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Abstract

A theoretical formulation for proton-coupled electron transfer (PCET) is described. This theory allows the calculation of rates and kinetic
isotope effects and provides insight into the underlying fundamental principles of PCET reactions. Applications of this theory to PCET
reactions in iron bi-imidazoline complexes, oxoruthenium polypyridyl complexes, osmium—benzoquinone systems, amidinium—carboxylate
salt bridges, DNA—acrylamide complexes, and ruthenium polypyridyl—tyrosine systems are summarized. The mechanistic insight gained
from theoretical calculations on these model systems is relevant to PCET in more complex biological processes such as photosynthesis and

respiration.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Proton-coupled electron transfer (PCET) reactions occur
throughout chemistry and biology. The coupling between
proton motion and electron transfer plays a vital role in
electrochemistry, photosynthesis [1—7], respiration [8,9],
and numerous enzyme reactions [10]. A variety of model
systems have been investigated experimentally to elucidate
the general mechanism of PCET reactions [11—16]. Theo-
retical calculations [17—32] have assisted in the interpreta-
tion of the experimental results and have provided insight
into the underlying fundamental principles of PCET.

We have developed a theoretical formulation for PCET
that includes both electronic and nuclear quantum effects
[20—22]. In this theory, a PCET reaction is described in
terms of four charge transfer states, and the transferring
hydrogen nucleus is represented as a quantum mechanical
wave function. The free energy surfaces are calculated as
functions of two collective solvent coordinates corres-
ponding to proton transfer (PT) and electron transfer (ET),
respectively. We have derived rate expressions for PCET in
various limits [21].
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This review outlines the general theoretical formulation
for PCET and summarizes the applications of this theory to
a wide range of experimentally relevant model systems. The
theoretical calculations provide explanations for intriguing
experimental observations. For example, the calculations
elucidate the basis for experimentally measured trends in
rates and kinetic isotope effects. Of particular interest is the
relation between single ET and PCET reactions for analo-
gous systems. The calculations also provide insight into the
basis for unusually high kinetic isotope effects (i.e., the ratio
of the rate with hydrogen to the rate with deuterium)
observed in some PCET reactions. The mechanistic insight
gained from theoretical calculations on model systems is
relevant to PCET in more complex biological processes
such as photosynthesis and respiration.

2. Theory of PCET

A single ET reaction may be described in terms of the
following two diabatic states:

(1) D A (1)
(2) De A

The free energy surface for a single ET reaction dominated
by outer-sphere (solvent) reorganization can be calculated as



30 S. Hammes-Schiffer, N. lordanova / Biochimica et Biophysica Acta 1655 (2004) 29-36

a function of a single collective solvent coordinate z.. The
conventional unimolecular rate expression for nonadiabatic
ET is [33-36]

27 ~AGT
KET = 22 v P (4ndkeT) 2 2
o [Vl (4miksT) " exp T (2)
where V|, is the coupling between the diabatic states, 4 is
the total reorganization energy, and AG' is the barrier
defined as

(AG® +1)°
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This theory of ET has been extended to include the
effects of intramolecular solute modes (i.e., inner-sphere
reorganization).

The most basic PCET reaction involving the transfer of
one electron and one proton may be described in terms of
the following four diabatic states:

(la) D, DpH -+ Ay A (4)

(1) D; Dy -+ THA, Ac

(2a) De D,H -+ A, A

€

(26) De D, - -+ “HA, A,
where 1 and 2 denote the ET state, and ¢ and b denote the
PT state. Within this notation, la — 15 represents PT,
la — 2a represents ET, and 1a — 2b represents EPT (where
both the proton and the electron are transferred).

As shown in Ref. [20], the free energy surfaces for PCET
reactions may be calculated as functions of two collective
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solvent coordinates z, and z., corresponding to PT and ET,
respectively. Typically the single PT reaction is electronical-
ly adiabatic, and often the single ET reaction is electronically
nonadiabatic. Here electronically adiabatic refers to reactions
occurring in a single electronic state, and electronically
nonadiabatic refers to reactions involving multiple electronic
states. The electronically adiabatic (or nonadiabatic) limit
corresponds to strong (or weak) electronic coupling between
the charge transfer states. Even for cases in which the single
ET reaction is electronically adiabatic, the overall PCET
reaction is usually nonadiabatic because the coupling be-
tween the reactant and product vibronic states is small due to
averaging over the reactant and product proton vibrational
wave functions (i.e., due to the small overlap factor, analo-
gous to the Franck—Condon factor in theories for single ET).
In this case, the ET diabatic free energy surfaces
corresponding to ET states 1 and 2 are calculated as mixtures
of the a and b PT states. The reactants (I) are mixtures of the
la and 15 states, and the products (II) are mixtures of the 2a
and 2b states. The proton vibrational states are calculated for
both the reactant (I) and product (II) ET diabatic surfaces,
resulting in two sets of two-dimensional vibronic free energy
surfaces that may be approximated as paraboloids. In this
theoretical formulation, the PCET reaction is described in
terms of nonadiabatic transitions from the reactant (I) to the
product (II) ET diabatic surfaces. Here the ET diabatic states
I and II, respectively, may be viewed as the reactant and
product PCET states.

The unimolecular rate expression derived in Ref. [21] for
PCET is

271 fAGT,
PCET __ 2 —1/2 v
k = fZ#:PIH Z | Vi | “(4ndks T) ™/ “exp (kB—T>
(5)

where Z and indicate summations over vibrational
states associated with ET states 1 and 2, respectively, Py, is
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Fig. 1. PCET and single ET reactions between iron bi-imidazoline complexes.
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the Boltzmann factor for state In, and

AGH — (AGY, + Zw)”
v 4/Lm

(6)
In this expression the free energy difference is defined as

e, (5,2 (7)

where (7%, 21") and (£)",z.") are the solvent coordinates for
the minima of the ET diabatic free energy surfaces F,ﬂ (Zp2e)
and &l (zp-zc), respectively. Moreover, the outer-sphere
(solvent) reorganization energy is

AGO _ (ZLI‘,EEV) _

)"l“' - 81 ( gv7 gv) -

&2 = 6/(F20) — ¢

‘( gv HV).

(3)

The coupling ¥, in the PCET rate expression is defined
as

V,uv - <¢L| (rpv T) |¢H> (9)

where the subscript of the angular brackets indicates inte-
gration over rrI,, zIT, is the value of z, in the intersection
region, and ¢, and ¢\ are the proton vibrational wave
functions for the reactant and product ET diabatic states,
respectively. For the systems discussed in this paper,

V= V()| @1 (10)

where VT is the electronic coupling between states 1a and
2a and between states 15 and 2b. The physical basis for this
approximation is discussed in Ref. [25]. The effects of
inner-sphere solute modes have also been included in this
theoretical formulation for several different regimes [21].

The kinetic isotope effects (KIEs) for PCET reactions
may be analyzed within the context of the rate expression
given in Eq. (5). Each term in this expression represents the
rate of a nonadiabatic transition from a reactant to a product
state. Based on Eq. (10), the rate for each pair of states is
approximately proportional to the square of the overlap
between the reactant and product vibrational wave func-
tions. Thus, the KIE for each pair of states is approximately
proportional to the square of the ratio of the overlap for
hydrogen to the overlap for deuterium. This ratio increases
as the vibrational wave function overlap decreases. More-
over, since the vibrational overlap is smallest for the reactive
channel involving the lowest energy reactant and product
vibrational states, the overall KIE decreases as the contri-
butions from channels involving higher energy vibrational
states increase.

Within the framework of this theoretical formulation
[20—22], the calculation of the rates and KIEs requires the
gas phase valence bond matrix elements and the reorgani-
zation energies. The two-dimensional free energy surfaces
corresponding to the solvated reactant and product vibronic

states are calculated from the gas phase valence bond matrix
elements and the solvent reorganization energy matrix
elements. The free energy differences AG,;, and the solvent
reorganization energies 4, are determined from these free
energy surfaces, and the couplings V', are determined from
the associated wave functions and the off-diagonal gas
phase valence bond matrix elements (e.g., V" mentioned
above). In practice, the gas phase valence bond matrix
elements are represented by molecular mechanical terms
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Fig. 2. (a) Slice of the two-dimensional ET diabatic free energy surface
along the line connecting the two minima. The lowest energy reactant (I)
and product (II) free energy surfaces are shown in blue and red,
respectively. Points A, B, and C represent the equilibrium reactant
configuration, the intersection point, and the equilibrium product
configuration, respectively. (b) Proton potential energy curves and
corresponding ground state proton vibrational wave functions as functions
of the proton coordinate 7, for the solvent coordinates associated with
points A, B, and C indicated in (a). The proton potential energy curves and
vibrational wave functions are blue (or red) to denote the reactant (or
product) ET diabatic free energy surface [25].
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fit to electronic structure calculations or experimental data
[37]. The inner-sphere (solute) reorganization energy matrix
elements may be calculated from the equilibrium force
constants and bond lengths. The outer-sphere (solvent)
reorganization energy matrix elements may be calculated
with an electrostatic dielectric continuum model or with
molecular dynamics simulations including explicit solvent
molecules. The applications described in this review were
calculated with a multistate continuum theory, in which the
solvent was represented as a dielectric continuum.

3. Applications

We have applied the multistate continuum theory [20—
22] to a series of PCET reactions. The systems were chosen
based on the availability of experimental data that had not
yet been fully explained. The results of the theoretical
calculations on these systems are summarized in this sec-
tion. The studies of PCET in iron bi-imidazoline complexes,
oxoruthenium polypyridyl complexes, osmium—benzoqui-
none systems, and ruthenium polypyridyl—tyrosine systems
were based on a semiempirical model in which the gas
phase valence bond matrix elements were parametrized to fit
experimental data. The studies of PCET in thymine—acryl-
amide complexes and amidinium—carboxylate interface
systems were based on a model in which the gas phase
valence bond matrix elements were parametrized to fit
electronic structure calculations of ground and excited
electronic states. In all cases, the solvent was treated as a
dielectric continuum [38,39].

A comparative experimental study of single ET and
PCET reactions in the iron bi-imidazoline complexes shown
in Fig. 1 indicated that the rates of ET and PCET are similar
[11]. Previously this result was explained in the context of
adiabatic Marcus theory, and the PCET reaction was viewed
as a hydrogen atom transfer involving negligible solute
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Fig. 4. Structures optimized with density functional theory for the acceptor
complexes in Fig. 3 [26].

charge rearrangement, leading to zero solvent reorganization
energy [11]. The similarity of the ET and PCET rates was
thought to be due to the compensation of the larger solvent
reorganization energy for ET by a larger solute reorganiza-
tion energy for PCET. The kinetic isotope effect (KIE) for
PCET was measured to be a moderate value of 2.3. Our
calculations, which were based on nonadiabatic rate expres-
sions for ET and PCET, provided an alternative explanation
for the experimental results [25]. The fundamental PCET
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Fig. 3. PCET comproportionation reactions in ruthenium polypyridyl complexes.
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Fig. 5. Reactant (I) and product (II) vibrational wave functions for H (solid)
and D (dashed) for the reactions shown in Fig. 3. The overlap is smaller for
CompA than for CompB because the O—O distance is larger for CompA
due to greater steric crowding near the acceptor oxygen [26].

mechanism for this reaction is illustrated in Fig. 2. In our
calculations, the inner-sphere reorganization involving the
Fe—N bonds was assumed to be the same for both ET and
PCET. The solvent reorganization energies 4,, for the
dominant contributions to the PCET reaction were found
to be substantial and were = 1-3 kcal/mol lower than the
solvent reorganization energy for single ET. The overall
coupling for PCET was found to be smaller than the
coupling for ET due to averaging over the reactant and
product hydrogen vibrational wave functions (i.e., multiply-
ing by the vibrational overlap factor in Eq. (10)). The
calculations indicated that the similarity of the rates for
ET and PCET is due mainly to the compensation of the
larger solvent reorganization energy for ET by the smaller
coupling for PCET. The moderate KIE was determined to
arise from the relatively large overlap factor and the signif-
icant contributions from excited vibronic states.

An experimental study [12,13] of PCET in the ruthenium
polypyridyl complexes shown in Fig. 3 revealed that the
CompB rate is nearly one order of magnitude larger than the
CompA rate, and the CompA KIE of 16.1 is larger than the
CompB KIE of 11.4. As shown in Fig. 4, density functional
theory calculations [26] illustrated that the steric crowding

near the oxygen proton acceptor is significantly greater for
CompA than for CompB. Consistent with this observation,
our multistate continuum theory calculations [26] implied
that the proton donor—acceptor distance is larger for CompA
than for CompB, leading to a larger overlap between the
reactant and product hydrogen vibrational wave functions for
CompB than for CompA, as shown in Fig. 5. The rate for
CompB is larger than the rate for CompA because the rate
increases as this overlap factor increases. The KIE for
CompB is smaller than the KIE for CompA because the
KIE decreases as this overlap factor increases. Both of these
KIEs are larger than the KIE for the iron bi-imidazoline
complexes described above because the vibrational overlap
factor is smaller for the ruthenium systems.

Experimental studies of PCET from a series of osmium
complexes to benzoquinone, as shown in Fig. 6, identified
unusually high KIEs of up to ~ 400 [15,27]. Our theoretical
calculations [40] illustrated that these colossal KIEs arise
from the relatively small overlap between the reactant and
product hydrogen vibrational wave functions. The KIE
increases as the vibrational overlap decreases and as the
contribution of transitions between the lowest energy reactant
and product vibronic states increases. The trends in the KIEs
for a series of osmium complexes were found to be deter-
mined by a balance among several factors, including the X—
H frequencies and PT distances for the different proton
donors (X=N, P, S), as well as the solvent reorganization
energies and reaction free energies for the different com-
plexes. These characteristics of the osmium systems influ-
ence the overlaps between the reactant and product hydrogen
vibrational wave functions and the relative contributions of
the excited vibronic states, which in turn impact the KIE.

In addition, this theory has been applied to PCET
through amidinium—carboxylate salt bridges, as shown in
Fig. 7, where the ET reaction is coupled to the motion of
two protons at the PT interface [24]. In this case, the
reaction is described in terms of eight valence bond states
to include all possible charge transfer states, two hydrogen
nuclei are treated quantum mechanically, and the free energy
surfaces depend on three solvent coordinates corresponding
to the ET and two PT reactions. Experimental studies of
photoinduced PCET in analogous systems revealed that the
rate for the donor—(amidinium-carboxylate)—acceptor sys-
tem is substantially slower than the rate for the switched

= o Et o E
NNy, S QEt NN, S ' WEt

Fig. 6. PCET reaction associated with the reduction of benzoquinone by an osmium complex.



34 S. Hammes-Schiffer, N. Iordanova / Biochimica et Biophysica Acta 1655 (2004) 29-36

NO,

Fig. 7. PCET reactions through an amidinium—carboxylate or carboxylate—
amidinium PT interface.

interface donor—(carboxylate-amidinium)—acceptor system
[14]. The calculations illustrated that this difference in rates
is due mainly to the opposite dipole moments at the PT
interfaces for the two systems, leading to an endothermic
reaction for the donor—(amidinium-carboxylate)—acceptor
system and an exothermic reaction for the switched interface
system.

We have also applied this theory to biologically relevant
systems, such as PCET in DNA-acrylamide complexes
[29]. Experiments implied that PCET may occur in such
complexes [41]. The influence of neighboring DNA base
pairs was determined theoretically by studying both the
solvated thymine—acrylamide complex shown in Fig. 8 and
solvated DNA —acrylamide models. The calculations indi-
cated that the final product corresponds to single ET for
the solvated thymine—acrylamide complex but to a net

CH,
H O,
\%Y e
N TN H\N/H
H \H\
RN H
(0] ~O
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N
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Fig. 9. PCET reaction in a model for tyrosine oxidation in photosystem II.
In the first step of the experiment, the ruthenium-— tris-bipyridine portion
absorbs light, and the excited electron is transferred to an external methyl
viologen acceptor. In the second step, which is shown here, the tyrosine
portion transfers an electron to the ruthenium and is deprotonated.

PCET reaction for the solvated DNA—acrylamide models.
This difference is due to a decrease in solvent accessibility
in the presence of DNA, which alters the relative free
energies of the ET and PCET product states. Thus, the
balance between ET and PCET in the DNA-—acrylamide
system is highly sensitive to the solvation properties of the
system.

Our most recent application [28] of this theory was to
the compound depicted in Fig. 9, which was designed to
model tyrosine oxidation in Photosystem II [3—7]. In this
model system [16], an electron is transferred to the
ruthenium from the tyrosine, which is concurrently depro-
tonated. The dependence of the rates on pH and temper-
ature was measured experimentally [16]. The mechanism
was determined to be PCET at pH <10 when the tyrosine
is initially protonated and single ET for pH>10 when the
tyrosine is initially deprotonated. The PCET rate was
found to increase monotonically with pH, whereas the
single ET rate was found to be independent of pH and
two orders of magnitude faster than the PCET rate. The
calculations reproduced these experimentally observed
trends. The calculations indicated that the larger rate for
single ET arises from a combination of factors, including
the greater exoergicity for ET, the smaller solvent reorga-
nization energy for ET, and the averaging of the coupling
for PCET over the reactant and product hydrogen vibra-
tional wave functions (i.e., the vibrational overlap factor).
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Fig. 8. PCET reaction in the radical anionic thymine—acrylamide complex.
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The calculated temperature dependence of the rates and the
deuterium kinetic isotope effects were also consistent with
the experimental results.

4. Conclusions

This review describes a general theoretical formulation
for PCET and summarizes the results of applications to a
wide range of model systems. Currently we are extending
this theory in several different directions to improve the
accuracy and broaden the types of applications. For exam-
ple, the influence of the proton donor—acceptor vibrational
mode has been included to improve the quantitative accu-
racy and to allow the study of the temperature dependence
of PCET rates and kinetic isotope effects in systems such as
the enzyme lipoxygenase [42]. The influence of explicit
solvent molecules has been investigated for model systems
through the development of mixed quantum-classical mo-
lecular dynamics methods for PCET reactions [43]. This
methodology will be extended to allow the study of PCET in
explicit protein environments and to include dynamical
effects.

The theoretical calculations described in this review have
assisted in the interpretation of experimental data and have
provided insight into the underlying fundamental principles
of PCET reactions. This synergy between experiment and
theory is vital to further progress in the field. The ultimate
objective is to elucidate the detailed mechanism of PCET in
complex biological processes such as photosynthesis and
respiration [1-9].
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