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ABSTRACT: Fe,S, clusters play essential roles in nature, classically in electron transport but increasingly in newly discovered
reactivity or catalysis. These roles have spurred interest in developing synthetic Fe4Ss systems and while several molecular and
material systems built from Fe,S, clusters have been developed, comparatively few examples of synthetic Fe,S, cluster-based
catalysts exist. Herein, we present the use of an Fe,S;-based coordination polymer as a catalyst for the direct and selective
electroreduction of CO2 to CO. Computational studies suggest that the reaction proceeds through CO2 binding to a reduced Fe4Ss4
cluster, followed by a series of protonation, reduction, and H20 loss steps to yield a CO-bound cluster that can finally exchange with
CO2 to restart the catalytic cycle. CO bound clusters are predicted to be thermodynamically stable, suggesting that carbonyl species
might be off-cycle intermediates. Mechanistic CV studies as well as in situ studies by IR spectroscopy provide evidence for carbonyl-
ligated clusters, supporting these compounds as unusual examples of small molecule binding to Fe4S4 clusters. This work establishes
FeS4 cluster-based coordination polymers as direct electrocatalysts for CO2 reduction and provides mechanistic insights into how

these species mediate catalytic conversions of small molecules.

INTRODUCTION

Iron-sulfur clusters are among the most classic metallocofactor
motifs, with functions including electron transport, catalysis,
sensing, and even gene expression.l-4 These species possess a
variety of structures, ranging from Fe:Sz rhombs and Fe4Ss4
cubanes to more bespoke clusters with complex architectures
like the FeMo cofactor in nitrogenase.3 While the FesS4 form
most commonly participates in electron transfer enabled by
mixed-valency and facile switching between +2 and +3
oxidation states at Fe,5-7 there is increasing evidence that these
cuboidal clusters can serve as reactive centers or catalysts. For
example, FesSs clusters in radical SAM enzymes catalyze the
formation of the reactive 5’-dAdo radical through an
organometallic intermediate, (), involving an alkyl
deoxyadenosyl group bound to an Fe vertex through the 5’-
carbon atom.8° Likewise, the aconitase enzyme contains a
FesSaunit with a solvent-bound Fe site involved in the catalytic
isomerization of citrate to isocitrate.l0-12 These and other
emerging findings motivate efforts to use these motifs as
catalytic centers in synthetic systems as well.

Towards this end, a limited but increasing number of
synthetic FesSs systems have been investigated as catalysts
(Figure 1).13-16 A soluble FesS4Cls2- cluster was used as a
catalyst for the hydrogenation of stilbene or diphenylacetylene
to 1,2-diphenylethane, but requires stoichiometric amounts of
highly reactive PhLi as an additive.13 Other soluble Fe4S4(SR)42-
clusters mediate the reduction of COz in dimethylformamide
(DMF) to oxalate, formate, and trace CO under electrochemical
conditions,1* or to CH4 and C2+ hydrocarbons with Smlz as a
chemical reductant (Figure 1A and B respectively).15 While
these are important advances, these examples all feature only
moderate selectivity with at least three products formed.
Furthermore, these studies provide little mechanistic insight,

with no spectroscopic data on possible intermediates. In
parallel, model chemistry involving small molecule substrate
binding to FesSa4 clusters remains rare, with only a few reported
examples of CO,1718 NO,1920  isocyanide,2l22 and
alkene/alkyne23 binding reported so far. Hence, an in-depth
study of FeaSas-cluster mediated catalytic systems can shed light
on new reactivity patterns for these motifs.

Our laboratory recently built upon work by Dey et. al. using
FesS4(SPh)42- as a concerted proton-electron transfer (CPET)
mediator in conjunction with the cocatalyst Mn(bpy)(CO)3Br in
acetonitrile (MeCN) for the electrochemical reduction of CO2 to
formic acid.2¢ We previously rationalized that heterogenization
of FesSs clusters might enhance catalysis and enable
recyclability, and so we employed the coordination polymer
(CP)  [FesS4(BDT)2][NMes4]2 (1-NMes, BDT = 14,
benzenedithiol) in a similar manner with Mn(bpy)(CO)3Br to
yield formic acid with good Faradaic efficiencies (FEs, Figure
1C).25 Furthermore, heterogenization enabled additional
mechanistic insights with in situ surface enhanced IR
absorption spectroscopy (SEIRAS) in an attenuated reflectance
mode, supporting that heterogenization can also be useful for
structural characterization of the electrified interface.
However, given the prior examples of homogeneous FesSs
systems serving as direct catalysts with no added co-catalyst
(Figure 1AB), as well as the increasing evidence for small-
molecule binding and conversion at these sites, we wanted to
examine the electrocatalytic activity of these CP systems
without added Mn species.

Here, we demonstrate that Fes4Ss-based CPs can directly
serve as electrocatalysts for the reduction of CO2. Controlled
potential electrolyses produce the C1 feedstock CO with up to
80% FE (Figure 1).26 More importantly, heterogenization again
provides mechanistic insight, and combined electrochemical,



Homogeneous

Coordination Polymer

—l 20
SR . “~aago ®
S F '‘ N — - - %Pfu PPhy
— s—< >—s
RS——Fa-— S g WA / N
N I&ﬁ e X7
|- /
RS Fe\/ S\F{ "G 5+‘F°’TI"/S S
™ A
SR (bpy)Mn(CO); s—Fe Fe—g
€) CO;, —————— HCOO" \S—Q—-s/
A) CO; ————C,042", HCOO™, CO 1-PPh,
No Co-Catalyst n
Sml, CO; —————> CO
B) CO; ——=—CHj,, C,, products This Work 1-PPh,

Figure 1. Left: Catalysis with homogeneous FesSs clusters (ref. 14-15), showing product mixtures from CO2z reduction. Center:
Catalysis with heterogeneous FesSs-based coordination polymers (CPs), with a previous example of CO2 reduction to formate in the
presence of (bpy)Mn(CO)s cocatalyst (ref. 25), and this work on selective CO2 reduction to CO without the need for an added

cocatalyst. Right: Structure of 1-PPha.

computational, and spectroscopic data support small molecule
binding to the FeaSa clusters. Specifically, we find evidence for
a CO-bound cluster intermediate, providing a rare example of
small molecule binding on a catalytically active FesS4 system.
These findings add to the growing body of literature on how
FeaSa clusters can serve as reactive centers, and they provide
important spectroscopic references for bound small molecules.

RESULTS AND DISCUSSION
Electrocatalytic Reduction of COz to CO
Well-defined examples where FesSa clusters can serve as direct
catalysts for small molecule conversion are very limited, and so
we turned to investigating the viability of these moieties in CO2
reduction. ~We initially tested an FesSs-based CP for
electrocatalysis with 2,2,2-trifluoroethanol (TFE) and/or CO:
in dry MeCN by cyclic voltammetry (CV). We opted for the
recently reported CP [(FesS4)(BDT)2][[PPh4]2 (1-PPhs, Figure
1) instead of the previously used 1-NMe4 analog because of a
higher degree of crystallinity and yield.2”

1-PPh4 was dropcast onto a glassy carbon electrode as a
suspension in DMF with poly(vinylidene fluoride) (PVDF) as a
binder for adhesion to the electrode surface. With only 1-PPh4
present, the CV shows a broad quasi-reversible feature at
~=-1.5V (all potential values quoted vs. Ag*/Ag) assigned to the
[FeaSa]2+/[FeaSa]* couple consistent with the previously
reported 1-NMe4,2528 and a prominent irreversible reduction
at ~-2.2 V (Figure S5). This feature is not present in 1-NMe4,28
but is also observed in the soluble compound
(PPh4)2FesS4(SPh)4, which plausibly arises from the reduction
of PPh4*.29 We propose that this prominent peak in 1-PPh4 may
overlap with the [FesS4]*/[FesS4]° redox couple, expected to be
at around -2.2 V. In addition, no notable catalytic features
appeared when scanned cathodically (Figure 2, dashed).

When the electrolyte solution in dry MeCN was sparged with
CO2 for 20 minutes, the CV shows a slight catalytic feature with
an onset potential of about -2.0 V (Figure 2, red). While we note
that the irreversible wave at —2.2 V persists in the presence of
CO2, the increased reductive current compared to that
observed in its absence suggests electrocatalytic activity
towards COz reduction. As no proton source is provided, CO2
reduction can proceed with trace water as commonly observed
in hygroscopic solvents such as MeCN or through the simple
coupling of COze- radicals.3031 When only TFE was added, an
enhanced reductive feature appeared beginning at -2.4 V,
assigned to the hydrogen evolution reaction (HER) (Figure 2,
blue). In contrast, when both CO2 and TFE were present, a
suppression of the more cathodic HER feature was observed,
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Figure 2. CVs of 1-PPh4 (with PVDF binder on glassy carbon disk
electrode) only, in the presence of CO2, TFE, and both CO2 and
TFE. Conditions: 0.1 M TBAPF¢ in MeCN as electrolyte, 0.2 M TFE
(if present), 20 minutes CO2 sparging (if present), 100 mV s-1
scan rate.

with an enhancement of a catalytic wave starting at ~-1.7 V
and a peak current at ~-2.2 V, which we assign to CO:
reduction (Figure 2, teal). We note that mediated outer-sphere
reduction of COz is documented. Enhanced current density at
-2.2 Visalso observed in the absence of CO2 (Figure 2, dashed).
This again may arise from PPhs* reduction,?® but further
increases in the presence of CO2 may be facilitated via an outer-
sphere electron transfer pathway from the reduced species.32
Encouraged by these results, we performed controlled
potential electrolyses (CPE) on the same reaction mixture at
-2.3 V. After 1 h, the headspace was sampled and analyzed by
gas chromatography (Figure S1), which revealed the formation
of CO and Hz with FEs of 79% and 19% respectively, accounting
for a total FE of 98% with a turnover frequency (TOF) of 61 h-1
for CO (calculated from the number of moles of CO produced
per mol of cluster used). The ~80:20 ratio of CO:Hz resembles
that of synthesis gas (syngas) used in bioreactors for
fermentation to higher molecular weight products such as
ethanol.33 The suppressed HER with 1-PPh4 also raises the
possibility of reducing other small organic substrates, an area



Table 1. Comparison of Hz and CO yields under different
reaction conditions (averages and standard deviations in
arentheses are derived from duplicates).

Conditions FE(H:z) | FE(CO) | FE(total) | CO:H:
standard® 19(1) 79(7) 98(8) 4.3(0.1)
-20V 2(1) 4(1) 5(1) 1.8(0.8)
-25V 62(10) | 46(15) | 108(10) | 0.7(0.3)
only PVDF no
cluster 19(10) | 24(5) 43(15) 1.3(0.5)
THF solvent trace trace - -
no TFE 0 2(1) 2(1) -
0.2M
NEtsHBFsas | 104(5) 0 104(5) 0
acid
02MI0as | gy | 4 92) | 07002)
1-NMes 3(1) | 15(4) 18(6) | 4.9(0.9)
(PPh4)2FesSa
(SPhys2 mM | 483 | 8() 57(4) | 0.2(0.2)

tStandard conditions: 0.1 M TBAPFsin MeCN as electrolyte, 0.2
M TFE, 20 minutes COz sparging, -2.3 V vs. Ag*/Ag for 60
minutes.

which we are interested in investigating. Formic acid was not
observed by 1H NMR spectroscopy of the MeCN solution with
any appreciable yield (Figure S2). X-ray photoelectron spectra
(XPS) of the electrocatalytic films before and after the reaction
are similar in both the Fe 2p and S 2p regions, supporting intact
clusters during and after catalysis (Figure S11). This is also
corroborated by grazing incidence X-ray diffraction (GIXRD)
(Figure S12) and inductively-coupled plasma - optical
emission spectroscopy (ICP-OES) (Table S2) conducted on the
film before and after the reaction, showing the retention of the
Fe4S4(BDT): chains, albeit with some cation exchange between
PPhst and NBus* (TBA) from the electrolyte. Finally, UV-vis
analysis of electrolyte solutions before and after soaking with
1-PPhs electrodes suggest there is no catalyst leaching into
solution (Figure S13).

We then explored other reaction conditions to understand
how different factors affect the gaseous product compositions
and yields (Table 1). Under a slightly more positive applied
potential of -2.0 V, low currents and yields were observed,
consistent with our previous report where only small amounts
of products were formed with 1-NMe4 at similar potentials.25
Enhanced current is observed at a more negative potential of
-2.5 V, but this is largely due to increased HER at these
potentials resulting in a lower FE for CO. A control experiment
with only the PVDF binder on a glassy carbon electrode
resulted in low FEs and selectivity for CO, suggesting that 1-
PPh4 is necessary for selective CO formation. In addition, the
solvent choice is critical to the reaction, as less polar solvents
like THF lead to lower currents and yields.3435

Consistent with the CV results, the addition of acid is
required for the formation of CO. Moreover, the pKa of the acid
also dictates the efficiency of the transformation. The reaction
requires a sufficiently strong acid to protonate CO2 reduction
intermediates, but not acidic enough to favor HER, with TFE
(pKa = 23.6 in DMSO)3¢ lying within the appropriate range.
Consequently, [HNEt3][BF4] (pKa = 9.0 in DMS0)37 led to solely
HER, while water (pKa = 31.4 in DMSO)38 resulted in low
currents and little CO formation.

In comparison, replacing 1-PPhs with 1-NMe4 leads to a
similar CO:Hz ratio of ~4:1, although with dramatically lower
FE and activity (Table 1). This suggests that the preference for
CO formation over Hz is intrinsic to the Fe4S4(BDT)2 polymer

chains, while the electrocatalytic activity is tuned by the
countercation. We hypothesize that the larger PPhs4* cation
allows for greater chain-to-chain separation, providing more
space for COz binding and protonation by nearby TFE
molecules. In addition, the phenyl rings on PPhs* may also
improve electron transfer from the electrode to the FesSs
clusters compared to the methyl groups on NMes*.

Several observations support this hypothesis. The
homogeneous reaction catalyzed by the soluble -cluster
(PPh4)2FesS4(SPh)4leads to primarily H. This is plausibly due
to the ease of Hz formation from encounter between two
protonated clusters in solution, while in 1-PPh4 the protonated
sites are immobilized in the polymer chain preventing
combination to form Haz. Furthermore, the different CO:H:
ratios for 1-PPhs and (PPha4)2FesS4(SPh)4 exclude any central
role for PPhs* as the main CO2 reduction catalyst. Thus, the
selectivity for CO vs. Hz is primarily conferred by the
heterogenization of FesSa4 clusters into a CP, while the PPhas*
cations more likely play a role in facilitating substrate or
electron transfer.

Computational Modeling

To gain insights into the reaction mechanism leading to the
conversion of COz to CO, including intermediate complexes and
competitive reaction steps, we employed computational
modeling based on density functional theory (DFT) with the
TPSSh functional (see Supporting Information).3940 The
primary reaction mechanism is presented in Scheme 1, with
secondary pathways discussed in the Supporting Information
(Schemes S1 and S2). The applied potential for the reduction
steps was incorporated by calculating the energy of one
electron at the experimental applied potential of -2.3 V using
Faraday’s law (see Supporting Information).

At this negative potential, the direct reduction of CO: to its
radical anion is feasible,*! as well as the reduction of Fe(III) to
Fe(II) and potentially even to Fe(I) in iron-sulfide systems,42-44
especially in the presence of highly m-accepting ligands like CO
that can stabilize electron-rich Fe(I) centers.174546 Qur
computations suggest that these highly reduced forms of Fe4Ss-
clusters are energetically accessible and that they may
therefore be viable intermediates in catalysis.

We considered two primary mechanistic pathways featuring
either thiolate protonation as previously proposed (Scheme
1A)25 or reduction to an all-ferrous cluster and direct CO:
binding (Scheme 1B). Both pathways are energetically viable
and the addition of more electrons to generate more reduced
species for both pathways is calculated to be favorable
(Schemes S1 and S2). For thiolate protonation, reduction and
protonation of 1 to form 1H is quite exergonic (-83.7
kcal/mol), but subsequent CO: binding to form 1H-CO: is
uphill. Tautomerization to form 1-COzH is again exergonic,
down to -85.9 kcal/mol from 1, and subsequent protonation
and reduction to release Hz0 is very favorable, as expected. We
note that the metallocarboxylic acid intermediates exhibit the
greatest structural deformation among the series, with
cleavage of one Fe-sulfide bond.

In comparison, the computed mechanism involving direct
reduction and CO2 binding requires reduction to at least an all-
ferrous species (2). Interestingly, calculations suggest that CO2
binding to 1 and to a singly reduced FelllFell3 cluster is
unfavorable, whereas binding to 2 (Fells) becomes slightly
exergonic (-2.0 kcal/mol). Further reduction makes CO:
binding increasingly exergonic.
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Scheme 1. Computed reaction mechanisms for A: thiolate protonation and B: reduction and direct CO2 binding. Each pathway is
referenced independently to the starting species. For simplicity in calculations, the Ar group is modeled as phenyl, and the counterion
is PMes instead of PPhs. Free energies are in kcal/mol (T = 298 K) and are calculated at the DFT level, considering all species solvated

with MeCN solvent (see Computational Details).

The next modelled step involves favorable TFE association
before a very exergonic first hydrogen-atom transfer (HAT)
from TFE to the bound COz2 species, generating 2-COzH at -97.6
kcal/mol. As mentioned, 2-COzH exhibits significant structural
deformation among the computed intermediates: the Fe—S
bond adjacent to the CO2-bound Fe center elongates from 2.4 &
to 3.7 A. Subsequently, a second HAT step converts the
*CO(OH) fragment to CO, releasing H20 and restoring the
previously broken Fe—S bond to form 2-CO (overall AG =
-173.6 kcal/mol). Both pathways require the release of CO to
re-enter the catalytic cycle. Our calculations also show that CO
and CO:z coordination are similar in free energy (Scheme S1),
but reduction of these CO-bound species is calculated to be
quite favorable (4-CO and 4H-CO, Scheme S1). This suggests
that CO may act as an inhibitor by competitively binding to the
cluster and blocking CO2 coordination. This computational
prediction is validated with experimental tests to examine
possible CO poisoning as described below.

Related computational studies were previously reported by
Hu and coworkers.’> However, there are several key
differences between the present system and their earlier study.
Firstly, a chemical reductant (Smlz) was used in the previous
work. We also do not observe any C-C coupling activity in our
system. This can likely be explained by the proposed
mechanism from the prior report, wherein the authors invoke
the dissociation of one Fe-thiolate bond for C-C coupling to
occur through carbonyl-bound intermediates. In 1-PPhys, the
thiolate linkers are flanked between two FeSs units and are
therefore difficult to completely dissociate from the Fe sites in
the solid state. Experimental attempts at reductions under CO
or to generate open Fe centers by methylating the thiolate
sulfurs of 1-PPhs with MeOTf or Mel did not lead to any
observable C-C bond formation. Although our computations

indicate that protonation of the linker and CO or CO:
coordination might promote Fe-thiolate dissociation, we
hypothesize that these dissociated species are short-lived in a
polymeric material, leading to much faster linker coordination
than C-C bond formation.

Mechanistic Tests of CO Binding

Based on the calculated mechanism shown in Scheme 1, a CO-
bound species might be involved in the reaction as a resting
state. In addition, calculations also suggest that CO might act as
a catalyst poison as is commonly observed in CO2z reduction
electrocatalysis.47-51 Thus, we conducted different experiments
to understand how CO interacts with our cluster system.

We collected CV data of 1-PPh4 in an atmosphere of CO2 with
added CO in similar amounts as are produced during
electrolyses (50 to 300 uL in a 20 mL headspace, Figure 3A and
B). As CO is added, a small CV feature appears at -2.17 V which
merges with the larger feature at higher CO concentrations
causing an overall shift of the peak current from ~-2.25 to
~=2.22 V (Figure S8). We hypothesize that this feature might
arise due to the binding of CO to the cluster. In support of this
hypothesis, this feature increases in intensity with higher CO
concentrations to form a shoulder and eventually a broader
overall wave around -2.2 V. While still broad, differential pulse
voltammetry (DPV) supports the presence of these two
features (Figure S9). The broadness of these features can likely
be attributed to several different possible redox reactions
present under equilibrium exchange conditions including with
CO- or CO2-bound species as well as unbound clusters. In
addition, the reductive adsorption of CO could be facilitated by
the removal of adsorbed anions, as charge transfer is not
expected for neutral adsorbates.52

In terms of catalysis, the current at the electrolysis potential
of -2.3 V decreases with small quantities of added CO



comparable to the amounts typically produced in reactions and
consistent with some degree of catalyst deactivation by CO
(Figure 3C). When the atmosphere is replenished with COz by
sparging for 20 minutes to purge out the CO, the CV becomes
identical to before adding CO (Figure 3A) and the current is
restored (Figure 3C, red point), suggesting that CO binding and
poisoning is reversible. These observations suggest that CO
release is rate-limiting as predicted computationally, and that
CO-bound species may be long-lived enough to observe by
spectroscopic methods.

Spectroscopic Studies of CO Binding

The detection of a CO-bound FesSs cluster species is of
significant interest, as observation of small molecule binding
on iron-sulfur clusters is rare generally. Very few examples of
both synthetic and biological iron-sulfur clusters with
terminally bound CO ligands have been reported.17.18455354 [n
an attempt to spectroscopically observe CO binding, we
exposed 1-PPhs to 1 atm CO with or without TFE as the acid
source and a reductant like KCioHs. ATR-IR spectroscopy
reveals no change to the material with added CO and TFE, but
a small feature at 1900 cm-! appears in the presence of CO and
KCioHs (Figures S14 - S15). This lies within the range for CO-
bound iron-sulfur clusters,17.184555 suggesting that CO binding
only occurs under reduction of the cluster, similarly to
nitrogenase and other species.17.5354 The low intensity of the
feature can be attributed to the inefficiency of reduction and CO
binding using a chemical reductant.

Motivated by this, we performed CV-coupled SEIRAS on a
film of 1-PPhs with PVDF as the binder deposited on an Au-
coated Si prism in a CO-saturated MeCN solution to subject the
cluster to a constant reductive environment that can increase
the degree of CO coordination. CO gas was introduced by
continuously bubbling CO through the MeCN solution until
saturated for about 3 minutes (details in Supporting
Information). Under these conditions, we observe a broad new
feature starting at 1970 cm-1 that sharpens and Stark shifts to
~1900 cm-! when scanned to more negative potentials (Figure
4 and Table S3). Notably, the background with only PVDF does
not show this feature under CO (Figure S28). This suggests a
changing CO environment in the presence of the cluster,
consistent with CO binding as suggested by computation. We
list below some support for this possible scenario.

The features at 1900 cm-! only appear when the system is
under CO with a negatively applied potential of at least -2.2'V,
near the major features we observe by CV. This is confirmed
computationally via DFT modeling, where such binding is
favorable only after 1 undergoes at least two reduction steps
(Scheme S1). Furthermore, these features lie in a comparable
region to other CO-bound iron-sulfur clusters.17.184555 The
peaks decrease in intensity at more positive potentials
suggesting fewer bound CO molecules, consistent with the
lower electron density in the cluster, decreasing the level of -
backbonding to CO to weaken Fe-C bonds for CO release. This
provides support for the reversible interaction between the
cluster and CO, consistent with the CV data in Figure 3 and the
computational results.

Indeed, we note that the SEIRAS features around 1900 cm-1!
are not observed for experiments conducted in the absence of
CO (Figures S18 - S19) nor when CO and 1-PPh4 are absent
(Figures S26 - S27), consistent with the assignment of this
feature to the presence of CO at the electrified interface. In
addition, we do not observe any features in this region when
experiments are conducted in the presence of CO but without
1-PPh4 (Figures S28 - S29), confirming the absence of any

exposed Au surface that can bind CO terminally, which typically
appears at 2100 cm-1,5657 and can shift to ~1982 cm-tunder a
similar reductive potential bias.5859
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Figure 3. A) CVs of 1-PPhs (with PVDF binder on glassy
carbon disk electrode) in the presence of 0.2 M TFE, CO2, and
variable amounts of added CO. Conditions: 0.1 M
TBAPFs/MeCN electrolyte, 20 minutes CO2 sparging before
adding CO, 100 mV s-1 scan rate. The dashed line shows the
CV after sparging with COz again for 20 minutes to remove CO.
B) Zoomed-in view of the CVs around -2.2 V where the
currents in the region from -1.5 to -2.0 V are overlapped to
account for differences in the background current. The
dashed line shows the CV after sparging with CO2 again for 20
minutes to remove CO. C) Plot of the current at -2.3 V vs.
amount of CO added, with the current after purging the
system with CO: for 20 minutes in red.
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Figure 4. SEIRAS of 1-PPh4 (with PVDF binder) on Au surface
under CV from 0.2 V to -2.8 V then back to 0.2 V after purging
with CO until saturation for 3 minutes. In all SEIRAS
experiments, 0.2 M TFE and 0.1 M TBAPF¢ in MeCN were used,
with CVs from 0.2 to -2.8 V at a 2 mV s-1 scan rate. The bulk
CO was subtracted by using a background spectrum with
purged CO.

The computationally predicted C-O stretching vibrations
agree well with the features observed in SEIRAS and ATR-IR
spectra, with a value of 2033 cm-1 predicted for unreduced 1-
CO, which decreases with every reduction to 2013 cm-1, 1967
cm-! (for 2-C0O), 1884 cm-1, and eventually 1812 cm-L. Similar
vibrational frequencies are found for species with protonated
thiolates with CO vibrational modes between 1800 and 1900
cm-! (Scheme S2). These values are consistent with the
experimental data and also provide a plausible explanation for
the broadness of the SEIRAS feature, likely arising from
multiple species with similar vibrational frequencies. We
tentatively assign the two sharp peaks observed
experimentally to 2-CO and 3-CO (Scheme S1). Most
interestingly, these signals suggest that SEIRAS allows for the
observation of electrochemically generated CO-bound species
relevant to the catalytic reduction of CO2 to CO. We note that
we observe a broad feature at ~1900 cm-! for experiments
conducted on films of 1-PPha in the presence of COz without
exogenously added CO (Figures S22 - S23) which does not
appear under only N2z (Figures S18 - S19) in agreement with
the experimental observation of CO as the primary product of
CO2 reduction with the heterogenized 1-PPhs4. This lower
intensity of this feature is consistent with the transient role of
CO-bound species as intermediates in the reaction, which
should not accumulate in large quantities under the catalytic
conditions with excess CO2. We note the emergence of the
broad feature at~1900 cm-!in Figure S23 at-1.8V, in line with
the onset of considerable reductive current observed in the
presence of TFE and CO: in Figure 2.

Similarly, recent work from the DeBeer group on nitrogenase
under a CO atmosphere utilizing SEIRAS assigns a peakat 1970
cm-! under reductive conditions to a terminally bound CO on
FeMoco.60 This peak also exhibits a Stark shift where it moves
to lower wavenumbers at more negative potentials, arising
from the increase in the electron density in the cluster and
more T backbonding to the terminal CO ligand. In that work,
the authors propose that the breadth of this feature might arise
from multiple CO-bound species. They also observed a small
feature at 2600 cm-! that shifts upon deuteration, assigned to

an S-H bond. We did not observe such a corresponding feature
in our experimental data (Figure S20), although our
computational results suggest that an intermediate with a
protonated sulfur atom is possible, with a predicted S-H
stretching frequency of ~2300 cm-1. As previously noted, these
S-H bands are usually difficult to observe by IR spectroscopy
because of their low intensity and broadness,0-62 so other
techniques should be employed to definitively confirm this
possibility.

Interestingly, we observe up to three sharp features
superimposed on a broad envelope in the region assigned to
CO-bound species. The observation of multiple features in this
region may suggest the presence of multiple different carbonyl
containing species, as proposed by DeBeer and coworkers in
SEIRAS studies on FeMoco.60 The Stark shift convolutes any
comparison of these features with predictions from theory, but
we postulate that these species could correspond to different
carbonylated cluster redox isomers, clusters with multiple
bound CO ligands, or carbonylated clusters with combinations
of different protonation or redox states (such as those
identified in Scheme S2). Regardless of their exact assignment,
the presence of multiple features supports a complex
speciation under electrochemical bias.

CONCLUSION

In this work, we have demonstrated the ability of the FesS4 CP
1-PPh4 to catalyze the reduction of CO2 to CO and H: in a
heterogeneous reaction. The catalyst has a preference for CO
production over Hz, highlighting its ability to suppress HER.
This suggests the possibility of using the material for H-atom
transfer to other substrates as well. Notably, while FesSs
clusters have been demonstrated as CPET mediators,2425 this
report shows that they can also serve as direct catalysts
(without any co-catalyst) when heterogenized into a
coordination polymer.

The stability imparted by the polymer also allows for
spectroscopic studies to observe transient substrate-bound
species. Computational studies propose that the reaction
proceeds through a CO-bound intermediate, the evidence for
which is suggested by in situ SEIRAS. This provides unusual
spectroscopic support for gas binding to these clusters, as well
as a framework to understand the use of synthetic iron-sulfur
clusters as catalysts and to provide relevant mechanistic
insights.
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