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Abstract

Proton-coupled electron transfer (PCET) reactions play a crucial role in the
interconversion of metal-aqua and metal-hydroxo species present in transition metal complexes
and oxide surfaces (M"-OH + e”+ H* & M"-OH,). For ruthenium-based water oxidation catalysts,
PCET reactions involved in the mechanism of O evolution have demonstrated a strong
dependence on the identity and concentration of the proton donor and acceptor with significant
rate enhancements observed for electrocatalysis performed in acetate, phosphate, and borate
buffered electrolytes. However, the systematic study of this phenomenon has been hampered by
the inability to independently measure discrete rates for electron transfer (ET) and proton transfer
(PT) under electrochemical applied potentials. Herein, the PCET kinetics and mechanism of metal
aqua bond formation in a ruthenium water oxidation catalyst [Ru'(tpy)(bpy')H20]?*, Ru'"-OH,
where tpy is 2,2".6',2"-terpyridine and bpy’ is 4,4'-diaminopropylsilatrane-2,2’-bypyridine were
investigated at a conductive metal oxide interface as a function of buffer identity and
concentration. The reaction of interest was triggered by visible light excitation of the catalyst and
the kinetics of the independent ET and PT steps of the PCET mechanism were determined
through nanosecond transient absorption spectroscopy. Kinetic measurements performed in
agqueous acetate, phosphate, or borate buffer solutions revealed two distinct regimes of PT
kinetics solely dependent on the buffer concentration. At the greatest buffer concentrations
investigated (2 M acetate) spectral signals corresponding to the discreet ET and PT steps were
absent indicative in a change in underlying PCET mechanism. Likewise, kinetic modeling
indicated that PT from protonated acetate or phosphate occurred with rate constants that were 2-
4 orders of magnitude greater than those for bulk water. In all, these results suggest that the
presence of buffer-bases can significantly enhance PCET rates and, in this reaction, may alter
the underlying mechanism.

Introduction

Proton-coupled electron transfer (PCET) reactions underpin many of the fuel-forming
processes found within natural and artificial photosynthesis.'® For catalytic applications in
artificial photosynthesis, the proton transfer (PT) step of PCET may be mediated by various
sources such as protic solvents, exogenous acids, and inorganic or organic buffer-bases. While
linear free-energy relationships for PCET reactions performed in the presence of secondary acid
sources and organic buffer-bases are well-known in many organic solvents,'°8 the influence of
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buffer-bases on the kinetics and mechanisms of PCET reactions performed in agueous solutions
is considerably more difficult to resolve due to solvent participation in the PCET reaction. Several
reports of buffer-enhanced PCET in aqueous solutions have focused on the performance of
electrocatalysts used for water oxidation,®*?2 hydrogen evolution,*-?’ and carbon dioxide
reduction.?® Often times, enhancements in the catalytic current or onset potential is attributed to
direct involvement of the buffer-base in the rate-determining step of the catalytic cycle.? In
addition, computational modeling has supported the preference for some PCET reaction centers
to favor dissolved buffer-bases over bulk solvent as a preferred proton acceptor.® Other studies
suggested that the presence of buffer-bases may lead to alternative mechanistic pathways with
unigue thermodynamic or kinetic requirements.3!

For molecular water oxidation catalysis, the addition of buffer-bases has been shown to
enhance the electrocatalytic performance of ruthenium,'® cobalt,?* and nickel?® water oxidation
catalysts. Such enhancements were attributed to a concerted EPT mechanism mediated by the
buffer-base that lowers the activation barrier for rate-limiting O-O bond formation.®? In a recent
report on HER performed via a cobalt-porphyrin peptide assembly, the influence of buffer pH, acid
dissociation constant (pKa), and concentration of a suite of organic buffer-bases was investigated.
The authors discovered that the catalytic half-wave potential was dependent on the buffer pKa.?
In the presence of buffers with a pKa < 7.7, a mechanistic switch was invoked wherein buffer
participation in rate-determining Co(lll) hydride formation led to enhanced catalytic performance.
Finally, others have demonstrated that small, cationic buffer-bases featuring organic heteroatoms
have shown promise for enhancing CO: reduction catalysis in nickel cyclam catalysts.?®
Interestingly, the use of small inorganic buffer-bases such as carbonate or phosphate led to
preferential binding of the base to catalytic centers that enhanced H. evolution relative to CO>
reduction. These studies clearly demonstrate that the addition of buffer-bases can dramatically
alter the kinetics and mechanisms of PCET reactions.

While prior studies have relied on electrochemical methods®3—° to establish the activity of
buffer-bases towards enhancing PCET reactions, they often lack the time resolution necessary to
track the independent electron transfer (ET) and PT steps within a PCET mechanism. As a resullt,
the study of PCET reactions with techniques capable of sub-millisecond time resolution promises
to greatly extend our understanding of buffer-base effects. In particular, the use of time-resolved
spectroscopy to trigger and isolate the individual steps of chemical mechanisms has
demonstrated the potential to provide an enriched understanding of buffer-enhanced PCET
reactions. Surprisingly, there are few reports of photo-induced PCET reactions that examine the
impact of dissolved buffers on aqueous PCET kinetics using time-resolved spectroscopy. One
notable example provided by Hammarstrom examined the photo-oxidation of tyrosine by a
ruthenium photosensitizer in a PCET donor-acceptor moiety. The PCET kinetics were measured
at fixed pH values in the presence of phosphate buffer.3® Notably, two kinetic regimes were
observed where at low buffer concentrations, the rate of tyrosine oxidation was found to be
independent of buffer concentration. However, at elevated concentrations of phosphate buffer, a
kinetic enhancement was observed. These two regimes were assigned to PCET where either
bulk solvent (low buffer concentrations) or the dissolved buffer-base (high buffer concentrations)
served as the proton acceptor. Ultimately, the kinetic enhancement was attributed to the onset of
concerted EPT between tyrosine and the dissolved buffer.*® While this study is instrumental in
providing evidence of buffer-base effects operating within aqueous light-driven PCET, there have
been no studies to date of buffer-enhanced PCET kinetics where the independent ET and PT
steps were kinetically resolved. Furthermore, studies of buffer-base effects on light-initiated PCET
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reductions have been critically absent from the literature, prompting the need for further
investigation.

Within the vast array of PCET reactions, the reduction of a metal hydroxo species to yield
a metal aquo species (Mox—OH + e~ + H" & Meq—OH>) underscores many critical processes found
in environmental, biological, and inorganic chemistry.'83"-4 Recently, our groups reported a
surface-anchored single-site ruthenium water oxidation catalyst, [Ru'(tpy)(bpy')OH2]?>* where tpy
= 2,26 2"-terpyridine and bpy' is 4,4'-dimainopropylsilatrane-2,2"-bipyridine (Ru'"-OH)
immobilized on mesoporous tin-doped indium oxide (InO2:Sn, ITO) thin films.*? Under visible light
excitation, electron injection into ITO coupled with deprotonation of the aquo ligand leads to the
selective formation of [Ru"(tpy)(bpy')OH]?>* (Ru""-OH). On nanosecond and longer timescales,
reduction of the catalyst coupled with proton transfer from solution resulted in the regeneration of
Ru"-OH, (Scheme 1, left). The application of an applied potential (Vapp) to the ITO thin films
afforded direct control over the driving force (-AG®) for electron transfer. Under sufficiently
negative Vapp (£ -0.1 V vs. NHE), spectroscopic signals corresponding to the independent
electron transfer (ET) and proton transfer (PT) steps provided a definitive mechanistic assignment
of stepwise ET-PT with rate-limiting proton transfer. The ability to kinetically resolve rates of both
ET and PT provides a unique opportunity to study the impact of buffer-bases on the kinetics and
mechanisms of stepwise ET-PT for metal-hydroxide reduction.

Scheme 1. (Left) Stepwise PCET Reduction of Ru"-OH; (Right) Buffer-Enhanced PCET
Reduction of Ru"-OH.
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Herein, we report the buffer-enhanced PCET reduction of Ru"-OH to yield Ru"'-OH..
Kinetic data were collected in variable concentrations of either acetate or phosphate buffered
electrolytes at constant solution pH (Scheme 1, right). At low buffer concentrations, rate
constants for ET and PT were independent of the dissolved buffer concentration. However, at
elevated buffer concentrations, a prominent enhancement in the PT rate constant was observed.
Rate constants for ET were relatively insensitive to the concentration of buffer. At concentrations
in excess of 500 mM for both buffers, spectral signals corresponding to the formation of the one-
electron reduced intermediate were absent from nanosecond transient absorption spectra
suggesting a change in the underlying PCET mechanism from ET-PT with rate-limiting PT to ET-
PT with rate-limiting ET or concerted electron-proton transfer (EPT).
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Experimental Methods

Materials. All chemicals and reagents were purchased from either T.C.I., MilliporeSigma, Acros
Organics, Ambeed, or VWR and used as received without additional purification. Conductive tin-
doped indium oxide (ITO) nanoparticles (~40 nm diameter, <10% doping) were purchased from
Inframat Advanced Materials and used as received. Samples of [Ru'(tpy)(bpy’)CI|CI were
prepared following previously reported methods** and were allowed to adsorb to ITO thin films
before conversion to the aqua species. Colloidal solutions of either zirconium oxide (ZrOz) or ITO
were prepared using literature methods.4243

Solution pH Measurements. The solution pH was measured using an Acumet AB15 digital pH
meter (Fisher Scientific) calibrated beforehand with standard buffer solutions at pH = 4.01, 7.00,
and 10.01. For transient absorption spectroscopy, all buffered electrolyte solutions consisted of
either phosphate buffer prepared by dissolving disodium hydrogen phosphate heptahydrate and
sodium dihydrogen phosphate monohydrate (1.31-to-1.0 mol ratio) in water or by dissolving
sodium acetate in water to prepare solutions with total buffer concentrations of 0.1 mM, 0.3 mM,
0.5 mM, 1 mM, 5 mM, 50 mM, and 500 mM. Sodium perchlorate was added to each electrolyte
solution to provide a constant ionic strength (u = 0.54 for phosphate and p = 0.50 for acetate).
The necessary ionic strength was calculated based on the ionic strength of a 500 mM buffered
electrolyte solution. The solution pH was then adjusted where necessary using solutions of NaOH
and HCIO4. The concentration of acid or base used was varied to result in the least amount of
sample dilution. In addition, 2 M acetate buffer solution (pH 5.5) and 800 mM phosphate buffer
solution (pH 7) were also prepared to test the extreme ranges of buffer concentration.

Electrochemical Measurements. Cyclic voltammetry was performed in a three-electrode cell with
a sensitized ITO thin film as the working electrode, a Ag/AgCIl (3 M NaCl) reference electrode,
and a Pt mesh counter electrode. Before and after each experiment, the Ag/AgCl electrode was
referenced to a saturated calomel electrode (SCE = +241 mV vs. NHE)* by connecting both
electrodes to a voltmeter and immersing them in an aqueous 3 M NaCl solution. The measured
reference potential was found to be =31 £+ 5 mV vs. SCE for all measurements. If a deviation in
the reference potential was observed outside of this range, the Ag/AgCl reference electrode was
remade and allowed to equilibrate for 3 days prior to use. Where necessary, the reference
potentials were converted from Ag/AgCI to NHE using the relationship provided above and the
measured reference potential versus SCE. The applied potential (Vapp) Was controlled using a
CHI 601D potentiostat. All plots of the electrochemical data are provided using the polarographic
convention.

Absorption Spectroscopy. Ultraviolet (UV) — visible absorption spectroscopy was performed on a
Cary 60 UV-Vis absorption spectrometer. A Teflon insert placed inside a standard 1 cm? cuvette
was used to hold the ITO thin film electrodes at a fixed angle of 45°. Before taking spectroscopic
measurements, a spectrum of the bare FTO slide immersed in the electrolyte solution was saved
as a blank. Measurements were collected across the visible spectrum before and after each
transient absorption experiment. The films showed no obvious signs of degradation with
absorption maxima between measured before and after pulsed laser excitation within 5% of each
other. Where necessary, a separate spectrum of the bare ITO thin film was measured and
manually subtracted from the absorption spectrum of the dyed electrodes to provide clearer
spectral features.

Transient Absorption. All transient absorption experiments were carried out in argon-saturated
aqueous solutions of either acetate or phosphate buffer. During the spectroscopic measurements
argon was allowed to flow continuously into the headspace of the cell to prevent oxygen from
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leaking into the sample solution over the course of the measurements. Transient absorption
spectroscopy with hanosecond time resolution was performed in a standard three electrode cell
prepared into a standard 1 cm? glass cuvette fitted with a 24/40 ground glass joint. A rubber
septum was modified with custom electrochemical leads to provide access to the working,
counter, and reference electrodes inside the cuvette. The working electrode consisted of a ITO
slide with surface-anchored catalyst oriented at a 45° angle to the incident laser beam, a Ag/AgCl
(3 M) reference electrode and a Pt-mesh counter electrode. Varying applied potentials were
controlled using a CH1 601D potentiostat from CH Instruments. Samples were allowed to
equilibrate for 10-30 seconds upon the application of each applied potential until the relative
current response had returned to baseline.

Pulsed excitation of each sample was accomplished using a RADIANT X30 tunable laser
system: Q-switched, pulsed (10Hz) Nd:YAG laser (Quantel laser By Lumibird, Q-smart 450mJ)
tripled to 355 nm, coupled with an OPO module (410-2500 nm tuning range). The laser fluence
at the sample was 2.5-5.0 mJ/pulse at 488 nm. A 450 W xenon arc lamp aligned perpendicular to
the laser served as the probe beam. Two shutters placed between the arc lamp / laser and the
sample were pulsed at 10 Hz to limit PMT fatigue and sample degradation. The probe light was
focused onto the sample, collimated after the sample, and focused onto an Oriel Cornerstone 260
monochromator optically coupled to a Hamamatsu R928 photomultiplier tube. The transient signal
was recorded with a Teledyne Lecroy Wavesurfer 4024HD, 200 MHz digital oscilloscope (with
variable bandwidth filters to improve the signal-to-noise ratio). The laser flashlamps, Q-switch,
shutters, and oscilloscope trigger delays were controlled with a Berkley Nucleonics Corp. Model
577 Digital Delay Generator. Single-wavelength kinetics were generated as an average of 150
laser shots to achieve adequate signal-to-noise ratios. Each experimental average consisted of
one spectrum obtained in the absence of pulsed laser excitation and one spectrum obtained
immediately following pulsed laser excitation (14 ns instrument response time). The difference
between these two spectra were saved and averaged.

Kinetic Modeling. A detailed explanation of the kinetic model and a table of the best fit parameters
is provided in the supporting information.

Results.

Colloidal suspensions of tin-doped indium oxide (In203:Sn, ITO) or zirconium oxide (ZrOy)
nanoparticles were coated onto conductive glass substrates and heated under an oxygen
atmosphere to provide the high surface area mesoporous thin films utilized for interfacial studies.
Thin films containing the surface-anchored catalyst were prepared by isolation and immobilization
of the pre-catalyst, [Ru'(2,2":6,2"-terpyridine)(4,4"-diaminopropylsiltrane-2,2'-bipyridine)Cl]?*, to
the electrode surface as previously reported.*? Incubation of these electrodes in 50 °C aqueous
solutions for 72 hours provided sufficient time for ligand exchange in situ to yield thin films of the
desired catalyst, [Ru'(2,2"6,2"-terpyridine)(4,4'-diaminopropylsiltrane-2,2'-bipyridine)OH,]?*,
Ru"-OH,. The acid dissociation constants (pKa) and formal potentials (E°) for Ru"-OH/OH, and
Ru"'-OH/OH; immobilized at an ITO interface have been previously reported and are provided
for reference in Table S1. Figure 1 shows the ultra-violet (UV)-visible absorption spectrum of
catalyst sensitized ZrO thin films collected in 5 mM phosphate buffer solutions adjusted to pH 7
and pH 12. Both samples are characterized by an intense metal-to-ligand charge transfer (MLCT)
absorption band located in the visible region of the spectrum at 495 nm and 540 nm, respectively.
Deprotonation of the aqua ligand at pH > pKa, = 10.3 results in the formation of Ru'"-OH and
produces a bathochromic shift in the MLCT absorption, consistent with prior reports for this
catalyst.*>*® The surface coverage (') of Ru"-OH, was determined spectroscopically using a
modified form of the Beer-Lambert law*6-48
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__ 4 (1)
1000 X ¢

Where Ais the intensity of the MLCT absorption maximum and ¢ is the molar extinction coefficient
(Emax = 9600 Mt cm™)*8, Values of I varied between 3.8 x 10 mol/cm? and 8.3 x 10 mol/cm? in
agreement with prior reports for sensitized mesoporous metal oxide electrodes.*346-49
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Figure 1. UV-visible Absorption profiles of Ru'-OH2 (orange trace), Ru'-OH (blue trace).

Figure 2 shows the electrochemical response of ITO thin films containing surface-
anchored Ru"-OH; in 500 mM solutions of either pH 5.5 acetate buffer or pH 7.0 phosphate
buffer. The cyclic voltammograms are characterized by broad quasi-reversible waves with peak
currents that were approximately equal in amplitude and a peak-to-peak splitting greater than 60
mV. The formal potential (E°) was calculated from the average of the anodic and cathodic peak
potentials. These values were found to be +0.924 V vs NHE and +0.822 V vs NHE for acetate
and phosphate buffer solutions, respectively. A shift to more negative potentials in more alkaline
conditions is explained by the reported PCET reactivity of this catalyst across the indicated pH
range.424345.50

Cyclic voltammograms of the surface-anchored catalyst collected as a function of buffer
concentration are provided in Figure S1. Prior reports noted that aqueous solutions of a related
ruthenium-based water oxidation catalyst measured in >50 mM acetate buffer solutions displayed
a pH-independent electrochemical response that was attributed to displacement of the inner-
sphere H,O for acetate.*? To determine if ligand exchange was present for thin films of Ru"-OH,,
samples were allowed to equilibrate in 2 M acetate buffer solution between pH 3.5 and 5.0 for 30
minutes prior to electrochemical cycling. This incubation time was selected as it was the average
duration necessary to perform a typical time-resolved kinetic measurement. The results are
provided in Figure S2. In contrast to previous reports, the cyclic voltammograms display a
cathodic shift of 55 mV/pH unit under increasing alkalinity that are consistent with preserved
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PCET reactivity on the timescale of the electrochemical and spectroscopic measurements
performed herein.
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Figure 2. Cyclic voltammogram of surface-anchored Ru"-OH, collected at 10 mV/s in 500 mM
buffered electrolyte solutions of either pH 5.5 acetate buffer (blue) or pH 7.0 phosphate buffer

(pink).

Photoexcitation of surface-anchored Ru'"-OH. under a constant applied potential (Vapp)
resulted in rapid electron injection into ITO and generation of Ru"-OH, consistent with prior
reports for this catalyst anchored to ITO.%>%4 On microsecond and longer timescales,
electrochemical reduction and protonation of Ru"'-OH leads to the regeneration of Ru"-OH.. The
square scheme provided in Scheme 2 outlines the potential mechanistic pathways for this PCET
reduction reaction.

Scheme 2. Square-Scheme of the Potential Mechanistic Pathways for the PCET Reduction
of Ru'"'-OH.
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Prior assignment of the operative mechanism in Scheme 2 suggests that at Vap, < 0.5V
vs. NHE, the PCET reduction of Ru''-OH to yield Ru"-OH, proceeds through a stepwise electron
transfer-proton transfer (ET-PT) mechanism with rate-limiting proton transfer.*? Figure 3 displays
transient absorption difference spectra collected in pH 5.5 acetate or pH 7 phosphate buffer with
a constant Vapp = -0.1 V vs. NHE at varying buffer concentrations. The difference spectra are
devoid of spectral features for excited state absorption, consistent with electron injection and
deprotonation that occur within the instrument response time of the nanosecond transient
absorption apparatus. Within 40 ns of pulsed laser excitation at 488 nm, the difference spectra
are characterized by the presence of a prominent ground state bleach centered at 500 nm
associated with the oxidation of Ru''-OH to yield Ru"'-OH. A positive growth forms in the spectra
by 100 ns and is associated with the initial one-electron reduction of Ru"-OH to yield Ru'"-OH
(top pathway in Scheme 2). On microsecond and longer timescales, both signals decay to the
baseline as Ru'"'-OH; is regenerated. A simulated transient absorption difference spectrum
calculated by modeling the absorptions of Ru'-OH, and Ru'-OH as a bleach and growth,
respectively, is provided in Figure S3 and supports these spectral assignments. Under elevated
buffer concentrations, signals corresponding to the formation of Ru'"-OH are weak or absent.
Additional transient absorption difference spectra collected at varying buffer concentrations and
time delays are provided in Figures S4-S5. The absence of spectral features attributed to
Ru"-OH suggests that the presence of buffer conjugate acids (CHsCO.H and H.PO,") serve as
alternative proton sources at elevated buffer concentrations that significantly enhance the rate of
PT.
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Figure 3. Transient absorption difference spectra collected in acetate (A) or phosphate (B) buffer
solutions at varying buffer concentrations and a constant applied potential of —0.1 V vs. NHE.

Figure 4 displays single wavelength kinetics measured at 540 nm collected across acetate
and phosphate concentrations ranging from 0.1 mM to 2000 mM and 0.1 mM to 800 mM,
respectively. As the signal at 540 nm corresponds to the proton transfer reaction, Ru'"-OH + H*
- RuU"-0OH,, the data in Figure 5 clearly suggests a strong kinetic enhancement at buffer
concentrations greater than 5 mM.

4 T T T T 8 T T T T
A Acetate, pH 5.5 B Phosphate, pH 7
:‘2_ — 4
o o
x 0 X,
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Figure 4. Kinetics collected at 540 nm for the formation and decay of Ru"-OH at the indicated
buffer concentrations in either pH 5.5 acetate buffered electrolyte (A) or pH 7 phosphate buffered
electrolyte (B). The kinetic data were smoothed using 5-point adjacent averaging to better
illustrate the trend with buffer concentration. Examples of the unsmoothed kinetic data are
provided in Figure S6.

Independent rate constants for electron transfer and proton transfer were extracted from
global fits of single wavelength kinetics collected across five wavelengths using a two-component
kinetic model outlined in the supporting information. The fitting parameters and rate constants for
electron and proton transfer as a function of buffer concentration are provided in Table S2. Figure
5 shows the observed proton transfer rate constants (ket) plotted as a function of total buffer
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concentration on a linear-log scale. At low buffer concentration, ket is independent of buffer
concentration. However, at concentrations greater than 5 mM, an enhancement in ket was
observed. The data were fit to expression 2 to determine the inherent rate constants for proton
transfer with either water or protonated buffer serving as the proton source. Independent rate
constants for ET and PT could not be satisfactorily resolved in samples where the buffer
concentration exceeded 500 mM for both acetate and phosphate solutions.

4
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Figure 5. Plots of ket as a function of dissolved buffer ion concentration. The red lines are fits to
expression 2 that was used to extract the magnitudes of ku2o and Kgn.

Prior reports investigating the relationship between the PCET rate constants and
phosphate buffer concentration for the oxidation of tyrosine have made similar observations as
those noted in Figure 5. Therein, the concentration independent region corresponded to PCET
with water as the proton donor and acceptor whereas the concentration dependent region
corresponded to PCET with buffer as the primary proton donor and acceptor. The PCET Kkinetics
in Figure 5 can be modeled using expression 2 to determine the rate constants for proton transfer
from water or buffer, respectively.

kpr = kw + fup[Blkus (2)

Here, ket is the observed proton transfer rate constant obtained from fits of the time-resolved
kinetics at 540 nm, ky, is the rate constant of proton transfer from bulk water (either H>O or Hz0")
to Ru"'-OH, fus is the fraction of protonated buffer at the solution pH used and is derived from the
Henderson-Hasselbalch relationship, [B] is the concentration of dissolved buffer ions in solution,
and kug is the rate constant of proton transfer from protonated buffer to Ru'"-OH. Fits of the data
in Figure 5 to expression 2 demonstrate that the rate constants for proton transfer between
Ru"-OH and protonated buffer is increased by two to four orders of magnitude for acetate and
phosphate, respectively while the rate constant for proton transfer with water is independent of
buffer identity or solution pH. In contrast to the rate constants for proton transfer, rate constants
for electron transfer were found to display no significant dependence on the buffer concentration
with rate constants ranging from 2.0 x 107 s to 3.3 x 107 s’*. This significant rate enhancement
directly illustrates that careful selection of buffer identity and concentration can be used to
dramatically enhance the kinetics of a PCET reaction.
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Discussion.

A well-known water oxidation catalyst was anchored to the surface of mesoporous ITO thin films.
Consistent with prior studies of this catalyst either in fluid solution or anchored to the surface of
ITO thin films, deprotonation of the catalyst results in a bathochromic shift in the MLCT absorption
spectrum. In aqueous acetate and phosphate buffer solutions, the catalyst was shown to possess
a reversible electrochemical PCET reaction associated with oxidation or reduction of the
ruthenium center and corresponding protonation and deprotonation of the inner-sphere aqua
ligand. When excited with visible light, the catalyst was found to inject an electron into ITO,
providing a means to photo-initiate the PCET reaction. An applied potential was used to control
the free energy change for interfacial electron transfer between the ITO and the oxidized catalyst
while spectral changes were monitored using time-resolved absorption spectroscopy. The
bathochromic shift induced upon deprotonation was used to determine the independent rate
constants for ET and PT. The independent PT kinetics displayed a dependence on the
concentration of dissolved buffer ions with the rates of proton transfer increasing under elevated
buffer concentrations, while ET kinetics were insensitive to the buffer identity and concentration.
The implications of these findings on the kinetics and mechanism of the PCET reduction of
Ru"-OH are discussed below with an emphasis on how buffer-base effects can be used to
enhance photoelectrocatalysis.

Previous reports have considered the role of dissolved buffer ions on the kinetics and
mechanisms of both electrochemicall®-2325262831.325152 gnd photo-initiated®® PCET reactions.
Given the slower timescale of electrochemical measurements and the inability to directly observe
the independent steps of a PCET mechanism, most of these reports rely on electrochemical
PCET Kkinetics fit to theoretical models derived for either stepwise or concerted reaction pathways.
For example, the electrochemical 1e/1H* PCET reactivity of [Os'"(bpy)2(py)OH]?** where py =
pyridine is well characterized and has been demonstrated to deviate from the predicted
electrochemical kinetics for a stepwise reaction mechanism derived by Laviron®*-%! when
[Os'(bpy)2(py)OH2]?* was measured within carboxylic acid-terminated self-assembled
monolayers or in pH 4.5 acetate buffer solution (2 M).31°1%2 The deviation in the experimental
electrochemical kinetics was taken as evidence to support a carboxylate-assisted change in the
PCET mechanism from stepwise to concerted. Similarly, reports from Meyer et al, have
demonstrated that the competent water oxidation catalyst, Ru"(bda)(isoq). (where bda is 2,2'-
bipyridine-6,6'-dicarboxylic acid and isoq is isoquinoline), demonstrates a pronounced
enhancement in the rate of water oxidation catalysis in pH 7.0 agueous phosphate buffer solutions
(0.01-0.2 M). Similar results were also obtained for catalysis performed in pH 5.6 acetate buffer
solutions (0.05-0.5 M).'° It was proposed that the presence of buffered electrolyte solutions
provided concerted electron-proton transfer (EPT) pathways that enhanced the rate-limiting step
of the catalytic mechanism.

Given the possibility that buffer-bases could alter the underlying PCET mechanism, it is
worthwhile to re-examine the potential mechanistic pathways presented in Scheme 2 within the
context of the kinetic data presented herein. There are three generally accepted mechanisms for
PCET: stepwise electron transfer-proton transfer (ET-PT), stepwise proton transfer-electron
transfer (PT-ET), and concerted electron-proton transfer (EPT). In the stepwise pathways, the
electron and proton are transferred in sequence whereas in EPT, both reactants are transferred
in a single mechanistic step. Below, we examine each mechanism considering the kinetic and
thermodynamic data presented here.
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PCET via Stepwise PT-ET with Rate-Limiting PT

For stepwise PT-ET, protonation of the catalyst by the buffer prior to electron transfer would be
consistent with the observed decrease in signal for Ru"'-OH under elevated buffer concentrations.
The equilibrium constant for proton transfer between protonated buffer and Ru"-OH (Ker =
ket/k-p7) Will be equal to 1072°= 36 Here, the ApKa for proton transfer between acetate (pKa = 4.76)
or phosphate (pKa = 7.2) and Ru"'-OH (pKa = 1.3) are 3.46 and 5.9, respectively. Assuming the
rate of the reverse proton transfer can be approximated by the upper-limit for a diffusion limited
protonation step (K-pt = kit = 1x10° Mes1),6263 the predicted bimolecular rate-constant for PT
can be calculated. For acetate and phosphate buffer solutions, the predicted values of ker are
3.47x108 Mest and 1.26x10* Mtes1, respectively. These values are inconsistent the magnitudes
of kug calculated from fits to the data in Figure 5, suggesting that a PT-ET mechanism with rate-
limiting PT is unlikely. Furthermore, if PT-ET with rate-limiting PT were the operative mechanism,
the PCET kinetics under elevated buffer concentrations would be expected to be independent of
the driving force for electron transfer, and thus, the applied potential. Kinetic data collected as a
function of Vap in 500 mM acetate buffer at 540 nm is provided in Figure S7 and clearly
demonstrates a dependence on the applied potential, suggesting that stepwise PT-ET with rate-
limiting PT is not the operative mechanism.

PCET via Stepwise PT-ET with Rate-Limiting ET

It is possible that the PCET reduction reaction could operate via a stepwise PT-ET mechanism
with rate-limiting ET. Such a mechanism would be consistent with the observed loss of signal for
Ru"-OH at elevated buffer concentrations while also displaying a dependence on Vg as ET
would be the rate-limiting step. However, kinetics collected in DO show a primary kinetic isotope
effect (KIE) of ku/kp of 1.5-2.0 (Figure S8) at all buffer concentrations investigated herein,
suggesting direct proton involvement in the rate-limiting step of the mechanism.6:646 As a result,
stepwise PT-ET with rate-limiting ET is unlikely.

PCET via Stepwise ET-PT with Rate-Limiting PT

It was previously established that PCET under low buffer concentrations results in a stepwise ET-
PT mechanism with rate-limiting PT.*? At pH 7, under the assumption that water serves as the
proton donor/acceptor at low buffer concentrations, protonation of Ru'"-OH to yield Ru'"-OH is
unfavorable (AGer = 0.22 eV) by ~5 kCal/mol. At pH 5.5, H3O* and water could both potentially
serve as proton donors for the PCET reaction. However, the low concentration of HzO* (3.16x10
¢ M) suggests that despite favorable thermodynamics for PT (AGer = —0.61 eV), the reaction is
ultimately diffusion limited. Under diffusional control, the expected rate constant for proton transfer
can be calculated using expression 3.

kpr = kqirr[H307] 3)

where ket is the predicted PT rate constant, Kq is the diffusion-controlled bimolecular PT rate
constant, and [HszO"] is the concentration of the presumed proton donor. In this case, hydronium
ions. At pH 5.5, ket = 3.16x10* s. This value is within an order of magnitude of the rate constant
obtained from fits to the kinetic data provided in Figure 5 suggesting that small but noticeable
contributions to the ky are present due to PT from protonated buffer in solution and as a result,
the values of ky provided in Figure 5 are likely to overestimate the true rate of PT from the bulk
under these conditions. Regardless, ket >> ket and results in a stepwise ET-PT mechanism with
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rate-limiting PT. The direct observation of Ru'-OH also provides strong evidence to support his
conclusion as neither ET-PT with rate-limiting ET nor stepwise PT-ET would result in the formation
and accumulation of Ru"-OH. Under elevated buffer concentrations, the bimolecular PT rate
constants derived from fits to expression 2 in Figure 5 suggest that proton transfer from buffer is
on the same or greater order of magnitude when compared to electron transfer (ker = 1x107 s1).
Therefore, under elevated buffer concentrations, a stepwise ET-PT mechanism with rate-limiting
PT is unlikely.

PCET via Stepwise ET-PT with Rate-Limiting ET

It is possible that under elevated buffer concentrations, the rate-limiting step of the PCET
mechanism shifts from PT to ET. In such a case, an ET-limited PCET reaction would imply near-
instantaneous consumption of the Ru'-OH intermediate, preventing its observation in time-
resolved difference spectra and is consistent with the experimental results. In addition, a kinetic
dependence on Vap, Would also be expected. To further probe if the kinetics under elevated buffer
concentrations are indeed ET-limited, ultrafast spectroscopy was performed on samples of
Ru"-OHz in solutions of 2 M acetate buffer (pH 5.5), 800 mM phosphate buffer (pH 7), and 0.32
M HCIOs (pH 0.5). Under acidic conditions where pH < pK, = 1.3, the interfacial electron transfer
reaction is no longer accompanied by deprotonation resulting in a photo-initiated reaction that is
purely ET. For these measurements, Vap Was modulated to ensure that the driving force for ET
(AGeT = -0.71 eV) was constant in all cases. The observed kinetic traces from 600 fs to 6 ns are
presented in Figure S9. Kinetic traces measured in 2 M acetate buffer and 800 mM phosphate
buffer clearly do not overlay, with the kinetics collected in pH 0.5 HCIO4. While this observation
cannot directly rule out stepwise ET-PT with rate-limiting ET as the operative mechanism, it does
suggest that the kinetics for PCET at elevated buffer concentrations are indeed slower than those
for a purely ET reaction and are inconsistent with this proposed mechanism. Furthermore, we
note that evidence for concerted EPT reactions occurring on ultrafast timescales was recently
reported for a light-initiated multi-site PCET donor-acceptor assembly.®®

Concerted EPT to Buffer

While it is not possible to provide direct evidence for a concerted PCET mechanism, the kinetic
data herein suggest that a concerted mechanism induced by the presence of acetate or
phosphate buffer is possible and could operate in parallel to a stepwise mechanism. The rationale
for why a concerted EPT mechanism may occur is provided in guidelines outlined by Jencks®’
who examined case studies for complex acid-base catalyzed reactions that are able to proceed
through either stepwise or concerted mechanisms. Jencks posited that for a reaction to proceed
through a concerted pathway, two conditions must be met. First, there must be a large change in
the pKa of the reaction site through the course of the reaction. For Ru""'-OH/OH, ApKa = 9.0 and
satisfies the first criteria. Second, the pK, of the acid-base catalyst (buffer in the examples herein)
must lie between the two pKa values of the reaction site such that it can convert an unfavorable
proton transfer to a favorable one over the course of the reaction. Here, the pKa values for acetate
and dihydrogen phosphate are 4.76 and 7.2, respectively. For Ru"-OH, pKa, = 1.3 and neither
buffer possesses a favorable pK, for proton transfer as discussed above for the stepwise PT-ET
mechanism. However, reduction of Ru"'-OH to Ru"-OH (pKa = 10.3) results in favorable driving
forces for proton transfer from each buffer with AGpr = —0.33 eV and -0.18 eV for acetate and
phosphate, respectively, fulling the second criteria outlined by Jencks. Within this context, the
addition of acetate and phosphate buffer could provide access to rate enhancements through
concerted PCET pathways.

13

https://doi.org/10.26434/chemrxiv-2024-1776x ORCID: https://orcid.org/0000-0002-2673-9255 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-l776x
https://orcid.org/0000-0002-2673-9255
https://creativecommons.org/licenses/by-nc-nd/4.0/

In light of this analysis, we believe that the most likely PCET mechanisms occurring at elevated
buffer concentrations are stepwise ET-PT with rate-limiting ET and/or concerted EPT. It is
possible that both mechanisms are present and operate in parallel. More importantly however,
these results clearly demonstrate that the addition of buffer-bases can be used to systematically
control the kinetics and rate-limiting step of PCET reactions. The implications of this work are
perhaps most important for photoelectrocatalysis at semiconducting interfaces where it is ideal
for catalysis to be limited only by the rate interfacial electron transfer and not by the rate at which
protons can be sourced from the bulk solution.

Conclusions
Associated Content

Additional experimental details, cyclic voltammograms of the catalyst in varying concentrations of
buffer and solution pH, simulated transient absorption spectra, transient absorption difference
spectra presented at varying buffer concentrations, single-wavelength kinetics at varying buffer
concentrations and applied potentials, kinetics collected in both H,O and DO, and ultrafast
kinetics are provided in the electronic supporting information
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