
C

A

t
c
v
o
s
u
t
©

K

1

a
p
o

0
d

Available online at www.sciencedirect.com

Coordination Chemistry Reviews 252 (2008) 384–394

Review

Theoretical studies of proton-coupled electron transfer:
Models and concepts relevant to bioenergetics

Sharon Hammes-Schiffer ∗, Elizabeth Hatcher, Hiroshi Ishikita,
Jonathan H. Skone, Alexander V. Soudackov

Department of Chemistry, 104 Chemistry Building, Pennsylvania State University, University Park, PA 16802, United States

Received 3 May 2007; accepted 27 July 2007
Available online 6 August 2007

ontents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 384
2. Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 385

2.1. Rate calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 385
2.2. Vibronic coupling calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 387

3. Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 388
3.1. PCET in tyrosine oxidation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 388
3.2. Vibronic couplings for phenoxyl/phenol and benzyl/toluene self-exchange reactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 389
3.3. PCET catalyzed by lipoxygenase . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 392

4. Summary and conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 393
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 393
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 393

bstract

Theoretical studies of proton-coupled electron transfer (PCET) reactions for model systems provide insight into fundamental concepts relevant
o bioenergetics. A dynamical theoretical formulation for vibronically nonadiabatic PCET reactions has been developed. This theory enables the
alculation of rates and kinetic isotope effects, as well as the pH and temperature dependences, of PCET reactions. Methods for calculating the
ibronic couplings for PCET systems have also been developed and implemented. These theoretical approaches have been applied to a wide range
f PCET reactions, including tyrosyl radical generation in a tyrosine-bound rhenium polypyridyl complex, phenoxyl/phenol and benzyl/toluene

elf-exchange reactions, and hydrogen abstraction catalyzed by the enzyme lipoxygenase. These applications have elucidated some of the key
nderlying physical principles of PCET reactions. The tools and concepts derived from these theoretical studies provide the foundation for future
heoretical studies of PCET in more complex bioenergetic systems such as Photosystem II.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Bioenergetic processes involving energy transformation play

vital role in all living organisms and structures. For exam-

le, Photosystem II (PSII) catalyzes the light-driven oxidation
f water to molecular oxygen in plants [1–3]. In this process,

∗ Corresponding author. Tel.: +1 814 865 6442; fax: +1 814 863 5319.
E-mail address: shs@chem.psu.edu (S. Hammes-Schiffer).
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ogen transfer

bsorption of light by the primary electron donor chlorophyll
680 leads to charge separation. A redox-active tyrosine residue
Z is thought to mediate the proton-coupled electron transfer

PCET) reaction between the oxygen evolving Mn4 cluster and
680 [4–10]. The detailed mechanism of charge separation in
SII is still not well understood.
Given the large size and complexity of bioenergetic systems
uch as PSII, the fundamental aspects of the PCET mechanisms
n these processes are more easily studied with model systems.
umerous experimental studies of model systems have been

mailto:shs@chem.psu.edu
dx.doi.org/10.1016/j.ccr.2007.07.019
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erformed to elucidate the mechanism of tyrosine oxidation
11–18]. In some cases, photoexcitation of the metal in tyrosine-
ound metal polypyridyl systems induces electron transfer from
he tyrosine to the metal with concurrent proton transfer from the
yrosine to the solvent or the buffer [14–18]. Other experiments
nvolve the chemical oxidation of phenols in solution [11,12].
ften the data are interpreted in the context of Marcus theory

or electron transfer [19,20].
A variety of theoretical approaches have been developed

o study PCET reactions [21–30]. In the vibronically nonadi-
batic formulation for PCET [25–27], the active electrons and
ransferring proton are treated quantum mechanically, and the
CET reaction is described in terms of nonadiabatic transitions
etween pairs of reactant and product mixed electron–proton
ibronic states. The dynamics of the proton donor–acceptor
ode and the solvent/protein environment can be included in this

ormulation. Rate expressions based on linear response theory
nd the Golden Rule have been derived in various well-defined
imits [25,27]. Methods for calculating the vibronic couplings
n PCET systems have also been developed and implemented
28,31]. These theoretical approaches enable the calculation of
ates and deuterium kinetic isotope effects (i.e., the ratio of the
ate for hydrogen to the rate for deuterium), as well as their tem-
erature and pH dependences [32–35]. Applications of these
heoretical approaches to a wide range of systems have pro-
ided insight into fundamental concepts relevant to the PCET
echanisms in bioenergetic processes.
This review centers on PCET reactions that occur in a single

hemical step (i.e., the electron and proton transfer simultane-
usly without an experimentally observable intermediate). In
any cases, this type of PCET mechanism enables the system to

void high-energy intermediates. Alternative sequential electron
nd proton transfer mechanisms [36] can be investigated with
ethods designed for studying single electron and single pro-

on transfer reactions. The remainder of the review is organized
s follows. Section 2 summarizes the vibronically nonadiabatic
heoretical formulation for PCET reactions, providing the rate
xpressions in various limits and methods for calculating the
ibronic couplings. Section 3 presents three applications of these
heoretical approaches. The first application is the investigation
f the detailed mechanism for tyrosyl radical generation in a
yrosine-bound rhenium polypyridyl complex that has recently
een studied experimentally [14,37]. The second application is
he calculation and analysis of the vibronic couplings for the phe-
oxyl/phenol and benzyl/toluene self-exchange reactions [31].
he third application is the study of the PCET reaction catalyzed
y the enzyme soybean lipoxygenase, with an emphasis on the
ynamical role of the enzyme and the magnitude and tempera-
ure dependence of the kinetic isotope effect [34,35]. Section 4
resents a summary and discussion of potential future directions.

. Theory
.1. Rate calculations

This subsection summarizes the dynamical formulation for
CET reactions [27]. A PCET reaction is vibronically nonadi-

a
λ

e
p
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batic when the vibronic coupling is significantly less than the
hermal energy kBT. In this formulation, the active electrons and
ransferring proton are treated quantum mechanically, and the
CET reaction is described in terms of nonadiabatic transitions
etween pairs of reactant and product mixed electron–proton
ibronic states. In the derivation of the rate expression, the nona-
iabatic rate constant is expressed as the time integral of the
robability flux correlation function, which in turn is expressed
n terms of time correlation functions of the energy gap E (i.e.,
he difference between the energies of the reactant and product
tates) and the R coordinate, where R is the distance between
he proton donor and acceptor. The nonadiabatic coupling Vμν

etween the reactant and product vibronic states μ and ν is
pproximated to be of the form [38]

μν(R) ≈ V (0)
μν exp[−αμν(R − R̄μ)], (1)

here R̄μ is the equilibrium value of the R coordinate on the

eactant surface μ, V
(0)
μν is the vibronic coupling between states

and ν at distance R̄μ, and αμν is a parameter that reflects the
istance dependence of the vibronic coupling.

As will be discussed in the next subsection, the vibronic
oupling can be approximated as Vμν(R) ≈ VelSμν(R) in the
lectronically nonadiabatic limit for proton transfer. Here Vel

s an effective electronic coupling, and Sμν(R) is the overlap
etween the reactant and product proton vibrational wavefunc-
ions at R. In the region about the equilibrium value of the R
oordinate, this vibronic coupling can be approximated to be of
he form in Eq. (1) with V

(0)
μν = V elS

(0)
μν , where S

(0)
μν is the vibra-

ional overlap at R̄μ [31,38]. The rate expressions given in this
ection are valid for any vibronic coupling with the form in Eq.
1).

Using linear response theory in conjunction with the Golden
ule and the form of the vibronic coupling given in Eq. (1),
e derived a series of rate expressions based on well-defined

pproximations that have been tested for various systems. Two
pproximations that were found to be valid for the systems stud-
ed are: (1) only the initial value of the energy gap correlation
unction impacts the rate and (2) the R-coordinate correlation
unction can be represented by the analytical expression for an
ndamped classical mechanical harmonic oscillator. These two
pproximations lead to the rate expression [38,39]

=
∑
μ

Pμ

∑
ν

|V (0)
μν |2
h̄

exp

[
2kBTα2

μν

MΩ2

] √
π

(λμν + λα)kBT

× exp

[
− (�G0

μν + λμν)
2

4(λμν + λα)kBT

]
, (2)

here the summations are over the reactant and product vibronic
tates, Pμ is the Boltzmann probability for the reactant state μ,
B is the Boltzmann constant, �G0

μν is the reaction energy, Ω
nd M are the frequency and mass corresponding to the R mode,
α = (h̄2α2

μν)/2M, andλμν is the reorganization energy. Related
xpressions have been derived for vibrationally nonadiabatic
roton transfer reactions [40–45].
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Invoking the additional approximation that the R-coordinate
ime correlation function is approximately constant on the
imescale of the probability flux correlation function decay leads
o the simpler expression [35]

=
∑
μ

Pμ

∑
ν

|V (0)
μν |2
h̄

exp

[
2kBTα2

μν

MΩ2

] √
π

λμνkBT

× exp

[
− (�G0

μν + λμν)
2

4λμνkBT

]
. (3)

This rate expression is similar to the Marcus theory
xpression for electron transfer except for the factor of
xp[2kBTα2

μν/MΩ2]. It differs from Eq. (2) by the absence of the
erm λα in the two denominators. Thus, the approximation lead-
ng from Eq. (2) to Eq. (3) is equivalent to the assumption that
α � λμν. If the R coordinate is assumed to be fixed during the
CET reaction, αμν = 0, and the first exponential factor in Eq. (3)
ecomes unity. In this limit, the expression in Eq. (3) becomes
quivalent to the non-dynamical rate expressions derived previ-
usly with a multistate continuum theory for fixed R [25]. Further
pproximation thatV (0)

μν ≈ V elS
(0)
μν and the reorganization energy

s the same for all pairs of states, in addition to αμν = 0, leads
o the Marcus theory rate expression for nonadiabatic electron
ransfer modified by the inclusion of Franck-Condon overlap
erms for the transferring hydrogen [21,22].

An alternative derivation of Eq. (3) provides additional con-
ections to previous studies. Starting with the nonadiabatic
CET rate expression [25] derived for fixed R, the R-dependence
f the vibronic coupling can be included according to the form
n Eq. (1) and thermally averaged over a Boltzmann distribution
or R. This procedure leads directly to Eq. (3), because

∞

−∞
Pcl(R) exp[−2α(R − R̄)] dR = exp

[
2kBTα2

MΩ2

]

here

cl(R) = exp[−MΩ2(R − R̄)2
/(2kBT )]∫ ∞

−∞ exp[−MΩ2(R − R̄)2
/(2kBT )] dR

.

This approach is based on the assumptions that the reor-
anization energy and reaction free energy are independent of
, the R mode behaves as a classical harmonic oscillator, and

he vibronic coupling depends exponentially on R. This relation
rovides a connection to the rate expression of Kuznetsov and
lstrup [46] as implemented by Klinman et al. [47,48], where

he Marcus theory expression for nonadiabatic electron trans-
er is modified by the inclusion of R-dependent Franck-Condon
verlap terms for the transferring hydrogen, thermally averaged
ver a Boltzmann distribution for R. Their rate expression leads
o Eq. (3) if the overlap between the reactant and product proton
ibrational wavefunctions is assumed to depend exponentially

n R, as in Eq. (1), with V

(0)
μν = V elS

(0)
μν . Thermal averaging over

Boltzmann distribution for R can also be performed numeri-
ally for a general form of the overlap between the reactant and
roduct proton vibrational wavefunctions.

a

E
m
o
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All of the quantities in the rate expressions above can be
alculated from classical molecular dynamics simulations on
he reactant surface and quantum mechanical calculations of the
ibronic couplings. In linear response theory, the reorganization
nergy λμν can be expressed in terms of the energy gap variance
δE2

μν〉 as

μν = 〈δE2
μν〉

2kBT
, (4)

nd the driving force can be calculated as �G0
μν =

〈Eμν〉 − λμν. The average proton donor-acceptor dis-
ance R̄ and the quantity kBT/MΩ2 = 〈�R2〉 can also be
alculated directly from the molecular dynamics simulations.
he mass M and frequency Ω can be determined independently
y fitting the R-coordinate time correlation function from the
lassical molecular dynamics to the corresponding analytical
xpression for an undamped classical harmonic oscillator for
he relevant time scale. The magnitude and distance dependence
f the vibronic coupling (i.e., V

(0)
μν and αμν in Eq. (1)) can be

etermined from quantum mechanical methods described in the
ext section. For additional simplification, the reorganization
nergy can be assumed to be the same for all pairs of reactant
nd product states, so the reorganization energy and driving
orce can be calculated for the ground reactant and product
tates (i.e., μ = ν = 0). In this case, �G0

μν = �G0
00 + �εμν,

here �εμν is the difference between the product and reactant
ibronic energy levels relative to the ground states. In addition,
he exponential factor αμν can also be assumed to be the same
or all pairs of reactant and product states.

The rate expression in Eq. (3) leads to a relatively simple
xpression for the kinetic isotope effect (KIE) because only the
rst two factors depend on the isotope. If only the nonadiabatic

ransition between the two ground states is considered, the KIE
an be approximated as [35]

IE ≈ |SH|2
|SD|2 exp

{
2kBT

MΩ2 (α2
H − α2

D)

}
, (5)

here SH and SD are the overlaps of the hydrogen and deuterium
avefunctions, respectively, at R̄, and αH and αD represent

he exponential dependence of this overlap on R for hydro-
en and deuterium, respectively. Here, we have assumed that
(0)
μν = V elS

(0)
μν , where the effective electronic coupling Vel is

ndependent of isotope. The simplified expression for the KIE
iven in Eq. (5) provides insight into the magnitude and temper-
ture dependence of the KIE for PCET systems. The effects of
xcited vibronic states can be included by summing over these
tates in Eq. (3).

The rate expressions above can be modified to include the
uantum mechanical effects of the R coordinate motion. In

his case, λα is replaced by λα

2kBT
h̄Ω coth

(
h̄Ω

2kBT

)
in Eq. (2),[

2kBTα2
μν

] [
h̄α2

μν

(
h̄Ω

)]

nd exp

MΩ2 is replaced by exp
MΩ

coth 2kBT
in

qs. (2) and (3). Analogous to the classical treatment of the R
ode, the quantum mechanical version of Eq. (3) can also be

btained by starting with the nonadiabatic PCET rate expression
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25] derived for fixed R and including the R-dependence of the
ibronic coupling according to the form in Eq. (1), averaging
ver the quantum mechanical harmonic oscillator probability
istribution function for R. In this case,

∞

−∞
Pqu(R) exp[−2α(R − R̄)] dR

= exp[α2h̄ coth(h̄Ω/2kBT )/MΩ]

here

qu(R) =
√

MΩ tanh(h̄Ω/2kBT )/πh̄

× exp[−MΩ tanh(h̄Ω/2kBT )(R − R̄)2
/h̄].

ote that these modified expressions lead to the original expres-
ions given above for the classical limit �Ω � kBT.

.2. Vibronic coupling calculations

According to the Golden Rule, the rate of a nonadiabatic
CET reaction is proportional to the square of the nonadiabatic
ibronic coupling Vμν between the reactant and product dia-
atic vibronic states. This vibronic coupling is defined to be
he Hamiltonian matrix element between the reactant and prod-
ct mixed electron-proton vibronic wavefunctions. The overall
eaction is vibronically nonadiabatic with respect to the solvent
r protein environment when this vibronic coupling is much
ess than kBT. The rate expressions given above for vibronically
onadiabatic PCET reactions depend on the magnitude and dis-
ance dependence of the vibronic coupling. Thus, the calculation
f the vibronic coupling is essential for the determination of rates
nd KIEs for PCET reactions.

Even for vibronically nonadiabatic PCET reactions, the
roton tunneling can be electronically nonadiabatic, elec-
ronically adiabatic, or in the intermediate regime. Here the
lectronically nonadiabatic and adiabatic limits for general
CET reactions refer to the relative timescales of the electrons
nd the transferring proton. The electrons respond instanta-
eously to the proton motion in the electronically adiabatic
imit but not in the electronically nonadiabatic limit. In the
lectronically nonadiabatic limit, the vibronic coupling V

(na)
μν

an be expressed as the product of the electronic coupling Vel

nd the Franck-Condon overlap Sμν of the reactant and product
roton vibrational wavefunctions:

(na)
μν = V elSμν. (6)

In the electronically adiabatic limit, the proton dynamics
ccur on the electronically adiabatic ground state potential
nergy surface, and the vibronic coupling V

(ad)
μν can be calculated

y standard semiclassical methods [49,50]. For a symmetric sys-
em, the vibronic coupling V

(ad)
μν is half the splitting between the

ymmetric and antisymmetric proton vibrational states for the

lectronic ground state potential energy surface.

In general, PCET reactions can be in the intermediate regime
etween the electronically nonadiabatic and adiabatic limits.
eorgievskii and Stuchebrukhov [28] derived a semiclassical

p

f
f
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xpression for the general vibronic coupling V
(sc)
μν :

(sc)
μν = κV (ad)

μν (7)

here the factor κ is defined as

=
√

2πp
ep ln p−p

Γ (p + 1)
. (8)

In Eq. (8), Γ (x) is the gamma-function and p is the proton
diabaticity parameter defined as

= |V el|2
h̄|�F |vt

, (9)

here vt is the tunneling velocity of the proton at the crossing
oint of the two proton potential energy curves and |�F| is the
ifference between the slopes of the proton potential energy
urves at the crossing point. The tunneling velocity vt can be
xpressed in terms of the energy Vc at which the potential energy
urves cross, the tunneling energy E, and the mass m of the
roton:

t =
√

2(Vc − E)

m
. (10)

n the electronically adiabatic limit, p � 1, κ = 1, and the
ibronic coupling simplifies to V

(ad)
μν . In the electronically nona-

iabatic limit, p � 1, κ = √
2πp, and the vibronic coupling

educes to V
(na)
μν , as given in Eq. (6).

The adiabaticity of a general PCET reaction can be viewed
n terms of the relative times of the proton tunneling and the
lectronic transition. Within the semiclassical framework, the
ime spent by the tunneling proton in the crossing region (i.e.,
he proton tunneling time) is

p ∼ V el

|�F |vt
(11)

nd the time required to change the electronic state (i.e., the
lectronic transition time) is

e ∼ h̄

V el . (12)

he adiabaticity parameter is simply the ratio of these two times:

= τp

τe
. (13)

hen the proton tunneling time is much longer than the elec-
ronic transition time, the electronic states have enough time
o mix completely and the proton transfer occurs on the elec-
ronically adiabatic ground state surface (i.e., the reaction is
lectronically adiabatic). When the proton tunneling time is
uch less than the electronic transition time, the reaction is elec-

ronically nonadiabatic because the electronic states no longer
ave enough time to mix completely during the proton tunneling

rocess.

The vibronic couplings can be calculated with several dif-
erent methods. As shown in Ref. [31], the input quantities
or the semiclassical vibronic coupling expressions given above
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an be calculated with conventional electronic structure meth-
ds. Alternatively, the Hamiltonian matrix element between
he reactant and product diabatic vibronic states can be calcu-
ated with the nuclear-electronic orbital (NEO) method [51].
n the NEO method, mixed nuclear-electronic wavefunctions
re calculated with molecular orbital techniques. The diabatic
ibronic states can be defined to be the two nonorthogonal local-
zed nuclear-electronic wavefunctions obtained at the NEO-HF
Hartree-Fock) level. The Hamiltonian matrix element between
hese two diabatic vibronic states can be calculated with the
EO-NOCI (nonorthogonal configuration interaction) approach

52]. The NEO-NOCI method has been shown to agree well with
he semiclassical methods for the phenoxyl/phenol system [53].

. Applications

.1. PCET in tyrosine oxidation

Numerous experimental studies of model systems have
een performed to study the fundamental mechanism of tyro-
ine oxidation [11–18]. For example, Sjödin et al. studied
yrosine-bound ruthenium-tris-bipyridine model systems with
he flash-quench method [15–18]. In these experiments, the
xcited state of Ru is quenched by an external quencher, followed
y electron transfer from the tyrosine to the photo-oxidized Ru.
jödin et al. explained the pH dependence of the experimentally
easured rate constant in terms of a PCET mechanism in which

he proton transfers from tyrosine to bulk water [15–18]. Our the-
retical calculations on this model system were consistent with
his interpretation [32]. Alternative interpretations of this type
f pH-dependence have also been proposed [12,36]. To avoid
he use of external quenchers, Reece and Nocera designed and
tudied tyrosine-bound rhenium polypyridyl complexes [14].
n these experiments, tyrosine radicals are produced directly
rom the metal-to-ligand charge transfer (MLCT) excited state
ithout an external quencher. The rate constant for emission
uenching for this complex increases with pH in the range
< pH < 9 in the presence of phosphate buffer. In addition, the

ate constant is independent of pH for 4 < pH < 8 in the absence
f the phosphate buffer, and the dependence of the rate on
hosphate buffer concentration is absent at low pH, where the
ominant buffer species is H2PO4

− [54]. These experimental
bservations are consistent with a PCET mechanism in which
he proton is transferred from the tyrosine to the phosphate buffer
pecies HPO4

2− for 4 < pH < 9 [54].
Recently, we used our multistate continuum theory [24–26]

or PCET reactions to investigate the detailed mechanism for
yrosyl radical generation in the [Re(P-Y)(phen)(CO)3]PF6 sys-
em, where phen denotes 1,10-phenanthroline and P-Y denotes
riphenylphosphine-tyrosine. This system is depicted in Fig. 1.

e evaluated two different models for tyrosyl radical generation
n this system. In the phosphate-acceptor model, the phosphate
uffer species HPO4

2− serves as the proton acceptor, and the pH-

ependence of the overall rate arises from the titration between
he HPO4

2− and H2PO4
− forms of the phosphate buffer. In the

ater-acceptor model, bulk water serves as the proton accep-
or. Our calculations indicate that the phosphate-acceptor model

E
E
f
b

ig. 1. Structure of the rhenium–tyrosine complex [14] hydrogen bonded to a
hosphate HPO4

2− acceptor. The proton transfer and electron transfer reactions
re indicated with arrows. Figure reproduced with permission from Ref. [37].

an successfully reproduce the experimentally observed pH-
ependence of the overall rate and H/D KIE, whereas the
ater-acceptor model is not physically reasonable for this sys-

em. The phosphate buffer species HPO4
2− is favored over water

s the proton acceptor in part because the proton donor–acceptor
istance is ∼0.2 Å smaller for the phosphate acceptor due to
ts negative charge. This smaller proton donor–acceptor dis-
ance leads to a larger vibronic coupling because of the greater
verlap between the reactant and product proton vibrational
avefunctions. Other factors differentiating these two mecha-
isms include the slightly smaller outer-sphere reorganization
nergy for PCET in the phosphate-acceptor model and the dif-
erences in driving forces for PCET.

Here we review the results and analysis for the favored
hosphate-acceptor model. In this model, the pH-dependence
f the overall rate arises from the titration between the HPO4

2−
nd H2PO4

− forms of the phosphate buffer, and the proton
s assumed to transfer to HPO4

2− but not to H2PO4
−. These

ssumptions are consistent with the experimental observations
escribed above. Given these assumptions, the overall rate con-
tant for tyrosine oxidation can be expressed as [54]

q = χ(HPO2−
4 ) × [Phosphate]T × kbi

PCET + kET (14)

here [Phosphate]T is the total concentration of phosphate
uffer and χ(HPO4

2−) is the mole fraction of HPO4
2−, which

an be calculated as a function of pH using the relation

(HPO2−
4 ) = (10pKa−pH + 1)−1 (15)

ith pKa of 7.2 for HPO4
2−. In Eq. (14), kbi

PCET is the bimolec-
lar rate constant for the PCET reaction in which the proton
s transferred to HPO4

2−, and kET is the rate constant for an

T reaction that is followed by rapid PT to the solvent [54]. The
T rate constant was determined to be kET = 1.0 ± 0.2 × 105 s−1

rom experimental measurements in the absence of phosphate
uffer. The bimolecular PCET rate constant was determined to
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Fig. 2. pH-dependence of the overall rate constant kq for the rhenium–tyrosine
complex in H2O and D2O. The experimental data for kq measured with 10 mM
phosphate buffer in H2O (Fig. 3 in Ref. [14]) are depicted with open circles (©).
The rate constants for the phosphate-acceptor model with 10 mM phosphate
buffer calculated using Eq. (14) are depicted with thick and thin lines for the
reaction in H2O and D2O, respectively. The rate constant for the reaction in
H O or D O is plotted as a function of pH or pD, respectively, where the mole
f
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Fig. 3. Analysis of the free energy surfaces for the PCET reaction in the
phosphate-acceptor model for the rhenium–tyrosine complex. In the center frame
are slices of the two-dimensional ET diabatic free energy surfaces as functions
of the solvent coordinates. The slices were obtained along the line connecting
the minima of the lowest energy reactant (I) and product (II) two-dimensional
free energy surfaces. In the left frame is the reactant (I) proton potential energy
curve and the corresponding proton vibrational wavefunctions as functions of
the proton coordinate evaluated at the minimum of the ground state reactant
free energy surface. In the right frame is the product (II) proton potential energy
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2 2

raction �(HPO4
2−) or �(DPO4

2−) is calculated as a function of pH or pD using
q. (15) with pKa = 7.2 or 7.8, respectively. Figure reproduced with permission

rom Ref. [37].

e kbi
PCET = 1.7 ± 0.1 × 107 M−1 s−1 from measurements of kq

s a function of phosphate buffer concentration at different pH
alues. The H/D KIE for the bimolecular PCET rate constant
bi
PCET was determined to be ∼3.0 from measurements of kq as
function of phosphate buffer concentration at high pH for the

eaction in H2O and D2O.
We calculated the overall rate kq for hydrogen and deu-

erium transfer using the expression in Eq. (14) in conjunction
ith our PCET expression in Eq. (3) for αμν = 0 (i.e., for fixed
roton donor–acceptor distance). The experimental and calcu-
ated data are depicted in Fig. 2. We used the experimentally
etermined kET and fit the two coupling parameters in our
odel to reproduce the experimentally determined kbi

PCET and
/D KIE for kbi

PCET. The rate constant expressions given above
pply to the unimolecular PCET reaction in a hydrogen-bonded
omplex. The bimolecular rate constant kbi

PCET measured exper-
mentally is related to the unimolecular rate constant kuni

PCET
ccording to kuni

PCET = kbi
PCET/Keq, where Keq is the equilibrium

ssociation constant to form the hydrogen-bonded complex. For
yrosine and HPO4

2−, experiments [55] provide the estimate
hat Keq = 0.5 M−1, which is assumed to be the same in H2O
nd D2O for the KIE calculations.

Analysis of the PCET calculations provides insight into the
eorganization energies, reaction free energies, activation free
nergies, and vibronic couplings for the various pairs of reac-
ant/product vibronic states for both hydrogen and deuterium
ransfer. Based on experimental measurements for a related sys-

em [56], the inner-sphere reorganization energy is estimated
o be 9.8 kcal/mol. The calculated outer-sphere reorganization
nergy for the overall PCET reaction was ∼33 kcal/mol for all
airs of vibronic states. The dominant contribution to the rate

p
s
t
s

urve and the corresponding proton vibrational wavefunctions as functions of
he proton coordinate evaluated at the minimum of the ground state product free
nergy surface. Figure reproduced with permission from Ref. [37].

rose from nonadiabatic transitions between the ground reac-
ant state and the third product state for hydrogen transfer and
he fourth product state for deuterium transfer. These contribu-
ions exceed the contributions from the nonadiabatic transition
etween the ground reactant and product states because the
arger vibronic coupling overrides the slightly higher activation
ree energy barrier. The larger vibronic coupling is due mainly
o the greater overlap between the reactant and product proton
ibrational wavefunctions. This effect is more pronounced for
euterium than for hydrogen. The free energy surfaces and the
orresponding proton vibrational wavefunctions are depicted in
ig. 3.

These calculations provide insight into the fundamental
echanism of tyrosyl radical generation. Such insights have

mplications for PCET in PSII. For example, the conclusion
hat the phosphate serves as a proton acceptor is consistent with
xperimental observations in D1-His190 mutants of PSII, where
he rates of P680•+ reduction by Yz increased dramatically in
he presence of imidazole and other small organic bases [57,58].

.2. Vibronic couplings for phenoxyl/phenol and
enzyl/toluene self-exchange reactions

We have calculated the vibronic couplings for the phe-
oxyl/phenol and the benzyl/toluene self-exchange reactions.
s discussed above, the vibronic couplings significantly impact

he rates and kinetic isotope effects, as well as their temper-
ture dependences, for general PCET reactions. Although the
plittings between the ground and excited electronic states are
ignificantly larger than the thermal energy kBT at room tem-

erature for these systems, the vibronic couplings for both
ystems were found to be smaller than kBT, indicating that
he reactions are vibronically nonadiabatic with respect to a
olvent environment. The transition state geometries of the phe-
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Fig. 4. The two highest-energy occupied electronic molecular orbitals for (a) the phenoxyl/phenol and (b) the benzyl/toluene system. The electronic wavefunctions
for diabatic states I and II are calculated at the minima of the ground state electronically adiabatic potential energy curves shown in Fig. 5, and the electronic
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avefunctions for the transition states (TS) are calculated at the maxima of thes
s predominantly single configurational, and the lower molecular orbital is doub
ith permission from Ref. [31].

oxyl/phenol and the benzyl/toluene systems are qualitatively
ifferent. The phenoxyl/phenol transition state has C2 symmetry,
nd the O· · ·H· · ·O bond is approximately planar with the phenol
ings and represents a strong hydrogen bond. The benzyl/toluene
ransition state has C2h symmetry, and the C· · ·H· · ·C bond is
rthogonal to the planes of the benzene rings and does not form
strong hydrogen bond.

As shown in Fig. 4, the electronic wavefunctions for the
wo systems are qualitatively different at the transition state.
n the phenoxyl/phenol system, the two highest-energy occu-
ied molecular orbitals are dominated by 2p orbitals on the
onor and acceptor oxygen atoms that are perpendicular to the
ydrogen donor–acceptor axis. In the ground state, the doubly
ccupied molecular orbital corresponds to �-bonding, and the
ingly occupied molecular orbital corresponds to �-antibonding.
n the benzyl/toluene system, the two highest-energy occupied
olecular orbitals are dominated by � orbitals on the donor

nd acceptor carbon atoms and are oriented along the hydro-
en donor–acceptor axis. In the ground state, the highest doubly
ccupied molecular orbital corresponds to �-bonding, and the
ingly occupied molecular orbital corresponds to �-antibonding.
reviously Mayer et al. [59] used these differences in the singly
ccupied molecular orbitals of the transition state wavefunctions
o designate the phenoxyl/phenol and benzyl/toluene systems as
CET and hydrogen atom transfer (HAT), respectively.

Fig. 5 depicts the potential energy curves along the trans-

erring hydrogen coordinate for the phenoxyl/phenol and the
enzyl/toluene systems. The CASSCF electronically adiabatic
round and excited state curves, as well as the electronically dia-
atic curves corresponding to the reactant and product electron

c
d
t
s

ntial energy curves. For both systems, the ground state electronic wavefunction
upied, while the upper molecular orbital is singly occupied. Figure reproduced

ransfer states, are depicted. Note that the splitting between the
lectronically adiabatic ground and excited states is more than
n order of magnitude larger for the benzyl/toluene system than
or the phenoxyl/phenol system. As a result, the diabatic curves
re very similar to the adiabatic curves for the phenoxyl/phenol
ystem but are significantly different from the adiabatic curves
or the benzyl/toluene system.

The fundamental nature of the proton tunneling is different
or the two systems. For the phenoxyl/phenol system, the adi-
baticity parameter p is very small, κ ≈ √

2πp, and τe ≈ 80τp.
n this case, the electronic transition time is significantly greater
han the proton tunneling time. As a result, the electrons are
ot able to rearrange fast enough for the proton to move on
he electronically adiabatic ground state surface, and the proton
ransfer reaction is electronically nonadiabatic. For the ben-
yl/toluene system, the adiabaticity parameter p is larger, κ ≈ 1,
nd τp ≈ 4τe. In this case, the electronic transition time is less
han the proton tunneling time. Thus, the electrons can respond
nstantaneously to the proton motion, and the proton moves on
he electronically adiabatic ground state surface. This analysis
ndicates that the proton tunneling is electronically nonadiabatic
or the phenoxyl/phenol system but electronically adiabatic for
he benzyl/toluene system.

Fig. 6 illustrates the physical principles underlying the
lectronically nonadiabatic and adiabatic limits. For the elec-
ronically nonadiabatic phenoxyl/phenol reaction, the vibronic

oupling is the product of the electronic coupling between the
iabatic states and the overlap of the reactant and product pro-
on vibrational wavefunctions corresponding to these diabatic
tates. For the electronically adiabatic benzyl/toluene reaction,
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Fig. 5. State-averaged CASSCF ground and excited state electronically adia-
batic potential energy curves along the transferring hydrogen coordinate for (a)
the phenoxyl/phenol and (b) the benzyl/toluene system. The coordinates of all
nuclei except the transferring hydrogen correspond to the transition state geom-
etry. The proton donor–acceptor distances are 2.40 and 2.72 Å, respectively, for
the phenoxyl/phenol and the benzyl/toluene systems. The CASSCF results are
depicted as open circles that are blue for the ground state and red for the excited
state. The black dashed lines represent the diabatic potential energy curves cor-
responding to the two localized diabatic electron transfer states I and II. The
mixing of these two diabatic states with the electronic coupling Vel leads to the
CASSCF ground and excited state electronically adiabatic curves depicted with
solid colored lines following the colored open circles. For the phenoxyl/phenol
system, the solid colored lines and the black dashed lines are nearly indistin-
guishable because the adiabatic and diabatic potential energy curves are virtually
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Fig. 6. (a) Diabatic potential energy curves corresponding to the two localized
diabatic electron transfer states I and II and the corresponding proton vibrational
wavefunctions ϕ

(I)
D (blue) and ϕ

(II)
A

(red) for the phenoxyl/phenol system. Since
this reaction is electronically nonadiabatic, the vibronic coupling is the product
of the electronic coupling Vel and the overlap of the reactant and product proton
vibrational wavefunctions 〈ϕ(I)

D |ϕ(II)
A

〉. (b) Electronically adiabatic ground state
potential energy curve and the corresponding proton vibrational wavefunctions
for the benzyl/toluene system. Since this reaction is electronically adiabatic,
the vibronic coupling is equal to half of the energy splitting � between the
symmetric (cyan) and antisymmetric (magenta) proton vibrational states for the
electronic ground state potential energy surface. For illustrative purposes, the
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dentical except in the transition state region. Figure reproduced with permission
rom Ref. [31]. (For interpretation of the references to color in this figure legend,
he reader is referred to the web version of the article.)

he vibronic coupling is half the energy splitting between the
tates corresponding to the symmetric and antisymmetric pro-
on vibrational wavefunctions for the electronically adiabatic
round state.

We also examined the dependence of the vibronic coupling
n the proton donor–acceptor distance and the deuterium kinetic
sotope effect on both the magnitude and the distance depen-
ence of the vibronic coupling. The vibronic coupling decreases
xponentially with the proton donor–acceptor distance for both
lectronically adiabatic and electronically nonadiabatic reac-

ions in the range of chemically relevant distances. For a given
roton donor–acceptor distance, the vibronic couplings are sig-
ificantly smaller for deuterium than for hydrogen because of
he smaller overlap between the reactant and product proton

a
f
e
t

xcited vibrational state is shifted up in energy by 0.8 kcal/mol. Figure repro-
uced with permission from Ref. [31]. (For interpretation of the references to
olor in this figure legend, the reader is referred to the web version of the article.)

ibrational wavefunctions for deuterium. Moreover, the value
f the exponential decay parameter α is larger for deuterium
han for hydrogen because the overlap between the reactant and
roduct deuterium wavefunctions falls off faster with distance
han the corresponding overlap for the hydrogen wavefunctions.
hese trends are directly relevant to the study of general PCET

eactions.
This type of analysis provides a new perspective on the dis-

inction between PCET and HAT reactions. A conventional
ethod for distinguishing PCET from HAT is that the elec-

ron and proton are transferred between different donors and

cceptors (or different sets of orbitals) for PCET. Within this
ramework, our analysis suggests that PCET reactions are
lectronically nonadiabatic, whereas HAT reactions are elec-
ronically adiabatic. These two mechanisms can be differentiated
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y calculating the adiabaticity parameter, which depends on the
lectronic coupling and other quantities that can be determined
ith quantum chemistry methods.
Furthermore, the distinction between electronic adiabaticity

nd nonadiabaticity has important experimental consequences
ecause the vibronic couplings can be substantially different
n the electronically adiabatic and nonadiabatic limits. As
iscussed above, the magnitude and distance dependence of
he vibronic coupling can significantly impact the magnitudes
nd temperature dependences of the rates and the KIEs. Thus,
he calculation of the vibronic coupling in the correct limit, or
n the intermediate regime, is critical for the interpretation of
xperimental data and the generation of experimentally testable
redictions.

.3. PCET catalyzed by lipoxygenase

We have examined the dynamical behavior and the temper-
ture dependence of the kinetic isotope effects for the PCET
eaction catalyzed by the enzyme soybean lipoxygenase (SLO)
35]. Lipoxygenases catalyze the oxidation of unsaturated fatty
cids. Kinetic studies have shown that the hydrogen abstrac-
ion step in SLO is rate limiting above 32 ◦C [60]. In this step,
he pro-S hydrogen atom from carbon atom C11 of the linoleic
cid substrate is transferred to the Fe(III)–OH cofactor, forming
radical intermediate substrate and Fe(II)–OH2 [61]. Quantum
echanical calculations [62] and analysis of the thermodynamic

roperties based on electrochemical data [34,48] indicate that
he hydrogen abstraction step occurs by a PCET mechanism,
n which the electron transfers from the �-system of the sub-
trate to the iron of the cofactor, while the proton transfers from

he C11 carbon of the substrate to the hydroxyl ligand of the
ofactor. This PCET reaction is depicted in Fig. 7. The SLO
eaction has been studied with a variety of theoretical approaches
34,35,46–48,61–69].

ig. 7. The hydrogen abstraction step of the reaction catalyzed by soybean
ipoxygenase with its natural substrate linoleic acid. In this step, a hydrogen is
bstracted from the linoleic acid to the iron cofactor. Figure reproduced with
ermission from Ref. [35].
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Our calculations of this reaction were based on the vibroni-
ally nonadiabatic formulation for PCET reactions that includes
he quantum mechanical effects of the active electrons and the
ransferring proton, as well as the motions of all atoms in the
omplete solvated enzyme system [27,39]. As described above,
he rate is represented by the time integral of a probability
ux correlation function that depends on the vibronic coupling,

he average of the energy gap and R coordinate, and the time
orrelation functions of the energy gap and R coordinate. The
ibronic couplings were estimated to within a constant factor
y calculating the overlaps between reactant and product hydro-
en vibrational wavefunctions for model systems, and the other
uantities were calculated from classical molecular dynamics
imulations of the entire system.

We tested the underlying assumptions of this vibronically
onadiabatic formulation for the SLO enzyme reaction and
nvestigated the dynamical behavior of the protein, substrate,
nd cofactor. Our estimates of the contributions to the vibronic
ouplings for this PCET reaction indicated that this reaction
s vibronically nonadiabatic. Moreover, our molecular dynam-
cs simulations of the entire solvated enzyme system provided
n estimate of 39 kcal/mol for the total reorganization energy.
e found that the dynamical behavior (i.e., the time depen-

ence) of the probability flux correlation function is dominated
y the equilibrium protein and solvent motions and is not sig-
ificantly influenced by the proton donor–acceptor motion. The
agnitude of the overall rate, however, is strongly influenced by

he frequency of the proton donor–acceptor motion, the magni-
ude and distance dependence of the vibronic coupling, and the
rotein/solvent reorganization energy.

These calculations reproduced the experimentally observed
48,61] magnitude and temperature dependence of the KIE for
he SLO enzyme reaction without fitting any parameters directly

o the experimental kinetic data. A comparison of the experi-

ental and calculated data is depicted in Fig. 8. The temperature
ependence of the KIE is determined mainly by the effective pro-
on donor–acceptor frequency, which can be calculated from the

ig. 8. Temperature dependence of the KIE for soybean lipoxygenase obtained
ith the rate expression in Eq. (2) including the excited vibronic states. The

xperimental data [48] are depicted with circles. Figure reproduced with per-
ission from Ref. [35].
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coordinate variance in the molecular dynamics simulations,
nd the distance dependence of the vibronic couplings for hydro-
en and deuterium, which can be calculated from the vibrational
avefunctions for model systems. The ratio of the overlaps of

he hydrogen and deuterium vibrational wavefunctions strongly
mpacts the magnitude of the KIE but does not significantly influ-
nce the temperature dependence. These trends are summarized
n the relatively simple, approximate expression for the KIE
iven in Eq. (5). For the SLO reaction, the large magnitude of
he KIE arises mainly from the dominance of tunneling between
he ground vibronic states and the relatively large ratio of the
verlaps between the corresponding hydrogen and deuterium
ibrational wavefunctions. The weak temperature dependence
f the KIE is due in part to the dominance of the local component
f the proton donor–acceptor motion.

. Summary and conclusions

In this review, we described the vibronically nonadiabatic
heoretical formulation for PCET reactions and presented rate
xpressions in various limits, as well as methods for calculating
he vibronic couplings. We illustrated this methodology through
hree different applications. In the first application, we investi-
ated tyrosyl radical generation in a tyrosine-bound rhenium
olypyridyl complex. The experimental data and theoretical
alculations indicate that the electron transfers from the tyro-
ine to the photoexcited rhenium concurrently with the proton
ransferring to the phosphate buffer. In the second application,
e calculated the vibronic couplings for the phenoxyl/phenol

nd benzyl/toluene self-exchange reactions and found that the
roton transfer reaction is electronically nonadiabatic for phe-
oxyl/phenol, which was designated as PCET, but electronically
diabatic for benzyl/toluene, which was designated as HAT. The
nalysis of these couplings provided a new diagnostic for dif-
erentiating between the conventionally defined PCET and HAT
eactions. In the third application, we simulated the PCET reac-
ion catalyzed by the enzyme lipoxygenase. The simulations
lucidated the dynamical role of the enzyme and the physical
asis for the experimental observations of an unusually large
IE with relatively weak temperature dependence.
These theoretical studies provide insight into fundamental

oncepts relevant to PCET mechanisms in bioenergetic pro-
esses. The feedback between experiment and theory plays an
ssential role in these types of studies. In principle, these theoret-
cal approaches could be applied to model systems that are more
irectly related to specific biological systems such as PSII. The
alculation of reorganization energies, vibronic couplings, rates,
nd KIEs for PCET reactions in complex bioenergetic systems
ould provide new insights into the overall mechanisms. Such

alculations represent an exciting and challenging direction for
uture research.
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