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ABSTRACT: Electrode-bound molecular species provide a
powerful platform for probing interfacial electric field effects on
immobilized catalysts. However, common surface anchoring
groups such as thiols and isocyanides largely undergo reductive
stripping before catalytic onset. Herein, we demonstrate that
stronger N-heterocyclic carbene (NHC) anchoring groups extend
the accessible electrochemical window for studying catalysts
immobilized on electrode surfaces. Specifically, we report the
covalent attachment of an NHC-functionalized rhenium CO2
reduction catalyst on gold via electrochemical deposition.
Voltammetric characterization, polarization modulation infrared
reflection absorption spectroscopy (PM-IRRAS), computational
modeling, and X-ray photoelectron spectroscopy (XPS) confirm
the formation of an electrochemically assembled monolayer that demonstrates persistence through large cathodic excursions and
electrocatalytic CO2 reduction.

■ INTRODUCTION
Molecular catalysts for CO2 reduction (e.g., Re(bpy)(CO)3Cl)
have well-defined active sites which are studied closely by
established spectroscopic and electrochemical techniques.1−8

Their electronic properties can be precisely tuned through the
inductive effects of ligand substitution, enabling high selectivity
for desired products such as CO.1,9 By contrast, heterogeneous
catalysts for CO2 reduction (e.g. Cu) can drive CO2 reduction
to n > 2e− products such as ethylene, but the diversity of
surface sites and their variation over time can thwart
mechanistic investigations.10−12 In recent years, an increasing
body of research has emerged focusing on molecular
electrocatalysts immobilized on electrode surfaces, including
silicon13,14 and graphitic supports.15−19 Surendranath and co-
workers published a series of these studies where molecular
catalysts are covalently conjugated onto carbon electrodes
through pyrazine bridges.20−25 M(bpy-R)(CO)3X (M = Re,
Mn X = Cl, Br) complexes have also been adsorbed through π-
interactions onto multiwalled carbon nanotubes (MWCNTs),
where exceptional rate and selectivity for CO2 reduction
products was recorded even in aqueous electrolyte where
hydrogen evolution should compete.26−28 The marked
modulation�often improvement�in the performance of
many molecular catalysts on carbon nanotubes as compared
to their homogeneous counterparts suggest that electrode
proximity, electron transfer dynamics, and interfacial electric
fields play significant roles and warrant deeper investigation.

Yet, spectroscopic observation of these effects is compromised
by the absorbing and structurally complex nature of carbona-
ceous supports. To address these challenges, molecular
catalysts immobilized on spectroscopically accessible planar
substrates provide a valuable window to observe the behavior
of surface-bound catalysts as distinct from their homogeneous
counterparts.
Understanding the microenvironment at electrode/electro-

lyte interfaces remains a key challenge in interfacial catalysis. A
common approach involves monitoring self-assembled mono-
layers (SAMs) containing vibrational probes on reflective
electrode surfaces by in situ spectroelectrochemistry, often with
the support of computational modeling.29−32 Seminal work in
this area by Dawlaty and co-workers used substituted and
surface-bound 4-mercaptobenzonitrile to track vibrational
frequency shifts of signature v(CN) stretches, and quantita-
tively linked ligand electronic effects and applied potential to
field-induced changes in electrode-bound molecules.33 Shortly
thereafter, Baik and co-workers introduced the concept of the
“electro-inductive” effect, demonstrating that applied bias
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could influence chemical and catalytic transformations of
surface-bound substrates.34 Despite these advances, realizing a
catalytically relevant, covalently tethered monolayer of
molecular catalysts on a spectroscopically accessible Au
electrode surface that remains stable over a wide enough
potential window to study operando has only been possible
under exotic conditions.35 This limitation stems from the
stability of common gold linkages (i.e., thiols, isocyanides)
over large cathodic excursions (Scheme 1). For example,

immobilization of the Re(bpy)(CO)3Cl catalyst on Au
electrodes via thiol linkage yielded a monolayer exhibiting
pronounced field-induced modulation of the electronics of the
metal center: Stark shifts of v(CO) bands were ∼4 times
greater than achievable by installation of electron-donating and
-withdrawing substituents at the 4,4′ position of the
bipyridine.1,6,29,31 Significantly, the thiol-bound monolayer
stripped from the electrode at potentials well positive of the
first reduction of the catalyst. A key goal here is to develop
electrode-anchored molecular catalysts that remain attached
under turnover conditions to spectroscopically observe the
catalysts operando.
Crudden and co-workers recently introduced an “ultra-

stable” method for gold surface functionalization using N-

heterocyclic carbenes (NHCs), demonstrating superior
durability compared to traditional thiol and isocyanide
anchoring moieties.36 Building on this, we report the covalent
attachment of an analogue of Re(bpy)(CO)3Cl to a gold
electrode via an NHC linker. Grafting is achieved by an
electrochemical cycling method that reductively couples the
NHC moiety to gold. The monolayer is characterized via cyclic
voltammetry, polarization modulation infrared reflection
absorption spectroscopy (PM-IRRAS), X-ray photoelectron
spectroscopy (XPS), and by ICP−MS elemental analysis.
Catalytic current is observed under CO2 at potentials positive
than that observed for blank Au and at an apparent rate faster
than the catalyst in solution. Signal from the catalyst persists
over large cathodic excursions and controlled electrolysis
experiments under catalytic conditions, making this system a
promising platform for spectroscopic observation of the Re
CO2 reduction catalyst at electrocatalytically relevant poten-
tials.

■ RESULTS & DISCUSSION
Characterization of Molecular CO2 Reduction Cata-

lyst. Motivated by the dramatic field-induced shifts observed
in the v(CO) stretches of thiol-bound Re(bpy)(CO)3Cl on
Au,31 we designed a ligand framework enabling a more robust
surface attachment: 1,3-dibenzyl-1H-imidazo[4,5-f ][1,10]-
phenanthrolin-3-ium (hereafter referred to as phen-NHC),
which bears distal NHC and polypyridyl moieties. Imidazo-
phenanthroline scaffolds have seen prior use in photochemical
sensing (including with Re, Ru)37 and Re(I)-phenanthroline
complexes are effective CO2 reduction catalysts which provide
a suitable molecular comparison for the heterogenized
species.38 Phen-NHC was prepared and metalated to yield
the target [Re(phen-NHC)(CO)3Cl][PF6] (Figure 1) species
as described and characterized in the Supporting Information.
Cyclic voltammetry (CV) of [Re(phen-NHC)(CO)3Cl][PF6]
(hereafter referred to as [Re(phen-NHC)(CO)3Cl]+) was
performed under Ar and CO2 as a baseline for the behavior of
the corresponding surface-attached species (Figure S4).
Five distinct reduction features are observed in the

homogeneous cyclic voltammetry of Re(phen-NHC)-
(CO)3Cl]+ under an inert atmosphere (Figure 1, Table S2).
In analogous Re bipyridine and phenanthroline systems, the
first and second reductions are typically assigned as ligand and
rhenium centered, respectively.1,3,38 In bipyridyl complexes
bearing electronically neutral and electron-donating substitu-
ents, the second reduction generates the catalytically active
[Re(bpy)(CO)3]− species, where the two electrons required
for the transformation of CO2 to CO are distributed between
an admixture of the Re dz2 and ligand π* orbital.5,39 In the
present complex, each redox feature exhibits varying degrees of
quasireversibility, indicative of delocalized metal−ligand orbital
character and competing solution-phase equilibria. The first
reduction feature of [Re(phen-NHC)(CO)3Cl]+ is only
partially reversible (Figure S3), and while scanning beyond
the second reduction reveals a small oxidative wave on the
reverse sweep (ca. −300 mV vs Fc/Fc+) characteristic of the
oxidation of a Re0-Re0 dimer known to form in solution after
the reduction of the ReI state to Re0,4,7,40,41 catalytic current
enhancement under CO2 coincides with the third reduction
the complex, rather than the second, as observed previously in
bipyridyl-ligated complexes with strongly electron-withdrawing
substituents.1 This deviation points to unique electronic
structure contributions from the phen-NHC scaffold. We

Scheme 1. Molecular Immobilization Motifs on Au
Electrodesa

aUbiquitous thiol- and isocyanide-based self-assembled monolayers
are typically formed through immersion of the electrode in a solution
of the desired molecule with corresponding functional group. NHC-
based attachment strategies include immersion in solutions containing
HCO3

− salts or other base, NHC−CO2 adducts, and electrochemical
deposition at a fixed potential. The present work reports an
electrochemical deposition technique for an NHC-functionalized
molecular CO2 reduction catalyst wherein cathodic cycling generates
a satisfactory monolayer that endures large potential excursions and
exhibits catalytic current enhancement under CO2.
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performed DFT calculations to assign these redox events and
provide a more granular understanding of the electronics of
[Re(phen-NHC)(CO)3Cl]+ (see Supporting Information).
These computations support: (1) that the first reduction of
[Re(phen-NHC)(CO)3Cl]+ is ligand-centered; (2) Cl− ligand
dissociation occurs upon the second reduction of [Re(phen-
NHC)(CO)3Cl]+; (3) that the third reduction is highly
delocalized over the Re center and the phenanthroline
backbone; (4) a formal rhenium-centered reduction does not
occur until the fourth reduction (Figure S28). Therefore, we
propose that the electron introduced at the third reduction
feature of [Re(phen-NHC)(CO)3Cl]+ travels via an inter-
action between the π-system of the ligand and through the
metal center to initiate CO2 binding and activation.
A more intricate reduction pathway is captured on the

timescale of spectroelectrochemical (SEC) measurements
under an inert atmosphere (Figure 2, detailed methods are
provided in the Supporting Information). As electron density is
added to the [Re(phen-NHC)(CO)3Cl]+, the stretches of the
facial tricarbonyl modes of the complex exhibit a red shift due
to an increase in the strength of backbonding interactions.4 A
formal reduction of the rhenium center is expected to shift the
symmetric v(CO) stretch by ∼40 cm−1,42 significantly larger
than that for a ligand-based reduction (i.e., localized on
phenanthroline or aryl imidazolium moiety). In agreement
with DFT and voltammetric analysis, IR SEC of [Re(phen-
NHC)(CO)3Cl]+ under inert conditions supports three
apparent ligand-dominated reductions, along with the
formation of the Re0-Re0 dimer observed in CV as a minor
species. The first spectral shift is very modest - only 2 cm−1;
the process responsible is discussed in detail in the section
below. The second reduction of the complex produces a 21

cm−1 shift in v(CO)symm and the growth of a small band at
1952 cm−1 characteristic of the Re0-Re0 dimer, the
accumulation of which we attribute to intramolecular charge
transfer allowed by the timescale of the technique (Figure
2).4,7,42−45 At more reducing potentials, another spectral
change occurs to afford what we believe is a further reduced
dimer species, evidenced by a clear and rapid shift in the
diagnostic dimer stretch to 1946 cm−1. Such a species has been
crystallized previously from a bipyridine-ligated analog.4

Additional applied potential results in reductive cleavage of
the dimer and a ca. 27 cm−1 shift in v(CO)symm., corresponding
to the formation of the catalytically active species. A final major
spectral change in SEC likely corresponds to a formal rhenium
reduction, as supported by DFT, and can be observed as a
minor species by passing fresh solution of the analyte over a
negatively charged electrode before the signal is convoluted by
solvent decomposition.
Catalytic activity toward CO2 reduction was evaluated by

CV and controlled-potential electrolysis (CPE). The observa-
tion of Faradaic features atop the catalytic curve is generally
indicative of sluggish catalysis (Figure 1). Consistent with CV,
electrolysis experiments using [Re(phen-NHC)(CO)3Cl]+ as a
homogeneous catalyst reveal poor performance toward CO2
reduction: Faradaic efficiency (FE) for CO production lies at
just 28% (Table S12) where protons required for turnover are

Figure 1. Crystal structure and CV of [Re(phen-NHC)(CO)3Cl]-
[PF6]. Crystals were grown by vapor diffusion of diethyl ether into a
concentrated acetonitrile solution of the complex. PF6− counterion
omitted for clarity. Homogeneous electrochemistry under Ar (blue)
and CO2 (orange) of [Re(phen-NHC)(CO)3Cl]+ in 100 mM
TBAPF6/ACN at a scan rate of 100 mV/s. The first two reductions
are assigned as initially ligand-centered. The third reduction
corresponds to the transformation to the catalytically active species
under CO2. The reverse oxidative wave (∧) is characteristic of Re0-
Re0 dimer oxidative cleavage.

Figure 2. Homogeneous spectroelectrochemistry of [Re(phen-
NHC)(CO)3Cl][PF6] in 100 mM TBAPF6/ACN under inert
conditions. The first and second spectral shifts (dark blue, light
blue) are assigned as initially ligand-centered reduction processes.
Upon loss of Cl−, dimerization at the rhenium center can occur (teal,
diagnostic peak, 1952 cm−1). The dimer may then undergo reduction
(yellow, diagnostic peak, 1946 cm−1) which cleaves to form the
catalytically active species (orange) upon the addition of further
electron density. An additional spectral shift (dark orange) can be
observed under dynamic conditions. Potentials recorded vs an Ag
quasi-reference electrode are included.
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abstracted from dry ACN.1,40,46 This is not without precedent -
our group showed that the Re active site is very sensitive to the
electronics of its polypyridyl ligand.1 Installing electron
withdrawing ligands at the 4,4′ position of Re(bpy-R)(CO)3Cl
devastated the FE for carbon products - from near unity with
-tBu to only 18% FECO with −CN substituents under identical
conditions.1 As we have seen, the additional aromaticity of the
phen-NHC ligand leads to the localization (or rather,
delocalization) of electrons across the ligand framework of
[Re(phen-NHC)(CO)3Cl]+, which appears to have the effect
of reducing the overall FE for the desired catalytic reduction of
CO2. However, the poor performance of this catalyst in
homogeneous solution is not necessarily a deterrent for
studying immobilization effects. Recent work from our group
showed that when a related group VII catalyst is immobilized
on multiwalled carbon nanotubes, FECO jumps to ca. 92%, as
compared to just 29% in solution.28

Deposition of Molecular Catalyst on Au. With a
baseline of accessible redox states of [Re(phen-NHC)-
(CO)3Cl]+ established in homogeneous solution, we sought
to form a monolayer of the complex on a gold electrode surface
using the −NHC functionality47−50 Following recent work by
our group,48 a homoleptic bis(NHC)Au(I) cation of the
rhenium complex, [Re(phen-NHC(CO)3Cl)2Au][PF6], was
synthesized, characterized, and evaluated by CV (see Figures
S6−S7 and accompanying discussion).48 Layers were prepared
by soaking a clean Au substrate in a 0.1 mg/mL solution of the
complex in ethanol for >12 h. Although v(CO) stretches of the
Re complex were observed by PM-IRRAS following deposi-
tion, these features repeatedly disappeared after modest
voltammetric interrogation under Ar and CO2 (Figure S8). A
fourth reduction wave is distinctly absent from CV of
Re(phen-NHC)(CO)3Cl)2Au][PF6] (Figure S7). Based on
this, we initially believed that this feature of [Re(phen-
NHC)(CO)3Cl]+ may correspond to the reduction of the aryl
imidazolium moiety, resulting in the free carbene.51,52 We
theorized that a more stable monolayer could be formed by
direct attachment of the molecule to an Au working electrode
via in situ electrochemical generation of the carbene species
from the imidazolium salt and concomitant deposition onto a
gold working electrode.51−54 While additional electronic
characterization of [Re(phen-NHC)(CO)3Cl]+ showed that
the fourth redox feature in CV was not due to a localized
reduction of the imidazolium (vide supra), we did find that

slow (25 mV/s), repeated electrochemical cycling to the
corresponding reduction potential (ca. −2.2 V vs Fc/Fc+ in
TBAPF6/ACN) resulted in monolayers exhibiting defined
vibrational modes characteristic of the Re(CO)3 moiety by
PM-IRRAS and Faradaic features in CV (vide inf ra).
The electrochemical deposition of NHCs on Au using

controlled potential electrolysis at −1 V vs an Ag/AgBr
pseudoreference electrode in wet (50 mM H2O) acetonitrile
has been reported previously, the proposed mechanism of
which entails reduction of H2O to form OH− ions at the
electrochemical interface, which subsequently deprotonate the
imidazolium moiety to form the free carbene (Scheme 2).55 In
our hands, we did not observe current enhancement
corresponding to water reduction at such low concentrations
until potentials negative of −2.2 V vs Fc/Fc+ in acetonitrile
(See Figure S11 and accompanying discussion). Interestingly,
we find that [Re(phen-NHC)(CO)3Cl]+ can be deposited on
Au via controlled potential electrolysis at much less negative
potentials under anhydrous conditions (as characterized by
PM-IRRAS, Figure S12). Based on these findings, experiments
were performed to elucidate the mechanism of deposition. In
an N2 filled glovebox, [Re(phen-NHC)(CO)3Cl]+ was
separately exposed to tetrabutylammonium hydroxide and a
chemical reductant, potassium graphite. The resulting
solutions were characterized by IR spectroscopy, and clean
Au slides were subsequently immersed in each solution. In
both cases, diagnostic CO modes are visible in the resulting
PM-IRRAS spectra, indicating deposition of the complex
(Figure S15). Of great interest is a ca. 2 cm−1 red shift in
v(CO) of the molecule in solution-state IR upon exposure to
both base and chemical reductant (Figure 3). This shift is also
reflected in the spectroelectrochemistry of the molecule, and is
accompanied by the loss of a broad feature at ca. 3080 cm−1

that we assign as the +C−H stretch of the imidazolium cation
(see Figures S9 and S16, Table S5).56 Consequently, this shift
corresponds to the apparent formation of the carbene complex
which can subsequently bind to gold.
Direct electrochemical reduction of the imidazolium cation

is likely to proceed through a radical mechanism, reacting with
either itself or solvent to release hydrogen gas and generate the
free carbene (Scheme 2).51,52 DFT calculations of [Re(phen-
NHC)(CO)3Cl]+ were performed to evaluate the energetics of
this process, which, unsurprisingly, is strongly endergonic for
the unreduced cationic species: +2.77 eV (63.88 kcal/mol).

Scheme 2. Proposed Mechanisms for Electrochemical Generation of Free Carbene From Aryl Imidazolium Cationsa

aDeprotonation mechanism adapted from ref 55. Available under a CC-BY 4.0 license. Copyright 2020 Amit et al. Reduction mechanism adapted
with permission from ref 51. Copyright 2004 Royal Society of Chemistry.
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Upon reduction of the complex, however, hydrogen release
becomes thermodynamically accessible, just +0.08 eV (1.8
kcal/mol) uphill after the first redox event and +0.10 eV (2.3
kcal/mol) after the second. As additional electron density is
added to the molecule, the process becomes favorable: −0.55
eV (−12.68 kcal/mol) after the third reduction, and −0.61 eV
(−14.07 kcal/mol) after the fourth reduction of the complex.
Spectroelectrochemical evidence of conversion to the carbene
species and irreversibility of the first reduction feature at very
slow scan rates in CV (Figure S3) suggest that the rate of
carbene formation is dominated by the chemical hydrogen
atom transfer step. Taken together with experimental results,
these computational analyses support that electrochemical
generation of the free carbene begins to occur after the first
reduction of [Re(phen-NHC)(CO)3Cl]+ and prevails at higher
reducing potentials. Therefore, we believe that the reduction
mechanism of [Re(phen-NHC)(CO)3Cl]+ depicted in Scheme
2 dominates during our deposition procedures.
In addition to our original grafting technique, wherein slow

(25 mV/s) electrochemical cycling was performed to ca. −2.2
V vs Fc/Fc+ (the fourth reduction potential of the molecule),
we investigated single-potential electrolysis depositions and
cycling to less negative potentials using the redox features of
[Re(phen-NHC)(CO)3Cl]+ as an internal reference in
TBAPF6/ACN. PM-IRRAS of an Au slide subjected to
single-potential electrolysis depositions reveals a “goldilocks”
potential zone for effective deposition, where applied potentials
of ca. −1.7 and ca. −2.0 V vs Fc/Fc+ (corresponding to the
second and third reduction potentials of the complex) result in
the most intense v(CO) bands (Figure S12). Notably,
electrolysis depositions at the potential of the fourth reduction
resulted in low PM-IRRAS intensity. Based on this finding, we
also tested electrochemical cycling to the potential of the

second reduction feature (ca. −1.7 V vs Fc/Fc+), which
produced visible v(CO) modes in PM-IRRAS spectra (Figure
S14). Cycling to, and electrolysis at −1.7 V vs Fc/Fc+
produced layers with similar stability properties under
successive 60 s controlled-potential electrolysis experiments
(Table S6), with a slightly more negative catalytic onset
potential apparent for electrolysis depositions (Figure S19). Of
the deposition methods tested, cycling to the fourth reduction
potential allowed the most electroactive complex to be
deposited (as determined by integration of redox features in
CV, Figure S19). We theorize that grafting through electro-
chemical cycling benefits from a combination of increased time
spent at reducing potentials and increased thermodynamic
driving force for hydrogen atom donation by the imidazolium
cation. Additionally, cycling to very negative potentials may
allow molecules deposited in an unfavorable configuration for
electron transfer to reconfigure or strip, leaving a vacancy for
another molecule to rebind on the next cycle. For consistency,
we discuss monolayers which were deposited through slow
cycling to −2.2 V vs Fc/Fc+ and refer to the gold-bound
system as an Electrochemically-Assembled Monolayer
(ELAM) below. Surface coverage was evaluated via cyclic
voltammetry and ICP−MS. Through both methods, mono-
layer coverage was determined to be on the order of 1013
molecules/cm2 when calculated using the geometric surface
area of Au electrodes. Though on the low end, this value is in
agreement with established monolayer loadings57 and with the
crystal packing density of [Re(phen-NHC)(CO)3Cl]+, and is
therefore attributed to the spatially demanding -Bz groups
attached to the phen-NHC framework. It is important to note,
however, that these values can also be highly dependent on the
electroactive surface area of each Au substrate. Selected values
and additional discussion are reported in the Supporting
Information (Tables S9 and 10).
Characterization of Immobilized Catalyst. Vibrational

spectroscopy of the CO stretching region of Re(phen-
NHC)(CO)3X ELAMs on 1 cm2 Au slides is presented in
Figure 4 (see Figure S25 for full PM-IRRAS spectrum).
Comparison of the ν(CO) spectral features of the ELAM with
the FT-IR spectrum of [Re(phen-NHC)(CO)3Cl]+ in
acetonitrile reveals a Gaussian peak distribution characteristic
of inhomogeneous broadening, supporting the covalent
binding of the heterogenized Re(phen-NHC)(CO)3X to the
gold surface.58 To obtain a more detailed understanding, DFT
calculations of the vibrational modes of an Au-bound Re(phen-
NHC)(CO)3Cl were performed using a cluster-based model
(see Supporting Information), following our previous studies
on the surface orientation of rhenium tricarbonyl catalysts.59

PM-IRRAS selection rules dictate that peak intensity depends
on the angle between the transition dipole moment of the
vibrational modes and surface normal,60 therefore the relative
intensities of the v(CO) features provide information on the
averaged relative orientation of the complex on the surface. A
fit of the experimental PM-IRRAS spectrum results in three
peaks with amplitudes of 6.18, 5.98 (asymmetric modes), and
7.92 au (symmetric mode) (see Table S19), which, upon
comparison with the computational PM-IRRAS intensities,
suggests that the orientation of the rhenium carbonyl moiety is
canted 50−60° relative to the Au electrode surface.
Cyclic voltammetry under Ar of Re(phen-NHC)(CO)3X

ELAMs formed on 3 mm diameter Au electrodes exhibit redox
features particularly visible with increasing scan rate. The scan
rate dependence of the peak current was investigated to

Figure 3. Solution-state IR in ACN of signature CO stretches of
[Re(phen-NHC)(CO)3Cl]+ (blue) after exposure to tetrabutylam-
monium hydroxide (gray), potassium graphite (red), and under
negative bias during spectroelectrochemical measurements (yellow).
Peak values are reported in Table S7.
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determine the species observed was surface-bound (Figure 5).
A linear dependence of the major peak current vs scan rate was
found, reflective of a redox process that is not diffusion-limited,
i.e., the analyte is confined to the electrode.57,61 The reduction
features of the heterogenized molecule are less distinct as
compared to its response in solution, making the assignment of

specific processes challenging. We suspect that the hybrid-
ization of the molecular species with the biased electrode may
affect the electronic structure and orientation of the bound
molecule, and by effect, change the character of the observed
redox features relative to the species in solution. These
electronic effects are under investigation and will be the subject
of a future work. The peak-to-peak separation of the major
redox features under Ar is nonzero (average ΔEp = 69 mV).
Electrode adsorbed redox−active complexes theoretically do
not exhibit peak-to-peak separation under purely reversible
conditions, as the potential for the couple should not be
limited by diffusion. This deviation from ideality has been
explained in detail elsewhere.62 Surface defects of polycrystal-
line Au,63−65 quasireversibility of closely spaced redox features,
and lateral interactions between immobilized molecules (e.g.,
dimerization) are all likely candidates to cause the observed
broadening and peak shift.57,62,66

Activity toward CO2 Reduction. Significant catalytic
current is observed coinciding with the reduction features of
Re(phen-NHC)(CO)3X ELAMs under an atmosphere of CO2
(Figure 6). The character of the wave is distinct from both the
homogeneous species and from bare Au. The potential of
catalytic onset is positive than that of the bare electrode in dry
electrolyte. To compare the activity of the homogeneous and
heterogenized species, the observed rate of catalysis was
calculated using the icat/ip method

1,67 assuming all charge is
accounted for by n = 2e− reduction products. Based on cyclic

Figure 4. PM-IRRAS spectrum of signature ν(CO) stretches of
heterogenized Re(phen-NHC)(CO)3X and Levenberg−Marquardt fit
(top) compared to solution-state FT-IR spectrum of [Re(phen-
NHC)(CO)3Cl]+ in acetonitrile (bottom). Band shape analysis of
each ν(CO) stretch was over 90% Gaussian in character.

Figure 5. Scan rate dependence of reduction features of
heterogenized Re(phen-NHC)(CO)3X (above) in 100 mM
TBAPF6/ACN under Ar. The forward and reverse peak current
varies linearly with scan rate (below), indicative that the redox active
species observed is bound to the electrode.

Figure 6. Catalytic current enhancement under CO2 by 1 mM
[Re(phen-NHC)(CO)3Cl]+ (above) vs Re(Phen-NHC)(CO)3X
heterogenized on Au (below) in 100 mM TBAPF6/ACN. The
onset potential of catalysis for homogeneous and heterogeneous
species is over 200 mV positive than that of blank Au in dry ACN.
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voltammetry alone, the observed rate of the homogeneous
catalyst was determined to be 4 s−1, while the heterogenized
system is faster by a factor of over 200 (947 s−1) (Table S11).
We recognize that this equation is only correctly applicable to
ideal S-shaped catalytic curves.67−69 In our analysis, we sought
to compare the relative activity of the homogeneous and
heterogenized species rather than an intrinsic rate of catalysis
and encourage the reader to interpret these values accordingly.
Gaseous product quantification derived from controlled
potential electrolysis experiments under 1 atm CO2 confirms
product formation and results in a more practical value for
selectivity: 64% FECO at −2200 mV vs Fc/Fc+ for the ELAM in
dry ACN. Activity toward CO2 reduction of the heterogenized
system surpasses both the homogeneous compound (FECO =
28%) and bare Au (FECO = 23%), in general agreement with
CV (Table S12). We attribute the apparent improvement in
performance over the homogeneous species to two phenomena
associated with direct conjugation to the electrode: first, that
catalyst turnover is limited only by diffusion of the substrate
rather than both substrate and catalyst, and second, because
electron transfer may proceed with low reorganization energy
between the catalyst and the electrode through the carbene−
Au bond.
Stability of the Immobilized Catalyst. To investigate

the stability of the heterogenized species, an initial survey of
high cathodic bias electrolysis experiments was performed
using an ELAM on a 3 mm diameter Au electrode. Potentials
of −2.1 and −2.3 V vs Fc/Fc+ were applied for 15 s each, for a
total of four experiments under Ar and CO2 (Figure S21). CV
scans were taken before and after each corresponding
electrolysis experiment and are reported in Figure S22.
Notably, a sharp reductive stripping peak like those observed
for thiol-based monolayers does not appear.64 While a
moderate current decrease in Faradaic features and the
catalytic wave is observed, signals arising from the surface-
bound species are still present after electrolysis. To confirm the
presence of Re(Phen-NHC)(CO)3X on Au under such
conditions, a comparable stability study was performed on a
1 cm2 Au slide, which was analyzed via PM-IRRAS before and
after deposition and each successive electrolysis experiment.
Small deleterious effects were observed with progressive scans
negative of −2 V vs Fc/Fc+ and CPE under CO2 in both dry
and wet ACN (Figure S23). However, even after several CPE
experiments under catalytic conditions, signature ν(CO)
stretches remain visible via PM-IRRAS (Figure S25).
The stability of the monolayer was also examined through

XPS and PM-IRRAS analysis together with a product
quantification experiment on a 1 cm2 Au slide (Figure 7,
Figure S26). After 42 mC of charge was passed under catalytic
conditions (ca. 2 min for the monolayer analyzed, Figure S24),
signal arising from Re(phen-NHC)(CO)3X persisted in the
PM-IRRAS spectrum, and XPS analysis indicated that ca. 41%
Re was retained as measured by the area of the Re 4f peak.
Likely causes for the decrease in signal observed include
stripping of carbene-bound Au adatoms,70 catalyst deactivation
(i.e., demetalation/complex degradation - after all, molecular
catalysts have a limited turnover number), or simple cathodic
stripping of the NHC-bound molecule. The latter is to be
expected under the severe conditions experienced at the
electrode/electrolyte interface at high bias. Interfacial electric
fields can be as large as 109 V/m, depending on the character
of the monolayer and electrolyte.71,72 Furthermore, under
cathodic bias, reduced immobilized species are held in close

proximity to a negatively charged electrode, the electrostatic
repulsion of which may be extreme on the molecular scale.
The potential window of stability of NHC-based monolayers

on gold for industrially relevant electrochemical applications
has been studied previously. One group used SERS to monitor
stretches of commonly studied benzimidazole-based NHCs on
roughened gold under continuous voltammetric cycling up to
67.7 h, suggesting a cathodic potential window of stability for
this species out to −1 V vs Ag/AgCl (between −1.41 and
−1.45 V vs Fc/Fc+) over long periods of use.73,74 Due to the
native activity of gold toward CO2 reduction, applications
using the NHC-based attachment to gold described herein are
best found in catalytic transformations requiring a more
moderate bias and where substrate does not interfere. Still, the
linker design and deposition method presented may enable
deeper cathodic excursions in in situ spectroelectrochemical
investigations. Electrochemical and infrared signals from this
ELAM endure voltammetric scans negative of −2 V vs Fc/Fc+
and through sustained catalysis, providing a promising
platform to study electric field and immobilization effects on
covalently bound molecular species.

■ CONCLUSIONS
We report an electrochemically grafted monolayer of a
molecular rhenium CO2 reduction catalyst on gold electrodes.
Electrochemical cycling in a solution of [Re(phen-NHC)-
(CO)3Cl]+ generates the corresponding free carbene in situ,
depositing the species on working Au electrodes. The addition
of the Re(CO)3 moiety to the polypyridyl NHC-linker
provides a meaningful spectroscopic handle to diagnose the
mechanism of deposition and attachment to Au. Signature CO
stretches observed in PM-IRRAS spectra reveal inhomoge-
neous broadening characteristic of a surface-bound species at a
50−60° tilt angle, and Faradaic features of the heterogenized
molecule and catalytic current under CO2 are visible via CV.
Compared to the homogeneous catalyst, the immobilized
species exhibits greater selectivity for CO2 reduction products
and a faster rate of catalysis via CV. The NHC-based
monolayer demonstrates durability in organic solvent through
repeated scans beyond −2 V vs Fc/Fc+ and catalytic
electrolysis, with the goal of enabling spectroelectrochemical
investigations of electrode conjugation and interfacial electric
field effects on polypyridyl-ligated molecular species. Fur-
thermore, the method of immobilization presented here may

Figure 7. PM-IRRAS spectra of v(CO) bands of the heterogenized
catalyst before and after product quantification electrolysis under CO2
at −2.2 V vs Fc/Fc+ (Left Panel). XP spectra of Re 4f before (top)
and after (bottom) the catalytic measurement (Right Panel). The
colored curves represent the fitted peaks corresponding to the Re 4f
7/2 (red) and 4f 5/2 components (blue).
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be extended to other materials (e.g., Cu, Pt, Ag) allowing for a
convenient electrode modification protocol using carbene-
based attachments from bench stable imidazolium precursors.
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