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A B S T R A C T

Ligand systems used for electrochemical reductions commonly comprise single metal centres. This is opposed to 
complexes with two or more adjacent metals which are significantly less studied. In order to fill this gap a Fe 
dimer embedded into the 1,1′,5,5′,6,6′-hexamethyl-4,4′-bis(picolinimino)-2,2′-bibenzimidazole (Mebpbbi) ligand 
system is studied in the present work with focus on electrochemical properties in acetonitrile solution. A com
bination of cyclic voltammetry and density functional theory (DFT) reveals that the complex is present at least as 
an open, non-bridged, and a closed, (µ-Cl)2 bridged complex. Both forms possess very different redox properties 
and ligand exchange energetics. The presence of a stable reversible electron transfer couple for the non-bridged 
complex is promising for electrocatalytic reactions. Surprisingly, our calculations demonstrate that the iron ions 
essentially maintain their charge while the ligand accommodates the charges involved in the different redox 
steps.

1. Introduction

In homogeneous catalysis the choice of ligand system is often as 
important as the choice of active metal. This resulted in a myriad of 
ligand systems for chemical conversions. Examples of ligand systems 
range from very simple ligands like CO [1] to complex organic systems 
like porphyrin [2,3], phthalocyanine [4–6], pyridines [7–9] or phos
phines [10–12]. Many of these ligands are also used in homogeneous 
electrocatalysis. However, their use under electrochemical conditions is 
often limited due to decomposition under applied potentials [13,14]. 
Accordingly, most electrochemical studies only consider a few selected 
ligands. Of these systems, porphyrins and phthalocyanines for reactions 
like CO2 reduction [4,15–17] or epoxidations [18,19] and terpyridine 
systems for water oxidation [9,20,21] are most common.

Most systems investigated for electrocatalytic reductions are mono
nuclear. This is opposed to classical homogeneous catalysis, where bi- 
nuclear systems have received increased attention over the last years 
[22–24]. Many of these catalysts mimic enzymes like the [FeFe] hy
drogenases or the methane monooxygenases [25–27]. The ligands to 
construct these biomimetic catalysts possess, however, often a rigid 

geometry which predetermines the distance between the two metal 
centres and thus, the level of cooperativity [22–24]. A possibility to 
avoid this limitation is the introduction of a flexible ligand framework. 
Such a system was introduced by Muller et al. 30 years ago [28]. The 
ligand consists of two symmetric picolineimino-benzimidazole frame
works which are connected through a C–C single bond. This allows for 
free rotation (Fig. 1). The original complex was based on a Cu dimer and 
constructed to represent a model of the oxygen transport enzyme hae
mocyane. Recently we added an Fe dimer coordinated into this 1,1′,5,5′, 
6,6′-hexamethyl-4,4′-bis(picolinimino)-2,2′-bibenzimidazole (Mebpbbi) 
ligand system which was studied in detail through a combination of 
computational and experimental techniques [29]. According to our re
sults, this complex can be present both in a closed, (Cl)2 bridged and an 
open Cl terminated, non-bridged, form (Fig. 1). Both isomers are con
nected by a low barrier which enables interconversion between both 
species. The speciation is further complicated by the fact that minor 
changes such as a temperature decrease can trigger ligand exchange 
reactions whereby one or more Cl– are replaced by a solvent molecule. 
This complexity is also represented in the electrochemistry of the 
molecule. Preliminary measurements in the presence of LiCl suggest the 
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presence of one reversible peak followed by a series of irreversible 
reduction reactions. Indeed, the presence of a reversible peak hints at 
the possibility to use this complex as an electrocatalyst but the 
complexity of the cyclic voltammetry (CV) measurements requires a 
more detailed analysis of its electrochemistry.

In what follows, we will present a detailed analysis of the complex’s 
electrochemical behaviour using a combination of density functional 
theory (DFT) computations and CV. Our analysis suggests that the non- 
bridged complex is responsible for the reversible peak and that the 
irreversible peaks originate from the bridged complex. Thus, likely only 
the open form can be used for catalysis. All irreversible reaction steps are 
associated with the exchange of Cl– by solvent molecules which needs to 
be suppressed if the ligand is to be used as homogeneous electrocatalyst.

2. Experimental and computational details

2.1. Synthesis

1,1′,5,5′,6,6′-hexamethyl-4,4′-bis(picolinimino)-2,2′-bibenzimida
zole (Mebppi) was synthesised through a five-step synthesis described by 
Muller et al [28]. In the first step of the synthesis 1,1′,5,5′,6,6′-hexam
ethyl-4,4′-bis(picolinimino)-2,2′-bibenzimidazole is formed through 
condensation of trichloroacetic acid with 4,5-dimethyl ortho phenyl
enediamine followed by an oxidation of the amino groups with 
H2SO4/HNO3 to the corresponding nitro substituents to protect them 
from ethylation in the subsequent step. Methylation in the 1,1′ positions 
was achieved with methyl iodide and followed by the reduction of the 
nitro groups to their corresponding amines using SnCl2/HCl. The final 
product was afforded through double condensation with 2-picolincar
baldehyde. The Fe complex was obtained through coordination of 
FeCl2 in dry tetrahydrofurane (THF) under a N2 protective atmosphere. 
The reader is referred to reference [29] for a detailed description of the 
synthesis, reaction conditions, and used chemicals. All measurements 
were performed using the batch characterised in reference [29].

2.2. Electrochemistry

All electrochemical measurements presented in this work were per
formed in acetonitrile solution (≥99.9% and 99.999%) purchased from 
Honeywell and Sigma-Aldrich, respectively, using a supporting elec
trolyte of 0.1 M tetrabutylammonium tetrafluoroborate (NBu4BF4, 99%) 
purchased from Sigma-Aldrich. Samples were purged with nitrogen 
before measurements and kept under nitrogen atmosphere during ex
periments. Electrochemical measurements were carried out in a three- 
electrode cell using a glassy carbon working electrode (3 mm diam
eter), platinum mesh counter electrode, and a Ag/Ag+ reference elec
trode (10 mM AgNO3 and 0.1 M NBu4BF4 in acetonitrile), E = 0.44 V vs. 
SHE [30]. Experiments were controlled using a Metrohm Autolab 
AUT72461 potentiostat (installed modules: ADC164, BIPOT, DAC164, 
FRA32M, pX1000, and SCAN250) with a PSGSTAT12/30 Differential 
Electrometer Amplifier dongle).

Measurement Procedure. Measurements were set up and run 
through the Nova version 2 software supplied by Metrohm. Measure
ment of the open circuit potential (OCP) was performed at the start of 
each measurement series, either until a stable value was reached dE/dt <
1 μVs–1 or for a maximum of 300 s. This was followed by a single linear 
CV scan or a series of scans at different rates. Before each scan the cell 
was kept at the initial potential for 30 s. In the case of repeated scans, the 
OCP was applied for 100 s between each scan to re-establish equilib
rium. In addition, rates were applied in the order: 0.1, 0.5, 0.02, 1.5, 0.2, 
2.0, 0.05, and 1.0 Vs–1 to avoid correlation of effects caused by time and 
scan rate.

Early measurements revealed that results were affected by previous 
scans going to negative potentials of more than − 0.5 V. It was however 
found that polishing the electrode surface before each measurement 
mitigated this effect. As a result, for all the voltammograms presented 
the electrode was polished before each series of scans, i.e. before each 
single scan and at the start of each series of scans with varying rates.

Thermochemistry. Density functional theory (DFT) calculations 
were performed using Gaussian 16 Rev. C.01 [31]. The M06-L functional 
[32] was used to compute the energetics of the transition metal 
complexes.

Calculations were performed in two parts; for geometry optimisa
tions and frequency calculations the def2-SVP [33] basis set and PCM 
[34,35] solvation model was used, while for single-point calculations 
the def2-TZVP [33] basis set and SMD [36] solvation model were used. 
Gibbs Free energy corrections were taken from a vibrational analysis at 
the M06-L/Def2-SVP/PCM level of theory used for geometry optimisa
tion. All structures were assumed converged if the following conver
gence criteria were fulfilled: Maximum force Fmax = 4.5 × 10–4 

HaBohr–1; RMS force FRMS = 3.00 × 10–4 HaBohr–1; maximum 
displacement: 1.80 × 10–3 Bohr; RMS displacement: 1.20 × 10–3 Bohr. 
Additionally, we verified that the obtained structure truly corresponds 
to a local minimum by ensuring that all imaginary modes are below 100i 
cm–1.

Solvation energies obtained using implicit solvation models, such as 
PCM and SMD used in this work, are known to be unreliable, especially 
for charged species [37–39]. In this work this mainly affects the free 
chloride ion. To minimise this error, the experimental solvation energy 
for Cl– in acetonitrile of − 2.80 eV [40] was used to obtain the energy of 
the solvated species from the calculated Gibbs free energy of the species 
in gas phase. In addition, a standard state of 1 bar at 298.15 K was used 
in the calculations which means that the calculated energy must be 
converted to a solvated standard state (1 M, 298.15 K) through addition 
of the correction factor 82 meV [41]. Finally, the Gibbs free energy, G, at 
experimental conditions can be computed through Eq. (2): 

G = G0 + RTln
(
[Cl− ]
[Cl− ]0

)

(2) 

where G0 is the Gibbs free energy at the solvated standard state (1 M, 
298.15 K), R the general gas constant, T the temperature and [Cl–] and 
[Cl–]0 the chloride concentration under experimental (10 μM) and 
standard conditions (1 M), respectively.

A similar correction was performed for solvated acetonitrile in 
acetonitrile solvent. However, since solvation of a gas molecule in the 
same liquid is just condensation, the solvation energy can be approxi
mated from the enthalpy of vaporisation ΔHvap(Tvap) and the heat ca
pacity under constant pressure Cp. Using Cp = 0.95 meV⋅mol–1⋅K–1, [42] 
ΔHvap(Tvap) = 0.31 eV [42], and Tvap = 81.7 ◦C at T = 25 ◦C [42], ΔGsolv 
= 0.36 eV.

Presented potentials, both experimental and computational, are 
given relative to the Ag/Ag+ reference electrode. Electron transfer po
tentials versus the standard hydrogen electrode (SHE) in water were 
computed using an effective absolute potential and converted using the 
corresponding reference potential Eref(Ag/Ag+) = 0.44 V versus the 
computational aqueous SHE [43]. The absolute potential in water was 

Fig. 1. Non-bridged and bridged isomers of the Mebpbbi based diiron complex.
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computed using the formic acid / formate acid base couple (pKa = 3.75 
[44]), giving a value of 4.02 V.

Activation energies were estimated using the method suggested by 
Hartwig and Hall [45]. The viability of the high spin solution was tested 
through additional broken symmetry (BS) calculations at the converged 
high spin structures. All related computations were performed using 
Orca (Version 6.0.1) [46]. Geometry optimisations were performed 
using M06L/Def2-SVP/SMD [32,33,36] and single point broken sym
metry computations at the M06/Def2-TZVP/SMD [32,33,36] level of 
theory. In all cases where self consistent field (SCF) convergence of the 
BS solution could be achieved, the ferromagnetic high spin solution was 
found to be at least equally stable.

NMR. NMR spectra for transition metal complexes were modelled 
using Orca (version 6.0.1) [46] and computed using the cMN15-L [47] 
functional. For the initial geometry optimisation, a Def2-SVP [33] basis 
set was used while the pcSseg-1 [48] basis set was used to model NMR 
spectra. Solvent effects were included through the SMD [36] implicit 
solvation model with parametrisation for acetonitrile. Computed 
chemical shifts were offset to tetramethylsilane (TMS) using experi
mental data for ferrocene [49] (4.15 ppm vs. TMS).

Mechanistic Studies. To gain insight into the mechanism of the 
reduction electron transfer (ET) potentials were calculated using DFT for 
the complex. In addition, the effect of ligand exchange, i.e. substitution 
of chloride with a solvent acetonitrile molecule, was investigated seeing 
that this was observed by Porta et al [29] in methanol solution. As a 
result, reduction potentials and Gibbs free energies were calculated for a 
set of the complex on the form [Fe2ClX(MeCN)4-XL]Y–X where 0 ≤ X ≤ 4 
is the number of chloride ligands and -1 ≤ Y ≤ +5 is the total charge of 
the complex.

For the ligand exchange the reaction was divided into two steps: loss 
of chloride (Reaction (1)) and the subsequent binding of acetonitrile 
(Reaction (2)). 

[Fe2ClX(MeCN)4− XL]Y− X→[Fe2ClX− 1(MeCN)4− XL]Y− X+1
+ Cl−

(Reaction 1) 

[Fe2ClX(MeCN)4− XL]Y− X+1
+ MeCN→[Fe2ClX− 1(MeCN)4− X+1L]Y− X+1

(Reaction 2) 

Using the obtained Gibbs free energy values, the Gibbs free energy 
change for Reaction 1, ΔG1, and Reaction 2, ΔG2, were calculated. In 
addition, the loss of chloride was assumed to be the rate determining 
step and as such the activation energies for Reaction 1, ΔG‡, were esti
mated using the method suggested by Hartwig and Hall [45].

Since no chloride ions were introduced to the experiment apart from 
those included in the complex, the chloride concentration in solution 
was assumed to be very low, effectively rendering Reaction 1 to be fully 
irreversible.

Simulation. The voltammetric behaviour was simulated using the 
DigiElch software supplied by Gamry. Potentials resulting from DFT 
calculations were used in the simulations, while the currents were based 
on the experimental value and known values of the electrode area and 
the complex concentration. The diffusion coefficients were set to the 
same value for the different complexes.

For the reversible couple, the heterogeneous rate constant was 
determined using a range of sweep rates from 0.02 to 2 Vs–1. In the 
simulation, a manual fit to one sweep rate was used to determine the 
parameters and these were used for all sweep rates.

For the entire voltammogram, electrochemical and chemical reac
tion steps were included. From the DFT calculations, the rate of the 
chemical reactions was estimated by using the activation enthalpy for 
the loss of chlorides. The electron transfer rates were set to the same 
value as for the reversible couple with exception of the first reduction of 
the bridged complex that was considered to be slow based on the 
experimental results.

3. Results and discussion

3.1. Cyclic voltammetry

Cyclic voltammetry measurements of the complex in acetonitrile, 
Fig. 2a, showed a single reversible process at − 0.29 V vs. Ag/Ag+ and a 
series of irreversible reduction peaks, with the most prominent showing 
at − 0.84, − 1.3, − 1.5, − 1.9, and − 2.2 V vs. Ag/Ag+. The peak separation 
for the reversible redox process at − 0.29 V increases slightly with 
increasing sweep rate, indicating a fast quasi-reversible electron trans
fer, Fig. 2b In addition, the peak is unaffected by scans going as low as 
− 2.5 V vs. Ag/Ag+ (Figure S1) despite the presence of irreversible 
reduction peaks. This is a clear sign that there is more than one form of 
the complex present in solution, where one gives rise to the reversible 
process while the other(s) are irreversibly reduced. The absence of an 
initialisation period [13,14] together with comparable measurements in 
methanol [29] suggest that the reversible peak is not the result of 
another iron species formed through decomposition but can indeed be 
associated with the Fe dimer complex.

This is in line with our earlier work [29] which suggests that the 
complex can be present in a bridged and a non-bridged form (Fig. 1) 
which are connected by a rather low barrier.

Fig. 2. a) Cyclic voltammograms for a complex solution (1 mM complex, 0.1 M NBu4BF4 in acetonitrile) with varying vertex potentials at a scan rate of 0.1 Vs–1. b) 
Cyclic voltammograms in a restricted potentials range showing the reversible redox couple at different sweep rates from 0.02 to 2 Vs–1. The heterogeneous rate 
constant was determined to 0.1 cm s–1 and the diffusion coefficient to 5⋅10–6 cm2s–1.
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A similar equilibrium is also observed in acetonitrile (Figure S2). 
Both forms are roughly equally stable, especially in an interval between 
a total charge of 0 and − 2. For positively charged complexes the bridged 
form is generally more stable while for negatively charged species with a 
charge of − 3 or lower, the non-bridged is more stable. These results hold 
regardless of the number of bound chlorides (Table S1). Minima for the 
non-bridged {FeCl2}2 and the bridged {Fe(Cl)(µ-Cl)2Fe(Cl} forms are 
found at dihedral angles of 40◦ and 130◦, respectively (see SI, Figure S2). 
Furthermore, a potential energy surface (PES) scan along the rotation 
dihedra suggests only a small to moderate yet long anharmonic barrier 
which spreads over a dihedral range of 90◦ between both isomers. Thus, 
an interconversion should, contrary to experimental evidence provided 
by the almost perfect reversibility of the first reduction peak, be un
avoidable. This points towards a secondary effect not included in our 
simple solution phase model. In the absence of any direct indications for 
the underlying effect which stabilises either form, we can only speculate. 
One hypothesis is, that the very broad, anharmonic potential barrier 
between both minima (SI, Figure S2) results in a significant reduction of 
the overall isomerisation rate. Within the framework of the Grote-Hynes 
model, a broad barrier corresponds to a longer residence time in the 
transition state region and thus, a lower transmission coefficient [50,
51]. A transmission coefficient below one in turn reduces the frequency 
factor in the rate equation and thus, reduces the overall reaction rate in 
addition to any effects from the barrier height. Following earlier studies, 
a frequency factor far below one and thus, a significant reduction in the 
reaction rate can be expected for the broad, anharmonic barrier asso
ciated with the interconversion between bridged and non-bridged form 
[52].

3.2. NMR

In an attempt to gain insights into the oxidation state of the iron 
centra and the present isomers in solution, 1HNMR spectra were 
collected for a 1 mM solution of the complex in acetonitrile-d3, at both 

25 ◦C and 50 ◦C, Figure S3. This method has previously been employed 
by Porta et al. for the same complex in methanol solution [29] where a 
paramagnetic shift was observed indicating the presence of high spin 
iron(II) in the complex. Furthermore, DFT modelling of the NMR spectra 
might behave differently for the two isomers. However, measured 
1HNMR spectra in acetonitrile possess no paramagnetic shift at either 
temperature. This is also confirmed by DFT calculations which suggests 
a strong influence of the solvent on the presence of a paramagnetic shift. 
In light of the error bars associated with computed NMR spectra [53] 
and the overall complexity of the experimental data we refrained from a 
more detailed comparison. Overall, these results show, that it is not 
possible to discern the two isomers using standard spectroscopic tech
niques. Accordingly, we have to rely on DFT modelling to obtain insights 
into the speciation and potential mechanisms resulting in the revers
ibility and irreversibility of the observed reduction peaks in the CV.

3.3. Bridged complex

Experiments suggest that at least two independent species must be 
present to explain the observed CV. Following the discussion above, the 
most likely candidates are the complex in its bridged and non-bridged 
form. Let us start the discussion with the redox behaviour of the 
bridged complex. Following the above discussion, we will neglect the 
possibility for isomerisation and focus solely on possible reduction steps 
and the possibility of Cl– release or exchange by acetonitrile which 
would result in an irreversible reaction.

The reaction cycle starts with a positively charged [Fe2Cl4]+ species 
which is present under open circuit conditions and proceeds through 
two reduction steps at potentials of − 0.54 V and − 1.39 V vs. Ag/Ag+. 
While the second potential corresponds well to the observed peak at 
− 1.3 V vs. Ag/Ag+, the − 0.54 V does not correspond to neither the 
reversible peak at − 0.29 V, nor the − 0.84 V peak. From a thermody
namic point of view, chloride release is endergonic at both the inter
mediate and the reactant and subject to a moderate to high activation 

Fig. 3. Reaction pathway for the bridged complex. Horizontal arrows show reductions with potentials given in V vs. Ag/Ag+, and vertical arrows indicating ligand 
exchange by loss of chloride and addition of an acetonitrile with ΔG and ΔG‡ given in eV. Dotted arrows indicate reactions that will not readily take place. The 
complete scheme is provided in the SI, Figure S7.
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barrier which effectively blocks this reaction (Fig. 3). Thus, at least the 
first reduction step should be reversible, as shown in Fig. 5 where no 
kinetics are involved. The assignment of this peak is further discussed in 
relation to the non- bridged complex. Surprisingly, the electrons added 
to the system do not result in a reduction of the Fe centres but are instead 
symmetrically placed at the Cl and Mebppi ligand (Fig. 4 and SI, 
Figure S9a). Thus, the reduction reactions are fully ligand centred and 
the metal only acts as a spectator. Naturally, an increased negative 
charge at the Cl– ligands makes their release thermodynamically and 
kinetically more favourable which is indeed seen in our computations 
(Fig. 3).

Following the second reduction, Cl– exchange by acetonitrile starts to 
become thermodynamically favourable. The ligand exchange occurs 
through a two-step process whereby Cl– is released in the first step 
resulting in a free coordination site which is then filled by acetonitrile. 
The initial chloride release is thermoneutral, i.e. the change in Gibbs free 
energy is approximately 0.0 eV. This is then followed by a strongly 
exergonic coordination of acetonitrile to the Fe centre. The overall re
action is, despite these favourable thermodynamics still rather slow 
owing to a moderate activation barrier of 0.45 eV for the initial chloride 
release. The release of a second Cl– is even less likely owing to a slightly 
endergonic reaction and an even higher barrier of 0.56 eV (Fig. 3). 
Assuming the ligand release takes place, the reduction will require a 
potential of − 1.55 V vs. Ag/Ag+. Both this and the previous reduction 
steps are, owing to the release of a Cl- ligand irreversible. Following this 
ligand change, the charge distribution starts to display an asymmetry at 

the Fe centre, i.e. the Fe atom at which the ligand exchange occurred has 
a slightly less positive charge of 0.65e compared to 0.73e for the other Fe 
centre (see SI, Figure S10a). This asymmetry becomes even more pro
nounced for the subsequent ligand centered electron transfer step during 
which the electron is almost exclusively placed at one half of the organic 
ligand (see Fig. 4 and SI, Figure S10a and S10b).

An alternative to the ligand exchange is the direct reduction of the 
complex which occurs at a slightly more negative potential of − 1.65 V 
vs. Ag/Ag+ (see Fig. 3). The additional electron is, identical to the 
preceding two reduction steps again symmetrically placed on the 
organic ligand while only a negligible change in charge density is 
observed at the Fe centres. Following this reduction, substitution of Cl– 

by acetonitrile is thermodynamically feasible and subject to only a 
minor barrier of 0.27 eV (Fig. 3). Following this ligand exchange, both 
reaction routes merge again. The competing fourth reduction is with a 
potential of − 2.16 V vs. Ag/Ag+ not yet possible.

Experimentally, an irreversible reduction peak is observed at − 1.5 V 
which agrees well with the predictions made by either reaction path.

Following this sequence of reductions and ligand exchange pro
cesses, a second Cl– ligand is replaced by acetonitrile. This reaction is 
subject to a low barrier of 0.33 eV and both the ligand release, and the 
coordination of acetonitrile are exergonic (Fig. 3). The competing fourth 
reduction step is with a potential of − 1.99 V vs. Ag/Ag+ still not yet 
possible under reaction conditions. The resulting complex possesses 
again a symmetric ligand distribution which in turn also renders the 
charge distribution symmetric (see SI, Figure S16a).

The subsequent reduction then requires a potential of − 1.89 V vs. 
Ag/Ag+ and is followed by replacing a bridging chloride ligand through 
a third acetonitrile. This matches again well with the experimentally 
observed peak at − 1.9 V. This step is subject to only a minor barrier of 
0.33 eV and slightly exergonic. It is remarkable that even this fourth 
electron is placed symmetrically on the ligand with almost no variation 
of the electron density at the Fe centres. Moving towards even more 
negative potentials in the CV measurement, a fifth reduction at a po
tential of − 2.04 V vs. Ag/Ag+ directly followed by an exergonic ex
change of the last Cl– ligand becomes possible. This reaction can again 
be mapped to an experimentally observed peak at –2.2 V in the CV 
measurement (Figure S1).

Since this is a zero-chlorido complex, no further ligand exchange is 
possible, instead it is predicted to be reduced at − 2.35 V. This potential 
lies outside of the potential window considered in the CVs in Fig. 2.

Simulation of the voltammetry for the bridged complex according to 

Fig. 4. Charges from Mulliken population analysis for the a) bridged and b) 
non-bridged complex with the sum of Mulliken assigned charges for the 
different parts of the complex for all species that are part of the suggested re
action path in Fig. 3 and 6 respectively. Points connected with lines indicate 
electron transfers for a set number of chloride ions. Detailed distributions are 
provided in the SI, Figures S9 to S17.

Fig. 5. Simulated cyclic voltammograms for the bridged complex according to 
Fig. 3 but limited to the potential range used experimentally. Sweep rate 
0.1 Vs–1.
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Fig. 3 is shown in Fig. 5. The heterogeneous rate constants are the same 
for all electron transfers reactions involved.

Overall, reduction steps of the bridged complex tend to be coupled 
with a ligand exchange which renders these steps irreversible. Indeed, 
most of the computed potentials match reasonably well with the irre
versible peaks observed in the CV, Fig. 2a. It is therefore reasonable to 
assume that the irreversible reduction steps observed in the CV belong to 
the bridged complex. However, it can clearly not account for the 
reversible reduction since the only potentially reversible peak at − 0.54 
V is too far away from the measured potential of − 0.29 V. In addition, 
the peak observed at − 0.84 V is missing in the reaction path. This gives 
further support for the hypothesis that there is more than one form of the 
complex present in acetonitrile solution even at OCP.

3.4. Non-Bridged complex

The predicted redox potentials and their irreversibility for the 
bridged complex provide an explanation for the majority of the irre
versible peaks in the CV. However, this system completely fails to 
explain the presence of a persistent reversible redox reaction at − 0.29 V 
vs. Ag/Ag+ (Figs. 2 and 5). We therefore performed an identical analysis 
for the non-bridged complex.

Just as for the bridged complex, the reaction starts with the four- 
chloride complex [Fe2Cl4L]+. Ligand exchange is blocked by a very 
high barrier of 1.08 eV (see Fig. 6). Instead, the complex undergoes 
successive reduction to [Fe2Cl4L]0 (ΔG‡ = 0.85 eV) at − 0.36 V, 
[Fe2Cl4L]– (ΔG‡ = 0.60 eV) at − 1.33 V, and finally to [Fe2Cl4L]2– at 
− 1.56 V. Ligand release at the first two intermediates is again blocked 
by moderate to high barriers of 0.85 eV and 0.60 eV, respectively.

From [Fe2Cl4L]2– two paths are possible. The first path starts with a 
reduction at − 2.08 V to [Fe2Cl4L]3–, which then undergoes 2 fast ligand 
exchanges that are both exergonic and subject to only minor barriers of 
0.24 eV and 0.32 eV. Reduction of the tetrachlordio and trichlorido 
diiron intermediates is not possible under the applied potential since 
they require potentials of approximately − 2.2 V which lies outside the 
measurement range.

Alternatively, the ligand exchange from [Fe2Cl4L]2– to [Fe2Cl3(
MeCN)L]– occurs prior to reduction. Both reaction steps involved in the 
ligand exchange are either thermoneutral or exergonic and overall only 
subject to a moderate barrier of 0.41 eV. Once the ligand has been 
exchanged, the complex can be reduced at a slightly less negative po
tential of − 1.96 V or facilitate an additional ligand exchange. The initial 
Cl– release is slightly endergonic by 0.13 eV and subject to a moderate 
barrier of 0.46 eV and is therefore in principle possible. Interestingly, 
this additional ligand exchange does not affect the redox potential 
further, i.e. it still requires a potential of − 1.96 V.

Seeing that the experimentally observed peak lies closer to − 1.9 than 
− 2.0 V, while − 2.29 and − 2.21 V lies outside of the experimental 
voltage range, it is likely that the reaction proceeds through, either 
single or double, initial ligand exchange, resulting in reduction at − 1.96 
V rather than − 2.08 V. However considering the errors in the calculated 
values this cannot be said for certain.

Fig. 6. Reaction pathway for the non-bridged complex. Horizontal arrows show reductions with potentials given in V vs. Ag/Ag+, and vertical arrows indicate ligand 
exchange by loss of chloride and addition of an acetonitrile with ΔG and ΔG‡ given in eV. Dotted arrows indicate reactions that will not readily take place. The 
complete scheme is provided in the SI, Figure S8.

Fig. 7. Simulated cyclic voltammograms for the non-bridged complex accord
ing to Fig. 6 but limited to the potential range used experimentally. Sweep rate 
0.1 Vs–1.
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Under the applied potential, the formed dichlorido diiron complex is 
subject to an immediate second reduction which requires a slightly 
lower potential of − 2.00 V vs. Ag/Ag+.

Of these reductions, only the fully reversible peak at − 0.36 V vs. Ag/ 
Ag+ matches with the experimentally observed peak at − 0.29 V. All 
other reductions fall into the range where exclusively irreversible peaks 
are observed (see Fig. 6). The absence of any additional fully reversible 
peaks together with the robustness of the redox reaction at − 0.29 V vs. 
Ag/Ag+ suggests that an additional mechanism is present which inhibits 
the subsequent reduction steps. Unfortunately, neither computations 
nor experiments provide any hints at the nature of this mechanism.

Identical to the bridged complex, again no significant charge transfer 
to the metal centres is observed upon reduction. Instead, the electrons 
are again exclusively placed at the organic ligand and distributed sym
metrically between both halves. Identical behaviour is also observed for 
all other reduction steps of symmetric ligand structures, i.e. they are 
ligand centred and symmetrically distributed on both fragments. Iden
tical to the bridged complex, deviations corresponding to an asymmetric 
charge distribution are only observed for asymmetric ligand 
distributions.

Simulation of the voltammetry for the non-bridged complex ac
cording to Fig. 6 is shown in Fig. 7. As for the bridged complex, the 
heterogeneous rate constants are the same for all electron transfers re
actions involved.

The predicted potential of − 0.36 V vs. Ag/Ag+ for the first ET cor
responds well to the observed potential of − 0.29 V, however, the sug
gested mechanism fails to explain the consistent peak currents of the 
process at − 0.29 V, Fig. 2, and some reversibility is observed for the 
process at − 1.33 V in contrast to the experiment. In addition, the pro
cesses at − 1.33, − 1.56, and − 2.08 V are not well separated and the two 
processes at − 1.96 V give rise to a large current which is not found in the 
experiment. This demonstrates the non-bridged complex is not reduced 
at potentials more negative than the standard potential at − 0.29 V vs. 
Ag/AgCl.

Also, for the non-bridged complex, the peak at − 0.84 V is missing. 
Since the bridged complex is favoured for the [Fe2Cl4L]+ complex by 
0.25 eV according to the DFT calculation, simulations were made 
starting with only the bridged complex but with an equilibrium between 
[Fe2Cl4L]+ for the bridged complex with [Fe2Cl4L]0 of the non-bridged 
complex. The irreversible peak at − 0.84 V was used to change the 
concentration and the rate of the first electron transfer for the bridged 
compound, [Fe2Cl4L]+/ [Fe2Cl4L]0. Instead of a rate constant of 0.1 
cm–1, a quasi-reversible electron transfer with rate constant 2⋅10–5 cm–1 

was required. For the rest of the electron transfer reactions the rate was 
the same as in previous simulations. The result is shown left in Fig. 8. All 
experimental peaks are represented in the simulation and the 

reversibility of the peak at − 0.29 V is preserved, right in Fig. 8.
The main difference is the resolution of the peaks, where the 

experiment has broader peaks, probably due to adsorption on the glassy 
carbon electrode. For the voltammograms in Fig. 2, the same electrode 
was used in a sequence without polishing the electrode in between and 
as noted before this may influence the response.

Regardless, the fact that a qualitative agreement between the 
experimental result and DFT calculations is established indicates that 
the reaction mechanisms proposed describe the electrochemical 
behaviour of the complex in a comprehensive way. The most important 
electrochemical result is the very stable redox reaction at − 0.29 V vs. 
Ag/Ag+, which potentially could be used for redox catalysis. From the 
DFT calculation, it was also concluded that the electrochemical behav
iour is ligand based, i.e. the iron centres in the complex are not directly 
involved in the processes.

4. Conclusions

We performed a detailed electrochemical analysis of a rotationally 
flexible Fe dimer embedded into a Mebpbbi ligand system. CV mea
surements indicate the presence of a fully reversible peak at − 0.29 V 
which could be used for electrocatalysis. This peak is associated with the 
non-bridged form of the complex. The bridged form on the other hand 
undergoes stepwise Cl– ligand exchange with acetonitrile. This renders 
its reduction irreversible and thus, the closed form potentially unsuit
able as electrocatalyst. Thus, more research is needed to identify ways to 
stabilise the catalyst before this ligand system can be used as electro
catalyst. Surprisingly, all reductions are ligand centred which highlights 
the ability of this organic ligand to store multiple electrons and thus, 
suggests that the metal is not necessarily involved in the electrochemical 
reduction or oxidation steps if an extended π electron system is present.
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