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CONSPECTUS

Proton-coupled electron transfers (PCETs) are omnipresent in
natural and artificial chemical processes. Given the contempo-
rary challenges associated with energy conversion, pollution abate-
ment, and the development of high-performance sensors, a greater
understanding of the mechanisms that underlie the practical effi-
ciency of PCETs is a timely research topic. "

In contrast to hydrogen-atom transfers, proton and electron “ - “
transfers involve different centers in PCET reactions. The reaction = PET

may go through an electron- or proton-transfer intermediate, giv- o
ing rise to the electron—proton transfer (EPT) and the J

current
H
D

potential

H
proton—electron transfer (PET) pathways. When the proton and D
electron transfers are concerted (the CPET pathway), the high-en- potential “
ergy intermediates of the stepwise pathways are bypassed,
although this thermodynamic benefit may have a Kinetic cost. The
primary task of kinetics-based mechanism analysis is therefore to distinguish the three pathways, quantifying the factors
that govern the competition between them, which requires modeling of CPET reactivity. CPET models of varying sophisti-
cation have appeared, but the large number of parameters involved and the uncertainty of the quantum chemical calcula-
tions they may have to resort to make experimental confrontation and inspiration a necessary component of model testing
and refinement.

Electrochemical PCETs are worthy of particular attention, if only because most applications in which PCET mechanisms
are operative involve collection or injection of electricity through electrodes. More fundamentally, changing the electrode
potential is an easy and continuous means of varying the driving force of the reaction, whereas the current flowing through
the electrode is a straightforward measure of its rate. Consequently, the current—potential response in nondestructive tech-
niques (such as cyclic voltammetry) can be read as an activation—driving force relationship, provided the contribution of
diffusion has been taken into account. Intrinsic properties (properties at zero driving force) are consequently a natural out-
come of the electrochemical approach.

In this Account, we begin by examining the modeling of CPET reactions and then describe illustrating experimental exam-
ples inspired by two biological systems, photosystem Il and superoxide dismutase. One series of studies examined the oxi-
dation of phenols with, as proton acceptor, either an attached nitrogen base or water (in water as solvent). Another addressed
interconversion of aquo-hydroxo-oxo couples of transition metal complexes, using osmium complexes as prototypes. Finally,
the reduction of superoxide ion, which is closely related to its dismutation, allowed the observation and rationalization of
the remarkable properties of water as a proton donor. Water is also an exceptional proton acceptor in the oxidation of phe-
nols, requiring very small reorganization energies, both in the electrochemical and homogeneous cases. These varied exam-
ples reveal general features of PCET reactions that may serve as guidelines for future studies, suggesting that research
emphasis might be profitably directed toward new biological systems on the one hand and on the role of hydrogen bond-
ing and hydrogen-bonded environments (such as water or proteins) on the other.
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Introduction

Starting from the conspectus proton-coupled electron trans-
fers (PCET) reaction scheme, one of the main tasks of the
kinetics-based mechanism analysis is to distinguish the three
pathways one from the other. Another consists of uncover-
ing the factors that govern the competition between these
pathways. Systematic and successful mechanism analysis of
electrochemical PCET reactions is quite recent, starting in
2004—2005." It implied modeling of the Kinetic reactivity of
concerted (CPET) reactions.?> This is the object of the first sec-
tion of this Account.

In the examples of application of mechanism analysis
inspired by photosystem II,* we refer both to oxidation of phe-
nols as mimicking the oxidation of a tyrosine located in the
proximity of a histidine serving as proton acceptor and to the
way in which the oxygen evolution manganese cluster is able
to catalyze the oxidation of water. This is also the case for arti-
ficial catalytic systems of the same reaction based on transi-
tion metal complexes® where the role of the metal(ll)aquo-
metal(lllhydroxo-metal(IV)oxo PCET sequence is deemed
essential.

As concerns the second example, superoxide dismutases®
catalyze the reaction:

20, +2H"— 0, + H,0,
which may be decomposed in two half-reactions
0, —e =0,
0, +e +H =0,H"
O,H  +H"=H,0,

The first half-reaction is a straightforward outersphere elec-
tron transfer, and the second is a typical proton-coupled elec-
tron transfer followed by a second proton uptake. The
characteristics of the electrochemical reduction of O,*~ in an
aprotic solvent and its evolution upon addition of a weak acid
such as water may thus provide insights into the mechanism
of the dismutation reaction.

Water was also found to be a remarkable proton acceptor
in the oxidation of phenols as resulted from a cyclic voltam-
metric investigation of the electrochemical oxidation of two
phenols, 2,4,6-tri-tert-butyl phenol and phenol itself in the
absence of buffers. The very small reorganization energies
found called for a comparison with the homogeneous oxida-
tion of phenol investigated by means of the flash photolysis
and stopped-flow techniques.

Most of the results discussed below were gathered by
means of cyclic voltammetry, which consists of monitoring the
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FIGURE 1. Pourbaix diagram showing the zones of
thermodynamic stability of the various reactants in water.

current resulting from isosceles triangular scanning of the elec-
trode potential. Mechanism analysis is based on the shape,
height, and potential location of the resulting current—
potential responses and their variation with parameters such
as scan rate and reactant concentrations (for an introduction
to this technique, see ref 7).

Modeling Electrochemical CPET

The standard free energy of an electrochemical reaction (the
opposite of the driving force) is given by —F(E — E°) for oxi-
dation, where E is the electrode potential and E° is the stan-
dard potential of the redox couple (F is the Faraday constant).
Each of the pathways in the conspectus scheme is character-
ized by a different E°, defined from the standard chemical
potentials («°) as

0 _ 0 _ .0
Eepr = ttxon- . .5 — txen- - -8
0 _ 0 _ .0
Eper = txo. . .+ — Hxr. - -1+

0 _ 0 0
Ecper = tixo. . .hg+ — Uxr- - -8

If the interaction represented by the H-bonds may be
neglected, these standard potentials may be spotted on a
Pourbaix diagram that relates the apparent standard poten-
tial, E9,, to pH as shown in Figure 1, with ES, being defined
through the Nernst law describing the PCET thermodynamics:

- I DELEECH)

oV + XRH

The driving force of a CPET reaction where the proton is
hosted in the HB*/B couple is thus given by the value of EJ,
for a pH equal to the pK of this acid—base couple. If the pro-
ton acceptor is water itself, the driving force corresponds to pH
= 0, even if the pH of the experiment is different from O, pro-
vided the solution does not contain other bases able to serve
as proton acceptor in other CPET reactions.?

Rate laws in electrochemistry relate the current density, /,
to the reductant and oxidant reactant concentrations at the
electrode surface. The driving force of the reaction is involved
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FIGURE 2. CPET: schematic representation of the potential energy
profiles.

in the oxidation and reduction steps, with their ratio being
given by the electrochemical oxidation equilibrium constant,
expl[(F/RT)(E — E9)]. In most practical cases, this rate-driving
force relationship, as applied to CPET reactions as well as to
the electron-transfer steps in the stepwise pathways, may be
linearized, giving rise to the so-called Butler—Volmer
relationship:2

=K explaF(E EO)I{[red] exp[——E Eol[ox]} (1)

with

Fos

k&P = ks exp[ (a+zg)—= o7

(ks, k& = true and apparent standard rate constants, o. = trans-
fer coefficient, zg = reactant charge, ¢s = potential difference
between the reaction site and the solution). Application of eq
1 to electron transfers in the stepwise pathways is justified by
the fact that they are outersphere electron transfers and that
the value of the transfer coefficient, o, may be considered as
constant (but not necessarily equal to 0.5) over the relatively
narrow potential excursion in standard cyclic voltammetric
experiments. But what about the applicability of these rela-
tionship for CPET reactions? A simplified model was devel-
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oped? based on the ideas detailed in ref 9 for proton transfer.
The four diabatic states represented in Figure 2 are mixed to
generate two states that are adiabatic toward proton trans-
fer, as shown in the upper inset. Both electron and proton
being light particles as compared to the other atoms, their
transfer requires, according to the Born—Oppenheimer approx-
imation, reorganizing the heavy atoms, including those of the
solvent to reach a transition state where both reactants and
products have the same configuration. The electron being
much lighter than the proton, a second application of the
Born—Oppenheimer approximation entails that the electron is
transferred at the avoided crossing intersection of the poten-
tial energy profiles of the resulting two states while the pro-
ton tunnels through the barrier thus formed (Figure 2). Figure
2 exemplifies a proton transfer occurring between two pro-
ton vibrational ground states. Proton excited states may be
additionally involved but usually to a lesser extent.2’ In the
rate law relating the current density to the electrode potential,

/

= (){[red]—exp[ L

lox]}

the potential-dependent rate constant, k(E), may be expressed,
as the product of a pre-exponential factor, Z, by the classical
quadratic Marcus—Hush term related to the harmonic approx-
imation sketched in Figure 1:

AZPE
“RT

E—EO)

A

K(E) = Zexp[— m(] —F

where 4 is the reorganization energy of the heavy atoms dur-
ing the reaction. AZPE = ZPE® — ZPEg is the difference
between the transferring proton zero-point energies at the
transition state and at the reactant state. The pre-exponential
factor Z = Z° is the product of the collision frequency Z¢ =
(RT/2xM)'? (M = reactant molar mass) by the transmission
coefficient y = 2p/(1 + p), where p is the probability of pro-
ton tunneling and electron transfer, which occurs at the tran-
sition state as sketched in the upper inset of Figure 2. p is
obtained from the Landau—Zener relationship:

b1 ol A5

in which C is the coupling energy between the reactant and
product proton vibrational states at the transition state,
obtained semiclassically from the ground state profile, V(g, Q)

= v, exp| -2/ h( [ \2m(Vig, Q) — B dq|

where Q is the distance between the donor and acceptor
atoms, g is the proton coordinate, vg is the proton well fre-
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quency, mp is the proton mass, and g; and gy are the classical
turning points in each well at fixed Q. It follows that y is a
function of Q to be averaged according to y = /=2x(Q) P(Q) dQ
over the Boltzmann distribution (as recalled by the blue spring
in the upper insets of Figure 2), which emphasizes the impor-
tance of small values of Q in proton tunneling.

So far, only Fermi-level electronic states of the electron in
the electrode have been taken into account. Taking into
account all electronic states of the electrons in the electrode
leads to a somewhat cumbersome expression of the overall
rate law. However, considering the fact that the potential
excursion in a cyclic voltammetric experiments does not
exceed a few hundred millivolts, the rate law may be linear-
ized leading to the applicability of rate law (1) and to the fol-
lowing expression of the apparent standard rate constant:*

| (kgp) inf 2R A4+ (a + zx)Fps + AZPE
nl—J=In -
T (Nzw) RT

which can be read as an Arrhenius plot, the slope and inter-
cept of which provide an estimation of the reorganization
energy and of the transmission coefficient, respectively, to be
compared to the predictions of the model.

We note en passant that a Marcus-type inverted region is
not expected in CPET reactions for two reasons: contribution
of electrode electronic states outside of the Fermi level and
contribution of proton excited states.°

The reorganization energy 4 is the sum of an intramolecu-
lar contribution, 4;, and a solvent reorganization energy, 1o. 4;
may be estimated quantum-mechanically by calculating the
energy of the product system in the configuration of the reac-
tant system or vice versa. 4, is itself the sum of two contribu-
tions according to an electrostatic model developed in ref 2a:

o € (111
0 4ge, gp Es)20

and

ot 1 (55—1 Sop—1)WR_#P)2 @)

O 7 Ameg\2es+ 1 24, + 1

(e0 = vacuum permeability, eop, es = optical and static dielec-
tric constants of the solvent, respectively, a = radius of the
reactant equivalent sphere, and ug, up = dipole moments of
the reactant and product, respectively). The first contribution
is usually much larger than the second. They are typically in
the ratio 90:10 (see next section).

The estimation of y using the above series of equations is
simplified by means of the isosceles triangle approximation of
the proton-tunneling barrier shown in the upper-right inset of
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Figure 2.2° Note that the vicinity of the electrode may pro-
duce an electric field effect, symbolized by AE and the dashed
line in the upper-right insert of Figure 2, which decreases the
height and the thickness of the proton-tunneling barrier, result-
ing in an increased degree of adiabaticity (see an illustration
of this effect in the next section).

The CPET pathway is expected to be endowed with a H/D
kinetic isotope effect, which may be used as a diagnostic cri-
terion in mechanism discrimination as developed in the next
sections. In the framework of the CPET pathway, since the
reorganization energy and the double-layer correction are
expected to be practically the same in both cases, k&,/k,
depends essentially on the variation in zero-point energies
and on the tunneling of proton (viz. deuteron) represented by
the values of the transmission coefficient:

— AZPE,, + AZPE,
RT

ap
ks _XH

ap
ksp  Xp

For adiabatic CPETSs, that is, for y = 1, typical values are of the
order of 1.5, whereas larger values are observed when the
degree of nonadiabaticity increases (see next sections).

Oxidation of Phenols with an Attached
Proton Acceptor

Oxidation of phenols is facilitated by the presence of a pro-
ton accepting group such as an amine, forming a H-bond in
structures such as that shown in Figure 3, mimicking the
tyrosinez-histidine 190 pair in photosystem II. Cyclic voltam-
metry in an aprotic solvent (Figure 3) shows a reversible wave
corresponding to the one-electron—one-proton reversible con-
version from phenol + amine to the phenoxyl radical +
ammonium ion, which may take the pathways shown in the
conspectus scheme.'® That the CPET pathway prevails results
from the simulations shown in Figure 3a of the cyclic volta-
mmetric responses corresponding to the stepwise pathways.
Using values bracketing the standard potentials and equilib-
rium constants of each step of the stepwise pathways clearly
shows complete disagreement with the low-scan rate response
(Figure 3a). The CPET kinetics interferes upon raising the scan
rate, revealing a small (k& /k%, = 1.6) but definite H/D Kinetic
isotope effect (Figure 3b), in line with the CPET mechanism.
Estimation of the degree of adiabaticity and reorganization
energy may be obtained from the application of eq 2 to the
Arrhenius plot shown in Figure 3c. It thus appears that y = 1
and
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FIGURE 3. Cyclic voltammetry in acetonitrile of the aminophenol
shown. (a) Red, experimental trace at 0.2 V/s; blue, simulation of
the stepwise pathways. (b) H/D Kinetic isotope effect. Cyclic
voltammetry at 0.5 V/s in the presence of 2% CH3OH (red) and
CD50D (cyan). (c) Arrhenius plots in the presence of 2% CH3;OH (red)
and CDsOD (cyan).

% + aF¢s + AZPE = 0.285 eV (for H), 0.297 eV (for D)

Since the cyclic voltammetric response is close to revers-
ible, o = 0.5. Using k& /k&, = expl(AZPEW/RT)(1//2 — 1) =
1.6, AZPE, can be estimated as equal to —0.04 eV and thus
A = 1.06 eV.? This rather modest value of the reorganiza-
tion energy may be rationalized using eqs 3 and 4, which
leads, with literature or estimated values of the various param-
eters, to Ag" = 0.713 eV, AT = 0.062 eV, 4; = 0.375 eV, and
thus 2 = 1.15 eV,?" in good agreement with the experimen-
tal value. The agreement is far from being as good concern-
ing the transmission coefficient. Indeed, application of the
preceding triangle model leads to y = 0.004, instead of 1.
This discrepancy has been suggested to result from an elec-
tric field effect due to the reactant site being located close to
the electrode surface within the strong double layer electric
field, corroborated by a quantitative estimate of this effect.?

It is interesting to compare these electrochemical results to
the oxidation of similar amino phenols by homogeneous reac-
tants.'" Arrhenius plots obtained for the reaction shown in
Scheme 1'" may be analyzed by means of a homogeneous
version of eq 2:2°~¢
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+ AZPE
RT

A, AH°

K\ _ ( . 8nR) A 47 2

ln(ﬁ_) =1In NAXd 7 + ﬁ -
(M = molar mass, d = distance between the centers of the
reactant equivalent spheres, AH® and AS° = standard
enthalpy and entropy of the reaction, respectively) from which
the reorganization energy, 4, and the transmission coefficient,
%, can be derived taking for AH® and AS° the values obtained
from the variation with temperature of the difference in stan-
dard potentials between the CPET and ArN**/ArN redox cou-
ple. The reaction appears as nonadiabatic (y = 0.01), in line
with theoretical estimates, in contrast with the electrochemi-
cal counterpart owing to the electric field effect discussed ear-
lier. This is the main difference between the two types of
reactions. The value of the reorganization energy, 0.8 eV, is
consistent with what was found in the electrochemical case,
provided AH® and AS° are taken into account®® (if not,
improperly large values are found'").

Amine groups attached to the phenol structure are not the
only efficient proton acceptors. Carboxylate groups, also fre-
quent in natural systems, play a similar role as illustrated by
the example depicted in Scheme 2 where the ortho, ortho”-
dicarboxylato-hydrobenzoquinone is electrochemically oxi-
dized with concomitant transfer of the proton to the
carboxylate.'? A CPET pathway is also taken for the further
oxidation generating benzoquinone with proton transfer to the
second carboxylate.

Oxidation of Phenols in Water with Water
as the Proton Acceptor

Water is an ubiquitous solvent in natural and industrial pro-
cesses where it can also act as proton donor and acceptor. Its
role in PCET reactions as a peculiar, H-bonded and H-bond-
ing medium is obviously of considerable interest. Although
investigated over decades, the mechanisms of proton conduc-
tion in water are still under active experimental and theoret-
ical scrutiny.'®> The mechanism of PCET reactions involving
water should deserve the same attention. Oxidation of phe-
nols in unbuffered water recently offered the opportunity of a
detailed characterization of PCET s in water. Investigation of

SCHEME 1

But Ph .
Ph +AI3N +

in acetonitrile

tBu tBu

Vol. 43, No. 7 = July 2010 = 1019-1029 = ACCOUNTS OF CHEMICAL RESEARCH = 1023



Electrochemical Proton-Coupled Electron Transfers Costentin et al.

SCHEME 2

the electrochemical oxidation of tri-t-butylphenol as a func-
tion of pH showed that the competition between a OH™-PET
pathway and a H,O-CPET pathway could be read directly on
the cyclic voltammetric responses.'* Thanks to steric hin-
drance to dimerization of the phenoxyl radicals brought about
by the t-butyl groups, two reversible waves, each of them cor-
responding to one mechanism, are observed. This advanta-
geous feature is however counterbalanced by the necessity of
using a 1—1 water—ethanol solvent, for solubility reasons,
which hampers a full quantitative characterization of the reac-
tion. This drawback is not met with phenol (PhOH) itself, and
the mechanism, even if somewhat more complicated by phe-
nol dimerization, may well be teased out provided this addi-
tional reaction is properly taken into account (in the
conspectus scheme, now: X*H = PhOH, B = OH~, H,0).'> The
thermodynamics of the reaction was determined in buffered
water taking into account the Kinetics of the dimerization reac-
tion according to the procedure summarized in Figure 4a—c,
leading to the values of all characteristic pK’'s and standard
potentials in Figure 4c.

In unbuffered water (Figure 4d,e), starting from basic
media, the oxidation wave splits in two waves as the pH
decreases, showing peak potential variations that are strik-
ingly different from those obtained in buffered media. The
first wave stands for an OH™-PET pathway controlled by the
diffusion of OH™ ions toward the electrode,'> and the sec-
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FIGURE 4. Cyclic voltammetry of phenol (PhOH) in water at 0.2
V/s. (@a—¢) In 0.1 M Britton—Robinson buffers (potentials in V vs.
NHE); (d,e) in unbuffered water. The black stars are the peak
potentials in D,O, and the upper blue line is the simulated variation
of the peak potential for an EPT mechanism. The color code of the
voltammograms and the peak potentials are the same.

ond wave for an EPT or a H,O—CPET pathway. The first pos-
sibility is ruled out by kinetic analysis and simulation (blue
line in Figure 4e)'® and observation of a small but definite
H/D Kinetic isotope effect (2.5). Analysis of the CPET reac-
tion according to egs 1 and 2 leads to kH20PET = 25 cm 5!
and Acper = 0.4 eV. Reaching such a high standard rate con-
stant (the highest ever measured by means of cyclic volta-
mmetry) was made possible by the partial kinetic control by
proton diffusion resulting from the use of an unbuffered
medium.'> Also striking is the smallness of the reorganiza-
tion energy. In this connection, it is interesting to see
whether this feature also transpires in homogeneous oxi-
dation of phenol in neat water. The results of a recent pho-
tochemical and stopped-flow study of this question are
summarized in Figure 5.'® Variation of the overall rate con-
stant, ki, with pH showed the transition between a direct



phenol oxidation reaction at low pH, where the rate con-
stant, kq, does not vary with pH and an OH™-PET pathway
with a rate constant k»:

[ArO7]
[ArOH]total

Kk, = [ArOH]

= ky +
[ArOH]total !

ky (5)

The transition between phenol and phenoxide ion oxida-
tion is characterized by a unity-slope variation. In no case did
these data show the 1/2 slope previously reported for the oxi-
dation of phenol by Ru"(bpy)s.'” The latter behavior was
explained by means of the incorrect'®® notion of pH-depend-
ent driving force. In water, with no other proton acceptor
present, water and the proton produced upon oxidation are
reactants in the CPET process. The driving force is therefore
governed by the standard potential of this reaction, FE&r =
o + udo — ulon — udo (w° = the standard chemical
potentials), which does not depend on pH. It is equal to the
apparent standard potential at pH = 0. Consequently, the 1/2-
slope variation with pH sometimes reported may not be taken
as a diagnostic criterion of the occurrence of a CPET mecha-
nism. Derivation of the characteristics of counter-diffusion
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FIGURE 5. Variation with pH (or pD) of the overall forward rate
constant of phenol + phenoxide oxidation by the various electron
acceptors. (a) Ru"(bpy)s, (b) Ru™(4,4’- CO,Et-bpy),(bpy), (c) Ir'VCls. Red
dots: results obtained in H,O by the laser flash technique in (a) and
(b) and by the stopped-flow method in (c)."® Cyan dots: results
obtained in the same way in D,0. Red and cyan lines: application
of eq 5 to the H,O and D,O data, respectively. (d) Forward rate
constant of phenol oxidation by the various electron acceptors. Red
and cyan symbols: H,O and D0, respectively; squares: Ru"(bpy)
(4,4’- CO5Et-bpy),, triangles: Ru"(bpy)s; circles: Ru"(4,4’-methyl-bpy);
(k; determined at pH = 3); tilted squares: Ir'VCls. Red line: activation-
controlled rate constant predicted for a pre-exponential factor of 2
x 10° M~'s™1 and a reorganization energy of 0.5 eV.
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intermolecular reactions allowed showing that the concerted
process is under activation control. It is characterized by a
remarkably small reorganization energy (0.5 eV), in line with
what was determined in the electrochemical case. It is inter-
esting to note that these reorganization energies are much
smaller than those for the outersphere oxidation of phenox-
ide ions in the same conditions, 0.80 and 1.27 eV in the elec-
trochemical and homogeneous case, respectively.'® The
remarkably small values of the CPET reorganization energies
underpin the very peculiar behavior of water as proton accep-
tor when it is used as the solvent.

Aquo-Hydroxo-Oxo Couples of Transition
Metal Complexes: The Example of Osmium
Complexes

The electrochemical oxidation of the X*H = [bpy,pyOs'—
OH,J*" (py, pyridine; bpy, 2,2"-bispyridine) complex in water has
recently been taken as an illustrative example in the quest of
concerted pathways in metal(lllaquo-metal(lll)hydroxo-met-
al(IV)oxo PCET sequences.?® The two successive waves (Figure
6a) correspond to the passage in the conspectus scheme, suc-
cessively, from Os"—OH, (X®H) to Os"—OH (X% and from
Os"—OH (X*H) to OsV—0 (X°). The variation of the apparent stan-
dard potential, £, obtained as the midpoint of each pair of
peaks, with pH, defines the zones of thermodynamic stability of
the various intervening species (Figure 6b). It immediately
appears, from the peak separations, that the first couple is much
faster than the second and therefore requires using a higher scan
rate for a kinetic characterization. The apparent standard rate
constant, k&, was obtained from the application of the
Butler—Volmer approximation with oc = 0.5 (the overpotential is
small in all cases). It follows that, assuming, as seems likely, that
all protonation/deprotonation steps are so fast as to be under
unconditional equilibrium:

i F 0
_FSCO = kgp exp[ﬁ_(E — Eap)

itor i or IV
AT
CO CO exp ﬁ( ap,
kgﬁu/n or Vil — kg/Png wniV[BI[H B']
EPT [H']

+K
s RS i or v
with: Kostion, orosvoH

PET KOS”OH2 or OsllOH
+kS 1Al or IVAIL
/ [H']

Fitting of experimental data in H,O and D,O (Figure 6¢) with
these equations shows that the stepwise pathways predominate
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FIGURE 6. Cyclic voltammetry of [bpy.pyOs'"—OH,J** in a 0.1 M
Britton—Robinson buffer. (a) Typical two-wave 0.2 V/s
voltammogram at pH = 3. (b) Variation of the apparent standard
potential with pH. (¢) Variation with pH of the apparent standard
rate constant of the Os'/0s" (H»O, blue circles; D,O, cyan stars) and
0s"/0s" couples (H,O, red circles; D,O, orange stars). Blue lines:
prediction for stepwise mechanisms with the two couples. Red line:
prediction for a CPET mechanism with the Os"/Os" couple. (d)
Dependence of the apparent standard rate constant of the Os'/Os"
couple on buffer concentration in an aqueous acetate buffer at pH
5. (e) Contribution of each buffer couple to the Os"/Os" CPET
reaction. Magenta and green: phosphoric acid, pK = 2.16 and 7.21,
respectively. Cyan, blue, and yellow: citric acid, pK = 3.15, 4.77,
and 6.40, respectively.

with the Os'"/Os" couple, whereas the concerted pathway pre-
vails with the Os"/Os"V couple. For the first couple, very large
amounts of the buffer have to be added to trigger the CPET path-
way (Figure 6d). This finding provided an interpretation®°? of the
observation of a CPET mechanism with a similar osmium com-
plex assembled on a gold electrode*' together with carboxy-
late groups serving as proton acceptors. As to the Os"/OsV
couple, the contributions of the various bases contained in the
buffer are detailed in Figure 6e.

This mechanistic analysis is not only the first that rigor-
ously discriminates between stepwise and concerted pathways
in PCET reactions involving the coordination sphere of transi-
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FIGURE 7. Cyclic voltammetry of the reduction of dioxygen in
acetonitrile (+ 0.1 M NBu4PF¢) at a glassy carbon electrode at 0.50
V/s in the presence of increasing H,O concentrations (numbers on
each curve in mM).22> Add 0.645 V to obtain a potential scale
referred to the NHE.

tion metal complexes, but it also nicely illustrates the notion
that CPET pathways, in contrast with stepwise pathways, allow
avoidance of high-energy intermediates: in the first couple, in
which the stepwise pathways predominate, the intermediates
are formed at pH’s well inside the accessible domain; in the
second, in which the concerted pathway prevails, they stand
clearly out of the accessible pH range.

Reduction of Superoxide lon

The reduction of Oy~ (our only example of reductive CPET) is
another case where water, used this time as proton donor, dis-
plays remarkable traits. It was also the first electrochemical
example where the occurrence of a CPET mechanism was
firmly established.?? In an aprotic solvent, dioxygen shows an
almost reversible cyclic voltammetric first wave (Figure 7). The
second thick and irreversible wave corresponds to the reduc-
tion of the superoxide ion produced at the first wave. It is
heavily dependent on the concentration of water, suggesting
the CPET pathway depicted in Scheme 3. In addition to the
CPET mechanism, the PET mechanism is also acting, but at
the level of the first wave rather than at the second wave. The
slight irreversibility of the first wave and its electron stoichi-
ometry, a little larger than one, indicate that the superoxide
jon is protonated to a small extent and the resulting HO," rad-
ical is immediately reduced at the electrode or in solution by
another superoxide ion along an “ECE-DISP” mechanism.” At
the second wave, the CPET route is followed rather than the
EPT route, as attested by a small but significant H/D isotope
effect (= 2).
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The CPET reduction of O~ exhibits a huge variation of the
peak potential with water concentration (Figure 7), paralleled
by an increase of the H/D isotope effect. The standard poten-
tial, EQ,-+n,0/0,u-+on—, derived from the second wave is an
increasing function of the water concentration, which varia-
tion reveals the formation of 1—1 and 1—2 Oy —H,0
adducts. The one-electron transfer product (a set of two neg-
ative ions, HO,~ and OH") is sensitive to this specific solva-
tion to an even larger extent. A positive shift of the standard
potential, and consequently of the peak potential, is thus
expected. However, unrealistically small values of the peak
shifts are thus anticipated, suggesting instead the mechanism
sketched in Scheme 4:%3 a concerted transfer of one electron
and one proton through short water chains is favored ther-
modynamically by a decrease of the attending repulsion
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between HO,~ and OH™ even though there is some Kinetic
counterpart to this advantage, falling in line with the increase
of the H/D kinetic effect with concentration, reflecting the
increase in the H* tunneling distance. The reduction of ben-
zophenone anion radical in an aprotic solvent shows a
remarkably similar behavior upon addition of water.>*

Conclusions and Prospects

Examples of electrochemical PCET reactions as diverse as oxi-
dation of phenols, oxido-reductive conversion in a metal-
aquo/hydroxo/oxo sequence and reduction of superoxide ion
have been successfully analyzed in terms of mechanism by
means of a nondestructive technique, namely, cyclic voltam-
metry. The outcome is an increased knowledge not only on
these particular systems but also on the classes of reactions
they illustrate as typical examples.

On the methodological side, these analyses constitute a
test of procedures that can now be applied to any other sys-
tem. The main advantage of the electrochemical approach is
that changing the electrode potential is an easy way of vary-
ing the driving force of the reaction, as compared to homo-
geneous approaches, which would require the use of
numerous electron donor or acceptor coreactants to the sub-
strate of interest to span an equivalent range of driving forces.
Consequently, electrochemistry offers an easier access to stan-
dard rate constants (rate constant at zero driving force) than
do the other approaches. The main drawback of the electro-
chemical approach is the necessity of constantly checking the
surface conditions of the electrode in order to obtain repro-
ducible results. Note however that other approaches such as
the photochemical approach are not devoid of difficulties, par-
ticularly those related to spurious side-reactions that may per-
turb the overall kinetics (see, e.g., the oxidation of phenol by
photogenerated ruthenium(lll) complexes). These are the rea-
sons that investigating the same reacting system by electro-
chemistry and by other approaches is worthwhile in most
cases. For example, the extremely small intrinsic barrier for the
oxidation of phenol with water (in water) as the proton accep-
tor found electrochemically was usefully confirmed by anal-
ysis of homogeneous oxidation of the same system. From the
rather scarce available comparative data, it appears that pro-
ton tunneling is easier in the electrochemical case than in the
homogeneous case, whereas intrinsic barriers are of the same
order of magnitude.

Comprehension of the CPET reactions and of the factors
that govern competition with stepwise pathways is in its
infancy. Even in crude theoretical models, and a fortiori in
more sophisticated ones, the number of parameters that
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should be adjusted or derived from uncertain calculations is
so large that a semiempirical approach remains necessary.
Starting from pertinent experimental examples suggested by
crude theoretical estimations and by past examples, one will
try to uncover the most important reactivity factors so as to
both simplify and improve the theoretical CPET models and
systematize the parameters of the competition with stepwise
pathways. Combination of electrochemical and other
approaches applied to the same experimental systems
appears as essential, with, in both cases, a particular effort
directed toward the determination of the intrinsic CPET char-
acteristics. We may then expect to progressively build
reactivity—structure relationships that involve not only the
molecule being oxidized or reduced but also the proton accep-
tor. In this respect, understanding the remarkably high reac-
tivity of systems in which water (in water) is the proton
acceptor deserves particular attention.

As progress is made in these fundamental matters, one
may expect that increasingly complex systems, in which PCET
reactions are key rate-controlling factors, will be amenable to
mechanistic and reactivity analysis. One has naturally in mind
the huge number of natural systems in which PCET reactions
play a central role, but also catalytic devices, bioinspired or
not, devised to confront modern energy challenges contain
PCET reactions. Concerning electrochemical reactions, systems
immobilized onto the electrode surface will certainly attract
particular attention.
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Note Added after ASAP. This paper was published on March
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