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Abstract  

A detailed investigation of the sensitivity of modern high-resolution hard X-ray spectroscopy to-

wards transition metal (TM)-ligand interactions is carried out in the framework of this thesis. Valence-

to-core X-ray emission spectroscopy (VtC-XES) combined with density functional theory (DFT) to 

probe occupied TM-ligand interactions and high energy resolution X-ray absorption near edge structure 

(HERFD-XANES) in combination with time-dependent DFT (TDDFT) to probe unoccupied TM-ligand 

interactions are introduced as powerful tools to investigate transition metal compounds where standard 

spectroscopic or scattering techniques fail. The combination of both is ideally suited to characterize the 

electronic and geometric structure of Fe hydride complexes, Fe nitrosyl complexes and Fe polypyridyl-

NHC (N-heterocyclic carbene) complexes.  

Two low-valent, terminal iron hydride complexes and a dinuclear, bridged poly-hydride are inves-

tigated in comparison to their non-hydride analogues. Bonding and antibonding TM-H interactions lead 

to significant spectral changes in the VtC-XES and XANES region. Both methods show to be highly 

sensitive to the hydride coordination mode (terminal or bridged) and the TM-H distance and therefore 

are highly suited to study reactions in situ where hydride species are involved.  

The electronic structure of the well-known Hieber anion, [Fe(CO)3(NO)]- is revisited by modern 

high-resolution hard X-ray spectroscopy in combination with theoretical spectroscopy. Nitrosyl coordi-

nation isomers of the Hieber anion are obtained by accessing the singlet and triplet potential energy 

surfaces by a simple DFT scanning approach. These isomers are utilized further as a case study to in-

vestigate the strength of VtC-XES and HERFD-XANES to probe and discriminate structural nitrosyl 

isomers by theoretical spectroscopy. Both methods show a great sensitivity to structural and electronical 

changes of the Fe-NO motif. This work presents the possibility to follow the fate of the non-incent 

nitrosyl ligand during e.g. catalytic reactions or photophysical applications.  

The electronic structure of a series of potential iron-based photosensitizers is investigated and com-

pared by modern hard X-ray spectroscopy in combination with (TD)DFT. Obtained distinctions of 

ground state valence levels are correlated with excited state characteristics, probed by ultrafast transient 

absorption spectroscopy. The number of coordinating σ-donating N-heterocyclic carbene (NHC) ligands 

per complex is correlated to observed shifts in the core-to-core (CtC) XES spectrum, caused by changes 

in TM-ligand covalency.  
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Kurzzusammenfassung 

Eine detaillierte Untersuchung der Empfindlichkeit moderner, synchrotronbasierter harter Röntgen-

spektroskopie hinsichtlich Übergangsmetall (TM)-Ligand Wechselwirkungen, wird im Rahmen dieser 

Arbeit durchgeführt. Valence-to-core Röntgenemissionsspektroskopie (VtC-XES) in Kombination mit 

Dichtefunktionaltheorie (DFT) zur Abfrage besetzter TM-Ligand Wechselwirkungen und hoch energie-

aufgelöste, fluoreszenzdetektierte Röntgen-Nahkanten-Absorptions-Spektroskopie (HERFD-XANES) 

in Kombination mit zeitabhängiger Dichtefunktionaltheorie (TDDFT) zur Abfrage unbesetzter TM-Lig-

and Wechselwirkungen werden als leistungsstarke Hilfsmittel vorgestellt um Übergangsmetallverbin-

dungen in Fällen zu charakterisieren, in denen herkömmliche Spektroskopie- oder Streuungsmethoden 

versagen. Es wird gezeigt, dass die Kombination beider Methoden ideal geeignet ist um die elektroni-

sche sowie geometrische Struktur von Fe-Hydrid-Komplexen, Fe-Nitrosyl-Komplexen und Fe-Polypy-

ridyl-NHC-Komplexen zu charakterisieren. 

Zwei niedervalente, terminale Eisenhydride und ein dinukleares, verbrückendes Polyhydrid werden 

im Vergleich mit ihren hydridfreien Analogon untersucht. Bindende und antibindende TM-Ligand-

Wechselwirkungen führen zu signifikanten spektralen Änderungen im VtC-XES- und XANES-Bereich. 

Beide Methoden zeigen sich höchst sensitiv hinsichtlich der Koordinationsgeometrie des Hydridligan-

den (terminal, verbrückend) sowie der TM-H Bindungslänge und eignen sich somit in hohem Maße, um 

Reaktionen in situ zu untersuchen, in denen Hydridspezies involviert sind. 

Die elektronische Struktur des altbekannten Hierberanions, [Fe(CO)3(NO)]- wird mittels moderner, 

hochauflösender, harter Röntgenspektroskopie in Kombination mit theoretischer Spektroskopie neube-

trachtet. Durch eine simple, DFT-basierte scanning Methode wurden strukturelle Nitrosyl-Koordina-

tionsisomere des Hieberanions im singlet und triplet Spinzustand erhalten. Diese Strukturen werden als 

Fallstudie genutzt, um die Stärke von VtC-XES und HERFD-XANES hinsichtlich der Fähigkeit zur 

Charakterisierung und Unterscheidung dieser zu untersuchen. Beide Methoden zeigen eine hohe Emp-

findlichkeit hinsichtlich struktureller sowie elektronischer Änderungen des Fe-NO-Motivs. Diese Arbeit 

verdeutlicht die Möglichkeit dem Schicksal des redoxaktiven Nitrosylliganden z.B. während Reaktionen 

oder photophysikalischen Anwendungen zu folgen.  

Mit Hilfe moderner, hochauflösender, harter Röntgenspektroskopie kombiniert mit (TD)DFT-Rech-

nungen wird die elektronische Struktur des Grundzustandes einer Serie potenzieller eisenbasierter Pho-

tosensibilisatoren charakterisiert und miteinander verglichen. Gefundene Abweichungen werden mit Ei-

genschaften der angeregten Zustände dieser Verbindungen korreliert, welche durch transiente Ultra-

kurzzeitabsorptionsspektroskopie erhalten wurden. Des Weiteren wird gezeigt, dass die Anzahl N-hete-

rozyklischer-Carben-Liganden (NHC) pro Eisenkomplex mit experimentell beobachteten Verschiebun-

gen des Core-to-core Röntgenemissionsspektrums (CtC-XES) korrelieren. 
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1. Introduction 

In order to understand or improve the working principles of transition metal (TM) complexes or 

materials like e.g. catalysts in chemical reactions, enzymes in bioinorganic processes or compounds in 

photophysical applications, knowledge about the geometric and electronic structure of these compounds 

is indispensable. Many TM complexes or materials are successfully characterized by standard spectro-

scopic or scattering techniques, but there are many key compounds of the above-mentioned fields were 

characterization via readily accessible standard techniques is not straight forward. For this reason, a 

substituting method is needed that is able to probe both, the electronic and geometric structure of these 

compounds, while being not affected by any restriction of conventional analytical methods. 

The investigation of TM hydride compounds is highly restricted, especially structural charac-

terization or even the detection of present hydrides itself can be challenging. The working horses con-

cerning geometric structure determination, namely elastic X-ray scattering, Nuclear magnetic resonance 

(NMR) spectroscopy and vibrational spectroscopy are not able to locate the hydride ligand in many 

hydride compounds. It is hard or almost impossible in some cases to observe hydrides by elastic scat-

tering techniques due to the small X-ray scattering cross-section of hydrogen, which is often submerged 

by the electron density of the bonded transition metal, especially in case of bridged hydrides.1 NMR 

spectroscopy is a key analytical method to study diamagnetic transition metal (TM) hydrides. Neverthe-

less, in case of paramagnetic compounds, standard NMR spectroscopy is not able to directly detect 

spectral signals of hydride ligands.2,3 Vibrational spectroscopy combined with ab initio calculations is 

an important methodology to probe the geometric structure. However, hydride associated vibrations are 

often superimposed by overlapping ligand, solvent or co-reactant vibrations and in case of bridged hy-

drides TM-hydride stretching vibrations are often too weak to be detected.3 Modern high-resolution hard 

X-ray spectroscopy at TM K-edges is able to overcome the above mentioned limitations by probing 

occupied TM-H interactions via TM K-edge valence-to-core X-ray emission spectroscopy (VtC-XES) 

combined with density functional theory (DFT) and unoccupied TM-H interactions via TM K-edge high 

energy resolution fluorescence detected X-ray absorption near-edge structure (HERFD-XANES) com-

bined with time-dependent DFT (TDDFT). So far there were only preliminary studies on hydrogenases 

and hydrogenase mimics indicating the possibility of both methods to probe hydride interactions.4-6 

These findings will be improved in this work by further accessing the possibilities of this methodology 

by studying well-defined terminal and bridged molecular Fe hydride catalysts in comparison to their 

non-hydride references. 

Another example of challenging compounds are TM nitrosyl (NO) complexes and materials. 

Especially the characterization of the valence configuration of the bonded TM and the nitrosyl ligand 

itself is a great challenge, since NO is known to be a non-innocent ligand with nitrosyl π* occupations 

ranging from zero (NO+) to two (NO-). For this reason, Enemark and Feltham suggested to characterize 
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TM nitrosyls only via the total occupation number n in TM 3d and nitrosyl π* orbitals together via 

{TM(NO)}n, instead of determining separately the TM and nitrosyl valence composition.7 Determina-

tion of the geometric structure of TM nitrosyl complexes is less challenging for pure compounds in the 

electronic ground state, however as mentioned above due to the non-innocence of the nitrosyl ligand it 

is hard to extract the exact valence configuration. Since, nitrosyl ligands in TM nitrosyl compounds are 

often involved in redox and electronic excitations processes, it would be highly desired to follow the 

fate of nitrosyl ligands in situ in catalytic reactions or via transient spectroscopy after electronic excita-

tion. Typically, vibrational spectroscopy is used to probe TM nitrosyls but especially in case of catalytic 

reactions, vibrations of the nitrosyl ligand are often superimposed by vibrations of the solvent, ligands, 

reactants or co-reactants. Modern high-resolution hard X-ray spectroscopy combined with computa-

tional methods is able to overcome the above-mentioned limitations by probing the present TM-NO 

interaction of such compounds, while being element specific and independent of the state of aggregation 

and reaction conditions.8 VtC-XES combined with DFT calculations is able to probe nitrosyl bond or-

bitals and occupied TM-NO interactions,9 whereas pre-edge HERFD-XANES combined with TDDFT 

calculations is in principle able to probe unoccupied TM-NO interactions and therefore it is possible to 

access both, TM 3d and nitrosyl π* occupation. The well-known Hieber anion [Fe(CO)3(NO)]- serves 

as a case study to establish this methodology to investigate the coordination chemistry of nitric oxide.  

Octahedral Fe+II/+III polypyridyl complexes have a great potential to substitute noble metals as 

photosensitizers in the new future.10 Nevertheless, Fe+II polypyridyl are known to populate low-lying 

metal centered triplet (3MC) and quintet states (5MC) after optical excitation10 which are not favorable 

to interact with electron donors (reductive) or acceptors (oxidative) in electron transfer reactions. For 

this reason, many efforts are going into tuning the excited state order by either stabilizing the desired 

singlet and triplet metal-to-ligand charge transfer states (1/3MLCT) or by destabilizing the undesired 

3MC and 5MC states.10 It has been shown that the substitution of pyridyl functions by strong σ-donating 

NHC (N-hetero cyclic carbene) functions is able to significantly destabilize unoccupied Fe eg* levels 

and consequently destabilize 3MC and 5MC states.10 In order to understand the influence of the number 

of NHC-functions per Fe atom and geometric assembly of these groups (symmetric or asymmetric lig-

ands, homoleptic or heteroleptic complexes) a series of four different complexes with varying NHC 

numbers and positions are investigated by core-to-core XES (CtC-XES), VtC-XES and HERFD-

XANES combined with (TD)DFT to probe the influence of these groups on occupied Fe t2g, unoccupied 

Fe eg* and ligand π* levels. Furthermore, these changes of the electronic ground state structure induced 

by incorporation of NHC donor functions is correlated to changes in the electronic excited state structure 

by comparison with excited state characteristics of these complexes probed by ultrafast transient absorp-

tion spectroscopy.11 
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2. Theory 

2.1. Fundamentals of X-ray absorption and emission 

In the X-ray absorption process, inner- or core-levels are excited to unoccupied states, as illus-

trated in figure 1. These excitations are observed as sharp absorption edges with decaying tails to higher 

energies over several keV in the X-ray absorption spectrum.  

Following the Siegbahn notation each edge is defined by the excited shell,12,13 which is defined 

by the principal quantum number of a given occupied state. For example, 1s excitations occur at K-

edges (K-shell, n = 0), while 2s excitations cause L1-edges (L-shell, n = 1) and 2p excitations evoke L2- 

and L3-edges etc. (see Scheme 1).  

 

Figure 1. Overview of absorption M-, L- and K-edges of a given 3d TM (left) and K-edge emission 

lines of a given 3d TM (right). 

Each inner- or core-shell excitation process is followed by a decay of an electron of higher 

(energy) occupied levels to the core-hole, either under emission of a photon or non-radiative by emission 
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of an electron. Scheme 1 (right) illustrates all possible radiative relaxation pathways following 1s exci-

tations of a given 3d TM. In case of a 3d TMs, emissive relaxations of 2p, 3p and 3d levels to the 1s 

levels are observed. Each emission line is defined by the capital letter of its acceptor shell which has 

been excited previously at a given absorption edge and a Greek letter with indices that are not clearly 

defined, which is why the International Union of Pure and Applied Chemistry (IUPAC) recommends to 

define emission lines by their donor and acceptor shell, e.g. using K - L2 instead of Kα1 in case of 2p → 

1s relaxation.14  

The energy range where given absorption edges or emission lines occur is element specific, 

since stabilization of core-levels, e.g. the 1s level is increasing with increasing nuclear charge. The sta-

bilization of core-levels through nuclear charge is significantly stronger than the stabilization of valence 

levels, due to charge compensation by levels in between, leading to a decrease or vanishing of the ef-

fective charge Zeff felt by the valence. For this reason, the energy of a given absorption edge or emission 

line is increasing with nuclear charge, since the energy gap between core-levels and the valence-levels 

is increasing.15  

2.2. Selection rules 

X-ray absorption and emission follow the identical electric dipole selection rules as optical ab-

sorption or emission.  In general, electric dipole transitions are limited by the following selection rules: 

Where l is the azimuthal quantum number and m is the magnetic quantum number. Equation (2.2.1) 

illustrates, that with every emission or absorption of a photon, angular moment must be transferred. 

Since each photon has its own spin, angular moment conservation must be fulfilled. Spin flips are also 

forbidden, which is given by equation (2.2.4). Additionally, for centrosymmetric complexes or mole-

cules, the Laporte rule must be fulfilled, which forbids parity conversion (g, gerade or u, ungerade), 

with respect to the inversion center. Only transitions that involve a change in parity like u → g or g → 

u are allowed. However, this selection rule is abolished, if the center of symmetry is distorted by reasons 

like Jahn-Teller distortion or asymmetric vibrations.16,17 

The transition probability of electric quadrupole transitions is negligible in relation to dipole 

transitions, but especially in the pre-edge region of 3d TM K-edge spectra, where 1s  → 3d transitions 

occur (𝛥𝑙 =  ± 2 ), electric quadrupole transitions play an important role.16,17 The selection rule of the 

azimuthal quantum number for electronic quadrupole transitions is given by: 

𝛥𝑙 =  0,  ±  2  (2.2.5) 

2.3. X-ray Emission spectroscopy 

As given in section 2.1, after X-ray absorption an excited core-hole final state is created, which 

will decay, either radiative, under emission of a photon or non-radiative, under emission of an electron. 
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X-ray emission spectroscopy is recording the radiative decay in the range of the core-hole lifetime 

broadening as a function of the emission energy.17,18  

2.3.1. Core-to-core XES 

Core-to-core (CtC) XES studies the 3p → 1s relaxation after 1s excitation (Kβ1,3 emission). In 

general, a 1s electron is excited non-resonantly to the continuum, approximately 100 - 500 eV above a 

given 3d TM K-edge, followed by a 3p → 1s relaxation (see Scheme 1, Chapter 2.1), which is monitored 

as a function of the emission energy. The CtC-XES spectrum consist of mainly two features, the weak 

low-energy Kβ’ feature or Kβ satellite and the intense, high-energy Kβ1,3 feature or Kβ mainline (see 

figure 2).17,18  

 

Figure 2. Fe Kβ emission spectrum of Fe2O3.19 

In the final state (after 3p → 1s relaxation) an unpaired 3p electron is created, which is able to 

interact with unpaired 3d electrons via 3p-3d exchange interaction, causing the splitting between Kβ 

mainline and satellite. The higher the spin state of a given system, the higher is the observed Kβ splitting 

and the smaller is the 𝐼𝐾𝛽1,3: 𝐼𝐾𝛽′ intensity ratio.18 Figure 3a shows CtC-XES spectra of an octahedral 

Fe+II (d8) spin-crossover complex in the low-spin (LS) and high-spin (HS) state. LS compounds are 
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characterized by a small splitting between the mainline and the Kβ’ feature (𝛥𝐸(𝐸𝐾𝛽1,3 − 𝐸𝐾𝛽′)) and 

high intensity ratio between both (𝐼𝐾𝛽1,3: 𝐼𝐾𝛽′), whereas HS compounds exhibit a significantly increased 

splitting and a small intensity ratio of both. For this reason, CtC-XES is highly sensitive to the spin state 

of a given system and allows to discriminate different spin states.17  

 

Figure 3. a) CtC-XES spectrum of an octahedral coordinated Fe+II ion in low-spin (LS) configuration 

(blue) and high-spin (HS) configuration (red). b) present 3d and 3p occupation of both spin states in 

the CtC final state.20 

There are many examples, where mainline shifts were assigned to the oxidation state of the 

excited TM atom. Lowering the oxidation state means lowering the effective spin in the 3d shell and 

therefore decreasing the 3p-3d exchange interaction, shifting the mainline maximum to lower-energies. 

However, assigning mainline shifts to changes of the oxidation state, leads often to misinterpretations, 

due to superposition with covalency effects. Since covalency is also inducing a formal decrease of the 

3d occupation and therefore lowering the effective 3d spin. It has been shown experimentally and com-

putationally by Glatzel and Bergmann with a series of LS Ni2+ complexes17 and by Atanasov, Neese and 

Debeer for a series of HS Fe3+ complexes21 that the mainline is shifting significantly to lower energies 

with increasing TM-ligand covalency. To avoid a misassignment of covalency induced mainline shifts, 

proper reference compounds, with similar coordination sphere are required. 
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2.3.2. Valence-to-core XES 

In general valence-to-core XES (VtC-XES) studies the relaxation of valence levels to a core 

level of a given atom after core excitation, as illustrated in figure 4 (for Fe K-edge VtC-XES). In case 

of a 3d TM, the Kβ2,5 emission line is the VtC-XES signal (valence → 1s relaxation, see figure 3) or in 

case of a main group, third row element like phosphorous, the Kβ1,3 emission line is the VtC-XES signal 

etc., depending on the valence configuration of a given element.22  

 

Figure 4. Illustration of the X-ray emission initial state (left) and final (state) after 1s excitation. 

 The Kβ2,5 emission line and its low-energy Kβ’’ satellite are located at the high-energy slope of 

the Kβ1,3 emission line (see figure 2). In contrast to Kβ1,3 emission, Kβ2,5 emission is not allowed by 

means of dipole selection rules, since it is formally a 3d (valence) → 1s relaxation. Similar to 1s → 3d 

pre-edge transitions in the XANEs region, only quadrupole transitions are allowed for 3d → 1s transi-

tions (𝛥𝑙 =  − 2 ), which are much weaker in intensity in relation to electric dipole transitions (factor 

~100 weaker than Kβ1,3 line).23 Nevertheless, it has been shown, that 3d → 1s transitions gain dipole 

transition probability by hybridization with TM np orbitals.24 The amount of np hybridization depends 

on the coordination geometry of the central 3d TM. In centrosymmetric coordination geometries, e.g. 

octahedral, no np hybridization is observed (depending on the order of the distortion of the overall struc-

ture), whereas e.g. tetrahedral coordinated TM complexes exhibit high TM np hybridization and there-

fore high transition probabilities due to the increased dipole character of the connected transition.25 In 

TM coordination compounds, 3d → 1s transitions are typically located at the high-energy slope or high-

energy feature of the VtC-XES spectrum.23 The intensity of this region (see figure 5, 7107 - 7112 eV) 

in VtC-XES spectra is therefore sensitive to the coordination geometry of an TM ion, similar to the pre-

peak intensity in XANES spectra.26,27  
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Figure 5. Experimental (blue) and theoretical (red; def2-TZVP, TPSS) VtC-XES spectra of Fe(CO)5.19 

Lower-energy VtC-XES features (see figure 5, 7098 - 7106 eV) are typically evoked by ligand 

localized valence orbitals,28 which gain also transition probability due to minor TM np hybridization. 

The observed intensity of these transitions is therefore highly sensitive to the ligand-TM distance, due 

to a decreasing overlap of TM np and ligand np orbitals with increasing distance (as will be shown in 

chapter 4.1).4 In combination with DFT calculations, detailed information about these levels can be 

extracted.29-32 To illustrate the possibilities of this method the Fe K-edge VtC-XES spectrum of Fe(CO)5 

and predominant donor orbitals are shown in figure 5. The observed donor orbitals (see inset figure 9) 

reflect the σ2s*, π2p and σ2p orbitals of the carbonyl ligand and their bonding interactions with Fe 3d 

orbitals.  

The low-energy Kβ’’ satellite (see figure 2) of the Kβ2,5 emission line of TM K-edge emission 

spectra is typically evoked by ligand 2s (second row main group elements) or 3s (third row main group 

elements) orbitals.29 There are only few examples, were the Kβ’’ satellite gives valuable or unknown 

information. Nevertheless, in particular cases, the Kβ’’ satellite has been shown to be a sensitive probe 

for the identity of coordinating atoms. E.g. in solving the for decades ongoing discussion about the 

identity of the central atom in the nitrogenase FeMoco and FeVco clusters. Even though, the crystal 

structures were known for decades, the ion radii of C, N and O are too similar to be distinguished by 

scattering techniques. Debeer et al showed that the Kβ’’ satellite is shifting significantly for different 

central atoms, due to the element specific energies of given 2s levels. In combination with frozen-core 

DFT calculations, they were able to characterize the central atom as a carbon atom.33,34   
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2.4 K-edge X-ray Absorption Spectroscopy  

TM K-edge absorption spectra are divided in three regions: the low-energy pre-edge region, the 

X-ray absorption near-edge structure (XANES) region and the extended X-ray absorption fine structure 

(EXAFS) region as illustrated in figure 6. 

 

Figure 6. XAS spectrum of Fe2O3, characteristic regions are highlighted. 

Pre-peaks in the pre-edge region (see figure 6) are caused by 1s → 3d / LUMO (or combinations 

of 3d and ligand localized orbitals) transitions (see figure 7). For this reason pre-peaks are only observed 

in TM ions with non- or partial occupied d-shells (3d0 - 3d9).35 Similar to 3d → 1s transition in the VtC-

XES region, 1s → 3d transitions are formally forbidden by dipole selection rules and therefore only 

quadrupole transition are allowed to occur in the pre-edge region.24 Depending on the coordination ge-

ometry, TM 4p hybridization of 3d levels is observed, increasing the dipole character of given transitions 

and leading to an increased transition probability.25   

For this reason, the pre-edge region of TM K-edges is often utilized to discriminate different 

possible coordination numbers or geometries . In centrosymmetric coordination geometries, e.g. octa-

hedral coordinated 3d TMs, no 4p hybridization of 3d orbitals is possible by symmetry and therefore 
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only a very weak pre-peak is observed. In contrast, tetrahedral coordinated 3d ions observe great 4p 

hybridization, leading to intense pre-peaks.36,37 For the same reason it is also possible to determine the 

order of distortion of centrosymmetric coordination compounds, by comparison with pre-peak intensi-

ties of suited reference compounds.38 Since the pre-edge is highly sensitive to unoccupied 3d levels, it 

is often utilized to probe 3d occupation. For example, pre-peak spectra of octahedral coordinated d6 LS 

ions will only observe 1s → t2g transitions, whereas an octahedral coordinated d6 HS ion will show both 

1s → t2g and 1s → eg transitions, leading to a second or broadened pre-peak feature, depending on the 

t2g-eg splitting and experimental resolution (see figure 8). 

In the XANES region 1s → 4p transitions occur, since these are allowed electronic dipole tran-

sitions, the near-edge intensity is rising sharply to the white line (figure 6), where the 1s electron is 

excited to continuum states. Beyond the white line, in the extended X-ray absorption fine structure re-

gion, the 1s electron is finally ejected as a photoelectron wave in the EXAFS region. 

 

Figure 7. Illustration of the X-ray absorption K-edge initial state (left) and final state (right). 

 The majority of publications applying conventional XANES utilize the sensitivity of the edge-

position to the oxidation state of an excited TM ion as a probe for oxidation states.15 The increase of the 

oxidation state of an given TM ion leads to an greater increase of the effective charge felt by the 1s level 

in relation to the increase felt by valence levels of this ion or in other words, the 1s level is stabilized 

stronger than valence levels and therefore an increase of the energy gap between 1s and LUMO / 

LUMO+1 … / LUMO+X etc. levels is observed.  For this reason, TM ions in higher oxidation states 

exhibit blue-shifted edge positions in relation to TM ions in lower oxidation states. Nevertheless, de-

pending on the TM element studied, this approach is only applicable if compared compounds possess a 

similar coordination sphere with similar type of ligands.39  
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2.4.1. HERFD-XANES 

As illustrated in the previous section, TM K-edge pre-peaks of coordination compounds are 

highly sensitive to TM-ligand interactions of a given compound, since these are evoked by combinations 

of unoccupied 3d orbitals and unoccupied ligand localized orbitals. Nevertheless, fine structure in the 

pre-edge region is often masked by the poor intrinsic resolution of conventional XAS, caused by the 

short lifetime of core-excited final states in relation to valence excited final states.18  

 

Figure 8. Comparison of HERFD-XANES and conventional XANES at the Fe K-edge of Fe2O3.19  

High energy resolution fluorescence detected XANES (HERFD-XANES) is able to overcome 

the core-hole lifetime broadening by detecting an emissive final state with an increased lifetime (in 

relation to the core-hole lifetime) in a narrow bandwidth (in the range of the core-hole lifetime broad-

ening),35 since the minimal linewidth of a transition is inversely proportional to the lifetime of its final 

state, as can be simply understood by the time-energy uncertainty relation and described by the Kramers-

Heisenberg theory.40  



2. Theory 

 

 
13 

 

This sharpening effect has been demonstrated by the groups of Hämäläinen41 and de Groot.42 

Especially in the pre-edge and near-edge region, HERFD-XANES shows a drastically increased resolu-

tion as illustrated in figure 8 by a comparison of conventional XANES and HERFD-XANES of Fe2O3. 

In combination with time-dependent DFT (TDDFT) calculations, pre-edge HERFD-XANES is 

able to probe unoccupied TM-ligand interactions by accessing core-excited state compositions, as will 

be shown in chapter 4.43,44  

2.5. Simulating X-ray absorption and emission spectra 

Calculations of TM K-edge XAS spectra need to be segmented into calculating EXAFS, 

XANES and pre-edge spectra. Calculating EXAFS data is well understood and is based on a semi-

empirical methods,45,46 whereas the analysis of XAS edge data is more sophisticated.  

Since core-hole excitations need to be described, the application of pseudopotential methods is 

not straightforward, whereas all-electron calculations demand a disproportionate computational cost 

compared to pseudopotential methods. There are examples were ground state DFT has been applied to 

study pre-edges but DFT is not able to treat the quasiparticle character of electrons and the core-hole 

attraction. By applying the Bethe-Salpeter equation (BSE) method,47 electron-hole pairs can be de-

scribed but the computational cost is increasing significantly. Of course, coupled cluster methods48-54 

are able to describe core-hole excited states accurately, nevertheless again the computational cost is too 

high to be applied as a standard tool to analyze pre-and near-edges.  

Time-dependent DFT (TDDFT) is the most frequently used method to describe charge-neutral 

excitations and it has been shown that TDDFT is able to accurately describe TM K-edge pre- to near-

edge specta (see chapter 4).55,56 Depending on the investigated compound (materials or molecular com-

pounds) molecular orbital57-59 or plane wave43 basis sets are applied. 

It is known that the transition energy of a charge-transfer transition in the UV/VIS region de-

scribed by TDDFT crucial depends on the amount of Hartree-Fock-exchange (HF-exchange) of an ap-

plied hybrid-functional. The same effect occurs in the pre-edge to near-edge region as shown by Roemelt 

et al.60 and illustrated in figure 9.  

Compared to XANES calculations, a reasonable theoretical description of TM K-edge VtC-XES 

spectra is rather fast and convenient. As shown for many TM compounds, in most cases a ground state 

DFT description is more than sufficient.28,62. There are only a few exceptions where an excited state 

description was needed to obtain a sufficient description of the experiments.63  
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Figure 9. Theoretical Fe K-edge pre-edge spectra including varying percentages of HF-exchange, to 

illustrate the connection between the charge-transfer energy and the amount of HF-exchange applied 

in a hybrid functional.61 

2.6. X-ray sources 

There are two main methods to produce X-rays: particle accelerators, like synchrotrons or free 

electron lasers (FELs) and X-ray tubes. The main difference here is the brightness of these sources. X-

ray tubes are able to perform in XES and XAS experiments, with the serious restriction of the very low 

flux compared to synchrotron and XFEL sources. The low flux leads to much longer acquisition times 

to obtain useful statistics.  

However, in the 1970s and 80s, laboratory / table top spectrometer utilizing X-ray tubes as a 

radiation source were established,64 but the large majority of publications in the field of X-ray spectros-

copy were conducted on synchrotron-based radiation sources. In the last years more and more publica-

tions on table-top spectrometers using X-ray tubes occurred. This is due to the fact, that the brilliance 

of X-ray tubes has been greatly increased over the last decades and XAS, especially EXAFS (which was 

the working horse at synchrotrons for many decades) becomes more and more a standard analytic 

method and therefore the demand on building conventional XAS beamlines or to keep existing ones in 

service is decreasing.65 
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2.6.1 X-ray tubes  

In X-ray tubes, an electron gun or a hot tungsten cathode is used to produce high kinetic energy 

electrons. This electron beam is guided by a focusing cap (see figure 10) with an applied high potential 

(25 - 600 kV) towards an anode.23 The electrons of the electron beam are inelastically scattered by the 

anode material, where core- or inner-electrons are ejected. The created vacancies, in e.g. the 1s level, 

are refilled by higher levels and the energy difference between both levels is emitted as an X-ray photon, 

leading to element specific emission lines as described in chapter 2.1.23 Additionally, an underground 

over a wide energy range (1 keV) is observed due to bremsstrahlung, which is naturally occurring when 

a charged particle (in this case the electron) is decelerated.23  

 

Figure 10. Schematic construction of an X-ray tube.66 

Since the mean free path of electrons in the gas phase under atmospheric pressure is only 68 nm 

in air, X-ray tubes need to be operated in vacuum, to increase the mean free path of the electron beam. 

The steady electron impact is generating great heat on the anode surface, leading to melting of the anode 

material. Therefore, the anode material needs to be cooled, by e.g. direct cooling via conduction or 

convection and water cooling.23  

2.6.2 Synchrotron and X-ray free electron laser radiation 

As mentioned above, to achieve suitable statistics and signal to noise ratios, high X-ray flux is 

demanded. The best X-ray sources regarding flux, have been for decades based on the relativistic prop-

erties of fast-moving charged particles like electrons, positrons or protons.23 Synchrotrons and X-ray 

free electron laser (XFELs) are able to produce high photon flux over a wide energy range, going from 

the infrared (IR) up to Γ-ray regime of the electromagnetic spectrum.23 Both synchrotrons and XFELs 

accelerate charged particles to relativistic velocities. Radiations is produced by deflecting these charged 

particles under the effect of magnetic fields. The deflections result in a change of the velocity vector and 



2. Theory 

 

 
16 

 

therefore synchrotron radiation can be understood as a special case of Bremsstrahlung. Synchrotrons 

are ring shaped, whereas XFELs are linear accelerators.23  

Each synchrotron consists of linear and bent sections. In linear sections, electrons are either 

guided by quadrupoles or led through wigglers or undulators to produce synchrotron radiation, whereas 

bend sections are realized by bending magnets. To increase the mean free path of the charged particles, 

the whole ring needs to be hold at a high vacuum. The charged particles are first pre-accelerated with a 

linear accelerator (LINAC) to several millions of electron volts (MeV), which transfers the particles to 

a booster ring. In the booster ring, the particles are further accelerated up to several Giga electron volts 

(GeV) and are guided to the storage ring.23 If needed, it is possible to further accelerate the particles by 

radio frequency (RF) electric fields, which are applied in cavities of linear sections. The particles are 

forced to follow the circular path by bending magnets, where they lose kinetic energy during each turn, 

emitting synchrotron radiation. The lost kinetic energy is fully recovered, when passing through the RF 

electric fields in the linear sections.23  

There are four different generations of synchrotron sources that need to be distinguished. The 

main difference is found in terms of brilliance between each generation.23 Brilliance B is defined as the 

quantity of photons ΔN per time t, area A and solid angle ΔΩ within a small bandwidth
𝛥𝜆

𝜆
: 

𝐵 =  
𝛥𝑁

𝑡 ∙ 𝐴 ∙  𝛥𝛺 ∙  
𝛥𝜆
𝜆

 
 

(2.6.1) 

In the first generation, synchrotrons were not built to use synchrotron radiation to conduct ex-

periments. Synchrotron radiation was only a side product of the particle accelerator and has been used 

in a parasitic way, during high-energy physic experiments. In the second generation, synchrotrons were 

built exclusively to use the synchrotron radiation, which was mainly produced by bending magnets. The 

development of Wiggler devices allowed the production of radiation in linear sections for the first time. 

Afterwards, development of undulators and optimization of wigglers took place, leading to third gener-

ation sources. Improvements of third generation sources are still possible, but fourth generation sources 

are already being developed and built based on free electron lasers (FELs). The characteristics of FELs 

and fourth generation are very short coherent pulses of very high peak intensity and brilliance.23 

As mentioned above bending magnets, wiggler and undulators are designed to produce synchro-

tron radiation by deflecting charged particles at relativistic velocities. The following section will cover 

the fundamentals and working principle of these devices. 
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2.6.2.1 Moving Charges: Bending Magnets and Insertion devices  

 An accelerated charge is emitting electromagnetic dipole radiation, as given by numerical solu-

tions of Maxwell equations.67 The emitted intensity is proportional to the square of the charge accelera-

tion: 𝑥0
2𝜔4. With the frequency ω of the oscillating charge in the direction x: 

𝑥 =  𝑥0  · sin (𝜔𝑡) (2.6.2) 

The oscillation amplitude x0 is decreasing with increasing mass of the charged particle. For this 

reason, a more intense emission is observed for massive particles like protons than for small-mass elec-

trons.23 The emitted wavelength λ defined as:  

𝜆 =  
2𝜋𝑐

𝜔
 

(2.6.3) 

 

, where c is the speed of light. The dipole emission is disappearing along the oscillation and is maximum 

perpendicular towards the direction x. Therefore, the time-dependent electric field, caused by the oscil-

lation of the charged particle is parallel to the x-axis and the emission is linearly polarized.23 

By considering only the classical mechanisms and typical electron oscillator frequencies present 

in atoms, the emitted photon energy would correspond to infrared, visible and near-ultraviolet wave-

lengths. With help of the Doppler Effect it is possible to shift the emission maximum to smaller wave-

length into the hard X-ray regime. Therefore, the electron has to move with a constant speed v along the 

z-direction perpendicular (longitudinal) to the oscillation in x-direction.23 

𝜆 =  
2𝜋𝑐

𝜔
 √

1 − 𝛽

1 + 𝛽
 

 

(2.6.4) 

, with β =  
𝑣²

𝑐²
 .  

The resulting wavelength is decreasing extreme (Γ-ray regime) for relativistic electrons. When 𝑣 ≈ 𝑐, it 

is given: 

1 − 𝛽

1 + 𝛽
=  

1 − 𝛽²

(1 + 𝛽)²
≈  

1

4𝛾²
 

(2.6.5) 

, where 𝛾 =
1

√1−𝛽²
 is the relativistic γ-factor, i.e. the electron energy in m0c² units. 

Therefore equation (4) can be written as: 
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𝜆 =  
2𝜋𝑐

𝜔
 

1

2𝛾
 

 

(2.6.6) 

the γ-factor ranges typically from 10² to 104 in electron accelerators: 

Relativistic longitudinal motion of the electron (motion in z-direction), leads to projection of the 

dipole radiation in forward direction, with a “torchlight” like emission in z-direction and an extreme 

narrow emission cone. Furthermore, the brightness (equation (2.6.1)) is greatly enhanced, due to a de-

crease of the “source size” Σ and angular spread Ω. To realize the combination of transverse electron 

oscillation and relativistic longitudinal speed additional devices are required. Relativistic speed is auto-

matically produced in particle accelerators like synchrotron storage rings and linear accelerators (LIN-

ACs). Only, the transverse oscillation must be added by magnetic devices.23 

 

Figure 11. Schematic view of a bending magnet (left) and an insertion device (right).66  

One typical device to induce transverse oscillation is the insertion device, as illustrated in fig-

ure 11. An insertion device consists of two parallel series of dipole magnets, where both series are ar-

ranged south opposite to north and vice versa. The charged particle is guided in between both magnet 

series and the magnetic field applies a periodic Lorentz force, which causes the particle to oscillate. 

Since the applied Lorentz force does not perform any work, it is not possible to change the overall 

magnitude of the velocity. Therefore, the induced transverse oscillation goes along with a slower longi-

tudinal motion, which has to be recovered by radiofrequency cavities.23   

There are mainly two different types of insertion devices, undulators and wigglers. Main differ-

ence here is the applied magnetic field, undulators are weak field devices whereas wigglers are strong 

field devices. The stronger field in wigglers leads to a much stronger oscillation of the charged particle, 

leading to a broad superimposed emission spectrum, whereas the weak field in undulators is character-

ized by narrow emission lines of given harmonics.23 To keep the particles in a closed-loop, bending 

magnets (see figure 11) are used to deflect them in a circular motion, producing synchrotron radiation 

as a byproduct of the deflection. Similar to Wigglers, bending magnets produce a broadband emission 

spectrum. Wigglers can be regarded as a series of bending magnets in opposite directions.23 
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2.7. Spectrometer types 

After the excitation of a sample at a given absorption edge by a monochromatized X-ray beam, 

radiative relaxation of occupied states to the created core-hole occurs as derived in section 2.1. In order 

to scan the resulting emission energy with high efficiency and energy-resolution an analyzer is needed. 

All possible high-resolution X-ray detection schemes are based on diffraction of X-rays over crystallo-

graphic planes (Bragg) and lattices (Laue)23 as given by the Bragg equation: 

𝑛𝜆 = 2𝑑 ·  𝑠𝑖𝑛𝜃 (2.6.7) 

, where n is the diffraction order, λ the X-ray photon wavelength, d the lattice constant and θ is the Bragg 

angle. The Bragg equations illustrates that an incident photon with a given photon energy (h∙ν) is dif-

fracted by a Bragg crystal at a given angle and vice versa. The use of a reflection (Bragg) or transmission 

(Laue) geometry, depends on the energy range, where the experiment will be operated. Bragg geometries 

are typically applied below 20 keV and Laue geometries above 20 keV, where typically larger Bragg 

angles become inevitable due to the limited choice of appropriate crystals. Bragg geometries are the 

most common for X-ray emission spectroscopy. In principle there are two different Bragg geometries: 

focusing and dispersive geometries (see figure 12).23  

 

Figure 12. Schematic construction of a spectrometer in scanning geometry (left) and dispersive geom-

etry (right). 

In dispersive geometries (see figure 12, right) like the von Hamos geometry, there is no need to 

scan the emission energy, since cylindrically bent crystals in combination with a position sensitive de-

tector are used.68 The cylindrically bent analyzers diffract simultaneously X-rays over a range of Bragg 

angles, each photon energy is focused on a different spot of the position sensitive detector. Therefore, it 

is possible to record the whole emission spectrum within a single pulse (in theory, at high flux and high 

sample concentrations), leading to an outstanding data acquisition time. For this reason, von Hamos 
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spectrometers are often applied in time-depending experiments, like pump-probe or in-situ experi-

ments.23   

In focusing geometries (see figure 12), the sample, a spherically bent analyzer crystal with a 

curvature of twice the Rowland circle radius 2R and a solid-state detector are arranged in a so-called 

Rowland circle. The resulting polychromatic emission of the previous excited sample is collected by a 

spherically bent analyzer, which diffracts the photon depending on its energy at a given resulting Bragg 

angle (depending on the X-ray photon energy). Each photon energy is therefore focused on a different 

spot of the Rowland circle and can be independently recorded by moving the crystals and or the detector 

in the Rowland circle, while the sample stays fixed. To increase the captured solid angle, multiple crys-

tals are used, located on overlapping Rowland circles. There are mainly two different types of scanning 

spectrometers, the Johann and Johansson type (see figure 13).23  

In the traditional Johann approach, proposed in 1931, cylindrically bent crystals were used.69  

Nowadays Johann and Johansson are using spherically bent analyzer crystals, where the crystallographic 

planes are bent to a curvature with twice the radius of the Rowland circle 2R, leading to a pencil-shaped 

focus. The main difference between both types is that the crystals in the Johansson spectrometer are 

ground to the same curvature as the Rowland circle with the radius R (see figure 14).70 For this reason, 

Johansson spectrometers are exactly focusing and are able to solve the incremental variation of incident 

angles transvers to the crystal of a Johann-type spectrometer, which enables the use of near backscatter-

ing geometries. Therefore Johansson-type spectrometers are very powerful in the low-energy tender X-

ray regime (1.4 - 4.5 eV) where typically smaller Bragg angles become inevitable due to the limited 

choice of appropriate crystals.23  

 

Figure 13. Schematic construction of a spectrometer in Johansson geometry (left) and Johann geome-

try (right). 
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4. Publications 

4.1 Detection and Characterization of Hydride Ligands in Iron Complexes by 

High-Resolution Hard X-ray Spectroscopy and Implications for Catalytic Pro-

cesses 

 

Burkhardt, L.; Holzwarth, M.; Plietker, B.; Bauer, M. Inorg. Chem. 2017, 56, 13300-13310. 

Two low-valent iron hydride complexes and their non-hydride analogues are investigated by 

VtC-XES and HERFD-XANES combined with (TD)DFT. These complexes serve as model compounds 

to investigate the strength of modern hard X-ray spectroscopy to probe TM-hydride interactions of ter-

minal hydride complexes. Bonding Fe-hydride interactions contribute significantly to Fe K-edge VtC-

XES features, whereas antibonding Fe-hydride interactions show only minor contributions to pre-edge 

features.  

 

Participation in this Publication 

L. Burkhardt: X-ray spectroscopy, simulation of VtC-XES and HERFD-XANES spectra, manuscript 

preparation 

M. Holzwarth and B. Plietker: synthesis of all investigated compounds 

M. Bauer: corresponding author 

  



4. Publications 

 

 
29 

 

 



4. Publications 

 

 
30 

 



4. Publications 

 

 
31 

 



4. Publications 

 

 
32 

 



4. Publications 

 

 
33 

 



4. Publications 

 

 
34 

 



4. Publications 

 

 
35 

 



4. Publications 

 

 
36 

 



4. Publications 

 

 
37 

 



4. Publications 

 

 
38 

 



4. Publications 

 

 
39 

 



4. Publications 

 

 
40 

 

 

 



4. Publications 

 

 
41 

 

  



4. Publications 

 

 
42 

 

4.2 The Bonding Situation in the Dinuclear Tetra-Hydrido Complex 

[{5CpFe}2(μ-H)4] Revisited by Hard X-ray Spectroscopy 

 

Burkhardt, L.; Mueller, C.; Groß, O. A.; Sun, Y.; Sitzmann, H.; Bauer, M. Inorg. Chem. 2018, DOI: 

10.1021/acs.inorgchem.8b03032. 

The publication has been accepted and will be published as the cover of Issue 11 (Volume 58) of ACS 

Inorganic Chemistry. 

The dinuclear briged polyhydride [{5CpFe}2(μ-H)4] and its non-hydride reference [5CpCpFe] 

are investigated by VtC-XES and HERFD-XANES combined with (TD)DFT. These compounds serve 

as model complexes to investigate the strength of modern hard X-ray spectroscopy to investigate Fe-Fe, 

Fe-H interaction and spin states in dinuclear bridged hydride complexes. Bonding Fe-hydride interac-

tions contribute essentially to Fe K-edge VtC-XES features, whereas antibonding Fe-hydride interac-

tions evoke an additional well-pronounced pre-edge feature in the XANES region.  

 

Participation in this Publication 

L. Burkhardt: HERFD-XANES and VtC-XES; geometry optimizations, simulation of VtC-XES spectra, 

XANES spectra, theoretical spectroscopy, manuscript preparation 

C. Mueller, O. A. Groß: synthesis of all investigated compounds, NMR spectroscopy 

Y. Sun: single crystal diffraction 

H. Sitzmann: manuscript preparation 

M. Bauer: corresponding author 
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4.3 Revival of the formal description: Fe(-II) identified in the Hieber anion by 

hard X-ray emission and absorption spectroscopy 

 

Burkhardt, L.; Vukadinovic, Y; Kalinko A.; .Rudolph, J.; Carlsson, P.; Jacob, C.; Bauer, M. Angew. 

Chem. 2019, in preperation. 

This publication will be submitted to Angewandte Chemie between the 29th of April and 24th of June.  

The Hieber anion is examined by high-resolution hard X-ray spectroscopy, (TD)DFT and theo-

retical spectroscopy. In great contrast to a recent study, our experimental and computational results are 

in very good agreement with the former well-known description of a 3d10 Fe-II ion bound to a linear NO+ 

ligand. The triplet and singlet potential energy surfaces of the Hieber anion are examined and all com-

putational observed nitrosyl coordination isomers are utilized further and studied by theoretical VtC-

XES and HERFD-XANES spectroscopy. Both methods show a great sensitivity to changes in the nitro-

syl coordination mode and spin state. 

 

Participation in this Publication 

L. Burkhardt: HERFD-XANES and VtC-XES, geometry optimizations, simulation of VtC-XES and 

XANES spectra, theoretical spectroscopy, manuscript preparation 

Y. Vukadinovic: Synthesis of investigated compounds 

A. Kalinko: Assisted during the XES and XAS measurements 

M. Bauer: corresponding author 

J. Rudolph, C. Jacob: Preliminary calculations and preliminary analysis of XANES and VtC-XES  
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4.4 The Connection Between NHC Ligand Count and Photophysical Properties in 

Fe(II) Photosensitizers: An Experimental Study  

 

Zimmer, P.; Burkhardt, L.; Friedrich, A.; Steube, J.; Neuba, A.; Schepper, R.; Müller, P.; Flörke, U.; 

Huber, M.; Lochbrunner, S; Bauer, M. Inorg. Chem. 2018, 57, 360-373;  

P. Zimmer and L. Burkhardt contributed equally to this publication. 

Homoleptic and heteroleptic Fe+II photosensitizers coordinated by tridentate (poly)pyridine-

NHC ligands with varying NHC / pyridine ratios are investigated by modern hard X-ray spectroscopy 

combined with (TD)DFT. The CtC-XES mainline is shifting significant to lower energies with increas-

ing number of σ-donating NHC functions, due to an increasing ligand-iron covalency. A similar effect 

is observed for the HERFD-XANES pre-peak feature which shows a distinct blue-shift with increasing 

number NHC functions due to an increasing destabilization of underlying eg* levels. Obtained distinc-

tions of ground state valence levels are correlated with excited state characteristics, probed by ultrafast 

transient absorption spectroscopy 

 

Participation in this Publication 

P. Zimmer and L. Burkhardt contributed equally to this publication. 

P. Zimmer: Synthesis of investigated compounds, NMR spectroscopy, cyclic voltammetry, UV-Vis 

spectroscopy, manuscript preparation 

L. Burkhardt: HERFD-XANES and VtC-XES; geometry optimizations; simulation of VtC-XES spectra, 

XANES spectra, redox potentials and molecular levels; manuscript preparation 

M. Bauer: corresponding author 

A. Friedrich and S. Lochbrunner: transient absorption spectroscopy, manuscript preparation 

R. Schepper: EXAFS analysis 

P. Müller: preliminary computational studies 

J. Steube: synthesis of investigated compounds 
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5. Summary and Outlook 

The methodological combination of VtC-XES, HERFD-XANES and (TD)DFT calculations has 

been shown to be an excellent tool to probe the geometric and electronic structure of TM compounds in 

cases where conventional scattering or spectroscopic techniques fail, with a set of Fe hydride, nitrosyl 

and polypyridyl-NHC complexes in comparison to their non-hydride, non-nitrosyl and polypyridyl an-

alogues. 

It has been shown for all investigated hydride compounds that bonding Fe-hydride interactions 

contribute essentially to Fe K-edge VtC-XES features around 7107 eV. Furthermore, we have shown 

that even hydride-phosphine interactions resulting from proximity of adjacent phosphine and hydride 

ligands contribute significantly to the VtC-XES spectrum around 7105 eV. Moreover, we have shown 

that antibonding Fe-hydride interactions of bridged poly-hydrides evoke an additional well-pronounced 

pre-edge feature around 7115 eV in the XANES region. In contrast to terminal Fe hydrides, which show 

only minor contributions to pre-edge features around 7114 eV. However, for both terminal and bridged 

poly-hydrides it has been demonstrated by theoretical spectroscopy that modern high-resolution hard X-

ray spectroscopy is able to detect even diluted hydride species down to a mole fraction of 5 % and 

therefore high-resolution hard X-ray spectroscopy combined with (TD)DFT is a promising tool to study 

reaction mechanisms in-situ where hydrides are present. 

The Hieber anion has been examined by high-resolution hard X-ray spectroscopy, (TD)DFT 

and theoretical spectroscopy. In great contrast to a recent study, our experimental and computational 

results are in very good agreement with the former well-known description of a 3d10 Fe-II ion bound to 

a linear NO+ ligand. The ability of VtC-XES and HERFD-XANES to probe nitrosyl localized orbitals 

and their interactions with Fe 3d orbitals has further been strengthened and explored. The triplet and 

singlet potential energy surfaces of the Hieber anion were examined and all computational observed 

nitrosyl coordination isomers (six) were utilized further and studied by theoretical hard X-ray spectros-

copy. It has been shown that changes of the nitrosyl bonding mode are inducing significant spectral 

variations of VtC-XES and HERFD-XANES spectra and therefore the above-mentioned methodology 

is indeed able to probe and discriminate structural nitrosyl isomers. This opens the path to study transient 

nitrosyl species on ultrafast timescales and to investigate reactions in-situ were nitrosyl ligands are in-

volved. 

Homoleptic and heteroleptic Fe+II photosensitizers coordinated by tridentate (poly)pyridine-

NHC ligands with varying NHC / pyridine ratios were studied by high-resolution hard X-ray spectros-

copy combined with (TD)DFT. It has been shown, that the CtC-XES mainline is shifting significantly 

to lower energies with increasing number of σ-donating NHC functions, due to an increasing ligand-

iron covalency. A similar effect was found for the HERFD-XANES pre-peak feature which shows a 
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distinct blue-shift with increasing number NHC functions due to an increasing destabilization of under-

lying eg* levels. An unexpected sensitivity of the HERFD-XANES near-edge to the nature of the coor-

dinating ligand (NHC or pyridine) has been observed. NHC-rich (three and four NHC functions per 

complex) structures exhibit a well-pronounced near-edge feature around 7119 eV which is significantly 

blue-shifting into the absorption-edge with a decreasing number of NHC functions, whereas pyridine-

rich structures show a distinct near-edge feature around 7124 eV which is blue-shifting into the absorp-

tion-edge with decreasing number of pyridine functions. These results serve as a solid foundation for 

transient high-resolution hard X-ray spectroscopy on ultrafast timescale to further understand the excited 

state dynamics in potential Fe+II (poly)pyridine-NHC photosensitizers .  

All experiments performed in this work are proof of principles studies using solid samples of 

defined compounds. So far, we could only access feasibility of the methodology under in-situ conditions 

by theoretical spectroscopy of physical mixtures. Therefore, the next step is the allocation of VtC-XES 

and HERFD-XANES to real catalytic systems in-situ and transient ultrafast experiments. 
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6. Supporting Information 

6.1 Detection and Characterization of Hydride Ligands in Iron Complexes by 

High-Resolution Hard X-ray Spectroscopy and Implications for Catalytic Pro-

cesses 
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Section S1 - Structural parameters 

Table S1. Atomic distance and dihedral angle between N-Fe-N, P-Fe-P and C-Fe-N planes of 1, 2, 1H 

and 2H from DFT optimized structures. 

Atomic distance / 

dihedral angle 

Compound 

1 2 1H 2H 

Fe-N1[a] 1.64 Å 1.64 Å 1.64 Å 1.64 Å 

Fe-N2[a] 1.64 Å 1.64 Å   

Fe-C[a]   1.77 Å 1.77 Å 

Fe-P1[a] 2.20 Å 2.24 Å 2.20 Å 2.19 Å 

Fe-P2[a] 2.20 Å 2.24 Å 2.23 Å 2.19 Å 

Fe-H[a]   1.52 Å 1.55 Å 

Dihedral P-Fe-P[b] 87.7° 113.5° 92.4° 142.1° 

Dihedral N-Fe-N[b] 126.1° 125.8°   

Dihedral N-Fe-C[b]   123.7° 121.3° 

[a] bond length, [b] dihedral angle. 
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Section S2 - Additional spectra 

 

Figure S1. Comparison of experimental (solid) and theoretical (dashed) Fe K-edge HERFD-XANES 

spectra of complexes 1, 2, 1H and 2H.  
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Figure S2. Comparison of experimental (solid) and theoretical (dashed) Fe VtC-XES spectra of com-

plexes 1, 2, 1H and 2H. 

Figure S3. Left: comparison of HOMO (H) and LUMO (L) energies of 1H and 1. Right: comparison of 
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HOMO and LUMO energies of 2 and 2H. Red: antibonding combination of H 1s and Fe 3dz², orange: 

antibonding combination of H 1s and Fe 3dz² 

Section S3 - VtC-XES transitions and donor orbitals 

Table S2. Comparison of all relevant VtC-XES transitions of 1 and 2 concerning ligand/element popu-

lations (donor orbital), energies and normalized intensities. 

 Complexes 

 1 2 

Ligand 

/ 

element 

charac-

ter 

Transition 

 

Popula-

tion[a] 

/ % 

Energy 

/eV 

Norm. 

Int. [b] 

/a.u. 

Transition 

 

 

Popu-

la-

tion[a] 

/ % 

Energy 

/eV 

Norm. 

Int. [b] 

/a.u. 

Fe 

HOMO 

→ 

Fe 1s 

64 6940.32 0.44 

HOMO 

→ 

Fe 1s 

58.5 6940.63 0.53 

HOMO-1 

→ 

Fe 1s 

34.7 6940.23 0.60 

HOMO-1 

→ 

Fe 1s 

36.1 6940.11 0.54 

HOMO-2 

→ 

Fe 1s 

48.7 6939.60 0.50 

HOMO-2 

→ 

Fe 1s 

49.1 6939.74 0.45 

HOMO-3 

→ 

Fe 1s 

52.5 6939.30 0.22 

HOMO-3 

→ 

Fe 1s 

54.5 6939.28 0.17 

HOMO-4 

→ 

57.6 6939.00 0.01 

HOMO-4 

→ 

54.7 6938.91 0.01 
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Fe 1s Fe 1s 

P (PR3) 

HOMO-13 

→ 

Fe 1s 

29.7 6937.41 0.28 

HOMO-17 

→ 

Fe 1s 

27.8 6937.32 0.29 

HOMO-14 

→ 

Fe 1s 

22 6936.79 0.11 

HOMO-18 

→ 

Fe 1s 

16.3 6936.87 0.04 

HOMO-15 

→ 

Fe 1s 

18 6936.74 0.01 

HOMO-19 

→ 

Fe 1s 

17.9 6936.82 0.06 

HOMO-16 

→ 

Fe 1s 

22.3 6936.67 0.18 

HOMO-20 

→ 

Fe 1s 

16.9 6936.81 0.04 

HOMO-17 

→ 

Fe 1s 

15.1 6936.51 0.02     

HOMO-68 

→ 

Fe 1s 

15.4 6927.61 0.02     

NO 

HOMO-36 

→ 

Fe 1s 

36.4 6933.83 0.03 

HOMO-47 

→ 

Fe 1s 

33.3 6933.84 0.01 

HOMO-37 

→ 

Fe 1s 

80.2 6933.75 0.11 

HOMO-48 

→ 

Fe 1s 

77.9 6933.80 0.11 
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HOMO-39 

→ 

Fe 1s 

35.5 6933.66 0.05 

HOMO-53 

→ 

Fe 1s 

68.2 6933.62 0.07 

HOMO-40 

→ 

Fe 1s 

85 6933.60 0.09 

HOMO-56 

→ 

Fe 1s 

42.4 6933.58 0.01 

HOMO-41 

→ 

Fe 1s 

57.8 6933.55 0.02 

HOMO-63 

→ 

Fe 1s 

82.5 6933.11 0.76 

HOMO-48 

→ 

Fe 1s 

78.1 6933.11 0.71 

HOMO-64 

→ 

Fe 1s 

82.2 6932.67 0.08 

HOMO-51 

→ 

Fe 1s 

81.1 6932.67 0.07 

HOMO-83 

→ 

Fe 1s 

83.1 6928.48 1.00 

HOMO-65 

→ 

Fe 1s 

83.2 6928.49 0.98 

HOMO-86 

→ 

Fe 1s 

69.8 6927.87 0.17 

HOMO-67 

→ 

Fe 1s 

75.1 6927.91 0.17  

[a] Population of the given element via Loewdin reduced orbital population analysis,  [b] normalized to 

1 (all values were divided by the overall highest value). 
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Table S3. Comparison of all relevant VtC-XES transitions of 1H and 2H concerning ligand/element 

populations (donor orbital), energies and normalized intensities. 

 Complexes 

 1H 2H 

Ligand 

/ 

element 

charac-

ter 

Transition 

 

Popula-

tion[a] 

/ % 

Energy 

/eV 

Norm. 

Int.[b] 

/a.u. 

Transition 

  

Popula-

tion[a] 

/ % 

Energy 

/eV 

Norm. 

Int.[b] 

/a.u. 

Fe 

HOMO 

→ 

 Fe 1s 

58.1 6940.10 0.50 

HOMO 

→ 

 Fe 1s 

61.7 6940.25 0.50 

HOMO-1 

→ 

 Fe 1s 

46.6 6939.91 0.51 

HOMO-1 

→ 

 Fe 1s 

35.8 6939.94 0.68 

HOMO-2 

→ 

 Fe 1s 

64.8 6939.51 0.12 

HOMO-2 

→ 

 Fe 1s 

58.1 6939.70 0.30 

HOMO-3 

→ 

 Fe 1s 

54.9 6938.94 0.16 

HOMO-3 

→ 

 Fe 1s 

51.4 6938.97 0.12 

  

  

HOMO-16 

→ 

 Fe 1s 

34.2 6938.97 0.12 

P 
HOMO-

12 
25.5 6937.34 0.24 

HOMO-17 

→ 

27.6 6937.23 0.47 
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→ 

 Fe 1s 

 Fe 1s 

HOMO-

13 

→ 

 Fe 1s 

16.7 6936.67 0.08 
  

  

  

  

HOMO-

15 

→ 

 Fe 1s 

16.5 6936.49 0.08 

H 

HOMO-

17 

(1Ha) 

→ 

 Fe 1s 

10.1 6937.83 0.18 

HOMO-16 

(2Ha) 

→ 

 Fe 1s 

14.4 6938.97 0.12 

  

  

HOMO-28 

(2Hb) 

→ 

 Fe 1s 

8.8 6936.04 0.25 

NO 

HOMO-

45 

→ 

 Fe 1s 

35.1 6933.47 0.03 

HOMO-1 

→ 

 Fe 1s 

35.8 6939.94 0.68 

HOMO-

49 

→ 

 Fe 1s 

38.7 6933.20 0.06 

HOMO-50 

→ 

 Fe 1s 

38.4 6933.70 0.02 
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HOMO-

53 

→ 

 Fe 1s 

65 6932.71 0.30 

HOMO-51 

→ 

 Fe 1s 

59.2 6933.66 0.02 

HOMO-

69 

→ 

 Fe 1s 

50.3 6928.13 0.44 

HOMO-65 

→ 

 Fe 1s 

71.4 6932.83 0.31 

HOMO-

70 

→ 

 Fe 1s 

30.9 6927.91 0.16 

HOMO-84 

→ 

 Fe 1s 

51.4 6928.26 0.43 

CO 

HOMO-

31 

→ 

 Fe 1s 

47.1 6934.74 0.14 

HOMO-37 

→ 

 Fe 1s 

70.6 6934.86 0.08 

HOMO-

32 

→ 

 Fe 1s 

38.7 6934.70 0.04 

HOMO-38 

→ 

 Fe 1s 

67.7 6934.81 0.05 

HOMO-

33 

→ 

 Fe 1s 

40 6934.66 0.05 

HOMO-39 

→ 

 Fe 1s 

53.7 6934.71 0.35 

HOMO-

34 

→ 

53.4 6934.50 0.38 

HOMO-67 

→ 

 Fe 1s 

66.5 6931.74 0.17 
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Table S4. Donor orbitals of 1. 

HOMO 

 

HOMO-1 

 

 Fe 1s 

HOMO-

56 

→ 

 Fe 1s 

43 6931.65 0.10 

  

  

[a] Population of the given element via Loewdin reduced orbital population analysis,  [b] normalized to 

1 (all values were divided by the overall highest value). 
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HOMO-2 

 

HOMO-3 

 

HOMO-4 

 

HOMO-13 

 



6. Supporting Information 

 

 
102 

 

HOMO-14 

 

HOMO-15 

 

HOMO-16 

 

HOMO-17 
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HOMO-36 

 

HOMO-37 

 

HOMO-39 

 

HOMO-40 
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HOMO-41 

 

HOMO-48 

 

HOMO-51 

 

HOMO-65 
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HOMO-67 

 

HOMO-68 

 

 

Table S5. Donor orbitals of 2. 

HOMO 

 

HOMO-1 
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HOMO-2 

 

HOMO-3 

 

HOMO-4 

 

HOMO-17 
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HOMO-18 

 

HOMO-19 

 

HOMO-20 

 

HOMO-47 
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HOMO-48 

 

HOMO-53 

 

HOMO-56 

 

HOMO-63 
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HOMO-64 

 

HOMO-83 

 

HOMO-86 
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Table S6. Donor orbitals of 1H. 

HOMO 

 

HOMO-1 

 

HOMO-2 
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HOMO-3 

 

HOMO-12 

 

HOMO-13 
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HOMO-15 

 

HOMO-17 

 

HOMO-31 
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HOMO-32 

 

HOMO-33 

 

HOMO-34 
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HOMO-45 

 

HOMO-49 

 

HOMO-53 
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HOMO-56 

 

HOMO-69 

 

HOMO-70 
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Table S7. Donor orbitals of 2H. 

HOMO 

 

HOMO-1 

 

HOMO-2 
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HOMO-3 

 

HOMO-16 

 

HOMO-17 
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HOMO-28 

 

HOMO-37 

 

HOMO-38 
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HOMO-39 

 

HOMO-50 

 

HOMO-51 
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HOMO-65 

 

HOMO-67 

 

HOMO-84 
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Section S4 - XANES core-excited states and acceptor orbitals 

Table S8. Comparison of all relevant TDDFT XANES core-excited states of 1 and 2 concerning relevant 

orbital pairs, energies and normalized intensities. 

 Complexes 

1 2 

Feature State Orbital pairs Energy 

/eV 

Norm.  

Int. 

[a] 

/a.u. 

Orbital pairs Energy 

/eV 

Norm.  

Int. 

[a] 

/a.u. 

A 

1 

0a →  LUMO 

(36 %) 

7113.50 0.12 

0a → LUMO 

(74 %) 

7113.41 0.18 

2 

0a →  LUMO+6 

(22 %) 

0a →  LUMO+10 

(25 %) 

7113.71 0.21 

0a →  LUMO+1 

(35 %) 

7113.61 0.17 

3 

0a →  LUMO 

(20 %) 

0a →  LUMO+3 

(34 %) 

7113.72 0.53 

0a →  LUMO+2 

(49 %) 

0a →  LUMO+5 

(23 %) 

7113.70 0.89 

4 

0a →  LUMO+6 

(43 %) 

0a →  LUMO+10 

(20 %) 

7113.84 0.10 

0a →  LUMO+7 

(40 %) 

0a → LUMO+8 

(40 %) 

7113.78 0.20 

B 

5 

0a →  LUMO+1 

(79 %) 

7115.12 0.03 

0a → LUMO+1 

(36 %) 

7115.21 0.12 
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6 

0a →  LUMO+2 

(45 %) 

0a →  LUMO+3 

(30 %) 

7115.18 0.25 

0a →  LUMO+2 

(42 %) 

0a → LUMO+3 

(31 %) 

7115.30 0.01 

7 

0a →  LUMO 

(23 %) 

0a →  LUMO+2 

(23 %) 

0a →  LUMO+8 

(32 %) 

7115.32 0.26 

0a →  LUMO+5 

(35 %) 

7115.33 0.11 

8 

0a →  LUMO+4 

(76 %) 

7115.41 0.54 

0a →  LUMO+4 

(49 %) 

7115.38 0.09 

9 

0a →  LUMO+5 

(74 %) 

7115.53 0.07 

0a →  LUMO+7 

(38 %) 

7115.49 0.15 

10 

0a →  LUMO+7 

(80 %) 

7115.62 0.05 

0a →  LUMO+9 

(51 %) 

7115.61 0.45 

11 

0a →  LUMO+8 

(29 %) 

0a →  LUMO+10 

(28 %) 

0a →  LUMO+11 

(30 %) 

7115.84 0.19 

0a →  LUMO+6 

(22 %) 

0a →  LUMO+11 

(23 %) 

7115.68 0.86 

12 

0a →  LUMO+9 

(78 %) 7115.87 0.10 

0a →  LUMO+10 

(31 %) 

0a →  LUMO+11 

7115.79 0.70 
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Table S9. Comparison of all relevant TDDFT XANES core-excited states of 1H and 2H concerning 

relevant orbital pairs, energies and normalized intensities. 

(20 %) 

13 

 0a →  LUMO+10 

(57 %) 

7115.90 0.33 

14 

0a →  LUMO+12 

(39 %) 

0a → LUMO+14 

(39 %) 

7116.03 0.08 

15 

0a →  LUMO+13 

(38 %) 

0a →  LUMO+14 

(24 %) 

7116.06 0.05 

16 

0a →  LUMO+15 

(91 %) 

7116.13 0.01 

 [a] normalized to 1 (all values were divided by the overall highest value). 

 

 

Complexes 

1H 2H 

Feature State Orbital pairs Energy 

/eV 

Norm.  

Int. 

[a] 

/a.u. 

Orbital pairs Energy 

/eV 

Norm.  

Int. 

[a] 

/a.u. 

A 1 

0a → LUMO 

(53 %) 

7113.47 0.39 

0a →  LUMO  (46 

%) 
7113.60 0.33 
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0a →  LUMO+1 

(26 %) 

 

2 

0a →  LUMO+4 

(21 %) 

0a →  LUMO+7 

(46 %) 

7113.63 0.63 

0a →  LUMO  (27 

%) 

0a →  LUMO+1 

(20 %) 

7113.62 0.30 

A 

(Hydride) 

3 

0a →  LUMO+10 

(48 %) 
7114.03 0.62 

0a →  LUMO +14 

(20 %) 
7113.86 0.35 

B 

4 

0a →  LUMO  

(24 %) 

0a →  LUMO+1 

(30 %) 

7115.02 0.29 

0a →  LUMO+1 

(25 %) 

0a →  LUMO+3 

(51 %) 

7114.88 0.21 

5 

0a →  LUMO+2 

(54 %) 

7115.14 0.12 

0a →  LUMO+1 

(25 %) 

0a →  LUMO+2 

(42 %) 

7115.11 0.21 

6 

0a →  LUMO+1 

(23 %) 

0a →  LUMO+3 

(56 %) 

7115.24 0.14 

LUMO+4 

(66 %) 

LUMO+5 

(25 %) 

7115.24 0.08 

7 

0a →  LUMO+5 

(37 %) 

0a →  LUMO+6 

(24 %) 

7115.43 0.16 

LUMO+5 

(45 %) 
7115.30 0.93 

8 

0a →  LUMO+4 

(21 %) 

0a →  LUMO+5 

(30 %) 

7115.47 0.17 

LUMO+6 

(17 %) 
7115.41 0.09 
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9 

0a →  LUMO+7 

(27 %) 

LUMO+11  

(29 %) 

7115.53 1.00 

LUMO+6 

(65 %) 
7115.43 0.44 

10 

0a →  LUMO+6 

(59 %) 

0a →  LUMO+10 

(20 %) 

7115.7 0.29 

0a →  LUMO+7 

(65 %) 

7115.52 0.33 

11 

0a →  LUMO+8 

(52 %) 

0a →  LUMO+11 

(22 %) 

7115.82 0.09 

0a →  LUMO+8 

(40 %) 

7115.62 0.88 

12 
0a →  LUMO+9 

(75 %) 
7115.86 0.33 

0a →  LUMO+10 

(41 %) 
7115.77 0.22 

13 
0a →  LUMO+12 

(54 %) 
7116.06 

0.16 0a →  LUMO+14 

(22 %) 
7115.83 0.19 

14 
 0a →  LUMO+9 

(55 %) 
7115.85 0.05 

15 

0a →  LUMO+11 

(77 %) 

0a →  LUMO+12 

(20 %) 

7115.93 0.06 

16 

0a →  LUMO+13 

(67 %) 

0a →  LUMO+15 

(22 %) 

7116.01 0.03 

 

17 

0a →  LUMO+10 

(33 %) 

0a →  LUMO+16 

(53 %) 

 

7117.40 

 

0.10 
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Table S10. Acceptor orbitals of 1. 

LUMO 

 

LUMO+1 

 

LUMO+2 

 

LUMO+3 

 

 [a] normalized to 1 (all values were divided by the overall highest value). 
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LUMO+4 

 

LUMO+5 

 

LUMO+6 

 

LUMO+7 

 

LUMO+8 
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LUMO+9 

 

LUMO+10 

 

LUMO+11 

 

 

 

Table S11. Acceptor orbitals of 2. 

LUMO 
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LUMO+1 

 

LUMO+2 

 

LUMO+3 
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LUMO+4 

 

LUMO+5 

 

LUMO+6 
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LUMO+7 

 

LUMO+8 

 

LUMO+9 
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LUMO+10 

 

LUMO+11 

 

LUMO+12 
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LUMO+13 

 

LUMO+14 

 

LUMO+15 
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Table S12. Acceptor orbitals of 1H. 

 

LUMO 

 

LUMO+1 

 

LUMO+2 

 



6. Supporting Information 

 

 
135 

 

LUMO+3 

 

LUMO+4 

 

LUMO+5 
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LUMO+6 

 

LUMO+7 

 

LUMO+8 
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LUMO+9 

 

LUMO+10 

 

LUMO+11 
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LUMO+12 

 

 

 

 

 

 

Table S13. Acceptor orbitals of 2H. 

 

LUMO 
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LUMO+1 

 

LUMO+2 

 

LUMO+3 
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LUMO+4 

 

LUMO+5 

 

LUMO+6 
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LUMO+7 

 

LUMO+8 

 

LUMO+9 
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LUMO+10 

 

LUMO+11 

 

LUMO+12 
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LUMO+13 

 

LUMO+14 

 

LUMO+15 
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LUMO+16 
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Section S5 - Hydride orbital composition of 1H and 2H 

Table S14. AO populations of orbitals with significant hydride density. 

 

 

 

 

 

 

 

 

 

Element 

/ 

Fragment 

Population[a] / %  

1H 2H 

HOMO-17 LUMO+10 HOMO-28 HOMO-16 LUMO+14 

Fe (s, p, d) 16.7 34.1 9.0 35.4 29.5 

Fe (p) 2.9 2.7 2.4 1.3 0.5 

Fe (d) 13.8 31.2 5.5 34.1 28.6 

NO (s, p) 0.5 3.1 0.5 1.4 2.1 

CO (s, p) 2.9 15.1 1.7 0.3 5.7 

P (s, p, d) 8.6 10.2 10.3 13.0 14.7 

P (p) 5.2 4.7 9.6 5.6 7.5 

P (d) 3.1 1.7 0.6 6.7 0.8 

Ph (s, p) 42.4 12.1 43.8 26.2 29.5 

H (s, p) 10.1 6.8 8.8 14.4 5.8 

[a] Population of the given element via Loewdin reduced orbital population analysis. All 

given values are the sum over all atom orbitals of a given element or fragment. 
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Section S6 - XYZ coordinates of all optimized Structures  

Optimized Structure of 1: 

57 

  Fe  -0.24205425010571     -0.17587197602648      0.06890389174928 

  P   0.35209171215591     -0.54455110665651      2.15934950163762 

  P   -1.04765037951954      1.75958585482198      0.73226519337858 

  N   1.16659866221367     -0.02259060814030     -0.76424414572385 

  N   -1.55148822144044     -1.05030004796810     -0.39807008048686 

  O   2.17803032259837      0.05540790235943     -1.35843560247648 

  O   -2.49850588443608     -1.64006854295887     -0.77001877930740 

  C   -0.18629352759319     -2.04729824527424      3.06795043165888 

  C   0.44856601772899     -2.45826117626654      4.24563089232075 

  C   -0.02109368631293     -3.56185667265818      4.94875889614762 

  C   -1.13106175526819     -4.26474597031323      4.48730727080630 

  C   -1.76381654827337     -3.86637808062730      3.31458639004548 

  C   -1.29167974632529     -2.76562361212039      2.60617492666267 

  C   -2.87485599210052      1.84113608246171      0.87699299104283 

  C   -3.55672613331817      2.02022002138907      2.08363203788114 

  C   -4.94968131815528      2.03896817805008      2.11556638984473 

  C   -5.67879877686674      1.88772442180446      0.94199570534910 

  C   -5.00911209637016      1.70831626331571     -0.26637582093884 

  C   -3.62151290612493      1.67617351625916     -0.29710262287845 

  C   -0.66702756974043      3.31227411835417     -0.16722178712994 

  C   -1.27145048787743      4.52166722654922      0.19589253942286 

  C   -0.94304215178657      5.69790938181815     -0.46607990032089 

  C   -0.01387246663069      5.67808656237457     -1.50449086040498 
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  C   0.58118641560455      4.47886659265694     -1.87928755575100 

  C   0.25551435512988      3.29927613140379     -1.21453793365752 

  C   2.15928243122258     -0.51900002850457      2.46286429633541 

  C   2.81021460352812      0.46786938476292      3.20732197777108 

  C   4.19527005740494      0.44540929291902      3.35729470410852 

  C   4.94555507147131     -0.56813728625909      2.77328771976385 

  C   4.30710871985843     -1.55376252305259      2.02334387335704 

  C   2.92838091697477     -1.52468776600733      1.86282053128993 

  C   -0.41099578352927      2.11934036390693      2.44421260906615 

  C   -0.34074117546781      0.81100812069016      3.23855337878166 

  H   1.31876083383098     -1.92195841592397      4.60793879738622 

  H   0.48121688398152     -3.87510935022772      5.85711417360982 

  H   -1.49614177018406     -5.12501971093520      5.03705707171318 

  H   -2.62099442350066     -4.41603309977528      2.94261580204383 

  H   -1.77605243449879     -2.46571976681579      1.68564724093490 

  H   -3.01076477944418      2.14943853598819      3.01088004447330 

  H   -5.46272705617857      2.17598809180200      3.06113105457292 

  H   -6.76279822554491      1.90445809100620      0.96752547427301 

  H   -5.56940084042157      1.58287890145598     -1.18599138509737 

  H   -3.10826373867150      1.51704183611168     -1.23921742470207 

  H   -2.01062173234054      4.54160929467076      0.99057649512756 

  H   -1.41583417224889      6.62924480449647     -0.17499613525665 

  H   0.24112257726807      6.59593376453863     -2.02220108139033 

  H   1.29835148936461      4.45652356032670     -2.69218771273282 

  H   0.71155404812097      2.36254224562462     -1.50943010516480 

  H   2.24629851503563      1.26465125884081      3.67818483060893 
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  H   4.68463711998368      1.22123920171907      3.93584297086415 

  H   6.02276889519802     -0.58816419037617      2.89650025541700 

  H   4.88551525199216     -2.34181583612687      1.55461224702909 

  H   2.43969717522536     -2.28467472461680      1.26241762937498 

  H   -1.00038536045131      2.88429883800255      2.95756393598244 

  H   0.59033104841127      2.53073087780886      2.28865716545475 

  H   0.21750179754286      0.92118889341473      4.17223128097347 

  H   -1.34491953111896      0.46877112592689      3.50264631515921 

 

Optimized Structure of 2: 
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  C   -3.01625475714063     -0.03084554245382     -1.41141987677092 

  C   -1.07837114702134     -4.24941972235818     -3.99937485364259 

  C   -1.66828500215918     -4.65986210263345     -2.80942047850281 

  C   -1.89460571570701     -3.74181662515068     -1.78592310246198 

  C   -2.80526931830893     -2.05003680051004      0.60687667269858 

  C   -4.18991467132515     -2.18815517644621      0.46069148293238 

  C   -4.92802163548403     -2.91547551059544      1.38837662269305 

  C   -4.29395920462612     -3.51329614618890      2.47431138562592 

  C   -2.91825908294121     -3.37888541993508      2.62943908234733 

  C   -2.17966860720733     -2.64658787399570      1.70494316940660 

  C   -3.75219841344060     -0.39095934335209     -2.54482890746693 

  C   -4.69332590882437      0.48159228053117     -3.08426561216956 

  C   -4.91877263269317      1.72002096048160     -2.49358373653846 

  C   -4.19645284942089      2.08466778065469     -1.36079931242095 

  C   -3.24495007046127      1.22138421534722     -0.83070158782538 
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  C   -1.52283610440716     -2.40336668948233     -1.93646690877599 

  C   -0.90755923734180     -2.00477917865275     -3.13130225246331 

  C   -0.69684143912433     -2.91812351573519     -4.15561003327194 

  Fe  -0.03864624970703      0.06187272378438      0.10441651372819 

  H   -0.91293404054882     -4.96096872855422     -4.80074098780540 

  H   -1.96826357982187     -5.69345918423280     -2.67656314401928 

  H   -2.36859977261160     -4.07166670813457     -0.86952490421827 

  H   -4.69476717548899     -1.72299253932119     -0.37719425614866 

  H   -6.00072658366664     -3.01410034476946      1.26136888128793 

  H   -4.87203918542041     -4.07564599697093      3.19919348541775 

  H   -2.41485444269062     -3.83532355577704      3.47412660211819 

  H   -1.11119398531418     -2.52981241175562      1.84050891887765 

  H   -3.58829781645431     -1.35290396514416     -3.01496217118528 

  H   -5.24759036167117      0.19062514633011     -3.96966487928934 

  H   -5.64907384573348      2.40069406720174     -2.91676433964670 

  H   -4.36522572772068      3.04906224043358     -0.89534800356389 

  H   -2.66536880881752      1.51948068730159      0.03545071858184 

  H   -0.59329525747040     -0.97512148071853     -3.26140060375207 

  H   -0.22464052894755     -2.59058270332322     -5.07491108788476 

  N   0.39177220663294      0.87531288303548     -1.25355239716773 

  O   0.67485462555847      1.49518834574591     -2.21154259950519 

  P   -1.77673517095970     -1.14412162079873     -0.61911417769474 

  N   -0.49045309358374      0.74016573366489      1.52697410749728 

  P   1.74047052347391     -1.17950630436630      0.66503014935999 

  O   -0.78940821026791      1.27173427953431      2.53401841713561 

  C   3.07149825823647     -0.11711968634980      1.38096960102938 
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  C   2.63770947253848     -2.09393428307009     -0.65357426072929 

  C   1.58309020259315     -2.42380282792371      2.01784738257870 

  C   4.07816135862102     -0.65628784736182      2.19212981676810 

  C   3.09712586073883      1.25005610345823      1.09637609237709 

  C   3.95070867999899     -1.78051738364758     -1.01858084893049 

  C   1.97558120520363     -3.11644882356597     -1.34478444698234 

  C   1.96616975875858     -3.76230471265624      1.90489665071874 

  C   1.06671164263702     -1.97212642303463      3.24057726905383 

  C   5.08766331061182      0.15294123765522      2.69941844866064 

  H   4.06998477606074     -1.71251550537219      2.43529585215809 

  C   4.11305566247604      2.05908311786982      1.59886822626224 

  H   2.30997458746559      1.67808325497977      0.48676141384599 

  C   4.58943059258730     -2.48161654319687     -2.03787091135768 

  H   4.48013979803415     -0.98752321220628     -0.50643029290507 

  C   2.62071435671689     -3.82620690268002     -2.35100723851406 

  H   0.94923735716346     -3.35951460519464     -1.09803991684155 

  C   1.83541224921969     -4.62972575184052      2.98792264396869 

  H   2.38128859814864     -4.13210025686748      0.97545590637050 

  C   0.94864554679159     -2.83542396400582      4.32179159122467 

  H   0.76008980250933     -0.93778185482226      3.34783196647115 

  C   5.10874611426931      1.51358944619483      2.40193482098862 

  H   5.85691869761076     -0.27944482044509      3.32994038115770 

  H   4.12036817753497      3.11770230913727      1.36456741766418 

  C   3.93031618380022     -3.51021685101597     -2.70189393280024 

  H   5.60505431009264     -2.21852292131419     -2.31121089920573 

  H   2.09094765708658     -4.61631560152905     -2.86999680681010 
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  C   1.33141838540866     -4.16973028225398      4.19841489793060 

  H   2.14182686038885     -5.66462291898594      2.88336095327475 

  H   0.55594153110071     -2.46420532019356      5.26174897386985 

  H   5.89414148733102      2.14510854292780      2.80197545765022 

  H   4.43087713161446     -4.05916428648668     -3.49162136581316 

  H   1.23885645168825     -4.84374754066591      5.04268820558200 

 

Optimized Structure of 1H: 
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  P   -1.95593446064965      1.17533915892459     -0.10206308179580 

  C   -2.36785918485239      2.29180139633847      1.31706482720781 

  C   -2.07088195107722      2.25839360945939     -1.57800102990469 

  C   -2.05615096125478      3.65454885080558     -1.51934106237816 

  C   -2.09615901955213      4.41342959727139     -2.68765103039232 

  C   -2.15615310741492      3.78846939356082     -3.92714319104039 

  C   -2.17185689278670      2.39691569843241     -3.99609636262336 

  C   -2.12511111467574      1.64061297115321     -2.83354769607676 

  C   -3.53811253154664      0.23415202791389     -0.22498903505145 

  C   -4.73852266154806      0.90077052211949     -0.50085870722646 

  C   -5.93995876543083      0.20544292470158     -0.54331440109318 

  C   -5.95892058766081     -1.16926111549260     -0.31420951701631 

  C   -4.77145591678828     -1.84162734035218     -0.04982755822110 

  C   -3.56658793420412     -1.14290370871424     -0.00514559899695 

  P   0.53552745612986      1.08739079116428      1.90041665004687 

  C   1.86419500983460      0.31688482943252      2.91493073054125 

  C   2.24986641108692      0.87626203775660      4.13954280763888 
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  C   3.25370797207227      0.28792481480555      4.89755549064517 

  C   3.89213211135639     -0.86289275931449      4.43901383854869 

  C   3.52379127358614     -1.41791933090695      3.21963415378744 

  C   2.51366447843320     -0.83120631957374      2.46072816956348 

  C   -0.79311683486590      1.34907432323485      3.17140110255938 

  C   1.25777808227817      2.76352065733959      1.64532620792848 

  C   2.44996761757164      2.84605256339567      0.91412725377380 

  C   3.04543146085139      4.07328240547002      0.65754647368399 

  C   2.45931251604652      5.24742030939279      1.12375016801855 

  C   1.28381275068535      5.18023416003198      1.86055748110258 

  C   0.69043158688103      3.94707173672919      2.12374705219927 

  C   -2.23098496435222      1.50328912887805      2.63352863379379 

  Fe  -0.13991204777805     -0.04804679345844      0.10284438873344 

  N   -0.16772795537370     -1.58483138885138      0.67076086817216 

  O   -0.16722546659447     -2.71491762990480      0.99004926956694 

  C   1.07612425891496      0.55695911141256     -1.03622287344217 

  O   1.85768339174222      0.86078808617053     -1.83344624442897 

  H   -0.74710274200110     -0.46410298441120     -1.22141540509305 

  H   -3.38561093604855      2.67212059569234      1.20116136051925 

  H   -1.69091993328845      3.14849267995560      1.30519361653520 

  H   -2.00742894332415      4.16514129645404     -0.56518760484873 

  H   -2.08024477905119      5.49612844697793     -2.62360030086918 

  H   -2.18631478556561      4.37959638788510     -4.83527215150407 

  H   -2.21518031019394      1.89943328769622     -4.95857438435946 

  H   -2.12589052548989      0.55722852426619     -2.89645619683102 

  H   -4.73175260179755      1.96762116630197     -0.70033719163176 
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  H   -6.86150089825683      0.73389991295913     -0.76108840643187 

  H   -6.89699439043516     -1.71227054368184     -0.34824787974742 

  H   -4.77862842208584     -2.91168118155025      0.12525856327143 

  H   -2.63972433992217     -1.66367967800269      0.19862594075815 

  H   1.77378091701424      1.78158400110560      4.49977033173182 

  H   3.54421015935279      0.73011635318543      5.84384460259102 

  H   4.67506908131660     -1.32164157053150      5.03242536070529 

  H   4.01844851836365     -2.31052185884038      2.85455845962117 

  H   2.22426851000684     -1.26096924243425      1.50975170794254 

  H   -0.52144553780713      2.20155713715698      3.79999569179600 

  H   -0.74540145891080      0.46667356290399      3.81372178491208 

  H   2.91708594816722      1.94166280125938      0.54347081188843 

  H   3.96636521310115      4.11249519658388      0.08760189933747 

  H   2.91950799442087      6.20641692246699      0.91546071971899 

  H   0.82276913780178      6.08626914908518      2.23787697968818 

  H   -0.21992870871062      3.92657440050777      2.70972781957673 

  H   -2.83075524688391      1.99036776521691      3.40805955364014 

  H   -2.66411574784209      0.50841451428287      2.49363285052757 

 

Optimized Structure of 2H: 
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  Fe  0.08551986555281     -0.02434778119095      0.10937053647766 

  P   0.88880833158775      2.00956815378971     -0.00654932245296 

  P   0.34550332447868     -2.03127268233663     -0.71506415098429 

  C   0.78576956143565     -0.38260431224971      1.69252532176562 

  O   1.15182033864559     -0.61728125778401      2.76926235595477 
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  N   -1.53127108489839      0.19817086765543     -0.07779379538415 

  O   -2.69788206350236      0.33829905298247     -0.15927440641908 

  C   2.72076786301605      2.14559458838729      0.04629318076455 

  C   3.46987204033137      2.45550703747992     -1.09155537031335 

  C   4.86143327375724      2.48012757363898     -1.03850194435294 

  C   5.52157718489766      2.20617067682779      0.15411553643266 

  C   4.78261265406374      1.89987660921215      1.29464716520897 

  C   3.39413939771110      1.86365295734788      1.24101780039112 

  C   0.35807485429228      3.18955428374925      1.30315299936188 

  C   -0.90006752209026      3.00607806023856      1.88404395146339 

  C   -1.36826823796257      3.88733948623021      2.85197030212849 

  C   -0.57900864255083      4.95581318390353      3.26521280691620 

  C   0.68134929467964      5.14021497709806      2.70440079764007 

  C   1.14597171801199      4.26594986284765      1.72676667299506 

  C   0.45525334416323      2.89597586060506     -1.56209162594270 

  C   0.37813684547879      4.29233899230817     -1.62204055285189 

  C   0.09541533844904      4.93332859511394     -2.82366029884953 

  C   -0.10933952414383      4.18979957907727     -3.98252498456455 

  C   -0.04516325468211      2.80127438968112     -3.93079342049784 

  C   0.22640128144274      2.15778399770508     -2.72698839785668 

  C   0.07119548392351     -2.10320202366440     -2.53520802668785 

  C   0.95378421975447     -2.74428365239252     -3.40774200788868 

  C   0.70241760882546     -2.76704013377797     -4.77820735702393 

  C   -0.43608198521090     -2.15721660461275     -5.29224785340162 

  C   -1.32145720613882     -1.51467349612749     -4.42963817636440 

  C   -1.06750015276967     -1.48171523945152     -3.06385679826205 



6. Supporting Information 

 

 
155 

 

  C   -0.81576989337222     -3.32537674171819     -0.10481708722362 

  C   -1.40899264816652     -4.26745620443386     -0.95165958790074 

  C   -2.28013586564527     -5.22710557537761     -0.44284480672015 

  C   -2.56310795366263     -5.26201699989835      0.91831402179874 

  C   -1.97725057644769     -4.32898299449291      1.76922243497188 

  C   -1.11707908221812     -3.36238377948419      1.26104761074436 

  C   1.98746120505114     -2.82538406649459     -0.50598999265778 

  C   3.14330896778143     -2.03799041077320     -0.52022553870494 

  C   4.39906092131617     -2.62697166152180     -0.41969260711847 

  C   4.51680925199511     -4.00784419518217     -0.29185230586854 

  C   3.37217004245942     -4.79777304404289     -0.25943088087439 

  C   2.11507794267513     -4.21165074130328     -0.36701867742685 

  H   1.16669008496089      0.02337439238347     -0.99599480760698 

  H   2.96736352370252      2.67979835305657     -2.02481996811126 

  H   5.42638017580297      2.72267469338618     -1.93175223987284 

  H   6.60495409073751      2.23224346894636      0.19687467186376 

  H   5.28848441971573      1.68249284896541      2.22865461559994 

  H   2.83202207727894      1.61146265614193      2.13287740354695 

  H   -1.50775355317649      2.16146006309354      1.58279877525047 

  H   -2.34680197736908      3.73020476180040      3.29053078826338 

  H   -0.94041054045342      5.63754988665288      4.02709863098399 

  H   1.30717120682029      5.96423310021449      3.02888554900437 

  H   2.13058831636432      4.41747009102614      1.29967683834261 

  H   0.53236210983869      4.88400828928881     -0.72799436100687 

  H   0.03128011108349      6.01562516261200     -2.85247559232812 

  H   -0.32884634557942      4.69161948262664     -4.91843150224812 
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  H   -0.21530686800439      2.21272310529887     -4.82538005833090 

  H   0.25795728763333      1.07528967382002     -2.68193946306255 

  H   1.84251713946165     -3.22753562365792     -3.02071154780000 

  H   1.39997760751578     -3.26605121149603     -5.44175001754176 

  H   -0.63525284212411     -2.18106722202830     -6.35815028605898 

  H   -2.21076279297957     -1.03336329771328     -4.82105631835745 

  H   -1.75657581236633     -0.96800226427591     -2.40443159980214 

  H   -1.19566928615669     -4.25070895973604     -2.01397410608972 

  H   -2.73900987377294     -5.94473278337572     -1.11380782247375 

  H   -3.24297920157362     -6.00810213944531      1.31445799217332 

  H   -2.20055688127697     -4.34514432164582      2.83012178857625 

  H   -0.68128201343166     -2.62678745054614      1.92694028306582 

  H   3.05147120978173     -0.96081281074691     -0.60146296948141 

  H   5.28538073171771     -2.00301779590681     -0.43454852317581 

  H   5.49608360065393     -4.46584270087436     -0.20704085599253 

  H   3.45457620228843     -5.87331912429458     -0.14699694910907 

  H   1.23061595347633     -4.83602170354044     -0.33714562139926 
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6.2 The Bonding Situation in the Dinuclear Tetra-Hydrido Complex [{5CpFe}2(μ-

H)4] Revisited by Hard X-ray Spectroscopy 

 

TABLE OF CONTENTS 

Section S1 - Treatment of experimental data  

Section S2 - Structural parameters 

Section S3 - Additional figures and charts 

Section S4 - Composition of {H4} and Fe localized orbitals  

Section S5 - VtC-XES and XANES transitions 

Section S6 - XYZ coordinates of all optimized structures  

Section S7 - Crystallographic data 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



6. Supporting Information 

 

 
159 

 

Section S1 - Treatment of experimental data  

Since HERFD-XANES filters background photons with high efficiency (in contrast to conventional 

XANES and TFY XANES), all spectra were only area normalized and smoothed to reduce the white 

noise (not necessary).  

VtC-XES spectra are superimposed by the high-energy slope of the Kβ1,3 emission line and therefore 

need to be background corrected. There are multiple ways to do this, either the Kβ1,3 emission line is 

measured within every VtC-XES scan or the Kβ1,3 emission line is measured separately and only a sec-

tion of the Kβ1,3 high-energy slope is recorded within every VtC-XES spectra. The separate Kβ1,3 and 

VtC-XES spectra can be joined together to obtain the whole Kβ-XES spectra. The Kβ1,3 high-energy 

slope is subtracted, by either fitting the whole Kβ1,3 line with any suitable function like a pseudo-voigt 

functions, or only a section of the Kβ1,3 high-energy slope is fitted by any suited decay function. The 

resulting fit is subtracted to obtain the background corrected VtC-XES spectra. All VtC-XES data in 

this work were corrected by the latter method and area normalized for comparison.   

 

Section S2 - Structural parameters 

Table S1: Atomic and centroid distances in 1 and 1H. 

  Compounds 

Distances 
1H 

(cryst.) 

1H  

(DFT) 

1  

(cryst.) 

1   

(DFT) 

5Cp-Fe 
1.67 Å 1.67 Å 1.66 Å 1.67 Å 

1.67 Å 1.67 Å - - 

Cp-Fe - - 1.67 Å 1.69 Å 

Fe-Fe 2.21 Å 2.17 Å 

- 

 

Fe-H  

  

1.64 Å 1.62 Å 

1.66 Å 1.62 Å 

1.54 Å 1.62 Å 

1.55 Å 1.62 Å 

H-H 

1.73 Å 1.71 Å 

1.73 Å 1.71 Å 

1.52 Å 1.71 Å 

1.52 Å 1.71 Å 
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Chart S1. Comparison of crystal (left) and DFT structure (right). 

 

Chart S2. Molecule 1 from the X-ray crystal structure of 1, distances/Ǻ. Fe1-C1 2.063(3), Fe1-C5 

2.056(3), Fe1-C9 2.054(3), Fe1-C13 2.056(3), Fe1-C17 2.065(3), Fe1-5Cpcent. 1.661, Fe1-C61 2.062(3), 

Fe1-C62 2.063(3), Fe1-C63 2.059(3), Fe1-C64 2.066(3), Fe1-C65 2.069(3), Fe1-Cpcent. 1.673. Molecule 

2: Fe2-C21 2.049(3), Fe2-C25 2.053(3), Fe2-C29 2.052(3), Fe2-C33 2.053(3), Fe2-C37 2.052(3), Fe2-

5Cpcent. 1.662, Fe2-C66 2.058(3), Fe2-C67 2.058(3), Fe2-C68 2.054(3), Fe2-C69 2.058(3), Fe2-C70 

2.065(3), Fe2-Cpcent. 1.669. Molecule 3: Fe3-C41 2.053(3), Fe3-C45 2.056(3), Fe3-C49 2.063(3), Fe3-

C53 2.064(3), Fe3-C57 2.057(3), Fe3-5Cpcent. 1.666, Fe3-C71 2.057(3), Fe3-C6 22.053(3), Fe3-C73 

2.059(3), Fe3-C74 2.056(3), Fe3-C75 2.063(3), Fe3-Cpcent. 1.667. 
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Chart S3. X-ray crystal structure of 1H, distances/Ǻ. Fe1-Fe1# 2.2145(6), Fe1-C1 2.074(2), Fe1-C2 

2.061(2), Fe1-C3 2.048(2), Fe1-C4 2.060(2), Fe1-C5 2.072(2), Fe1-5Cpcent. 1.673. The five-membered 

rings are disordered, only one of two possible orientations of isopropyl groups around the ring is shown 

for each 5Cp ligand.   
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Section S3 - Additional figures and charts 

 

Figure S1. Experimental CtC-XES spectra of complexes 1 and 1H. 

 

Figure S2. Comparison of experimental (top) and theoretical (MS = 1, bottom) Fe K-edge XANES 

spectra of 1H. Transitions were incremental broadened as a function of the absorption energy. 
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Figure S3. Comparison of experimental (top) and theoretical (MS = 1, bottom) Fe K-edge VtC-XES 

spectra of 1 and 1H. 

 

Figure S4. Comparison of experimental (top) and theoretical (MS = 1, bottom) Fe K-edge HERFD-

XANES spectra of 1 and 1H. 
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Figure S5. Comparison of calculated VtC-XES (left) and XANES (right) spectra utilizing crystal and 

optimized structures of 1 and 1H. 

 

Figure S6. Comparison of theoretical Fe K-edge VtC-XES spectra of complexes 1 (dark blue), 1H 

(light blue) and 1H excluding all transitions of donor orbitals with significant hydride density (red). 
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Chart S4. LUMO and LUMO+1 of 1H. 

 

 

 

Figure S7. 1H NMR of 1H in C6D6. 
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Figure S8. 1H NMR of 1 in C6D6. 

  



6. Supporting Information 

 

 
167 

 

Section S4 - Composition of {H4} and Fe localized orbitals  

Table S2. AO populations of hydride localized orbitals of 1H. 

Element 

/ fragment 

(orbital) 

Population[a] / %  

H-82[b] 

(1o) 

H-54 

(2o) 

H-41 

(3o) 

H-20 

(4o) 

H-14 

(5o) 

H-9 

(6o) 

L+2[c] 

(1u) 

L+3 

(2u) 

Fe (s, p, 

d) 
23.4 13.2 34.8 30.6 10.8 60.8 49.6 46.8 

Fe (s) 12.4 3.4 0.2 0 0 0.6 0 0 

Fe (p) 8.2 7 7 5.2 5.4 0.2 8 9.8 

Fe (d) 2.8 2.8 27.6 25.4 5.4 60 41.6 37 

H4 (s, p) 29 16.2 26.6 16.4 11.2 13.2 13 12.8 

 [a] Population of the given element via Loewdin reduced orbital population analysis. All given values 

are the sum over all AOs of a given element or fragment. 

[b] H : HOMO, [c] L : LUMO 

Table S3. AO populations of Fe localized orbitals of 1H. 

Element 

(orbital) 

Population[a] / % 

H-9[b] H-7 H-3 H-2 H-1 H L[c] L+1 L+2 L+3 

Fe  

(s, p, d) 
60.8 68 84.8 87.4 87.6 85.8 72.2 72.4 49.6 46.8 

Fe (s) 0.6 1.2 0.2 2.4 0 0 0 0 0 0 

Fe (p) 0.2 0.8 0.2 1.2 0 0.2 3 2.8 8 9.8 

Fe (d) 60 66 84.4 83.8 87.6 85.6 69.2 69.6 41.6 37 

 [a] Population of the given element via Loewdin reduced orbital population analysis. All given val-

ues are the sum over all AOs of a given element. 

[b] H : HOMO, [c] L : LUMO 

 

Section S5 - VtC-XES and XANES transitions 

Table S4. Comparison of all relevant TDDFT core-excited states of complexes 1 and 1H concerning 

relevant ligand/element populations (acceptor orbitals), energies and normalized intensities. 

Cmpd Feature Transition 

Calc. en-

ergy[a] / 

eV 

Norm. 

Int.[b] / 

a.u. 

Element / 

Ligand  

character 

Core-excited 

state contribu-

tion 

LUMOs  
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1 A 
1 7113.01 0.031 Fe 0.95 LUMO 

2 7113.02 0.029 Fe 0.95 LUMO+1 

  

  

  

 1H 

  

 A 

1 7112.36 0.037 Fe 0.95 LUMO 

2 7112.36 0.452 Fe 0.95 LUMO 

3 7112.45 0.040 Fe 0.96 LUMO+1 

4 7112.45 0.411 Fe 0.96 LUMO+1 

B 

5 7114.55 0.891 H 0.95 LUMO+2 

6 7114.55 0.009 H 0.95 LUMO+2 

7 7114.74 1.000 H 0.94 LUMO+3 

8 7114.74 0.008 H 0.94 LUMO+3 

[a] all values were shifted by 151.5 eV,  [b] normalized to 1 (all values were divided by the overall 

highest value) 
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Section S6 - XYZ coordinates of all optimized structures  

Optimized structure of 1: 

 66 

  C   -0.69031348669412      0.57916726436960      3.35226642791718 

  C   -2.02822227933197     -0.11195172502580      3.50369946205010 

  H   -2.78949493221171      0.66673803313256      3.46743526503396 

  C   -2.16044294740801     -0.75178920112325      4.88944888143739 

  H   -3.18621363776691     -1.08363555197968      5.06077362219491 

  H   -1.90401824809028     -0.04130289331655      5.67584224214847 

  H   -1.51510765574581     -1.62166848624367      5.01142381656186 

  C   -2.40821625040898     -1.09291365804791      2.39535202404328 

  H   -2.48337841449341     -0.58649088970671      1.43488596584003 

  H   -3.38082937676755     -1.54032954949821      2.60950011444572 

  H   -1.69555415019484     -1.90873225668506      2.27884153135634 

  C   -0.50070495904181      1.99476827992464      3.34266379978662 

  C   -1.57099514619745      3.05587262788961      3.48132728537491 

  H   -1.06447472508726      4.01967156727870      3.43694676879424 

  C   -2.22332487042046      2.99724480955863      4.86636186843562 

  H   -2.85058950271611      3.87534297840647      5.03105079615727 

  H   -1.47000718521270      2.97264027872101      5.65425744392445 

  H   -2.85715648160097      2.11954601153845      4.99232787827538 

  C   -2.61961016944984      3.10501433771316      2.37081881835632 

  H   -2.16050273136676      3.32741732930430      1.40942159098344 

  H   -3.34718547087638      3.89213000726988      2.57850908946627 

  H   -3.17372979431881      2.17373423536562      2.25978037080228 

  C   0.90416030033973      2.25166351678567      3.33277526394200 
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  C   1.58106204269609      3.59929145570450      3.46069547333384 

  H   2.65457388743697      3.41614241526454      3.42264859771915 

  C   1.31717748169555      4.21508924218134      4.83862423401136 

  H   1.95630640700496      5.08578868736948      4.99684136352778 

  H   1.52455599745871      3.49969868542559      5.63488188683754 

  H   0.28548244163912      4.54604978099177      4.95725951700541 

  C   1.30670744173649      4.60096553283959      2.33970720130831 

  H   0.25022304456388      4.84140537800468      2.22615216478712 

  H   1.65915534654700      4.22275996724966      1.38200403071261 

  H   1.83237031345562      5.53707864796065      2.53823989123397 

  C   1.58289536786193      0.99503738169314      3.33515898039129 

  C   3.07350929580845      0.76840122952040      3.46800110174405 

  H   3.23111257741411     -0.30949822480039      3.43779646644422 

  C   3.57353225738287      1.21856865078948      4.84442142675621 

  H   3.56632896037291      2.30270023378768      4.95702629095311 

  H   4.59960880355479      0.88329008689531      5.00699043246904 

  H   2.95618259539131      0.80246029852901      5.64107781805204 

  C   3.94511502552957      1.32994273944355      2.34538986595905 

  H   3.85209462828064      2.40875122294571      2.22576423362209 

  H   3.69432077550643      0.87352664423655      1.38972873858118 

  H   4.99663943803757      1.11620400914903      2.54692747185462 

  C   0.59725973017274     -0.03872387699632      3.34751046904731 

  C   0.84134961703321     -1.52520713824850      3.49346129354660 

  H   -0.13577901528353     -2.00702810908667      3.46945495513323 

  C   1.42725517413390     -1.85126861214964      4.87097703222035 

  H   1.42194242522218     -2.92921464750900      5.04304943500132 
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  H   0.84548984617130     -1.38355061609883      5.66575239579989 

  H   2.45773417368372     -1.51244140433285      4.97716577575862 

  C   1.64177937965512     -2.18945273820819      2.37396778166792 

  H   1.12187162463688     -2.10866196324568      1.42129070229326 

  H   1.77386899391980     -3.25183458831073      2.58829963411451 

  H   2.63421103728213     -1.76029581467742      2.24100584375627 

  C   -0.84232987332067      1.18409039598041     -0.00333095568286 

  H   -1.92131544520422      1.22656904185419     -0.00473503222618 

  C   0.03187827525934      2.29699114800591     -0.01270358283144 

  H   -0.26075662493195      3.33631793884980     -0.02334738446791 

  C   1.36051500029294      1.80949198627114     -0.01595094641128 

  H   2.25825420662008      2.40936664804779     -0.02902439846449 

  C   1.30747816917311      0.39525175134754     -0.00886025891824 

  H   2.15502735922081     -0.27371605771207     -0.01530865865580 

  C   -0.05393112188583      0.00879953377432     -0.00099895792133 

  H   -0.42791075816943     -1.00410464541081     -0.00105208736604 

  Fe  0.36873581200579      1.14733063704288      1.67914942997429 

 

Optimized structure of 1H: 

116 

  C   21.51928780380988      6.17812288097676      0.84322755088373 

  C   21.92550736967012      7.43256924032492      0.29807995089237 

  C   21.50190158032535      8.46013483541147      1.19300362435185 

  C   20.83215575265969      7.84040563212945      2.29053726297167 

  C   20.84413089086837      6.42984303610021      2.07443519629508 

  C   21.84898014085696      4.80389174949904      0.30276256151382 
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  H   21.38233319046510      4.08278392302140      0.97278401852348 

  C   22.76897053367083      7.60026301054379     -0.94696947316360 

  H   22.89144486340011      6.60706687119410     -1.37775772557946 

  C   21.81691912711941      9.93060504623455      1.03163324630250 

  H   22.33628448164981     10.03609458114317      0.07979432513688 

  C   20.30258732942430      8.57025559570757      3.50475490170575 

  H   20.44457336280479      9.63395124747487      3.31605167241902 

  C   20.33133413475116      5.39962179178807      3.05647761129643 

  H   19.86576777173837      5.94987047130504      3.87347697095859 

  C   23.35379434484575      4.52944750295172      0.38731963142962 

  H   23.73568038402600      4.74121077917978      1.38657473780167 

  H   23.56287242565723      3.48145459018656      0.16535799178949 

  H   23.92935617419859      5.12986323121091     -0.31698851064768 

  C   21.29108479157982      4.48160317559094     -1.08254494816975 

  H   20.20357347007941      4.53572976941127     -1.08363306013311 

  H   21.65002061552646      5.15660501440395     -1.85879611666527 

  H   21.57593366748886      3.46894054615426     -1.37485007166085 

  C   24.18125993504452      8.07432877160585     -0.59082312319909 

  H   24.62299446534298      7.44687018142687      0.18394654443720 

  H   24.83097795709074      8.03030766367414     -1.46675830205848 

  H   24.19687806294811      9.10209910879611     -0.22802621260572 

  C   22.15417795858527      8.44509944371932     -2.06158785899856 

  H   21.19643304263221      8.03445037610006     -2.37627920363958 

  H   21.98427502264677      9.48148903064772     -1.77157406599234 

  H   22.81657691960026      8.45651612115932     -2.92942765243026 

  C   22.80877887192471     10.40353766083400      2.09797607154863 
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  H   23.68265410819139      9.75232711685461      2.13760067743871 

  H   23.15563877381996     11.41410841611302      1.87499421407512 

  H   22.37115295779155     10.42481327162024      3.09597220352461 

  C   20.60469339965250     10.85505635309351      0.93086884660342 

  H   19.96340362507582     10.56120933006104      0.10174643873613 

  H   19.99159497384631     10.85605703919534      1.83165073573339 

  H   20.93010416821331     11.88289851026985      0.75870043452614 

  C   21.13985665153094      8.25494816343506      4.74741302128963 

  H   22.20234911963695      8.40605642666378      4.55343806869398 

  H   20.85578709083494      8.90721130372109      5.57515514156469 

  H   21.01198878252852      7.22725403626020      5.08716225307340 

  C   18.80675477618765      8.40656810304601      3.76953543794170 

  H   18.22411782900931      8.73261649377367      2.90965030582669 

  H   18.51860166233258      7.37831533217033      3.98632097283487 

  H   18.50958667783986      9.01326538738113      4.62717546374541 

  C   21.48941745123578      4.62267055926112      3.68987847668519 

  H   22.24472272587583      5.30049411891314      4.08902031111068 

  H   21.12842736308319      4.00338497879418      4.51298813294194 

  H   21.98613033828302      3.96019252721362      2.98096660679438 

  C   19.24222910536295      4.46624241138649      2.53094306528691 

  H   18.37527670635528      5.03341960615496      2.19572237655014 

  H   19.57042624225813      3.84968262463083      1.69474083462588 

  H   18.91460682521049      3.78980314488633      3.32279453427188 

  Fe  19.87173383341726      7.39932791319625      0.52532636893478 

  H   19.15762689603367      6.46039426605174     -0.58741504956827 

  H   19.47235044267032      8.11289302379530     -0.87673967114769 
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  C   16.33311496780368      8.79968476327896     -0.84328473426608 

  C   15.92682144085438      7.54524960312094     -0.29817551228982 

  C   16.35037424685934      6.51769707772912     -1.19313479985379 

  C   17.02023503002546      7.13739766784899     -2.29061394371271 

  C   17.00829349035346      8.54795379482935     -2.07448507138891 

  C   16.00357593997545     10.17392491052512     -0.30273938976848 

  H   16.47044786776511     10.89501871560504     -0.97262482104478 

  C   15.08343870680607      7.37749268422917      0.94691217459961 

  H   14.96056472916205      8.37072838389223      1.37750046103316 

  C   16.03537266677280      5.04721844177008     -1.03177932437920 

  H   15.51686724085257      4.94156362601903     -0.07949082417352 

  C   17.54991670373235      6.40752645359381     -3.50475940300350 

  H   17.40646057758165      5.34390836918684     -3.31670197439584 

  C   17.52103909976698      9.57823304425392     -3.05649104723970 

  H   17.98695779823536      9.02807426507122     -3.87334353097281 

  C   14.49882568341193     10.44864551814494     -0.38750226234090 

  H   14.11706481670742     10.23706229009473     -1.38684368871850 

  H   14.28989334933179     11.49664985981602     -0.16545485891283 

  H   13.92304711915376      9.84824882831391      0.31664371818164 

  C   16.56130082013670     10.49599801685311      1.08268327436402 

  H   17.64880008871084     10.44163734433558      1.08397252557165 

  H   16.20207124855425      9.82103324671574      1.85882913544313 

  H   16.27662477633868     11.50870622653839      1.37499980782682 

  C   13.67134447190239      6.90277398215747      0.59085510095236 

  H   13.22932555277941      7.52997476103032     -0.18395977097921 

  H   13.02162787661080      6.94659516867196      1.46680194912208 
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  H   13.65615952915674      5.87496501535715      0.22813913341798 

  C   15.69860234940590      6.53315771370864      2.06170767231916 

  H   16.65614877956205      6.94431149906048      2.37635124571996 

  H   15.86899806891830      5.49679129765699      1.77190325031016 

  H   15.03618376471720      6.52159874135484      2.92953035443176 

  C   15.04243456313794      4.57454760660425     -2.09723406795189 

  H   14.16861231342510      5.22588758480776     -2.13595660595610 

  H   14.69563790327640      3.56400780120137     -1.87401424906029 

  H   15.47909374470317      4.55328772827450     -3.09564634351360 

  C   17.24764727667538      4.12268087766873     -0.93244904138893 

  H   17.88981160413037      4.41630057557735     -0.10392489266604 

  H   17.85981468424518      4.12187898251039     -1.83387259258845 

  H   16.92236605857818      3.09481092811423     -0.76019737159291 

  C   16.71412832787431      6.72457138166660     -4.74796957471479 

  H   15.65128618755192      6.57460576870667     -4.55503905138854 

  H   16.99817523610834      6.07248702556511     -5.57586089029586 

  H   16.84350438509146      7.75233674867496     -5.08696001348005 

  C   19.04621204971813      6.56934336666599     -3.76810596022755 

  H   19.62763107649644      6.24199708817159     -2.90788207605812 

  H   19.33595918608345      7.59731782783299     -3.98403844210500 

  H   19.34333294212452      5.96273490736024     -4.62582355125164 

  C   16.36289637958959     10.35475191759491     -3.69031895917724 

  H   15.60792158106105      9.67663823505172     -4.08959491700559 

  H   16.72394608749883     10.97402986697871     -4.51340815512813 

  H   15.86576382817328     11.01718102704094     -2.98166137709938 

  C   18.60965399927665     10.51201895126426     -2.53066844997411 
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  H   19.47670856041000      9.94517302364101     -2.19514792012399 

  H   18.28095016912831     11.12847987822353     -1.69458671452159 

  H   18.93728721208089     11.18855046053461     -3.32243709710582 

  Fe  17.98051944817920      7.57843316933972     -0.52539525776617 

  H   18.69546506692720      8.51733008289644      0.58770536368641 

  H   18.38067235780038      6.86495253941716      0.87725561519476 
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Section S7 - Crystallographic data 

Table S5. Crystallographic data, data collection and refinement. 

 

 1 1H 

empirical formula C25H40Fe C40H74Fe2 

formula weight 396.42 666.69 

crystal size [mm] 0.440x0.201x0.077 0.283x0.183x0.038 

T  [K] 150(2) 150(2) 

  [Å] 1.54184 1.54184 

crystal system Triclinic Monoclinic 

space group P-1 C2/c 

a [Å] 15.7706(8) 25.2350(7) 

b [Å] 16.5484(7) 9.9852(2) 

c [Å] 16.6794(9) 16.5066(3) 

[°] 61.161(5) 90 

[°] 64.820(7) 112.144(2) 

[°] 86.338(4) 90 

V [Å3] 3395.5(3) 3852.48(16) 

Z 6 4 

calcd. [g cm-3] 1.163 1.149 

 [mm-1] 5.350 6.193 

-range [o] 3.241-62.760 3.782-62.745 

refl. coll. 25620 12301 

indep. refl. 10806 

[Rint = 0.0487] 

3086 

[Rint = 0.0360] 

data/restr./param. 10806/0/805 3086/0/244 

final R indices 

[I>2 (I)] a 

0.0451, 0.1046 0.0336, 0.0852 

R indices (all data) 0.0579, 0.1136 0.0364, 0.0872 

GooF b 1.021 1.073 

Δρmax/min (e∙Å-3) 0.815/-0.342 0.307/-0.316 

 

a R1 Fo| - |Fc Fo|,  Fo
2 - Fc

2)2 Fo
2]1/2. b GooF Fo

2 - Fc
2)2/(n-p)]1/2. 
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6.3 Revival of the formal description: Fe(-II) identified in the Hieber anion by 

hard X-ray emission and absorption spectroscopy 

 

TABLE OF CONTENTS 

Section S1 – Experimental Section 

Section S2 – Treatment of experimental data  

Section S3 – XYZ coordinates, single point energies and frequencies of all optimized structures 

Section S4 – Analysis of theoretical VtC-XES and XANES spectra of the nitrosyl coordination isomer 

Tiso  

Section S5 – FOD analysis of the hieber anion 

Section S6 – Comparison of different standard DFT functionals 

Section S7 – Additional Figures and Tables 
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Section S1 – Experimental Section 

X-ray Spectroscopy 

High-energy-resolution X-ray absorption and emission experiments were performed at beamline ID26 

at the European Synchrotron Radiation Facility.[1] The electron energy was 6.0 GeV, and the ring current 

varied between 180 and 200 mA. The measurements were carried out using the first harmonic of two 

u35 undulators. The incident energy was selected using the (311) reflection from a double Si crystal 

monochromator, leading to a photon flux of approximately 2 x 1013 photons∙s-1 on the sample position. 

Incident energy calibration was performed using a Fe foil. High-energy-resolution fluorescence detec-

tion XANES (HERFD-XANES) spectra were measured with a Johann type spectrometer.[2] Sample, 

analyzer crystal and photon detector (avalanche photodiode) were arranged in a vertical Rowland ge-

ometry.[3] Fe K-edge HERFD-XANES were obtained by recording the intensity of the Fe Kβ1,3 emission 

line maximum (the energy was changed for each compound to the observed energy maximum) as a 

function of the incident energy. Emission energy discrimination was performed using the (620) reflec-

tion of five spherically bent Ge crystal analyzers (with R = 1 m). The emission was monitored by a 

photodiode installed at about 90° scattering angle and at 45° to the sample surface. During each XANES 

scan, the undulator gap was kept at a fixed position and only the monochromator angle was changed.  

Measurements were carried out at 20 K using a He cryostat under vacuum conditions. Each HERFD-

XANES measurement was carried out in 60 seconds. To achieve a satisfying signal to noise ratio four 

spectra were averaged, each measured at a different spot of the homogeneous sample. To exclude radi-

ation damage, fast measurements over the pre-peak with a scan-time of four seconds were carried out 

before and after each long HERFD-XANES measurement. Within these time frames, no radiation dam-

age could be detected. VtC-XES and CtC-XES spectra were recorded off resonance at an excitation 

energy of 7300 eV in the range of 7020-7130 eV, with a step width of 0.3 eV over the K2,5 emission 

line (7080-7130 eV). To observe reasonable data, 30 spectra (60 second per scan) were recorded, utiliz-

ing a different sample spot for each scan. Detailed information about the treatment of experimental data 

is given in the supporting information. Each sample is tested for radiation damage in the beginning by 

ten fast XANES scans over the pre-edge and whiteline with a scan-time of 10 seconds on one spot, 

starting with a 100-times attenuated beam and ending with an unattenuated beam. Within these time 

frames, no radiation damage could be detected (no decrease / increase / shift for all observed pre-edge- 

/ near-edge- / white-line features). 

High-energy-resolution X-ray emission and XANES experiments were performed at beamline P64 of 

Petra III at DESY (Germany).[4] The electron energy was 6.0 GeV, with a ring current of 100 mA. The 

measurements were carried out using the first harmonic of a two-meter long U33 undulator. The incident 

energy was selected using the (311) reflection from a double Si crystal monochromator. Incident energy 

calibration was performed using a Fe foil. XANES spectra were recorded in transmission mode. XES 
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spectra were recorded off resonance at an excitation energy of 7500 eV in the range of 6990-7190 eV, 

with the von Hamos Setup of P64, using eight Si crystals in (440) reflection. To observe reasonable 

data, 20 spectra (100 second per scan) were recorded, utilizing a different sample spot for each scan. 

Detailed information about the treatment of experimental data is given in the supporting information. 

Each sample is tested for radiation damage in the beginning by ten fast XANES scans over the pre-edge 

and white line with a scan-time of 10 seconds on one spot, starting with a 100-times attenuated beam 

and ending with an unattenuated beam. Within these time frames, no radiation damage could be detected 

(no decrease / increase / shift for all observed pre-edge- / near-edge- / white-line features). 

 

Section S2 – Treatment of experimental data  

HERFD-XANES is filtering background photons with high efficiency (in contrast to conventional 

XANES and TFY XANES) and therefore all spectra were only area normalized and smoothed to reduce 

the white noise (not necessary).  

Since, VtC-XES spectra are superimposed by the high-energy slope of the Kβ1,3 emission line, these 

need to be background corrected. There are multiple methods to do this, e.g. the Kβ1,3 emission line is 

measured within every VtC-XES scan or the Kβ1,3 emission line is recorded separately and only a part 

of the Kβ1,3 high-energy slope is measured within every VtC-XES scan. Both separate Kβ1,3 and VtC-

XES spectra can be joined together afterwards to obtain the whole Kβ-XES spectra. The Kβ1,3 high-

energy slope is subtracted, by either fitting the whole Kβ1,3 line with any suitable function like a pseudo-

voigt functions or only a section of the Kβ1,3 high-energy slope is fitted by any suited decay function 

and subtracting the resulting fit, to obtain the background corrected VtC-XES spectrum. All VtC-XES 

data presented in this work were corrected by the latter method and area normalized for comparison.   

 

Section S3 – XYZ coordinates of all optimized structures 

[Fe(CO)3(NO)]-, S0 

CARTESIAN COORDINATES (ANGSTROEM) 

Fe     0.000796   -0.001176    0.004139 

N      0.001010    0.001772    1.647258 

O      0.000979    0.001256    2.836272 

C      0.491055   -1.513346   -0.779929 

O      0.819724   -2.519448   -1.264453 
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C      1.063094    1.173037   -0.793532 

C     -1.551281    0.326389   -0.787887 

O      1.770730    1.953035   -1.289380 

O     -2.583479    0.543942   -1.280017 

 

[Fe(CO)3(NO)]-, T0 

CARTESIAN COORDINATES (ANGSTROEM) 

Fe     0.003327    0.000205    0.007377 

N     -0.000257    0.001241    1.797664 

O     -0.215900    0.768765    2.704962 

C      0.478500   -1.685123   -0.453425 

O      0.774415   -2.740587   -0.840668  

C      1.244882    0.889367   -0.915310 

C     -1.511479    0.113916   -0.928989 

O      2.067109    1.451043   -1.520026 

O     -2.498978    0.167082   -1.544865 

 

 [Fe(CO)3(NO)]-, Siso 

CARTESIAN COORDINATES (ANGSTROEM) 

Fe     0.000753    0.000316   -0.000356 

O      0.000063    0.000123    1.720871 

N      0.003335   -0.000408    2.902543 

C      0.487231   -1.494113   -0.810334 

O      0.806555   -2.456807   -1.385651 

C      1.058926    1.160777   -0.811077 

C     -1.532256    0.334712   -0.817284 
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O      1.746283    1.907392   -1.385510 

O     -2.519111    0.554298   -1.398292 

 

 [Fe(CO)3(NO)]-, Tiso 

CARTESIAN COORDINATES (ANGSTROEM) 

Fe     0.007696   -0.016954    0.009326 

O      0.001746   -0.009763    1.904077 

N     -0.227964    0.784231    2.821197 

C      0.476381   -1.643091   -0.626202 

O      0.767223   -2.658657   -1.111804 

C      1.177332    0.957834   -0.941006 

C     -1.495161    0.188241   -0.949951 

O      1.904607    1.554230   -1.626273 

O     -2.423710    0.308548   -1.641044 

 

[Fe(CO)3(NO)]-, Sside 

CARTESIAN COORDINATES (ANGSTROEM) 

Fe     0.008042    0.003320   -0.000762 

O      1.299299    0.633339   -1.454212 

N      1.575606    0.770716   -0.241804 

C     -1.567038    0.818252   -0.276636 

O     -2.582708    1.378917   -0.363919 

C     -0.002564    0.001182    1.758192 

C     -0.314038   -1.741467   -0.270803 

O     -0.050529   -0.023937    2.920873 

O     -0.493822   -2.887902   -0.354317 
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[Fe(CO)3(NO)]-, Tside 

CARTESIAN COORDINATES (ANGSTROEM) 

Fe     0.000103    0.002312    0.003780 

O     -0.078495   -0.244758    1.900678 

N     -0.279434    0.997279    1.628812 

C      0.420251   -1.568712   -0.734595 

O      0.691274   -2.570886   -1.258113 

C      1.108042    1.085099   -0.897945 

C     -1.488800    0.384457   -0.933181 

O      1.806937    1.796040   -1.494496 

O     -2.433987    0.650619   -1.552999 

 

Fe(CO)5 

CARTESIAN COORDINATES (ANGSTROEM) 

Fe     0.002012   -0.001044    0.002148 

C      1.807003   -0.039833    0.002111 

C      0.003019    0.007517    1.812446 

C     -0.945371   -1.537774    0.011952 

C      0.000543   -0.016140   -1.808090 

C     -0.854507    1.588154   -0.008500 

O      2.951195   -0.060915    0.001947 

O      0.005289    0.011540    2.953156 

O     -1.547152   -2.511192    0.018343 

O     -0.000928   -0.026466   -2.948762 

O     -1.395664    2.596454   -0.015431 
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[Fe(CO)4]2- 

CARTESIAN COORDINATES (ANGSTROEM) 

Fe     0.051753   -0.299427    0.057089 

C     -0.212217    1.368270   -0.357648 

O     -0.392666    2.498175   -0.639083 

C      0.310168   -0.239871    1.805386 

O      0.472443   -0.145568    2.969820 

C      1.475174   -0.736448   -0.897523 

C     -1.455235   -1.074754   -0.446392 

O      2.424461   -0.977329   -1.554786 

O     -2.479002   -1.544639   -0.796073 

 

Section S4 – Analysis of theoretical VtC-XES and XANES spectra of the nitrosyl 

coordination isomer Tiso  

 

Calculated VtC-XES and XANES spectra of Tiso in comparison to S0 are given in figure S2. The inter-

action of NO π* and Fe 3d orbitals in Tiso is very similar to T0 and therefore Tiso exhibits more or less 

the same spectral characteristics as seen in T0. The bonding interaction of the NO πx* and 3dxy orbital 

(40β) is observed while the remaining NO πy* orbital is only weakly interacting with the 3dxz orbital, 

leading to the energetically unfavorable SOMO, 42α. Therefore, a similar blueshift of VtC-XES feature 

D as seen in T0 is observed for Tiso. The biggest difference between Tiso and T0 is an even further de-

creasing overlap of NO π* and Fe 3d orbitals, since the electron-density in NO π* orbitals is concentrated 

on the nitrogen atom. Therefore, the SOMO exhibits even less iron density compared to T0 and bonding 

interaction of NO πx* and 3dxy (40β) is even more destabilized in relation to T0. The further decreasing 

Fe density in Tiso, leads to a further decreasing intensity of high-energy VtC-XES feature D in relation 

to T0. The 3dz² orbital of Tiso is also only semi-occupied, causing the additional pre-edge XANES feature 

A’ as seen for T0. However, in contrast to T0, the antibonding combination of the NO πx* and 3dxy orbital 

(42β) is significantly stabilized, shifting the 42β → Fe 1s transition into low-energy pre-edge feature A’ 

and leading to a significant intensity increase of A’ in relation to T0. 
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Figure S1: Comparison of calculated VtC-XES spectra (left) and XANES spectra (right) of S0 and Tiso. 

 

Section S5 – FOD analysis of the hieber anion 

FOD[5] calculations were conducted using the TPSSh[6] functional in conjuction with the ma-def2-

QZVPP[7] basis set at a smearing temperature of 7000 K using the gas phase optimized structure of the 

hieber anion. 

 

Figure S2: FOD plot of [Fe(CO)3(NO)]- (TPSSH/ma-def2-QZVPP, smear temperature 7000 K, isovalue 

0.005 a.u., Avogadro v. 1.2.0) 

 

Table S1. Population of the HOMO to HOMO-4 of the Hieber anion calculated via FOD DFT. 

Orbital Population 

HOMO-4 1.98 

HOMO-3 1.98 

HOMO-2 1.93 
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HOMO-1 1.86 

HOMO 1.86 

 

Section S6 – Comparison of different standard DFT functionals 

 

Table S2. Comparison of Fe 4p/3d and NO 2p contributions to the bonding (HOMO and HOMO-1) and 

antibonding π Fe-NO interactions (LUMO and LUMO+1) using different standard DFT functionals / 

ma-def2-QZVPP[7] (on all atoms except Fe), CP(PPP)[8] (Fe), CPCM[9] (ε = infinity). 

Functional Parameter 
Fe - NO bonding / antibonding 

HOMO HOMO-1 LUMO LUMO+1 

BP86[10] 

Fe(3d) / % 33.0 33.1 21.4 21.5 

Fe(4p) / % 8.4 8.4 1.0 1.0 

NO(2p) / % 21.3 21.3 47.1 46.9 

TPSS[11] 

Fe(3d) / % 33.5 33.4 21.9 21.9 

Fe(4p) / % 8.3 8.3 1.0 1.0 

NO(2p) / % 21.6 21.7 46.8 46.8 

TPSSh[11] 

Fe(3d) / % 32.3 32.3 20.8 21.0 

Fe(4p) / % 8.6 8.5 1.1 1.1 

NO(2p) / % 23.9 24.1 46.1 45.9 

adj. 

TPSSh[12] 

Fe(3d) / % 31.9 31.9 16.9 17.0 

Fe(4p) / % 8.5 8.5 0.7 0.7 

NO(2p) / % 24.7 24.7 41.3 41.1 

B3LYP[13] 

Fe(3d) / % 30.7 30.8 18.9 18.9 

Fe(4p) / % 8.8 8.7 1.2 1.2 

NO(2p) / % 26.5 26.5 45.1 45.0 

 

  

For all functionals identical interactions and symmetry were observed for the respective iron and nitrosyl 

localized molecular orbitals (HOMO-4 to LUMO+2). 
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Section S7 – Additional Figures and Tables 

Table S3. Comparison of structural parameters of the [Fe(CO)4][Na(crypt)]2 crystal structure and opti-

mized gasphase structure. Additional Figures and Tables. 

Compound 
C-O bond 

length / Å 

Fe-C bond 

length / Å 

Fe-C-O bond 

angle / ° 

[Fe(CO)4]2- (DFT) 

1.18 1.74 179.92 

1.18 1.77 177.44 

1.18 1.77 177.35 

1.18 1.77 177.30 

[Fe(CO)4][Na(crypt)]2 

(cryst.)[14] 

1.20 (2) 1.74 (2) 178.6 (18) 

1.13 (2) 1.81 (2) 176.7 (17) 

1.13  (2) 1.76 (2) 173.7 (15) 

1.16  (2) 1.74 (2) 176.8 (14) 

 

 

Figure S3: First derivative XANES spectra of [Fe(CO)3(NO)](TBA), [Fe(CO)4][Na2(crypt)] and 

Fe(CO)5.
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6.4 The connection between NHC ligand count and photophysical properties in 

Fe(II) photosensitizers: An experimental study 

 

Spectra 

 

 

Figure S1. 1H-NMR of 3 in CD2Cl2. 
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Figure S2. 13C-NMR of 3 in CD2Cl2. 

 

Figure S3. ATR-IR of 3. 
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Figure S4. ESI-MS of 3 in CH3CN. 
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Figure S5. 1H-NMR of 4 in acetone-d6. 

 

 

Figure S6. 13C-NMR of 4 in acetone-d6. 
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Figure S7. ATR-IR of 4. 

 

Figure S8. ATR-IR of 6. 
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Figure S9. ESI-MS of 4 in CH3CN. 
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Figure S10. 1H-NMR of 6 in acetone-d6. 
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Figure S11. ESI-MS of 6 in CH3CN. 
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Crystal Structures 

Table S1a. Crystallographic data for 3, 4, 6. 

    3   4   6 

formula weight  1113.8#  934.5   1143.4 

crystal system   monoclinic  monoclinic  orthorhombic 

space group   C 2/c   P 21/n   P bca 

a [Å]    40.556(6)  11.8308(14)  23.363(3) 

b    15.059(2)  25.468(3)  17.913(2) 

c    22.295(3)  12.5915(15)  25.657(3) 

β [°]    123.282(7)  93.892(3) 

V [Å³]    11383(3)  3785.2(8)  10737(2) 

Z    8   4   8 

F(000)    4592#   1904   4694 

crystal size [mm³]  0.47 x 0.38 x 0.10 0.32 x 0.31 x 0.27 0.48 x 0.29 x 0.20 

 

 #  calculated for sum formula without solvent molecules 
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Table S1b. Selected bond lengths [Å] and angles [°] for reference complexes A71, B71 and C72, 173, 273, 

3, 4 and 574. 

 

  

A B C 

Fe-C1 1.966(3) Fe-C1 2.104(3) Fe-C8 1.950(3) 

Fe-N3 1.919(3) Fe-N3 1.936(3) Fe-N1 1.912(2) 

Fe-C11 1.965(3) Fe-C9 2.083(3) Fe-C14 1.946(3) 

Fe-C14 1.965(3) Fe-C20 2.088(3) Fe-C28 1.945(3) 

Fe-N8 1.930(3) Fe-N8 1.941(2) Fe-N6 1.904(2) 

Fe-C22 1.970(3) Fe-C28 2.108(2) Fe-C43 1.951(3) 

C1-Fe-C11 158.6(2) C1-Fe-C9 158.2(1) C28-Fe-C43 159.22(13) 

C14-Fe-C22 158.0(2) C20-Fe-C28 157.8(1) C8-Fe-C14 159.17(13) 

 
  

1 2 3 

Fe-C19 1.993(4) Fe-C112 1.946(4) Fe-C21 1.972(4) 

Fe-N5 1.922(3) Fe-N13 1.917(3) Fe-N3 1.900(3) 
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Fe-C9 1.997(4) Fe-C101 1.950(4) Fe-C13 1.971(4) 

Fe-N1 1.952(2) Fe-C201 1.960(4) Fe-C46 1.939(4) 

Fe-N2 1.866(4) Fe-N23 1.913(3) Fe-N7 1.886(3) 

Fe-N1’ 1.952(2) Fe-C212 1.951(4) Fe-N61 1.948(4) 

N1-Fe-N1‘ 162.92(16) C201-Fe-C212 158.17(17) C21-Fe-C13 158.63(15) 

C19-Fe-C9 158.64(17) C112-Fe-C101 158.23(16) C46-Fe-N61 160.89(16) 

  

4 5 

Fe-N1 1.995(2) Fe-N1 1.99(1) 

Fe-N2 1.892(2) Fe-N2 1.89(1) 

Fe-C13 1.922(3) Fe-N3 1.95(1) 

Fe-N5 1.990(2) Fe-N4 1.97(1) 

Fe-N6 1.895(2) Fe-N5 1.89(1) 

Fe-C27 1.916(3) Fe-N6 1.97(1) 

N1-Fe-C13 160.75(10) N1-Fe-N3 162.2(5) 

N5-Fe-C27 160.62(10) N4-Fe-N6 160.5(5) 
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EXAFS Spectroscopy 

Data Analysis 

Data analysis started with background absorption removal from the experimental absorption spectrum 

by subtracting a Victoreen-type polynomial.75-78 The first maximum of the first derivative was set as E0. 

Afterwards the smooth part of the spectrum, corrected for pre-edge absorption, was determined by use 

of a piecewise polynomial which was adapted in a way that the low-R components of the resulting 

Fourier transform were minimal. The background subtracted spectrum was divided by its smooth part 

and then the photon energy was converted to photoelectron wavenumbers k. The resulting (k) was 

weighted with k3 and Fourier transformed using a Hanning function window. According to the curved 

wave formalism data analysis was performed in k-space using the EXCURV9879,80 program which cal-

culates the EXAFS functions according to a formulation in terms of radial distribution functions:  

(𝑘) = ∑ 𝑆0
2(𝑘)𝐹𝑗(𝑘) ∫ 𝑃𝑗(𝑟𝑗) 

𝑗

𝑒−2𝑟𝑗 ⁄

𝑘𝑟𝑗
2  sin[2𝑘𝑟𝑗 +  𝛿𝑗(𝑘)] d𝑟𝑗 (1) 

 

To calculate the theoretical spectra XALPHA phase and amplitude functions 79,80 were used and the 

mean free path of the scattered electrons was calculated from the imaginary part of the potential (VPI 

set to -4.00). Additionally a correction for the inner potential Ef was introduced to adjust the phase 

differences of the experimental and theoretical EXAFS functions. 

The quality of the applied least-square fit is determined by the R-factor, which represents the percentage 

disagreement between experiment and theory and takes into account systematic and random errors ac-

cording to:81,82 

𝑅 =  ∑
𝑘𝑖

𝑛

∑ 𝑘𝑗
𝑛  | 

𝑗

𝑒𝑥𝑝
(𝑘𝑗)|𝑁

𝑗

|𝑒𝑥𝑝(𝑘𝑖) − 𝑡ℎ𝑒𝑜(𝑘𝑖)| ∙ 100%

𝑁

𝑖

 (2) 

The accuracy of the determined distances is 1 %, of the Debye-Waller-like factor 10 % and of the coor-

dination numbers depending of the distance 5-15 %.83  
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Results 

The XANES (X-ray absorption near edge structure) spectra of the two solid samples 3 and 4 (Figure 

S12) look almost identical, both spectra show a weak prepeak at 7113.5 eV. Since the prepeak represents 

a dipole forbidden 1s3d transition, only 3d4p hybridization enables parity allowed transitions. In 

tetrahedral coordinated systems the prepeak intensity is usually high, whereas in octahedral coordinated 

systems the prepeak shows only very low intensities. In accordance to the crystal structure data the 

complexes exist in an octahedral structure, reflected in the low prepeak intensity.  

 

Figure S12. XANES spectra of complexes 3 and 4. 

Based on the crystal structure data the analysis of the EXAFS (extended X-ray absorption fine structure) 

spectra was performed. The spectra were fitted with two nitrogen shells at around 1.9 Å and 3.2 Å and 

three carbon shells at 2.8 Å, 3.9 Å and 4.3 Å. Since light atoms like nitrogen and carbon cannot be 

distinguished by EXAFS spectroscopy the shells were assigned to the predominant atom type at the 

particular distance. During the fits the distances, coordination numbers, Debye-Waller-like factors σ and 

the Fermi energy Ef were iterated freely. The amplitude reducing factor was held fix at 0.8000. 

Figure S13 shows the resulting fit functions in k-space (top) and R-space (bottom). 
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Figure S13. Experimental (solid lines) and theoretical (dashed lines) EXAFS spectra in the k-space 

(top) and Fourier Transformation (bottom) of 3 and 4. 

The fitting results are displayed in table S2. 
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a) Abs=X-ray absorbing atom, Bs=backscattering atom, b) number of backscattering atoms, c) distance 

of absorbing atom to backscattering atom, d) Debye-Waller-like factor, e) fit-index, f) Fermi energy, 

that account for the shift between theory and experiment, g) amplitude reducing factor 

 

X-ray spectroscopy 

Each HERFD-XANES measurement was carried out in 60 seconds. Ten spectra with each measured at 

a different spot of the homogeneous sample were averaged. To exclude radiation damage, fast measure-

ments over the prepeak with a scan-time of four seconds were carried out before and after each long 

HERFD-XANES measurement. Within these time frames, no radiation damage could be detected. 

Since the VtC-XES region is superimposed by the slope of the Kβ mainline, all four VtC-XES spectra 

had to be background corrected. For this purpose, the Kβ mainline slope was fitted by a pseudo-Voigt 

function and the experiments were subtracted by the resulting fit. Normalization of VtC-XES and 

HERFD-XANES spectra were achieved by dividing each point by the sum of all intensity values. It 

should be taken into account that all XES spectra are blue-shifted by 0.63 eV due to a difference in 

energy calibration of incident- and XES monochromator.   

Table S2. Neighbor atoms, coordination numbers and distances of EXAFS analysis 

Sample Abs-Bsa) N(Bs)b) R(Abs-Bs) 

[Å]c) 

σ [Å-1]d) R [%]e) 

Ef  [eV]f) 

Afacg) 

3 Fe-N 

Fe-C 

Fe-N 

Fe-C 

Fe-C 

5.8±0.6 

7.7±0.8 

1.0±0.1 

11.0±1.1 

14.8±1.5 

1.919±0.019 

2.828±0.028 

3.297±0.033 

3.849±0.039 

4.357±0.044 

0.077±0.007 

0.059±0.006 

0.045±0.005 

0.112±0.011 

0.095±0.010 

26.48 

1.566 

0.8000 

4 Fe-N 

Fe-C 

Fe-N 

Fe-C 

Fe-C 

5.7±0.6 

8.2±0.8 

0.6±0.1 

11.4±1.1 

7.6±0.8 

1.913±0.019 

2.810±0.028 

3.262±0.033 

3.825±0.038 

4.335±0.044 

0.084±0.008 

0.074±0.007 

0.032±0.003 

0.112±0.011 

0.074±0.007 

27.82 

2.674 

0.8000 
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DFT and TDDFT Calculations 

Theoretical ligand / element projected XANES spectra were generated by selecting acceptor orbitals 

with significant Loewdin population values of an given ligand / element (see table S3). Core-excited 

states with significant percentages of the selected acceptor orbitals were taken into account and transi-

tions to these core-excited states were broadened by a 1.5 eV Gaussian (fwhm) for each ligand / element. 

Theoretical ligand / element projected VtC-XES spectra were generated by selecting donor orbitals with  

significant Loewdin population values of a given ligand / element (see table S3) and transitions of these 

donor orbitals were broadened by a 2.5 eV Gaussian (fwhm) for each ligand / element. 

 

Table S3. Loewdin population limits of the ligand / element project approach 

 Element and ligand Loewdin population values 

Donor orbitals Acceptor orbitals 

Complex Fe NHC terpy bpy py Fe NHC terpy bpy py 

1 50 30 60  50 50 30 35  30 

2 50 60   50 50 40   40 

3 50 40  50 50 30 30  35 25 

4 50 43  70  45 35  60  
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Figure S14. HERFD-XANES spectra of complexes 1-4 (upper half) in comparison to TD-DFT calcu-

lations (bottom half) (top). VtC-XES spectra of complexes 1-4 (upper half) in comparison to DFT-cal-

culations (bottom half) (bottom).  
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Figure S15. Contributions of Fe, NHC and pyridyl/polypyridyl functions of calculated spectral features 

in HERFD-XANES (top) and VtC-XES (bottom).  
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Figure S16. Calculated VtC-XES spectra of complexes 1 and predominant molecular orbitals that 

contribute to the observed features A, B and C.  

 

Figure S17. Calculated VtC-XES spectra of complexes 2 and predominant molecular orbitals that 

contribute to the observed features A, B and C.  
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Figure S18. Calculated VtC-XES spectra of complexes 3 and predominant molecular orbitals that 

contribute to the observed features A, B and C.  
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Figure S19. Theoretical Fe K-edge HERFD-XANES spectra of complexes 1 - 5 (top). Theoretical VtC-

XES spectra of complexes 1 - 5 (bottom). 
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Figure S20. Molecular orbital levels of complexes 1 - 5 with solvation effects included (def2-TZVP / 

TPSSh, SMD (acetonitrile). Theoretical HOMO - LUMO gaps are given in-between HOMO and LUMO 

of each complex. Levels with significant Fe 3d contribution are shown in orange. Predominant character 

of LUMOs are given below each LUMO. 

, 

Figure S21. T2g orbitals of Complexes 1 - 4. 
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Figure S22. Eg
* orbitals of Complexes 1 - 4. 

 

Table S4. Comparison of all relevant TDDFT core-excited states of complex 1 concerning relevant 

ligand/element populations (acceptor orbitals), energies and normalized intensities. 

Transition 
Calc. en-

ergy[a] / eV 

Norm. 

Int.[b] / a.u. 

Element / 

Ligand 

character 

Core-ex-

cited state 

contribution 

LUMOs  

Element / 

Ligand 

population 

per LUMO 

1 7113.05 0.003 Fe 0.93 7 65.7 

2 7113.58 0.164 Fe 0.83 11 54.9 

3 7113.82 0.004 Terpy 0.99 0 63.8 

4 7114.05 0.090 Py 0.99 2 51.1 

5 7114.15 0.006 Terpy 0.87 1 68.9 

6 7114.70 0.003 Py 0.83 3 42.5 

7 7115.13 0.000 Terpy 0.89 4 64.4 

8 7115.21 0.001 Terpy 0.95 5 69.6 

9 7115.98 0.005 Terpy 0.99 6 59.6 

10 7116.18 0.097 NHC 0.92 8 43.8 

11 7116.46 0.007 NHC 0.54 14 53.1 

12 7116.52 0.001         
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13 7116.59 0.003         

14 7116.72 0.014         

15 7116.75 0.000         

16 7116.92 0.003 NHC 0.96 15 58.2 

17 7117.09 0.000 Terpy 0.96 16 50.2 

18 7117.48 0.003         

19 7117.48 0.003 NHC 0.53 18 50.9 

20 7118.05 0.037 Terpy 0.99 19 62.1 

21 7118.16 0.012 Terpy 0.98 20 54.4 

22 7118.38 0.039 Py 0.94 21 52.5 

23 7118.38 0.044         

24 7118.49 0.028 Terpy 0.75 23 45.9 

25 7118.56 0.015 Terpy 0.76 24 38.2 

26 7118.70 0.102         

27 7118.85 0.101 Terpy 0.92 26 48.4 

28 7118.91 0.009         

29 7119.01 0.078 Terpy 0.95 28 40.4 

30 7119.08 0.016         

31 7119.21 0.027         

32 7119.24 0.008         

33 7119.29 0.003         

34 7119.30 0.046         

35 7119.31 0.002         

36 7119.35 0.058 Terpy 0.93 35 62.2 

37 7119.56 0.095 Py 0.97 36 31.2 

38 7119.61 0.010 Terpy 0.98 37 66.2 

39 7119.65 0.188 NHC 0.93 38 31.5 

40 7119.70 0.018         

41 7119.73 0.053         

42 7119.84 0.020 Terpy 0.91 41 62.6 

43 7119.85 0.009 NHC 0.85 42 30.9 

44 7119.91 0.003 Py 0.69 43 43.5 

45 7120.08 0.002         

46 7120.10 0.002         

47 7120.14 0.012         
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48 7120.20 0.031         

49 7120.20 0.005         

50 7120.22 0.028         

51 7120.30 0.029         

52 7120.35 0.002         

53 7120.40 0.152         

54 7120.41 0.085         

55 7120.46 0.004         

56 7120.58 0.513         

57 7120.65 0.007         

58 7120.68 0.020         

59 7120.71 0.054         

60 7120.77 0.005         

61 7120.79 0.006         

62 7120.86 0.019 Terpy 0.88 62 48.7 

63 7120.96 0.008         

64 7120.98 0.013         

65 7121.02 0.073         

66 7121.10 0.180         

67 7121.10 0.011         

68 7121.17 0.009         

69 7121.23 0.014         

70 7121.26 0.013         

71 7121.31 0.008         

72 7121.34 0.038         

73 7121.37 0.177         

74 7121.40 0.053         

75 7121.44 0.013         

76 7121.47 0.037         

77 7121.59 0.004         

78 7121.63 0.064         

79 7121.64 0.008         

80 7121.67 0.091         

81 7121.73 0.021         

82 7121.78 0.006         
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83 7121.82 0.265         

84 7121.90 0.033         

85 7121.91 0.099         

86 7122.05 0.066 Py 0.61 85 30.3 

87 7122.06 0.053         

88 7122.07 0.065         

89 7122.11 0.048         

90 7122.20 0.004         

91 7122.21 0.050         

92 7122.23 0.018         

93 7122.31 0.033         

94 7122.31 0.030 Terpy 0.55 93 37.6 

95 7122.32 0.023         

96 7122.42 0.670 Terpy 0.67 99 40.9 

97 7122.49 0.045         

98 7122.50 0.069         

99 7122.51 0.104         

100 7122.57 0.010         

101 7122.64 0.064         

102 7122.66 0.008         

103 7122.67 0.055         

104 7122.74 0.105         

105 7122.76 0.009         

106 7122.81 0.141         

107 7122.87 0.021         

108 7122.93 0.021         

109 7123.01 0.051         

110 7123.07 0.053         

111 7123.14 0.042         

112 7123.19 0.031         

113 7123.22 0.091         

114 7123.25 0.033         

115 7123.30 0.018         

116 7123.41 0.098         

117 7123.43 0.011         
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118 7123.44 1.000         

119 7123.51 0.014         

120 7123.59 0.293         

121 7123.68 0.037         

122 7123.69 0.055         

123 7123.76 0.075         

124 7123.82 0.130         

125 7123.84 0.115         

126 7123.88 0.071         

127 7123.94 0.041         

128 7124.03 0.019         

129 7124.05 0.013         

130 7124.16 0.258         

131 7124.18 0.031         

132 7124.24 0.070         

133 7124.32 0.033         

134 7124.36 0.012         

135 7124.39 0.264         

136 7124.39 0.167         

137 7124.49 0.094         

138 7124.50 0.121         

139 7124.60 0.020         

140 7124.62 0.173         

141 7124.71 0.096         

142 7124.80 0.021         

143 7124.87 0.134         

144 7124.93 0.140         

145 7124.94 0.057         

[a] all values were shifted by 151.5 eV,  [b] normalized to 1 (all values were divided by the 

overall highest value) 

 

Table S5. Comparison of all relevant TDDFT core-excited states of complex 2 concerning relevant 

ligand/element populations (acceptor orbitals), energies and normalized intensities. 
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Transition 
Calc. en-

ergy[a] / eV 

Norm. 

Int.[b] / a.u. 

Element / 

Ligand 

character 

Core-ex-

cited state 

contribution 

LUMOs  

Element / 

Ligand 

population 

per LUMO 

1 7113.22 0.045 Fe 0.96 4 64.3 

2 7113.99 0.149 Fe 0.86 8 50.8 

3 7114.17 0.010 Py 0.83 0 53.3 

4 7114.17 0.009 Py 0.82 1 53.4 

5 7114.49 0.005 Py 0.91 2 44.7 

6 7114.96 0.000 Py 1.00 3 49.5 

7 7116.10 0.022 NHC 0.88 7 61.7 

8 7116.35 0.002 NHC 0.66 5 56.5 

9 7116.35 0.001 NHC 0.66 6 56.4 

10 7116.81 0.002 NHC 0.88 9 70.5 

11 7116.81 0.003 NHC 0.80 10 65.5 

12 7116.94 0.001 NHC 0.98 11 68.4 

13 7117.32 0.000 NHC 0.70 13 45.1 

14 7117.35 0.003         

15 7117.59 0.086         

16 7117.78 0.000 NHC 0.94 15 59.5 

17 7118.04 0.094         

18 7118.05 0.089         

19 7118.29 0.001 Py 1.00 18 56.3 

20 7118.39 0.011 Py 0.98 19 48.9 

21 7118.59 0.029         

22 7118.59 0.029         

23 7118.66 0.001         

24 7118.74 0.039 NHC 0.57 23 41.9 

25 7118.75 0.075 NHC 0.57 24 43.3 

26 7118.76 0.076 NHC 0.96 25 47.3 

27 7118.85 0.005         

28 7118.91 0.004         

29 7119.14 0.543         

30 7119.15 0.167         

31 7119.17 0.122         
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32 7119.28 0.001 Py 0.98 31 45.3 

33 7119.31 0.125         

34 7119.60 0.001         

35 7119.64 0.003         

36 7119.69 0.006         

37 7119.73 0.020 Py 0.88 38 53.2 

38 7119.76 0.042 Py 0.66 39 53.7 

39 7119.78 0.001         

40 7119.79 0.127         

41 7119.88 0.007         

42 7119.90 0.266         

43 7120.10 0.024         

44 7120.13 0.073         

45 7120.14 0.032 NHC 0.81 44 41.7 

46 7120.14 0.022         

47 7120.19 0.012         

48 7120.24 0.148         

49 7120.25 0.126         

50 7120.32 0.097         

51 7120.33 0.119         

52 7120.38 0.070         

53 7120.53 0.029         

54 7120.63 0.053         

55 7120.64 0.003         

56 7120.71 0.005         

57 7120.71 0.006         

58 7120.76 0.041         

59 7120.87 0.005         

60 7120.89 0.009         

61 7120.89 0.009         

62 7121.01 0.184         

63 7121.14 0.171         

64 7121.15 0.098         

65 7121.21 0.212         

66 7121.24 0.063         
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67 7121.33 0.236         

68 7121.33 0.054         

69 7121.49 0.022         

70 7121.50 0.018         

71 7121.55 0.019         

72 7121.58 0.013         

73 7121.66 0.069         

74 7121.69 0.031         

75 7121.79 0.018         

76 7121.85 0.073         

77 7121.92 0.030         

78 7121.93 0.032         

79 7121.95 0.065 Py 0.81 76 54.6 

80 7122.09 0.033         

81 7122.12 0.021         

82 7122.16 0.048         

83 7122.21 0.006         

84 7122.25 0.040         

85 7122.38 0.014         

86 7122.46 0.135         

87 7122.48 0.199         

88 7122.57 0.062         

89 7122.64 0.060         

90 7122.65 0.036         

91 7122.71 0.030         

92 7122.77 0.086         

93 7122.81 0.250         

94 7122.83 0.082         

95 7122.88 0.114         

96 7122.91 0.160         

97 7123.00 0.015         

98 7123.19 0.221         

99 7123.20 0.191         

100 7123.34 0.485         

101 7123.35 0.006         
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102 7123.53 0.011         

103 7123.56 0.022         

104 7123.57 0.027         

105 7123.60 0.003         

106 7123.67 0.027         

107 7123.74 0.056         

108 7123.83 0.065         

109 7123.91 0.013         

110 7124.04 0.236         

111 7124.10 0.137         

112 7124.11 0.137         

113 7124.20 0.071         

114 7124.36 0.073         

115 7124.39 0.037         

116 7124.55 0.019         

117 7124.56 0.047         

118 7124.58 0.013         

119 7124.67 0.004         

120 7124.77 0.300         

121 7124.77 0.257         

122 7124.94 0.048         

123 7124.97 0.136         

[a] all values were shifted by 151.5 eV,  [b] normalized to 1 (all values were divided by the 

overall highest value) 

 

Table S6. Comparison of all relevant TDDFT core-excited states of complex 3 concerning relevant 

ligand/element populations (acceptor orbitals), energies and normalized intensities. 

Transition 
Calc. en-

ergy[a] / eV 

Norm. 

Int.[b] / a.u. 

Element / 

Ligand 

character 

Core-ex-

cited state 

contribution 

LUMOs  

Element / 

Ligand 

population 

per LUMO 

1 7113.24 0.187 Fe 0.38 9 32.8 

2 7113.68 0.224 Fe 0.32 13 33.1 

3 7113.87 0.007 Bpy 0.95 0 66 

4 7114.16 0.032 Py 0.72 1 50.8 
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5 7114.49 0.012 Py 0.61 2 44.6 

6 7114.81 0.001 Bpy 0.66 3 52.9 

7 7115.15 0.001 Bpy 0.90 4 65.2 

8 7116.08 0.003         

9 7116.19 0.023         

10 7116.23 0.005         

11 7116.43 0.001         

12 7116.50 0.001         

13 7116.64 0.005         

14 7116.69 0.002         

15 7116.76 0.002 NHC 0.86 15 59.7 

16 7116.85 0.003 NHC 0.74 14 59.4 

17 7117.27 0.003 NHC 0.97 16 39.8 

18 7117.37 0.047         

19 7117.56 0.005 NHC 0.97 18 50.8 

20 7117.95 0.028 Bpy 0.85 19 37.4 

21 7118.00 0.018         

22 7118.28 0.030 Py 0.97 21 36.4 

23 7118.30 0.045         

24 7118.40 0.009 Bpy 0.97 123 37.3 

25 7118.45 0.032         

26 7118.70 0.158         

27 7118.75 0.055 NHC 0.93 26 39.3 

28 7118.89 0.007         

29 7118.91 0.057         

30 7119.06 0.102         

31 7119.10 0.014         

32 7119.12 0.011 NHC 0.68 31 30.7 

33 7119.19 0.006         

34 7119.21 0.023         

35 7119.27 0.003         

36 7119.32 0.001 Bpy 0.85 36 42.5 

37 7119.35 0.397 Bpy 0.70 35 44.5 

38 7119.44 0.036         

39 7119.52 0.032         



6. Supporting Information 

 

 
222 

 

40 7119.56 0.214 NHC 0.97 39 34.1 

41 7119.63 0.032         

42 7119.71 0.028         

43 7119.81 0.008         

44 7119.81 0.010         

45 7119.87 0.009         

46 7119.94 0.010         

47 7120.03 0.035         

48 7120.08 0.010         

49 7120.10 0.042         

50 7120.15 0.010         

51 7120.22 0.090         

52 7120.26 0.009         

53 7120.32 0.136         

54 7120.34 0.150         

55 7120.36 0.008         

56 7120.40 0.136         

57 7120.49 0.054         

58 7120.52 0.278         

59 7120.56 0.011         

60 7120.60 0.040         

61 7120.61 0.042         

62 7120.66 0.002         

63 7120.72 0.050         

64 7120.75 0.005         

65 7120.80 0.004         

66 7120.89 0.004         

67 7121.01 0.031         

68 7121.04 0.166         

69 7121.08 0.005         

70 7121.14 0.021         

71 7121.16 0.130         

72 7121.19 0.024         

73 7121.22 0.022         

74 7121.25 0.026         



6. Supporting Information 

 

 
223 

 

75 7121.31 0.071         

76 7121.33 0.105         

77 7121.37 0.002         

78 7121.47 0.021         

79 7121.53 0.008         

80 7121.58 0.134         

81 7121.61 0.080         

82 7121.65 0.033         

83 7121.67 0.125         

84 7121.69 0.013         

85 7121.78 0.050         

86 7121.81 0.105         

87 7121.86 0.134         

88 7121.99 0.026 Py 0.82 87 31.7 

89 7122.01 0.020         

90 7122.03 0.027         

91 7122.06 0.027         

92 7122.07 0.052         

93 7122.11 0.008         

94 7122.17 0.019         

95 7122.18 0.017         

96 7122.20 0.013         

97 7122.34 0.029         

98 7122.42 0.022         

99 7122.45 0.069         

100 7122.47 0.009         

101 7122.50 0.036         

102 7122.54 0.046         

103 7122.58 0.060         

104 7122.60 0.030         

105 7122.66 0.010         

106 7122.69 0.023         

107 7122.72 0.014         

108 7122.83 0.075         

109 7122.89 0.029         
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110 7122.94 0.184         

111 7123.04 0.137         

112 7123.12 0.044         

113 7123.15 0.437         

114 7123.17 0.252         

115 7123.19 0.172         

116 7123.25 0.065         

117 7123.28 0.075         

118 7123.34 0.048         

119 7123.41 0.011         

120 7123.51 0.098         

121 7123.58 0.312         

122 7123.61 0.077         

123 7123.66 0.016         

124 7123.77 0.095         

125 7123.79 0.021         

126 7123.82 0.064         

127 7123.87 0.021         

128 7123.92 0.029         

129 7123.94 0.018         

130 7123.97 0.012         

131 7123.99 0.217         

132 7124.07 0.198         

133 7124.16 0.041         

134 7124.25 0.051         

135 7124.28 0.029         

136 7124.33 0.004         

137 7124.34 0.195         

138 7124.48 0.070         

139 7124.53 0.055 Py 0.93 138 33.2 

140 7124.58 0.198         

141 7124.65 0.053         

142 7124.68 0.226         

143 7124.71 0.008         

144 7124.75 0.599         
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145 7124.80 0.295         

146 7124.85 0.075         

147 7124.86 0.071         

148 7124.95 0.020         

149 7124.98 0.020         

[a] all values were shifted by 151.5 eV,  [b] normalized to 1 (all values were divided by the 

overall highest value) 

 

Table S7. Comparison of all relevant TDDFT core-excited states of complex 4 concerning relevant 

ligand/element populations (acceptor orbitals), energies and normalized intensities. 

Transition 
Calc. en-

ergy[a] / eV 

Norm. 

Int.[b] / a.u. 

Element / 

Ligand 

character 

Core-ex-

cited state 

contribution 

LUMOs  

Element / 

Ligand 

population 

per LUMO 

1 7113.26 0.133 Fe 0.73 8 53.4 

2 7113.33 0.311 Fe 0.51 9 45.0 

3 7113.82 0.002 Bpy 0.90 1 66.3 

4 7113.96 0.046 Bpy 0.73 0 66.7 

5 7114.46 0.015         

6 7114.72 0.006         

7 7115.18 0.003 Bpy 0.88 5 71.3 

8 7115.26 0.001 Bpy 0.99 4 71.8 

9 7116.07 0.008         

10 7116.22 0.001         

11 7116.43 0.009 NHC 0.67 10 53.9 

12 7116.82 0.012 NHC 0.87 11 63.5 

13 7117.22 0.003 NHC 0.98 12 43.7 

14 7117.41 0.011 NHC 0.91 14 38.6 

15 7117.45 0.096         

16 7117.80 0.044         

17 7118.21 0.006         

18 7118.27 0.022         

19 7118.56 0.022 Bpy 0.98 18 64.4 

20 7118.58 0.008         

21 7118.92 0.012         
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22 7118.96 0.024         

23 7118.97 0.009 Bpy 0.92 21 63.3 

24 7119.00 0.055         

25 7119.07 0.118         

26 7119.12 0.078         

27 7119.22 0.031 NHC 0.88 26 41.5 

28 7119.34 0.01 Bpy 0.84 27 61.2 

29 7119.40 0.006 Bpy 0.93 28 62.1 

30 7119.67 0.01         

31 7119.68 0.012         

32 7119.75 0.156 Bpy 0.53 32 67.5 

33 7119.78 0.03 Bpy 0.62 31 63.7 

34 7119.85 0.258 NHC 0.82 33 54.0 

35 7119.93 0.123         

36 7120.02 0.036         

37 7120.07 0.046 NHC 0.91 35 42.1 

38 7120.25 0.096 NHC 0.98 37 37.7 

39 7120.30 0.015         

40 7120.37 0.015         

41 7120.45 0.014         

42 7120.58 0.019         

43 7120.59 0.109         

44 7120.65 0.03         

45 7120.74 0.088         

46 7120.77 0.066         

47 7120.84 0.006         

48 7121.01 0.117         

49 7121.07 0.01         

50 7121.18 0.095         

51 7121.35 0.013         

52 7121.40 0.048         

53 7121.51 0.162         

54 7121.56 0.033         

55 7121.72 0.106         

56 7121.81 0.244         
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57 7121.92 0.013 Bpy 0.90 56 63.1 

58 7121.98 0.043         

59 7122.00 0.072         

60 7122.10 0.095         

61 7122.19 0.009         

62 7122.22 0.071         

63 7122.28 0.15         

64 7122.39 0.146         

65 7122.42 0.066         

66 7122.46 0.058         

67 7122.70 0.084 Bpy 0.92 66 61.2 

68 7122.74 0.184         

69 7122.89 0.017         

70 7122.95 0.135         

71 7123.00 0.079         

72 7123.07 0.295         

73 7123.19 0.173 Bpy 0.90 72 61.9 

74 7123.24 0.313         

75 7123.27 0.26         

76 7123.39 0.058         

77 7123.42 0.057 Bpy 0.47 76 61.6 

78 7123.46 0.142         

79 7123.56 0.02         

80 7123.61 0.086         

81 7123.76 0.178         

82 7123.80 0.055         

83 7123.95 0.156         

84 7124.02 0.076         

85 7124.08 0.266         

86 7124.10 0.038         

87 7124.22 0.065         

88 7124.24 0.129         

89 7124.31 0.024         

90 7124.51 0.031         

91 7124.57 0.036         
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92 7124.64 0.089         

93 7124.69 0.035 Bpy 0.77 92 66.6 

94 7124.75 0.244         

95 7124.83 0.23         

96 7124.85 0.778         

[a] all values were shifted by 151.5 eV,  [b] normalized to 1 (all values were divided by the 

overall highest value) 

 

Table S8. Comparison of all relevant VtC-XES transitions of complex 1 concerning relevant ligand/el-

ement populations (donor orbitals), energies and normalized intensities. 

HOMOs 
Calc. en-

ergy[a] / eV 

Norm. 

Int.[b] / a.u. 

Element / 

Ligand 

character 

Element / 

Ligand 

population 

per 

HOMO 

-148 7087.77 0.019     

-147 7088.05 0.013     

-146 7089.39 0.025     

-145 7089.58 0.076     

-144 7090.19 0.097     

-143 7090.72 0.020     

-142 7090.73 0.002     

-141 7091.61 0.006     

-140 7093.59 0.001     

-139 7093.78 0.000     

-138 7094.00 0.026     

-137 7094.18 0.001     

-136 7094.29 0.032     

-135 7094.44 0.048     

-134 7094.62 0.016     

-133 7094.77 0.009     

-132 7095.09 0.000     

-131 7095.09 0.000     

-130 7095.32 0.000     

-129 7095.61 0.000     
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-128 7095.83 0.031     

-127 7095.89 0.000     

-126 7095.91 0.008     

-125 7096.28 0.000 Terpy 87.3 

-124 7096.62 0.004 NHC 36.5 

-123 7096.95 0.005     

-122 7097.56 0.000     

-121 7097.57 0.000     

-120 7097.98 0.000 NHC 38.6 

-119 7098.12 0.014     

-118 7098.12 0.004 Terpy 93.4 

-117 7098.41 0.017 Terpy 93.2 

-116 7098.80 0.000     

-115 7098.80 0.000     

-114 7098.85 0.000     

-113 7098.87 0.000     

-112 7098.96 0.035 Terpy 83.9 

-111 7099.18 0.045 Terpy 93.4 

-110 7099.23 0.025 NHC 44.5 

-109 7099.30 0.022 NHC 53.1 

-108 7099.84 0.001 NHC 33.9 

-107 7099.94 0.033 Terpy 88.9 

-106 7100.02 0.037 Terpy 92.8 

-105 7100.12 0.000     

-104 7100.12 0.000     

-103 7100.51 0.020 NHC 67.1 

-102 7100.91 0.031     

-101 7101.04 0.002     

-100 7101.11 0.000 NHC 41.2 

-99 7101.39 0.024     

-98 7101.44 0.040 NHC 38.3 

-97 7101.59 0.003     

-96 7102.11 0.045 NHC 49.2 

-95 7102.24 0.106 Terpy 83.9 

-94 7102.52 0.006 Terpy 75.2 
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-93 7102.54 0.034 Py 59.3 

-92 7102.54 0.002     

-91 7102.56 0.006     

-90 7102.66 0.002     

-89 7102.82 0.028 Terpy 89.4 

-88 7103.05 0.021     

-87 7103.09 0.008 NHC 37.8 

-86 7103.14 0.037 Terpy 85.3 

-85 7103.32 0.000 Terpy 87.7 

-84 7103.39 0.000 NHC 49.8 

-83 7103.47 0.003     

-82 7103.69 0.013     

-81 7103.88 0.014 Terpy 70.1 

-80 7104.01 0.009     

-79 7104.04 0.011 NHC 46.0 

-78 7104.05 0.048 Terpy 63.3 

-77 7104.25 0.010 NHC 67.0 

-76 7104.30 0.031 NHC 53.3 

-75 7104.36 0.002     

-74 7104.37 0.002     

-73 7104.50 0.010 NHC 41.4 

-72 7104.56 0.000     

-71 7104.59 0.001 Terpy 83.7 

-70 7104.69 0.009     

-69 7104.75 0.000     

-68 7104.77 0.001     

-67 7105.07 0.004     

-66 7105.09 0.057     

-65 7105.18 0.011     

-64 7105.19 0.005     

-63 7105.26 0.000     

-62 7105.30 0.287 Terpy 82.0 

-61 7105.32 0.215 Terpy 67.2 

-60 7105.47 0.001     

-59 7105.51 0.010     
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-58 7105.53 0.002     

-57 7105.59 0.000     

-56 7105.60 0.002     

-55 7105.64 0.011 Py 63.2 

-54 7105.68 0.008     

-53 7106.16 0.048 Terpy 82.0 

-52 7106.19 0.014     

-51 7106.24 0.001     

-50 7106.24 0.001     

-49 7106.39 0.156     

-48 7106.51 0.001 Terpy 79.9 

-47 7106.56 0.000     

-46 7106.58 0.000     

-45 7106.67 0.000     

-44 7106.83 0.000     

-43 7106.88 0.002     

-42 7106.90 0.004     

-41 7107.04 0.071     

-40 7107.07 0.002     

-39 7107.12 0.026     

-38 7107.16 0.004     

-37 7107.38 0.003     

-36 7107.39 0.010     

-35 7107.41 0.020     

-34 7107.42 0.004     

-33 7107.49 0.344     

-32 7107.65 0.534     

-31 7107.68 0.071 Py 51.1 

-30 7107.71 0.537     

-29 7107.82 0.778 Terpy 69.4 

-28 7107.85 0.014     

-27 7107.86 0.010     

-26 7107.89 0.002     

-25 7107.90 0.001     

-24 7108.04 0.016     
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-23 7108.11 0.000     

-22 7108.15 0.010     

-21 7108.22 0.018     

-20 7108.24 0.139     

-19 7108.31 0.000     

-18 7108.32 0.069     

-17 7108.34 0.043     

-16 7108.54 0.000     

-15 7108.58 0.045     

-14 7108.60 0.002     

-13 7108.75 0.001     

-12 7108.85 0.576 NHC 30.6 

-11 7109.08 0.007 Terpy 75.0 

-10 7109.36 0.001 NHC 49.7 

-9 7109.76 0.001 NHC 76.5 

-8 7109.82 0.004     

-7 7109.91 0.000     

-6 7110.26 0.001     

-5 7110.27 0.002     

-4 7110.55 0.000     

-3 7110.61 0.000     

-2 7110.86 0.085 Fe 78.7 

-1 7111.02 0.123 Fe 68.3 

0 7111.17 0.018 Fe 68.6 

[a] all values were shifted by 150.9 eV,  [b] normalized to 1 (all 

values were divided by the overall highest value) 

 

Table S9. Comparison of all relevant VtC-XES transitions of complex 2 concerning relevant ligand/el-

ement populations (donor orbitals), energies and normalized intensities. 

HOMOs 
Calc. en-

ergy[a] / eV 

Norm. 

Int.[b] / a.u. 

Element / 

Ligand 

character 

Element / 

Ligand 

population 

per 

HOMO 

-116 7087.73 0.000 NHC 61.9 
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-115 7087.80 0.041 NHC 63.7 

-114 7088.05 0.013 NHC 76.5 

-113 7088.05 0.013 NHC 76.3 

-112 7089.40 0.066     

-111 7089.42 0.000     

-110 7090.75 0.001 NHC 60.4 

-109 7090.75 0.001 NHC 60.4 

-108 7091.64 0.000     

-107 7091.68 0.010     

-106 7093.98 0.000 Py 86.6 

-105 7094.03 0.063 Py 87.5 

-104 7094.23 0.005     

-103 7094.23 0.005     

-102 7094.98 0.002     

-101 7095.00 0.000     

-100 7095.65 0.033     

-99 7095.65 0.033     

-98 7095.74 0.001 NHC 72.3 

-97 7095.83 0.001 NHC 72.5 

-96 7095.93 0.014     

-95 7095.93 0.014     

-94 7097.83 0.000     

-93 7097.89 0.037     

-92 7097.95 0.000     

-91 7097.95 0.000     

-90 7098.01 0.000     

-89 7098.01 0.001     

-88 7098.03 0.000     

-87 7098.03 0.000     

-86 7098.96 0.020     

-85 7098.96 0.020     

-84 7099.15 0.035 NHC 70.6 

-83 7099.19 0.000 NHC 70.7 

-82 7099.62 0.000     

-81 7099.66 0.041     
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-80 7100.37 0.055 NHC 62.6 

-79 7100.37 0.055 NHC 62.5 

-78 7100.97 0.000 NHC 75.7 

-77 7101.11 0.027     

-76 7101.11 0.027     

-75 7101.24 0.011 NHC 74.5 

-74 7101.55 0.000     

-73 7101.61 0.019     

-72 7102.18 0.048     

-71 7102.18 0.047     

-70 7102.58 0.000 Py 64.0 

-69 7102.62 0.085 Py 68.7 

-68 7102.64 0.002     

-67 7102.64 0.002     

-66 7103.09 0.003     

-65 7103.13 0.031     

-64 7103.14 0.026     

-63 7103.15 0.018     

-62 7103.46 0.000 NHC 76.3 

-61 7103.70 0.026     

-60 7103.71 0.028     

-59 7103.81 0.002 NHC 71.6 

-58 7104.13 0.026 NHC 67.9 

-57 7104.16 0.000 NHC 67.2 

-56 7104.25 0.002     

-55 7104.26 0.002     

-54 7104.48 0.000     

-53 7104.52 0.003     

-52 7104.52 0.004     

-51 7104.56 0.023     

-50 7104.68 0.000     

-49 7104.74 0.001     

-48 7104.75 0.002     

-47 7104.81 0.030     

-46 7104.90 0.000     
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-45 7104.97 0.000     

-44 7104.98 0.002     

-43 7105.19 0.000     

-42 7105.23 0.213 Py 58.7 

-41 7105.35 0.000     

-40 7105.62 0.002 Py 75.5 

-39 7105.63 0.002 Py 75.6 

-38 7105.80 0.000     

-37 7105.80 0.000     

-36 7105.82 0.000     

-35 7106.20 0.000     

-34 7106.25 0.000     

-33 7106.32 0.001     

-32 7106.32 0.001     

-31 7106.49 0.001     

-30 7106.52 0.009     

-29 7106.54 0.015     

-28 7106.54 0.010     

-27 7106.87 0.000     

-26 7106.90 0.000     

-25 7106.97 1.000 Py 63.7 

-24 7107.01 0.003     

-23 7107.10 0.000     

-22 7107.11 0.001     

-21 7107.34 0.006     

-20 7107.34 0.044     

-19 7107.36 0.027     

-18 7107.37 0.031     

-17 7107.57 0.003     

-16 7107.64 0.008     

-15 7107.71 0.371     

-14 7107.72 0.405     

-13 7107.74 0.100     

-12 7108.08 0.882     

-11 7108.09 0.888     
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-10 7108.56 0.193     

-9 7108.56 0.196     

-8 7108.75 0.004 NHC 69.7 

-7 7109.43 0.000     

-6 7109.61 0.000     

-5 7109.81 0.065 NHC 80.4 

-4 7109.81 0.065 NHC 80.6 

-3 7110.05 0.000 NHC 62.6 

-2 7110.88 0.143 Fe 72.1 

-1 7110.89 0.144 Fe 72.0 

0 7111.25 0.005 Fe 57.3 

[a] all values were shifted by 150.9 eV,  [b] normalized to 1 (all 

values were divided by the overall highest value) 

 

Table S10. Comparison of all relevant VtC-XES transitions of complex 3 concerning relevant ligand/el-

ement populations (donor orbitals), energies and normalized intensities. 

HOMOs 
Calc. en-

ergy[a] / eV 

Norm. 

Int.[b] / a.u. 

Element / 

Ligand 

character 

Element / 

Ligand 

population 

per 

HOMO 

149 7087.73 0.016 NHC 61.9 

148 7087.92 0.023 NHC 72.2 

147 7088.01 0.013 NHC 76.6 

146 7089.35 0.032     

145 7089.52 0.065 Bpy 66.7 

144 7090.28 0.035 Bpy 75.3 

143 7090.69 0.002 NHC 59.8 

142 7091.37 0.008 NHC 43.2 

141 7091.57 0.006 NHC 48.7 

140 7093.52 0.001     

139 7093.70 0.000     

138 7093.96 0.026 Py 85.1 

137 7094.23 0.040 Bpy 88.8 

136 7094.32 0.005 Bpy 63.2 
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135 7094.47 0.026 Bpy 88.6 

134 7094.72 0.009 NHC 41.9 

133 7094.99 0.000     

132 7095.00 0.000     

131 7095.37 0.008     

130 7095.56 0.000 NHC 72.7 

129 7095.77 0.020     

128 7095.79 0.001     

127 7095.83 0.020     

126 7096.04 0.019 NHC 40.4 

125 7096.55 0.003     

124 7096.72 0.007     

123 7096.88 0.005     

122 7097.47 0.000     

121 7097.48 0.000     

120 7097.94 0.000     

119 7098.06 0.014     

118 7098.06 0.002 Bpy 71.5 

117 7098.45 0.019 Bpy 65.7 

116 7098.72 0.000     

115 7098.73 0.000     

114 7098.74 0.001     

113 7098.77 0.000     

112 7099.02 0.029 Bpy 68.0 

111 7099.17 0.026 NHC 44.5 

110 7099.25 0.026 NHC 53.7 

109 7099.49 0.053 Bpy 75.0 

108 7099.79 0.007     

107 7100.03 0.000     

106 7100.04 0.000     

105 7100.21 0.025 Bpy 55.3 

104 7100.47 0.021 NHC 66.9 

103 7100.54 0.032 NHC 41.0 

102 7100.84 0.031     

101 7100.95 0.003     
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100 7101.03 0.002 NHC 53.3 

99 7101.32 0.025     

98 7101.35 0.032 NHC 69.5 

97 7101.52 0.002     

96 7102.05 0.047 NHC 48.7 

95 7102.15 0.086 Bpy 62.8 

94 7102.44 0.000     

93 7102.46 0.001     

92 7102.48 0.035 Py 62.5 

91 7102.59 0.002 Bpy 78.6 

90 7102.59 0.003     

89 7102.73 0.042 Bpy 72.9 

88 7102.99 0.020     

87 7103.03 0.022     

86 7103.12 0.008 NHC 59.3 

85 7103.25 0.019 Bpy 53.1 

84 7103.41 0.000     

83 7103.43 0.017 NHC 42.6 

82 7103.51 0.010 Bpy 73.1 

81 7103.74 0.000     

80 7103.98 0.010 NHC 50.5 

79 7104.02 0.026     

78 7104.07 0.008     

77 7104.14 0.003 NHC 57.7 

76 7104.20 0.009 NHC 68.6 

75 7104.25 0.022 NHC 42.2 

74 7104.30 0.008     

73 7104.41 0.003 NHC 41.9 

72 7104.44 0.003 Bpy 73.3 

71 7104.50 0.006     

70 7104.62 0.017     

69 7104.66 0.003     

68 7104.75 0.001     

67 7104.79 0.016 NHC 46.1 

66 7104.97 0.005     
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65 7105.08 0.007     

64 7105.10 0.003     

63 7105.12 0.132     

62 7105.16 0.000     

61 7105.26 0.139 Bpy 50.5 

60 7105.38 0.003     

59 7105.40 0.034     

58 7105.45 0.005     

57 7105.51 0.000     

56 7105.52 0.003     

55 7105.60 0.005 Py 74.1 

54 7105.70 0.003     

53 7105.74 0.010     

52 7105.92 0.017 Bpy 65.3 

51 7106.09 0.065     

50 7106.15 0.019     

49 7106.15 0.006     

48 7106.36 0.073 Bpy 70.7 

47 7106.48 0.000     

46 7106.50 0.002     

45 7106.59 0.000     

44 7106.75 0.001     

43 7106.80 0.000     

42 7106.81 0.001     

41 7106.94 0.189     

40 7107.00 0.005     

39 7107.04 0.010     

38 7107.07 0.009     

37 7107.27 0.435     

36 7107.29 0.130     

35 7107.32 0.030     

34 7107.32 0.001     

33 7107.34 0.192     

32 7107.48 0.020     

31 7107.60 0.177     
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30 7107.61 0.116 Py 53.9 

29 7107.69 0.481     

28 7107.79 0.034     

27 7107.80 0.023     

26 7107.80 0.626     

25 7107.90 0.107     

24 7107.99 0.074     

23 7108.07 0.015     

22 7108.09 0.076     

21 7108.16 0.282     

20 7108.17 0.278     

19 7108.22 0.002     

18 7108.23 0.102     

17 7108.37 0.213     

16 7108.45 0.002     

15 7108.49 0.074     

14 7108.52 0.014     

13 7108.68 0.005     

12 7108.80 0.048     

11 7109.19 0.098 NHC 55.6 

10 7109.50 0.045     

9 7109.70 0.001 Bpy 54.6 

8 7109.80 0.021 NHC 76.4 

7 7110.05 0.009 NHC 57.3 

6 7110.18 0.001     

5 7110.20 0.002     

4 7110.46 0.000     

3 7110.52 0.000     

2 7110.84 0.104 Fe 75.2 

1 7110.94 0.120 Fe 68.1 

0 7111.22 0.020 Fe 59.3 

[a] all values were shifted by 150.9 eV,  [b] normalized to 1 (all 

values were divided by the overall highest value) 
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Table S11. Comparison of all relevant VtC-XES transitions of complex 4 concerning relevant ligand/el-

ement populations (donor orbitals), energies and normalized intensities. 

HOMOs 
Calc. en-

ergy[a] / eV 

Norm. 

Int.[b] / a.u. 

Element / 

Ligand 

character 

Element / 

Ligand 

population 

per HOMO 

90 7087.91 0.006     

89 7087.97 0.031     

88 7089.45 0.011     

87 7089.50 0.110     

86 7090.32 0.033     

85 7090.36 0.036     

84 7091.37 0.000     

83 7091.38 0.014     

82 7094.14 0.000     

81 7094.20 0.070     

80 7094.33 0.003     

79 7094.33 0.004     

78 7094.54 0.022     

77 7094.56 0.025     

76 7095.45 0.008     

75 7095.46 0.006     

74 7096.04 0.020     

73 7096.08 0.017     

72 7096.78 0.005     

71 7096.80 0.009     

70 7098.07 0.001     

69 7098.07 0.001     

68 7098.46 0.001     

67 7098.51 0.040     

66 7099.06 0.041     

65 7099.12 0.004     

64 7099.53 0.067     

63 7099.53 0.033     

62 7100.25 0.024     
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61 7100.26 0.025     

60 7100.56 0.025     

59 7100.60 0.031     

58 7101.08 0.005     

57 7101.41 0.043     

56 7102.23 0.087     

55 7102.25 0.088     

54 7102.61 0.002     

53 7102.61 0.002     

52 7102.73 0.002     

51 7102.75 0.087     

50 7103.17 0.011     

49 7103.26 0.031     

48 7103.30 0.001     

47 7103.34 0.024     

46 7103.59 0.003     

45 7103.62 0.007     

44 7103.79 0.000     

43 7103.90 0.010     

42 7104.11 0.045     

41 7104.22 0.025     

40 7104.29 0.013 NHC 50.6 

39 7104.30 0.008 NHC 57.3 

38 7104.49 0.007 Bpy 75.9 

37 7104.52 0.002 Bpy 79.9 

36 7104.56 0.010     

35 7104.76 0.016     

34 7104.79 0.038 NHC 50.1 

33 7104.90 0.007 NHC 53.0 

32 7104.98 0.023     

31 7105.24 0.102 Bpy 76.7 

30 7105.24 0.192 Bpy 73.0 

29 7105.38 0.096 Bpy 82.7 

28 7105.57 0.021     

27 7105.61 0.020     
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26 7105.88 0.009     

25 7105.91 0.009     

24 7105.94 0.001     

23 7105.96 0.007 Bpy 77.7 

22 7106.29 0.064 Bpy 75.6 

21 7106.43 0.068 Bpy 82.2 

20 7106.60 0.081     

19 7107.10 0.044     

18 7107.35 0.808     

17 7107.38 0.001     

16 7107.49 0.005     

15 7107.62 0.329     

14 7107.76 0.595 Bpy 71.2 

13 7107.79 0.533 Bpy 72.0 

12 7108.01 0.214 Bpy 70.6 

11 7108.06 0.453     

10 7108.12 0.273     

9 7108.64 0.197 Bpy 73.3 

8 7108.72 0.009     

7 7108.75 0.009     

6 7109.41 0.041 NHC 60.8 

5 7109.65 0.007     

4 7109.75 0.000     

3 7110.04 0.004 NHC 57.2 

2 7110.89 0.122 Fe 74.1 

1 7110.91 0.107 Fe 74.1 

0 7111.19 0.012 Fe 62.9 

[a] all values were shifted by 150.9 eV,  [b] normalized to 1 (all val-

ues were divided by the overall highest value) 
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Table S12. XYZ files of all optimized structures. 

Optimized gas phase structure of 1: 

111 

  C   1.01644455548762      1.90672071193329      1.20198856155653 

  C   -0.57551544561933      2.09814283939512     -0.52038931565645 

  C   1.10960567227099      3.29008430574261      1.30532435956605 

  C   -0.52080228886652      3.48560685214069     -0.45558537963224 

  C   0.33135136512321      4.08100302956115      0.46763527915183 

  H   1.77568486823520      3.74558255321141      2.02557578054027 

  H   -1.13092241722675      4.09238309393707     -1.11077812753535 

  H   0.38918228643552      5.15941725222233      0.53482371755648 

  Fe  0.08120662272153     -0.51661185623643      0.19024162891576 

  N   0.18499351535876      1.34594877320225      0.30037602408043 

  C   -0.86846255706121     -4.50499365321959      0.95724043017192 

  C   -0.82027470546594     -3.12011911167968      0.92766996712815 

  C   0.86117439808317     -3.12363296193394     -0.66645988758704 

  C   0.89001469365537     -4.50875227385209     -0.71019811318323 

  C   0.00335843032697     -5.19404316533176      0.11719294463250 

  H   -1.55303458951234     -5.03090788369448      1.60734907873221 

  H   1.57477067201553     -5.03762486438621     -1.35770955929117 

  H   -0.00497259184252     -6.27631265370481      0.11083085881631 

  N   0.01750868152662     -2.44549130586704      0.12585118614971 

  C   1.48484926785279     -0.88351769221681     -1.16845159624578 

  C   2.65083171645562     -2.50296925365495     -2.32528147307580 

  C   3.10195647911573     -1.29542681551959     -2.71274571575808 

  H   2.93789559030139     -3.49447942524229     -2.62667506127166 

  H   3.86663615632857     -1.02348824699303     -3.41710076746663 

  C   -1.37155035362162     -0.87726848161393      1.49348940828968 

  C   -2.58558857439494     -2.48909496948537      2.60991150507272 

  C   -3.02058581315016     -1.27837799172469      3.00596516030222 

  H   -2.89251399412362     -3.47885135953705      2.89716715872562 

  H   -3.78252455829677     -1.00141529847995      3.71131352863599 

  N   -1.58350759713714     -2.23398639398685      1.68108039713191 

  N   -2.28471787690743     -0.31104348275757      2.31606715243140 

  N   1.66175637379329     -2.24120311317591     -1.38446191542432 

  N   2.38357265857792     -0.32346756571494     -2.01116491581498 
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  C   -2.54619368226497      1.10486349722828      2.49400543625923 

  C   -3.54895389135574      1.70139540908876      1.71134500556707 

  C   -1.85527878034174      1.78498269750536      3.50803779945832 

  C   -3.81867903858144      3.04968799371685      1.95146777002792 

  C   -2.16621086491339      3.13214374964269      3.69698834190728 

  C   -3.13367414350274      3.75901888402013      2.92677957828579 

  H   -4.58354144026773      3.55038330666329      1.37359269363924 

  H   -1.65414823638910      3.69486539737592      4.46578242514991 

  H   -3.37012161185768      4.80193991791572      3.10143751621834 

  C   2.62653467479598      1.09062338441433     -2.22558336282617 

  C   1.95709845345145      1.72852817631207     -3.28269979737610 

  C   3.59494223280712      1.72593035566651     -1.43310303164025 

  C   2.26221946388997      3.07225772399370     -3.50548072713785 

  C   3.85437880077751      3.07022149880656     -1.70284960127973 

  C   3.19473558941992      3.73749417187092     -2.72398742563652 

  H   1.77005061539451      3.60350622540819     -4.30883482873482 

  H   4.59235233762628      3.59930268064980     -1.11526609159046 

  H   3.42314405056111      4.77741765567556     -2.92512081495019 

  C   -4.35910609462814      0.93205537049575      0.67816966068295 

  H   -3.68942698793713      0.21758063815624      0.18780162632217 

  C   -4.96735576766463      1.84218792366913     -0.39406734537295 

  H   -4.23919921644286      2.53821044660331     -0.81185365926082 

  H   -5.37010726799385      1.23288479705904     -1.20516104573673 

  H   -5.79598399312253      2.42490501032129      0.01449994685022 

  C   -5.51109880018076      0.14154516899328      1.32641346226661 

  H   -6.10661331008375     -0.34605960260684      0.55121357905787 

  H   -5.16057072417826     -0.63114516905886      2.00772664074932 

  H   -6.16460100666971      0.81790176594148      1.88169473267112 

  C   -0.85624396413918      1.09136738542810      4.41895990310066 

  H   -0.31954712807459      0.34476069188110      3.82496470904610 

  C   -1.56539763118194      0.35982441659510      5.57317887563818 

  H   -0.82654049472016     -0.10070320966209      6.23283567394686 

  H   -2.15467377472463      1.06641116606561      6.16166435486027 

  H   -2.23090869184377     -0.42643900112522      5.22002971347051 

  C   0.16686590889246      2.05966271635174      5.01783885985475 

  H   0.61481856321576      2.70402395359262      4.25907747034916 

  H   -0.29477674760556      2.70114048348793      5.77159801395289 
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  H   0.95948617201802      1.49684377868483      5.51387055487972 

  C   4.38692945220687      0.98849513495149     -0.36570714371724 

  H   3.71932761133038      0.26203668259003      0.10852546889346 

  C   4.93113570093234      1.92427348742614      0.71692860266959 

  H   5.74637194941061      2.53937418252651      0.32993987595430 

  H   4.16188072382341      2.59413727217223      1.10586798006647 

  H   5.33423181996496      1.33581410874089      1.54288582912531 

  C   5.57191024668128      0.21758350941780     -0.97665664296194 

  H   5.25166167851193     -0.55283457059406     -1.67650088524818 

  H   6.23524369289296      0.90487805731082     -1.50608956900476 

  H   6.14655518640423     -0.26957438065891     -0.18558390832501 

  C   0.97851304548064      1.00612520710504     -4.19627129687249 

  H   0.42558764657452      0.27925257340987     -3.59184212766261 

  C   1.70474694565980      0.24195220705318     -5.31864825479752 

  H   0.97349898759743     -0.21701525175487     -5.98783956455639 

  H   2.31793541370471      0.92938613460602     -5.90553574551773 

  H   2.34767393741622     -0.54992991629785     -4.93918320211619 

  C   -0.02810164227925      1.95655236068050     -4.85235081034260 

  H   -0.81803374218980      1.37721891277515     -5.33364352619944 

  H   -0.48504844464385      2.63770602652512     -4.13361371877242 

  H   0.45139724230588      2.55696573365894     -5.62867252227235 

  C   -1.39119447570896      1.27223111960868     -1.40608307719332 

  C   -2.26925978220971      1.75190956437740     -2.37061685434962 

  C   -1.91477559516573     -0.92328883308108     -1.96907621520219 

  C   -2.98550439093193      0.85791237415156     -3.15134413952838 

  H   -2.38974919557206      2.81771163458905     -2.50932116641868 

  C   -2.80521488261222     -0.50451389797842     -2.94485814081338 

  H   -1.74432650553234     -1.97412324334446     -1.77759354849488 

  H   -3.67261781299970      1.21813844664928     -3.90597579541347 

  H   -3.34333227174491     -1.23926084808256     -3.52894217417231 

  C   1.73348548067546      0.90122529089166      1.97871387537414 

  C   2.65879612117730      1.17188265519469      2.98046139142914 

  C   2.01931456977359     -1.38535565994505      2.28242238036146 

  C   3.27752130412719      0.12436652963725      3.64446501500776 

  H   2.89262878687452      2.19565297444128      3.23585094862648 

  C   2.95100897923089     -1.17861492465929      3.28657705001304 

  H   1.74023805853962     -2.38492687035726      1.97923138606061 



6. Supporting Information 

 

 
247 

 

  H   4.00097483011220      0.32012088482409      4.42536039369972 

  H   3.40772947646276     -2.02895530931428      3.77531124198660 

  N   1.41602182344165     -0.37888201287089      1.63306187848828 

  N   -1.21714618234651     -0.06569839454077     -1.21144220011809 

 

Optimized gas phase structure of 2: 

87 

  C   0.60323768203182      2.49749123809042      1.03575061508303 

  C   -1.03789156919294      2.52568449230860     -0.59768566390939 

  C   0.59026839358430      3.87946798872159      1.14601006359964 

  C   -1.12489604742885      3.90841372003469     -0.56106898938680 

  C   -0.29255388676781      4.58175240527884      0.32976167918742 

  H   1.24107053280146      4.39226395552074      1.83997717337871 

  H   -1.81332945342182      4.44373593983883     -1.19954841396286 

  H   -0.33365119489212      5.66159262093709      0.38959598304434 

  C   2.37948857148202      1.83625641925932      2.69486058437218 

  C   1.23722359145284      0.25309086369426      1.46734152409985 

  H   2.65213852131293      2.81719095798758      3.04098990746610 

  C   2.84472236793686      0.61815932006502      3.03208033991000 

  H   3.60929294427463      0.34064816352181      3.73558058463358 

  C   -1.50787900911935      0.29895490478094     -1.26698739347297 

  C   -2.71524048906961      1.91889018724006     -2.37784545189267 

  H   -3.04809597032006      2.90917499517290     -2.63278637377910 

  C   -3.07181174794576      0.71356935696183     -2.86259123213626 

  H   -3.78220757308215      0.45953314454820     -3.62902669131249 

  N   1.39693695394633      1.60585357000582      1.73936240566173 

  N   2.14207776623721     -0.32683519402772      2.28391975945984 

  N   -1.76009267557985      1.65817173505612     -1.40267165665315 

  N   -2.33517089890355     -0.25360188506824     -2.17825841566046 

  Fe  -0.13285152031983     -0.09205278208146      0.09110726557446 

  N   -0.19452911730815      1.83172792225401      0.18436857544516 

  C   -0.81481937148328     -4.14097028751291      0.83661890620660 

  C   -0.84455947892089     -2.75484690590785      0.83164700536488 

  C   0.78786825996133     -2.63893963258209     -0.80705749341357 

  C   0.89129565494727     -4.01943460545860     -0.87573964000152 

  C   0.07094993944035     -4.76837500600347     -0.03571842311678 

  H   -1.45443608664861     -4.71293606853256      1.49377683178777 
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  H   1.58325790274345     -4.49671639667246     -1.55512833044488 

  H   0.12387425708971     -5.84909812893776     -0.06035590832501 

  N   -0.06160846282162     -2.01690046941293      0.02698210512049 

  C   1.23584222682476     -0.36241876034588     -1.30074965364621 

  C   2.45327504361960     -1.87924733336904     -2.53864135448307 

  C   2.79570613541215     -0.63662057989689     -2.93039024871281 

  H   2.79514627936924     -2.84365525592128     -2.86950714027407 

  H   3.49940650861358     -0.31688985036529     -3.67807753133709 

  C   -1.49466539645789     -0.55660675010731      1.44101540841617 

  C   -2.61155981589404     -2.24015219158428      2.55246962264759 

  C   -3.08681434152078     -1.05622451827929      2.98411636096378 

  H   -2.87126150886272     -3.24714374044674      2.82647264773735 

  H   -3.84823578889336     -0.84119685846238      3.71256715427240 

  N   -1.63952645912590     -1.92760682518296      1.60936875102929 

  N   -2.39996328364954     -0.04968284801565      2.30410221519338 

  N   1.49983214715132     -1.70455431370972     -1.54310908409051 

  N   2.05300518270861      0.26752350499343     -2.17044251129538 

  C   -2.43960218224528     -1.69675398288371     -2.48349338078353 

  H   -1.81355529168786     -2.18074472966484     -1.73647050926506 

  C   -3.88206055254459     -2.16595472623375     -2.32508048152813 

  H   -4.54188346563944     -1.67161423632210     -3.04078220152965 

  H   -3.93964350035865     -3.23849824948153     -2.51631870750076 

  H   -4.25354063189347     -1.96722567075961     -1.31814875607888 

  C   2.42793761451233     -1.77527244254304      2.37296766562700 

  H   1.67201633351086     -2.24526906804931      1.74810693392751 

  C   3.81632513514724     -2.06276242406989      1.80716772441531 

  H   3.89680562952644     -1.72584253254958      0.77164651471248 

  H   4.59019443474785     -1.56268787695076      2.39325404611935 

  H   4.01310940352524     -3.13525757791081      1.84597121896102 

  C   2.27122042324481     -2.25581131128680      3.81195752344950 

  H   1.26921159023530     -2.04692844282843      4.19102487839317 

  H   2.44819122205571     -3.33137825937421      3.85787945344204 

  H   2.99724417828461     -1.77800542510983      4.47254437744804 

  C   -1.88389615115735     -1.96924835683895     -3.87894205785777 

  H   -0.84639619904079     -1.63843129527154     -3.96066692280877 

  H   -1.93147309081712     -3.03849517496544     -4.09073499777195 

  H   -2.47104289693437     -1.45425667765162     -4.64223027129718 
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  C   -2.70382600782108      1.38535520920469      2.49072076166641 

  H   -1.96029747849598      1.90349290681852      1.88931694231308 

  C   -4.10108719074770      1.68920842746650      1.95607889207946 

  H   -4.18814294680634      1.41087717352765      0.90376673289297 

  H   -4.86338527849884      1.14750593872962      2.51999846400186 

  H   -4.30917604883824      2.75540539777305      2.05799983615574 

  C   -2.53833849598027      1.77755459895261      3.95496681274422 

  H   -1.53013140678449      1.55821055763692      4.31113144501808 

  H   -2.72745122346431      2.84599486032007      4.06869426099436 

  H   -3.25185473794704      1.25072925808968      4.59162575245401 

  C   2.12921887239335      1.72957472374197     -2.38078540539547 

  H   1.51830734788533      2.15455820774161     -1.58700848410402 

  C   3.56882443170737      2.21093572395257     -2.23353935229195 

  H   3.97231481295324      1.95697289496504     -1.25174501198285 

  H   4.21485114723953      1.77290806920123     -2.99682761380299 

  H   3.60545510264470      3.29385832301713     -2.35996724650375 

  C   1.53038364740286      2.08168439572722     -3.74041675829182 

  H   0.49574066011364      1.74044957946465     -3.81484449809669 

  H   1.55720232246983      3.16266208508974     -3.88580986165364 

  H   2.10297475279169      1.62403991093793     -4.54992358661941 

 

Optimized gas phase structure of 3: 
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  C   0.71175274033410      2.00489986937210      0.86647540281262 

  C   -0.86912473033911      1.95305100820464     -0.84949087499127 

  C   0.73659676954529      3.38877624266991      0.88688415623253 

  C   -0.89976546436345      3.34210603487626     -0.88733896981690 

  C   -0.08937004311529      4.05695055329217     -0.01149484947067 

  H   1.37335909298164      3.92870160966662      1.57365560745460 

  H   -1.54206888855121      3.86124626563622     -1.58507531792588 

  H   -0.09897041703916      5.13883901717135     -0.02675259103049 

  Fe  -0.03334387286240     -0.58229075924317      0.06563179031213 

  N   -0.06629194767415      1.31183920476311      0.02551662985353 

  C   -1.07278905292772     -4.55939894642032      0.72937205489672 

  C   -0.96591080872848     -3.17785158012977      0.76677489168270 

  C   0.72042530578649     -3.17736350278823     -0.82525723159914 

  C   0.68919676181341     -4.55875588987778     -0.93502380244054 
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  C   -0.22481084827530     -5.24468352680957     -0.13803523595132 

  H   -1.78760749448071     -5.08527630819558      1.34618086777581 

  H   1.34626537293770     -5.08420661291576     -1.61336710802968 

  H   -0.28087331621041     -6.32386691490720     -0.19779900580881 

  N   -0.08334906264541     -2.50308123070935      0.01294485122242 

  C   1.40464206909353     -0.94055572268904     -1.23464138586699 

  C   2.55959648839892     -2.54299740378036     -2.42751851739680 

  C   3.06890540034041     -1.33515131733929     -2.73326278929290 

  H   2.82062185786379     -3.52785104250926     -2.77131076352024 

  H   3.86182073179395     -1.05618728396476     -3.40289526653705 

  C   -1.44006236274538     -0.93885540659645      1.40437862882312 

  C   -2.69105520954542     -2.54574629671303      2.49057356166043 

  C   -3.05860353652100     -1.33628425735627      2.95231611650931 

  H   -3.03563085056582     -3.53285984834282      2.74188362287770 

  H   -3.79532856864215     -1.05754373842685      3.68338035683185 

  N   -1.70235623812163     -2.29405258991882      1.54568889515201 

  N   -2.29125481606623     -0.37178577797610      2.29242128675403 

  N   1.54621512901192     -2.29316455114139     -1.50835544525695 

  N   2.36873810179614     -0.37383147205994     -1.99828754899786 

  C   -2.46542864902021      1.04191817302652      2.56522976960320 

  C   -3.40668456465865      1.75206208219047      1.80328710231667 

  C   -1.76455376585283      1.60822996967729      3.64263753623700 

  C   -3.60556209088280      3.09451772377781      2.12771431329850 

  C   -2.01306585345987      2.95277566607381      3.92370858615974 

  C   -2.91824113693572      3.68946227902045      3.17462616189941 

  H   -4.31936887615731      3.67911398973407      1.56335210814206 

  H   -1.49767331562035      3.42890814113399      4.74673704812786 

  H   -3.10260449552819      4.72859651595966      3.42014768733020 

  C   2.68725453985260      1.03716753645689     -2.10464640797125 

  C   2.02745134219548      1.79006884598157     -3.08791408942519 

  C   3.70705519988652      1.55962671825580     -1.29124820707322 

  C   2.38852201765318      3.13220427941039     -3.21285616576374 

  C   4.03050972348546      2.90587649992094     -1.47022285296223 

  C   3.37827583231618      3.68452196567062     -2.41481352996638 

  H   1.89973729437565      3.74897957712351     -3.95484134438942 

  H   3.65554338284579      4.72433274485807     -2.54127057428991 

  C   -4.23280788837256      1.09684125566928      0.70848062660674 
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  H   -3.59915657467005      0.36202469018219      0.20202881617352 

  C   -4.73618844781555      2.10134177147852     -0.33163598464763 

  H   -3.93933896319533      2.75432225523436     -0.69232083751214 

  H   -5.16315003272574      1.56624097118864     -1.18150657051199 

  H   -5.52504944994109      2.73268398774568      0.08290997097929 

  C   -5.45181776890762      0.35576003792987      1.28909537737687 

  H   -6.04372624919314     -0.07736217065981      0.47964591949738 

  H   -5.16800637003369     -0.45226748102171      1.96157517177438 

  H   -6.08691528868393      1.05169185020411      1.84137517107644 

  C   -0.80625378795179      0.81034092420226      4.51469181797840 

  H   -0.27814712400886      0.10030549302376      3.86888619911217 

  C   -1.54924620278780      0.00893651393837      5.59897969511472 

  H   -0.82850205130037     -0.49378007019323      6.24818345083438 

  H   -2.15058125517436      0.67979961185105      6.21656242376579 

  H   -2.20545720950158     -0.75260082512392      5.18181920650250 

  C   0.22974689933617      1.69700348806684      5.21374609732505 

  H   0.70348584587140      2.40106704853819      4.52846022200713 

  H   -0.23037961187322      2.27039266753472      6.02165636279006 

  H   1.00614886547460      1.07367861784659      5.66050324586768 

  C   4.47523105389167      0.71701343564798     -0.28273813399810 

  H   3.76522142792604      0.02661778581140      0.18575573083830 

  C   5.13286090248388      1.56259004749212      0.81375104920957 

  H   5.99352074415050      2.10777632872654      0.41955693788990 

  H   4.44558123220373      2.28749848588695      1.25107224225193 

  H   5.49914644894273      0.91186053987928      1.60964596908932 

  C   5.58224182670527     -0.11851260626241     -0.95194776884884 

  H   5.18884464487470     -0.86517826988654     -1.63887752102932 

  H   6.26287236640280      0.53309136434263     -1.50425291973724 

  H   6.16166464927601     -0.64348600480160     -0.18874291995678 

  C   1.00592051403907      1.17913473888676     -4.03232814132317 

  H   0.44041955275914      0.42542393653240     -3.47539857067144 

  C   1.69094806993039      0.47922812910936     -5.22078614829991 

  H   0.93735645580564      0.07474338994786     -5.90005058587661 

  H   2.30287354217501      1.19322899567032     -5.77626000300426 

  H   2.33064554473526     -0.34396493925165     -4.90650522293736 

  C   0.02147115945462      2.21271017729367     -4.58569576596938 

  H   -0.79170082216646      1.70327283771504     -5.10542821069445 
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  H   -0.40169219997007      2.83921645205146     -3.79853365877147 

  H   0.50833658281985      2.86867315791325     -5.31061842446009 

  C   -1.62797309390638      1.01749125832628     -1.67207892472326 

  C   -2.53348245574407      1.38184690130683     -2.66296499827118 

  C   -2.02360103201043     -1.23268841720500     -2.08257780727140 

  C   -3.19902749108633      0.39879440318623     -3.37722584844501 

  H   -2.71490169218192      2.42694243211327     -2.87068499618491 

  C   -2.93929352836334     -0.93397318761579     -3.07855928916527 

  H   -1.79633200667744     -2.25839130151638     -1.82644246013000 

  H   -3.90711582021360      0.66640935463766     -4.15080010984318 

  H   -3.43478222998728     -1.73711284936418     -3.60768080466506 

  N   1.44613854872382      1.12982000992840      1.66555903167027 

  C   2.37377383237365      1.35851603992061      2.67193042965981 

  N   2.07520473990182     -0.80783224778552      2.34000493266307 

  C   2.76754748088589      0.14065061303154      3.09500914665411 

  C   1.24974005319904     -0.22294271279392      1.44777053100891 

  N   -1.37411294529389     -0.28947490846289     -1.38529443373170 

  H   3.47312614499180     -0.14096607342788      3.85743006333477 

  H   4.81193860881909      3.35035217826474     -0.86916456915527 

  H   2.66629734626380      2.34099342772297      2.99360226425067 

  C   2.24174405111133     -2.24637476978452      2.50808076170737 

  H   1.59505658619776     -2.74678783953959      1.79598792617579 

  H   1.96409401560874     -2.53767285233999      3.52148340470162 

  H   3.27852897963082     -2.52552961205659      2.31835527575721 

 

Optimized gas phase structure of 4: 
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  C   5.22453945622996      3.06504860360554     -4.26613015432588 

  C   6.27255843872041      2.19259784978714     -3.98541439548493 

  C   6.47737576772536      1.72830045694869     -2.68825164860837 

  C   5.59973779292276      2.16688496549137     -1.70902737673374 

  N   4.58615019937765      3.00516736793219     -1.97381982417431 

  C   4.38566949494751      3.46284771553288     -3.23023340803413 

  C   3.22550550934953      4.34943789002252     -3.30499296846440 

  N   5.59649972372195      1.82300353210074     -0.35819866457632 

  C   6.43496121737002      0.99268495062893      0.37746340850278 

  C   5.95828620260592      1.02228624265163      1.63849006085756 
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  N   4.84492693610455      1.86416926754112      1.65032899336491 

  C   4.59570251132701      2.37183243817157      0.42725130851310 

  C   1.65269246624056      5.78060656881794     -4.41505081862184 

  C   2.76850207807646      4.95723533849311     -4.46919779409495 

  N   2.60142555323622      4.53309314331788     -2.10861122471392 

  C   1.53188449246889      5.33955238512616     -2.06671580687310 

  C   1.02764588503259      5.97902947151950     -3.18935067733110 

  Fe  3.40516269572221      3.52205031225603     -0.57467302823664 

  C   2.43805096850639      5.23691260743347      1.46060364642035 

  N   2.19513184566384      4.09610219976510      0.77689843448745 

  C   1.08534001317810      3.37893696939970      1.01760338856650 

  C   0.15114434437457      3.75542860796646      1.96961094096481 

  C   0.39747594101265      4.92901181581615      2.67947277670738 

  C   1.54336153665674      5.67933979637292      2.43022893652036 

  N   1.05330780612720      2.25442952432498      0.19370929699451 

  C   3.69526290009109      5.85802653583575      1.04485603179689 

  C   2.10038990951210      2.10656922535275     -0.69943897620130 

  C   0.62363173946431      0.39467532371695     -0.86362645666709 

  C   0.14224845999798      1.20739679076282      0.09951787762632 

  C   6.07741470283509      6.82297394820222      0.10065415301410 

  C   5.49896625414946      5.66772207899823     -0.40305814449807 

  N   4.33675979273423      5.18127340770118      0.05194329321679 

  C   4.22244511506653      7.02086069370564      1.59558089465100 

  C   5.42949437330350      7.51227196474139      1.11929632774378 

  H   6.93472534422908      1.87177505931162     -4.77921334129976 

  H   5.06802030739183      3.42595064386636     -5.27326316154002 

  H   3.27965909758400      4.78422215939237     -5.40689154028968 

  H   1.27994090104515      6.26026356606736     -5.31110993520910 

  H   0.15876813206685      6.61711029895391     -3.09757359563340 

  H   1.06940686468911      5.46990176016057     -1.09758050528796 

  H   5.97489955339940      5.10363774131643     -1.19421754449315 

  H   7.01882620719954      7.17108824549076     -0.30342409945242 

  H   5.85733091005916      8.41474005206572      1.53673563862539 

  H   3.69269422874188      7.53490904442710      2.38651268775387 

  H   1.72970868557945      6.59078494058983      2.98091620888230 

  H   -0.31086846033714      5.25886254760902      3.42840343100989 

  H   -0.73591991621690      3.16521388553818      2.15336172950475 



6. Supporting Information 

 

 
254 

 

  H   -0.74619611177604      1.13591450482492      0.70117149854802 

  C   2.64754079554408      0.32348247379841     -2.35504298345834 

  H   7.28773097840846      1.05107484501174     -2.45688087643657 

  C   4.06557680730955      2.13587673838906      2.85603006646667 

  H   3.33800352278275      2.90629133381686      2.62707042263306 

  H   4.72948526126714      2.48417185814982      3.64658287671960 

  H   3.55415153801737      1.22922479816142      3.18107210236485 

  N   1.80896160398021      0.95623851997282     -1.33856776396346 

  H   0.23109846645918     -0.52532696196417     -1.26178434546362 

  H   3.07328072877334      1.08782795923693     -2.99843605756760 

  H   2.02974462535555     -0.34309511529924     -2.95287400637838 

  H   3.44371654122735     -0.25067415635232     -1.87961549740388 

  H   6.30758226075874      0.52725551417619      2.52843236256913 

  H   7.27641000260760      0.47379875324768     -0.04617617350870 

 

Optimized gas phase structure of 5: 
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  C   5.02571073491866      2.88217655436653     -4.30742428698149 

  C   6.09592977871658      2.02777495820893     -4.05850300517686 

  C   6.37126616490176      1.61022650381437     -2.75951214497268 

  C   5.55862028595692      2.06298321255244     -1.72420099152470 

  N   4.52543666687332      2.89161183899355     -1.98333713826197 

  C   4.24327588765875      3.30379825205828     -3.23682466295892 

  C   3.07983202622638      4.19255331851159     -3.26902363808910 

  C   5.65685509242902      1.74554628215908     -0.29768447164876 

  C   6.63530049341607      0.93917428612589      0.27184139960080 

  C   6.61544192579138      0.70726398459902      1.64075700591911 

  C   5.60878473242920      1.28707492845087      2.40345206760091 

  C   4.66497178158632      2.08641475468887      1.77575687141208 

  N   4.67888318369255      2.32291447574238      0.45683920710065 

  C   1.44914578201123      5.60604147434822     -4.31684014856917 

  C   2.54668696585524      4.76196924846382     -4.41903858861966 

  N   2.54202386754281      4.43136651775329     -2.03905140603619 

  C   1.48777008541759      5.25354907454417     -1.95074638674225 

  C   0.91521731374502      5.86028102428672     -3.05925362196865 

  Fe  3.43064508850154      3.46742588065979     -0.56134421983176 

  C   2.64920865130617      5.14762414062520      1.54062735467878 
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  N   2.32914393825892      4.02560848208118      0.86277105437013 

  C   1.24122088955654      3.29123287023279      1.17806266782137 

  C   0.40944567876249      3.68387460936029      2.22240120550641 

  C   0.72198296938154      4.84191640622603      2.92932219663910 

  C   1.85082295852000      5.58374279192281      2.59388211070544 

  C   1.10105043345958      2.12244423274573      0.30593898473350 

  C   3.86755202347766      5.76998511460657      1.01762274949525 

  N   2.08308424627484      2.02594970857873     -0.63531743031283 

  C   2.04792281358257      0.99874176264814     -1.49535058137094 

  C   1.05443649046546      0.03156263692607     -1.46676187317273 

  C   0.05478423891944      0.12146334218604     -0.50553076715557 

  C   0.08171172959243      1.18099112977824      0.39149974223820 

  C   6.14759814179447      6.74335932955990     -0.15082700985930 

  C   5.53080476363193      5.58310798079132     -0.59489247814476 

  N   4.41658587310047      5.09566698015098     -0.03268349273803 

  C   4.44055821131403      6.93485733144747      1.51347490139787 

  C   5.59514255054303      7.43083806422485      0.92329570665612 

  H   6.71575151985547      1.68690882056986     -4.87777211017915 

  H   4.80956245091451      3.21254697383511     -5.31444681452341 

  H   7.20047324471372      0.94434969275088     -2.56273883537412 

  H   7.40377654764925      0.49853972014299     -0.34920773508297 

  H   7.37035588128489      0.08368732777609      2.10208079477116 

  H   5.54994496811364      1.12777281054497      3.47200393763027 

  H   3.87036814883015      2.55824568147105      2.33752774694937 

  H   2.98627813316773      4.54538819283196     -5.38363629716222 

  H   1.02132368879837      6.05883018698304     -5.20219986950898 

  H   0.06439759217772      6.51613113006334     -2.93119876333678 

  H   1.09658982712784      5.42362110540852     -0.95678682339058 

  H   5.93280481102256      5.01832570425937     -1.42510657504989 

  H   7.04508043206497      7.09500732009491     -0.64223401547119 

  H   6.05476250931152      8.33714512768549      1.29649528734928 

  H   3.98658186403278      7.44946673567343      2.34985268442710 

  H   2.09803919504103      6.48318365278758      3.14129037390685 

  H   0.08546673362726      5.16661784629045      3.74237112650275 

  H   -0.46616645564404      3.10439719086156      2.48154821171943 

  H   -0.68338124700990      1.27615359868513      1.15055706056925 

  H   -0.73292621089770     -0.61917757369700     -0.45433858189851 
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  H   1.07244640345196     -0.77556943775368     -2.18695705058378 

  H   2.84363050275434      0.95969370831482     -2.22680263400325 

 

Optimized structure in solution (SMD) of 1: 
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  C   1.02136763246971      1.91021241363040      1.20883400356139 

  C   -0.56383225725724      2.11144452935327     -0.51802481839604 

  C   1.12114378952456      3.29291374898077      1.31566476283574 

  C   -0.50268377241281      3.49878503948671     -0.45250246697577 

  C   0.34925956783689      4.08804845958075      0.47522626652986 

  H   1.78660329655545      3.74394281147233      2.03895222564287 

  H   -1.10752455201036      4.10800666803098     -1.11006418079015 

  H   0.41266067676875      5.16563233881656      0.54409722407962 

  Fe  0.07835513234813     -0.50835483472330      0.19076815548049 

  N   0.19019222865114      1.35336466693000      0.30374716597745 

  C   -0.87962299589385     -4.49483681968815      0.96421384511740 

  C   -0.82839015111904     -3.11178637680359      0.92927436441316 

  C   0.85117662899777     -3.12148721430393     -0.66046823827176 

  C   0.88046379668902     -4.50500276041895     -0.70206884084951 

  C   -0.00791554867959     -5.18576010296687      0.12645958067549 

  H   -1.56542965978489     -5.01345079996292      1.61782580989222 

  H   1.56763012197266     -5.03150500906948     -1.34789259684424 

  H   -0.01670275597924     -6.26724878135350      0.12382332350496 

  N   0.00868886352217     -2.43990450118757      0.12726228206869 

  C   1.48196726783800     -0.88610890700288     -1.16727197337620 

  C   2.64212442570207     -2.51515027718504     -2.31256374847500 

  C   3.10225225696828     -1.31426435887887     -2.70942841401551 

  H   2.92111482076903     -3.51175189470102     -2.60348916435704 

  H   3.87034215984621     -1.05646352043494     -3.41470336469045 

  C   -1.37714522939322     -0.86998186817651      1.49368265508340 

  C   -2.58490594778679     -2.48331542896934      2.61018889475535 

  C   -3.02463856830081     -1.27630578227581      3.01198946543527 

  H   -2.88498730421893     -3.47622680652601      2.89260788746221 

  H   -3.78689179708185     -1.00831870360720      3.71977718787934 

  N   -1.58830604993766     -2.22227813273831      1.68259587386053 

  N   -2.29123450615270     -0.30502114358554      2.32097281686741 

  N   1.65550646429683     -2.24097743984230     -1.37787342119781 
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  N   2.38624896533025     -0.33333695549470     -2.01376321097947 

  C   -2.55593099485222      1.10564958214408      2.50144218170865 

  C   -3.56167132858585      1.70399595004865      1.72371120055130 

  C   -1.86011395064651      1.79193541372308      3.50825444013248 

  C   -3.83517823742675      3.05180513088084      1.96442827262899 

  C   -2.17171771832397      3.13894283045114      3.69993196313476 

  C   -3.14622279812363      3.76339495329791      2.93594428050204 

  H   -4.59646964820234      3.55375767599948      1.38252821390706 

  H   -1.64743913716646      3.70624481915683      4.45734655914714 

  H   -3.37604230496226      4.80935419473803      3.10389068359882 

  C   2.63308793821930      1.07427130931649     -2.23838513287532 

  C   1.96930042949235      1.70940506835932     -3.30113414185450 

  C   3.59444099368660      1.71912258729801     -1.44460619155609 

  C   2.27693040117998      3.05123456804446     -3.53424107788569 

  C   3.85702175070770      3.06191870674719     -1.72052009641658 

  C   3.20516690556083      3.72211937187240     -2.75171683187655 

  H   1.78157291332612      3.58015211517856     -4.33746299336977 

  H   4.58285858985855      3.59816528473879     -1.12401331948920 

  H   3.42735328994863      4.76404866450389     -2.95184862334625 

  C   -4.35999952578231      0.93584017016797      0.68101930253859 

  H   -3.68118553587215      0.23273014735340      0.18961823252922 

  C   -4.97201452235273      1.84748115338784     -0.38641748802734 

  H   -4.24858383340576      2.54660015535061     -0.80647581959681 

  H   -5.37223925651993      1.23847557289538     -1.19965079888285 

  H   -5.80231814966590      2.42723539473595      0.02626607316567 

  C   -5.50322240832377      0.12565549937072      1.31679655975371 

  H   -6.07392977709255     -0.38109349199420      0.53377530468362 

  H   -5.14673676617045     -0.63400365552053      2.01002318163268 

  H   -6.18172747018590      0.79119337817797      1.85764660830937 

  C   -0.83890360581813      1.10491281268907      4.39889342724265 

  H   -0.30959064657790      0.36502351606945      3.79207751969417 

  C   -1.51915692104236      0.36225139400748      5.56146303709953 

  H   -0.76262976073211     -0.11375098047585      6.19109107180285 

  H   -2.08588578597745      1.06476781113904      6.17876616015324 

  H   -2.20177020385163     -0.41372516825137      5.21742444208437 

  C   0.18758043324164      2.07890073631356      4.97996042553406 

  H   0.62568486268794      2.72261257767610      4.21559440667789 
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  H   -0.26764910940956      2.72175774371463      5.73809034170531 

  H   0.99039781281995      1.52064433185965      5.46546310770258 

  C   4.36578107760358      0.99236609340405     -0.35538980615807 

  H   3.68513096479520      0.27894550865880      0.11746832433039 

  C   4.90072834306558      1.93849161143693      0.72133077155680 

  H   5.71941607536496      2.55060200928812      0.33359129034288 

  H   4.13074741537185      2.61194720369820      1.10121220672834 

  H   5.29568254559278      1.35777755732597      1.55714339766665 

  C   5.55016489957341      0.20104817193904     -0.93704934188958 

  H   5.23422586807091     -0.56193102011210     -1.64737665537847 

  H   6.24135499647268      0.87679979773036     -1.44812054275708 

  H   6.09337224940662     -0.29876521415946     -0.13046906837169 

  C   0.97762268702809      0.98622597722490     -4.19951292896028 

  H   0.41958924638796      0.27715224392580     -3.58097699239445 

  C   1.68606200269807      0.19172583407296     -5.30996871636136 

  H   0.94189837691975     -0.28552267312752     -5.95336226335453 

  H   2.29094707488928      0.86243088141992     -5.92663598984701 

  H   2.33540578011616     -0.58967228744243     -4.91924150273287 

  C   -0.01932525851597      1.93825496164120     -4.86603049072836 

  H   -0.81461425329711      1.35949720248404     -5.34022696354733 

  H   -0.47498932014100      2.63059521001047     -4.15776989476412 

  H   0.46733531537708      2.52695770357026     -5.64860353403785 

  C   -1.38093906754264      1.29128076611152     -1.40650402287377 

  C   -2.25211264966341      1.78065365885445     -2.37171590657373 

  C   -1.91523592012118     -0.90112734800798     -1.97337081279220 

  C   -2.97063692419592      0.89061508883813     -3.15579597948198 

  H   -2.36461589864591      2.84755860591550     -2.50693189501761 

  C   -2.79929271189689     -0.47274779879351     -2.95113626973194 

  H   -1.75553984848235     -1.95283622588654     -1.78559144231785 

  H   -3.65268406099097      1.25579693372001     -3.91179516534662 

  H   -3.33877308680391     -1.20421788321973     -3.53680200450399 

  C   1.73228598461446      0.90101125295419      1.98491522222181 

  C   2.65591882590571      1.16953298669470      2.98798521485051 

  C   2.00916936655594     -1.38756090960365      2.28405639534406 

  C   3.26976408510549      0.11767579736959      3.65076136984414 

  H   2.89128143400494      2.19262379451551      3.24395020690041 

  C   2.93962772324279     -1.18301534328665      3.29001909438436 
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  H   1.72998376057411     -2.38588206461102      1.98220598343453 

  H   3.99192963719548      0.30957411838532      4.43283797875210 

  H   3.39121833216524     -2.03664002219711      3.77629651823812 

  N   1.41089237902675     -0.37792472248713      1.63582348267954 

  N   -1.21522137056450     -0.04857703980607     -1.21277310169955 

 

Optimized structure in solution (SMD) of 2: 
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  C   0.57519520803726      2.50961388225226      0.95759062691040 

  C   -1.06901744368689      2.50651703159076     -0.68150632741557 

  C   0.55059831296775      3.89112988079133      1.05288130055774 

  C   -1.16595071135357      3.88780997723199     -0.66066891594358 

  C   -0.33779475793225      4.57366700502145      0.22505550571836 

  H   1.19609091182558      4.41528920175901      1.74288946232560 

  H   -1.85737898541963      4.40934710761197     -1.30671022702518 

  H   -0.38569946544671      5.65362118334807      0.27086304675563 

  C   2.33913534716815      1.85157308319324      2.64200376678951 

  C   1.21516951625539      0.27442026181335      1.39973194697458 

  H   2.60312640889110      2.83417774843516      2.99058789620086 

  C   2.79894939223158      0.63077567878128      2.98514720916567 

  H   3.55225303007098      0.34980111704229      3.69999807816801 

  C   -1.51178367620066      0.26859922504402     -1.31098136814187 

  C   -2.76616862770190      1.83900102392285     -2.43066219783451 

  H   -3.11592140245953      2.82019395336802     -2.69841695134306 

  C   -3.11341985783277      0.61544554916133     -2.88021099106112 

  H   -3.83558443658827      0.33025237051299     -3.62491324243691 

  N   1.37091635984271      1.62444043611084      1.67144702456093 

  N   2.10689826399699     -0.31095748849566      2.22271960526021 

  N   -1.78573547638454      1.61764452540671     -1.47098787061781 

  N   -2.34346282446072     -0.32206110828260     -2.19082473469997 

  Fe  -0.13530161248269     -0.08967793838382      0.03120158624700 

  N   -0.21724660461651      1.83062121383260      0.10966810518369 

  C   -0.81298799468853     -4.13931897797700      0.74062486870263 

  C   -0.83976905286979     -2.75464696889542      0.75349763830953 

  C   0.79666924345826     -2.62085400190593     -0.88766955491618 

  C   0.89632718194546     -3.99939231706057     -0.97437093162669 

  C   0.07309575729860     -4.75369564316198     -0.14128845701439 
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  H   -1.45523194047537     -4.71676247728481      1.38991100178963 

  H   1.58644131933004     -4.46789886508968     -1.66125448678052 

  H   0.12283013258218     -5.83383279196842     -0.18009331383344 

  N   -0.05213956160406     -2.01016180703442     -0.04224998087882 

  C   1.23265495648832     -0.33982941967515     -1.34450828837742 

  C   2.48024320108007     -1.81729618262892     -2.59129475185234 

  C   2.82147802305787     -0.56227507693969     -2.94910340168824 

  H   2.83111701339249     -2.77452787170945     -2.93382261459962 

  H   3.53673971249220     -0.21982430836529     -3.67611210600118 

  C   -1.47815636730621     -0.56162165024062      1.37398510555251 

  C   -2.59722217236299     -2.23303777034454      2.49131090034024 

  C   -3.05444402168820     -1.04359418467187      2.93359169498734 

  H   -2.86204288990608     -3.24047411793941      2.75897476944536 

  H   -3.80375102939212     -0.82154722901431      3.67301332070156 

  N   -1.63358619501062     -1.92905752698573      1.53749405260998 

  N   -2.36548948970061     -0.04386547548109      2.24568449379348 

  N   1.50764320522865     -1.67203656632370     -1.60953255366478 

  N   2.05587527305082      0.31819513243756     -2.18376195242131 

  C   -2.43591871406666     -1.77908717573621     -2.40815783318489 

  H   -1.71038493991064     -2.19866584594792     -1.71703664250839 

  C   -3.82635724681186     -2.28099350522618     -2.03841252417020 

  H   -4.58855813298198     -1.86837351368653     -2.70361165716539 

  H   -3.85412767557345     -3.36883207560201     -2.12442017089742 

  H   -4.07611667948112     -2.00852224749127     -1.01043994406973 

  C   2.33910285210263     -1.76605916956387      2.31127228877746 

  H   1.63721398292024     -2.19333795309717      1.60090235633513 

  C   3.75954013550651     -2.10065939266269      1.87187161225849 

  H   3.95455816204447     -1.71980830018214      0.86674719264823 

  H   4.49789864479853     -1.67499364597059      2.55545840240157 

  H   3.89058284391790     -3.18432377220819      1.86240737161179 

  C   2.00578024303189     -2.27084950493530      3.70975432698361 

  H   0.98286042230751     -2.00477437985114      3.98537981005796 

  H   2.09908321240606     -3.35817605606150      3.73379514262726 

  H   2.68707996700623     -1.85525419587317      4.45596913907793 

  C   -2.02645771324227     -2.12740926564679     -3.83400828128648 

  H   -1.02646792026435     -1.74678175611766     -4.05416749976400 

  H   -2.01796106773543     -3.21235903492994     -3.95411812034727 
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  H   -2.72593701866737     -1.71093125486589     -4.56274615727429 

  C   -2.59505045078214      1.39952124272478      2.45220708318249 

  H   -1.89735791748823      1.88149050162675      1.77330462790397 

  C   -4.01788763567780      1.77000512098521      2.05112605961132 

  H   -4.21996430195092      1.47376316855303      1.01926429393338 

  H   -4.75284008946675      1.28989506739890      2.70163684490137 

  H   -4.14784240919702      2.85080824285918      2.13244083176760 

  C   -2.25140564229694      1.79027660685095      3.88428372636014 

  H   -1.22733114536615      1.50150289677676      4.13108890463136 

  H   -2.34289939445432      2.87219857098589      3.99683145866971 

  H   -2.92860205103778      1.31696259774665      4.59923876728766 

  C   2.14317908770989      1.78767665020943     -2.29272609617986 

  H   1.42819423598090      2.15306703605338     -1.56100431590861 

  C   3.53916377996841      2.26414937802159     -1.91049529979050 

  H   3.81058634279996      1.91209561931801     -0.91275898004327 

  H   4.28952174998909      1.90918366329379     -2.62098947457059 

  H   3.56235617146745      3.35550388987343     -1.91066934958923 

  C   1.71081257992340      2.24016938729453     -3.68224674223659 

  H   0.70747837800498      1.87582149400307     -3.91433360607466 

  H   1.70041736038381      3.33100840918759     -3.72165437684750 

  H   2.39890482106201      1.87918367908437     -4.45036995599570 

 

Optimized structure in solution (SMD) of 3: 
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  C   0.66565579248784      2.02369731587944      0.83810185817931 

  C   -0.90431334077208      1.92472766006465     -0.88667671257740 

  C   0.66793720939753      3.40839937594121      0.84168591504135 

  C   -0.95642485687021      3.31224202612508     -0.94566056311610 

  C   -0.16288714713781      4.04957782203484     -0.07214775764043 

  H   1.29113561473935      3.96471422970961      1.52770462504701 

  H   -1.60075875730978      3.81042465422160     -1.65653561688950 

  H   -0.18963198142646      5.13084100498629     -0.10189900336351 

  Fe  -0.03328961868816     -0.58434548733196      0.06535940029544 

  N   -0.09639958949927      1.30708454636845      0.00118490426239 

  C   -1.04648611054715     -4.56741485393592      0.73712565925270 

  C   -0.95265776415527     -3.18615550264417      0.76487376436900 

  C   0.76434254368361     -3.18004374189104     -0.78887842872383 
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  C   0.75228578111559     -4.56109438039873     -0.88919035074960 

  C   -0.17054085273636     -5.24868198984794     -0.10463035885911 

  H   -1.77121223013321     -5.09276896681460      1.34213176449845 

  H   1.42977535503765     -5.08161095211687     -1.55057655934101 

  H   -0.21121413485536     -6.32882772571292     -0.15378689501803 

  N   -0.05784337807499     -2.50827193707006      0.03072054773556 

  C   1.41951072257456     -0.94022127820063     -1.22321523020742 

  C   2.59376715728883     -2.54426448735198     -2.39127599687933 

  C   3.08455172936766     -1.33692368956041     -2.72722884664301 

  H   2.86255906405930     -3.53478298526381     -2.71200799579466 

  H   3.86675153619753     -1.06436671652834     -3.41160267500922 

  C   -1.45013172373098     -0.95117989268131      1.39030578049053 

  C   -2.72517903274504     -2.56306062768435      2.43521639126357 

  C   -3.10316686206707     -1.35942199756223      2.90419668460328 

  H   -3.07259057582992     -3.55499586015417      2.66239971095131 

  H   -3.85703569898542     -1.09240806008377      3.62173445580636 

  N   -1.71672668484283     -2.30261123551468      1.51829278221455 

  N   -2.31745562067214     -0.38909109343440      2.27064152789490 

  N   1.58408252459113     -2.29072681471632     -1.47382029281941 

  N   2.37122453573876     -0.37119941693823     -2.00666985319709 

  C   -2.44749674556890      1.01787807243772      2.58017059289389 

  C   -3.33220983166766      1.79501566811756      1.81549465210894 

  C   -1.74136710720706      1.52993006328267      3.68182477155948 

  C   -3.45724502248343      3.14373685834089      2.15183030353851 

  C   -1.91059823678121      2.88449212613021      3.97568904346237 

  C   -2.75143579191425      3.68455415998546      3.21641033012651 

  H   -4.11765138727909      3.77822238931067      1.57582759183609 

  H   -1.37518908530879      3.31912015505226      4.80950288869779 

  H   -2.86103219987683      4.73553235571875      3.45868419561560 

  C   2.67289598908027      1.03892647153716     -2.12063248148095 

  C   1.98826809898128      1.79495926894879     -3.08551273736288 

  C   3.69376831191026      1.57460603830654     -1.31725198831073 

  C   2.32113444740557      3.14572176165501     -3.19791721486243 

  C   3.98801326683070      2.93013908466700     -1.47761383643279 

  C   3.30686678355431      3.70894532872946     -2.40126068348106 

  H   1.80466258078785      3.76441382768027     -3.91968873360268 

  H   3.54821103616291      4.76090986791733     -2.50305366690317 
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  C   -4.17211678842852      1.20150440958579      0.69716468250485 

  H   -3.56567823403170      0.44960223192901      0.18487752707401 

  C   -4.62172963502843      2.24492370981849     -0.32788354305600 

  H   -3.79413441124716      2.86193857965295     -0.68064030863040 

  H   -5.07160952651797      1.74547832977414     -1.18788336663875 

  H   -5.37869424552945      2.91020462976571      0.09563727586891 

  C   -5.42017122147473      0.49835285365140      1.25837620426848 

  H   -6.00800261011307      0.07700772890946      0.43839605693328 

  H   -5.16912845354111     -0.31264971337799      1.94151185219408 

  H   -6.04718818671426      1.21484643451515      1.79620079065670 

  C   -0.85289548601976      0.66617727178166      4.56337356761048 

  H   -0.36811321963652     -0.07882689736602      3.92569278772538 

  C   -1.67363348715445     -0.07843762461030      5.63109467477779 

  H   -1.00576563259828     -0.67322809866143      6.26013916991795 

  H   -2.19521863573308      0.63919377877286      6.27052056572332 

  H   -2.41415787255832     -0.75106612101979      5.20123693751895 

  C   0.23276795141398      1.47276021352795      5.28356214629393 

  H   0.76150271798074      2.15070547807490      4.61426820337357 

  H   -0.19682315726218      2.06395386149433      6.09696538260781 

  H   0.96360517583293      0.79129456497613      5.72396380223980 

  C   4.49229526623781      0.73463414987677     -0.33247622867427 

  H   3.81418694837623     -0.00233101067348      0.10792186573033 

  C   5.10748687354154      1.56789270317467      0.79674703579204 

  H   5.95505941432102      2.15371752055183      0.43041233232569 

  H   4.39106158125752      2.25419505129708      1.24754384114953 

  H   5.48172937446076      0.90441759549004      1.57902107340503 

  C   5.63267167627457     -0.02349437274471     -1.03442634525066 

  H   5.27364933061061     -0.71707443248514     -1.79308877110246 

  H   6.31387672670597      0.68463927129863     -1.51444771610147 

  H   6.20101041718261     -0.59779564379992     -0.29775442318723 

  C   0.96053894034675      1.17790277614622     -4.01915073893017 

  H   0.40251220560830      0.42631499581604     -3.45412272608785 

  C   1.64333372671738      0.46830078590309     -5.20126830729603 

  H   0.88631934993839      0.03512075935782     -5.86058516516842 

  H   2.23335035925698      1.18357802459503     -5.78091338493678 

  H   2.30513677716590     -0.33492241596173     -4.87848331175969 

  C   -0.03015092517804      2.20356771130853     -4.57465885463540 
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  H   -0.84192894955917      1.68802648884847     -5.09101214369444 

  H   -0.46091422192125      2.82911270998865     -3.79158119037917 

  H   0.45257617892828      2.86169040570983     -5.30192395298240 

  C   -1.64459645955536      0.96731162834053     -1.69914006679242 

  C   -2.55417835247405      1.30714645700976     -2.69421239364883 

  C   -1.99489172342423     -1.29460300804311     -2.08795547683162 

  C   -3.19768827684899      0.30334733726695     -3.40073151464676 

  H   -2.75318468230479      2.34716060314425     -2.91043262734361 

  C   -2.91115120044108     -1.02107423108168     -3.09073729194994 

  H   -1.75218047021275     -2.31397896656547     -1.82586464803468 

  H   -3.90827617306714      0.55123552331918     -4.17851863790055 

  H   -3.38569967492410     -1.84070608550817     -3.61356308177970 

  N   1.40815115832434      1.17169452604548      1.65073918308327 

  C   2.32944409020899      1.43180874688835      2.65652136824436 

  N   2.06107920842218     -0.74487500798590      2.35870289841199 

  C   2.73781845392041      0.22517587181826      3.09841545429531 

  C   1.23203757469240     -0.18835662445243      1.45460844836953 

  N   -1.36745446255735     -0.33208980578923     -1.39767668905285 

  H   3.44229444782923     -0.04112135676309      3.86695532920998 

  H   4.75995412824763      3.38307292150769     -0.86975965254180 

  H   2.60283135840239      2.42636717055111      2.95857667289700 

  C   2.25226603070436     -2.17521651749295      2.55934988549877 

  H   1.59695950230177     -2.70749927243706      1.87922800976702 

  H   2.00368484261911     -2.43855527957754      3.58710735365045 

  H   3.28865587640049     -2.44125776479712      2.35197951743513 

 

Optimized structure in solution (SMD) of 4: 
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  C   5.29301527020470      3.11921560704807     -4.23881045652656 

  C   6.34323492942287      2.25437428125995     -3.94430649555600 

  C   6.52126910407633      1.76801359003761     -2.65177356619329 

  C   5.61316858232284      2.17766961030896     -1.68945105944596 

  N   4.59355503190540      3.00380222845273     -1.96751416788956 

  C   4.42361450664418      3.48569398140512     -3.21784521731283 

  C   3.26373735424804      4.36969013239064     -3.30118016108426 

  N   5.58129269117008      1.81663135449231     -0.34501660534310 

  C   6.38634535320262      0.95823363282836      0.39221208083614 
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  C   5.87636251372592      0.97134106374059      1.64235401048393 

  N   4.78177080359920      1.83375961326866      1.64391956529400 

  C   4.57365375714161      2.36769427210408      0.42588896880983 

  C   1.72498990499284      5.83295298290454     -4.40982951883349 

  C   2.84503320312292      5.01603871654091     -4.45842281115530 

  N   2.60340421583767      4.51523548434655     -2.11972523793736 

  C   1.52565808448706      5.30956923366575     -2.08332632818419 

  C   1.05568380710914      5.98244829777805     -3.20045480461580 

  Fe  3.39743030663928      3.51641475479826     -0.58291555524913 

  C   2.46091917511139      5.23316879253168      1.46013456399000 

  N   2.21010764503321      4.09047247509586      0.78505056583140 

  C   1.12225058419136      3.35817957266155      1.06751432880769 

  C   0.22183222053893      3.71619431655218      2.05712142991792 

  C   0.48170444441194      4.88881509422129      2.76153067108766 

  C   1.60323880436666      5.65927160121413      2.46776441646906 

  N   1.07867676333732      2.23359554551544      0.24776446889442 

  C   3.68764409012147      5.87535816449744      0.99516807038914 

  C   2.09818332886996      2.09507428398128     -0.67669378751621 

  C   0.64155365703889      0.36469704768524     -0.78549754521567 

  C   0.17954443254084      1.17691826631961      0.18919204344393 

  C   6.00570787895141      6.88441955702953     -0.05092541883283 

  C   5.45078432274047      5.69756625872066     -0.50377411355833 

  N   4.31824356806829      5.19150547873834      0.00140822136538 

  C   4.19153235622445      7.07018932861593      1.49569489311190 

  C   5.36702095641855      7.58308630758832      0.96725762118262 

  H   7.03073408730389      1.95644907778853     -4.72503203830149 

  H   5.15663848234597      3.49677856119165     -5.24249544283436 

  H   3.39183997656060      4.88075004049743     -5.38184315018935 

  H   1.38175652637762      6.34405876778255     -5.30009435885609 

  H   0.17875247672942      6.60997978465631     -3.11347316136896 

  H   1.02864653546006      5.40472102794048     -1.12802014502190 

  H   5.92195428031389      5.13020092345543     -1.29417990292956 

  H   6.92341133506736      7.24607823869473     -0.49517869498426 

  H   5.77555692582358      8.51223318562773      1.34333745034469 

  H   3.66769116312597      7.58951054100909      2.28692530766529 

  H   1.80252011453576      6.57039766477836      3.01421337298261 

  H   -0.19739722614610      5.20204616864877      3.54360839746171 
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  H   -0.64582977571307      3.10854415999111      2.27218815722278 

  H   -0.68539053428485      1.10346546674093      0.82407781844428 

  C   2.61146629717342      0.31595576675414     -2.34258800976871 

  H   7.33376582872604      1.09830843025459     -2.40730245949709 

  C   3.94024605638285      2.05730572782018      2.81545629170549 

  H   3.61684792089325      3.09386986420252      2.83690844273275 

  H   4.52619051313358      1.84764139261262      3.70730028049765 

  H   3.07656322573807      1.39213022298682      2.78775664594576 

  N   1.80147060771573      0.94010786501368     -1.30113901005208 

  H   0.25576130904893     -0.56448939514905     -1.16755051583576 

  H   3.00149177127102      1.08209950375278     -3.00634486333501 

  H   1.97967853632072     -0.36121068061286     -2.91252286183665 

  H   3.42961309670168     -0.24788099328865     -1.89343008349771 

  H   6.18940048767376      0.45613617669034      2.53385277862212 

  H   7.22838733390292      0.43580258181990     -0.02558731478138 

 

Optimized structure in solution (SMD) of 5: 

59 

  C   5.05017958219446      2.92511581224593     -4.29890397329387 

  C   6.11982801360127      2.07110627350703     -4.04872996930211 

  C   6.38202514777512      1.63325395518734     -2.75424177687936 

  C   5.55479998941440      2.06740705778542     -1.72446694967836 

  N   4.52265864585637      2.89480563766195     -1.98286245621530 

  C   4.25593226180181      3.32769713521885     -3.23103995667123 

  C   3.09277613341390      4.21397092983827     -3.26068762237992 

  C   5.64195938861786      1.73739038763510     -0.30224771381331 

  C   6.60147908146152      0.90648179693862      0.26120435659566 

  C   6.57490516391609      0.67130689970048      1.62884730054973 

  C   5.58652430430434      1.27611526166873      2.39569511189696 

  C   4.65734067944413      2.09530426963384      1.77262769272928 

  N   4.67453384215564      2.32812013239596      0.45416686698196 

  C   1.46993878905678      5.63689294246606     -4.29860088250077 

  C   2.58409486971729      4.81595225519502     -4.40420080197744 

  N   2.52708066941878      4.41118632005575     -2.03671818870909 

  C   1.45230491445257      5.20446141074558     -1.94521638010542 

  C   0.89535348457970      5.83271580736517     -3.04869886010204 

  Fe  3.42531530170771      3.46130832813405     -0.56338981505152 
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  C   2.64800216186636      5.15302709703221      1.52437129768973 

  N   2.32805947830836      4.02682732839696      0.85629600043437 

  C   1.24367474143957      3.29397397092954      1.17925051655517 

  C   0.41617054563191      3.68767051454949      2.22495162878560 

  C   0.73223859532517      4.84849176574068      2.92401978566843 

  C   1.85502049517541      5.59393351477209      2.57797634346257 

  C   1.10442852785893      2.12189863869024      0.31519606323638 

  C   3.86274233797179      5.77122208674401      0.99359023894850 

  N   2.08868251311512      2.01590064611777     -0.62117526679883 

  C   2.06187760671937      0.97924480757303     -1.46826541221331 

  C   1.07007774414647      0.01108502768678     -1.42784876119976 

  C   0.06381849446365      0.11472403286267     -0.47529873970819 

  C   0.08272760772596      1.18573934714546      0.40738479149285 

  C   6.14445290358526      6.72540704283681     -0.18011341217663 

  C   5.52502783280057      5.56467642290040     -0.61803131183108 

  N   4.40906466235635      5.08843753186036     -0.05161357259682 

  C   4.43492212971474      6.93956646634622      1.47947388825888 

  C   5.59169273403924      7.42501406659921      0.88558804382759 

  H   6.75145232248155      1.74597823164932     -4.86514748459337 

  H   4.84131824525638      3.26743798187440     -5.30308087196769 

  H   7.21228582449070      0.96992816134566     -2.55435425202746 

  H   7.35749038759060      0.45119573597550     -0.36429119112906 

  H   7.31411713214809      0.02628075600038      2.08627066843680 

  H   5.52683215397557      1.12288951710195      3.46491607921254 

  H   3.87506180464318      2.58106915131276      2.33871685149352 

  H   3.05572130162071      4.64288987518827     -5.36220745989228 

  H   1.05776720950480      6.11422816617366     -5.17839247916381 

  H   0.02605541401874      6.46327967151802     -2.91829383224377 

  H   1.03114355764005      5.33551508585904     -0.95838571241658 

  H   5.92779227301644      4.99605478555194     -1.44437677225899 

  H   7.04454254211166      7.06609847179572     -0.67415056536480 

  H   6.05212063351268      8.33441530589248      1.24992214035195 

  H   3.97924218314138      7.46035925372039      2.31089548451689 

  H   2.10468204203738      6.49673931969890      3.11814258744333 

  H   0.10123205227836      5.17312257602608      3.74107431709929 

  H   -0.45509665749536      3.10499224629760      2.49067382236271 

  H   -0.68579183567807      1.29538785624551      1.16065084106993 
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  H   -0.72444792389120     -0.62503745665671     -0.41934416450892 

  H   1.09626604812547     -0.80580842528267     -2.13659604121632 

  H   2.85851691433694      0.92992981054868     -2.19723206911324 
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Electrochemistry and Spectroelectrochemistry 

Analysis of 1.  

Cyclic and square-wave voltammogrames and spectroelectrochemistry of the oxidation have already 

been published.73 

 

Figure S23. UV-Vis spectra recorded during a chronoamperometric investigation of 1. Potential con-

trolled reduction a) (start: black line) at -2,0 V. After the reduction was complete, SW analysis of the 

obtained solution indicates formation of by-products. Re-oxidation b) (start: red line; reference: 

Ag/AgNO3) at 0 V was traced with UV-Vis spectroscopy and shows seemingly the regeneration of 1. 



6. Supporting Information 

 

 
270 

 

But subsequent SW analysis after the re-oxidation process does not prove the formation of pure 1. Over-

all, the species 1red decomposes over a longer time period.  

Analysis of 2. 

 

 

 

Figure S24. UV-Vis spectra recorded during a chronoamperometric investigation of 2. Potential con-

trolled oxidation a) (start: black line) at 0,70 V and re-reduction b) at 0,30 V (start: red line, reference: 

Ag/AgNO3). 



6. Supporting Information 

 

 
271 

 

Analysis of 3. 

 

Figure S25. Cyclic voltammograms (scan rate: 100 mV/s) and square-wave voltammogram (Frequency: 

25 Hz) of 3 in acetonitrile.  

 

Figure S26. Cyclic voltammograms of 3 in acetonitrile. Scan rates: 50 (black line), 100 (red), 200 

(blue), 400 (green), 800 (purple) mV/s.  
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Table S13. Electrochemical data for the reversible oxidation at E0
1/2 = 0,46 V vs. Fc/Fc+. (*)The ratio 

was calculated using the empirical method of Nicholson.84  

 

 

 

 

Figure S27. Linear dependence of forward current peak Ipa versus square-root of v (linear fit in red) 

for the reversible redox processes at E0
1/2 = 0,46 V vs. Fc/Fc+.  

v [mV s-1] 50 100 200 400 800

Epc  [V] 0,43 0,43 0,43 0,42 0,42

Epa [V] 0,50 0,50 0,50 0,50 0,50

E 1/2 [V] 0,46 0,46 0,46 0,46 0,46

DE [V] 68 69 71 74 78

Ipc  [10-6 A] -1,31 -1,84 -2,58 -3,47 -4,84

Ipa [10-6 A] 1,17 1,64 2,32 3,25 4,56

Ipa/Ipc 0,89 0,89 0,90 0,94 1,06

Ipa/Ipc 
(*) 0,92 0,98 0,99 0,99 0,98

Ipc/v0.5 0,19 0,18 0,18 0,17 0,17
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Table S14. Electrochemical data for the reversible reduction at E0
1/2 = -1,93 V vs. Fc/Fc+. (*)The ratio 

was calculated using the empirical method of Nicholson.84 

 

 

 

 

Figure S28. Linear dependence of forward current peak Ipc versus square-root of v (linear fit in red) 

for the reversible redox processes at -1,93 V vs. Fc/Fc+. 

v [mV s-1] 50 100 200 400 800

Epc  [V] -1,96 -1,96 -1,96 -1,96 -1,96

Epa [V] -1,89 -1,89 -1,89 -1,89 -1,89

E 1/2 [V] -1,93 -1,93 -1,93 -1,93 -1,93

DE [V] 71 69 68 68 68

Ipc  [10-6 A] -1,08 -1,50 -2,16 -3,04 -4,29

Ipa [10-6 A] 1,26 1,86 2,65 3,75 5,30

Ipa/Ipc 1,17 1,24 1,22 1,24 1,23

Ipa/Ipc 
(*) 1,21 1,10 1,13 1,11 1,10

Ipc/v0.5 0,15 0,15 0,15 0,15 0,15
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 nb  

Figure S29. UV-Vis spectra recorded during a chronoamperometric investigation of 3. Potential con-

trolled oxidation a) (start: black line) at 0,77 V and re-reduction b) at 0,47 V (start: red line, reference: 

Ag/AgNO3). 

 



6. Supporting Information 

 

 
275 

 

 

 

Figure S30. UV-Vis spectra recorded during a chronoamperometric investigation of 3. Potential con-

trolled reduction a) (start: black line) at -2,0 V. After the reduction was complete, SW analysis of the 

obtained solution indicates formation of by-products. Re-oxidation b) (start: red line; reference: 

Ag/AgNO3) at 0 V was traced with UV-Vis spectroscopy and does not clearly indicates the regeneration 

of 3. Subsequent SW analysis after the re-oxidation process does not prove the formation of the original 

compound 3. Overall, the species 3red decomposes over a longer time period.  

Analysis of 4. 
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Figure S31. Cyclic voltammograms (scan rate: 100 mV/s) and square-wave voltammogram (Frequency: 

25 Hz) of 4 in acetonitrile.  

 

Figure S32. Cyclic voltammograms of 4 in acetonitrile. Scan rates: 50 (black line), 100 (red), 200 (blue), 

400 (green), 800 (purple) mV/s.  

Table S15. Electrochemical data for the reversible oxidation at E0
1/2 = 0,44 V vs. Fc/Fc+. 
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Figure S33. Linear dependence of forward current peak Ipa versus square-root of v (linear fit in red) 

for the reversible redox processes at E0
1/2 = 0,44 V vs. Fc/Fc+. 

Table S16. Electrochemical data for the reversible oxidation at E0
1/2 = -1,74 V vs. Fc/Fc+. 

 

v [mV s-1] 50 100 200 400 800

Epc  [V] 0,40 0,40 0,40 0,40 0,40

Epa [V] 0,48 0,47 0,48 0,48 0,48

E 1/2 [V] 0,44 0,44 0,44 0,44 0,44

DE [V] 73 73 75 81 86

Ipc  [10-6 A] -1,08 -1,47 -2,05 -2,78 -3,87

Ipa [10-6 A] 1,11 1,54 2,13 2,99 4,25

Ipa/Ipc 1,02 1,04 1,04 1,08 0,91

Ipc/v0.5 0,15 0,15 0,14 0,14 0,14
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Figure S34. Linear dependence of forward current peak Ipc versus square-root of v (linear fit in red) 

for the reversible redox processes at E0
1/2 = -1,74 V vs. Fc/Fc+. 

 

Table S17. Electrochemical data for the reversible oxidation at E0
1/2 = -2,02 V vs. Fc/Fc+. 

 

v [mV s-1] 50 100 200 400 800

Epc  [V] -1,78 -1,78 -1,78 -1,78 -1,78

Epa [V] -1,71 -1,71 -1,71 -1,71 -1,71

E 1/2 [V] -1,74 -1,74 -1,74 -1,74 -1,75

DE [V] 66 61 64 66 68

Ipc  [10-6 A] -0,93 -1,24 -1,74 -2,39 -3,33

Ipa [10-6 A] 0,95 1,30 -1,81 2,57 3,62

Ipa/Ipc 1,02 1,05 1,04 1,07 1,09

Ipc/v0.5 0,13 0,12 0,12 0,12 0,12
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Figure S35. Linear dependence of forward current peak Ipc versus square-root of v (linear fit in red) 

for the reversible redox processes at E0
1/2 = -2,02 V vs. Fc/Fc+. 

 

v [mV s-1] 50 100 200 400 800

Epc  [V] -2,05 -1,99 -2,05 -2,05 -2,05

Epa [V] -1,99 -2,05 -1,99 -1,99 -1,99

E 1/2 [V] -2,02 -2,02 -2,02 -2,02 -2,02

DE [V] 63 61 61 66 66

Ipc  [10-6 A] -0,86 -1,20 -1,69 -2,43 -3,87

Ipa [10-6 A] 0,84 -1,15 1,64 2,40 4,25

Ipa/Ipc 0,97 0,96 0,97 0,99 1,10

Ipc/v0.5 0,12 0,12 0,12 0,12 0,14
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Figure S36. UV-Vis spectra recorded during a chronoamperometric investigation of 4. Potential con-

trolled oxidation a) (start: black line) at 0,66 V and re-reduction b) at 0,42 V (start: red line, reference: 

Ag/AgNO3).  



6. Supporting Information 

 

 
281 

 

 

 

Figure S37. UV-Vis spectra recorded during a chronoamperometric investigation of 4. Potential con-

trolled reduction a) (start: black line) at -1,8 V. After the reduction was complete, SW analysis of the 

obtained solution also indicates the formation of by-products. Re-oxidation b) (start: red line; reference: 

Ag/AgNO3) at 0 V was traced with UV-Vis spectroscopy and subsequent SW analysis confirm the for-

mation of original compound 4.  
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Figure S38. UV-Vis spectra recorded during a chronoamperometric investigation of 4. Potential con-

trolled reduction a) (start: black line) at -2,3 V. After the reduction was complete, SW analysis of the 

obtained solution also indicates slight amounts of by-products. Re-oxidation b) at 0 V (start: red line; 

reference: Ag AgNO3) was traced with UV-Vis spectroscopy and subsequent SW analysis, which con-

firm the formation of original compound 4. 

Ultrafast pump-probe spectroscopy 
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Transient absorption spectra of complexes 1' and 2’ 

 

 

Figure S39. a) Transient absorption spectra of complex 1' in acetonitrile at the specified delay times 

after optical excitation at 550 nm. This complex is identical to 1 beside of the counter ion. b) Decay 

associated amplitude spectrum (DAS, grey line, left scale) of the exponential decay with a time constant 

of 173 ps. The DAS is compared to the inverted ground state absorption reflecting the excitation induced 

bleach (black line) and to the difference spectra between the reduced respectively oxidized form and the 

original ground state form of 1. Bleach and difference spectra are scaled for optimal comparison. 
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Figure S40. a) Transient absorption spectra of 2’ in acetonitrile at the specified delay times after optical 

excitation at 388 nm. This complex is identical to 2 beside of the counter ion. Here the second harmonic 

of the Ti:sapphire laser system was used for excitation since the compound does not absorb at 550 nm. 

b) Decay associated amplitude spectrum (DAS, grey line) of the exponential decay with a time constant 

of 8.1 ps. The DAS is compared to the inverted ground state absorption (black line), which reflects the 

excitation induced bleach, and to the difference spectrum of the oxidized form (red line) of complex 2 

with PF6
- as counter ion. The bleach and the difference spectrum are scaled for optimal comparison. 

Beside of the bleach contribution the difference spectrum of the oxidized form differs substantially from 

the DAS. This is expected since the DAS corresponds to a 3MLCT state which features, as the oxidized 

form, a hole at the metal center but contrary to it also an excess electron at the ligand. 

 

 


