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Abstract 

Heteroleptic iron based complexes bearing the 2,6-bis[3-(2,6-diisopropylphenyl)imidazol-2-

ylidene]pyridine motif and a polypridine ligand have been synthesized and characterized in their ground 

and excited state. This series of complexes includes a first example of a hetero-bimetallic complex 

connecting an iron N-heterocyclic carbene photosensitizer with a cobalt dimethylglyoxime fragment. 

Focus is set on the influence of the linker and cobalt center as second ligand at the iron center on the 

photophysics. While electronic absorption spectroscopy and cyclic voltammetry reveal a weak mutual 

influence of the single ligands in the heteroleptic complexes, an increasing MLCT lifetime with larger 

π–accepting abilities was found by time-resolved transient absorption spectroscopy, with maximum 

lifetime in the case of the hetero-bimetallic dyad. Concurrently the MC lifetimes were observed to 

decrease. The reported results will allow to develop guidelines for designing bimetallic devices, which 

may allow electron transfer from the photosensitizer fragment to a catalytically active center. 

Introduction 

Realizing photocatalytic proton reduction as partial reaction of the complete sun-driven water splitting 

process is crucial to allow sustainable production of hydrogen. So far, numerous model systems based 

on ruthenium[1,2] or iridium photosensitizers[3] in combination with catalysts containing platinum[2,4], 

cobalt[5,6] or iron[7] have been employed. A definite disadvantage of such systems is the use of noble 

metals in the active photosensitizing and catalyst components, associated to unfavorable economic and 

ecological reasons. Over the last several years, non-noble photosensitizers and proton reduction catalysts 

have been placed in scientific focus. 

Iron is considered as a sustainable and earth-abundant element. However, iron complexes are 

characterized by comparatively low ligand field splitting, which results in energetically low-lying metal 

centered (MC) states.[8–13,14,15–17] As a consequence, the metal-to-ligand charge-transfer states (MLCT) 

are short-lived with fast non-radiative deactivation pathways into relatively long-living MC states. 

Recent work focuses on the increase of MLCT lifetimes by application of strong donor ligands, with a 

particular interest in N-heterocyclic carbenes.[13,17] Considerable success has been achieved using this 

10.1002/ejic.201800946

A
cc

ep
te

d 
M

an
us

cr
ip

t

European Journal of Inorganic Chemistry

This article is protected by copyright. All rights reserved.

mailto:matthias.bauer@upb.de
mailto:sophie.canton@desy.de


strategy.[10,11] However, the so far reported lifetimes are still in the picosecond (ps) range, and thus 

comparatively short. Direct electron transfer via bridging ligands in bimetallic complexes, the so-called 

dyads, is a potential approach to utilize such rather short lifetimes in proton reduction reactions, since 

diffusion-controlled and thus ineffective charge transfer can be circumvented. However, so far little has 

been reported about the effect of covalently linking a second hetero-metallic complex and the resulting 

photophysics of such iron chromophores are not yet available.  

In this work, we present the first Fe-Co dyad, connecting a heteroleptic Fe(II)-NHC photosensitizer 

motif[13,18,19] via a polypyridyl linker to a Co(III) dimethylglyoxime.[20] We focus on the influence of the 

linker and cobalt center on the early steps of the underlying photophysical process at the iron center. 

Although the studied hetero-metallic compound is not likely to be catalytically active due to the rapid 

iron-based excited state relaxation, the results are proof of the concept that a covalently linked second 

metal can be employed to optimize the photophysics of such systems.   

Results 

Based on our previously published heteroleptic complex bearing a tridentate bis-NHC ligand and  a 

terpy (terpy = 2,2′:6′,2′′-terpyridine) ligand,[19] the related complex [FeL1(pyterpy)][PF6]2 1 was 

synthesized (pyterpy = L2 = 4′-(4′′′-pyridyl)-2,2′:6′,2′′-terpyridine; L1 =2,6-bis[3-(2,6-

diisopropylphenyl)imidazol-2-ylidene]pyridine) in order to utilize the fact that the electronic nature of 

the substituents attached to the 4′ position of terpy allows significant control over the photophysical 

properties.[21] By employing 4-pyridyl, pendant-functionalization by protonation,[18] methylation[22,23] or 

coordination of metal fragments[24] allow multiple applications. Based on 1, the synthesis and structure 

of a new bimetallic complex 3 shown in scheme 1, which connects an iron(II) center and a 

chlorobis(dimethylglyoximato)cobalt(III) motif, is presented (dimethylglyoximato = dmgH). For 

comparison, the N-methylated complex 2 was also prepared. Such systems can be described as metal-

containing topographical analogues of N,N-Dialkyl-4,4-bipyridinium salts (see orange colored 

fragments in scheme 1).[23] These salts, also known as viologens, are electron transfer reagents in many 

photochemical applications due to their reversible reduction properties.[25] To the best of our knowledge, 

3 is the first example of a bimetallic complex connecting a NHC-ligand based iron(II) complex with a 

cobalt(III) dmgH motif. The former are promising candidates for iron-based photosensitizers,[9] the latter 

are known to be effective catalysts in photocatalytic water reduction processes.[6,26] Thorough 

characterization by means of absorption spectroscopy, Valence-to-Core X-ray emission spectroscopy 

(VtC-XES), High Resolution Fluorescence Detected X-ray Absorption Near Edge Structure (HERFD-

XANES), cyclic voltammetry (CV) and transient optical absorption spectroscopy give insights into the 

ground and excited state properties in order to pave the way to future photocatalytic applications.  
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Scheme 1. Route of synthesis for complexes 1-3. The viologen motif is marked in orange (DIPP = 2,6-

diisopropylphenyl). 

The synthesis of 1 is based on a recently published protocol.[19] It starts with the well-known five-

coordinated iron precursor FeL1(Br)2 (A, scheme 1).[27]  Subsequent substitution of the bromide ligands 

by the polypyridyl ligand L2 results in the six-coordinated complex [Fe(L1)(L2)]Br2 (B) with 52 % 

yield. Complex 1 is obtained by nearly quantitative anion exchange with KPF6 in water. Note, that 1 is 

similar to an already published complex by Duchanois et al.[18] However, the synthesis route directly 

starts with iron(II) and therefore affords higher yields.[19] By direct methylation of [Fe(L1)(L2)]Br2 with 

methyl iodide in acetonitrile, followed by an anion exchange complex 2 is isolated with 77 % yield. The 

bimetallic complex 3 and reference CoCl(dmgH)2 (4) were synthesized by a modified protocol of 

Schrauzer et al..[28] In the case of 3, complex 1 is directly employed as pyridine source. Subsequent one-

electron oxidation of Co(II) is occurred by passing O2 through the solution. Finally, crystallization by 

diffusion of chloroform into an acetone solution yields 60% of 3 as purple colored crystals. 

Alternatively, the synthesis of 3 can also be performed by employing the di-bromido complex B with 

subsequent anion change by [PF6]-. Single crystals of 1 and 3 suitable for X-ray diffraction are then 

obtained by slow diffusion of chloroform into the acetone solution. 2 crystallized by diffusion of 

diethylether into an acetone solution. The structure of 1 is shown in figure 1. As known for other 

complexes with ligand L2,[23] the outer pyridine ring of 1 is similarly twisted by 55.3(3)° with respect to 

the terpy plane. This may be attributed to adverse steric interactions between the hydrogen atoms in 

ortho-position to the torsion axis. The L1 and L2 ligands set up a dihedral angle of 89.5(1)°. In the case 

of 2, the L1/L2 dihedral angle amounts to 89.7(2)° (cf. figure 2). 
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Figure 1. Molecular structure of 1. Hydrogen atoms, anions, and co-crystallized solvent molecules are 

omitted for clarity. Anisotropic displacement ellipsoids are drawn at the 50% probability level. 

 

Figure 2. Molecular structure of 2. Hydrogen atoms, anions, and co-crystallized solvent molecules are 

omitted for clarity. Anisotropic displacement ellipsoids are drawn at the 50% probability level. 

The molecular structure of 3 in figure 3 proves the coordination of the Lewis-basic site of 1 directly to 

the cobalt center with a chloro ligand in trans-position. In the equatorial plane, two dimethylglyoxim 

motifs form the expected planar pseudo-macrocycle. There as well, the typical L2-torsion already 

discussed for 1 is observed with 37.9(2)° and the L1/L2 dihedral angle amounts to 87.4(2)°. In contrast, 

L2 in 2 is nearly planar, since the torsion angle measures only 8.2(8)°. X-ray Absorption Near Edge 

Structure (XANES) and Extended X-ray Absorption Fine Structure (EXAFS) analysis were performed 

for complex 3 to extract further information about the geometric and electronic structure at the Fe and 

Co center. As expected, the edge positions of 7119.5 eV at the Fe K-edge and of 7719.0 eV at the Co 

K-edge are consistent with oxidation states of iron(II) and cobalt (III), respectively.[13] For both edges, 

the obtained structural parameters agree very well with the crystallographic data, underlining the high 

potential of EXAFS for future in-situ studies (see supporting information for details). 
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Figure 3. Molecular structure of 3. Hydrogen atoms, anions, and co-crystallized solvent molecules are 

omitted for clarity.  

DFT geometry optimizations of the complexes 1 - 3 resulted in geometric structures that are in good 

agreement with the crystallographic structures discussed above (see supporting information). The 

distances from the metal centers to the coordinating ligand atoms are reported in the Table 1. Comparing 

the coordination around the Fe(II) center shows that this moiety is not affected by the coordination to 

the Co(III) moiety. In addition, the torsion of the bridging pyridine shows similar values (44-49°) for 1-

3. This should prevent extended delocalization of the molecular orbitals into the pendant pyridine ring. 

Nevertheless, for 3 and especially for the pyridine-functionalized complexes 2, a significant contribution 

of the rotated ring to the LUMO was found (see supporting information for details). The torsion of this 

ring is significantly influenced by packing effects in the crystal structures, since for 1 and 3 the torsion 

angles variations are much more pronounced. In contrast, for 2 the methylated ligand was found to be 

nearly planar, which cannot be explained by electronic effects or be reproduced by the DFT-calculations.  

Table 1: DFT parameters in comparison to the crystallographic data (in square brackets). 

Bond lengths [Å] and angles [°] 1 2 3 4[a] 

Fe-Nterpy-axial 

 

1.889 

[1.858(7)] 

1.885 

[1.844(4)] 

1.889 

[1.847(8) ] 

- 

Fe-Nterpy-distal, averaged  

 

2.009 

[1.956] 

2.006 

[1.970(5)] 

2.009 

[1.973] 

- 

Fe-Ncarbene 

 

1.945 

[1.919(7)] 

1.948 

[1.920(4)] 

1.945 

[1.900(8)] 

- 

Fe-Ccarbene, averaged 

 

2.016 

[1.982] 

2.018 

[1.989(6)] 

2.017 

[1.989] 

- 

Co-NdmgH, averaged 

 

- - 1.906 

[1.886] 

1.905 

Co-Nbridge 

 

- - 2.008 

[1.961(8) ] 

2.001 

1.959(2) 

Co-Cl 

 

- - 2.189 

[2.219(3) ] 

2.201 

2.229(1) 

Torsionaxial in L2 

 

44° 

[55.3(3)°] 

49° 

[8.2(8)°] 

44° 

[37.9(2)°] 

- 

[a] adapted from ref. 29 [29] 
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In order to further prove the oxidation state of Fe(II) the local spin density of complexes 1 – 3 was 

accessed by iron K-egde Core-to-Core X-ray emission spectroscopy (CtC-XES).[30] The spectra are 

shown in figure S4-1 in the supplementary information. All three complexes exhibit identical spectral 

shapes, which are characteristic for a low-spin Fe(II) enter.[30] 

The detection of changes in the HOMO and LUMO levels at the iron centers as a function of the 

coordinating groups is possible using high energy resolution by VtC-XES and HERFD-XANES.[31] The 

sensitivity of both methods to the coordination of NHC or pyridyl functions has been discussed in a 

former study.[13] The occupied levels are probed by VtC-XES, the experimental spectra are shown in 

Figure S4-2 of the supporting information. In general three VtC-XES features A – C are observed. 

Feature A is mainly caused by pyridyl / polypyridyl localized donor orbitals, feature B is a superposition 

of pyridyl and NHC localized donor orbitals and feature C is solely due to t2g levels.[13] All three 

complexes exhibit equal energies and intensities for all experimental observed VtC-XES features, apart 

from a slight increase in intensity of the main feature B for complex 1. Therefore, no significant shifts 

of t2g or other HOMO levels are observed. HERFD-XANES spectra of 1 - 3 are shown in Figure S4-3 

in the Supporting Information. In general, two pre-edge features A, B and two near-edge features C and 

D are observed. The pre-edge is an effective probe for eg* levels, while near edge feature C is a probe 

for NHC coordination whereas feature D is a probe for pyridyl / polypyridyl coordination. Similar 

intensitites of pre-edge and near-edge features A - D (energy and intensity ratios) are found for all three 

complexes. Consequently, no significant shifts of eg* or other LUMO levels are observed. Therefore, 

modification of the terpyridine framework is expected to mainly influence the LUMO levels of these 

complexes. DFT calculations reproduce the experimental X-ray spectra quite well (cf. supporting 

information).  

The DFT calculated solvation HOMO and LUMO levels of 1 – 3 being relevant for the discussion of 

the subsequent spectroscopic investigations are depicted in Figure 4. For comparison, the calculated 

energy levels of 4 and [Fe(L1)(terpy)][PF6]2  5 and are also shown.  

 

Figure 4. Molecular orbital levels of complexes 1−5 (def2-TZVPP, TPSSh, SMD (acetonitrile), for 

details see the experimental section). Theoretical HOMO−LUMO gaps are indicated. Levels with 

significant metal-3d contribution are shown in green. The predominant characters of LUMOs and 

HOMOs are also specified. 

The LUMO levels of 1 are stabilized in comparison to the reference complex 5, which is expected due 

to the increased π-system of the pyterpy ligand L2. Since the metal-based HOMOs are unchanged, a 

stabilization of the MLCT-state can be expected. N-methylation of 1 significantly increases the -

accepting capabilities of the L2. Consequently, the LUMO of 2 is stabilized by 0.45 eV. Since the metal-

centered HOMOs with mainly t2g character are only stabilized slightly, the HOMO-LUMO gap also 

decreases. A similar, but less pronounced effect is found for the bimetallic complex 3. This indicates 
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only a weak electronic interaction between the iron and the cobalt center, which is in agreement with 

the DFT-calculations above. Note that the t2g levels of 3 overlap with two additional molecular orbitals. 

Just like in complex 4, these HOMO levels can be mainly assigned to two degenerated molecular orbitals 

located on both dmgH moieties. Consequently, in the case of 3, two distinct oxidation waves in the CV 

should be present, as confirmed by the measurements below. 

In addition to the X-ray experiments, insights into the bonding properties are also given by IR 

spectroscopy. The IR spectroscopic response of complex 3 is dominated by the two fragments 1 and 4. 

The spectra of complexes 1 - 4 are shown in figure 5. Complex 4 was already thoroughly investigated 

by Thornton et al.[32] while for 1 and 3, the calculation of the vibrational frequencies by DFT (cf. figure 

S5-5 in SI for details) allowed identifying the most important bands as indicated in figure 5. The Co-Cl-

stretching-vibration in 3 shifts by 8 cm-1 to higher wavenumbers compared to 4. The underlying 

increased Co-Cl bond strength causes a slightly weaker Co-N bond due to the trans-effect (cf. also DFT 

calculations, table 1 and supporting information). Unfortunately, the stretching vibration of Co-Npyridine 

cannot be analyzed since it is overlapped by the signals of Fe-N vibrations. Nevertheless, this suggests 

a decreased basicity of the pyridine ring of the iron fragment 1 in comparison to isolated pyridine.[6] On 

the other hand, vibrations of 1 are not significantly influenced, either by methylation in complex 2 or by 

the coordination of the cobalt center.   

 
 

Figure 5. IR spectra of complexes 1 - 4 (KBr matrix). For better comparison, the most intense signals 

were scaled to 0.1.  

The electronic ground state spectra of complexes 1−5 in figure 6 provide the basis for the subsequent 

excited state characterization. For 1-3 and 5, the absorption spectra can be separated into two main parts. 

Consistent with the previously published results, MLCT transitions to the bis-NHC-ligand and the 

polypyridyl ligand are found above 350 nm, while ligand based π-π* transitions dominate the 
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Figure 6. UV-Vis spectra of complexes 1 – 5 in acetonitrile (c = 10-5 mol/l).  

range below 350 nm.[19] The MLCT bands in 1 are bathochromic shifted in comparison to reference 5, 

with slightly increased extinction coefficients. This is in line with the electron-withdrawing effect of the 

pyridine ring. The absorption spectra of complex 1 and bimetallic complex 3 are very similar in the 

MLCT range. These transitions in 3 are still dominated by the iron fragment, since the absorption 

spectrum of 4, which was also measured to evaluate the contribution of the cobalt complex fragment in 

3, exhibits only transitions in the UV area (black spectrum, figure 6). Therefore, the absorption spectrum 

of 3 can be described as a superposition of the spectra of 1 and 4. The coordination of the neutral 

fragment 4 to the nitrogen donor of 3 results in a small, but clear bathochromic shift (5 nm) in 

comparison to 1. This indicates a small bond strength and therefore a weak electronic coupling, which 

was also confirmed by a significant fragmentation of 3 under ESI mass-spectrometry conditions (c.f. 

figure S1-7). This can be attributed to a small electron withdrawing effect of the cobalt fragment, which 

has also been found for related bimetallic iridium-cobalt systems.[24,33] In contrast, 2 shows a 

significantly stronger bathochromic shift by 33 nm compared to non-methylated 1, since π-accepting 

capabilities of the polypyridyl ligand increase. This is in line with the results of Gros et al.[18] Absorption 

characteristics of both 1 and 3 were investigated in solvents with different dielectric constants (cf. S8-1 

and S8-2 for details). The MLCT bands of chromophore 1 are largely independent of solvents and 

dielectric constants, at the exceptions of dichloromethane and nitromethane. The latter is known to be 

present in an acidic tautomeric form (aci-nitromethane), which is able to protonate the basic nitrogen of 

the pendant pyridyl ring. Therefore, a bathochromic shift similar to complex 2 was observed. The MLCT 

absorption of 3 dissolved in solvents with varying polarity as well did not correlate with parameters like 

Et30, dielectric constant or dipole moment, although the absorption bands shift over a wide spectral 

range. In both cases, changes of the dipole moments with optical excitation are rather small.[34] 
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Figure 7. Cyclic voltammograms of 1-4 (acetonitrile, 100 mV/s) 

The electrochemical behavior of 1-4 was investigated by cyclic voltammetry in acetonitrile. The results 

are shown in figure 7. In the case of 1, a transition at 0.60 V corresponds to the reversible redox couple 

FeII/III. At -1.76 V, a second reversible wave is attributed to the polypyridyl ligand based reduction at 

ligand L2.[13] N-Alkylation at the pendant pyridyl ring in 2 results in an additional reversible reduction 

about 0.58 V anodic shifted compared to the reduction wave of 1, which is in line with other complexes 

containing a terminal pyridyl group.[22] Corresponding to the DFT calculations, location of the electron 

at the pendent methylated pyridine ring after the first reduction of 2 is likely (cf. figure S5-4). Due to 

the electron-withdrawing effect of the quaternary nitrogen function, both the oxidation of Fe(II) and the 

second ligand based reduction occur at more anodic potentials. This is expected due to the lowering of 

the t2g orbitals and the improved π-accepting capabilities of the ligand, respectively (cf. MO scheme in 

figure 4). In the case of the cobalt complex 4, an irreversible transition (Epc = - 1.04 V) can be assigned 

to the CoII/III-reduction. For such complexes, the elimination of the chloride substituent during reduction 

is well known,[6,35,36] which results in the irreversible behavior observed. The associated anodic transition 

is shifted to -0.44 V.[6] Subsequently, the CoII-center is quasi-reversibly reduced to CoI (cf. SI for details). 

On the anodic site of the cyclic voltammogram, a reversible ligand-based wave at +0.73 V vs. Fc/Fc+ is 

attributed to the oxidation of the dmgH moiety.[36]  

The cyclic voltammograms of the bimetallic complex 3 can be interpreted as superposition of the single 

traces of 1 and 4, respectively, which is emphasized in figure 7. Starting from the anodic site, the 

transition I at 0.77 V is associated to the ligand-based oxidation on the cobalt fragment. This wave 

overlaps with the wave of the FeII/III-couple (II, 0.63 V, figure 7), as mentioned above. Both transitions 

are anodic shifted in comparison to the building blocks 1 and 4. Concerning the iron-based signal II, this 

slight shift is attributed to the coordination of the Lewis-acidic cobalt fragment. This matches with the 

more pronounced effect observed for complex 2, which was obtained by methylation of 1. In the case 

of transition I, the anodic shift in 3 indicates a lower electron density in the dmgH ligand compared to 

4, which consequently gives hint about the increased electron-withdrawing power and reduced Lewis 

basicity of the parental complex 1 compared to pyridine. This ligand effect, which was identically 

observed for a series of substituted cobaloximes by Coutsolelos et al,[6] is in line with the anodic shift of 

Co-based reductions waves III and IV. The L2-based reduction shows a reversible transition wave at –

1.76 V. The potential observed is identical to the corresponding reduction in 1, which gives evidence 

for the weak bond strength to the cobalt center. Therefore, in comparison to 2, no reduction of the 
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pendent pyridine ring was observed. The subsequent reduction attributed to the bis-NHC ligand L1 (-

2.35 V, VII) is found to be irreversible. In our experiments, these corresponding transitions for 1 and 2 

could only be observed in square wave voltammetry (see S6-5 and S6-10). During cyclic voltammetry, 

the first reduction waves were followed by non-reproducible curve-crossing reactions. Accordingly the 

reduced species are unstable under the measurement conditions.  

All relevant electrochemical data are summarized in table 2. In addition, electronic parameters for 1-5 

electronic absorption data are listed, including the corresponding electrochemical and optical band gaps. 

.  

Table 2. Physicochemical properties of 1 - 5 

complex HOMO 

(eV) a) 

LUMO 

(eV) a) 

ΔEHomo-

Lumo 

(eV)a) 

λMLCT,abs.
b) (ε) 

[nm,  

(104cm-1M-1))] 

ΔEo
 c) 

[eV] 

Eox
d)

 

[V] 

Ered
d)

 

[V] 

ΔEp
e) 

[eV] 

1 -5.4082 -2.7411 2.67 375 (0.96) 

515 (1.00) 

553 (0.98) 

3.31 

2.41 

2.24 

0.60 (r) -1.76 (r) 

-2.31 (ir) 

2.36 

2.91 

2 -5.5242 -3.1869 2.34 374 (0.66) 

411 (0.70) 

538 (0.99) 

586 (1.27)  

3.32 

3.02 

2.30 

2.12 

0.66 (r) 

 

-1.19 (r) 

-1.72 (r) 

-2.42 (ir) 

1.85 

2.38 

3.08 

3 -5.4511 -2.8616 2.59 379 (1.03) 

520 (0.93) 

558 (0.94) 

3.27 

2.38 

2.22 

0.77 

 

0.63 

 

-0.90 (ir) 

-1.47 

-1.76 

-2.32 (ir) 

 

 

2.39 

2.95 

4 -5,3740 -2,2430 3.13 -   0.73 (r) -1.04 (ir) 

-1.50 (qr) 

 

5 -5.3687 -2.5912 2.78 379 (0.84) 

503 (0.98) 

538 (0.86)  

3.27 

2.46 

2.24 

0.56 (r) -1.89 (r) 

-2.33 (ir) 

2.45 

2,89 

 

a) def2-TZVPP, TPSSh, SMD (acetonitrile) b) CH3CN, 10-5 mol/l c) ΔEp = optical band gap, EMLCT d) 

CH3CN, vs. Fc/Fc+; r = reversible, ir = irreversible, qr = quasi-reversible e) ΔEp = Eox(Fe) – Ered (ligand[Fe]), 

potentiometrically determined band gap 

 

 

Correlation of the electrochemical band gap ΔEp (ΔEp = Eox – Ered) with the optical band gap ΔEo (ΔEo 

= EMLCT) attributes the low-energy MLCT absorptions to the polypyridyl ligand L2, whereas the 

absorption band at 374 - 379 nm can be assigned to the bis-NHC ligand L1. Since the latter band gaps 

are only marginally influenced by modification of ligand L2, no ligand interaction is present and the 

ligand effects can be considered as independent. Therefore, tuning of physicochemical properties in such 

complexes should be possible by separate modifications at each of the ligands. 

 

As (in contrast to 3) both reversible one-electron oxidation and reduction transitions of 1 are well 

separated, spectro-electrochemical experiments were performed in order to investigate absorption 

properties of the oxidized and reduced species, respectively. As shown in figure 8, the bulk oxidation of 

1 in acetonitrile is fully reversible. Isosbestic points indicate the conversion between only two species. 

On formation of iron(III) species, the MLCT absorption nearly vanishes due to almost complete 

degradation of the chromophore. Instead, at wavelengths larger than around 585 nm, a broad absorption 

band arises, which is expected to have ligand-to-metal charge transfer (LMCT) character.[37] 

In contrast, reduction occurred only under drastic conditions (-2.5 V) and was found to be not reversible. 

The absence of clear isosbestic points during reduction indicates that 1 is unstable on a longer time-scale 

(cf. figure S7-1 for details), whereas the cyclic voltammetry revealed reversible electrode transitions. 

Thus, 1 differs significantly from the terpy analogue 5, which was found to behave fully reversible 

during bulk electrolysis.[13,19] 
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Figure 8. Top: Difference Spectrum of oxidized 1 (blue), reduced 1 (black) and linear combination 

(green). Bottom: Changes in UV-Vis absorption during oxidation of 1 at 1.3 V and after re-reduction at 

0 V. 

After re-oxidation, a new species was formed, with absorption bands significantly different from the 

original 1. Due to the low concentrations during bulk electrolysis and the presence of large amounts of 

conducting salt, further insights into these redox reactions with ESI or NMR were not possible. 

Therefore, a recently developed X-ray spectro-electrochemical cell that allows recording high-speed 

XANES and EXAFS spectra of oxidized and reduced species in-situ was employed. This cell allows for 

the fluorescence measurements required for several techniques with inert conditions maintained 

throughout. 

  

Figure 9. XANES spectra of 1. Black: initial complex, green: after oxidation at +1.1 V and grey: after 

re-reduction at +0.6 V, red: spectrum after reduction (-1.8 V). The potentials refer to the Ag/Ag(NO3) 

reference electrode. Inset: Absorption edges. 

Applying a positive voltage of 1.1 V to 1 dissolved in acetonitrile, the XANES edge shifts to higher 

energies, which is expected due to the formation of Fe(III) (figure 9). The shift of about 1 eV is rather 

small, but agrees with results by Uhlig, Persson et al., who observed edge shifts even smaller 1 eV.[38] 

The edge shift in the XANES spectra, respectively clearly shows that indeed metal-based orbitals are 

involved in the oxidation process.  The bond lengths in the first EXAFS shell seemingly decrease, while 

the ligand sphere itself remains intact. The EXAFS spectra are shown in figure S3-1 of the 

supplementary information. Fully consistent with the spectro-electrochemical experiments, the 

measured shift is completely reversible on re-reduction. In contrast, the EXAFS spectra and their 
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Fourier-transformed spectra, respectively observed after reduction at -1.8 V differ significantly from the 

spectra related to the oxidation. Most pronounced, the carbon shell at 2.8 Å almost vanished and a shell 

at around 3.5 Å arises instead. Due to the significant change in the ligand system, which probably is 

related to a decomposition of 1, a back-oxidation failed. In addition, upon reduction of 1 the absorption 

edge does not show the characteristic shift, which would be expected for metal based redox processes. 

This indeed indicates a ligand centered process, in agreement with the preceding results.  

After thorough ground state characterization, excited-state investigations by ultrafast femtosecond (fs) 

optical absorption spectroscopy are mandatory to obtain insights into the electron dynamics. Figure 10 

gives the evolution of the transient absorption (TA) spectra in acetonitrile upon photoexcitation at 400 

nm for 1 and 3 (see figures S9-1 and S9-2 in the supporting information for the corresponding TA spectra 

measured in propylene carbonate and dimethyl sulfoxide). The standard singular-value decomposition 

(SVD) analysis delivers two decay-associated spectra (DAS) and their time constants are summarized 

in Table 3 and 4. In all cases, the DAS1 of the short lived decay component (~ 1 ps) is similar to the 

bleach in the blue spectral region and exhibits a distinct ESA band in the red spectral region. The lifetime 

assigned to this DAS tends to be longer in polar solvents and also slightly increases from 1 to 3. In 

contrast, DAS2 of the long lived component (~ 100 ps) resembles the inverse of the original absorption 

spectrum. DAS2 is solvent-dependent to a higher extent and no clear trend can be found by comparing 

1 and 3. 

Based on previously reported work,[13,16,17] the short lived component is assigned to the population of 

the 3MLCT state in the Fe-moiety, while the longer liver component is associated to the population of 

the triplet or quintet 3/5MC state. Strong support for the assignment of DAS1 to MLCT states is given 

by the fact that it shows very close similarity with the linear combination of the difference absorption 

spectra of oxidized and reduced 1, respectively, which are given in the top part of figure 8. Comparison 

with reported studies on related complexes surprisingly reveals a closer spectral resemblance of the 

short-lived DAS1 with the one of [Fe(L3)2][BPh4]2 (with L3 =  2,6-bis[3-isopropylimidazol-2-ylidene]-

pyridine) than of  [Fe(L1)(terpy)][BPh4]2 (5’).[13] In addition, the MLCT states are further stabilized by 

solvents of high dielectric constant, which gives hint to charge-separated excited states. 
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Figure 10. Left: Top) TA spectra of 1 in MeCN at the indicated selected delay times after optical 

excitation at 400 nm. Bottom) Decay associated spectra (DAS) of the two exponential components 

(orange and purple traces, see main text and table 3). The negative of the steady-state absorption (grey 

trace) is displayed and scaled for comparison with the bleach signal). Right: Top) TA spectra of 3 in 

MeCN at the indicated selected delay times after optical excitation at 400 nm. Bottom) Decay associated 

spectra (DAS) of the two exponential components (orange and purple traces, see main text and table 4). 

The negative of the steady-state absorption (grey trace) is displayed and scaled for comparison with the 

bleach signal). 

Table 3:  Exponential time constants of the two decay associated spectra (DAS) of 1 

Solvent dielectric constant εr
[39][a] DAS1, τ1 (ps) DAS2, τ 2 (ps) 

MeCN 35.94  1.1 (0.12)  139 (0.12) 

DMSO 46.45   0.7 (0.12)    90 (0.12) 

PC 64.92   2.0 (0.12)  146 (0.12) 

[a] 25 °C 

Table 4:  Exponential time constants of the two decay associated spectra (DAS) of 3 

Solvent dielectric constant εr
[39][a] DAS1, τ1 (ps) DAS2, τ 2 (ps) 

MeCN 35.94 1.4 (0.12) 118 (0.12) 

DMSO 46.45  2.4 (0.12) 114 (0.12) 

PC 64.92  2.3 (0.12) 140 (0.12) 

[a] 25 °C  

The obtained time constants and assignments prove the lifetime of the MLCT states to be actually longer 

in the assembled dyad 3 than in the isolated chromophore 1. Looking at the TA experiments measured 

in acetonitrile, the increasing 3MLCT lifetime in the order R = -H (5) < R = -4-pyridyl (1) < R = -

CoCl(dmgH)2 (3) (R = substituent in 4’-position at terpyridine ring of [FeL1(terpy)]2+) is in line with 
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the decreasing LUMO energies as discussed in figure 4 (cf. also ref. 13). In addition, the π-system is 

enlarged in the excited state by the pyridine rings in the backbone of terpyridine, which is also known 

to stabilize the LUMO energies.[40]  

Since the metal-centered molecular orbitals (eg*) are less influenced by the modifications in the ligand 

backbone, ligand field splitting and consecutively the MC energies are expected to change to a much 

lower extend. However, much to our surprise, the MC lifetimes were found to decrease with increasing 

MLCT lifetime, which corresponds to a smaller relaxation barrier into the ground state. Since a 

stabilization of the t2g orbitals with increasing π-accepting properties of the polypyridyl ligand can be 

expected in accordance with classical ligand field theory (cf. figure 4), an additional destabilization of 

the MC levels in relation to the ground state seems plausible. A similar solvent-dependent effect was 

observed for [Fe(bipy)(CN)4]2- by Kjær et al.[12,41] and could also occur for the complexes discussed here. 

Therefore, this observation will be investigated in the future with time resolved X-ray studies in different 

solvents and complemented with excited state calculations.  

In summary, the presented experimental results give evidence for an elongation of the 3MLCT lifetime 

mainly by lowering the LUMO and MLCT energy, respectively. In that sense, the results are in line with 

a previous study on homoleptic NHC based iron(II) complexes, in which the MLCT lifetime could be 

prolonged by introducing carboxyl groups in the ligand backbone. This resulted in lower MLCT state 

energies with the MC state energies remaining unaffected.[8,15,16]  

Conclusion 

In conclusion, the first bimetallic dyad connecting a heteroleptic NHC-based photosensitizer with a 

cobalt dimethylglyoxime motif (3) could be introduced while studying the ground and excited state of 

heteroleptic iron complexes. As bridging ligand between the two metal centers, 4′-(4′′′-pyridyl)-

2,2′:6′,2′′-terpyridine (pyterpy) is employed. In the present study, this dyad is compared to the isolated 

chromophore 1 and the corresponding complex 2 with a methyl group at the pendent pyridine ring. It is 

remarkable that both ligands in these heteroleptic complexes behave electronically independent, which 

allows tuning of the photophysics in such complexes at the two ligands independently.  

Detailed ground state characterization by the hard X-ray methods by CtC-XES, VtC-XES and HERFD-

XANES in combination with (TD-)DFT calculations revealed a decreasing energy of the LUMO states 

with increasing electron accepting abilities of the pendant substituent at the terpy motif. The LUMO 

energies were found to decrease in the order 5>1>3>2, whereas the metal centered orbitals barely exhibit 

any energetic differences. Electrochemical and electronic absorption measurements showed additionally 

a rather weak interference of the individual signatures of the cobalt and the iron center in the dyad 3. 

Although this indicates that the cobalt dimethylglyoxime motif simply acts as a Lewis acid the dative 

bond from the iron to the cobalt fragment is proved by the crystal structure and mass spectrometric 

measurements. Unfortunately, no inter-metal electron transfer could be detected on the time-scale of 

transient absorption experiments. The effect of the Co center on the photophysics of the iron fragment 

is however obvious. 1 and 3 show higher MLCT state lifetimes with decreasing LUMO energies in 

comparison to 5, whereas the MC states are energetically affected to a much lower extent. In the same 

sense, the MC state lifetime was found to decrease. The key results are summarized in figure 11. 
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Figure 11. Simplified Jablonski scheme for complexes 1, 3 and 5 measured in acetonitrile. 

Complementary to our previous study, which proved the MLCT state lifetime to increase with increasing 

NHC donor count and MC energy, two basic strategies, namely increasing MC state energy and 

decreasing the MLCT state energy, have been systematically investigated and verified now in the present 

study.  Furthermore, applying polar solvents with high dielectric constants were found to increase the 

lifetimes of the charge-separated MLCT states. Although no evidence for a charge transfer to the cobalt 

center could be provided by the various measurements, the obtained results merge into a strategy to 

achieve photocatalytically active Fe-Co dyads with efficient charge separation. Especially tuning the 

electron withdrawing properties of the cobalt fragment is crucial: On the one hand, based on the results 

presented here, the MLCT state lifetimes involving the iron fragment are expected to become longer 

with increased “pull”-strength of the Co fragment, and on the other hand access is given to low-lying 

reversible reduction levels probably localized on the linker pyridine ring L2, as it was proven for 2. 

Employing these principles should yield active proton reduction dyads synthesized completely out of 

non-noble and Earth-abundant metals in the near future. 

Experimental Section 

SYNTHESIS. Reactions were carried out under an argon atmosphere using standard Schlenk 

techniques. Solvents were dried over molecular sieves in a MBraun Solvent Purification System or 

distilled over sodium with benzophenone as an indicator in the case of THF, respectively. Solvents were 

degassed prior to use by standard procedures. All chemicals were purchased from Sigma-Aldrich, TCI, 

or Fisher and used without further purification. NMR spectra were recorded using either a Bruker Ascent 

700, Avance 500 or Avance 300 device. IR spectra were recorded in a KBr matrix using a Bruker Vertex 

70. Mass spectra (ESI) were recorded with a Waters Synapt G2 quadrupole − time-of-flight 

spectrometer. The solvent used is denoted for every substance. 

Synthesis of L2 was carried out by a literature procedure.[42] The five-coordinated Fe(II) precursor 

[Fe[L1]Br2] with L1 = 2,6-bis[3-(2,6-diisopropylphenyl)-imidazol-2-ylidene]pyridine was synthesized 

according to literature procedures,[13,19,27] synthesis of ligand L1 is described elsewere.[27,43] Synthesis of 

4 was performed by a protocol of Schrauzer et al..[28] 

Synthesis of 1. L1-H (300 mg, 0.433 mmol) was suspended in THF (20 mL). The mixture was cooled 

to -80°C and [Fe(N(SiMe3)2)2]2 (163 mg, 0.216 mmol) in THF (6 mL) was added. The mixture was 

slowly warmed to room temperature und stirred overnight. 4'-(4-pyridyl)-2,2':6',2''-terpyridine (134 mg, 

0.433 mmol) was added in one portion and the mixture was stirred again overnight. The solvent was 

removed in vacuum and the residue was dissolved in water. Residual solid was removed by filtration 

and a saturated KPF6-solution in water was added dropwise to precipitate a purple colored solid. The 

product was recrystallized by diffusion of chloroform into an acetone solution (267 mg, 52%).  1H NMR 
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(500 MHz, Acetone-d6) δ 8.89 – 8.87 (m, 2H), 8.86 – 8.82 (m, 3H), 8.77 (dt, J = 7.8, 1.2 Hz, 2H), 8.62 

(d, J = 8.2 Hz, 2H), 8.54 (s, 2H), 8.12 (td, J = 7.7, 1.4 Hz, 2H), 7.89 – 7.76 (m, 2H), 7.59 (d, J = 2.2 Hz, 

2H), 7.53 (ddd, J = 5.6, 1.4, 0.7 Hz, 2H), 7.37 (ddd, J = 7.2, 5.6, 1.3 Hz, 2H), 7.11 (t, J = 7.8 Hz, 2H), 

6.90 (d, J = 7.8 Hz, 4H), 0.94 (hept, J = 6.5 Hz, 4H), 0.73 (d, J = 6.6 Hz, 12H), 0.63 (d, J = 6.7 Hz, 12H). 
13C NMR (176 MHz, Acetone-d6) δ 198.82, 158.98, 157.38, 156.58, 153.26, 151.84, 145.82, 144.98, 

144.92, 143.42, 137.95, 134.79, 132.19, 130.86, 127.97, 126.15, 124.32, 122.63, 119.51, 118.77, 

109.51, 28.12, 26.73, 23.74. HRMS (ESI) m/z 448.6969 0.5 [M− 2PF6]2+ (calcd for C55H55FeN9 

897.3930).  

Synthesis of 2. The raw product [FeL1L2][Br]2 (100 mg, 0.0945 mmol), which was obtained by 

synthesis of 1, was dissolved in acetonitrile (25 mL). Methyl iodide (1.59 mL, 25.5 mmol) was added 

and the mixture was heated at 82 °C for 90 minutes. After cooling to room temperature, the solvent was 

removed by distillation and the residue was dissolved in water (50 mL). After filtration, a saturated 

solution of KPF6 in water was added dropwise. The crystallized solid was filtered off and washed with 

water (20 mL). The violet-colored solid was dried in vacuum to give 2 (92.5 mg, 77 %). 1H NMR (500 

MHz, Acetone-d6) δ 9.28 – 9.20 (m, 2H), 8.88 – 8.84 (m, 1H), 8.82 (d, J = 2.2 Hz, 2H), 8.77 – 8.73 (m, 

4H), 8.71 – 8.66 (m, 2H), 8.63 (d, J = 8.3 Hz, 2H), 8.13 (td, J = 7.7, 1.4 Hz, 2H), 7.59 (d, J = 2.2 Hz, 

2H), 7.54 (ddd, J = 5.6, 1.4, 0.7 Hz, 2H), 7.40 (ddd, J = 7.2, 5.6, 1.3 Hz, 2H), 7.10 (t, J = 7.8 Hz, 2H), 

6.87 (d, J = 7.8 Hz, 4H), 4.72 (s, 3H), 0.89 (hept, J = 6.5 Hz, 4H), 0.71 (d, J = 6.6 Hz, 12H), 0.61 (d, J 

= 6.6 Hz, 12H). 13C NMR (126 MHz, Acetone-d6) δ 198.13, 159.87, 156.92, 156.20, 153.24, 152.63, 

147.49, 145.85, 144.03, 139.41, 138.15, 134.63, 132.26, 130.93, 128.32, 126.46*, 124.45, 118.99, 

118.94, 109.83, 48.95, 28.14, 26.78, 23.72. *superposition of two signals. HRMS (ESI) m/z 304.1401 

0.33 [M− 3PF6]3+ (calcd for C56H58FeN9 912.4165). 

Synthesis of 3. CoCl2*6H2O (21.0 mg, 0.0884 mmol) and dimethylglyoxime (22.5 mg, 0.194 mmol) 

were dissolved in ethanol (95 %, 10 mL) and heated to 70 °C. 1 (105 mg, 0.0884 mmol) dissolved in 

acetone (3 mL) was added and the solution was cooled to room temperature by removing the heating 

bath. Then oxygen was bubbled into the solution for 30 min. Subsequently, the solvents were removed 

in vacuum. The violet raw product was crystallized twice by diffusion of chloroform into an acetone 

solution to obtain 3 as violet colored needles (60 %, 80.2 mg). 1H NMR (500 MHz, Acetone-d6) δ 8.88 

– 8.81 (m, 3H), 8.69 (d, J = 8.0, 1.1 Hz, 2H), 8.62 (d, J = 8.2 Hz, 2H), 8.49 (d, J = 6.4 Hz, 2H), 8.47 (s, 

2H), 8.12 (td, J = 7.7, 1.4 Hz, 2H), 7.89 – 7.79 (m, 2H), 7.57 (d, J = 2.1 Hz, 2H), 7.55 – 7.48 (m, 2H), 

7.37 (ddd, J = 7.2, 5.6, 1.3 Hz, 2H), 7.05 (t, J = 7.8 Hz, 2H), 6.86 (d, J = 7.8 Hz, 4H), 2.45 (s, 12H), 0.89 

(hept, J = 6.6 Hz, 4H), 0.69 (d, J = 6.6 Hz, 12H), 0.60 (d, J= 6.6 Hz, 12H). 13C NMR (126 MHz, Acetone-

d6) δ 198.50, 159.53, 157.29, 156.64, 153.54, 153.51, 152.74, 148.87, 146.06, 143.90, 142.56, 138.30, 

134.93, 132.45, 131.03, 128.34, 126.51, 125.29, 124.58, 119.72, 119.07, 109.85, 28.31, 26.90, 24.03, 

13.19. HRMS (ESI) m/z 610.6979 0.5 [M− 2PF6]2+ (calcd for C63H69FeN13O4ClCo 1221.3965).  

Crystal Structure Determination: The intensity data of 1 and 3 were recorded using a Bruker SMART 

CCD area-detector diffractometer with a graphite-monochromated MoKα radiation (λ = 0.71073 Å) at 

T = 130(2) K. The intensity data of 2 were collected using a diffractometer equipped with a Photon II 

CCD area detector, a multilayer mirror monochromator and a CuKα (λ = 1.54178 Å) micro-focus source 

at 120(2) K. Structure solutions were carried out by direct methods,[44] full-matrix least squares 

refinement based on F2.[44] All but H-atoms were refined anisotropically, hydrogen atom positions were 

derived from geometrical reasons apart from methyl-H that were located from Fourier maps using HFIX 

137 from SHELX and then refined at idealized positions riding on the carbon atoms with isotropic 

displacement parameters Uiso(H) = 1.2Ueq(C) or 1.5Ueq(-CH3) and C-H 0.95-1.00 Å. All CH3 hydrogen 

atoms were allowed to rotate but not to tip.  

The two H(O) positions of the dmgH ligand in 3 could not be located due to disorder of the OH-groups 

resulting in equal N-O distances for all 4 moieties. However, the existence of these H atoms is confirmed 

by mass spectrometry and IR spectra. 
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The data sets suffer from rather bad crystal quality, especially of 3 which showed severe disorder of 

solvent region that could neither be identified nor modelled. Moreover, during anisotropic refinement 

some atoms went n.p.d., so finally only isotropic refinement was done. As the nature of the solvent for 

3 is not clear, the sum formula as well as the derived parameters are not correct and we refrain from 

presenting further refinement results and extended geometric parameters.  

1: (C55H55FeN9)(PF6)2, CHCl3, (CH3)2CO; Mr = 1365.3, red crystal, size 0.39 x 0.27 x 0.22 mm³, 

monoclinic space group Cc  with Z = 4, a = 14.638(2), b = 17.080(3), c = 24.232(4) Å, = 95.781(4)°, 

V = 6027.7(16) Å³; Dc = 1.504 g/m³, = 0.523 mm-1, F(000) = 2808. Refinement converged at 

R1 = 0.078 [I > 2σ(I)], wR2 = 0.202 [all data] and S = 1.02; min./max. F -0.44 / 1.25 e/Å³ near Fe 

position. 

2: (C56H58FeN9)(PF6)3, 2 (CH3)2CO; Mr = 1464.0, black crystal, size 0.19 x 0.17 x 0.15 mm³, 

orthorhombic space group Pna21 with Z = 4, a = 25.0554(8), b = 22.0915(6), c = 12.0591(4) Å, 

V = 6674.8(4) Å³, Dc = 1.457 g/m³, = 3.379 mm-1, F(000) = 3016. Refinement converged at 

R1 = 0.0626 [I > 2σ(I)], wR2 = 0.1740 [ all data] and S = 1.03; min./max. F -0.61 / 0.701 e/Å-3. 

3: (C63H67ClCoFeN13O4)(PF6)2, 3 CHCl3, (CH3)2CO, Solv;  Mr = 1926.6, red crystal, size 0.47 x 0.39 x 

0.22 mm³, orthorhombic space group P212121  with Z = 4, a = 14.7034(15), b = 23.301(2), c = 25.772(3) 

Å, V = 8829.6(16) Å³. 

Crystallographic data for the structures 1 (excluding structure factors) and 2 have been deposited at the 

Cambridge Crystallographic Data Centre and are assigned to the deposition number CCDC-1547931 for 

compound 1 and CCDC-1852327 for compound 2. Copies of available material can be obtained free of 

charge via www.ccdc.cam.ac.uk. 

EXAFS and XANES measurements of 3 were performed at beamline P65 at DESY –PETRAIII 

(Deutsches Elektronen-Synchrotron, Hamburg, Germany). A Si(111) double crystal monochromator 

was used for the measurements at the Fe K-edge (7.112 keV) and the Co K-edge (7.709 keV). Energy 

calibration was performed with an iron foil and a cobalt foil respectively. The experiments were carried 

out under ambient conditions. The solid sample was diluted in cellulose as matrix and pressed into a 

pellet. The spectra were recorded in transmission mode with ionisation chambers filled with nitrogen. 

In both cases several spectra were collected and merged to obtain a better signal to noise ratio. 

EXAFS and XANES measurements of 1 in combination with spectro-electrochemistry were performed 

at beamline BM25A at the European Synchrotron Radiation Facility (ESRF, Grenoble, France). A 

Si(111) double crystal monochromator was used for the measurements at the Fe K-edge (7.112 keV) 

and again energy calibration was performed with an iron foil. The measurements of the solution (see 

below) were performed in specially designed spectro-electrochemistry cell, which will be described 

elsewhere. A gold gauze was employed as working electrode for bulk electrolysis with a gold wire 

counter electrode. As reference electrode Ag/0.01 M AgNO3, 0.1 M [(n-Bu)4N]PF6 in MeCN was used. 

The spectra were recorded in fluorescence mode using a 13-element germanium detector.  

HERFD-XANES and VtC-XES measurements were carried out at beamline ID26 of the European 

Synchrotron Radiation Facility ESRF (Grenoble, France). For the measurements two u35 undulators 

were used. The incident X-ray beam had a flux of approximately 2 ∙ 1013 photons ∙ s-1 on the sample 

position. All measurements were conducted at 50 K using a He cryostat under vacuum conditions. 

Measurements were conducted with a Johann type X-ray emission spectrometer in the horizontal plane, 

where the sample, crystal analyzers and photon detector (avalanche photodiode) were arranged in a 

vertical Rowland geometry. Calibration of the emission spectrometer was performed using the elastic 

scattering line. The incident energy was selected using the <111> reflection from a double Si crystal 

monochromator. The HERFD-XANES spectra at the Fe K edge were obtained by recording the intensity 

of the Fe Kβ1,3 emission line as a function of the incident energy. The emission energy was selected 

using the <620> reflection of five spherically bent Ge crystal analyzers (with R = 1 m) aligned at 80° 
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Bragg angle. The total fluorescence yield (TFY) was monitored by a photodiode installed at about 90° 

scattering angle and at 45° to the sample surface. During the XANES scans, the undulators were kept at 

a fixed gap and only the monochromator angle was changed. Each HERFD-XANES measurement was 

carried out in 100 seconds, one spectrum per point of the homogeneous sample, 10 spectra were 

averaged. To exclude radiation damage, 10 fast measurements with a scan time of 10 seconds were 

carried out. Within these time frames, no radiation damage could be detected (no decrease / increase / 

shift for all observed pre-edge / near-edge / white-line features). 

For the VtC XES data collection, an incident energy of 7.2 keV was chosen. VtC-XES energy scans 

were carried out in the range from 7065-7140 eV. To observe reasonable data, 20 spectra (100 seconds 

per scan) were recorded, utilizing a different sample spot for each scan.   

THEORETICAL CALCULATIONS. All calculations presented here were performed with the ORCA 

package (version 4.0.1).[45] Unconstrained geometry optimizations were conducted with the PBEh-3c 

method of the Grimme group.[46] Minima structures were confirmed by numerical frequency calculations 

and the absence of negative frequencies. 

TD DFT[47] XANES and DFT VtC-XES calculations were accomplished using a modified TPSSh 

functional, with an adjusted Hartee Fock exchange[48] of 12.5 % in conjunction with the RIJCOSX 

approximation and the def2-TZVP[49] basis set, combined with the def2-TZVP/J[50] auxiliary basis set 

(with a special integration accuracy of 5) on all atoms except Fe, for which the expanded CP(PPP) basis 

set[51] (with a special integration accuracy of 7) was used. Correction for dispersion interaction was 

included via Becke-Johnson damping scheme (D3BJ).[52] 

TD-DFT XANES transitions were broadened by a 1.5 eV Gaussian (fwhm) and DFT VtC-XES 

transitions by a 2.5 eV Gaussian (fwhm). Calculated TD-DFT XANES spectra were shifted by 151.5 eV 

and DFT VtC-XES spectra were shifted by 149.4 eV. All calculated spectra were normalized on the 

number of Fe atoms per complex. Kohn Sham Orbitals were visualized with the IboView program 

(version 20150427).[53]  

HOMO-LUMO gaps and MO levels were calculated using the TPSSh functional in conjunction with 

the def2-TZVPP basis set using very tight SCF convergence criteria (energy change of 1.0 10-9 au). 

Dispersion correction has been performed via Becke-Johnson damping scheme. Solvation by 

acetonitrile is covered by the SMD solvation model.[54]  

Femtosecond Transient Absorption Spectroscopy. The femtosecond laser setup used for transient 

absorption spectroscopy has been previously described.[55] The excitation beam was depolarized and set 

to 400 nm. For these optical measurements, the time-dependent signals were analyzed through SVD 

decomposition, with a variable Gaussian instrument response function fitted to 120 fs fwhm. 

UV−Vis Spectroscopy. For all measurements, spectroscopy grade solvents from VWR and Sigma 

Aldrich were used. All measured solutions had a concentration of 10−5 mol/L. The absorption spectra 

were recorded with a PerkinElmer Lambda 45 double beam UV spectrophotometer using Quartz 

cuvettes by Hellma with a path length of 1 cm. 

Electrochemistry. Cyclic and square-wave voltammograms at room temperature were performed with 

the PAR101 potentiostat from Metrohm or the Compactstat from Ivium in MeCN/0.1 M [(n-Bu)4N]PF6 

(canalyt = 0.001 mol/L) with the following three-electrode arrangement: Pt working electrode (1 mm 

diameter) or glassy carbon working electrode (2 mm diameter), Ag/0.01 M AgNO3, 0.1 M [(n-

Bu)4N]PF6 in MeCN as reference and Pt wire counter electrode. Ferrocene was added as internal 

standard after the measurements, and all potentials are referenced relative to the Fc/Fc+ couple. The 

cyclic and square-wave voltammograms were analyzed with the software NOVA version 1.10.5 from 

Metrohm and IviumSoft 2.794, respectively. The interpretation of the voltammetric response was 

performed on the basis of the diagnostic criteria proposed by Nicholson[56] and the Randles−Sevcik 

equitation.[57] 
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Spectroelectrochemical and coulometric experiments at room temperature were performed in an 

optically transparent electrochemical cell (d = 4 mm, MeCN/0.1 M [(n-Bu)4N]PF6 as supporting 

electrolyte) with a Pt gauze working electrode. During oxidations/reductions, spectral changes were 

recorded on a Varian Cary 50 spectrophotometer in the range 200−1100 nm. All measurements were 

carried out under argon atmosphere, with absolute and deoxygenated acetonitrile. Note: Diagnostic 

criteria slightly deviate from perfect reversible behavior, because solution resistances are not completely 

compensated by the electrochemical instrumentation. 
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