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ABSTRACT

This Account presents a theoretical formulation for proton-coupled
electron transfer reactions. The active electrons and transferring
protons are treated quantum mechanically, and the free energy
surfaces are obtained as functions of collective solvent coordinates
corresponding to the proton and electron transfer reactions. Rate
expressions have been derived in the relevant limits, and meth-
odology for including the dynamical effects of the solvent and
protein has been developed. This theoretical framework allows
predictions of rates, mechanisms, and kinetic isotope effects for
proton-coupled electron transfer reactions.

Introduction

Proton-coupled electron transfer (PCET) reactions play a
vital role in a wide range of chemical and biological
processes. For example, PCET is required for the conver-
sion of energy in photosynthesis and respiration.? In
particular, the coupling between the proton motion and
electron transfer plays a key role in the proton pumping
mechanism of photosynthetic reaction centers, as well as
in the conduction of electrons in cytochrome c. PCET is
also important in numerous enzyme reactions such as
those of ribonucleotide reductase and iron—sulfur pro-
teins. In addition to biological processes, PCET reactions
occur in electrochemical processes and in solid state
materials.

Recently a number of experiments on model PCET
systems have been performed. Nocera and co-workers
have performed experiments in which they photoinduced
electron transfer within an electron donor—acceptor pair
connected by a proton transfer interface.®~5> Meyer and
co-workers,® as well as Farrer and Thorp,” have studied
proton-coupled electron transfer in oxoruthenium poly-
pyridyl complexes and in some cases have measured
unusually large deuterium kinetic isotope effects. Mayer
and co-workers® have obtained mechanistic evidence for
concerted PCET in self-exchange reactions between bi-
imidazoline iron complexes. These types of experimental
studies on model PCET systems are becoming more
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prevalent as the important role of PCET in chemistry and
biology is recognized.

Theoretical formulations for single electron transfer
(ET) and single proton transfer (PT) reactions in solution
have been discussed throughout the literature.®~'* In the
most basic approach, a single charge transfer reaction in
a polar solvent is described in terms of two diabatic states
corresponding to the charge localized on either its donor
or its acceptor. The free energy surfaces are obtained as
functions of a single collective solvent reaction coordinate,
corresponding to the difference in interaction energies of
the two diabatic states with the solvent polarization. For
single ET reactions, these free energy surfaces represent
the two electronic states and are typically parabolic. For
single PT reactions, the transferring hydrogen nucleus is
treated quantum mechanically, and these free energy
surfaces represent the proton vibrational states. In either
case, the charge transfer reaction requires a reorganization
of the solvent from the equilibrium reactant to the
equilibrium product configuration. The effects of intramo-
lecular solute modes have also been incorporated into this
basic formulation.’® Rate expressions have been derived
for various limits, including small and large coupling
between the two diabatic states. These theoretical de-
scriptions of single charge transfer reactions have been
successfully applied to a wide range of reactions in
solution and proteins and have been extended to study
multiple electron transfer reactions.'®

A number of additional challenges arise in the develop-
ment of a theory for PCET reactions. Such a theory must
accurately describe a wide range of time scales. These time
scales include the solute electrons involved in PT (i.e., the
breaking and forming of bonds), the solute electrons
involved in ET, the transferring proton(s), and the solvent
electronic and nuclear polarization. In addition to this
wide range of time scales, the quantum mechanical
behavior of both electrons and protons must be incorpo-
rated into a theoretical formulation for PCET. Quantum
mechanical effects such as zero point energy, hydrogen
tunneling, and transitions between electronic and proton
vibrational states have been found to play important roles.
In addition, a theory for PCET must include all of the
couplings involved in these types of reactions. The solvent
is coupled to both the electron and the proton, and the
electron and proton are coupled to each other. As a result
of these complexities, the theory of PCET has not been
developed as extensively as the theory of single ET or
single PT. To date, two distinct theoretical formulations
for PCET have been proposed. The first was developed
by Cukier and co-workers,3¢ and the second was devel-
oped by Hammes-Schiffer and co-workers.’~2° This Ac-
count centers on the second theoretical formulation,
although a brief discussion of the first formulation will
be presented for comparison.

In the theory for PCET developed by Hammes-Schiffer
and co-workers,'”~20 a PCET reaction involving the transfer
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FIGURE 1. Schematic illustration of a PCET reaction, where the
electron donor and acceptor are denoted D and A, respectively,
and the proton donor and acceptor are denoted D, and A,
respectively. The transferring proton is represented as both a sphere
and a quantum mechanical wave function.
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FIGURE 2. Schematic illustration of a pair of paraboloids I« and
[lv as functions of the solvent coordinates z, and Z. The reorganiza-
tion energy 4,, and the equilibrium free energy difference AGj,
are indicated.

of one electron and one proton (depicted in Figure 1) is
described in terms of four diabatic states.'” These four
charge transfer states correspond to the following: the
proton and electron on their donors, the proton and
electron on their acceptors, the proton on its donor and
the electron on its acceptor, and the proton on its acceptor
and the electron on its donor. The transferring hydrogen
nucleus is treated quantum mechanically to include effects
such as zero point energy and hydrogen tunneling. Within
this four-state model, the mixed electronic/proton vibra-
tional free energy surfaces are obtained as functions of
two collective solvent coordinates corresponding to ET
and PT. Often the free energy surfaces for PCET reactions
may be approximated as two-dimensional paraboloids
(i.e., bowl-shaped surfaces), as illustrated in Figure 2. In
this case, the PCET reaction may be viewed as a transition
from the reactant set of paraboloids to the product set of
paraboloids. Thus, this theory is a multidimensional
analogue of standard Marcus theory for single ET involv-
ing one-dimensional parabolas.® As for single charge
transfer, the PCET reaction requires a reorganization of
the solvent from the equilibrium reactant to the equilib-
rium product configuration. The effects of intramolecular
solute modes have also been incorporated into this
formulation. This Account will summarize this theoretical
formulation of PCET and will discuss recent applications
to chemical systems.
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FIGURE 3. (a) Schematic illustration of the diabatic (solid) and
adiabatic (long-dashed) electronic free energy curves as functions
of the solvent coordinate z for a single electron transfer reaction.
The Marcus theory quantities AG® and A are indicated. (b) Same
as (a) but including the intramolecular solute vibrational states
(assumed to be harmonic and uncoupled to the solvent).

Theory

Single Charge Transfer Reactions. Single ET reactions are
often described in terms of two diabatic states:

(1) D A,
2 D, A]

where D, and A, indicate the electron donor and acceptor,
respectively. In standard Marcus theory for ET in polar
solvents, the energies of these diabatic states are parabolic
functions of a collective solvent coordinate z.. A schematic
picture of the energies of the diabatic states is shown in
Figure 3a. The solvent coordinate z, represents the dif-
ference in the interaction energies of the two diabatic
states with the solvent inertial polarization. (In this
Account the solvent electrons are assumed to respond
instantaneously to the solute electrons, and the solvent
inertial polarization refers to the noninstantaneous sol-
vent response, including nuclear reorientation and trans-
lation.) In this theoretical framework, the ET reaction
requires a reorganization of the solvent (i.e., outer-sphere
reorganization) from the equilibrium reactant configura-
tion zs to the equilibrium product configuration zz. Rate
expressions have been derived in both the adiabatic and
nonadiabatic limits of ET, where electronically adiabatic
refers to the limit in which the solute electrons respond
instantaneously to the solvent inertial polarization. (Typi-
cally a reaction is electronically adiabatic when the
coupling between the two diabatic states is much larger
than the thermal energy and is electronically nonadiabatic
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when this coupling is much smaller than the thermal
energy.)

This theory of ET has been extended to include the
effects of intramolecular solute modes (i.e., inner-sphere
reorganization). In this case, the vibrational wave func-
tions corresponding to the relevant solute modes are
calculated for each diabatic state. If these solute modes
are not coupled to the solvent, the vibrational states
corresponding to each electronic diabatic state are pa-
rabolas with the same minimum and frequency but shifted
upward in energy. Figure 3b depicts these vibrational
states for the simple case of a single vibrational solute
mode that is harmonic and not coupled to the solvent. In
the limit of nonadiabatic ET, the Golden Rule may be used
to derive a rate expression for nonadiabatic transitions
from the reactant set of vibrational states to the product
set of vibrational states:'%1?

21 _
Ky, = E|v12|2(4m1kBT) vz o

_(AG(lj‘u,Zv + /1)2

P s2 L expl —— (@
‘Z 1u Z 1u,2v p 4ﬂ,kBT ( )

where }, and Y, indicate summations over the vibrational
states for diabatic states 1 and 2, respectively, Vi, is the
coupling between the two diabatic states, 1 is the reor-
ganization energy, Sy, 2, is the overlap of the vibrational
wave functions 1u and 2v, AG3, ,, is the equilibrium free
energy difference between solvated vibrational states lu
and 2v, and Py, is the Boltzmann factor for state 1x. The
various quantities in this rate expression may be measured
experimentally’® or determined computationally with
electronic structure calculations, dielectric continuum
theory,?*?2 and in some cases molecular dynamics simula-
tions. Note that this rate expression was derived for the
case of no coupling between the solute mode and the
solvent. As a result, it is not generally applicable to PCET
reactions in which the motion of the transferring proton
(which is coupled to polar solvents) is identified as the
relevant solute mode.

Single PT reactions may also be described in terms of
two diabatic states:

5]
@ DyH® A,

(b) D, °HA,
where D, and A, indicate the proton donor and acceptor,
respectively. As for ET reactions, single PT reactions in
polar solvents may be described in terms of a collective
solvent coordinate z,, which represents the difference in
interaction energies of the two diabatic states with the
solvent inertial polarization. The additional complication
that arises for single PT reactions is the motion of the
transferring hydrogen nucleus, which must be treated
quantum mechanically. This discussion will focus on
electronically adiabatic proton transfer since this is the
relevant limit for PCET reactions involving hydrogen
bonding at the proton transfer interface. Within the
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FIGURE 4. (a) Schematic illustration of the adiabatic (solid) and
diabatic (dashed) vibrational free energy curves as functions of the
solvent coordinate z, for a symmetric single proton transfer reaction.
(b) Proton potential energy curves as functions of the proton
coordinate r, for three specific values of the solvent coordinate z,
indicated in ().

valence bond description, the lowest electronically adia-
batic free energy surface Ey(rp,zp) is obtained by diago-
nalization of the Hamiltonian matrix in the basis of the
two diabatic states. The proton vibrational wave functions
may be calculated for the proton moving in the potential
energy E4(rp,zp) for each fixed solvent coordinate zp,
resulting in free energy surfaces ¢,(z,) that are functions
of only the solvent coordinate z,.'”

Figure 4a depicts the two lowest energy vibrational
surfaces for a symmetric proton transfer reaction. Note
that these surfaces resemble the adiabatic free energy
surfaces calculated for single ET reactions shown in Figure
3a. As for ET, the PT reaction involves a reorganization of
the solvent from the equilibrium reactant to the equilib-
rium product configuration. In the case of PT, however,
these free energy surfaces represent proton vibrational
states. Figure 4b depicts the proton potential energy
curves Ey(rp,zp) and the corresponding proton vibrational
wave functions for three different solvent coordinates.
Note that the solvent polarization impacts the shape of
the proton potential energy curve, particularly the relative
energies of the reactant and product wells. For the
equilibrium reactant solvent configuration, the a well is
lower in energy, and the lowest energy vibrational wave
function is localized in the a well. For the equilibrium
product solvent configuration, the b well is lower in
energy, and the lowest energy vibrational wave function
is localized in the b well. At the crossing point, the a and
b wells are degenerate, and the lowest energy vibrational
wave function is delocalized between the two wells. The
energy difference between the two lowest energy vibra-
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tional states at this point is the tunnel splitting, which
determines the probability of hydrogen tunneling. In
general, PT reactions may be vibrationally adiabatic (with
large tunnel splittings), vibrationally nonadiabatic (with
small tunnel splittings), or in the intermediate regime. The
vibrationally adiabatic limit corresponds to the instanta-
neous response of the transferring proton to the solvent
inertial polarization.

To summarize the theoretical description of single
charge transfer reactions in polar solvents, typically they
may be described in terms of two diabatic states and a
single collective solvent coordinate.

Fundamental Aspects of Proton-Coupled Electron
Transfer. As described in ref 17, the theoretical description
of the most basic PCET reaction involving the transfer of
one electron and one proton requires four diabatic
states:

(1a) Dee—@DpH ...... A=A,
(1b) Dee—[)p ...... H /-\ﬁ— A,
(2a) De_®DpH ...... /_\p_Aee
(2b) D,—Dpe o H Afj— Aee

The notation for these diabatic states is consistent with
the notation used in the above discussion of single ET and
single PT. Thus, “1” and “2” indicate the ET states, and
“a” and “b” indicate the PT states. If the initial state is 1a,
a transition to 1b corresponds to PT, a transition to 2a
corresponds to ET, and a transition to 2b corresponds to
EPT (in which both the electron and the proton transfer).
The free energy surfaces are obtained as functions of two
solvent coordinates z, and z. corresponding to the PT and
ET reactions, respectively. Each scalar solvent coordinate
represents the difference in interaction energy of the two
diabatic states involved in the charge transfer reaction
with the solvent inertial polarization. Note that this theory
is simply a multidimensional generalization of Marcus
theory for single charge transfer, where each solvent
coordinate is analogous to that used to describe a single
ET or single PT reaction.

There are three distinct regimes of PCET:

1. Electronically adiabatic PT and ET, where the
coupling between all pairs of the four diabatic states is
strong. In this adiabatic regime, the system evolves on the
lowest two-dimensional mixed electronic/proton vibra-
tional free energy surface.'” This surface could have up
to four minima, and the rate for transitions between
minima could be calculated using the multidimensional
generalization of the Grote—Hynes theory.?

2. Electronically nonadiabatic PT and ET, where the
coupling between all pairs of the four diabatic states is
weak. In this case, the system can be viewed in terms of
electronically diabatic vibrational surfaces determined by
calculating the proton vibrational states for each elec-
tronically diabatic state. The resulting diabatic free energy
surfaces may be approximated as four sets of shifted
paraboloids (with identical frequencies) in the two-
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dimensional solvent space. Analogous to Marcus theory
for nonadiabatic single ET, the Golden Rule can be applied
to calculate the rate for transitions among these electroni-
cally diabatic states.

3. Electronically adiabatic PT and electronically non-
adiabatic ET, where the coupling between PT diabatic
states is strong and the coupling between ET diabatic
states is weak. In this case, the four-state model can be
reduced to a two-state model, and the system can be
viewed in terms of two sets of ET diabatic states. The ET
diabatic free energy surfaces are approximate paraboloids,
and in the limit of small coupling the Golden Rule can be
used to calculate the rate of transitions between the two
sets of approximate paraboloids.

The regime of electronically adiabatic PT and electroni-
cally nonadiabatic ET is most relevant for PCET reactions
with a well-separated electron donor and acceptor con-
nected by a hydrogen-bonded interface. For this reason
the remainder of this discussion will focus on this regime.
The ET diabatic free energy surfaces may be calculated
with a multistate continuum theory!” or with molecular
dynamics simulations including explicit solvent molecules.
In either case, the ET diabatic free energy surfaces may
be calculated in two steps. In the first step, the lowest
energy electronically adiabatic PT state is calculated for
each ET state. The free energies of these two states are
denoted Eg(rp,zp,ze) (corresponding to a mixture of la
and 1b) and Ey(ry,zp,2) (corresponding to a mixture of 2a
and 2b). In the second step, the proton vibrational wave
functions are calculated for each of these two ET states.
The energies of the resulting vibrational states are denoted
€,(Zp.Ze) and e))(zp,2e), corresponding to ET states 1 and 2,
respectively. Typically these ET diabatic free energy
surfaces may be approximated as two sets of “paraboloids”
with identical frequencies. The minima within each set
of paraboloids are slightly shifted due to different weight-
ings of the a and b PT states.

Figure 5a depicts the ET diabatic free energy surfaces
as functions of the two solvent coordinates for a model
PCET reaction. The reactants (I) are mixtures of the la
and 1b diabatic states, and the products (I1) are mixtures
of the 2a and 2b diabatic states. Only the two lowest
energy ET diabatic surfaces are shown for the reactants
and the products, and they are each labeled according to
the dominant diabatic state. Note that the minima within
the reactants and products are shifted since different
weightings of the a and b PT states result in different
equilibrium solvent configurations. Also note that the
range for the z, coordinate is significantly larger than the
range for the z, coordinate. This disparity between the
ranges of the two solvent coordinates is caused by the
much larger reorganization energy (due to the larger
donor—acceptor distance) for ET than for PT. The analysis
of these two-dimensional free energy surfaces may be
simplified by investigating one-dimensional slices. For
example, Figure 5b depicts a one-dimensional slice that
connects the minima of the lowest energy reactant and
product surfaces shown in Figure 5a. Note that the solvent
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FIGURE 5. (a) Schematic illustration of two-dimensional ET diabatic
mixed electronic/proton vibrational free energy surfaces as functions
of the solvent coordinates z, and Z.. The reactant and product ET
diabatic surfaces are labeled | and II, respectively. Only two surfaces
are shown for each ET diabatic state, and the lower and higher
energy surfaces are shown with solid and dashed contour lines,
respectively. Each free energy surface is labeled according to the
dominant diabatic state, and the minima of the lowest surfaces are
labeled (Z,,z}) and (Z 3,z }). (b) Slices of the free energy surfaces
anng the stralght Ilne reactlon path connecting solvent coordinates
(z ze) and (z ( ) indicated in (a). Only the lowest surface is
shown for the reactant (), and the lowest two surfaces are shown
for the product (Il). (c) The reactant (I) and product (ll) proton
potential energy curves as functions of 1, at the solvent configura-
tions corresponding to the intersection points A and B indicated in

().
coordinate in this one-dimensional figure is a combination
of z, and z..

These mixed electronic/proton vibrational free energy
surfaces may be further analyzed by investigating the
associated proton potential energy curves and proton
vibrational wave functions. Figure 5c depicts the proton
potential energy curves and the proton vibrational wave
functions associated with the solvent coordinates of the
two intersection points for the free energy surfaces shown
in Figure 5b. For the solvent coordinates representing the
intersection of the reactant 1a and the product 2b surfaces,
the reactant proton vibrational state localized in the a well
is degenerate with the product proton vibrational state
localized in the b well. For the solvent coordinates
representing the intersection of the reactant 1a and the
product 2a surfaces, the reactant proton vibrational state
localized in the a well is degenerate with the product
proton vibrational state localized in the a well. These
figures illustrate that the proton is transferred during the
transition from the la to the 2b surface but is not
transferred during the transition from the la to the 2a
surface at the intersection points. Thus, the transition from

lato 2b corresponds to EPT, where both the electron and
the proton are transferred, while the transition from la
to 2a corresponds to ET, where only the electron is
transferred.

This theoretical framework encompasses both con-
certed and sequential PCET reactions, as illustrated in
Figure 5a. A concerted PCET reaction involves a direct
transition from la to 2b. A sequential PCET reaction
involves either a transition from la to 1b followed by a
transition from 1b to 2b (PT followed by ET) or a transition
from la to 2a followed by a transition from 2a to 2b (ET
followed by PT). As shown in Figure 6, the PT reaction in
a sequential mechanism may be vibrationally adiabatic
or nonadiabatic. The rate expression in eq 2 may be
applied to systems that exhibit either vibrationally adia-
batic or vibrationally nonadiabatic PT as long as the
surfaces are still approximate paraboloids and the ap-
propriate representation (i.e., vibrationally adiabatic or
vibrationally diabatic) is chosen.?®

Although all of these mechanisms may be described
within this theoretical framework, many reactions are in
the intermediate regime between concerted and sequen-
tial. In fact, since the electrons and transferring proton
are quantum mechanical wave functions (i.e., delocalized)
in this theoretical formulation, a strictly sequential or
concerted reaction is not clearly defined (unless an
intermediate is observed experimentally). Note that, within
this theoretical formulation, hydrogen atom transfer may
be defined loosely as concerted EPT for a system in which
the proton donor and acceptor are the same as the elec-
tron donor and acceptor. Such hydrogen atom transfer
reactions are expected to be electronically adiabatic (due
to the shorter electron donor—acceptor distance) and to
be dominated more by intramolecular solute modes than
by solvent reorganization (due to the smaller change in
the dipole moment).

Rate Expression. Soudackov and Hammes-Schiffer
have derived a rate expression in the limit of electronically
adiabatic PT and electronically nonadiabatic ET.1® Ap-
plication of the Golden Rule to the two sets of free energy
surfaces illustrated in Figure 5a (approximated as parabo-
loids with identical frequencies) leads to the following rate
expression:t®

—(AGS, + 4,

27
k=—SP, SV2@4rl k,T) V% ex
A ; lu Z /w( uv™ B ) p 4/1”ka_|_

)

where }, and ), indicate a sum over vibrational states
associated with ET states 1 and 2, respectively, and P, is
the Boltzmann factor for state lu. In this expression the
reorganization energy is defined as

/1# =¢ (Z:)h/,—:;v _ (—p ,_LM) — 6||(Z|“)M,—|eu _ ||(Z||V —||’V)
3)
and the free energy difference is defined as
AGO — 6||(Z||1/ —||’V) € (ZIF')M,_L‘M) (4)
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FIGURE 6. (a) Slices of the ET diabatic free energy surfaces along
the straight-line reaction path for a model system that is predomi-
nantly vibrationally adiabatic. (b) Same as (a) for a model system
that is vibrationally nonadiabatic. The lowest reactant and the second
and third product ET diabatic surfaces are labeled according to the
dominant diabatic state. (c) The product proton potential energy
curves at the solvent coordinates corresponding to A, B, and C
indicated on the free energy surfaces in (b). The lowest three product
proton vibrational wave functions are shown for each potential
energy curve, and the second and third ones are labeled according
to the dominant diabatic state. Note that at the vibrationally
nonadiabatic avoided crossing, a pair of product proton vibrational
states becomes nearly degenerate, leading to a change in the
dominant diabatic state for the corresponding ET diabatic free energy
surfaces.

where (z',z) and (z,",z,") are the solvent coordinates
for the minima of €,(z,,2)) and e,(z,.Ze), respectively.
These quantities are illustrated for a pair of paraboloids
in Figure 2. The coupling V,, is defined as a quantity
V(rp,zp) averaged over the reactant and product proton
vibrational wave functions lu and llv, where V(rp,z,) is a
linear combination of the couplings between the four
diabatic states with weightings dependent on the proton
coordinate r, (and assumed to be independent of z,). As

a result of this averaging over the proton vibrational wave
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functions, typically the coupling V,,, is much smaller than
the thermal energy for EPT reactions, even if the associ-
ated ET reaction is electronically adiabatic.

Despite obvious similarities, the rate expression given
in eq 2 for PCET is fundamentally different than the rate
expression given in eq 1 for single ET in the presence of
a solute mode uncoupled to the solvent. The most
fundamental difference is that the reorganization energies,
equilibrium free energy differences, and couplings in eq
2 are defined in terms of two-dimensional paraboloids
instead of one-dimensional parabolas. Another important
difference is that the reorganization energies 4,, in eq 2
are different for each pair of intersecting ET diabatic
surfaces due to the varying positions of the minima within
the reactant and product states. In contrast, L ineq lisa
constant and is the same for all pairs of intersecting
parabolas. The final critical difference is that the coupling
V. in eq 2 cannot be expressed as the product of a
constant coupling and an overlap of the reactant and
product vibrational wave functions, as in eq 1.

Cukier and co-workers®'® used eq 1 to calculate two
separate rates for ET and EPT. Since eq 1 has been derived
for a single ET reaction described by a single solvent
coordinate z, with an inner-sphere solute mode that is
not coupled to the solvent, the direct application of this
equation does not accurately account for the coupling of
the proton to the solvent in PCET reactions. A more
comprehensive comparison of the theoretical formula-
tion described in this Account to that of Cukier is given
in ref 19.

Intramolecular Solute Modes. The effects of intramo-
lecular solute modes (i.e., inner-sphere reorganization)
may easily be incorporated within this theoretical frame-
work. Typically, the gas-phase Hamiltonian is param-
etrized as a function of the relevant solute modes and is
fit to either experimental data or electronic structure
calculations. The free energy is calculated as a function
of the proton coordinate(s), the scalar solvent coordinates,
and the intramolecular solute coordinates (assumed to be
uncoupled to the solvent). The “slow” solute modes are
treated in the same way as the solvent coordinates, so the
free energy surfaces are functions of the solvent coordi-
nates and the slow solute mode coordinates. The “fast”
solute modes are treated quantum mechanically in the
same way as the proton coordinate(s), and the vibrational
wave functions depend explicitly on both the proton
coordinate(s) and the fast solute mode coordinates.

The extension of the rate expression given in eq 2 to
include quantum mechanical harmonic solute modes
uncoupled to the solvent and the proton coordinate is
derived in ref 19. In general, however, the solute mode
may be anharmonic and may be coupled to the proton
coordinate in PCET reactions. For example, typically the
proton donor—acceptor vibrational mode is significantly
coupled to the proton coordinate. In this case, a multi-
dimensional Schrédinger equation including all coupling
between vibrational modes must be solved. This approach
is straightforward for a reasonably small number of
relevant solute modes.
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Applications

Required Input Quantities. In this valence bond ap-
proach,'* the gas phase matrix elements are represented
by standard molecular mechanical terms fit to electronic
structure calculations or experimental data. Typically, the
solvent—solvent and solvent—solute interactions are added
to the diagonal elements of the gas phase Hamiltonian
matrix. When the solvent is treated as a dielectric con-
tinuum, the solvent reorganization energy matrix elements
may be determined with standard electrostatic continuum
methods?' or more elaborate two-cavity models.?? When
the solvent is treated explicitly with molecular dynamics
simulations, the solvent—solvent and solvent—solute in-
teractions are described with standard molecular me-
chanical potential energy terms such as Coulomb and
Lennard-Jones interactions.

Systematic Model Studies. To elucidate the funda-
mental principles of PCET, Decornez and Hammes-
Schiffer applied this theoretical formulation of PCET to a
series of simple model systems consisting of an electron
donor and acceptor connected by a protonated water
dimer.?® These model systems resemble Figure 1, where
D, and A, are represented as water molecules (in an
orientation ensuring a symmetric proton transfer inter-
face) and D, and A, are represented as point charges. This
solute is placed in an ellipsoidal cavity embedded in a
dielectric continuum solvent. This systematic study re-
sulted in predictions of the dependence of the rates,
mechanisms, and kinetic isotope effects on the physical
properties of the solute and the solvent. The physical
properties varied in this study included the proton donor—
acceptor distance, the electron donor—acceptor distance,
the exothermicity (or endothermicity) of the PT and ET
reactions, the temperature, the solvent polarity, and the
size of the electron donor and acceptor.

The mechanism of a PCET reaction is determined by
a competition between the couplings (which typically
favor ET) and the free energy barriers (which typically
favor EPT for symmetric proton transfer interfaces). The
couplings tend to favor ET due to averaging over the
reactant and product proton vibrational wave functions.
As shown in Figure 5c, for EPT the reactant and product
proton vibrational wave functions are localized in different
wells of the proton potential energy curve, while for ET
these wave functions are both localized in the same well.
Thus, the overlap between the reactant and product
proton vibrational wavefunctions is much smaller for EPT
than for ET, leading to a smaller coupling for EPT. The
free energy barriers tend to favor EPT for symmetric
proton transfer interfaces in which the electron and
proton are transferring in the same direction due to the
attractive electrostatic interaction between the transferring
proton and electron. As a result of this interaction, the 2b
diabatic state is lower in energy than the 2a diabatic state,
leading to a lower free energy barrier for EPT. Altering the
physical properties of the solute and the solvent impacts
the competition between the couplings and the free
energy barriers and thus determines the mechanism. The

Free Energy (kcal/mol)

’Il L I L !
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1y (A)

FIGURE 7. Product proton potential energy curve and the associ-
ated product proton vibrational wave functions for a model system
with hydrogen and deuterium. The localized wave functions are
denoted by solid lines and are labeled according to the dominant
diabatic state, while the delocalized wave functions are denoted by
dashed lines.

effects of specific physical properties on the mechanisms
and rates of these types of PCET reactions are presented
in ref 20.

The dependence of the kinetic isotope effects (i.e., the
ratio of the rate with hydrogen to the rate with deuterium)
on the physical properties of PCET systems was also
investigated in ref 20. Figure 7 illustrates the vibrational
wave functions for hydrogen and deuterium for a product
proton potential energy curve. Although the proton-
transfer interface is symmetric for this model system, the
proton potential energy curve is asymmetric due to the
electrostatic interaction between the transferring proton
and electron. (For the product ET diabatic state the
electron is on the acceptor, lowering the energy of the PT
diabatic state b with the proton on its acceptor.) As
expected, the zero point energy and the splittings between
energy levels are smaller for deuterium than for hydrogen.
In addition, the qualitative characteristics of the second
vibrational wave functions differ significantly for deute-
rium and hydrogen: for deuterium the second state is
below the barrier and localized in the b well, while for
hydrogen the second state is slightly above the barrier and
delocalized. These types of differences between hydrogen
and deuterium could lead to substantial mechanistic
differences. As a result, the analysis of the kinetic isotope
effects for PCET reactions may be complex.

In general, the kinetic isotope effect of a PCET reaction
will increase as the probability of the EPT mechanism
increases and as the localization of and distance between
the reactant and product proton vibrational wave func-
tions increase. The reactant and product proton vibra-
tional wave functions become more localized and sepa-
rated as the proton donor—acceptor distance increases
(leading to higher and wider PT barriers) and as the
electron donor—acceptor distance decreases (leading to
stronger electron—proton electrostatic interactions). Note
that the probability of EPT becomes smaller, while the
separation between the vibrational wave functions be-
comes higher, as the proton donor—acceptor distance
increases. As a result, the kinetic isotope effects are largest
for intermediate proton donor—acceptor distances. In
some cases, unusually large kinetic isotope effects may
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be observed for systems in which the EPT mechanism
dominates. These large kinetic isotope effects are due to
the electron—proton electrostatic interaction, which leads
to proton vibrational wave functions that are highly
localized near the proton donor or acceptor.

PCET through Asymmetric Salt Bridges. The initial
application of this theoretical formulation for PCET was
the investigation of PCET through asymmetric salt bridges.'®
A comparative study was performed for PCET within a
donor—(amidinium—carboxylate)—acceptor salt bridge
and the corresponding switched inteface donor—(car-
boxylate—amidinium)—acceptor salt bridge. These theo-
retical investigations were motivated by experiments
reported by Nocera and co-workers, who studied photo-
induced PCET from a Ru(ll) polypyridine complex to a
dinitrobenzene through amidinium—carboxylate (and car-
boxylate—amidinium) salt bridges.® These experiments
indicate that the rate of electron transfer is ~10? faster
for the carboxylate—amidinium interface than for the
amidinium—carboxylate interface. The calculations pre-
sented in ref 18 are qualitatively consistent with these
experimental results and provide insight into the chemical
and physical basis for this difference in rates.

Conclusions

This Account summarizes a comprehensive theoretical
formulation for PCET reactions. In this theory, the active
electrons and transferring protons are treated quantum
mechanically. In the most basic form, the solute is
described in terms of four diabatic states representing the
charge transfer states for a proton and an electron transfer.
The free energy surfaces are obtained as functions of two
collective solvent coordinates corresponding to the proton
and electron transfer reactions. These surfaces provide
important information about the reaction mechanisms,
such as whether the proton and electron transfer reactions
are concerted or sequential and, in the latter case, the
order in which these reactions occur. Rate expressions
have been derived in the various limits. The nuclear
quantum effects of the transferring hydrogen and the
effects of intramolecular solute modes have been incor-
porated into this theoretical formulation.

The application of this theoretical formulation for PCET
reactions is straightforward. The gas phase Hamiltonian
matrix elements may be represented as molecular me-
chanical terms fit to electronic structure calculations or
experimental data. Within the dielectric continuum treat-
ment of the solvent, the solvent reorganization energy
matrix elements may be calculated with standard elec-
trostatic continuum methods. The solvent may also be
treated explicitly in conjunction with molecular dynamics
simulations. Systematic model studies have been con-
ducted to predict the dependence of the rates, mecha-
nisms, and kinetic isotope effects on the physical prop-
erties of the solute and the solvent. In addition, this
theoretical formulation has been applied to experimentally
studied photoinduced PCET through asymmetric salt
bridges.
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This theoretical formulation has been extended to study
processes involving the transfer of multiple protons and
multiple electrons. Processes involving N charge transfer
reactions may be described in terms of 2N diabatic states,
and the free energy surfaces are functions of N collective
solvent coordinates. For example, recently the previous
application of this theory to PCET through asymmetric
salt bridges'® was extended to include the possibility of
an additional PT reaction at the proton transfer interface
(i.e., two PT reactions and one ET reaction). In this study,
the PCET reaction was described by eight diabatic states
and three collective solvent coordinates.

Methodology has also been developed to include
dynamical effects of the solvent or protein within this
theoretical framework.?4#? The molecular dynamics with
quantum transitions (MDQT) surface hopping method is
used to incorporate transitions among the mixed elec-
tronic/proton vibrational states. This approach is advan-
tageous in that it is valid in the adiabatic and nonadiabatic
limits and in the intermediate regime. In addition, this
approach provides real-time dynamical information on a
molecular level. This dynamical MDQT approach has
already been applied to one-dimensional model PCET
systems.?

The critical role of PCET reactions in chemistry and
biology is continuing to be discovered. Experiments on
model PCET systems are becoming more prevalent. The
theoretical formulation described in this Account provides
a framework for the analysis of these experimental results
and for the prediction of trends that may be tested
experimentally. The interplay between experiment and
theory will be vital to the elucidation of the underlying
fundamental principles of PCET reactions.

| owe great thanks to Héléne Decornez and Alexander Sou-
dackov for useful discussions about PCET. | am also very grateful
to Hélene Decornez for making all of the figures in this Account.
This work has been supported by the NSF CAREER program Grant
CHE-9623813 and the NIH Grant GM56207, as well as an Alfred
P. Sloan Foundation Research Fellowship and a Camille Dreyfus
Teacher-Scholar Award.
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