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Abstract:

The storage of renewable energy through the conversion of CO; to CO provides a viable
solution for the intermittent nature of these energy sources. The immobilization of rhenium(I)
tricarbonyl molecular complexes is presented through the reductive coupling of bisdiazonium aryl
substituents. The heterogenized complex was characterized through ultra—visible, attenuated total
reflectance, infrared reflection absorption spectroscopy, and X-ray photoelectron spectroscopy to
probe the electronic structure of the immobilized complex. In addition, studies of cyclic
voltammetry, controlled potential electrolysis, and electronic impedance spectroscopy were
conducted to examine the CO; reduction activity. The structure and CO» reduction performance
were compared with a previously reported immobilized rhenium(I) tricarbonyl molecular complex
to probe the effect of varying the tethering of the aryl substituent from the 5,5'- position to the 4,4'-
position of the 2,2'- bipyridine backbone. The immobilized complex on carbon cloth at the 4,4'-
position provided excellent selectivity (FEco > 99%) and maximum TONco and TOFco values of
3359 and 0.9 s’!, respectively, without the addition of a Brensted acid source. A non-aqueous flow
cell demonstrated the stability of this complex during a 5 h electrolysis. Tethering at the 4,4'-
position, compared to the 5,5'- position, yielded lower overall activity for CO; reduction and was
attributed to the difference in growth morphology and formation of aggregations, due to Re-Re
dimer formation and n-  stacking interactions within the metallopolymer matrix. For carbon cloth
substrates, an optimized catalyst loading was determined to be 44.6 + 11 nmol/cm?.



Introduction:

With population expansion, the rise in energy demand, and the negative environmental
impacts of climate change, the requirement for developing sustainable energy technology is
paramount.! With the potential availability of solar energy (79,000 TWyr) hitting the earth’s
surface, and wind energy as a close second, there is the capability of meeting the world’s energy
demand several times over.? However, due to the intermittent nature of solar and wind energy,
there is an inherent mismatch between the use of renewable energy and demand.? To circumvent
this, a solution lies in using renewable energy-derived electricity to drive the storage and
conversion of chemical fuels. The electrocatalytic conversion of CO> to CO can provide a viable
means of storing energy in the form of chemical bonds.* This conversion can also help reduce the
rise in atmospheric carbon dioxide, as CO; is the primary greenhouse gas contributing to climate
change.

The fac-Re(2,2"-bipyridine)(CO);Cl (ReBpy) complex was first reported as a CO;
reduction photocatalyst in 1983 by Hawecker, Lehn, and Ziessel.> The following year, Lehn and
coworkers published a report where the ReBpy was used as an electrocatalyst and resulted in 98%
Faraday Efficiency (FE) for COz to CO conversion.® From this foundational work, and the
continued research on the homogeneous ReBpy as CO; reduction catalyst, this complex is of
particular interest in this report. Correspondingly, homogeneous catalysts are attractive due to their
tunable ligand environment and their resulting chemical properties leading to catalytic
selectivity/activity modulation, well-defined catalytic active sites, and the subsequent
establishment of structure-mechanism-activity relationships.” However, the drawbacks of
employing molecular catalysts consists in their limited solubility, poor recyclability after use, and
their poor utilization as only the amount that is present in the diffusion layer participates in
catalysis, rendering the rest of the catalyst solution in the bulk as non-active, in addition to mass-
transport limitations which result from a greater distance of diffusion from the bulk to the
electrode.”

The immobilization of homogeneous catalysts represents an attractive solution to the
setbacks stated above.®? The heterogenization developed thus far can be organized into several
immobilization methods: (i) periodic, (ii) non-covalent, and (iii) covalent.” Sun and coworkers
reported a periodic immobilization, where ReBpy was incorporated into a metal-organic
framework (MOF) and deposited as a thin film onto fluorine-doped tin oxide substrates for
electrocatalytic CO» reduction.! Similarly, our group has previously reported the incorporation of
ReBpy into MOFs and a covalent-organic framework (COF) for CO> reduction.!’:!? However,
MOFs and COFs typically display low electronic conductivity and have low stability under
reductive conditions, which limits their applications in electrocatalysis.!*> An alternative approach
was reported by Gray and coworkers previously utilizing pyrene moieties to non-covalently
immobilize ReBpy into the basal plane of a highly oriented pyrolytic graphite substrate through n-
n interactions.!* Unfortunately, most non-covalent immobilized catalysts experience decay,
subsequent leaching of the catalyst in solution during the prolong experiments to test stability, and
slow electron transfer, which is due to weak van der Waals interactions between the catalyst and
the substrate.” The covalent immobilization method can overcome these shortcomings and can be
divided into two subclasses, chemical reactions, and electrochemical reactions. Surendranath and
coworkers have reported an example of the prior, where ReBpy was linked to a graphitic electrode
through pyrazine linkages for electrochemical CO: reduction.!> Yet, covalent immobilization
through chemical reactions involves the development of arduous reaction strategies that covalently



link the molecules onto the substrates. Conversely, electrochemical polymerization provides an
easier alternative to tethering molecules covalently onto substrates to form catalytic active films.

After the report by Lehn, which outlined the electrocatalytic activity of ReBpy, Meyer and
coworkers conducted a study of electrochemically polymerizing Re(v-Bpy) (v-Bpy = 4-vinyl-4'-
methyl-2,2"-bipyridine) onto a platinum substrate.!®!” This report demonstrated that after
polymerization, the films were more efficient for CO2 reduction, as turnover numbers (TONs)
were 20 times larger when compared to those for the monomer in solution. However, due to the
flexibility, and radicals produced from the vinyl substituent upon electropolymerization, the films
showed cycling stability issues, which were a result of the formation of Re-C and Re-Re dimer
bonds.'®!7 Due to these complications, other coupling agents are required to form effective
tethering to substrates. Previously, Pinson and coworkers introduced the use of aryl diazonium
salts to modify carbon electrodes in 1992.!® The advantages of diazonium salts, over other coupling
agents, are their facile preparation, fast electroreduction, a wide range of functional groups, and
robust surface covalent bonding.!® Nervi and coworkers made use of this coupling method to
covalently tether MBpy (where M = Mn or Re) complexes to the surface of glassy carbon
electrodes.!” Specifically for ReBpy, the immobilization resulted in films with better performance
— a 60-fold increase in the activity was observed when compared to the homogeneous catalyst in
acetonitrile. Comparatively, polymer films formed with conjugated bipyridine backbones
displayed increased structural stability.? Thus, the use of diazonium salt coupling and the
formation of conjugated backbones provides a suitable system to form electroactive films.

Our group has previously reported on the application of electropolymerization to form
catalytic films of surface-immobilized rhenium(I) bipyridine polymers.?! The reduction of
bis(diazonium) salts led to the covalent surface attachment of the ReBpy to a wide range of
electrodes. Electrocatalytic studies displayed faradaic efficiency (FE) and turnover frequency
(TOF) of 99% and 0.50 s!, respectively. Interested in the exploration of analogous catalysts for
this system, functionalization of the tethering of the rhenium bis(diazonium) complex from the
5,5'- position to the 4,4'- position of the bipyridine backbone was pursued to elucidate changes in
the catalytic activity, electronic structure, and growth morphology of the respective films. Within
this report, immobilization of rhenium complexes at the 4,4'- position of the bipyridine backbone
resulted in ReBpy-containing films with decreased electron density at the metal center, decreased
conjugation, Re-Re dimer formation, and change in growth morphology. This system was
investigated through glassy carbon and carbon cloth substrates to probe the immobilized catalyst
in terms of electronic structure and CO; reduction activity. Specifically, tethering the rhenium
complex at the 4,4'- position onto carbon cloth substrates resulted in ReBpy-containing films that
displayed excellent selectivity (FEco > 99%) and maximum TONco and TOFco values of 3359
and 0.9 s, respectively, although, this system yielded a less catalytically active system, when
compared to analogous ReBpy tethered at the 5,5'- position. The variance in CO; activity was
attributed to the formation of aggregations, due to Re-Re dimer formation and n-m stacking
interactions within the metallopolymer matrix. An optimized catalyst loading was determined to
be 44.6 + 11 nmol/cm?.

EXPERIMENTAL SECTION:
Materials and Synthesis.

All manipulations of air- and moisture-sensitive materials were conducted under nitrogen
atmosphere in a Vacuum Atmospheres glovebox or on a dual manifold Schlenk line with oven-



dried glassware. Water was deionized with the Millipore Synergy system (18.2 MQ-cm).
Acetonitrile, diethyl ether, and toluene were degassed with nitrogen, passed through activated
alumina columns, and stored over 3A or 4A Linde-type molecular sieves in an inert atmosphere.
[2,2"-bipyridine]-4,4'-diamine (TCI Chemicals, 98+%), Rhenium pentacarbonyl chloride (Thermo
Fisher Scientific, 98%), and nitrosonium tetrafluoroborate (Sigma Aldrich, 98%) were purchased
from Fisher Scientific. A rhenium standard solution (Inorganic Ventures, 997 pug/mL Re in 3%
(v/v) nitric acid) was purchased from VWR International LLC. All other chemical reagents were
purchased from commercial vendors and used without further purification.

[2,2"-bipyridine]-4,4'-diaminechlororhenium(l). The rhenium [2,2'-bipyridine]-4,4'-diamine
complex was synthesized using a previously reported metalation procedure for the rhenium 5,5'-
diamine analogue. The [2,2'-bipyridine]-4,4'-diamine ligand was refluxed in a toluene solution
with rhenium (I) pentacarbonyl chloride (Scheme S1),2? and the reaction mixture was allowed to
stir for 18 hours. The resulting bright yellow precipitant was collected by vacuum filtration and
purified through hot filtration with ethyl acetate. After washing with ether, the resulting bright
yellow solid formed with an 88% yield. 'H-NMR (400 MHz, CD;CN) 6§ 8.34 (2H, d), 7.28 (2H,
s), 6.67 (2H, d), 5.66 ppm (4H, s).

[2,2"-bipyridine]-4,4'-diazoniumchlororhenium(l). Oven-dried 50 mL and 25 mL Schlenk flasks
with adaptors and stir bars were cooled in the antechamber of the glovebox before being brought
in. Following assembly, the 50 mL flask was charged with 25.2 mg (0.216 mmol) of NOBF4 and
0.9 mL of acetonitrile. The 25 mL flask was charged with 44.8 mg (0.0911 mmol) of [2,2'-
bipyridine]-4,4’-diaminechlororhenium(I) and 1.9 mL of acetonitrile. The 50 mL flask was then
placed on the Schlenk line with cycles of N> and vacuum. The [2,2-bipyridine]-4,4'-
diaminechlororhenium(I) was subjected to sonication for 10 mins before an additional placement
on the Schlenk line. Both flasks were cooled in an acetonitrile/dry ice bath (-40 °C) before the
[2,2"-bipyridine]-4,4’-diaminechlororhenium(I) suspension was added dropwise to the NOBF4
solution. An immediate dark purple coloration occurred. This solution was stirred for about 1 hour
before the addition of 35 mL of dried anhydrous diethyl ether. The resulting adhesive-violet-
colored precipitant was collected by vacuum filtration and dried with a minimal amount of diethyl
ether. The precipitant was collected and stored in the dark at -27 °C. 'H-NMR (500 MHz, CD3CN):
89.70, 9.35, and 8.66 ppm. ’F-NMR (500 MHz, CD3CN): & -150.8 ppm.

Note: Careful attention should be placed on the stability of 4,4'-(bis)diazonium salts.
Diazonium salts are slightly unstable even when stored in a freezer,?* for this reason, the diazonium
salts were immediately used in electrochemical grafting. Additionally, no bisdiazonium salts were
used after 5 days of being synthesized.

Preparation of Carbon Cloth Samples. Carbon Cloth Electrodes (CCEs) (99.5% carbon) were
purchased from Fuel Cell Earth LLC. The cloth was cut into 1 x 4 cm? pieces and treated with 9.7
M HCI solution for 1.5 hours to remove trace metal impurities, followed by soaking in Mili-Q
water and rinsing thoroughly with Mili-Q water. Cycles of 10-minute sonication in Mili-Q water,
acetone, Mili-Q water were subsequently applied. The CCE was then allowed to dry in air
overnight before use.



Preparation of FTO Samples. Flourine-doped Tin Oxide (FTO) were cut into 1 x 4 cm? pieces and
cleaned with a series of 10-minute sonication cycles in soapy water, acetone, isopropanol, and
Mili-Q water and allowed to dry in air overnight before use.

Modification of Electrode Samples. Electrodes of CCE, FTO, Glassy Carbon and gold electrodes
were modified based on our previously optimized procedure.?! Modifications to this procedure
were made to facilitate the parallel-modification of up to four electrodes. A stock solution of 0.5
mM bis(diazonium) monomer was prepared in an anhydrous acetonitrile solution with 0.1 M
[nBug4][PFs] supporting electrolyte. The bulk of the grafting stock solution was kept in a dry
ice/acetonitrile bath. The volume of the stock solution depends on the number of electrodes being
grafted; 10 mL of fresh stock solution was used for each grafted electrode. The Pt wire was
polished and heated to red hot prior to use. An oven-dried, nitrogen-purged cyclic voltammetry
cell was capped with a Teflon adapter holding the working, pseudo-reference Ag wire, and Pt
counter electrodes. A fresh 10 mL aliquot of the grafting stock solution was injected into the cell
and a series of cyclic voltammetry (CV) scans were run between -0.2 V and -1.2 V vs. vs. Fc"? at
a scan rate of 1 V/s. Electropolymerizations were referenced externally.

Physical Methods:

NMR Spectroscopy

Proton NMR spectra were acquired at room temperature using Varian (Mercury 400 2-Channel
and VNMRS-500 2-Channel) spectrometers and referenced to the residual 'H resonances of the
deuterated solvent (‘H: CD3CN-d3, 8 1.94 ppm).

UV-Vis NIR spectroscopy

Spectra were obtained using a Lambda 950 UV/Vis/NIR Spectrophotometer. Molecular samples
were analyzed in transmittance mode with an air-free 1 cm quartz cuvette, and the spectrum
measured for a blank acetonitrile sample was subtracted as background. Modified FTO samples
were studied in transmittance mode and the spectrum measured for an unmodified FTO substrate
was subtracted as background.

X-ray Photoelectron Spectroscopy

XPS data were collected using a Kratos AXIS Ultra instrument. The monochromatic X-ray source
was the Al K o line at 1486.6 eV. Low-resolution survey spectra were acquired between binding
energies of 1-1200 eV. The Survey scan was collected at a pass energy 160 eV. Higher-resolution
detailed scans, with a resolution of ~0.1 eV, were collected on individual XPS lines of interest at
pass energy of 20 eV. The sample chamber was maintained at <2 x 1078 Torr. A charge neutralizer
was employed to remove build-up charge on the sample surface during XPS experiments. The
XPS data were analyzed using the CasaXPS software.

FT-IR

Fourier-transform infrared spectroscopy (FT-IR) spectra were acquired using a Nicolet™ iS20
FTIR Spectrometer. Reflectance spectra were collected using a VeeMAX 111 specular reflectance
accessory from Pike Instruments. Samples were positioned face-down over an aperture (3/8”
diameter). All IRRAS measurements were collected with a 56° angle of incidence under vacuum
pressure with 1 cm! resolution. Polarization studies were performed with a ZnSe polarizing lens



purchased from Pike Instruments. The spectra measured for unmodified substrates under identical
experimental parameters (angle, polarization, and resolution) were subtracted as background.
Studies were performed at 1 cm™! resolution with 128 or 200 scans. ATR-FTIR measurements for
complex 1 were performed in the ATR mode.

SEM
Scanning electron microscopy (SEM) was performed on a NanoSEM 450 scanning electron
microscope using an accelerating voltage of 5 or 10 kV.

ICP-OES

Inductive Coupled Plasma Optical Emission Spectroscopy (ICP-OES) measurements were
performed using a Thermo Scientific iCAP 7000 ICP-OES and were used to determine the amount
of Re deposited on the surface of 2-CC substrates. The raw intensity data was converted to
concentration with the use of a calibration curve generated from a series of standards in aqueous
3% nitric acid solutions containing known concentrations of Re. The calibration standards were
prepared by dilution of a 997 + 4 png/mL Re standard solution (3% v/v HNO3). The serial standard
concentrations were 100, 10, 1, 0.1, 0.01 ppm of Re. The modified electrodes 2-CC were digested
by sonicating in 2 mL of nitric acid overnight and then diluted to a final volume of 100 mL with
Millipore water. After filtering, the concentration of the modified electrodes was measured and
converted to Re concentration referenced to the electrochemically active geometrical surface area
= 1.5 cm?. Each modified electrode sample was measured as a set of triplicate data sets and
reported as the average.

Post-catalysis analysis of the working electrode solution was done by diluting a 10 pL aliquot of
the working electrode solution to 100 mL and filtering before subjecting to ICP-OES analysis.

Electrochemistry:

Cyclic Voltammetry

Electrochemistry experiments were carried out in acetonitrile solution with 0.1 M TBAPFs
electrolyte using a Pine potentiostat for cyclic voltammetry measurements and VersaSTAT 3
potentiostat for the EIS measurements. The experiment was carried out in a three-electrode
configuration electrochemical cell under a nitrogen or CO> atmosphere using an 3 mm diameter
glassy carbon, FTO, or carbon cloth as the working electrode, a pseudo-reference electrode of a
silver wire purchased from VWR, and a platinum wire as the auxiliary electrode purchased from
Alfa Aesar. The reference electrode was isolated in a glass capillary with a Vycor frit. Ohmic drop
was compensated using the positive feedback compensation implemented in the instrument. All
experiments, except for electropolymerization (referenced externally), were referenced relative to
ferrocene (Fc) with the Fe**?* couple at 0.0 V, and all CVs were first scanned anodically and
subsequently returned cathodically.

Controlled Potential Electrolysis and Gas Chromatography

CPE measurements were conducted in a two-chambered H cell. In the first chamber, the working
and reference electrodes were immersed in 40 mL of 0.1 M tetrabutylammonium
hexafluorophosphate (TBAPFs) in acetonitrile for non-aqueous conditions. The counter electrode
(unmodified carbon cloth) was placed in the second chamber in 20 mL of 0.1 M TBAPFs in



acetonitrile. The two chambers were separated by a fine porosity glass frit and the reference
electrode was placed in a separate compartment connected by a Vycor tip. Carbon cloth electrodes
(Fuel Cell Earth, Inc.) were used as the modified working or unmodified auxiliary electrodes. For
gas chromatography experiments, 2 mL of gas were withdrawn from the headspace of the H cell
with a gas-tight syringe. This was injected into a gas chromatography instrument Shimadzu GC-
2010-Plus equipped with a BID detector and a Restek ShinCarbon ST Micropacked column or a
Nexis GC-2030 equipped with a PTCD and FID detector. Faradaic efficiencies were determined
by dividing the amount of CO produced as measured by gas chromatography by the amount of CO
expected based on the total charge measured during controlled potential electrolysis. For each
experiment, the controlled-potential electrolysis measurements were performed at least twice (with
two samples prepared under identical conditions), leading to similar behavior.

Non-aqueous CO; reduction Flow Cell

Flow cell system’s unique design allows for different electrodes to be tested under a controlled
environment. Implementing air/oxygen sensitive catalysts into the flow cell system can provide
longer stability and a prolonged lifecycle for the system where the electrolytes can survive for
lengthily tests. Unlike other battery cell setup, like coin cells which have all its compartments
encased inside the coin, the flow cell is a liquid state system.

The flow cell was assembled (Figure S29) through custom-made cell hardware (Electrochem
Inc.). The cell block consists of layers of conducting blocks, the first outer layer is made of gold-
plated charge carrier copper plates, and the Potentiostat (Solartron Metrology) is connected to the
charge carrier during the experiments where a potential of -2.6 V was applied. With the reference
being the counter electrode in this system, the potential is referenced to the OER potential in basic
media. Sandwiched between the charge carriers are two blocks of graphene plates. These
graphene blocks are equipped with openings on one side to allow for the flow of electrolyte.
Electrodeposited 2 was placed on the anode side and on the cathode side platinum plates were
employed, both with a surface area of 1.5 cm?. A porous Teflon sheet acts as the main
separator for electrodes, to avoid unnecessary crossover. Additionally, to prevent leaking
from the long period of flow, two Teflon gaskets of 5 cm? were placed on both sides of the
cell block. A gear pump (March Manufacturing Inc.) was utilized for this stability test
because the porous Teflon sheet doesn’t provide enough pressure to separate the two flows.
Thus, only one pump was implemented to ensure the entire cell will have electrolyte cycled
through. The output pump was connected to the lower inlet of the graphene block and an
upper outlet was connected into the material storage tank where the electrolyte is.

RESULTS AND DISSCUSSION:

Scheme 1. Immobilization of [2,2'-Bipyridine]-4,4'-bis(diazonium) Rhenium Complex via electrochemical
grafting.
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Synthesis of [2,2'-Bipyridine[-4,4'-bis(diazonium) Rhenium Complex. The rhenium [2,2'-
bipyridine]-4,4’-diamine complex (Scheme 1) was synthesized according to a metalation
procedure reported for the [2,2"-bipyridine]-5,5’-diamine ligand with rhenium(I) pentacarbonyl
chloride in a refluxed toluene solution.'>?? The 'H-NMR spectrum of the rhenium [2,2'-
bipyridine]-4,4’-diamine complex in acetonitrile-d3 displays peaks corresponding to the aromatic
protons on the bipyridine backbone at 6 8.34, 7.28, and 6.68 ppm and to the 2H pendant amine
protons at 8 5.66 ppm (Figure S1).2? Treatment of [2,2'-bipyridine]-4,4'-diamine complex with
nitrosonium tetrafluoroborate (2.4 eq.) in anhydrous acetonitrile at -40 °C caused an instant color
change from an opaque yellow solution to deep violet. Anhydrous diethyl ether was used to
precipitate an adhesive-dark-purple solid, which was collected via vacuum filtration, and stored in
a freezer at -27°C. The rhenium [2,2'-bipyridine]-4,4'-bis(diazonium) complex (1) was
characterized through 'H and "?F-NMR spectroscopy, UV-Vis spectroscopy, and attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-FTIR). The 'H-NMR spectrum of 1 in
acetonitrile-ds displays three aromatic peaks at & 9.70, 9.35, and 8.66 ppm with 1:1:1 ratio and
assigned to the protons of the bipyridine backbone (Figure S2). A notable downfield shift of 1
from the aromatic proton peaks of the rhenium [2,2'-bipyridine]-4,4'-diamine complex at & 8.34,
7.28, and 6.68 ppm,*? is due to the electron-withdrawing substituents on the bipyridine. In addition,
the absence of the previously assigned pendant amine proton signal, at & 5.66 ppm,?? further
supports the conversion of the diamine into the diazonium moiety. The "F-NMR spectrum of 1 in
acetonitrile-d; displays a peak around 6 -150.8 ppm, which is assigned to the tetrafluoroborate
anion (Figure S3). The ATR-FTIR spectrum of 1 displays a characteristic CO stretch at 2028 cm-
I, and two stretching vibrations coalesced within a broad signal at 1918 cm!, which is
characteristic of the fac-Re(CO)sCl species (Figure S4).4% An additional stretching vibration
resides around 2320 cm'!, which corresponds to a diazonium stretch.!%26 The UV-Vis spectrum of
1 (0.125 mM in acetonitrile) was collected (Figure S5). The spectrum displays two strong
absorption peaks at 350 nm and 540 nm. The signals are assigned to a® — 7" bipyridine absorption
and to mixed dn (Re) — = (bpy) metal-to-ligand-charge-transfer (MLCT)/p(Cl) — =*(bpy)
ligand-to-ligand CT (LLCT), referred to as MLLCT,*?® respectively (Table S1). This
characterization clearly indicates the successful synthesis of 1 and that the electronic transitions
parallel to that of the fac-Re(CO)3Cl species.

A spectroscopic comparison of complex 1 against that of the previously reported [2,2'-
bipyridine]-5,5'-bis(diazonium) chlororhenium(l), referred to as 5,5'-(bis)diazonium henceforth,
was pursued to elucidate changes in the electronic structure of both monomers. A notable blue
shift of ~72 nm and a red shift of ~24 nm occurs for the MLLCT absorption and & — " transition
of 1, respectively, when compared to those for 5,5'-(bis)diazonium (Table S1). The positioning of
the electron-withdrawing substituent N>™ in the 5,5'-position causes a stronger shift of electron
density away from the electron-rich metal center, thus stabilizing the ligand-based 7™ orbital and
results in a weaker MLLCT transition. The stabilized n” orbital phenomenon was also seen in the
analogous complex system of [2,2'-bipyridine]-4,4’-bromomanganese(I),>” and bathchromatic
shifts in rhenium tricarbonyl systems with extended conjugation.*® In contrast, the latter red shift
of the 1 — n” transition demonstrates the induction effect the electron-withdrawing substituents
exert on the bipyridine ligand for 1. The diazonium group, N>", positioned para to the heteroatom
nitrogen extends the conjugation as evident by the longer wavelength of the maximum
absorption.’!=33 Similarly, the ATR-FTIR spectra for complex 1 displayed a red shift for the in-
phase-symmetric carbonyl stretching frequency from 2033 to 2028 cm™! , when compared to 5,5'-
(bis)diazonium (Table S2), suggesting that the electron density deficiency is greater for the 5,5'-



(bis)diazonium, as a decrease in the carbonyl stretching frequency can be associated with stronger
back bonding donation, and subsequently longer C—O bonds from decreased electron density

around the metal center.
0.3

03 ] / ,____-—/
| ,_,_av—’//

06 |——r~7

-0.9 4

1.2 4

-1.5 4 —Scan1

Scan5

-1.8 Scan10
Scan 20

Current density (mA/cm?)

-2.1 T T T T
-1.20 -1.00 -0.80 -0.60 -0.40 -0.20

Potential (V) vs. Fc*®
Figure 1. Various electropolymerizations of complex 1 (0.5 mM) onto glassy carbon electrodes via cyclic
voltammetry in acetonitrile solutions with 0.1 M TBAPFs electrolyte to generate films 2. The scans were
performed with a scan rate of v =1V s'with Pi=-0.2Vand Ps =-1.2 V.

Electropolymerization of [2,2'-Bipyridine|-4,4"-bis(diazonium) Rhenium Complex. Complex 1
was grafted onto substrates of glassy carbon (GC) (Figure S6), fluorine-doped tin oxide (FTO)
(Figure S7), gold (Au) (Figure S8), and carbon cloth (CC) (Figure S9) electrodes to form grafted
films (labeled as 2) and was subjected to characterization and electrochemical studies. GC was
chosen for electrochemical measurements. FTO substrate was chosen for characterization due to
the electrode’s transparent nature and Au was chosen for its highly reflective nature, making both
substrates ideal for spectroscopic measurements. The CC substrate is employed to test the catalytic
activity of 2 and can be used as a comparison to the FTO characterization. Cyclic voltammetry
(CV) was conducted with an initial potential (P;) of -0.2 V vs. Fc¢*/* (all subsequent potentials are
referenced to the ferrocene/ferrocenium reversible couple unless otherwise stated), and a switching
potential (Ps) of -1.2 V in the presence of 0.5 mM of 1 in an acetonitrile solution with 0.1 M
TBAPFs electrolyte (Figure 1). Previous work by Pinson, Savéant, and their coworkers
demonstrated that the successful electrografting of diazonium salts is attributed to the formation
of aryl radicals at potentials that do not further reduce to the anion species.’* The mild Ps of -1.2
V chosen for grafting ensures the anion is not produced. Additionally, no ferrocene standard was
added to the medium to avoid the introduction of ferrocene into the grafted polymer matrix. A scan
rate of v =1 V s was used to facilitate uniform film growth and minimize impeding charged
trapped species during grafting.>> The potential window was previously optimized as it can
influence the deposition of the diazonium complex.?! The number of grafted scans applied to
generate the modified electrodes, n, varied from n = 1, 5, 10, 20, and so on. Henceforth, the
substrates will be referred to as X-Y-n, where X are the grafted films 2, and Y is the substrate of
interest (e.g. GC), and n is the number of grafted scans. After deposition, the electrodes were
thoroughly rinsed with acetonitrile and acetone to remove any weakly absorbed species. During
the electropolymerization of 1 into 2, an irreversible broad cathodic feature appears around -0.40
V for 2-GC-1 (Figure 1). As n increases, this feature is shifted cathodically to potentials of -1.05
V (for 2-GC-20). The prior broad feature is attributed to a previously assigned one-electron
bipyridine reduction, and consequently, a reduction of the diazonium substituent.!? This reduction
feature corresponds to the formation of aryl radicals near the surface of the electrode and
subsequent release of N», common for electrochemical reduction of diazonium species.!63¢ The



latter reduction feature at -1.05 V for 2-GC-20 is attributed to a blocking effect of the deposited
layer as the charge transport to the substrate becomes increasingly barred, hindering further
reduction.® This peak increase and cathodic shift are both indicative of successive grafting layers
of molecular diazonium species.

(a) (b)
4f5/2 -
3
—- [
3 "

©
ﬁ 47 %
2 2
Q [
o ®
2
<
46 4'5 4'4 4'3 4:2 4:1 4'0 3'9 38 300 3;0 42() 5;0 5('1) S;O 6['1) S;O 7!'1] 7;0 800
Binding Energy (eV) Wavelength (nm)
(c) (d)

11, N | Planeof ||
— \/\ Ll v ! Incident | !
, . ' '

E p-polarized | |

Reflectance (a.u.)

——p-polarized

I N7, Au electrode

<

s-polarized

——s-polarized

2300 2200 2100 2000 1900 1800 1700 1600 1500 1400
Wavenumber (cm-)

Figure 2. (a) High-resolution Re 4f XPS spectrum for a modified 2-FTO-10 electrode. (b) UV-vis absorption
spectrum measured for a modified 2-FTO-20 substrate. (c) Polarized IRRAS results measured for a
modified 2-Au-20 substrate under both p- (blue trace) and s- (red trace) polarization. (d) S-, p-polarization,
and fixed carbonyl stretching frequency planes of grafted [2,2'-bipyridine] rhenium(l) complexes based on
the orientation to the plane of incident.

Characterization of Grafted Films. To characterize the modified electrodes, the substrate was
submitted to a series of spectroscopic measurements of UV-Vis, infrared-reflection absorption
spectroscopy (IRRAS), scanning electron microscopy (SEM), and X-ray photoelectron
spectroscopy (XPS). After grafting and rinsing, the 2-FTO-10 and 2-CC-10 modified electrodes
were analyzed by XPS. The survey XPS displays distinct signals corresponding to elements of 1s
C,IsN, 1s O, 1s F, 2p CL, 2p P, 1s B, and 4f Re (Figure S10b). The rhenium 4f region displays
two peaks at 44.3 and 41.8 eV, corresponding to the Re 4f5/> and 4172, respectively (Figure 2a and
Table S3). Depending on the substrate, the signals are similar in binding energy (BE) with signals
around 41.8 eV corresponding to Re 417> for both 2-FTO-10 and 2-CC-10 (Figure S11 and Table
S3). Interestingly, the high-resolution Sn 2p region displays two peaks at 495.6 and 487.1 eV, and
a satellite peak at 497.6 eV for 2-FTO-10 (Figure S12 and Table S3), which were assigned to the
Sn 3ds» and 3dsp, and a plasmon-loss of the substrate, respectively. The appearance of Sn core
levels indicates that film thickness does not exceed the XPS sample depth (~5 — 10 nm) for films
loading up to n = 10. The satellite feature represents the energy loss of the fraction of
photoelectrons from collective excitations during XPS excitation.?’” Additionally, the high-
resolution Cl 2p region displays signals at 197.8 and 199.4 eV for 2-CC-10, which correspond to
2p32 and 2p1y2, respectively (Figure S13b and Table S3). The use of FTO electrodes displays a



similar signal at 198.2 eV, corresponding to the 2p12, which is a 1.2 eV shift in binding energy
(Figure S13a). This shift is due to fluorine interstitial defects of FTO on soda lime glass, where
XPS analysis of this substrate has been shown to display plasmon-loss components of core-level
lines.?” This phenomenon is also present when comparing the survey spectra between the 2-FTO-
10 and 2-CC-10 (Figure S10), in which inelastic scattering of electrons is displayed at higher
binding energies for 2-FTO-10 (Figure S10a). Furthermore, the F 1s displays a small satellite
feature at higher binding energies in the 2-FTO-10 film, likewise supporting the plasmon-loss
associated with the surface of FTO electrodes (Figure S14a). This phenomenon is also the reason
for the appearance of only one F 1s signal for 2-FTO-10. Correspondingly, the F 1s region exhibits
two peaks present at 685.9 and 688.8 eV for 2-CC-10 (Figure S14b and Table S3). The prior is
assigned to an F 1s signal for the ionic species of BF4,*8 whereas the latter F 1s signal is assigned
to the PF¢ due to the higher shift in binding energy; a result of the higher electronegativity of
phosphorus. Moreover, the P 2p region for the 2-FTO-10 displays three signals at 133.8, 134.7,
and 139.0 eV. The first two signals correlate to the 2p3» and 2p1/2 energy levels, respectively, for
the PF¢ anion (Figure S15a and Table S3). The latter is the Sn 4s signal, captured within the
spectrum window of P 2p. Also, the B 1s for 2-FTO-10 corroborates the appearance of the BF4
anionic species (Figure S15b). This XPS analysis is consistent with the trapping of redox species
within the film matrix during electropolymerization of 1 to generate films 2 (vide infra).2!-3%40
Lastly, an examination of the C 1s region of 2-CC-10 displays two signals at 284.7 and 286.2 eV,
both corresponding to polymer binding energies of C-C and C-N groups, respectively (Figure S16
and Table S3).*' An additional broad signal present at ~292.9 eV is assigned to a m — 7" shakeup
satellite feature, a signal that is associated with an electronic transition in conjugated unsaturated
bonding.***** This XPS characterization demonstrates that the structural integrity is retained upon
electropolymerization, the substrate chosen has minimal influence on the -electronic
communication of the grafted complex, the trapping of anionic species within the polymer matrix,
and the conjugated connectivity of the tethered complex.

Comparisons of XPS characterization of the grafted analogue, 5,5'-ReBpy, with that of 2
were done to provide information on how the structural electronic integrity is changed as a function
of the tethering position of the bipyridine backbone (Table S3). The binding energy (BE) of the
high-resolution Re 4f region demonstrates the Re 4f7 signal for the grafted films 2-FTO-10, and
5,5'-ReBpy onto FTO is within the expected literature value for a +1 oxidation state.®
Additionally, the Re 4fs» and 4f7 peaks for 2-FTO-10 are shifted ~0.8 eV higher in BE when
compared to 5,5'-ReBpy. Moreover, the Cl 2p3.2 peak for complex 2-CC-10 exhibits a BE shift of
~0.8 eV when compared to 5,5'-ReBpy. This shift towards higher BE is a result of the 4,4'-
tethering of the bipyridine backbone which imparts a change in the growth morphology that results
in a reduction of electron density away from the Re center, thus the Re center is more electron
deficient when compared to the 5,5'-tethering in 5,5'-ReBpy. The appearance of signals in the P
2p and F 1s demonstrates the entanglement of the PF¢” and BF4™ anions within the polymer matrix
of both films, 2 and 5,5'-ReBpy.

UV-Vis measurements were performed on the 2-FTO-20, using FTO as a transparent
substrate (Figure 2b and Table S1). The spectrum displays two strong absorption peaks at 314
and 394 nm, along with two broad absorption features at 560 and 680 nm, and intermediate
absorption at 450 nm. The high-intensity signals at 314 and 394 nm are assigned to the intraligand
n—m transitions (IL) of the polymer backbone,* and the lower-intensity broad signals at 560 and
680 nm are assigned to mixed dn (Re) — n* (bpy) metal-to-ligand-charge-transfer (MLCT)/p(Cl)
— w*(bpy) ligand-to-ligand CT (LLCT), referred to as MLLCT.?”28 It is known, from time-



dependent density functional theory, that the lowest energy optical transitions are representative
of MLCT.#*® Additionally, halide ligands induce delocalization of frontier orbitals that is better
described as electron density transferred from the whole Re(CO); fragment, rather than just from
Re.?” Similarly, the contribution of interligand CT between adjacent immobilized bipyridine
molecules cannot be ruled out.*>° These absorption features have also been observed on FTO-
modified electrodes with lower grafted scans, 2-FTO-10 (Figure S17). The absorption at 450 nm
corresponds to the contribution of the electronic excitation of a possible Re-Re dimer species
during the electropolymerization of complex 1. These UV-Vis absorption signals match well the
values of the previously reported peaks for the Re-Re dimer.?43!-52

The UV-Vis results of 2-FTO-10 were compared with that of the analogous grafted 5,5'-
ReBpy onto FTO to determine how the electronic excitations change as a function of the tethering
position. The IL transition for 2 is blue-shifted by ~22 nm, from 336 to 314 nm (Table S1).
However, examining the MLLCT transition of 2, there is a notable red shift of ~64 nm from 496
to 560 nm. This decrease in MLLCT band energy contrasts with the blue-shifted UV-Vis of the
MLLCT of 1. The prior shift is indicative of a decrease in conjugation,>® whereas the latter displays
a decreased MLLCT band energy where the tethered 4,4’-positioning induces a lowering of the
LUMO of m*(bpy). The decreased MLLCT band energy for 2 is a phenomenon common for Bpy
derivatives with electron-withdrawing groups.’* The decrease in MLLCT band energy and
decrease in conjugation is due to unpredictable growth of 2 and possible dimer formation. These
UV-Vis results, in conjunction with the XPS characterization, demonstrate the electronic
environment and structural integrity of the rhenium bipyridine moiety is retained after
electropolymerization and that the electronic excitations can change as a function of the tethering
of the bipyridine backbone.

Additional characterization of IRRAS was performed as a surface-sensitive technique to
observe the previously documented three rhenium fac-(CO)s stretch modes of in-phase symmetric
a'(1), anti-symmetric a", and out-of-phase symmetric a'(2) stretches.’>¢ This study was conducted
on modified grafted Au electrodes, as Au possesses high reflectance and high conductivity
characteristics. The IRRAS spectrum for a modified 2-Au-20 electrode displays two stretching
frequencies: a sharp feature at 2026 cm!, and a broad frequency at 1922 cm! (Figure 2¢ and Table
S2), which are characteristic of CO stretching frequencies. The sharp feature at 2026 cm™ is
assigned to the a'(1) stretching frequency, whereas the broad frequency at 1922 cm™ is assigned to
the overlapping a" and a'(2) symmetry stretches, respectively.

Moreover, comparisons of the IRRAS spectra of the immobilized films 2 can be made with
that of 1, and that of the analogous 5,5'-ReBpy complex to probe how electronic communication
changes upon electropolymerization and as a function of positional immobilization (Table S2).
Upon electropolymerization of 1 to 2 on Au electrodes, only a slight blue shift of 2 cm™ is observed
for the sharp a'(1) feature, signifying that there is little to no change in the electronic structure upon
electropolymerization. Correspondingly, 2 is red-shifted by 4 cm™! for the a'(1) stretching mode,
when compared to 5,5'-ReBpy. This data contrasts with what is observed for UV-Vis and XPS
characterization, as 2 should possess blue-shifted stretches when compared to 5,5'-ReBpy. This
discrepancy may be due to the sample penetration depth of IRRAS and the long-range order of
5,5'-ReBpy films. At a 56° angle of incidence, and the wavenumber of interest (~2000 cm™), the
sample penetration depth would be limited to shallow sampling depths. Additionally, it has been
previously reported that immobilized ReBpy species can possess strong intermolecular m-m
stacking interactions that can induce a blue-shift for the a'(1) stretching mode.>’° Similarly, the
5,5'-ReBpy films have previously been reported to have a long-range order film growth.?! Due to



the growth morphology of 2 (vide infra), it is possible that the IRRAS measurement would excite
a larger concentration of the upper-layered immobilized 5,5'-ReBpy species, therefore elucidating
larger contributions of intermolecular interactions than those observed for 2, and thus, resulting in
a higher wavelength frequency absorption for 5,5’-ReBpy.

To probe the long-range growth morphology of the film, polarized IRRAS studies were
carried out with a ZnSe polarizing lens. In previous studies of monolayer films, the determination
of molecular orientation relies on two methods: (1) Determining spectral intensity with p-
polarization at several angles of incident or (2) with both p-polarization (parallel to the plane of
incident) and s-polarization (perpendicular to the plane of incident) radiation at a single angle of
incident (Figure 2d).°*®! The latter radiation was chosen as a proxy for the qualitative
determination of the relative orientation of the immobilized species. Quantitative determination is
beyond the scope of this work and the reader should be directed to the references above for a more
in-depth analysis method. The degree of polarization was quantified using the ratio of the peak
height (AR) for a'(1) carbonyl stretching mode at 2026 cm™ under p- and s-polarization (AR, /AR;).
Examining the spectra collected for the modified 2-Au-20 electrode, the p-polarization displays
increased absorption for the assigned carbonyl stretches (AR,/AR; = 40), whereas the s-
polarization shows little to no absorption (AR;/AR, = 0.03). This result is in contrast to that
observed for the 5,5'-ReBpy analogue, for which the s-polarization displays increased
absorption.?! Using bonding considerations, these results indicate that the C=0 ligand in 2 is
positioned parallel to the plane of incident, whereas the C=0 in the previously reported grafted
5,5'-ReBpy complex is positioned perpendicular to the plane of incident.?! Based on these results,
a relative comparison can be made on the orientation of the immobilized species. The strong p-
polarization dependence observed for the stretching modes of 2 indicates horizontal film growth
(the film branches outwards as opposed to generating linear orientations). This long-range
morphology differs from that of the previously reported grafted 5,5'-ReBpy complex, where the
immobilized system displayed a larger polarization dependence for the vertical growth
orientation.?! The qualitative orientation of 2-Au-20 demonstrates the drastic change in growth
morphology from a slight change in the tethering position from the 5,5'- to 4,4'- position of the
bipyridine backbone. Additionally, this change in surface orientation for 2 opens the possibility of
Re-Re dimer formation and strong n- stacking interactions.®?64

To further probe the surface morphology of the anchored films, SEM image acquisitions
were performed with the modified 2-Au-20 electrode. As illustrated in Figure S18a, the film
morphology possesses overall smooth surface coverage with small aggregation formations.
Regions of brighter areas are a result of the backscattering of heavier elements captured in the
through lens detector (TLD) of the instrument, suggesting the formation of micro-meter clusters
of rthenium. Furthermore, a gold electrode was acid-etched prior to electropolymerization (Figure
S18b). Signified by the appearance of a minor defect crack present on the surface of the Au
electrode, the immobilized film bridges over the surface of the defects and creates smooth features,
further supporting the horizontal growth (with respect to the surface normal) of 2. The appearance
of micro-clusters increased as the roughness of the surface increased due to acid-etched
preparation.

Electrochemistry of Grafted Films. Once the characterization of the grafted electrodes was
complete, cyclic voltammetry was employed for grafted films of 2-GC-1 to 2-GC-20 loadings
(Figure S19). The CVs were performed with P; = open circuit potential (OCP), an anodic switching
potential of 0.8 V (P, = 0.8 V), followed by a cathodic switching potential of -2.6 V (P. =-2.6 V).



Each scan was performed with a scan rate of v =100 mV s!. All measurements were performed
on grafted electrodes, rinsed vigorously with acetonitrile and acetone; and complex 1 was not
present in the medium of analysis. Under N> atmosphere, an irreversible cathodic feature is
observed at potentials around -1.00 V for each of the grafted films (Figure S19), which is attributed
to the discharge of charge-trapped electrolyte, that accumulated during the electropolymerization
process; a feature common in conducting polymer matrices with metal complexes.?!3%40 Also
under N> atmosphere, a quasi-reversible cathodic feature occurring around -1.80 V for each loading
is attributed to previously assigned two ligand-based reduction events converging into a single
broad two-electron reduction.!? In addition, the modified electrodes each displayed a decrease in
the current density upon the second CV scan, before stabilizing with subsequent CV cycles (Figure
S20). This behavior is attributed to n-doping of the bipyridine backbone upon polarization.®> For
this reason, subsequent CV analysis was done up to two cycles. Additionally, an irreversible
oxidation event for 2 appears after the first cycle of CV scans at -0.2 V (Figure S20). This signal
is attributed to the oxidative cleavage of the Re-Re dimer to form two independent Re(I)
fragments.®? This electrochemical response further provides evidence of dimer formation.

To determine the reactivity of films 2 onto GC, each modified substrate was subjected to
CV studies under a saturated CO» atmosphere (Figure S19). For each film, there was a loss of
reversibility from switching from Nz- to CO»-saturated solutions, as well as a subsequent increase
in the current density, thus signifying that a reaction is occurring. For each loading, the catalytic
feature increased in current density from 2-GC-1 up to 2-GC-10, followed by a decrease in the
current density as the number of scans n increased to 20 in 2-GC-20. These studies indicate that
thicker films display a decreased catalytic activity, which could be a result of inhibited substrate
diffusion for higher-loading films as indicated for 2-GC-20. This study indicates that films with n
= 10 scans display the optimal catalytic activity for the GC electrode. An additional UV-Vis
measurement was performed with 2-FTO-10, before and after the CV studies under a CO»-
saturated solution and displayed little to no losses in the intensity for the absorption peaks (Figure
S21).

Furthermore, electrochemical impedance spectroscopy (EIS) measurements were
conducted in CO»-saturated acetonitrile solutions with 0.1 M [NBu4][PF¢] to elucidate the charge
transport properties based on the thickness of the films deposited. The Nyquist plot displays the
response of high frequencies to low frequencies (Figure S22). This plot serves as a proxy to find
the solution resistance (Rs) at high frequencies. The semi-circle at low frequencies provides both
the charge-transfer resistance (R¢) and Rs. At the open circuit potential (OCP), resistance is similar
across each of the films, except for 2-GC-10 which displays a lower resistance (Table S4) when
compared to other catalyst loadings. An increase in the magnitude of the potential applied results
in an overall decrease in R for each film. Examination of each response at -2.4 V displays Re
values of 1.97 x 10°, 8.79 x 10 1.27 x 10° ohms for 2-GC-5, 2-GC-10, and 2-GC-20,
respectively. When comparing impedance, a noticeable decrease in the R occurs from 2-GC-5 to
2-GC-10, followed however by a further increase in the R¢; for 2-GC-20. This study indicates that
2-GC-10 displays enhanced charge transfer properties, further demonstrating the optimal film
thickness to be 2-GC-10 on GC substrates.
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Figure 3. Cdl of glassy carbon modified electrodes as a function of the number of grafting scans.

Next, double-layer capacitance (Ca) was used as a substitute for determining the
electrochemically active surface area (ECSA) at the surface of the deposited films. Cq
measurements were performed within a 100 mV window and at a non-Faradaic capacitance region
(Figure S23). If the change in current density (AJ = Janodic - Jeathodic), centered at OCP, is plotted as
a function of the scan rate, the result is a slope equal to the Cai (Figure S24). This analysis is
derived from the knowledge that the double-layer charging current is equal to the product of scan
rate and the Cq.%¢ There is a linear increase in ECSA from 2-GC-1 to 2-GC-10, but saturation is
reached and a subsequent decrease in ECSA occurs for 2-GC-20 (Figure 3). This behavior
indicates that the optimal catalyst loading is reached for 2-GC-10, based on the highest ECSA of
Cq = 81.8 uF/cm?. An optimized catalyst loading (< n = 10) was also observed for the 5,5'-ReBpy
analogue.?! This evidence warranted the exploration of other substrates for CO, reduction.

Electrocatalysis of Grafted Films. Catalyst loadings higher than n = 10 on the modified glassy
carbon electrodes displayed mass transportation limitations, and unfortunately the GC electrodes
with this low catalyst loading (n = 10) do not generate enough products for quantification.
Interested in improving this mass transport limitation, further electrochemical analysis was carried
out on carbon cloth (CC) modified electrodes to test the activity in terms of selectivity and stability
of the immobilized 4,4'-ReBpy system. CC was chosen as a substrate due to previously reported
high catalytic activity (FEco = 99% and TON ~290,000) for the analogous immobilized 5,5'-
ReBpy,’” low electrical resistance, low cost, and large surface area.®
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Figure 4. (a) Catalyst loading of carbon cloth electrodes 2 as a function of the number of grafting scans
and referenced to the geometrical surface area of 1.5 cm?. (b) Cdl of deposited films as a function of the
number of grafting scans on carbon cloth performed before (blue) and after (red) CPE.



Interested in the optimization of the catalyst loading on CC electrodes, inductively coupled
plasma optical emission spectroscopy (ICP-OES) analysis and double-layer capacitance (Cai)
measurements were performed to determine the catalyst loading and provide an estimate of the
ECSA of the CC modified electrodes as a function of the number of electrodeposition CV scans
(Tables S5 & Figure 4). For ICP-OES measurements, the films were digested through overnight
sonication in 2 mL of concentrated nitric acid and subsequently diluted to 100 mL with deionized
(DI) water. The Cai measurements were conducted in a solution of 0.1 M [NBus][PFs] in
acetonitrile and with a geometrical surface area of 1.5 cm? (Figure S25 & S26). The analysis of
ICP-OES revealed a linear correlation between the number of grafting scans and catalyst loading
on 2-CC substrates, ranging from 2-CC-1 to 2-CC-20 (Figure 4a). An increase from 2-CC-20 to
2-CC-40 resulted in a saturation of catalyst loading, with subsequent deposition yielding a minimal
increase. The highest catalyst loading achieved was 90.3 + 12 nmol/cm? for the 2-CC-80 sample.
Catalyst loadings of 2-CC-10 to 2-CC-80 are higher, but in line with surface coverage of analogous
immobilized complexes.®®%® This is attributed to the increased surface area of CC over GC
supports and the potential formation of intermolecular n-n stacking interactions at higher catalyst
loadings.

Interestingly, the Cai measurements also outline a linear increase in the ECSA as the
loading increases from 2-CC-1 to 2-CC-10, with a saturation point being reached before 2-CC-20
(Figure 4b). Although subsequent CV deposition scans result in higher loading, it does not linearly
correlate with the ECSA. Once a catalyst loading of 44.6 = 11 nmol/cm? is reached for n = 10,
there is a saturation in the ECSA with higher loadings only resulting in a negligible increase (<110
uF/cm? deviation), suggesting that the optimal loading is already reached by 2-CC-10.
Comparatively, the analogous immobilized 5,5'-ReBpy on CC deposits a lower amount of overall
catalyst during electropolymerization as 5 scans resulted in 3.2 nmol,*” whereas 2-CC-1 has
already reached a deposition of 23.9 + 3.2 nmol/cm? after 1 scan. This discrepancy in
electrodeposition can be explained by the difference in the long-range growth morphology of the
respective films. Due to the tethering position of 2, the films grow horizontally with respect to the
surface normal of the substrate (vide supra). This surface configuration opens the possibility to
Re-Re dimer formation and 7-n stacking interactions that would result in denser films.2%* As a
result, a lower ECSA is observed for thicker films as dimer and n-r stacking interactions could
lead to the possible formation of aggregates as thicker films may block access to the buried active
sites beneath the uppermost film layers.”*7!

To further elucidate the degree of aggregation at higher catalyst loadings, p-polarized
IRRAS measurements were carried out with a ZnSe polarizing lens and with samples of varying
catalyst loadings from 2-Au-1 to 2-Au-20 (Figure S27). An apparent blue shift of ~ 4 cm™ of the
symmetric stretching vibration a'(1) from 2-Au-1 to 2-Au-20 films is observed. Correspondingly,
Zanni and coworkers previously used 2D IR, FTIR experiments, and quantum-chemical
calculations to demonstrate intermolecular coupling between ReBpy dyes tethered on the interface
of TiO; at the 4'- and 4,4'-position of the bipyridine, which induced a blue-shift for the symmetric
stretching vibration a'(1) as ReBpy aggregation increased.>’ Indeed, a similar trend is observed
here for 2, alluding to the existence of surface ReBpy aggregates that arise from intermolecular
interactions and dimer formation as the catalyst loading is increased.’’> A consideration of the
electrochemistry of 2-CC under catalytic conditions would adequately elucidate the effect of this
increased catalyst loading for CO> reduction.
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Figure 5. CVs of the grafted films on carbon carbon in acetonitrile solution with 0.1 M TBAPFs electrolyte
under N2 atmosphere (blue), and in an atmosphere of CO2 (red). The measurements were performed on
(a) 2-CC-1, (b) 2-CC-5, (c) 2-CC-10, (d) 2-CC-20. Additional control experiments were performed for glassy
carbon electrodes under 1 atm of CO2 (solid black).

To determine the activity of 2-CC based on the catalyst loading, CVs were employed for
grafted films of 2-CC-1 to 2-CC-20 (Figure 5). The CVs were performed under a saturated Nz —
or COz—atmospheres with 0.1 M [NBuy4][PF¢] and P;=OCP, P,=0.8 V, and followed by a cathodic
switching potential of P. = -2.6 V. Each scan was performed with a scan rate of v =100 mV s!.
Substituting an N»-saturated environment with COz-saturation, a sharp increase in the current
density is observed for all the grafted complexes. The catalytic onset potential occurs around -1.76
V for each of the respective loadings. The lowest loading of 2-CC-1 exhibits a maximum current
density of -11 mA/cm?. Furthermore, a gradual increase in current density is observed as the
catalyst loading is increased from 23.9 + 3.2 nmol/cm? to 58.7 + 6.5 nmol/cm? (2-CC-1 — 2-CC-
20), with a maximum current density of -25 mA/cm? achieved for 2-CC-10. A trace cross-over
event occurred within the potential range of -2.12 to -2.14 V for all loadings, which indicates a
species generated through reduction, that is oxidized at potentials more positive than the initial
reduction event of 2. Although the CV results display a gradual increase in current density
throughout the loadings, 2-CC exhibited mass transport limitations for catalyst loadings greater
than 44.6 = 11 nmol/cm? (n > 10).
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Figure 6. a) Controlled potential electrolysis (CPE) faradaic efficiency results as a function of the number
of scans. (b) Amount of the products generated from 1 hr CPE. (c) TON and (d) TOF results of 1 h CPE
based on ICP-OES bulk loading. Conditions: each electrolysis was performed at -2.4 V for 1 hr, under H-
cell conditions, and in a COz-saturated 0.1 M TBAPFs electrolyte acetonitrile solution.

A series of controlled potential electrolysis (CPE) experiments were conducted with a
solution of 0.1 M [NBu4][PFs¢] in acetonitrile and a chosen potential of -2.4 V to optimize the
catalytic performance based on catalyst loading (Figure 6 & Table 1). First, a control experiment
was performed with the bare substrate, at an applied potential of -2.4 V, and under a CO,-saturated
environment resulting in only 480 mC of charge passed and 0.23 pmol of CO produced (Table 1).
Following CPE experiments with films 2, a superior selectivity for CO was displayed across all
catalyst loadings with >99 % FEco and <1% FEn> (Figure 6a). All CPE trials resulted in trace
amounts of Hz. The turnover number (TONco) and turnover frequency for CO production (TOFco)
remained nearly constant for lower catalyst loadings of < 37.0 nmol/cm? (n < 5). Correspondingly,
at higher catalyst loadings > 58.7 + 6.5 nmol/cm? (n > 20), the TONco and TOFco subsequently
decreases, while the amount of CO generated remained constant or slightly decreased (Table 1).
Moreover, the catalytic performance appears to follow a volcano-type trend where saturation is
reached at loadings of 44.6 nmol/cm? (n = 10) and achieved a TONco of 1513 and a TOFco of 0.4
s'! (Figure 6¢). Even in the presence of no added Bronsted acid source, this represents a catalytic
improvement of almost three orders of magnitude when compared to the TONco of the
homogeneous rhenium [2,2'-bipyridine]-4,4'-diamine complex (TONco = 1.6 with a catalyst
concentration of 40 pmol).??> The immobilized complex appears to reach an optimal surface
arrangement for loadings of 44.6 nmol/cm? (n = 10), with a decrease in the CO, reduction
efficiency as the catalyst loading is further increased. Considering the Cqi measurements (Figure
4b) of the 2-CC samples and the IRRAS p-polarized measurements of each 2-Au samples (Figure
S27), a possible explanation for the decreased CO> reduction efficiency at high catalyst loadings
can be attributed to the formation of aggregations that can block access to the underneath film
active sites,’” resulting in inefficient catalysis at higher catalyst loadings.



Table 1. Summary of catalytic COz2 reduction performance of 2-CC-1 to 2-CC-50 measured at -2.4 V.

Sample Loading Charge co TON - FE__ (%)
2 Passed | Produced co | TOF,(s) co
(nmol/cm ) ) (umol)
Blank - 0.48 0.23 n/a n/a 9.1

1Scan | 23.9(3.2) | 4.4(05) | 23.6(3.3) | 657(92) | 0.2(0.03) >99(2.4)

5Scan | 37.027) | 6.5(0.5) | 37.6(3.7) | 668(68) | 0.2(0.02) >99(3.3)

10 Scan | 44.6(11) 17.200.2) | 101.3(3.2) | 1513(48) | 0.4(0.01) >99(5.2)

20 Scan | 58.7(6.5) 13.7(4.3) | 76.8(17) | 872(196) | 0.2(0.05) >99(10)

40 Scan | 76.5(2.2) 18.3(4.6) | 101.4(30) | 884(263) | 0.3(0.07) >99(11)

50 Scan | 79.3(10) 14.6(0.1) | 79.7(8.7) | 670(73) | 0.2(0.03) >99(11)
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Figure 7. Summary of the results determined from controlled potential electrolysis (CPE) studies performed
at a specified potential for 1 h, under 1 atmosphere CO2, no added proton source, and under H-cell
conditions in acetonitrile solutions with 0.1 M [NBu4][PFs] supporting electrolyte. (a) CPE faradaic efficiency
results as a function of the applied potential. (b) Amount of the products generated from 1 hr CPE. (c) TON
and (d) TOF results of 1 h CPE based on ICP-OES bulk loading.

After catalyst loading optimization, the catalytic performance was investigated as a
function of the CPE applied potential. An additional control experiment was performed with 2-
CC-10 at an applied potential of -2.6 V, and under an N»-saturated environment, which resulted in



610 mC of charged passed, < 1 umol of CO, low TONco and TOFco (Table S6). Both control
experiments imply that there is minimal to no contribution from the bare substrate or from the
liberation of CO to the overall catalytic performance of 2. 2-CC-10 demonstrated excellent
selectivity for all potentials applied with a FE¢, > 99% (Figure 7a). The application of potentials
from -2.2 to -2.6 V resulted in an overall increase in activity as the TONco increased from 552 to
3359, TOFco increased from 0.2 to 0.9 s*!, and the amount of CO produced increased from 37 to
225 umol of CO (Table S6 & Figure 7). However, the application of larger overpotentials of -2.7
V resulted in a subsequent decrease in the activity. From this, the optimal applied potential was
determined to be -2.6 V.

Correspondingly, comparisons of the catalytic activity of 2-CC-10 can be made with that
of the optimal immobilized 5,5'-ReBpy on CC.%” At higher potentials of -2.7 V, 5,5'-ReBpy
produces 581 umols of CO with larger TONco and TOFco values, whereas 2-CC-10 produces only
78 umols of CO. Contrastingly, lower applied potentials, of less than -2.3 V, resulted in the
production of 6.0 and 36.9 umol of CO for 5,5'-ReBpy and 2-CC-10, respectively. However, 5,5'-
ReBpy displayed higher TOFco of 0.5 s'! and TONco of 1847. This data suggests that 5,5'-ReBpy
is more efficient at CO> reduction with lower catalyst loadings. An explanation for this can be
rationalized by the nature of the growth morphology of 1 to form electrodeposited 2, which opens
the possibility of increased intermolecular n-n stacking interactions and dimer formation within
the metallopolymer matrix, thus resulting in inefficient transport limitations for CO; diffusion
when compared to 5,5'-ReBpy. This is corroborated by considering the clear difference in the
surface film orientation, catalyst packing, and electron density of the respective immobilized
complexes (vide supra). Furthermore, it was previously seen for ReBpy species that bipyridine
substituents, or anchoring groups, with sufficient electron-withdrawing nature, can induce
deleterious effects on CO» reduction activity.”
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Figure 8. XPS spectra of as prepared electropolymerized 2-CC-10 (top), 2-CC-10 after 1 h CPE at-2.6 V
in CO2-saturated 0.1 M TBAPFs acetonitrile solution (bottom) of (a) High-resolution Re 4f spectra (b)
High-resolution C 1s XPS spectra (c) High-resolution N 1s XPS spectra, and (d) High-resolution CI 2p

XPS spectra.



Equally important, post-catalysis characterization was performed with 2-CC-10 after CPE
to probe the stability of 2. After performing CPE in CO;-saturated 0.1 M TBAPF¢ acetonitrile
solution for 1 h, 2-CC-10 was subjected to Cqi measurements, XPS analysis, and the post-catalysis
working electrode solution was analyzed with ICP-OES. Post-catalysis Cai measurements revealed
little to no loss in ECSA (Figure 4b). In addition, ICP-OES analysis of the working electrode
solution resulted in no detectable amounts of Re. Moreover, XPS analysis of 2-CC-10 before and
after CPE demonstrated slight structural variations (Figure 8). The Re 4f high-resolution spectra
display Re 4f peaks that shifted ~0.2 eV higher in BE (Figure 8a). The appearance of a peak at
40.6 eV and two peaks at 45.6, and 47.9 €V are attributed to the formation of metallic Re® dimer
species,'> and oxide species, respectively.*> Moreover, examination of the CI 2p region of post-
catalysis 2-CC-10 suggests that Cl is no longer present after electrolysis (Figure 8d). The
disappearance of the post-catalysis CI 2p peak signal signifies a large fraction of 2 participates in
the electrolysis, as chloride dissociation is a result of the catalytic single electron reduction.” For
the Re 4f region, the appearance of a subtle signal at 40.6 eV and signal broadening for the 47
peak is due to the formation of surface dimeric Re species. This demonstrates that the surface
concentration of dimers increases after electrolysis. Although post-catalysis Re 4f peaks appear
diminished in intensity, the peaks still retain sharp symmetry with full-width-half-max (fwhm)
values of 1.06 for both Re 4f peaks. The blue-shifted BE values for Re 4f peaks are consistent with
the literature values of the exchange of Cl for withdrawing CO generated during CPE.!> The
appearance of Re oxide signals may be a result of the dissociation of Cl, as this would leave active
site vacancies, subsequently reacting with oxygen while the sample was exposed to air prior to
XPS analysis.

Furthermore, the high-resolution C 1s spectra of 2-CC-10 displays peaks at 294.7 and 286.8
eV, corresponding to C-C and C-N groups, respectively (Figure 8b). After CPE, the peaks
associated with the C-C groups become sharper, whereas the peaks associated with the C-N groups
decrease in intensity. Additionally, the high-resolution N 1s spectra display a pyridinic nitrogen
and T — 7" satellite features at 400.1 and 405.8 eV, respectively. After CPE, there is an appearance
of two signals at 402.3 and 398.6 eV. The prior signal is attributed to the intercalation of
tetraalkylammonium ions.!> The latter signal is a result of a change in the pyridinic nitrogen
structural environment, also evident from the change in intensity as the N 1s peak at ~400 eV
decreases and broadens.

To probe for the cause of deleterious CO; reduction activity, the role of substrate depletion
was also investigated. As such, a stop-sparge control study was conducted so that two incremental
0.5 h CPE experiments were conducted at -2.6 V, followed by an analysis of the headspace via GC
after both CPE runs (Figure S28 and Table S7). The catalytic current was highest in the first 30
min of CPE before a decrease occurred. An increase in the catalytic current was observed upon
resparging the H-cell with CO> and continuing the electrolysis. Interested in further investigating
this, a non-aqueous flow cell was set up to probe the full stability of 2 (See Supplementary
Information). A constant potential of -2.6 V (referenced to the counter electrode) was applied for
a 5 h duration of the electrolysis (Figure S30). A current density of ~ —4.5 mA/cm? was robustly
maintained throughout the electrolysis. Only after 4.5 h does the current density begin to decrease.
Moreover, the stability was tested by reusing the same 2-CC-10 sample for two additional flow-
cell experiments (Figure S30b-¢). The 2-CC-10 was successfully utilized for two trials without
seeing any appreciable decrease in current density (Figure S30b). By the third trial, the current
density decreased dramatically to ~ —0.7 mA/cm?, signifying the degradation of the catalyst
(Figure S30c¢). This data supports that the initial decrease in CO- reduction activity seen for the 1



h CPE experiment was primarily due to substrate depletion and the stability of the catalyst can be
maintained over a period of 4 h of electrolysis. This experiment demonstrates a qualitative result
of the robust stability of 2-CC-10. Further optimization of the catalytic parameters (e.g. TONco
and TOFco) of the CO> reduction flow cell is beyond the scope of this paper.

Overall, the post-catalysis investigation demonstrated that 2 experiences stability issues
under prolonged electrolysis. There are several possibilities that can contribute to this instability
including leaching of the catalyst, catalyst restructuring, or formation of the deleterious Re-Re
dimer. Post-catalysis XPS analysis indicates the appearance of a N 1s signal at 398.6 eV, which
has been previously attributed to the pyridinic nitrogen component of a demetallated ReBpy
complex.5> However, ICP-OES analysis of the post-catalysis working electrode solution yielded
no detectable amounts of Re species. In addition, the retainment of a fwhm = 1.06 for the XPS Re
4f peak suggests that leaching of the catalyst has a negligible contribution to the instability of 2.
As previously discussed, it is apparent that films of 2 form the Re-Re dimeric species. However,
the appearance of Re’ species for the XPS Re 4f region is minute in intensity. Likewise, the
recycled use of 2-CC-10 in a non-aqueous flow cell demonstrates that the CO> reduction activity
is completely regained after sample exposure to air. This behavior is consistent with
electrochemical n-doping.?! This suggests that the dimer formation minimally contributes to
degradation. Therefore, this alludes that the structural change of the surface-bound catalyst likely
leads to catalyst deactivation, as seen in previous immobilized systems?!”> However, the entire
perspective for the catalyst deactivation of films of 2 could not be elucidated with the current
methods employed here. A more thorough investigation into the other causes of deactivation is
required to explain the observations.

CONCLUSIONS:

These studies indicate that the immobilization of molecular catalysts can be successfully
optimized for CO reduction. The rhenium [2,2"-bipyridine]-4,4'-diamine complex was
successfully converted into the diazonium complex (1) and subsequently immobilized via
diazonium reductive coupling to generate the grafted film 2, which was shown to retain the full
structural integrity upon electropolymerization. Comparing XPS, UV-Vis, and IRRAS of 2 with
that of the analogous 5,5'-ReBpy demonstrates that 2 is less conjugated, more electron deficient at
the rhenium center, and the films form aggregations. These results indicate that the electronic
communication of the immobilized complex changes as a function of the tethering position of the
bipyridine backbone. Also, surface-specific IRRAS studies display substantial changes in the
growth morphology for the rhenium [2,2"-bipyridine]-4,4"-bis(diazonium) complex in comparison
with the 5,5'-ReBpy analogue. Subsequently, 2 displays a horizontal film growth morphology with
respect to the plane of incident (as opposed to parallel growth for 5,5'-ReBpy). Furthermore,
electrochemical studies of CV, CPE, EIS, and Ca corroborate the optimal grafting scans as n =10
scans for both glassy carbon (GC) and carbon cloth (CC) substrates. This corresponds to an optimal
loading of 44.6 nmol/cm? on CC with TONco and TOFco values of 3359 and 0.9 s!, respectively.
The loss of COz-reduction efficiency, when compared to the 5,5'-ReBpy analogue, is a result of
the formation of aggregation through Re-Re dimer formation and m-m stacking interactions.
However, this system demonstrates an active heterogenized CO; reduction catalyst cable of robust
CO; reduction without the need for a Bronsted acid source to promote catalysis.

This work highlights the facile use of molecular immobilization through diazonium
coupling to obtain a highly active CO; reduction electrocatalyst. In addition, we have demonstrated
that a slight change in the tethering position of a heterogenized catalyst can induce drastic changes



in the microenvironment of the catalyst, which can have an immense influence on surface
reactivity. This methodology serves as a platform for the surface attachment of molecular catalysts
which can be applied to a variety of systems with readily accessible aromatic amines. Thus, this
opens the possibility of modulation of the microenvironment through judicious choice of the
conductive support, metal center, and ligand structure to further improve CO; reduction activity
and stability.
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