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Conspectus

The development of renewable energy sources that are environmentally friendly and
economical is of critical importance. The effective utilization of such energy sources relies on
catalysts to facilitate the interconversion between electrical and chemical energy through multi-
electron, multi-proton reactions. The design of effective catalysts for these types of energy
conversion processes requires the ability to control the localization and movement of electrons and
protons, as well as the coupling between them. Theoretical calculations, in conjunction with
experimental validation and feedback, are playing a key role in these catalyst design efforts. A
general theory has been developed for describing proton-coupled electron transfer (PCET)
reactions, which encompass all reactions involving the coupled transfer of electrons and protons,
including sequential and concerted mechanisms for multi-electron, multi-proton processes. In
addition, computational methods have been devised to compute the input quantities for the PCET
rate constant expressions and to generate free energy pathways for molecular electrocatalysts.
These methods have been extended to heterogeneous PCET reactions to enable the modeling of
PCET processes at electrode and nanoparticle surfaces.

Three distinct theoretical studies of PCET reactions relevant to catalyst design for energy
conversion processes are discussed. In the first application, theoretical calculations of hydrogen
production catalyzed by hangman metalloporphyrins predicted that the porphyrin ligand is
reduced, leading to dearomatization and proton transfer from the carboxylic acid hanging group to
the meso carbon of the porphyrin rather than the metal center, producing a phlorin intermediate.
Subsequent experiments isolated and characterized the phlorin intermediate, validating this
theoretical prediction. These molecular electrocatalysts exemplify the potential use of non-

innocent ligands to localize electrons and protons on different parts of the catalyst and to direct



their motions accordingly. In the second application, theoretical calculations on substituted
benzimidazole phenol molecules predicted that certain substituents would lead to multiple
intramolecular proton transfer reactions upon oxidation. Subsequent experiments verified these
multi-proton reactions, as well as the predicted shifts in the redox potentials and kinetic isotope
effects. These bioinspired molecular systems demonstrate the potential use of multi-proton relays
to enable the transport of protons over longer distances along specified pathways, as well as the
tuning of redox potentials through this movement of positive charge. In the third application,
theoretical studies of heterogeneous PCET in photoreduced ZnO nanoparticles illustrated the
significance of proton diffusion through the bulk of the nanoparticle as well as interfacial PCET
to an organic radical in solution at its surface. These theoretical calculations were consistent with
prior experimental studies of this system, although theoretical methods for heterogeneous PCET
have not yet attained the level of predictive capability highlighted for the molecular
electrocatalysts. These examples suggest that theory will play a significant role in the design of
both molecular and heterogeneous catalysts to control the movement and coupling of electrons and
protons. The resulting catalysts will be essential for the development of renewable energy sources

to address current energy challenges.
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Introduction

The effective utilization of renewable energy sources such as solar or wind requires the
interconversion between electrical energy and fuels, which store energy in the form of chemical
bonds. This interconversion process is facilitated by catalysts that are designed to control multi-
electron, multi-proton reactions, such as the splitting of water into molecular hydrogen and
oxygen.'” As a result, significant attention has been directed toward the design of catalysts that
are able to control the movement of electrons and protons, as well as the coupling between them.
The objective of such catalyst design efforts is to control the localization of the electrons and
protons where and when they are needed during the catalytic process. To accomplish this level of
control, the catalysts should be designed to transfer electrons and protons in specified directions
to targeted sites in a predetermined coupled or uncoupled manner.

The general term for reactions involving the coupled transfer of electrons and protons is
proton-coupled electron transfer (PCET).%!* Although the simplest type of PCET reaction consists
of a single electron transfer (ET) and a single proton transfer (PT) reaction, the term also applies
to multi-electron, multi-proton reactions. Moreover, PCET also encompasses both sequential
mechanisms, which exhibit stable intermediates, and concerted mechanisms, which exhibit the
simultaneous transfer of an electron and a proton without a stable intermediate. These distinctions
are not always well-defined, however, because the observation of a stable intermediate may depend
on its lifetime, the experimental technique, or the level of theory. Although a sequential
mechanism is definitively proven if an intermediate is observed, the confirmation of a concerted
mechanism can be more challenging. Often thermodynamic considerations provide a strong
indication of a concerted mechanism because the intermediate arising from a sequential

mechanism would be thermodynamically unfavorable (i.e., significantly uphill in free energy).



However, even in the absence of a stable intermediate, a concerted PCET reaction could be
asynchronous, especially considering the delocalization of electrons and protons. Furthermore,
multi-electron, multi-proton processes could involve a combination of concerted and sequential
steps.

Over the past two decades, we have been developing a PCET theory that encompasses all

of these possibilities within a general framework.%%1%14-17

In this Account, we start by
summarizing the key concepts underlying this PCET theory, as well as the methods developed to
compute the properties that enable the generation of thermodynamic pathways for molecular
electrocatalysts and the input quantities for the PCET rate constant expressions. After this brief
overview of PCET theory, we discuss three applications relevant to catalyst design for energy
conversion processes. The first application focuses on hangman metalloporphyrins and illustrates
the design of molecular electrocatalysts with non-innocent ligands that can be reduced and/or
protonated.'®!” The second application centers on the design of multi-proton relays, where
oxidation of a substituted benzimidazole phenol (BIP) molecule is accompanied by multiple
intramolecular proton transfer reactions, allowing the net transport of protons over longer
distances.?® The third application represents an example of heterogeneous PCET in nanoparticles,
highlighting the significance of proton diffusion through the bulk of the nanoparticle as well as
PCET at its surface.?!?> The first two applications illustrate the predictive power of theory, and

all three applications highlight the importance of feedback between theory and experiment in

catalyst design.



PCET Theory and Computation

Our general PCET theory describes a PCET reaction in terms of 2V diabatic states
corresponding to the N possible ET and PT reactions.'* Thus, a reaction involving one ET and one
PT reaction (N = 2) is described in terms of four diabatic states, while a reaction involving one ET
and two PT reactions (N = 3) is described in terms of eight diabatic states. This framework allows
the description of both sequential and concerted mechanisms, according to the definitions
discussed in the Introduction. Various terminologies have been used in the literature to describe
concerted PCET reactions. In this Account, a concerted mechanism involving the transfer of one
electron and one proton is denoted EPT, while a concerted mechanism involving the transfer of
one electron and two protons is denoted E2PT.

In this PCET theory,®%!%1%17 the electrons and transferring proton(s) are treated quantum
mechanically. Analogous to Marcus theory for electron transfer,? the free energy curves for the
diabatic states can be expressed as functions of a collective solvent coordinate (Figure 1), but in
this case these free energy curves correspond to mixed electron-proton vibronic states rather than
purely electronic states. The PCET reaction is described in terms of nonadiabatic transitions
between reactant and product electron-proton vibronic states. Within this framework, we have
derived rate constant expressions in various well-defined regimes.!>!%%* Typically the types of
PCET reactions described herein are nonadiabatic due to small vibronic coupling. In this case, the
vibronically nonadiabatic rate constant expression consists of a summation over pairs of reactant
and product electron-proton vibronic states.!> Each term in the summation depends exponentially
on a free energy barrier, which is expressed in terms of the reaction free energy AG°® and
reorganization energy A (Figure 1), and is proportional to the square of the vibronic coupling,

which is typically expressed as the product of an electronic coupling and the overlap integral



between the reactant and product proton vibrational wavefunctions. Because this overlap integral
depends strongly on the proton donor-acceptor distance, the proton donor-acceptor motion is also
incorporated into the rate constant expressions.'®?* These rate constant expressions have been
applied to a wide range of PCET reactions and have been shown to reproduce experimentally
measured relative rate constants and kinetic isotope effects (i.e., the ratio of the rate constants for

hydrogen and deuterium).

Collective solvent coordinate
Figure 1: Free energy curves for the ground reactant (blue) and product (red) diabatic
electron-proton vibronic states along the collective solvent coordinate for an EPT reaction.
The proton potential energy curves along the proton coordinate and the corresponding
ground state proton vibrational wavefunctions are depicted for open circle points on the

free energy curves. Adapted with permission from Ref. 9. Copyright 2008 American
Chemical Society.

We have also developed computational methods to compute the input quantities to these
PCET rate constant expressions. For this purpose, as well as to facilitate theoretical studies of
molecular electrocatalysts, we have developed a computational protocol for calculating reduction
potentials and pK, values.?® In this protocol, the reaction free energies are computed with density
functional theory (DFT) combined with a polarizable continuum model to include solvent effects.

The reduction potentials and pK, values are calculated relative to a related reference reaction for



which the quantity is known experimentally. This protocol has been benchmarked extensively by
comparison to experimental data for many different types of molecular electrocatalysts. Similar
methods are used to compute reaction free energies for concerted PCET reactions. In addition, we
have developed methods for calculating inner-sphere (solute) and outer-sphere (solvent)
reorganization energies>®2’ for electron transfer and concerted PCET to enable the calculation of
free energy barriers and rate constants. The calculation of PCET rate constants also requires the
generation of reactant and product proton potential energy curves and the associated proton
vibrational wavefunctions and overlap integrals, which is straightforward for both EPT and E2PT

processes.20

Designing Molecular Electrocatalysts with Non-Innocent Ligands

A wide range of metalloporphyrins have been shown experimentally to evolve hydrogen
in acidic solution at modest overpotentials. Of particular interest are the cobalt and nickel hangman
metalloporphyrins, which are designed to have a carboxylic acid hanging over the metal center.?®
3% These types of hangman metalloporphyrins have been shown to evolve H» at less negative
potentials than the corresponding metalloporphyrins without the hanging group in acetonitrile.*
Initially the mechanism was thought to involve proton transfer from the hanging carboxylic acid
to the metal center. However, calculations suggested an alternative mechanism in which the proton
is transferred from the hanging carboxylic acid to the meso carbon of the porphyrin, producing a

phlorin intermediate.!®!

This mechanism is an example of ligand non-innocence, where a
reducing electron localizes mainly on the porphyrin ring instead of the metal center, leading to

ligand dearomatization and protonation.



Our initial computational study focused on cobalt hangman porphyrins.'® In this case, we
found that the phlorin intermediate is formed under weak acid conditions. As depicted in Figure
2A, the first reducing electron localizes on the cobalt, but the second reducing electron localizes
on the porphyrin, leading to dearomatization and buckling of the porphyrin ligand. Three pieces
of evidence supported the formation of the phlorin intermediate. First, the distance from the
carboxylic acid proton to the meso carbon (2.69 A) is significantly shorter than that distance to the
metal center (4.33 A), where the latter also corresponds to a local minimum rather than the global
minimum (Figure 2B). Second, proton transfer is thermodynamically more favorable to the meso
carbon than to the metal center by ~11 kcal/mol. Third, the free energy barrier for proton transfer
from the carboxylic acid to the meso carbon (Figure 2C) was computed to be 9 kcal/mol, which is

1.2 In addition, a

in agreement with the experimentally estimated barrier of 8 kcal/mo
thermodynamically favorable mechanism for H, production through the phlorin intermediate was
determined computationally for weak acid conditions. Interestingly, this pathway does not involve
the formation of a metal-hydride intermediate, but rather entails reprotonation of the carboxylate
hanging group and the eventual generation of H from this proton and the proton on the meso
carbon.

We performed similar calculations to investigate nickel hangman porphyrins.'” Under
weak acid conditions, two reduction steps were found to produce Ni(I) and a ligand radical,
followed by a PCET reaction involving intramolecular electron transfer from the nickel center to
the porphyrin ligand coupled to intramolecular proton transfer from the carboxylic acid hanging
group to the meso carbon to produce the phlorin intermediate. This PCET reaction could be

concerted, leading directly to the phlorin intermediate, or sequential, involving intramolecular

electron transfer followed by intramolecular proton transfer. In both cases, electron transfer from



the metal center to the porphyrin ligand leads to dearomatization, which allows proton transfer to
the meso carbon. Under strong acid conditions, the phlorin intermediate is formed after a single
reduction. Thermodynamically favorable pathways for H»> production through the phlorin
intermediate were found computationally for both weak and strong acid conditions.

Motivated by these computational studies, the Nocera group was able to isolate the phlorin
intermediate using the weak acid phenol, which is strong enough to form the phlorin intermediate
but not strong enough to generate H,.!” The phlorin intermediate was characterized with
spectroelectrochemistry, showing that the phlorin signature peak appears only with an applied
potential of —1.9 V vs Fc'/Fc in the presence of phenol (Figure 3A). The phlorin was also
identified with cyclic voltammetry (CV) through the appearance of an additional peak at a slightly
more negative potential, corresponding to reduction of the phlorin (Figure 3B). Finally, CV
simulations were performed, assuming the mechanism predicted by theory with the calculated
thermodynamic and kinetic quantities, supplemented by fitted parameters. These CV simulations
were in agreement with the experimental catalytic peaks for both tosic and benzoic acid for nickel
porphyrins with and without the carboxylic acid hanging group. These combined experimental
data support the theoretical prediction of a phlorin intermediate, although the specific pathways
for H, production are not fully resolved. Most importantly, these combined computational and
experimental studies on metalloporphyrins highlight the importance of ligand non-innocence in
terms of controlling the localization of both electrons and protons, as well as the coupling between

them.
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Figure 2: (A) Cobalt porphyrin without the hanging group, depicting the highest occupied molecular
orbital after one reduction (left) and after two reductions (right), illustrating that the first reducing
electron is localized on the cobalt, while the second reducing electron is mainly localized on the
ligand. (B) Cobalt porphyrin with the carboxylic acid hanging group after two reductions, indicating
that the proton transfer distance to the meso carbon (left, global minimum) is shorter than that to the
cobalt (right, local minimum). The reaction free energy for proton transfer from the carboxylic acid
is —11.6 kcal/mol to the meso carbon and —0.2 kcal/mol to the cobalt. (C) Illustration of proton
transfer from the carboxylic acid to the meso carbon after the second reduction, producing the phlorin
intermediate for the cobalt hangman porphyrin. The free energy barrier for this proton transfer was
computed to be 9.0 kcal/mol. Adapted with permission from Ref. 18. Copyright 2014 American
Chemical Society.
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Figure 3: (A) Spectroelectrochemistry on the nickel porphyrin without a hanging group
before electrolysis (black), at —1.3 V vs Fc¢'/F¢ without acid (red), at —=1.9 V vs Fc¢'/Fc
without acid (green), and at —1.9 V with phenol (blue), highlighting the phlorin signature.
(B) Cyclic voltammogram without acid (black) and with phenol (red), highlighting the
additional peak corresponding to phlorin reduction. Adapted with permission from Ref. 19.
Copyright 2016 US National Academy of Sciences.

Designing Multi-Proton Relays

A key reaction in solar energy conversion is the splitting of water into molecular hydrogen
and oxygen. Photosystem II catalyzes this water splitting reaction starting with the oxidation of a
Tyr residue, which transfers a proton to a neighboring His residue.’!*® Artificial photosynthetic
systems have been designed using this Tyr-His motif as inspiration.***7 Although it is not clear
that this Tyr-His pair participates in a longer proton wire in Photosystem II,°® many bioenergetic

processes involve proton wires, where protons are transported over long distances through multi-
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proton relays. Following nature’s example, we have embarked upon combined experimental and
computational studies aimed at designing multi-proton relay systems based on the Tyr-His motif.?

Initially the Moore groups designed a series of molecules in which the Tyr-His motif was
represented by a benzimidazole phenol (BIP) molecule, with ester substituents serving as potential
acceptors of the second proton. Our DFT calculations of the relative free energies of the PT states
associated with the oxidized state indicated that the concerted mechanism, EPT, is favored for the
BIP molecule without any substituents (Figure 4A). Moreover, the one-electron, one-proton
transfer (EPT) mechanism was found to be more favorable than the one-electron two-proton
transfer (E2PT) mechanism by ~14 kcal/mol for the BIP-COOCH3 system (Figure 4B). For both
systems, the experimentally measured and calculated redox potentials are ~1 V vs SCE in
acetonitrile. Moreover, using our PCET theory, the kinetic isotope effect (KIE) was calculated to
be ~2.0 for both systems, in agreement with the experimentally measured KIE of 1.8 for the BIP-
COOCH; system (Table S1).

In an effort to theoretically design a multi-proton relay system, we investigated BIP
molecules with amide and amino substituents.’> On the basis of our calculations, we predicted
that the molecules with amide substituents would still undergo EPT but that the molecules with
amino substituents, including the BIP-CH>NEt; system, would undergo E2PT (Figure 4C). These
findings are consistent with the higher pKa values of the amino substituents, where the amine group
serves as the proton acceptor, compared to those of the ester and amide substituents, where the
carbonyl group serves as the proton acceptor. Furthermore, our calculations predicted that the
E2PT process would shift the redox potentials to less positive potentials by ~300 mV. We also

predicted that the KIE for the E2PT process in the BIP-CH2NEt: system would be ~1.3, which is
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lower than the KIEs of ~2.0 for the related EPT systems (Table S1). These KIEs are strongly
influenced by contributions from excited electron-proton vibronic states.

Motivated by these predictions, the Moore group synthesized these four BIP systems and
validated the theoretically predicted redox potentials and KIEs (Figure 5A, Table S1). Moreover,
to verify the E2PT mechanism, the Moore group protonated the exocyclic amine of the BIP-
CHoNEL, system with trifluoroacetic acid (TFA), thereby blocking the second proton transfer, and
found that the redox potential shifted back up to ~095 V vs SCE (Figure 5B).
Spectroelectrochemistry experiments performed by the Kubiak group also confirmed the
theoretically predicted EPT and E2PT mechanisms through spectral analysis of the products under
an applied potential. While it is difficult to prove conclusively that the E2PT mechanism is fully
concerted, the KIEs computed from the PCET theory under the assumption of a fully concerted
mechanism are consistent with the experimental measurements. Moreover, CV simulations and
DFT calculations of the free energy barriers suggested that an intermediate corresponding to EPT
prior to the second PT would most likely be stable only on the ultrafast timescale, therefore
resulting in an effectively concerted mechanism.?

This wide array of experiments validated our theoretical prediction that the redox potential
will be ~1 V vs SCE for EPT and 0.6 — 0.7 V vs SCE for E2PT, while the KIE will be ~2 for EPT
and ~1 for E2PT for these model systems. Given the complexity of PCET processes, these
predicted trends are only valid for these specific types of model systems and are not generally
applicable. For example, we found that the porphyrin-bound BIP molecule, which undergoes only
EPT, exhibits a redox potential of ~1 V and a KIE of ~1 (Table S1). Analysis of the PCET
calculations indicated that this lower KIE compared to the same unsubstituted BIP molecule

without the porphyrin could be explained in terms of varying contributions from excited vibronic
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states arising from the non-innocence of the porphyrin ligand following oxidation. This example
illustrates that the KIE alone is not sufficient to assign a mechanism. These combined
computational and experimental studies illustrate the predictive power of theory, as well as the
ability to design multi-proton relays by tuning the pK. values and redox potentials. Future efforts

will be aimed at using these design principles to produce EN,PT systems with N, > 2, which will

. N_+1 . . .
involve 2"*" diabatic states, as discussed above.
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Figure 4: BIP molecules that exhibit PCET upon oxidation, where / and 2 denote the neutral
and oxidized (cationic) state, and a and b denote the proton transfer state for the proton(s)
that could potentially transfer. Relative free energies for the oxidized state are given in
kcal/mol. (A) BIP-H, which is described in terms of four states, with EPT determined to be
thermodynamically favorable; (B) BIPCOOCH3, which is described in terms of eight states,
with EPT determined to be thermodynamically favorable; (C) BIP-CH>NEt,, which is
described in terms of eight states, with E2PT determined to be thermodynamically favorable.
Adapted with permission from Ref. 20. Copyright 2017 American Chemical Society.
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Figure 5: (A) CVs for the BIP systems indicated in the legend, including the ester that was
initially studied experimentally and the four systems designed theoretically. The
experimental data validate the theoretically predicted redox potentials for these four systems
and clearly illustrate the predicted shift of ~300 mV for the E2PT process relative to the EPT
process. (B) CVs for the BIP-CH2NEt; system with and without TFA, which protonates the
exocyclic amine and blocks the second proton transfer, thereby shifting the redox potential
up to ~0.95 V vs SCE. These experimental data validate the theoretically predicted

mechanism of E2PT for this system. Adapted with permission from Ref. 20. Copyright
2017 American Chemical Society.
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Designing Nanoparticles for Heterogeneous PCET

The water splitting reaction has also been catalyzed photochemically using metal oxide
nanoparticles. This type of photocatalytic water splitting reaction is typically described in terms
of electrons and holes.***° Recent experiments from the Mayer group,*!*** however, have provided
evidence that some of these interfacial redox reactions are actually PCET, involving protons as
well as electrons. To investigate these types of interfacial PCET reactions, photoreduced colloidal
ZnO nanocrystals (NCs) with dodecylamine capping groups in toluene were prepared by anaerobic
ultraviolet irradiation to form electron/hole pairs, followed by quenching of the holes via oxidation
of ethanol. After this procedure, the reducing electrons occupy delocalized orbitals in the
conduction band, and the protons originating from the ethanol are thought to be located both on
the surface and in the bulk of the NCs.

These photoreduced ZnO NCs react with the TEMPO radical through a PCET reaction to
produce TEMPOH. Flash photolysis experiments were used to measure the second-order PCET
rate constant to be ~10° M!s' 4 The experimental data are consistent with a mechanism

corresponding to a fast equilibrium associated with formation of a complex between the

photoreduced ZnO NC and TEMPO radical, followed by PCET from the NC to TEMPO to produce

TEMPOH:
ZnO: ez, /H* + TEMPO- . "
[ZnO:eag/H+--- .

Here ZnO:e., /H" indicates the photoreduced ZnO NC with an electron in the conduction band

and a proton on a surface oxygen. The second-order rate constant k> can be expressed as the
product of an equilibrium constant Keq associated with formation of the complex and the rate

constant kpcet for PCET within the complex:
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kz = KequCET ()
We used our PCET theory to investigate the process consisting of electron transfer from
the conduction band of the ZnO NC to TEMPO concertedly with PT from a surface oxygen of the
NC to the oxygen of TEMPO.?! The input quantities to the rate constant expression, including the
inner-sphere reorganization energy, the intrinsic energy difference, the proton potential energy

curve parameters, and the electronic couplings, were computed with periodic DFT for the model

shown in Figure 6. The ZnO reactive surface was assumed to be the non-polar 1010 surface,
represented as a periodic slab, because the removal of a hydrogen atom is expected to be
thermodynamically more favorable for the non-polar surface than for the polar surface. Periodic
DFT calculations of these types of systems are challenging, and hybrid functionals were required
to obtain even qualitatively reasonable energetics, such as the exothermicity of the overall PCET

reaction. Utilizing a partitioning scheme for computing electronic couplings, the highest occupied

molecular orbital for ZnO: e, hydrogen bonded to TEMPOH" was found to be delocalized over

the entire slab, with somewhat greater localization on the hydrogen-bonding oxygen, for an
approximate transition state geometry. The dependence of the vibronic couplings on the proton
donor-acceptor (oxygen-oxygen) distance was included in this treatment, and the proton tunneling
at the interface was gated by the low-frequency oxygen-oxygen motion. The calculated PCET rate
constant of 2.5 x 10° s™! is consistent with the experimentally measured second-order rate constant
assuming an equilibrium constant of ~1 M, which was determined to be consistent with the
experimental data.”!

The Mayer group also performed stopped-flow kinetics experiments to monitor the decay
of the absorbance reflecting the concentration of electrons in the conduction band of the NC.*?

Although pseudo-first-order kinetics was expected for this process due to an excess of TEMPO,
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the experimentally measured absorbance exhibited nonexponential decay kinetics. We performed
kinetic Monte Carlo calculations?? to determine if this experimental observation could be
explained by proton diffusion in conjunction with PCET, which is assumed to be much faster than
the diffusion process. First we identified the most stable hydrogen interstitial sites, also denoted
proton sites, near the surface and inside the bulk with periodic DFT, employing slab models of the
ZnO surface and three-dimensional models of bulk wurtzite crystal, respectively. Within these
models, we calculated the barriers for proton hopping between different types of sites and
estimated the associated rate constants. Subsequently, we generated a ZnO NC from bulk wurtzite
crystal and categorized the stable proton sites based on the surface and bulk calculations.

To simulate the proton diffusion process depicted in Figure 7, we plugged all of these data
into a kinetic Monte Carlo scheme, assuming that ~30% of the surface sites are inaccessible due
to a proton bound to an oxygen site on the surface of the NC. This assumption is consistent with
the concentration of capping ligands attached to zinc sites that could prevent PCET to TEMPO
due to steric blocking, resulting in some protons remaining bound to the outer surface. Thus, the
diffusing proton can be temporarily trapped in a subsurface site that is connected to a surface site
already occupied by a bound proton. This trapped proton must diffuse to a different subsurface
site that provides access to an unoccupied surface site prior to PCET. This situation leads to a
broad distribution of survival probabilities with some longer lifetimes, resulting in nonexponential
kinetics.

The survival probability calculated from our kinetic Monte Carlo simulations is consistent
with the experimentally measured nonexponential decay of the absorbance. These simulations
suggest that the nonexponential kinetics is due to proton diffusion within the bulk in conjunction

with different types of subsurface and surface sites. These combined experimental and
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computational studies highlight the importance of protons in photocatalysis at heterogeneous
nanoparticle interfaces. The design of effective nanoparticle catalysts should consider the
important roles of proton diffusion through the bulk and PCET at the surface, with special attention

paid to the impact of capping ligands.

Figure 6: Model for PCET from the photoreduced ZnO NC to the TEMPO radical in
toluene. The electron transfers from the conduction band of the NC to TEMPO
concertedly with PT from a surface oxygen of the NC to the oxygen of TEMPO,
producing TEMPOH. The proton donor-acceptor distance is indicated by a double-
headed black arrow. Adapted with permission from Ref. 21. Copyright 2017
American Chemical Society.

Figure 7: Schematic depiction of proton diffusion within the bulk of a photoreduced ZnO NC
prior to reaching the surface, at which point it undergoes PCET to TEMPO. Adapted with
permission from Ref. 22. Copyright 2017 American Chemical Society.
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Concluding Remarks and Outlook

Controlling the movement and coupling of electrons and protons is essential in the design
of more effective catalysts for energy conversion processes. In the field of molecular
electrocatalysis, the judicious use of non-innocent ligands provides the ability to localize electrons
and protons on either the metal center or the ligand and to direct their motions accordingly.
Incorporating multi-proton relays into molecular electrocatalysts enables the transport of protons
over longer distances along preordained pathways, as well as the tuning of redox potentials through
this movement of positive charge. Theoretical calculations are playing an important role in
predicting the effects of different substituents, ligands, and metal centers on the thermodynamics,
kinetics, and mechanisms of molecular electrocatalysts. The feedback between theory and
experiment is critical to test and validate the theoretical predictions and drive the methodological
developments toward experimentally accessible systems. As a result of this feedback,
collaborative studies between experiment and theory are assisting in the design of more effective
catalysts.

Although molecular electrocatalysts provide a significant degree of flexibility and
diversity, the design of nanoparticle catalysts opens up new capabilities. The structure and size of
nanoparticles, as well as the type and coverage of the capping ligands, determine their catalytic
properties. The incorporation of protons into the bulk and on the surface of the nanoparticles
allows the coupling of these protons with the electrons and holes that are involved in
photocatalysis. Heterogeneous catalysis at the interface between the nanoparticle and the solvent
provides opportunities for more diverse chemistry encompassing a combination of surface atoms
and solvated molecules. Theoretical studies of heterogeneous catalysts encounter significant

challenges because the systems are often not well-characterized experimentally and are more
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difficult to describe computationally because of complications such as interfacial effects and
defects. Thus, theoretical methods for heterogeneous catalysis are not as accurate or generally
applicable as those for molecular electrocatalysts and have not yet attained the same level of
predictive capability. Nevertheless, current developments in both theoretical and experimental
methods for studying nanoparticles are leading to greater insights about their catalytic properties.
A combination of molecular and heterogeneous catalysis may be the most effective approach for

developing renewable energy sources to address the current energy challenges.
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