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ABSTRACT

There are many problems that need to be overcome if solar energy is to be viable on
a global scale. Photons must be harvested and stored in a usable to allow efficient use of
energy throughout the day. The functionalization of electrode surfaces with molecular
catalysts is an attractive route for assembling (photo)electrochemical devices that convert
renewable energy into chemical fuels. This work focuses on one method of noncovalently
attaching molecular catalysts to graphitic surfaces.

The first part describes the synthesis of a pyrene-appended bipyridine ligand that
serves as the linker between the catalysts and the surface. Using this ligand, a rhodium
proton-reduction catalyst and a rhenium CO»-reduction catalyst were synthesized in order to
study the electrochemistry of the surface-attached species. Electrochemical and
spectroscopic analysis confirm catalyst immobilization and electrocatalytically active
assemblies. Bulk electrolysis of the surface-attached complexes confirm catalytic turnover
formation of H for the thodium complex and CO for the rhenium complex.

The second part describes three new complexes utilizing the same pyrene-appended
bipyridine ligand. These are [Ru(P)(4,4’-dimethyl-2,2’-bipyridine);]Cl2, [Cp*Ir(P)CI]Cl,
and [Mn(P)(CO);Br]. Once again, spectroscopic and electrochemical analyses confirmed
successful immobilization of these complexes on high surface area carbon electrodes. The
iridium complex was found to be unstable with respect to redox cycling due to ligand
exchange. The ruthenium complex exhibited very high stability over long periods of redox
cycling. The manganese complex was found to catalytically produce CO during bulk

electrolysis.
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Chapter 1

Development and Study of a Novel Pyrene-Appended Ligand in a Rhodium

and Rhenium Complexes
Introduction

The ever-increasing global need for energy encourages development of clean,
renewable sources. Among all renewables, the sun is the only one solely sufficient to meet
our current and future energy needs. Many methods for harnessing solar energy are known
(e.g., photovoltaic cells, solar water heaters), but new efficient and scalable storage methods
must be developed to make solar energy utilization possible on the global scale.! One of the
most attractive schemes along this line is storage of solar energy in chemical bonds (i.e., solar
fuels). Water splitting to produce hydrogen and oxygen is perhaps the most well-known
chemistry in this regard, since it produces hydrogen (a fuel) and only oxygen gas as a
byproduct.

The Gray group has been working for many years on preparing photoactive materials
and well-defined catalysts for hydrogen generation, since the uncatalyzed pathways for
hydrogen production are inefficient. Eventually, our group’s research will allow assembly
of nanostructured materials that efficiently harvest light, separate charges, and channel those
charges into productive fuel-forming reactions.

Little work has focused on attaching homogeneous catalysts to electrode surfaces,
but it remains an important research focus since the electrode/electrolyte junction is a key
feature of most schemes for solar-fuel production. The functionalization of electrode
surfaces with molecular catalysts 1is an attractive route for assembling
(photo)electrochemical devices that convert renewable energy into chemical fuels. ' In
such systems, immobilized metal complexes are envisioned to facilitate the reduction of
abundant feedstocks (e.g., water, carbon dioxide) to fuels. Inorganic and organometallic
complexes have attracted major attention in homogeneous systems, because their
mechanisms should be molecular in nature and therefore tunable and selective for the

desired reactions, such as the reduction of H" to H, or CO; to liquid fuels. However,
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transitioning molecular catalysts from homogeneous solutions to surface-attached systems
that are more suitable for device fabrication remains a challenge. ¥ Routes for catalyst
immobilization are often not widely applicable, and require harsh conditions that can
damage the catalytic moieties. "

One attractive route for electrode immobilization of redox-active species relies on
noncovalent interactions between coplanar aromatic groups, such as pyrene, with graphitic
electrode surfaces. V! This strategy has been employed for reversible oxidation of molecular
complexes, and also toward catalytic systems. Vil Our group has explored covalent
attachment of pyrene groups to the polypeptide residues of proteins; upon immobilization
of the protein, the assembled cathodes are then competent for bioelectroelectrocatalysis
without the use of redox mediators. ** Similarly, Minteer and co-workers have used
pyrene-appended quinones to facilitate electron transfer to immobilized enzymes on carbon
nanotube-based electrodes.™

Here we report the preparation and characterization of two new analogues of
previously reported catalysts: a rhodium proton-reduction catalyst reported by Koélle and
il

Griitzel*!, and a rhenium CO; reduction catalyst reported by Lehn and co-workers*ii, We

further characterized their electrochemical and catalytic turnover properties in acetonitrile

Synthesis of Compounds

Synthesis of the pyrene-appended ligand was achieved by coupling 2,2’-dipyridyl-
4,4’-carboxylic acid to 1-pyrenylmethylamine in two steps. First the carboxylic acid was
converted to the acid chloride using thionyl chloride. Excess thionyl chloride was then
removed and the acid chloride was then coupled to 1-pyrenylmethylamine by refluxing in
acetonitrile in the presence of a non-nucleophilic base (Scheme 1.1). The resulting compound
was a highly insoluble and air stable brown powder.

This compound was fully characterized before being used to synthesize complexes 1
and 2 (Scheme 1.2). Complex 1 was obtained by refluxing [Cp*RhClz]> with P in
dichloromethane for 12 hours. The desired product was then isolated by recrystallization,

which yielded an air stable yellow solid. Complex 2 was similarly obtained by refluxing
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[Re(CO)sCI] in toluene for 12 hours. The product was then isolated by recrystallization,
which yielded an air stable orange solid. These compounds were then characterized by 'H

NMR, '*C NMR, and ESI Mass Spectrometry.
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Scheme 1.1 Outline of synthesis used to form the pyrene-append bipyridine ligand P.
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Scheme 1.2 Outline of syntheses used to form pyrene-appended catalysts.



Electrode Preparation

To help facilitate high current densities of the electrode surface, a commercial high
surface area carbon black material (Ketjen black, AkzoNobel) was added to a block of
highly-oriented pyrolytic graphite (HOPG). Electrodes were prepared using a suspension of
Ketjen black in N-methyl-pyrrolidone (containing a small amount of poly(vinylidene
fluoride) drop-cast onto the basal plane of highly oriented pyrolytic graphite (HOPG). After
heating at 70°C for four hours, the electrodes were ready for use or catalyst immobilization.
The complexes were then immobilized on the electrodes by soaking them in a solution of
either 1 or 2 for 12 hours. The electrodes were then rinsed with acetonitrile to remove any

unbound compounds on the surface.

Electrochemistry of Surface-Attached Complexes

The electrocatalytic properties of the immobilized complexes were tested by running
cyclic voltammograms of the electrodes. The voltammetry was carried out with 0.1M
NBusPF¢ in CH3CN as the supporting electrolyte, a platinum wire as the counter electrode,
and a silver wire immersed in a solution of 0.1 M NBu4PFs as a reference electrode. All
reported voltages are versus the ferrocenium/ferrocene redox couple (denoted as Fc™?).

Electrodes with immobilized 1 show a redox feature centered at -1 V (Figure 1.1).
The return anodic feature peaks near -0.6 V, and is narrower than the cathodic feature. No
other redox features were observed in the electrochemistry. The peak separation of the event
1s ~400 mV, which decreases as the scan rate decreases, suggesting a charge transfer delay
perhaps due to the high surface area carbon material. The peak currents of the cyclic

voltammetry was measured at various can rates. The linear relationship between peak current

and the scan rate suggests that the species is bound to the surface (Figure 1.2).
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Figure 1.1 Cyclic voltammetry of 1 immobilized on carbon black electrode (solid line) and

blank electrode background (dashed line).
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Figure 1.2 Dependence of peak currents (from cyclic voltammetry) for 1 versus scan rate.

The linear dependence indicates a non-diffusional surface-bound redox process.

[Cp*Rh(bpy)CI]Cl undergoes a reversible two-electron reduction near -1 V in
MeCN XXV Similarly free 1 in solutions undergoes a reversible redox event at -1.25V in

dichloromethane (Figure 1.3). While the solvents are not identical, the similarity in redox



potential indicates that 1 displays the same type of electrochemical properties as the one
initially reported by Kolle and Gruit el. The reduction potential of -1 V for immobilized 1
is consistent with these values, since the carboxamide substituents of P are electron-
withdrawing and so the reduction potential will be shifted lower. Reduction of the rhodium
complex results in loss of the inner-sphere chloride ligand and formation of a five-
coordinate Rh' species. Since the redox process is coupled to loss of chloride, the observed
peak separation of greater than 60 mV is also expected.*" Assigning our redox event as a
two-electron process and using the total charge transferred gives a surface coverage of 1 of

26 nmol cm™, far higher than coverage expected for a planar electrode, attributable to the

carbon black substrate used here.
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Figure 1.3 Cyclic voltammetry of 1 dissolved in dichloromethane under Ar.

Surface-immobilized 1 is a catalyst for H" reduction. Upon addition of H" to the
electrolyte added in the form of tosic acid, cyclic voltammograms display loss of redox
reversibility and increased cathodic currents. This becomes more pronounced for further
additions of acid (Figure 1.4). Each subsequent addition results in higher catalytic current
with background voltammograms only displaying a minor increase in cathodic current. At

an acid concentration of 14 mM, the catalytic current plateaus at a steady state current density
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slightly above 2 mA ¢cm. Using the surface loading data calculated above, this steady state
current density corresponds to a turnover frequency of 0.95 sec™'.*¥

Cyclic voltammograms of immobilized 2 show multiple reduction peaks at -1.34 V,
-1.59 'V, and -1.84V (Figure 1.5). These peaks compare well against the redox events for 2
in solution (Figure 1.6). By comparing the redox events of the immobilized catalyst, with the
free ligand, we can assign each of the redox events to certain electrochemical reactions
(Figure 1.7). The free ligand exhibits reductions at -1.21 (bpy”") and -1.7 V (pyrene”” with
areturn oxidation at -1.5 V. For 2, we can then assign the reduction at -1.34 V to the dipyridyl
reduction, the next reduction is the assigned to the pyrene reduction, so the final reduction at
-1.84 V is the Re™, which is the reduction event that drives electrocatalysis. Another
oxidation wave is observed at -0.2V. This peak is believed to be the result of the oxidation
of a Re-Re dimer that forms due to the reduction of the rthenium center. This reduction leads
to a loss of Cl and leaves two five-coordinate metal centers. These can then dimerize to form
[Re(P)(CO):CI]2. We believe that the oxidation wave oxidizes this dimer back into the
original monomers. Like 1, the peak currents for 2 are linearly dependent on the scan rate,

which is consistent with surface bound complexes (Figure 1.8).
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Figure 1.4 Changes in CV response of immobilized 1 in presence of increasing

concentrations of p-toluenesulfonic acid. Onset of catalytic response occurs near -0.75 V.
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Figure 1.5 Electrochemistry of 2 immobilized on carbon black electrode (solid line) and
blank electrode (dashed line).
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Figure 1.6 Cyclic voltammetry of 2 dissolved in dichloromethane containing 0.1 M

tetrabutylammonium hexafluorophosphate at 200 mV/s.
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Figure 1.7 Cyclic voltammograms of immobilized P. The compound was immobilized by

soaking the electrode in a DMSO solution of P for 12 hours.
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Figure 1.8 Dependence of peak currents (from cyclic voltammetry) for 2 versus scan rate.

The linear dependence indicates a non-diffusional surface-bound redox process.
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Surface-immobilized 2 is a catalyst for CO2 reduction to CO. By comparing the
cyclic voltammetry of an electrode with immobilized 2 both under argon and under carbon
dioxide, we can see that there voltammograms are very similar until the final reduction at -
1.8 V, which confirms our assignment of the rhenium reduction peak and the catalytic ability
of 2 (Figure 1.9). The catalytic wave at this potential has a ratio of catalytic current to peak
current (ica/ip) of 3.6, similar to the enhancement observed for Re(bpy)(CO);Cl in solution,
but lower than the 18.4 enhancement observed for a solution soluble di-tert-butyl-bipyridine
analog.*"! Background scans further confirm that in the absence of either CO2 or 2 there is

no catalytic current.

o
T
1
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Figure 1.9 Cyclic voltammetry of immobilized 2 under Ar (gray line) and under CO- (black

line).

X-Ray Photoelectron Spectroscopy of Immobilized Complexes

The electrodes were interrogated by x-ray photoelectron (XP) spectroscopy. This allows
the study of the various elements bound to the graphitic surface. Before immobilization of
our metal complexes, the surfaces show only peaks for carbon (C 1s), nitrogen (N 1s),
fluorine (F 1s), and a small contribution from oxygen (O 1s). Following preparation with
1, new peaks appear that are consistent with rhodium(III) , chloride (CI 2s; CI 2p), and an
increased nitrogen (N 1s) (Figure 1.10). XP spectra of the N 1s and Rh 3d peaks under
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acidic conditions and after electrocatalytic turnover are also shown (Figure 1.11). These
show the presence of only one type of Rh species on the surface. There are also no new
peaks growing in after catalytic turnover, which indicates that the complex on the surface
is likely the same as the original complex initially attached. Analysis of the CI peak in the
spectra show a loss of Cl after cyclic voltammetry (Figure 1.12). This backs up the claim
that Cl is lost upon reduction of the Rh. The ClI from the initial complex was then likely
substituted by a solvent molecule and was subsequently washed away during preparation
for XPS. XP spectra collected for electrodes soaked in solutions of an analogous complex
not appended with pyrene ([Cp*Rh(1,10-phenanthroline)Cl]Cl) do not show analogous

peaks (Figure 1.13) indicating that pyrene is necessary for surface attachment.
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Figure 1.10 XP survey spectra for blank carbon electrode (gray line) and 1 immobilized on

carbon electrode (black line).
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Figure 1.11 Rh 3d XP spectra (left) and N 1s for 1 immobilized on carbon electrode. (a)

Electrode as-prepared; (b) after reversible cyclic voltammetry; (c) after soaking in tosic acid

for 1 hr; (d) after catalytic voltammetry.
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Figure 1.12 CI 2s XP spectra for 1 immobilized on carbon electrode. (a) Electrode as-

prepared; (b) after reversible cyclic voltammetry.
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Figure 1.13 Comparison of Rh 3d XP spectra for carbon electrodes soaked in 1 (red) or
([Cp*Rh(1,10-phenanthroline)CI]CI] (gray) followed by soaking in acetonitrile.

Similarly, electrodes soaked in solutions containing 2 show new XP peaks

corresponding to rhenium(I) (Re 4f, 4d), chloride (CI 2s, 2p), and increased nitrogen (N 1s)
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(Figure 1.14). XP spectra of the Re 4d and Re 4f peaks under acidic conditions and after
electrocatalytic turnover are also shown (Figure 1.15). These show the presence of only one
type of Re species on the surface. There are also no new peaks growing in after catalytic
turnover, which indicates that the complex on the surface is likely the same as the original
complex initially attached. Analysis of the CI peak in the spectra show a loss of Cl after
cyclic voltammetry. This backs up the claim that Cl is lost upon reduction of the Rh. The Cl
from the initial complex was then likely substituted by a solvent molecule and was
subsequently washed away during preparation for XPS. Electrodes soaked in solutions of
[Re(2,2’-dipyridyl)(CO);Cl] show no signal for Re 4f. Thus, pyrene binding is responsible

for the association between our complexes and the electrode surface.
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Figure 1.14 XP survey spectra for blank carbon electrode (gray line) and 2 immobilized on

carbon electrode (black line).
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Figure 1.15 Re 4f XP (left) and Re 4d and CI 2s (right) spectra for 2 immobilized on carbon

electrode.

electrocatalytic voltammetry.

(a) Electrode as-prepared; (b) after reversible cyclic voltammetry; (c) after
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Figure 1.16 Comparison of Re 4f XP spectra for carbon electrodes soaked in 2 (blue circles)

and [Re(2,2’-dipyridyl)(CO):Cl] (gray circles) followed by soaking in acetonitrile to remove

complexes not strongly bound.

Bulk Electrolysis

H; production was confirmed by gas chromatograph (GC) of headspace in a closed
two-compartment cell during a controlled potential electrolysis of the immobilized catalyst
with 5 mM p-toluenesulfonic acid. A voltage of -1.1 V was maintained for 1.25 hours over
which a sufficient net charge was passed through to generate 0.86 mL of H» (Figure 1.17).
We found that 0.90 mL of H> was produced (from GC), which confirms a quantitative H*
reduction within a 10% error range. This experiment demonstrates the remarkable stability
of the immobilization strategy of the compound, where over 1.25 hours the catalytic current
remains above background levels, although the current did decrease by 30% per hour,

indicative of catalyst deactivation or loss from the surface.
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The gas chromatograph analysis of headspace gas in a CO»-purged cell with an
electrode soaked with 2 following a 1.25 hour electrolysis at -2.3 V confirms production
of CO (Figure 1.18). By charge transfer, we assume 0.39 mL of CO would be produced, of
which we found 0.25 mL of CO. This corresponds to a Faradaic efficiency of nearly 80%
and a TON of 58. No H, was produced with immobilized 2, but a small amount was found
in control experiments without 2. The electrodes soaked with 2 are not as robust as
electrodes soaked with 1 as shown in the bulk electrolysis, where 2 reached background
levels of current within an hour whereas 1 did not. The significant current drop off may be
attributable to formation of catalytically inactive rhenium-rhenium dimers instead of
reacting with CO,. Another possible explanation for this behavior could be reduction of
the pyrenyl moieties at the very negative potentials required for operation of the catalyst;
reduction of pyrene could result in Coulombic repulsion with the surface, or loss of

planarity and binding.

Conclusion

These results show that immobilization of molecular catalysts via pyrene groups is a
promising general strategy for studying electrocatalysis of fuel-forming reactions and
demonstrates a noncovalent surface attachment of a molecular CO> reduction catalyst.
Encouragingly, despite the extreme potentials required for CO: reduction, these electrodes
are sufficiently stable for future detailed studies as indicated by the length of active
catalysis demonstrated by the rhodium complex. Such comparisons will help in the

optimization of functional assemblies for solar-fuel production.
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Chapter I1

Further Study of Pyrene-Appended Ligand Applicability in a Manganese,
Ruthenium and Iridium Complexes

Introduction

Few studies of the electrochemistry of noncovalently immobilized redox couples
are currently available, and even fewer have examined redox potentials more negative than
—1 V. The previous work focused on noncovalent immobilization of molecular catalysts
for fuel-forming reactions. Deronzier et al. have functionalized an electrode with a [Cp*Ir]
system via a polymerization route. ¥ A number of pyrene-appended polypyridyl
complexes of ruthenium have been synthesized, *iil but none have yet been examined at
negative potentials upon noncovalent immobilization on carbon electrode surfaces. ** *%
i Negative potentials are required for most fuel-forming catalytic processes, and thus
developing an understanding of the activity and stability of noncovalently immobilized
compounds under reductive conditions is of particular interest.

Along this line, three new compounds for electrochemical studies at negative
potentials are shown here: [Ru(P)(4,4’-dimethyl-2,2’-bipyridine)>]Clz, [Cp*Ir (P)CI]CI,
and Mn(P)(CO):Cl. X-ray photoelectron spectroscopy confirmed successful
immobilization of these complexes on high surface area carbon electrodes, with the
expected elemental ratios and oxidation states for the desired compounds. Electrochemical
data revealed a reversible reduction of the ruthenium complex near —1.4 V, and reduction
of the iridium complex near —0.75 V. The ruthenium complex showed good stability, with
reversible currents operative beyond one hour, while the iridium complex showed complex
electrochemistry suggestive of ligand exchange to form multiple complexes on the surface.
The manganese complex displayed showed good stability as well with observable redox
events occurring beyond an hour of continuous reductive cycling. The catalytic ability of
this compound was also characterized, but product detection still needs to be done to

confirm catalysis.
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Synthesis of Compounds

Pyrene-appended complex 3 was synthesized by refluxing [Ru(Cl)2(4,4’-dimethyl-
2,2’-bipyridine)2]Cl> with P in dimethylformamide for 24 hours. The product was then
purified through a series of recrystallizations with methanol, dichloromethane and diethyl
ether yielding an air stable red solid. Similarly, 4 was synthesized by treating refluxing P
with 0.5 equivalents of [Cp*IrCl:]> in acetonitrile for 12 hours. The product was then
recrystallized in dichloromethane yielding an air stable yellow solid. Complex 5 was
synthesized by refluxing [Mn(CO)sBr] with P for 16 hours in dichloromethane. The
product was then recrystallized in hexane yielding a light-sensitive orange solid (Scheme

2.1).
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surface-attachment using P.
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Electrochemistry of Surface-Attached Compounds

Like in the previous study, functionalization of high surface area Ketjen black
electrodes with 3, 4, or 5 was accomplished by soaking the electrodes in a dilute solution
of the respective compounds for 12 hours. This allowed for high surface loading of
immobilized metal complex to carry out the electrochemical work. ** After soaking the
Ketjen black electrodes, the functionalized electrodes were rinsed with clean acetonitrile
to remove loosely associated complexes.

Cyclic voltammograms collected with electrodes featuring immobilized 3
displayed a feature centered at —1.64 V and a cathodic feature at —1.75 V (Figure 2.1). The
return anodic current peaked at —1.5 V, and no additional oxidation features were found up
to —0.3 V. This reversible redox event corresponds to a bipyridine ligand-centered
reduction of immobilized 3, as reported by previous studies of 3 and its derivatives. **ii
Notably, only a single reduction process was observable, in contrast to the multiple ligand-
centered reductions typically observable for [Ru(2,2’-bipyridine);]|Cl.

The peak-to-peak separation was ~250 mV at a scan rate of 50 mV/s. This splitting
decreases with decreasing scan rate likely due to improved response time for the electrode.
Inspection of scan-rate dependent data for the peak currents showed a linear correlation
between peak currents and the scan rate, consistent with a surface-immobilized process.
Similar redox behavior was observed for 1 dissolved in solution, with a quasireversible
reduction feature centered at —1.55 V, with the cathodic current peak at —1.51 V and the
anodic current peak at —1.59 V. The peak-to-peak separation was only ~100mV, smaller
than that of the immobilized complex. A square root dependence of the peak currents on
the scan rate confirmed the redox couple was freely diffusing in solution. The similarity of
the peak position and reversibility suggests that the complex retains similar electrochemical
properties upon immobilization, as expected for the mild immobilization route used here.
However, the midpoint potential (Ei/ value) for immobilized 1 was shifted by nearly 100
mV versus freely diffusing analogue 3. This suggests that the methyl groups on the 4,4"-

dimethyl-2,2"-bipyridyl ligands result in a more electron-rich metal complex in the case of
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1 compared to 3, despite the electron-withdrawing carboxamide substituents on our pyrene-

appended ligand P.
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Figure 2.1 Electrochemistry of 3 immobilized on carbon black electrode (solid line) and

blank electrode (dashed line).

A stability test of immobilized 3 was carried out by cycling an electrode with 3 120
times from —0.9 V to —1.9 V at 50 mV/s (Figure 2.2). The area under the anodic peak was
then integrated and plotted against the total time elapsed to measure the approximate
coverage of the metal complex on the surface. The initial coverage was about 9 nanomol
cm 2, a similar to those we have encountered for other pyrene-immobilized complexes. The
surface coverage decreased steadily until the 100™ scan, at which point the coverage
stabilized at ca. 2 nanomol cm™. This loss of 1 corresponds to an 81% loss of the
electroactive compound. Because of the low loading of 1 and the relatively large solution
volume (7.5 mL), loss of material from the surface would result in the virtually complete
loss of the electrochemical signal.

A separate stability test was conducted by cycling an electrode featuring 3 every 10
minutes to determine if the complex is stably immobilized during simple immersion in
electrolyte solution (Figure 2.2). Here, the observed redox process is lost at a much slower

rate, as only 27% was lost from the surface after three hours. This difference strongly
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suggests that formation of the reduced form of the compound resulted in acceleration of
loss of the reversible reduction. XP spectra collected following electrochemical cycling in
both cases confirmed some Ru remaining on the surface; however, all signals were

attenuated confirming loss of 3 from the surface.
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Figure 2.2 Surface coverage of 3 as a function of time in minutes. Filled circles: potential

cycling every 10 minutes; filled squares: continuous potential cycling.

The cyclic voltammogram of immobilized 4 showed a reduction process peaking
at —1.2 V and two distinct anodic processes peaking near —0.9 V and —0.5 V on the first
cycle (Figure 19). On a second cycle of voltammetry, a new cathodic process appears at —
0.8 V. The reductive process remained apparent at —1.2 V, but was diminished upon the
second cycle. In the solution-phase electrochemistry of the analogous complex of 2,2"-
bipyridyl, the more positive reduction event was attributed to the reduction of the
acetonitrile adduct and the more negative process was attributed to the chloride adduct. >
This acetonitrile complex forms during the first reductive cycle, which is coupled to loss

of chloride from the complex. ** Thus, on the first cycle, reduction of the chloride-bound
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[Cp*Ir] complex is observed. For the case of 4, we postulate that the two observed
reduction processes correspond to the acetonitrile- and chloride-bound complexes.
Notably, this interpretation of the electrochemical data suggests that both species are
present on the surface, suggesting slow ligand exchange at some sites on the high surface

area carbon electrode (Figure 2.3).
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Figure 2.3 Cyclic voltammetry of immobilized 4 under Ar for the first scan (gray), second

scan (blue), and blank (black).

Studies of the catalytic ability of surface-attached 5 were conducted next (Figure
2.4). Little change is observed when adding .4mM trifluoroethanol. Due to some
interconversion to the solvent adduct species, we see the growth of a new peak at -1V. We
also see what could be attributed as catalytic enhancement at -1.5V. The amount of
enhancement is so little that it is likely due to proton reduction occurring on the graphitic
electrode itself and not because of the iridium catalyst. Upon bubbling of CO; in the cyclic
voltammetry changes once again. We see the peak at -1V disappear and the onset of
catalytic current at -1.2V. Unlike the acidic conditions. We see much greater enhancement
of current and the characteristic diminishment of one of the redox peaks. This indicates

that some sort of catalytic reaction is occurring. Unfortunately, this type of catalysis is very
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unstable. Upon conducting another scan of the same electrode, we see a massive loss of
current and the redox event at -.8V (Figure 2.5). This is likely due to desorption of the

complex due to conformation change. Due to this instability, no product detection was able
to be conducted for the surface-attached complex.
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Figure 2.4 Cyclic voltammetry of immobilized 4 under Ar (black), with .4mM
trrifluoroethanol (gray), and ,4mM TFE under CO: (blue).
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Figure 2.5 Cyclic voltammetry of immobilized 4 under with 4mM TFE under CO- for the

first scan (blue) and the second scan (gray).

Cyclic voltammograms of immobilized 5 show reduction peaks at -1.4 V, and -1.7V
and oxidation waves at 1.4V(broad) and -0.5V (Figure 2.6). These peaks compare well
against the redox events for 2 and the free ligand (Figure 1.5 and 1.7). By comparing the
redox events of the immobilized catalyst, with the free ligand, we can assign each of the
redox events to certain electrochemical reactions (Figure 1.7). The free ligand exhibits
reductions at -1.21 (bpy®") and -1.7 V (pyrene””) with a return oxidation at -1.5 V. We do
not observe the dipyridyl reaction at -1.21V but instead at -1.4V. A similar potential is
observed for dipyridyl reduction in 2. The next reduction at -1.7 is the assigned to the pyrene
reduction. We do not observe any further reduction events, so we believe the Mn*"* also
occurs very near -1.7V. This is reasonable as the reduction of 2 occurs very near the same
voltage. Another oxidation wave is observed at -0.5V. This peak is believed to be the result
of the oxidation of a Mn-Mn dimer that forms due to the reduction of the manganese center.
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Figure 2.6 Cyclic voltammetry of immobilized S under Ar (black) and blank (dashed).

Once again this redox behavior mimics the one found in the previously studied
thenium system. The manganese reduction leads to a loss of Br and leaves two five-

coordinate metal centers. These can then dimerize to form [Mn(P)(CO)3Br].. We believe that
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the oxidation wave oxidizes this dimer back into the original monomers. The
electrochemistry of this system closely mirrors that of [Re(CO)3(2,2’-bipyridine)Br] in
solution (Figure 2.7). The redox events occur at nearly identical voltages. The major
difference being the large amount of broadening found in the surface-attached complex and

the slightly more negative potential for the dipyridyl based reduction.
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Figure 2.7 Cyclic voltammetry of [Re(CO)3(2,2’-bipyridine)Br] under Ar (blue) and blank
(black).
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Figure 2.8 Dependence of peak currents (from cyclic voltammetry) for 5 versus scan rate.

The linear dependence indicates a non-diffusional surface-bound redox process.
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The peak currents for 5 are linearly dependent on the scan rate, which is consistent
with surface bound complexes (Figure 2.8). A stability test of immobilized S was carried
out by cycling an electrode with 5 160 times from 0.2 V to —2.0 V at 50 mV/s (Figure 2.9).
The area under the anodic peak was then integrated and plotted against the total time
elapsed to measure the approximate coverage of the metal complex on the surface. The
initial coverage was about 54 nanomol cm™. This amount of loading is five times greater
than previous pyrene-immobilized complexes. The surface coverage decreased steadily
until the 50 scan, at which point the coverage stabilized at ca. 15 nanomol cm™. This loss
of 5 corresponds to an 72% loss of the electroactive compound, which is also similar to
previously studied compounds (Figure 2.9). Because of the low loading of 5 and the
relatively large solution volume (7.5 mL), loss of material from the surface would result in
the virtually complete loss of the electrochemical signal.
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Figure 2.9 Stability test of 5 under continuous cyclic voltammetry cycling.

We believe surface-immobilized S is a catalyst for CO2 reduction to CO. By
comparing the cyclic voltammetry of an electrode with immobilized 5 both under argon and

under carbon dioxide, we can see that there voltammograms are very similar until the final
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reduction at -1.7 V (Figure 2.10). This confirms our assignment of the manganese reduction
peak which is being obscured by the pyrene reduction peak. We also see no evidence of
catalytic proton reduction by the surface-attached catalyst. Very little if any catalytic
enhancement is observed and is likely due to direct proton reduction by the graphitic
substrate. Background scans further confirm that in the absence of either CO» or 5 there is
no catalytic current. To confirm catalysis, product detection must be done. A preliminary test
has been conducted that indicated the presence of CO, but due to some experimental error,
the bulk electrolysis will be redone to provide definitive proof of catalysis.
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Figure 2.10 Cyclic voltammetry of immobilized 5 under Ar (black), with .4mM TFE
(gray), and ,4mM trifluoroethanol under CO> (blue).

X-Ray Photoelectron Spectroscopy of Immobilized Complexes

The functionalized electrodes were then interrogated by X-ray photoelectron (XP)
spectroscopy. A blank Ketjen black electrode shows features corresponding to carbon,
oxygen, and fluorine. After soaking in a dilute solution containing 3, new signals were
observed for ruthenium (Ru 3p), nitrogen (N 1s), and chlorine (Cl 2p). Similarly, following
immobilization of 4, new peaks were clearly observable that correspond to iridium (Ir 4f
and 4s), nitrogen (N 1s), and chlorine (2p). XP spectra collected for electrodes soaked in
solutions containing a pyrene-free analogue, [Cp*Ir(2,2"-bipyridyl)Cl]CI did not show
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observable signals for iridium. "' Thus, as we have found in prior cases, the pyrene
moieties were required for immobilization of the metal complex.

In high-resolution XP data (Figure 2.11), only a single contribution was visible for
3 in the Ru 3p region, with 3p3»> and 3pi1» peaks centered at 462.9 and 485.0 eV,
respectively. An area ratio of 2:1 fit well for these peaks, as expected from theory. The
high-resolution data for the N 1s revealed a single contribution as well, centered at 400.3
eV. These peak positions were compared with a drop-cast sample of [Ru(bpy);]Cl> on
HOPG. Both the Ru 3p region (signals centered at 462.8 and 485.2 eV) and N 1s (single
signal at 400.6 eV) were virtually identical to immobilized 1. Comparing the peak areas of
N 1s to Ru 3p revealed an elemental ratio of 10.7 to 1. This is close to the expected ratio
of 8 to 1, but suggested an additional contribution to the nitrogen content, perhaps arising
from acetonitrile solvent. The chlorine:ruthenium ratio (from CI 2p signals) was found to

be 1.5:1, which is near the expected value of 2:1.
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Figure 2.11 X-ray photoelectron spectra of the immobilized 3 (a and b) and 4 (c and d) in
the Ir 4f region and N 1s region, and Ru 3p region.
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High-resolution XP data for immobilized 4 suggest successful functionalization of
the surface. Only a single contribution was apparent in the Ir 4f region, with peaks centered
at 63.0 and 66 eV. An area ratio of 7:5 fit well for these peaks, as expected for f-electron
peaks, and the spin-orbit splitting of ~3 eV matches well with values for iridium
compounds. Only a single contribution was found in the N 1s region, as well, centered at
400.3 eV. These peak positions and ratios compare well with values obtained for drop-cast
sample of 4 on HOPG. For example, the Ir 4f signals were found at 63.1 and 66.0 eV for
4, while the N 1s signal was centered at 400.6 eV. The elemental ratio of nitrogen to iridium
on carbon electrodes functionalized with 4 was found to be 6.5:1, again slightly higher than
the expected stoichiometry. The ratio of chlorine to iridium was found to be 1.8:1, virtually

identical to the expected value for two chloride counterions per iridium center.

Conclusion

We have synthesized and immobilized three pyrene-appended metal complexes on
carbon electrodes: a ruthenium tris(bipyridyl) complex (3) and a bipyridyl complex of
[Cp*Ir] (4) (Cp* = pentamethylcyclopentadienyl), and a manganese bipyridyl carbonyl
complex (5). The results suggest that noncovalent interactions are suitable for obtaining
new fundamental understanding of immobilized metal complexes and their reductive
electrochemical properties. However, the stability of the noncovalent interaction is
attenuated by negative electrode polarization; to the best of our knowledge, this effect has
not been observed before. We have also found an earth abundant metal catalyst that is
stable on the surface during continuous redox cyclic. Future studies will further investigate
the products of the manganese catalyst and the attenuation of the non-covalent interaction,
as they are relevant to the long-term use of noncovalent interactions in building integrated

catalyst-electrodes for applications in production of solar fuel.
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Appendix A

Supporting Information
General.
4,4’-Dimethyl-2,2"-bipyridine (GFS Chemicals), sulfuric acid (J.T. Baker), potassium
dichromate, thionyl chloride, 1-Pyrenemethylamine hydrochloride (Sigma-Aldrich),
[Ru(bpy)s]Cl> (Sigma-Aldrich), ruthenium chloride hydrate, and iridium chloride hydrate
(Pressure Chemical Co.) were used as received. were used as received. Acetonitrile (J.T.
Baker) was dried using a Grubbs-type solvent purification system (Pure Process
Technology/Glass  Contour). 2,2’-Bipyridine-4,4’-dicarboxylic acid, [Cp*RhCl]a,
[Cp*Rh(phen)CI]CI (3), and Re(bpy)(CO)3Cl (4) were prepared according to the literature.
NMR spectra were recorded at room temperature on 300 or 500 MHz Varian spectrometers
and referenced to the residual solvent peak (6 in ppm and J in Hz). Mass spectra were
obtained with a PE SCIEX API 365 triple quadrupole spectrometer, and UV-vis spectra were
obtained with an Agilent 8453 UV-Vis Spectrophotometer.

N*44-bis(1-pyrenylmethyl)-[2,2 -dipyridyl]-4,4"-dicarboxamide (P).

The acid chloride of 2,2 -bipyridine-4,4 -dicarboxylic acid was prepared by refluxing 0.37 g
(1.5 mmol) of the bipyridine-carboxylic acid in 15 mL of neat thionyl chloride for 8 h.
Remaining thionyl chloride was removed under vacuum. In a separate flask, 0.8 g (3 mmol)
of 1-pyrenemethylamine hydrochloride were combined with 150 mL of dry acetonitrile and
0.9 mL of 1,8-diazabicyclo[5.4.0]Jundec-7-ene (ca. 4 equivalents). The resulting solution was
transferred to the solid bipyridine-acid chloride via cannula. The mixture was stirred for 12
h at room temperature, at which time 20 mL of saturated sodium bicarbonate and 130 mL
deionized water were added to form a beige precipitate. The precipitate was collected using
vacuum filtration and washed three times with 10 mL portions of deionized water. The
precipitate was dried under vacuum to give 0.85 g (85%) of an off-white solid. 'H NMR
(300 MHz, DMSO-ds) 6 5.26-5.28 (d, J=5.27Hz, 4H), 8.05-8.17 (m, 9H), 8.26-8.32 (m, 9H),
8.49-8.52 (d, J= 8.51Hz, 2H), 8.83-8.85 (d, J= 8.84Hz, 2H), 8.85 (s 2H), 9.72 (s, 2H). 1*C
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NMR (126 MHz, DMSO-ds) 6 164.6, 155.5, 150.1, 142.7, 132.4, 130.8, 130.3, 130.2, 128.2,
127.7, 127.4, 127.1, 127.0, 126.3, 125.3, 125.2, 124.8, 124.1, 123.9, 123.2, 122.1, 118.3,
41.3. ESI-MS (positive) m/z: found 671.3 (1 + H").

[(#°-CsMes)Rh(P)CI|CI (1)

A portion of [Cp*RhCl2]>2 (100 mg, 0.162 mmol) was dissolved in 20 mL of acetonitrile. A
portion of P (150 mg, 0.338 mmol) was added to this solution, and following reflux for 24
hours at 60°C under argon, a yellow precipitate formed. The precipitate was filtered, and the
solid redissolved in dichloromethane and filtered once more. A portion of diethyl ether was
added to precipitate the product, which was then collected and dried under vacuum. 'H NMR
(300MHz, DMSO-ds) & 1.64 (s, 15H), 5.30-5.32 (d, 4H) 8.05-8.17 (m, 9H), 8.24-8.32 (m,
9H), 8.46-8.49 (d, 2H), 9.10-9.12 (d, 2H), 9.13 (s, 2H), 9.96 (s, 2H). *C NMR (126 MHz,
DMSO-ds) 6 162.8, 154.3, 153.0, 144.3, 131.9, 130.8, 130.30, 130.26, 128.2, 127.8, 127.4,
127.2,126.9, 126.4, 126.3, 125.4,125.3, 124.8, 124.1, 123.9, 123.2, 121.7,97.4 (d, /=25 Hz,
Cp* ring), 41.5, 8.4 (Cp* methyl). ESI-MS (positive) m/z: found 943.3 (2 — Cl).

[Re(P)(CO)3Cl] (2)

[Re(CO)sC1] (.50 g, .138 mmol) was dissolved in 20 mL of toluene. To this solution, a
portion of P (.83g, .187 mmol) was added. After refluxing for 24 hours at 110°C under
argon, the solution was filtered to give an orange solid. The solid material was redissolved
in THF before being filtered once more to remove free 1. The solution was then
concentrated by rotary evaporation. 30 mL of diethyl ether was added to the solution and
the product was filtered off as an orange precipitate. The precipitate was then collected and
dried under vacuum before being stored. 'H NMR (300 MHz, DMSO-ds) & 5.32-5.34 (d,
J=5.33Hz, 4H) 8.07-8.18 (m, J=5.27Hz, 9H), 8.26-8.33 (m, 9H), 8.46-8.49 (d, J= 8.48Hz,
2H), 9.13 (s, 2H), 9.18-9.20 (d, J= 9.19Hz, 2H), 9.92 (s, 2H). 1*C NMR (126 MHz, DMSO-
ds) 6 163.1, 155.7, 153.8, 144.3, 131.8, 130.8, 130.3, 130.3, 128.3, 127.8, 127.4, 127.3,
126.9, 126.4, 125.8, 125.4, 125.4, 124.8, 124.1, 123.9, 123.1, 1224, 41.5. ESI-MS
(positive) m/z: found 941.2 (3 — CI).
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[Ru(P)(4,4’-dimethyl-2,2’-bipyridine):2]Cl2 (3)

A portion of [Ru(Cl)2(4,4’-dimethyl-2,2’-bipyridine)>]Cl> (0.50 g, 1.77 mmol) was
dissolved in dimethylformamide (25 mL). To this, P (1.25 g, 1.80 mmol) was added and
the solution was refluxed for 24 hours. The product was precipitated by addition of diethyl
ether (100 mL) and collected by filtration. The solid was then dissolved in hot
dichloromethane and the resulting solution filtered to collect the remaining solid. The solid
was dissolved in a minimum of methanol, and diethyl ether added until a precipitate began
to form. The solution was then cooled in an ice bath; after cooling for one hour, the
precipitate was collected by vacuum filtration. This process was repeated twice. The final
precipitate was then collected and dried under vacuum (95 mg, 4.4%) before being stored.
'"H NMR (300 MHz, Methanol-ds) § 9.09 (s, 2H), 8.52-8.54 (d, J = 5.2 Hz, 4H), 8.37-8.40
(d, J=9.2 Hz, 2H), 8.26 — 8.01 (m, 20H), 7.94-7.96 (d, J = 5.8 Hz, 2H), 7.85 — 7.84 (d,
2H), 7.50-7.56 (dd, J=11.2, 5.7 Hz, 4H), 7.29-7.31 (d, J = 5.9 Hz, 2H), 7.19-7.20 (d, J =
5.6 Hz, 2H), 5.33 (s, 4H), 2.51-2.56 (d, J = 14.8 Hz, 12H). ESI-MS (positive) m/z: found
570.18 (1 + H+). UV/Vis (DMF): Amax (€)=326 (24793), 340 (26813), 470 nm (8448 L mol

1 Cm-l)

[(#°-C5Mes)Ir(P)CI|CI (4)

A portion of [Cp*IrCl2]2 (0.10 g, 0.125 mmol) was dissolved in toluene (40 mL). A portion
of P (0.175 g, 0.261 mmol) was added to this solution, and after refluxing for 24 hours
under argon, a yellow precipitate formed. This precipitate was separated by filtration, and
then redissolved in dichloromethane. The insoluble remaining material was filtered off and
discarded before addition of a portion of diethyl ether to precipitate the product. The
product was collected and dried under vacuum to yield a yellow solid (0.195 g, 80%). 'H
NMR (300 MHz, DMSO-ds) 6 10.06 (s, 2H), 9.35 (s, 2H), 9.10-9.08 (d, J = 5.8 Hz, 2H),
8.52-8.49 (d, J=9.1 Hz, 2H), 8.31 — 8.04 (m, 18H), 5.32-5.30 (d, /= 4.9 Hz, 4H), 1.62 (s,
15H). 3C NMR (126 MHz, dmso) & 163.03, 155.72, 153.18, 144.55, 132.25, 131.21,
130.74, 130.69, 128.61, 128.20, 127.79, 127.65, 127.36, 126.77, 125.83, 125.68, 125.18,
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124.49, 124.31, 123.61, 90.14, 89.68, 41.93, 8.54. ESI-MS (positive) m/z: found 1033.34
(2 +H+)

[Mn(P)(CO);Cl] (5)

[Mn(CO)sCl] (0.14 g, 0.509 mmol) was dissolved in 50 mL of DCM. To this solution, a
portion of P (0.242 g, 0.363 mmol) was added. After refluxing for 24 hours under argon,
the solution was filtered to give an orange solid. The solid material was redissolved in
hot hexane before being filtered once more to remove free P. The solution was then
concentrated by rotary evaporation. A portion of diethyl ether was added to the solution
and the product was filtered off as an orange precipitate. The precipitate was then dried
under vacuum to yield an orange solid 0.393 g (78%). 'H NMR (300 MHz, DMSO-dj) &
5.26-5.28 (d, J=5.27Hz, 4H), 8.01 — 8.19 (m, 9H), 8.23-8.31 (m, 9H), 8.44-8.47 (d, J =
9.1Hz, 2H), 9.02 (s, 2H), 9.34-9.36 (d, J = 5.6Hz, 2H), 9.84 (s, 2H).

Carbon electrode preparation

Blocks of highly-oriented pyrolytic graphite (HOPG) carbon (GraphiteStore.com,
Buffalo Grove, Ill.) were cleaned by sanding the basal plane with 600 grit silicon carbide
paper, followed by sonication in water and methanol for 30 min each. The blocks were then
rinsed with an additional portion of methanol before drying in air.

A suspension of Ketjen black was prepared by grinding 40 mg of the commercial
material (EC600JD, AkzoNobel) with a mortar and pestle. The resulting powder was then
combined with 5 mL N-methylpyrrolidone, 10 mg poly(vinylidene fluoride) (Sigma-
Aldrich), and 0.75 g of Triton-X 100 and sonicated for 3 hours (VWR Aquasonic 150D).

To deposit the carbon black on the clean basal-plane surface of HOPG, the surface
was first wet with acetonitrile, and then 10 pL per cm? of the carbon black suspension was
added via pipette. The electrode was allowed to dry in ambient air for 15 min before

transferring to an oven at 70°C for 4 hours.
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Electrochemistry

Electrochemical measurements were made with a Gamry Reference 600
potentiostat/galvanostat using a standard three-electrode configuration. For all experiments,
the supporting electrolyte was 0.1 M fbutylammonium hexafluorophosphate (Fluka,
electrochemical grade). In typical cyclic voltammetry measurements of immobilized
complexes, the working electrode consisted of a 1 cm? block of HOPG prepared with carbon
black on the basal plane as described above. The electrode was secured in a custom-made
Teflon cell with an O-ring seal used to define the geometric area of the electrode (0.28 cm?).
The counter electrode was a Pt wire, and a silver wire immersed in a solution of 0.1 M
NBu4PFs served as a quasi-reference electrode. This quasi-reference was separated from the
main working solution by a Vycor frit (Bioanalytical Systems, Inc.). The
ferrocenium/ferrocene couple was used as an external reference in all experiments to
calibrate potentials. Voltammetry collected for solution-soluble redox couples was obtained
at a basal-plane HOPG working electrode electrode (surface area: 0.09 cm?). A Pt wire served
as the counter electrode, with a silver wire reference as described above.

Controlled-potential electrolysis coupled to product detection was carried out with a
standard three-electrode configuration in a custom two-compartment air-tight cell. The
working electrode consisted of a 10 cm? block of HOPG prepared with carbon black as
described above. The reference and counter electrodes were as described above. The volume
of solution held by the cell in total was 70 mL, with 100 mL of total headspace volume.
In a typical experiment for hydrogen gas detection, the cell was prepared in a nitrogen-filled
glovebox with a 5 mM tosic acid solution in electrolyte. Following 1.25 hr of electrolysis,
headspace gas was analysed for dihydrogen content. No other reduction products were
detected.

In a typical experiment for CO gas detection, the cell was prepared in a nitrogen-
filled glovebox with electrolyte. Then, the cell was removed from the glovebox and purged
with CO» for 45 minutes before initiation of electrolysis. Following 1.25 hr of electrolysis,

headspace gas was analyzed for CO content.



37

Gas chromatography

Gas analysis for the controlled-potential electrolyses was performed with an Agilent
7890A gas chromatograph with separate columns for analysis of hydrogen gas and nitrogen,
oxygen, carbon dioxide, carbon monoxide, hydrogen disulfide, methane, ethane, ethylene,
and ethyne. Each column was calibrated with standard gas mixtures to obtain quantitative
data.
Minimal oxygen was detected in the headspace samples. As expected, large quantities of
nitrogen and carbon dioxide were found in the runs for hydrogen production and CO

production, respectively.

X-ray photoelectron spectroscopy.

XP data were collected using a Kratos AXIS Ultra system. The sample chamber
was kept at <5 x10~ torr and ejected electrons were collected at an angle of 90° from the
surface normal. The excitation source was Mg Ka radiation. Survey scans were performed
to identify the elements on the surface of the carbon electrodes, while high resolution
spectra were obtained and examined for specific elements. The XPS data were analyzed
using the program Computer Aided Surface Analysis for X-ray Photoelectron
Spectroscopy (CasaXPS). All XPS signals reported here are binding energies and are
reported in eV. Ordinate axes are plotted as counts-per-second (CPS); these are arbitrary
units. Backgrounds were fit with standard Shirley or linear backgrounds, as needed.
Element peaks were fit with a standard Gaussian-Lorentzian line shape. The data were best
fit with a single contribution in every case, and fits were constrained only based on peak

area from theory
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