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UniVersité, CNRS No 7591, UniVersitéde Paris 7-Denis Diderot, 2 place Jussieu,

75251 Paris Cedex 05, France

Received November 7, 2006; E-mail: saveant@univ-paris-diderot.fr

Abstract: The competition between stepwise and concerted (CPET) pathways in proton-coupled electron-
transfer reactions in water is discussed on thermodynamic and kinetic bases. In the case where water is
the proton acceptor, the CPET pathway may compete favorably with the stepwise pathway. The main
parameter of the competition is pK of the oxidized form of the substrate being smaller or larger than 0. The
driving force of the forward reaction is however independent of pH, despite the equilibrium redox potential
of the proton-electron system being a function of pH. At high pH values, CPET reactions involving OH-

as proton acceptor may likewise compete favorably with stepwise pathways. The overall reaction rate
constant is an increasing function of pH, not because the driving force depends on pH but because OH-

is a reactant. In buffered media, association of the substrate with the basic components of the buffer offers
an alternative CPET route; the driving force comes closer to that offered by the pH-dependent equilibrium
redox potential.

Introduction

Proton-coupled electron transfers (PCET) where proton and
electron transfer involves different molecular centers is a central
problem of chemical reactivity, which attracts additional active
attention in view of the involvement of these processes in many
natural processes.1 Particular emphasis has been laid on the
possibility that the two steps be concerted giving rise to a CPET
(for concerted proton-electron transfer) reaction. Several
homogeneous or electrochemical systems have been investigated
in view of illustrating the occurrence of CPET pathways, rather
than the competing stepwise pathways (Scheme 1), which
involve the transfer of an electron followed by the transfer of
a proton (ETPT) and/or the reversed sequence (PTET). One
category concerns intramolecular PCET reactions, typically
involving an amine or a carboxylate as proton accepting center.2

Another group consists of intermolecular reactions involving
the prior formation of a H-bonded complex.3 A third type of
particularly interesting PCET reactions, carried out in water,
comprises those in which water may act as the proton acceptor.

This role may also be played by OH- and by the basic
components of buffers in which the experiments are often carried
out. In this connection, the oxidation of the phenol group of
tyrosine has attracted particular attention4-6 in view of its role
in the reactions taking place in photosystem II1f-g and in other
biosystems such as ribonucleotide reductases.1b,c,7While in both
cases the contribution of the CPET pathway is deemed
important, conflicting evidence has been reported concerning
the respective role of water5 and of the basic component of the
buffer6 as proton acceptors. The key observation of an alleged
lack of dependence of the rate constant on the buffer concentra-
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tion or even of its presence reported in reference 5 is indeed
challenged by the results in reference 6 which describe an
exactly opposite behavior. In the first case, the results, in
particular the variation of the observed rate constant with pH,
in the absence of buffer, have been rationalized by considering
that the driving force of the CPET reaction is an increasing
function of pH.5,8 Introduction of this pH-dependent driving
force into the Marcus activation-driving force relationship,
assumed to be applicable to CPET reactions, would then account
for the increase of the rate constant with pH.

Assessing the role of water in CPET reactions is important
from a fundamental point of view and also for gaining further
insights into their mechanisms in biological processes. The
various expected stepwise and CPET reaction pathways are
summarized in Scheme 1 (simple outersphere electron transfers
in blue, concerted proton-electron transfer in red). We will start
the discussion with the case where water is the proton acceptor
in the CPET reaction and show that the rate constant of such
water-assisted reactions is not a function of pH. The conditions
under which such CPET pathways may surpass a stepwise
pathway in which the electron is transferred first, followed by
the transfer of a proton, (ETPT) will be established. We will
then discuss the occurrence of CPET reactions in which OH-

is the proton acceptor and show that the rate constant is
independent of pH too. The conditions under which these CPET
pathways may surpass a stepwise pathway in which the proton
is transferred first, followed by the transfer of one electron
(PTET) will then be established. Finally, CPET reactions
involving buffer components will be discussed. Although the
driving force and the rate constant, for each buffer com-
ponent, still do not vary with pH, the observed overall rate

constant may well vary with pH upon changing the buffer
composition.

Results and Discussion

The species involved (Scheme 1), at the reduced (XRH, XR)
and oxidized (XOH, XO) states, are considered as being clustered
with water molecules, one of which may serve as proton donor
or acceptor. This is the water molecule shown in the schemes.
The various thermodynamic constants, standard (or formal) poten-
tials, pK values and association constants are defined together
with the schemes representing the reaction pathways. The nota-
tions involve as lower index a simplified designation of the reac-
tion under consideration. We focus on reactions where the sub-
strate is oxidized by means of an appropriate outersphere
electron acceptor. Extension to the opposite case of a substrate
reduction involving an outersphere electron donor is straight-
forward.

1. Two-Step and One-Step CPET-H2O Pathways. We
consider the following scenarios. In the two-step CPET2
scenario, the first step is a concerted proton-electron transfer,
leading to proton formation, which takes place inside the water
cluster. The proton thus formed is transferred into the bulk of
the solution in a second step. Two cases are then distinguished
according to whether the second step is so fast as to remain
unconditionally at equilibrium or is governed by proton diffu-
sion. The two reactions are concerted in the one-step CPET1
scenario. The CPET reaction then includes the proton diffusion
process so as to deliver the proton directly in the bulk.

(8) Carra, N.; Iordanova, N.; Hammes-Schiffer, S.J. Am. Chem. Soc.2003,
125, 10429.

Scheme 1
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1.1. Do Driving Forces and Rate Constants Depend on
pH? The rate equations corresponding to the two-step reaction
(CPET2 pathway in Scheme 1a) write

where each [ ] represents the concentration of the bracketed
species, and the rate constants are as marked in Scheme 1a.

The rate constant of the first step,kC2
H2O may be expressed as

a combination of the activation free energy,∆GC2
H2O* and of the

pre-exponential factor,Zmono or bi øC2
H2O:

kC2
H2O and the collision factorZmono or bi are monomolecular or

bimolecular constants according to the electron acceptor being
attached to the electron donor or freely diffusing in the solution.
The transmission coefficient,øC2

H2O, is a measure of proton
tunneling in the CPET2 reaction.

The Marcus quadratic equation9 has often been used to relate
activation and driving force in CPET reactions.2a,b,5 More
sophisticated and more exact treatments of the kinetics of CPET
reactions are available,10 which also relate activation to driving
force. This is obtained from the formal potentials of the electron
acceptor,EA

0′ and of the first step,EXO,H+/XRH
0′ :

where:

The symbolsµ0′ represent, here and throughout the paper, the
formal chemical potentials. They are related to the chemical
potential by

whereµ0 is the standard chemical potential andγ is the activity
coefficient. With the exception of water, all standard states are
defined by extrapolation of the ideal conditions at 1 M. For
water, the standard state is the pure liquid. Theµ0′ and theµ0

values do not include a contribution from entropy of mixing of
the reactants,11 and therefore do not contain reactant concentra-
tion terms.

The pH does not interfere in the kinetics of the first step but
may influence the kinetics of the overall two-step reaction. In
this respect, a first interesting limiting situation is when the
adduct formation and dissociation reactions are fast enough for
the reaction to remain unconditionally at equilibrium. The
kinetics then involves overall forward and backward rate
constants,kf,C2

H2O andkb,C2
H2O, defined by

where

whereγ is the activity coefficient of the subscript species (taking
for the activity of water,γH2O[H2O] ) 1).

It follows that the observed forward rate constant is predicted
to be independent of pH. The overall backward rate constant
does depend on pH, according to the above equation, not
because the second-order rate constant depends on pH but
because the proton is a reactant in the backward process, namely
in the formation of the proton adduct. This is in fact the way in
which the proton mixing entropy, invoked in recent analyses
of the problem to justify the notion of a pH-depending driving
force,5 interferes in the kinetics of the reaction.

In summary, the pseudo-first-order backward rate constant
depends on pH as a reflection of the proton mixing entropy but
the forward reaction rate constant does not.

We now lift the assumption that formation and decomposition
of the H3O+ cluster are in unconditional equilibrium. To
emphasize the mixing entropy aspect of the problem alluded to
in reference 5, we assume that the interaction energy within
the cluster is negligible so that the coming in and out of the
proton can be viewed as a diffusion process, possibly involving
an oxygen site-to oxygen site proton hopping according to a
Grotthuss-type mechanism.12 In the approximate spherical
symmetry framework sketched in Figure 1, at steady state,

[H+]rf∞ is the bulk concentration of proton. It is regarded as
constant, even in unbuffered medium if the overall production
of protons is small as compared to the amount of protons already
present in the bulk even at high pH values. If this is not the case,
we assume that proton concentration is maintained constant by
the presence of a buffer which components do not participate to
the CPET reaction as hypothesized in reference 5. The thickness
of the diffusion layer is of the order ofR, meaning that the
bulk concentration is reached at small distances from the reaction
center, thus involving a small number of water molecules. The
proton flux at the surface of the sphere is expressed as

(9) Marcus, R. A.Discuss. Faraday Soc.1960, 29, 21.
(10) (a) Cukier, R. I.J. Phys. Chem.1994, 98, 2377. (b) Cukier, R. I.J. Phys.

Chem. A1999, 103, 5989. (c) Hammes-Schiffer, S.Acc. Chem. Res.2001,
34, 273. (d) Soudackov, A.; Hatcher, E.; Hammes-Schiffer, S.J. Chem.
Phys.2005, 122, 014505.

(11) (a) See page 689 in reference 11b. (b) Marcus, R. A.J. Chem. Phys.1965,
43, 679.

(12) (a) Agmon, N.Chem. Phys. Lett.1995, 244, 456. (b) Marx, D.Chem. Phys.
Chem.2006, 7, 1848.

d[XRH,H2O]

dt
) -kC2

H2O[XRH,H2O] + k-C2
H2O[XO,H3O

+ ]

d[XO,H3O
+ ]

dt
) kC2

H2O[XRH,H2O] - k-C2
H2O[XO,H3O

+ ] -

k-p[H2O][XO,H3O
+ ] + kp[H3O

+ ][X O,H2O]

d[XO,H2O]

dt
) k-p[H2O][XO,H3O

+ ] - kp[H3O
+ ][X O,H2O]

kC2
H2O ) Zmono or biøC2

H2O exp(-
∆GC2

H2O*

RT )

∆GC2
H2O0′ ) F(EXO,H+ /XRH

0′ - EA
0′)

FEXO,H+ /XRH
0′ ) µXO,H+

0′ - µXRH
0′

µ ) µ0′ + RT ln[ ] ) µ0 + RT ln(γ[ ])

d[XRH,H2O]

dt
) -

d([XO,H3O
+ ] + [XO,H2O])

dt
)

-kf,C2
H2O[XRH,H2O] + kb,C2

H2O([XO,H3O
+ ] + [XO,H2O])

kf,C2
H2O ) kC2

H2O

kb,C2
H2O ) k-C2

H2O 10-pH

γXO,H3O+

γXO,H2O
10-pKXO,H+ + 10-pH

[H+]r )
([H+]r)R - [H+]rf∞)R

r
+ [H+]rf∞
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Thus, at the molar scale,

DH+ is the proton diffusion coefficient, andkdif,H+ ) 4πDH+ RNA

(NA ) Avogadro number) is the proton diffusion limit.
It follows that

In total, the governing rate equations become ([H+]rf∞ is
equal to the value of [H3O+] in the bulk)

where the overall rate constants are now defined by

Proton diffusion does interfere in the second term of the
expression of the forward rate constant but in a manner that is
independent of pH. This second term vanishes when the electron
acceptor is sufficiently strong an oxidant to make the reaction
irreversible. As expected, pH interferes in the kinetics of the
backward reaction inasmuch proton is a reactant of this reac-
tion.

At this stage, we may conclude that, in all situations, the
forward rate constant of CPET proton expulsion reactions is
not expected to vary with pH, whereas the overall backward
rate constant varies with pH because proton is a reactant in the
backward process.

We may now go a step forward in terms of concertedness.
In the above discussion, we have considered proton production
and proton diffusion as two successive steps. We now regard
these two steps as concerted: the CPET reaction now includes
the proton diffusion process so as to produce directly bulk
protons, even if there might be a price to pay for this in terms
of reorganization energy and pre-exponential factor. If the
oxygen site-to oxygen site proton hopping is concerted with
electron transfer, we indeed expect an increase of the reorga-
nization energy related to variations in the oxygen-to-oxygen
distances and to the reorganization of water molecules not
participating directly to the conducting chain.

The rate equation now writes

The driving force, defined from

is governed by the formal potential

which again does not depends on pH. Indeed, as in the preceding
case of one reactant and one product, theµ0′ values do not
include a contribution from the entropy of mixing of the
reactants, and therefore do not contain reactant concentration
terms. This conclusion has been previously reached for electron-
transfer reactions involving more than one reactant and one
product, in the case of dissociative electron transfers13 and, more
recently, in the case of proton coupled electron transfers.14 As
noted before, the validity of this conclusion does not require a
quadratic activation-driving force relationship.

(13) (a) Save´ant, J-M.J. Am. Chem. Soc.1987, 109, 6788. (b) Save´ant, J-M.J.
Electroanal. Chem.2000, 485, 86.

(14) (a) Krishtalik, L. I.Biophys. Biochim. Acta1990, 23, 249. (b) Krishtalik,
L. I. Biophys. Biochim. Acta2003, 1604, 13.

Figure 1. Two-step CPET proton expulsion reactions; follow-up proton
diffusion.
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)
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)
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H2O[XRH,H2O] - kb,C2

H2O × 10-pH[XO]

1

kf,C2
H2O

) 1

kC2
H2O
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exp[ F
RT

(EA
0′ - EXO,H+ /XRH
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γH3O+
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) 1
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H2O

+ 1
kdif,H+

d[XRH,H2O]
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)
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H2O[H2O][XRH,H2O] + k-C1

H2O[H3O
+][X O,H2O]
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H2O0′
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- µH2O
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Concerted Proton-Electron Transfers in Water A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 129, NO. 18, 2007 5873



The overall forward and backward rate constants,kf,C1
H2O and

kb,C1
H2O are defined by

with

The forward rate constant may be expressed as

where ∆GC1
H2O*

is the activation free energy andkC1
H2O and

Zbi or ter are bimolecular or termolecular rate constants according
to the electron acceptor being attached to the electron donor or
freely diffusing in the solution. The transmission coefficient,
øC1

H2O, is a measure of proton tunneling in the CPET reaction.
The kinetics of the forward reaction does not thus depend

on pH, in line with the fact that the driving force does not
depend on pH either, even though the entropy increase related
to proton diffusion has duly been taken into account. The overall
rate constant of backward reaction does depend on pH, not
because the second-order rate constant depends on pH but
simply because the proton is a reactant in the backward reaction.

We may thus conclude that whether the CPET proton
expulsion reaction follows this concerted process or the two-
step scenarios discussed earlier, the driving force is independent
of pH and so is the forward rate constant.

An objection to this conclusion might be that the reactivity
(and activity) of the water molecules involved in the CPET
reaction could depend on the bulk concentration of protons. Such
an effect, if any, would fit the framework of the third scenario
we discussed above in which the proton is released to the bulk
along short water chains concertedly with electron transfer. In
an a fortiori approach, we may regard the last water molecule
in the chain, say the fifth one, as being unable to accept a proton
because it is already bonded to a proton, thus blocking the
reaction. The influence of the proton on the reactivity is expected
to vanish upon increasing its average distance to the reactant.
It is reasonable to estimate that this influence has become totally
negligible at a distance corresponding to ten water molecules.
Among the ca. 50 mol of water molecules in a liter, the
protonation of 5 mol of them would thus be required to start
affecting the reaction rate. This effect is obviously negligible
over the usual pH ranges where the experiments are carried out.

1.2. Competition between CPET Proton Expulsion and
Stepwise ETPT Pathways.Insofar as the oxidation reactions
are irreversible, as it is usually in experimental studies,5,6

predicting the outcome of the competition between the title
concerted and stepwise pathways amounts to a comparison of
kf,C1

H2O × [H2O] or kf,C2
H2O with ke

XH.
As a gross approximation, the activation free energies may

be related to the driving force by a linear relationship with a

symmetry factor of 1/2. Then

and for the first step outersphere electron transfer in the ETPT
pathway (whereλ is are the corresponding reorganization
energy)

Still concerning the ETPT first step,

whereκXH is the transmission coefficient for this outersphere
electron-transfer reaction.

The comparison between the two pathways may thus be
formulated as

and

Thus,

and

and therefore, taking into account thatγH2O[H2O] ) 1:

The third term in the right-hand side is close to nil in the
usual experimental pH ranges. The factorZmono or bi/Zbi or ter =

∆GC1
H2O*

=
λC1

H2O

4
+ F

EXO+H+/XRH
0′

- EA
0′

2

∆GC2
H2O*

=
λC2

H2O

4
+ F

EXO,H+/XRH
0′

- EA
0′

2

∆Ge
XH*

=
λXH

4
+ F

EXOH/XRH
0′

- EA
0′

2

ke
XH ) Zmono or biκ

XH exp(-
∆Ge

XH*

RT )

log (kf,C1
H2O[H2O]

ke
XH ) = log (Zbi or terøC1

H2O[H2O]

Zmono or biκ
XH ) -

λC1
H2O - λXH

4RT ln 10
+

F
RT ln 10

EXOH/XRH
0′

- EXO+H+/XRH
0′

2

FEXO+H+/XRH
0′

) µXO
0′

+ µH3O+
0′

- µXRH
0′

- µH2O
0′

FEXOH/XRH
0′

) µXOH
0′

- µXRH
0′

EXOH/XRH
0′

- EXO+H+/XRH
0′

)

RT ln 10
F

log(γXOHγH2O

γXOγH3O+) - RT ln 10
F

pKXOH

log(kf,C1
H2O[H2O]

ke
XH ) = log(Zbi or terøC1

H2O[H2O]

Zmono or biκ
XH ) +

λXH - λC1
H2O

4RT ln 10
+

1
2

log(γXOHγH2O

γXOγH3O+) - 1
2

pKXOH

log(kf,C1
H2O[H2O]

ke
XH ) = log(øC1

H2O

κ
XH

Zbi or ter[H2O]1/2

Zmono or bi ) +

λXH - λC1
H2O

4RT ln 10
+ 1

2
log( γXOH

γXOγH3O+) - 1
2

pKXOH

d[XRH,H2O]

dt
)

-kf,C1
H2O[H2O][XRH,H2O] + kb,C1

H2O × 10-pH[XO,H2O]

kf,C1
H2O ) kC1

H2O

kb,C1
H2O )

k-C1
H2O

γH3O+
10-pH

kf,C1
H2O ) kC1

H2O ) Zbi or ter øC1
H2O exp(-

∆GC1
H2O*

RT )
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10-2013b is almost compensated by [H2O]1/2 = 7.5. In addition,
although not to a large extent, outersphere electron transfers
are expected to be intrinsically more favorable than CPET
reactions both in terms of reorganization (λC1

H2O < λXH) and
transmission coefficient (øC1

H2O < κXH) than CPET reactions (in
the above equation the outersphere electron transfer is assumed
to be adiabatic, i.e., its transmission coefficient is equal to 1).
The main factor that governs the competition between the
CPET1 and ETPT routes is thus the pK of XOH being positive
or negative.

Since

the comparison between the CPET1 and CPET2 pathways is
likewise governed by the following equation:

For the same reasons as before, it follows that the main
governing factor is the pK of the (XO,H3O+) adduct.

In summary, there are thus two main possibilities for the order
in which the pK values fall, leading to the following sequences
of predominance of one pathway over the others:

In the second case there is little doubt that the stepwise ETPT
pathway will surpass the CPET pathways. In the first case, the
CPET pathways overcome the ETPT pathway. Such an outcome
requires however that the excess driving force is sufficient to
overcome the somewhat unfavorable balance of the intrinsic
factors.

The equilibrium potential versus pH diagrams in Figure 2
show the zones of stabilities of the four reactants as a function
of pH and potential in the two cases where pKXOH < 0 and
pKXOH > 0.

In the central zone, the equilibrium redox potential varies
with pH according to

(in the likely case where that the activity coefficients are close
to 1).

One may of course use this pH-depending equilibrium
potential to introduce an apparent driving force,F(Eeq - EA)
for the CPET1 reaction but this is not the “driving force” to be
used in activation-driving force relationships describing the
kinetics. The proper formal potentials to be used for defining

the driving forces of the CPET1 and ETPT pathways are those
indicated by the red and blue arrows, respectively.

2. Two-Step and One-Step CPET OH- Deprotonation
Pathways.Going to higher pH values, water may be replaced
by OH- as proton acceptor. Here too, a two-step or a one-step
process may be envisaged as depicted in Scheme 1b.

2.1. Do Driving Force and Rate Constants Depend on pH?
The rate equations corresponding to the two-step reaction
(CPET2 pathway in Scheme 1b) write

where the rate constants are as marked in Scheme 1b.
The rate constant of the second step,kC2

OH-
may be expressed

as a combination of the activation free energy,∆GC2
OH-*

and of
the pre-exponential factor,Zmono or bi øC2

OH-
:

wherekC2
OH-

and the collision factorZmono or biare monomolecu-
lar or bimolecular rate constants according to the electron
acceptor being attached to the electron donor or freely diffusing

Figure 2. Equilibrium potential vs pH diagram showing the zone of
stabilities of the four reactants and the formal potentials to be used in the
definition of the CPET1 (red) and ETPT (blue) driving forces.
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in the solution. The transmission coefficient,øC2
OH-

, is a measure
of proton tunneling in the CPET2 reaction.

The Marcus quadratic equation may again be used to relate
activation and driving force. The latter is obtained from the
formal potentials of the electron acceptor,EA

0′
and of the

second step,EXO,H2O/XRH,OH-
0′

:

where

An interesting limiting situation is when formation and dis-
sociation reactions of the OH- adduct are fast enough for the
reaction to remain unconditionally at equilibrium. The kinetics
then involves overall forward and backward rate constants,
kf,C2

OH-
andkb,C2

OH-
defined by

where

The true rate constants,kC2
OH-

andk-C2
OH-

are independent of pH
as are the corresponding driving forces. The overall forward
rate constant is now an increasing function of pH as a reflection
of the fact that OH- is a reactant in the forward process.
Conversely, the overall backward rate constant does not depend
on pH.

We now lift the assumption that formation and decomposition
of the OH- cluster are in unconditional equilibrium. We assume
that the interaction energy within the cluster is negligible so
that the coming in and out of OH- can be viewed as a diffusion
process, possibly involving a Grotthuss-type mechanism. Simi-
larly to the case of the proton expulsion mechanism, the effective
rate constants are obtained from

where

In the above discussion, we have considered the OH- approach
and CPET from the OH- adduct thus formed as two successive
steps. We now regard these two steps as concerted: the CPET
reaction then includes the OH- diffusion process, even if there
might be a price to pay for this in terms of reorganization energy
and pre-exponential factor. The rate equation then writes as
follows:

The driving force, defined from

is governed by the formal potential

The overall forward and backward rate constants,kf,C1
OH-

and
kb,C1

OH-
are defined by

with

The forward rate constant may be expressed as

where∆GC1
OH-*

is the activation free energy.kC1
OH-

andZbi or ter are
bimolecular or termolecular constants according to the electron
acceptor being attached to the electron donor or freely diffusing
in the solution. The transmission coefficient,øC1

OH-
, is a measure

of proton tunneling in the CPET reaction.
The rate constant of the forward reaction does not thus depend

on pH, because the driving force does not depend on pH. The
global rate constant of backward reaction does depend on pH,
not because the second-order rate constant depends on pH but
simply because the proton is a reactant in the backward reaction.
The kinetics of the forward reaction depends on pH simply
because OH- is a reactant, whereas the backward reaction rate
constant does not depend on pH.

We may thus conclude that whether the CPET OH- depro-
tonation reaction involves a one-step or a two-step scenario,
the overall forward rate constant depends on pH, not because
its driving force depends on pH, but because OH- is a reactant
in the forward process.

2.2. Competition between CPET OH- Deprotonation and
Stepwise PTET Pathways.As the pH increases, possibly
triggering the occurrence of the CPET OH- deprotonation
pathways, the PTET stepwise pathway may also go off as the
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pH values come close to the pK of the reduced form of the
substrate. In the case where protonation/deprotonation preceding
electron transfer is at equilibrium, the kinetics of the PTET
pathway (Scheme 1c) involves the overall forward and backward
rate constants,kf

X andkb
X defined by

where, by analogy with the CPET2 OH-case

We may now compare the kinetics of the three pathways at
pH values where the CPET2 and PTET forward rate constants
begin to be proportional to [OH-]:

Then

and

Thus

and

and therefore, taking into account thatγH2O[H2O] ) 1,

For reasons similar to those discussed before in the H3O+/H2O
case, the main factor that governs the competition between the
CPET1-OH- and PTET routes is now the pK of XRH being
smaller or larger than-log KW ()14).

Since

the comparison between the CPET1 and CPET2 pathways is
likewise governed by the following equation.

For the same reasons as before, it follows that the main
governing factor is the pK of XRH being smaller or larger than
-log KW ()14).

In summary, there are thus two main possibilities for the order
in which the pK values fall, leading to the following sequences
of predominance of one pathway over the others.

If pKXRH < pKXRH,H2O < -log KW ()14), the PET pathway
predominates over any of the two CPET pathways. In the
converse situation, pKXRH > pKXRH,H2O > -log KW is a necessary
condition for the CPET1 pathway being the most favorable. It
may not be a sufficient condition. The driving force has to be
sufficient to overcome the handicap deriving from a somewhat
larger reorganization enegy and a somewhat smaller transmission
factor.

Similarly to Figure 2, Figure 3 indicates the proper formal
potentials to be used for defining the driving forces of the
CPET1 and PTET pathways with red and blue arrows, respec-
tively.

3. CPET Pathways Involving the Buffer Components.
Since we selected to focus on oxidation processes, we analyze
now CPET reactions that involve the basic component of the
buffer, Z-, as sketched in Scheme 1d. Transposition to reduc-
tions involving the acid component of the buffer is immediate.

The rate equations write
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If we assume that association and dissociation of the adducts
are so fast that equilibrium is unconditionally achieved, then

with (assuming that the activity coefficient of all intervening
species are close to unity)

and

The forward rate constant exhibits saturation kinetics on
increasing the concentration of base. A similar variation of the
backward rate constant on the buffer acid concentration is
expected. Focusing on oxidation, the increase of the rate constant
with the base concentration is one reason for its increase with

pH in experiments where pH variations around the buffer pK
are obtained by increasing the concentration of base. When [Z-]
, 1/Kas

R, the variation of the rate constant with the base
concentration is linear and logkf

Z-
increases proportionally to

pH. The variation then tends to be less, ultimately reaching an
asymptote.

The dependence of the reaction rate on the driving force can
be approximated as before by

in which the standard potential of the hydrogen-bonded couple,
EXRH‚‚‚Z-fXO‚‚‚HZ

0
, is related to the couple involving the separate

reactants according to

It follows that, when [Z-] , 1/Kas
R,

The driving force offered to the reaction is defined by the
standard potential involving the separated reactants, which falls
on the oblique line of theEeq - pH Pourbaix diagram, as shown
in Figure 4. An increase of pK entails an increase of the driving
force offered to the reaction (as illustrated in Figure 4) and
therefore a potential increase of the rate constant. Although this
change in driving force is, besides [Z-], the second main factor
of an increase of the rate constant with pH, when going from a
buffer to a more basic buffer, one should also take into account
that the standard rate constant (or equivalently the intrinsic
barrier) and the two association constants may also vary. As to
the latter factor we note that the variations of the association

Figure 3. Equilibrium potential vs pH diagram showing the zone of
stabilities of the four reactants and the formal potentials to be used in the
definition of the CPET1-OH- (red) and PTET (blue) driving forces.
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Figure 4. Standard potentials for CPET-OH- pathways involving basic
components of the buffer.
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constants upon passing from one buffer to the other tend to
compensate each other.

In all cases, the variations with pH are indirect, being caused
either by an increase of the concentration of a reactant or by an
increase of the buffer pK.

Concluding Remarks

(1) Concerted proton-electron oxidations involving water as
proton acceptor may well compete favorably with electron first,
proton second (ETPT) stepwise pathways. A necessary but not
sufficient condition for this to happen is that the pK of the re-
duced form of the substrate is smaller than 0. This excess driv-
ing force has to be large enough for overcoming pre-exponential
and reorganization factors that are somewhat unfavorable to the
CPET pathways in the competition. The driving force for such
CPET pathways does not vary with pH and so does the oxidation
rate constant. The overall backward reaction rate constant does
vary with pH, not because the driving force varies with pH,
but because proton is one reactant of the backward process.

(2) In the basic pH range, concerted proton-electron oxida-
tions involving OH- as proton acceptor may similarly compete
with proton first, electron second (PTET) stepwise pathways.
The driving force of the reaction is likewise independent of pH.
The overall oxidation rate constant is an increasing function of

pH, not because the driving force varies with pH, but because
OH- is one reactant of the forward process. Conversely, the
rate constant of the backward reaction is independent of pH.
The competition between such CPET-OH- reactions and the
stepwise PTET process depends on the pK of the substrate being
below or above 14. In the first case, the PTET pathway
predominates. In the second, the CPET pathways may be the
most favorable. This however requires that the excess driving
force thus gained be sufficient for overcoming pre-exponential
and reorganization factors that are somewhat unfavorable to the
CPET pathways in the competition.

(3) When the reactions are carried out in a buffered medium,
basic components of the buffer may serve as proton acceptor
in a CPET mechanism. The excess driving force thus provided
may make the CPET pathway predominant over the stepwise
pathways. It has however to overcome unfavorable pre-
exponential and reorganization factors and also possibly unfa-
vorable values of the H-bonded association constants between
the substrate and the buffer basic component.

(4) The above conclusions are based on first principles. It
follows that interpretations of previous experimental data based
on the incorrect notion that the driving force of CPET-H2O
reactions depends on pH5 should be revised.
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