 
 
 
 
 
 
 
 
 

〈�̃�0

1
2
,+
1
2| 𝜇𝑥𝐵𝑥 |�̃�0

1
2
,+
1
2〉      〈�̃�0

1
2
,+
1
2| 𝜇𝑥𝐵𝑥 |�̃�0

1
2
,−
1
2〉

     + 〈�̃�0

1
2
,+
1
2| 𝜇𝑦𝐵𝑦 |�̃�0

1
2
,+
1
2〉          + 〈�̃�0

1
2
,+
1
2| 𝜇𝑦𝐵𝑦 |�̃�0

1
2
,−
1
2〉

          + 〈�̃�0

1
2
,+
1
2| 𝜇𝑧𝐵𝑧 |�̃�0

1
2
,+
1
2〉              + 〈�̃�0

1
2
,+
1
2| 𝜇𝑧𝐵𝑧 |�̃�0

1
2
,−
1
2〉

〈�̃�0

1
2
,−
1
2| 𝜇𝑥𝐵𝑥 |�̃�0

1
2
,+
1
2〉      〈�̃�0

1
2
,−
1
2| 𝜇𝑥𝐵𝑥 |�̃�0

1
2
,−
1
2〉

     + 〈�̃�0

1
2
,−
1
2| 𝜇𝑦𝐵𝑦 |�̃�0

1
2
,+
1
2〉          + 〈�̃�0

1
2
,−
1
2| 𝜇𝑦𝐵𝑦 |�̃�0

1
2
,−
1
2〉

          + 〈�̃�0

1
2
,−
1
2| 𝜇𝑧𝐵𝑧 |�̃�0

1
2
,+
1
2〉              + 〈�̃�0

1
2
,−
1
2| 𝜇𝑧𝐵𝑧 |�̃�0

1
2
,−
1
2〉
)

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

The matrix elements are calculated with the given orbital Zeeman matrix elements and as (omitting Bn 

and βe and only those are given here that do not vanish): 

 

〈�̃�0

1

2
,+
1

2| 𝒍𝒛 + 𝑔𝑒𝒔𝒛 |�̃�0

1

2
,+
1

2〉 = − sin 2휃 −
𝛼𝜋
2𝛼
𝑥2−𝑦2
2 𝜁𝐹𝑒

2 [cos 𝜃−sin 𝜃]2

2Δ𝑥𝑦Δ𝑥2−𝑦2
  

 + 𝑔𝑒 [
1

2
−
𝛼𝜋
2𝛼
𝑥2−𝑦2
2 𝜁𝐹𝑒

2 [cos𝜃−sin 𝜃]2

8 (∆𝑥2−𝑦2)
2 +

𝛼𝜋
2𝜁𝐹𝑒
2 [cos𝜃−sin 𝜃]2

8 (∆𝑥𝑦)
2
 

−
3𝛼𝜋
2𝛼
𝑧2
2 𝜁𝐹𝑒

2 [cos𝜃+sin 𝜃]2

8 (∆𝑧2)
2
 

]  

 

〈�̃�0

1

2
,−
1

2| 𝒍𝒛 + 𝑔𝑒𝒔𝒛 |�̃�0

1

2
,−
1

2〉 = + sin 2휃 +
𝛼𝜋
2𝛼
𝑥2−𝑦2
2 𝜁𝐹𝑒

2 [cos 𝜃−sin 𝜃]2

Δ𝑥𝑦Δ𝑥2−𝑦2
  

+𝑔𝑒 [−
1

2
+
𝛼𝜋
2𝛼
𝑥2−𝑦2
2 𝜁𝐹𝑒

2 [cos𝜃−sin 𝜃]2

8 (∆𝑥2−𝑦2)
2 −

𝛼𝜋
2𝜁𝐹𝑒
2 [cos𝜃−sin 𝜃]2

8 (∆𝑥𝑦)
2
 

+
3𝛼𝜋
2𝛼
𝑧2
2 𝜁𝐹𝑒

2 [cos𝜃+sin 𝜃]2

8 (∆𝑧2)
2
 

]  

 

〈�̃�0

1

2
,+
1

2| 𝒍𝒙 + 𝑔𝑒𝒔𝒙 |�̃�0

1

2
,−
1

2〉 =
𝑔𝑒 cos 2𝜃

2
  

+
𝑔𝑒𝛼𝜋

2𝜁𝐹𝑒
2

8
[
𝛼
𝑥2−𝑦2
2 (cos𝜃−sin𝜃)2 

(Δ𝑥2−𝑦2)
2 −

(cos𝜃−sin 𝜃)2

(Δ𝑥𝑦)
2 +

3𝛼
𝑧2
2 (cos 𝜃+sin 𝜃)2

(Δ𝑧2)
2 ]  

−
𝛼𝜋
2𝛼
𝑥2−𝑦2
2 𝜁𝐹𝑒(cos
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2𝛼
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−
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Δ𝑥𝑦
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7.1.3. Contributions to the g-values by quadratic terms ∆n
2 

It should be noted that these terms are identical for gxx, gyy and gzz , only the signs are different (see 

Equations  5.14- 5.16). Here, the absolute values for the individual terms are given for calculations with 

휃𝑐𝑎𝑙𝑐 (Table 7.1) and calculations with 휃𝑒𝑥𝑝 derived from the experimental gzz-value (Table 7.2). 

Table 7.1: Contributions to the g-values by terms of the order ∆n
2, calculations performed with calc. 

 (∆𝑥2−𝑦2)
2
 (∆𝑥𝑦)

2
 (∆𝑧2)

2 
∆𝑥𝑦 ∙ ∆𝑥2−𝑦2   

(gzz) 

[FeV(N)cyc-ac]+ 0.007 0.000 0.000 0.001 
[FeV(N)(N3)cyc]+ 0.002 0.000 0.000 0.001 
[FeV(N)TMC-ac]+ 0.014 0.000 0.000 0.002 

[FeV(N)TPP] 0.004 0.000 0.001 0.001 

[FeV(O)TAML]– 0.000 0.001 0.002 0.000 

[FeV(O)cyc-ac]2+ 0.000 0.001 0.000 0.000 
 

Table 7.2: Contributions to the g-values by terms of the order ∆n
2, calculations performed with exp. 

 (∆𝑥2−𝑦2)
2
 (∆𝑥𝑦)

2
 (∆𝑧2)

2 
∆𝑥𝑦 ∙ ∆𝑥2−𝑦2   

(gzz) 

[FeV(N)cyc-ac]+ 0.009 0.000 0.000 -0.001 
[FeV(N)(N3)cyc]+ 0.002 0.000 0.000 -0.001 
[FeV(N)TMC-ac]+ 0.012 0.000 0.000 -0.001 

[FeV(O)TAML]– 0.000 0.001 0.002 0.000 
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7.2. Additional Mass Spectrometry Data for Chapter 5.9.2 

The gas-chromatography electron ionization mass spectrometry measurements were performed on a 

Finnigan SSQ 7000 spectrometer. The resulting data is provided in Table 7.3. Furthermore the 

background data is provided that was recorded just before the injection of the gaseous sample. 

Table 7.3: Raw data from EI-MS measurements of the gas phase over the photolyzed samples. 

m/z [Fe(15NN2)cyc-ac]PF6 
[Fe(15NN2)cyc-ac]PF6 

background 
[Fe(15NN2)2cyc]ClO4 

[Fe(15NN2)2cyc]ClO4 
background 

25 0.00 0.01 0.00 0.00 
26 0.00 0.07 0.00 0.00 
27 0.14 0.13 0.11 0.01 

28 (14N14N) 100.00 100.00 100.00 100.00 
29 (15N14N) 30.04 1.32 18.70 0.71 
30 (15N15N) 5.31 0.53 2.99 0.02 

31 0.00 0.05 0.00 0.00 
32 (O2) 4.68 25.51 7.05 14.98 

33 0.00 0.01 0.00 0.01 
34 0.02 0.11 0.03 0.06 
35 0.00 0.02 0.00 0.00 
36 0.06 0.26 0.07 0.14 
37 0.00 0.02 0.00 0.00 
38 0.01 0.10 0.01 0.03 
39 0.00 0.09 0.00 0.02 

40 (Ar) 14.36 1.63 20.73 48.10 
41 0.01 0.21 0.01 0.01 
42 0.01 0.15 0.00 0.00 
43 0.01 0.05 0.01 0.01 
44 0.18 2.42 0.18 0.24 
45 0.00 0.04 0.00 0.00 
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