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Abstract: Co bis(benzenedithiolate) type complexes have captivated chemists for decades for their
interesting geometric and electronic structures and more recently, for their impressive ability to
mediate the hydrogen evolution reaction (HER) both photo- and electrocatalytically. However, these
complexes have nearly exclusively been characterized in their air-stable Co(III) oxidation states.
In this work, Co(II) bis(benzenedichlorodithiolate) was prepared by chemical and electrochemical
one-electron reduction. This reduced Co(II) complex was characterized by X-ray crystallography
and in-depth spectroscopic studies—including UV-Vis, magnetic circular dichroism, and electron
paramagnetic resonance spectroscopy. [Co(II)(Cl2bdt)2]2− is thereby shown to be a square planar
complex, with a primarily metal-centered reduction, and an St = 1/2 spin state. This study informs
our understanding of the first step in the HER catalytic cycle of Co bis(benzenedithiolate) type
complexes and paves the way for future mechanistic studies on this catalyst family.

Keywords: Co bis(benzenedithiolate) complexes; hydrogen evolution reaction; reaction intermediates;
energy; electrocatalysis

1. Introduction

Understanding the mechanisms that catalysts use to conduct their reactions allows
for the optimization and troubleshooting of catalytic processes. Previously, others and our-
selves have shown that Co bis(benzenedithiolate) type complexes are highly active catalysts
for the Hydrogen Evolution Reaction (HER). This includes homogenous electrocatalytic
HER [1], homogeneous photocatalytic HER [1,2], and heterogeneous HER when either ph-
ysisorbed to electrode surfaces [3–5], as active sites in MOFs [6–9], or, as recently reported,
when covalently attached to an electrode surface [10]. These catalysts perform well in HER
compared to other heterogenized earth-abundant transition-metal molecular complexes
that have been reported in the literature [10–12]. However, Co bis(benzenedithiolate) type
complexes are often shown to decline in activity over time [4,5,10]. Therefore, it is desirable
to better understand the molecular mechanism of these catalysts to elucidate the reason(s)
for catalyst failure and to obtain insight into how these catalysts function in HER, both
homogenously and heterogeneously.

As Co bis(benzenedithiolate) type complexes have been studied for roughly 60 years,
there is much known about their geometric and electronic structure. Initial studies by Gray,
Billig, and others in the 1960s focused on their interesting electronic properties, with the
benzenedithiolate being a potential non-innocent ligand [13–15]. These complexes, in their
CoIII forms, are square planar and monomeric, though some derivatives not discussed
here-in may dimerize [2,14]. The complexes discussed in this paper are shown in Scheme 1.
The benzenedithiolate ligand has further been shown to be non-innocent and partially
oxidized in the ground state. The ground state is best described as a mix of 50–70% CoIII(L)2
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and 50–30% CoII(L•)(L) character [16,17], due to the Co(d) and dithiolate(π) orbitals being
closely matched in energy and participating in strong covalent bonding.
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voltammetry shows that the first step of the HER reaction by Co bis(benzenedithiolate) 
type complexes is reduction from the CoIII to the CoII state, with catalytic activity setting 
in at or after the Co(III/II) couple. The second step is protonation, as the Co(II/I) couple is 
not observed at any accessible potential in the absence of acid. The order of the next two 
steps has been suggested by density functional theory (DFT) calculations [18] but has not 
been determined experimentally. Specifically, Hans and Eisenberg suggested an ECCE 
mechanism, where protonation initially occurs on the sulfur atoms of the benzenedithio-
late ligands, and after the second reduction, the CoI center is protonated to generate a 
hydride, and then the resulting Co(III)-H and remaining H-Sbdt proton form hydrogen in-
tramolecularly. This mechanism is illustrated in Scheme 2. 

Our group is interested in studying the HER activity of these [Co(bdt)2]− type com-
plexes when immobilized onto electrode surfaces (bdt = benzene-1,2-dithiolate; see 
Scheme 1). In particular, we have studied the complexes when physisorbed to graphitic 
surfaces [3,4]. In this case, the geometries of the intermediates featured in the mechanism 
are particularly important: it is possible that during the catalytic cycle, if the catalyst dis-
torts from its square-planar structure, its ability to π-stack with the graphitic electrode is 
disrupted, promoting dissociation of the physisorbed catalyst from the electrode surface. 
Specifically, the geometric structure of the Co(II) form is unknown. Solis and Hammes-
Schiffer calculated that in the quartet state, the Co(II) form would be tetrahedral, while 
the doublet state of Co(II) would lead to a square-planar geometry [18]. If the Co(II) form 
is indeed in the quartet state and tetrahedral, this would promote dissociation of the com-
plex from the graphitic surface. In their calculations, the tetrahedral quartet structure is 
indeed slightly energetically favored [18]. In this paper, however, we show that the Co(II) 
form of the complex is in fact in the doublet spin state with a square-planar geometric 
structure, providing further experimental insight into the HER mechanism of Co bis(ben-
zenedithiolate) type complexes. 

Scheme 1. Structures of complexes discussed in this paper. Ligand abbreviations are as follows, bdt =
benzene-1,2-dithiolate, Cl2bdt = 3,6-dichorobenzene-1,2-dithiolate, tb-bdt = 3,5-di-tert-butylbenzene-
1,2-dithiolate, and tdt = toluene-3,4-dithiolate.

As catalysts for HER [1–5,10], some information has been obtained about the putative
HER mechanism of these complexes. However, how the non-innocent benzenedithiolate
ligands impact HER catalysis exactly is not well understood. There are nominally four
steps to HER: two electron transfers (‘E’ steps) and two proton transfers (‘C’ steps). Cyclic
voltammetry shows that the first step of the HER reaction by Co bis(benzenedithiolate)
type complexes is reduction from the CoIII to the CoII state, with catalytic activity setting
in at or after the Co(III/II) couple. The second step is protonation, as the Co(II/I) couple
is not observed at any accessible potential in the absence of acid. The order of the next
two steps has been suggested by density functional theory (DFT) calculations [18] but has
not been determined experimentally. Specifically, Hans and Eisenberg suggested an ECCE
mechanism, where protonation initially occurs on the sulfur atoms of the benzenedithi-
olate ligands, and after the second reduction, the CoI center is protonated to generate a
hydride, and then the resulting Co(III)-H and remaining H-Sbdt proton form hydrogen
intramolecularly. This mechanism is illustrated in Scheme 2.

Our group is interested in studying the HER activity of these [Co(bdt)2]− type
complexes when immobilized onto electrode surfaces (bdt = benzene-1,2-dithiolate; see
Scheme 1). In particular, we have studied the complexes when physisorbed to graphitic
surfaces [3,4]. In this case, the geometries of the intermediates featured in the mechanism
are particularly important: it is possible that during the catalytic cycle, if the catalyst
distorts from its square-planar structure, its ability to π-stack with the graphitic electrode is
disrupted, promoting dissociation of the physisorbed catalyst from the electrode surface.
Specifically, the geometric structure of the Co(II) form is unknown. Solis and Hammes-
Schiffer calculated that in the quartet state, the Co(II) form would be tetrahedral, while the
doublet state of Co(II) would lead to a square-planar geometry [18]. If the Co(II) form is
indeed in the quartet state and tetrahedral, this would promote dissociation of the complex
from the graphitic surface. In their calculations, the tetrahedral quartet structure is indeed
slightly energetically favored [18]. In this paper, however, we show that the Co(II) form of
the complex is in fact in the doublet spin state with a square-planar geometric structure, pro-
viding further experimental insight into the HER mechanism of Co bis(benzenedithiolate)
type complexes.



Inorganics 2024, 12, 75 3 of 11Inorganics 2024, 12, x FOR PEER REVIEW 3 of 11 
 

 

 
Scheme 2. Proposed mechanism by Solis and Hammes-Schiffer [18]. This mechanism was calculated 
to be preferred by [Co(bdt)2]−, [Co(Cl2bdt)2]−, and [Co(tdt)2]−. Here, the parent [Co(bdt)2]− complex is 
used for illustration. See Scheme 1 for structures of the other species. 

Interestingly, a computational study on the similar Co bis(diaryldithiolene) type 
complexes, which are also known to be active for HER [19,20], reported the dianion to 
have a square-planar geometry with a St = 1/2 ground state [19]. Specifically, the doublet 
square-planar species was predicted to have the highest occupied molecular orbital 
(HOMO) with primarily Co character. In contrast, the higher energy tetrahedral quartet 
complex was calculated to have more sulfur character in its HOMO. The ground state and 
geometry predicted for the Co bis(diaryldithiolene) complex were then thought to pro-
mote protonation of the Co center instead of at a sulfur atom in the HER mechanism 
[19,21]. 

While there have been extensive studies on [Co(bdt)2]− type complexes and their elec-
tronic structure [14], much less experimental work is available for the reduced Co(II) form, 
which is likely due to the fact that these species are very air sensitive. When the early 
research on these complexes was being performed, the preparation of pure samples was 
challenging [22]. Some research was conducted on [Co(tdt)2]2− and [Co(tb-bdt)2]2− (tdt = 
toluene-3,4-dithiolate and tb-bdt = 3,5-di-tert-butylbenzene-1,2-dithiolate). In a study by 
Sawyer et al., reported in 1986, the [Co(tdt)2]− complex was electrochemically reduced in 
MeCN, perhaps incompletely, as the 660 nm peak persisted, to obtain a UV-Vis spectrum 
of the Co(II) form [22]. The reduced [Co(tb-bdt)2]2− form was also prepared by electro-
chemical reduction at reduced temperatures (−25 °C), and the UV-Vis spectrum was pub-
lished in a thesis in 2005 [23]. A 2012 study which reported a variety of M(bdt)2 type com-
plexes included the synthesis and characterization of (Ph4P)2Co(II)(4-cyanobenzene-1,2-
dithiolate)2 [24]. This species was characterized by X-ray crystallography, magnetic sus-
ceptibility, and powder electron paramagnetic resonance (EPR) spectroscopy at 77 K, 
showing that it is a square-planar St = 1/2 species. However, this Co complex has not been 
reported for HER catalysis and lacks further spectroscopic studies, such as UV-Vis and 
magnetic circular dichroism (MCD) spectroscopy. Nevertheless, these data are consistent 
with our observations, see below. Additionally, there have been a few studies on Co(II) 
dithiolene complexes with non-bdt type ligands [19,22]. 
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is used for illustration. See Scheme 1 for structures of the other species.

Interestingly, a computational study on the similar Co bis(diaryldithiolene) type
complexes, which are also known to be active for HER [19,20], reported the dianion
to have a square-planar geometry with a St = 1/2 ground state [19]. Specifically, the
doublet square-planar species was predicted to have the highest occupied molecular orbital
(HOMO) with primarily Co character. In contrast, the higher energy tetrahedral quartet
complex was calculated to have more sulfur character in its HOMO. The ground state and
geometry predicted for the Co bis(diaryldithiolene) complex were then thought to promote
protonation of the Co center instead of at a sulfur atom in the HER mechanism [19,21].

While there have been extensive studies on [Co(bdt)2]− type complexes and their
electronic structure [14], much less experimental work is available for the reduced Co(II)
form, which is likely due to the fact that these species are very air sensitive. When the
early research on these complexes was being performed, the preparation of pure samples
was challenging [22]. Some research was conducted on [Co(tdt)2]2− and [Co(tb-bdt)2]2−

(tdt = toluene-3,4-dithiolate and tb-bdt = 3,5-di-tert-butylbenzene-1,2-dithiolate). In a
study by Sawyer et al., reported in 1986, the [Co(tdt)2]− complex was electrochemically
reduced in MeCN, perhaps incompletely, as the 660 nm peak persisted, to obtain a UV-Vis
spectrum of the Co(II) form [22]. The reduced [Co(tb-bdt)2]2− form was also prepared by
electrochemical reduction at reduced temperatures (−25 ◦C), and the UV-Vis spectrum was
published in a thesis in 2005 [23]. A 2012 study which reported a variety of M(bdt)2 type
complexes included the synthesis and characterization of (Ph4P)2Co(II)(4-cyanobenzene-
1,2-dithiolate)2 [24]. This species was characterized by X-ray crystallography, magnetic
susceptibility, and powder electron paramagnetic resonance (EPR) spectroscopy at 77 K,
showing that it is a square-planar St = 1/2 species. However, this Co complex has not been
reported for HER catalysis and lacks further spectroscopic studies, such as UV-Vis and
magnetic circular dichroism (MCD) spectroscopy. Nevertheless, these data are consistent
with our observations, see below. Additionally, there have been a few studies on Co(II)
dithiolene complexes with non-bdt type ligands [19,22].
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Further, none of the intermediates following Co(II) formation in the proposed HER mech-
anism illustrated in Scheme 2 have been experimentally isolated or studied. The [Co(bdt)2]−

type complexes are adept at electrocatalytic HER, and these intermediates can be expected to
be short-lived under catalytic conditions, which makes their isolation challenging.

In this study, we set out to investigate the reduced Co(II) intermediates to further
determine the HER mechanism of Co bis(benzenedithiolate) type complexes and possibly
identify points of failure of these catalysts, specifically if the one-electron reduced Co(II)
form is tetrahedral and therefore promotes catalyst dissociation from the electrode surface.
For this study, we used [Co(Cl2bdt)2]−, as it is a highly active catalyst and the required
ligand is commercially available (Cl2bdt = 3,6-dichorobenzene-1,2-dithiolate). Herein, we
show that the Co(III) complex can be reduced by chemical or electrochemical means to the
Co(II) oxidation state. X-ray crystallography shows that the Co(II) complex retains the same
square-planar geometry as the starting Co(III) complex. This result shows that reduction
alone does not promote catalyst dissociation from the electrode surface by twisting the
structure to tetrahedral. We further report a detailed spectroscopic characterization of this
Co(II) species by MCD, EPR, and UV-Vis spectroscopy.

2. Results and Discussion

Synthesis and Characterization of [CoII(Cl2bdt)2]2−

The complex [TBA][CoIII(Cl2bdt)2] (TBA = tetrabutylammonium cation) was synthe-
sized according to literature procedures [5,15]. The reduced complex [CoII(Cl2bdt)2]2− can
be prepared chemically, by the addition of a stoichiometric reducing agent, cobaltocene,
or electrochemically, by controlled potential reductive electrolysis. As expected, given
the reported UV-Vis spectra for [Co(II)(tdt)2]2− and [Co(II)(tb-bdt)2]2− [22,23], the Co(II)
form gives a light yellow solution, in contrast to the dark blue color of the Co(III) species.
The comparison of the UV-Vis spectra is shown in Figure 1. The Co(II) form is highly air
sensitive and quickly oxidizes in air to return to the starting Co(III) form, as shown in
Figure S1.

[CoII(Cl2bdt)2]2− can also be prepared by electrochemical reduction of [CoIII(Cl2bdt)2]−.
This approach is expected to form high-concentration solutions of [CoII(Cl2bdt)2]2−, as the
Co(III/II) couple of the complex is well behaved, and this method has been used previously
to prepare reduced Co(bdt)2 type species [22,23]. Indeed, the Co(III) complex is cleanly
converted to Co(II) upon applying a reducing potential in 0.1 M [TBA](PF6) in acetonitrile
under Ar, as shown in Figure S2. This formation of the Co(II) complex was confirmed by
UV-Vis spectroscopy, see Figure S3. The resulting, reduced complex is the same as the
one obtained by chemical reduction with cobaltocene. However, for the remaining studies
reported here, chemical reduction was used to prepare the Co(II) complex.

High-quality crystals of the Co(II) species were obtained by slow solvent evapo-
ration of the chemically reduced species in butyronitrile at low temperatures. X-ray
crystallography of this species shows two cobaltocenium cations per each square-planar
[CoII(Cl2bdt)2]2− dianion. The dianion is strictly planar with the sum of the S-Co-S angles
summing to 360.0◦, as shown in Figure 2. Another way to evaluate the geometry of a
four-coordinate complex is with the τ4 parameter, where τ4 = 0.00 for ideal square-planar
geometry and τ4 = 1.00 for ideal tetrahedral geometry [25]. The [CoII(Cl2bdt)2]2− complex
reported herein is calculated to have a τ4 = 0.02, which further confirms its square-planar
geometry. Comparison to the crystal structure of the Co(III) species, reported by McNa-
mara et al. [2] shows that this is a primarily metal-based reduction, as the aryl ligand bond
distances show very little change (see Table 1). This suggests that while Solis and Hammes-
Schiffer predicted that the tetrahedral quartet state of Co(II) would be favored [18], under
these conditions, the complex is experimentally found to be square-planar. This suggests
that the species is instead a doublet Co(II) complex.
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Figure 1. Comparison of the UV-Vis spectra of the complexes [CoIII(Cl2bdt)2]− and [CoII(Cl2bdt)2]2−,
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inert atmosphere, while those for the Co(III) complex were obtained in ambient air.
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Figure 2. X-ray crystal structure of [CoCp2]2[CoII(Cl2bdt)2]; see the Experimental Section for further
details and Table 1 for select bond lengths. One equivalent of butyronitrile is also present in the
crystal but is omitted here for clarity, just as the hydrogen atoms.

The electronic structure of this Co(II) species was further studied by EPR spectroscopy.
Unlike the St = 1 Co(III) species, which is EPR silent, the reduced Co(II) complex has a
non-integer spin ground state and gives an EPR signal. As expected, due to the I = 7/2
nuclear spin of Co, the EPR spectrum shows Co hyperfine, see Figure 3. The EPR spectrum



Inorganics 2024, 12, 75 6 of 11

is fit as a Co(II) St = 1/2 species, with high A values and g strain as is evident from the
relatively smooth appearance of the EPR spectrum. The gz value is found to be gz = 2.95
while gx and gy are near g = 2, corresponding to a highly axial species. The exact fitting
parameters used here are given in the caption of Figure 3.

Table 1. Comparison of average bond lengths between the Co(III) and Co(II) states of Co(Cl2bdt)2.
The bond lengths for the Co(III) complex are taken from Ref. [2].

Bond Co(II) Catalyst (Å) Co(III) Catalyst (Å)
Co-S 2.182 (4) 2.164 (5)
S-C 1.749 (7) 1.750 (3)
C-C 1.395 (14) 1.393 (11)
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Figure 3. EPR spectrum of [TBA][CoCp2][CoII(Cl2bdt)2], 1 mM in THF, measured at 10 K. The
experimental spectrum is given in black, and the fit is shown in red. The fit parameters are g = 1.95,
2.07, 2.95; gstrain = 0.06, 0.014, 0.04; A(Co) = not fit, 180, 280 MHz.

Further, the Co(III) and Co(II) complexes were studied by MCD spectroscopy. Both
species show temperature-sensitive C-term signals, as expected for paramagnetic com-
plexes, as shown in Figure 4. Interestingly, the Co(III) species only shows mild temperature
dependence until higher temperatures are reached, see the decrease in intensity at 20 and
50 K. This indicates strong axial zero-field splitting for the complex, with a negative D value.
The shape of the bands for the complex [CoIII(Cl2bdt)2]2− aligns well with previously re-
ported MCD data for the complex [TBA][CoIII(tb-bdt)2], see Ref. [16] for further discussion.
This supports similar electronic structures for the two species, and similar assignments
of the optical spectra, featuring several strong ligand-to-metal charge-transfer (LMCT)
excitations in the visible region, and a few weaker, symmetry-forbidden d-d transitions [16].
Due to this similarity and the fact that the Co(III) complexes are well studied [14], the
electronic structure of this oxidation state was not further explored.
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Figure 4. Comparison of the UV-Vis and MCD spectra of [CoII(Cl2bdt)2]2− (top) to those of
[CoIII(Cl2bdt)2]− (bottom). Co(II) MCD samples were prepared in butyronitrile at 0.5 mM, and
a standard run was conducted at ±7, ±5, ±3, ±1, and 0 T, and 2, 5, 10, and 20 K. Shown here are the
7T data for each temperature. The UV-Vis spectrum shown is that of [TBA][CoCp2][CoII(Cl2bdt)2] at
0.5 mM in butyronitrile, using the same sample that was used to obtain the MCD data. The Co(III)
data were measured on a polystyrene film sample. A standard run was conducted with 50 K data
also included. Shown here are the 7T data for each temperature. The UV-Vis spectrum is that of
[TBA][CoIII(Cl2bdt)2], 0.1 mM in acetonitrile. Data for the Co(III) complex were also obtained in
butyronitrile at 0.5 mM (not shown). For each complex, only MCD data where the voltage curve is
below 750 V are shown.
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The MCD spectra of the Co(II) complex match well with the UV-Vis data of this
species (see Figure 4), showing features at high energy, but much less intensity in the
visible region. The spectra are highly temperature dependent, similarly showing C-term
behavior consistent with a paramagnetic complex. The saturation curves of this species
were determined for the two most intense bands, at 439 nm (22,779 cm−1) and 353 nm
(28,328 cm−1), as shown in Figure 5. These saturation curves overlay neatly, which is
consistent with a St = 1/2 species, as further suggested by the square-planar geometry and
indicated by the EPR fit. These saturation curves can indeed be fit as a St = 1/2 species,
using the g values obtained from the EPR fit.

Inorganics 2024, 12, x FOR PEER REVIEW 8 of 11 
 

 

The MCD spectra of the Co(II) complex match well with the UV-Vis data of this spe-
cies (see Figure 4), showing features at high energy, but much less intensity in the visible 
region. The spectra are highly temperature dependent, similarly showing C-term behav-
ior consistent with a paramagnetic complex. The saturation curves of this species were 
determined for the two most intense bands, at 439 nm (22,779 cm−1) and 353 nm (28,328 
cm−1), as shown in Figure 5. These saturation curves overlay neatly, which is consistent 
with a St = 1/2 species, as further suggested by the square-planar geometry and indicated 
by the EPR fit. These saturation curves can indeed be fit as a St = 1/2 species, using the g 
values obtained from the EPR fit. 

 
Figure 5. Saturation behavior of the two main bands of [CoII(Cl2bdt)2]2−. Left: the saturation behavior 
of the positive band at 439 nm (22,779 cm−1). Right: the saturation behavior of the negative band at 
353 nm (28,328 cm−1). Experimental data points are shown with color-coded squares. Fits of the 
VTVH MCD data are shown with color-coded lines. The fit with St = 1/2 and the resulting polariza-
tions are shown in the panels (but note that the polarizations are generally not well defined for St = 
1/2 systems). The lack of nesting of the saturation curves together with the excellent agreement of 
the fits with experiment provides strong evidence that the complex has a St = 1/2 ground state, as 
further supported by the EPR data. 

3. Materials and Methods 
3.1. General Synthesis and Chemicals 

Chemicals were used as received except for cobaltocene, which was sublimed before 
use for purification. To maintain an air-free atmosphere required for the experiments, a 
nitrogen glovebox or Schlenk line was employed. Specifically for the handling of 
[Co(Cl2bdt)2]2−, Schlenk line techniques using Ar as an inert gas were employed. 
[TBA][Co(Cl2bdt)2] was synthesized according to the reported methods [5,15]. 

3.2. Reduction Procedures 
To obtain [TBA][CoCp2][Co(II)(Cl2bdt)2] via chemical reduction, one equivalent of 

CoCp2 was added to a solution of [TBA][Co(Cl2bdt)2] in the desired solvent. For example, 
for EPR sample preparation, a 2 mM solution of [TBA][Co(Cl2bdt)2] in THF was prepared. 
Then, to 0.75 mL of this deep blue solution, 0.2 mL 7.5 mM cobaltocene solution in THF 
was added. Upon the addition of the cobaltocene solution, the color changed to a clear 
yellow. This solution was then diluted to 1.5 mL to yield a 1 mM solution of 
[TBA][CoCp2][Co(II)(Cl2bdt)2]. 

For electrochemical reduction, a solution of 0.5–3 mM [TBA][Co(Cl2bdt)2] in 0.1 M 
[TBA](PF6) in acetonitrile or acetone was reduced at −0.2 V more negative than the 
Co(III/II) redox couple, until the current dropped and the change in color from blue to 
yellow was complete; see Figure S2 for a representative example. A two-part electrochem-
ical cell with excess ferrocene (Fc) as a sacrificial oxidant in the counter electrode half-cell 

Figure 5. Saturation behavior of the two main bands of [CoII(Cl2bdt)2]2−. Left: the saturation
behavior of the positive band at 439 nm (22,779 cm−1). Right: the saturation behavior of the negative
band at 353 nm (28,328 cm−1). Experimental data points are shown with color-coded squares. Fits
of the VTVH MCD data are shown with color-coded lines. The fit with St = 1/2 and the resulting
polarizations are shown in the panels (but note that the polarizations are generally not well defined for
St = 1/2 systems). The lack of nesting of the saturation curves together with the excellent agreement
of the fits with experiment provides strong evidence that the complex has a St = 1/2 ground state, as
further supported by the EPR data.

3. Materials and Methods
3.1. General Synthesis and Chemicals

Chemicals were used as received except for cobaltocene, which was sublimed be-
fore use for purification. To maintain an air-free atmosphere required for the experi-
ments, a nitrogen glovebox or Schlenk line was employed. Specifically for the handling
of [Co(Cl2bdt)2]2−, Schlenk line techniques using Ar as an inert gas were employed.
[TBA][Co(Cl2bdt)2] was synthesized according to the reported methods [5,15].

3.2. Reduction Procedures

To obtain [TBA][CoCp2][Co(II)(Cl2bdt)2] via chemical reduction, one equivalent of
CoCp2 was added to a solution of [TBA][Co(Cl2bdt)2] in the desired solvent. For example,
for EPR sample preparation, a 2 mM solution of [TBA][Co(Cl2bdt)2] in THF was pre-
pared. Then, to 0.75 mL of this deep blue solution, 0.2 mL 7.5 mM cobaltocene solution
in THF was added. Upon the addition of the cobaltocene solution, the color changed
to a clear yellow. This solution was then diluted to 1.5 mL to yield a 1 mM solution of
[TBA][CoCp2][Co(II)(Cl2bdt)2].

For electrochemical reduction, a solution of 0.5–3 mM [TBA][Co(Cl2bdt)2] in 0.1 M
[TBA](PF6) in acetonitrile or acetone was reduced at −0.2 V more negative than the
Co(III/II) redox couple, until the current dropped and the change in color from blue
to yellow was complete; see Figure S2 for a representative example. A two-part electro-
chemical cell with excess ferrocene (Fc) as a sacrificial oxidant in the counter electrode
half-cell was employed. The charge passed may be slightly more than necessary for the
reduction of [TBA][Co(Cl2bdt)2], depending on the degree of anaerobicity of the electro-
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chemical cell. The reference was an Ag wire pseudo-reference electrode; however, the data
were not referenced to Fc+/Fc after electrolysis to maintain the purity of the Co(II) solution.

3.3. Instrumentation

UV-Vis spectra were obtained on an Analytical Jena Specord S600 instrument. The
MCD spectroscopy setup consists of an Oxford SM4000 cryostat and a JASCO J-815 CD
spectrometer. The SM4000 cryostat uses a liquid helium-cooled super-conducting magnet,
providing magnetic fields of 0–7 T. The light source for the JASCO J-815 CD spectrometer is
a gaseous nitrogen-cooled xenon lamp, and the detector is a photomultiplier in the UV-Vis
range. The samples are loaded into the Oxford Cryostat variable temperature insert (VTI)
chamber, which can reach temperatures of 1.5–300 K and has four optical windows made
of Suprasil B quartz for optical access to the sample. Here, temperatures of 2, 5, 10, 20 K,
and for [TBA][Co(Cl2bdt)2], 50 K were used for the MCD measurements, and spectra were
obtained at ±7, ±5, ±3, ±1, and 0 T at each temperature. The EPR measurements were
conducted on a Bruker X-band EMX spectrometer, which is equipped with an Oxford liquid
helium cryostat. The EPR data were fit using the program SpinCount (Prof. M. P. Hendrich
at Carnegie Mellon University) [26]. Electrochemical measurements were conducted using
a CH Instruments (Austin, TX, USA) CHI600E potentiostat.

3.4. X-ray Crystallography

Green plates of (CoCp2)2[CoII(Cl2bdt)2] were grown from the slow evaporation of a
0.5 mM butyronitrile solution of the compound at −20 ◦C over the course of a month. A
crystal of dimensions 0.10 × 0.08 × 0.04 mm was mounted on a Rigaku AFC10K Saturn
944+ CCD-based X-ray diffractometer equipped with a low-temperature device and a
Micromax-007HF Cu-target micro-focus rotating anode (λ = 1.54187 Å) operated at 1.2 kW
power (40 kV, 30 mA). The X-ray intensities were measured at 85(1) K with the detector
placed at a distance of 42.00 mm from the crystal. A total of 2028 images were collected
with an oscillation width of 1.0◦ in ω. The exposure times were 1 s. for the low-angle
images, and 5 s for high angle. Rigaku d*trek images were exported to CrysAlisPro for
processing and corrected for absorption. The integration of the data yielded a total of 55,226
reflections to a maximum 2θ value of 138.85◦ of which 12,797 were independent and 11,576
were greater than 2σ(I). The final cell constants (Table S1) were based on the xyz centroids
of 15,456 reflections above 10σ(I). Analysis of the data showed negligible decay during data
collection. The structure was solved and refined with the Bruker SHELXTL (version 2018/3)
software package, using the space group P2(1) with Z = 4 for the formula C36H31NCl4S2Co3.
All non-hydrogen atoms were refined anisotropically with the hydrogen atoms placed
in idealized positions. Full matrix least-squares refinement based on F2 converged at
R1 = 0.0642 and wR2 = 0.1634 [based on I > 2σ(I)], R1 = 0.0708 and wR2 = 0.1712 for all data.
Additional details are presented in Tables S1–S6 and the CIF file deposited at the CCDC,
CCDC number: 2309250.

4. Conclusions

In summary, the complex [TBA][CoIII(Cl2bdt)2] has been reduced to the Co(II) form
electrochemically and chemically. This mimics the first step in electrocatalysis, reduction,
for this set of HER catalysts. The oxygen-sensitive Co(II) complex was characterized by
X-ray crystallography, UV-Vis, EPR, and MCD spectroscopy. From these characterization
techniques, the Co(II) species has been shown to have a square-planar structure, with
a metal-centered reduction and a St = 1/2 ground state. This is in contrast to the DFT-
predicted, tetrahedral Co(II) geometry for this species [18]. These results show that, unlike
previously predicted, dephysisorption upon a structural distortion of CoIII(bdt)2 complexes
upon reduction to the Co(II) state is not a primary mode of deactivation of these cata-
lysts when physisorbed to graphitic surfaces for the purpose of HER. Further, our results
question the next steps of the predicted HER mechanism (Scheme 1), as the related Co
bis(diaryldithiolene) type complexes are predicted to protonate at their Co center atoms
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when square planar, rather than on the sulfur atoms [19,21]. Additionally, a study on an
HER active 2D MOF with square-planar Co bis(benzenedithiolate) active sites reported
that only Co sites, not S, were active in the HER mechanism [27]. This suggests that, now
that the Co(II) state of HER active Co bis(benzenedithiolate) type complexes is known
to be a doublet square-planar species, protonation may be expected to occur at the Co
center, rather than the sulfur atoms as previously calculated. Research on characterizing
the reactivity of [CoII(Cl2bdt)2]2− and on isolating the next intermediates in the HER cycle
is underway in our group.

Supplementary Materials: The Supporting Information is available free of charge at https://www.
mdpi.com/article/10.3390/inorganics12030075/s1 and contains further spectroscopic data and tables
of the X-ray crystallographic parameters. Figure S1: Comparison of the UV-Vis spectra of the product
of Co(II) oxidation by ambient air and the authentic [CoIII(Cl2bdt)2]− starting complex; Figure S2:
Electrochemical reduction of [TBA][CoIII(Cl2bdt)2] to [TBA]2[CoII(Cl2bdt)2]; Figure S3: UV-Vis spec-
trum of electrochemically-reduced [TBA]2[CoII(Cl2bdt)2], 0.1 mM in MeCN; Table S1: Crystal data
and structure refinement for [CoCp2]2[CoII(Cl2bdt)2]; Table S2: Atomic coordinates and equivalent
isotropic displacement parameters for [CoCp2]2[CoII(bdt)2]; Table S3: Bond lengths and angles
for [CoCp2]2[CoII(bdt)2]; Table S4: Anisotropic displacement parameters for [CoCp2]2[CoII(bdt)2];
Table S5: Hydrogen coordinates and isotropic displacement parameters for [CoCp2]2[CoII(bdt)2];
Table S6: Torsion angles for [CoCp2]2[CoII(bdt)2].
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