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Water-bound metal (M) complexes play a central role in the catalytic centers of

natural systems such as Photosystem II (PSII), superoxide dismutase,

cytochrome c oxidase and others. In these systems, electron transfer reactions

involving the metal center are coupled to proton transfers. Besides its

fundamental interest, comprehension of these reactions and of possible bio-

inspired catalytic devices is an additional motivation for studying the coupling

between proton and electron transfer (proton-coupled electron transfers, PCET),

starting with an aqua-MII/hydroxo-MIII couple, and going to higher oxidation

degrees as in the case of PSII (hydroxo-MIII/oxo-MIV couple). Factors that

determine the occurrence of the stepwise and concerted pathways are recalled

from the illustrating example of a recently described mononuclear osmium

complex, thus opening perspectives for further studies of the biomimicking

complex. PCET in a mononuclear aqua/hydroxo manganese couple was then

studied using the electrochemical approach.
Introduction

Proton coupled electron transfer (PCET) reactions play a critical role in a variety of
biological and chemical processes.1 Prominent examples, among others, such as
Photosystem II,2–4 superoxide dismutase (SOD)5–7 or cytochrome c oxidase,8 involve
proton-coupled electron transfer reactions in metal complexes, playing an essential
role in the succession of steps leading to catalysis of the reaction. The remarkable
efficiency of these enzymatic systems could lie in the fact that proton and electron
transfers are so intimately coupled that they are in fact concerted.4 As a consequence,
unraveling the mechanisms of proton-coupled electron transfers is an important task
from a fundamental viewpoint, but also in order to design and elaborate efficient
biomimetic complexes, all along nature guidelines. Active attention is thus currently
devoted to the competition between the possible pathways.9

The stepwise pathways (grey pathways in Scheme 1) involve separated steps for
proton and electron transfer. These stepwise pathways form a square reaction
scheme in which electron transfer is followed by proton transfer (EPT pathway)
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Scheme 1 Pathways for PCET oxidation. The superscripts O and R stand for ‘‘oxidized’’ and

‘‘reduced’’, respectively. Z (charge not shown)/HZ+ is any electroinactive acid–base couple.
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or proton transfer is followed by electron transfer (PET pathway). In the concerted
pathway, proton and electron transfer are transferred in a single step (black
pathway, Scheme 1), thus avoiding the high energy intermediates encountered along
the two steps mechanisms. It may involve prior formation of an adduct combining
the reactant with the proton accepting species Z (e.g. the base of a buffer if the reac-
tion takes place in buffered water), as shown in Scheme 1. After the concerted
proton–electron transfer (CPET) has taken place within this adduct, the reaction
may or may not go through the intermediacy of an adduct before the oxidized
species is finally formed.

When electronic steps are rate determining, the reaction scheme can be described
as an apparent electron transfer. Its thermodynamic is determined by an apparent
potential which can be related to the standard potentials characterizing each
pathway E0

XH, E0
X and E0

CPET for the EPT, PET and CPET pathways, respectively, ac-
cording to eqn (1) and (2). Eqn (2) was obtained by considering, as is more often the
case, that association constants between the complex (oxidized or reduced form
respectively) and the buffer components (acid or base respectively) are weak and
about the same. The apparent standard potential is currently related to the pH by
the classical Pourbaix diagram (Fig. 1).
Fig. 1 Pourbaix diagram showing the variation of the apparent standard potential E0
ap with pH

and the characteristic pK values and standard potentials.
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F
log

 �
Hþ�þ KX RH�
Hþ
�
þ KX OH

!

¼ E0
X þ RT

F
log

KX OH

KX RH

�
Hþ�þ KXRH�
Hþ
�
þ KXOH

 ! (1)

E0
ap ¼ E0

CPET þ
RT

F
log

�
KX OH

KZH

�
Hþ�þ KX RH�
Hþ
�
þ KXOH

�
(2)

Whether the mechanism is stepwise or concerted, the kinetic law that relates the
current density, I, to the electrode potential, E, can be approximated by the linear
Butler–Volmer eqn (3) (in the experimental conditions usually encountered a value
of the apparent transfer coefficient equal to 0.5 could be used, provided that all acid–
base and association/dissociation reactions in Scheme 1 are so fast as to remain at
equilibrium, the [ ]’s being the concentrations of oxidant and reductant at the elec-
trode surface).9,10

I

F
¼ k

ap
S exp

�
F

2RT

�
E � E0

ap

�	
�P
½red� �

P
½ox�exp

h
� F

RT

�
E � E0

ap

�i� (3)

The apparent electronic transfer kinetic is characterized by an apparent standard
rate constant kap

S which represents the common value of the oxidation and reduction
rate constants when the electrode potential is set at a value equal to the apparent
standard potential, E0

ap. Its ‘‘apparent’’ character refers to the fact that it does not
represent an elementary step but it is a combination of standard rate constants char-
acterizing each intervening pathway. In other words, the PCET mechanism results
from the competition between stepwise and concerted apparent kinetic contribution.
With reference to Scheme 1, the apparent standard rate constant may be expressed
as the sum of the various standard rate constants (kX

S , kXH
S and kCEPT

S for the PET,
EPT and CPET pathways respectively), each of them being weighted by the contri-
bution of the corresponding pathway, thus leading to eqn (4).10 In this equation, KO+

as

and KR
as represent the association constants as defined on Scheme 1.

k
ap
S ¼

kX
Sffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 þ
�
Hþ�

KX OH

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 þ

�
Hþ�

KX RH

s

þ kXH
Sffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 þ KXOH�
Hþ
�

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 þ KX RH�

Hþ
�

s

þ
kCPET

S

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KOþ

as KR
as

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
HZþ

�
½Z�

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

�
Hþ�

KX OH

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ KX RH�

Hþ
�

s

(4)

Successive oxidations of transition metal aqua complexes, starting at the two-
oxidation state, MII(OH2) to MIII(OH), then to MIV(O) and possibly MV(O), is
a domain where PCET reactions are very common, as can be read from the many
Pourbaix diagrams that have been recorded.11,12 Indeed, proton transfer allows us
to avoid charge accumulation upon successive redox events thus leveling off

View 
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oxidation potentials. The mechanism of these PCET reactions—concerted or step-
wise—is an important issue in the understanding of natural systems and design of
artificial systems catalyzing the formation of dioxygen from the 4e� oxidation of
water, as well as the dismutation of the superoxide anion into dioxygen and
hydrogen peroxide within cells, for example.5–7 The mechanism of the PCET oxida-
tion of MII(OH2)/MIII(OH)/MIV(O) PCET sequence has been addressed in pioneer-
ing electrochemical and homogeneous studies of ruthenium complexes.13–16 The
mechanistic analysis was however incomplete and additionally obscured by the
possible interference of RuII + RuIV disproportionation. The domain of thermody-
namic existence of the RuIII is indeed very narrow over the accessible range of pH.
This drawback can be bypassed with osmium complexes which present larger ther-
modynamic existence domains. Electrochemical kinetic studies have been previously
performed in details for two osmium complexes: [OsII(bpy)2(4-Npy)(H2O)]2+ (4-Npy
¼ 4-aminopyridine)17,18 and [OsII(bpy)2py(H2O)]2+ (py¼ pyridine, bpy¼ 2,20-bispyr-
idine, Scheme 2).11,19 They lead to firm conclusions as concerns the oxidation mech-
anisms, and allowed to underscore the general factors controlling the reactivity. The
main parameters are hereafter recalled and guidelines for further studies are
proposed. The validity of the assumption commonly made for PCET processes in
buffered aqueous media that all acid–base reactions remain at equilibrium is dis-
cussed. Manganese complexes aiming at mimicking catalytic centers of biological
centers (PSII, SOD, catalase) have also been described although no mechanistic
analysis of the PCET reaction involving the redox chemistry of Mn is available. A
major drawback is that electrochemical study of such complexes is often obscured
by formation of manganese polynuclear species and/or adsorption onto the electrode
surface.20–23 We took the example of a Mn-SOD mimicking complex for analyzing
the proton-coupled electron transfer in MnII-aqua/MnIII-hydroxo couple in buffered
aqueous media. Several difficulties have been encountered leading to the impossi-
bility to get a firm conclusion regarding mechanism but allowing to provide indica-
tion for improvement of the mimicking system.

View 
Results and discussion

Three main experimental criteria allow discrimination between a stepwise and
a concerted pathway. One involves the fitting of the apparent standard rate constant
variation with pH, using eqn (4), provided that intrinsic kinetic and thermodynamic
parameters are known or could be bracketed with a good accuracy. Secondly,
Scheme 2 Cyclic voltammetry of [Os(bpy)2py(H2O)]2+ in Britton–Robinson buffer (pH ¼ 3,

0.1 M) at a boron-doped diamond electrode.
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a description using only the contributions from stepwise pathways would be a first
strong indication that the reaction proceeds in two steps. The measure of a significant
kinetic isotope effect is characteristic of a concerted mechanism because it is the only
one to admit a proton transfer in its rate determining step. While it is assumed here
that proton transfers are at equilibrium because reactions take place in buffered
water, one may wonder whether this assumption is always fulfilled and argue that,
if not, a kinetic isotope effect would not be characteristic of a concerted mechanism.
This point will be discussed in section 1 and it will be shown that it is possible to
distinguish between sequential and concerted mechanisms. The third mechanistic
clue is offered by the possible buffer concentration dependence of the apparent stan-
dard rate constant. As shown by eqn (4), the concerted contribution is proportional
to the square root of each buffer component concentration. The use of all three
criteria (electron transfer kinetics, kinetic isotope effect and buffer concentration
effect) over a sufficiently large pH range usually allows a conclusion regarding the
PCET mechanism. It has been demonstrated within this framework that the
OsII(H2O) ([OsII(bpy)2(4-Npy)(H2O)]2+) oxidation into the OsIII(OH) complex,
with the molecules being attached to long-chain thiols self-assembled onto a gold
surface, is a concerted pathway.17,18 In contrast, kinetic studies of the
[OsII(bpy)2py(H2O)]2+ complex (Scheme 2) in freely diffusing conditions and in buff-
ered aqueous media at glassy carbon (OsII/OsIII) and boron-doped diamond
(OsIII/OsIV) electrodes, have allowed to conclude that it involves a stepwise
OsII(OH2)/OsIII(OH) transfer and a concerted OsIII(OH)/OsIV(O) transfer.11,19 This
study is the first one that demonstrates the occurrence of a concerted PCET reaction
involving metal transition complexes. The generality and significance of the factors
controlling the mechanism will be recalled in section 1 and validity of the assumption
made for that all acid–base reactions remain at equilibrium will be discussed. From
these guidelines, a first attempt to extend our electrochemical approach to
a MnII(OH2)/MnIII(OH) couple, opening the way to the study of highly oxidized,
catalytically active manganese complexes, is presented in section 2.

1. Controlling factors in PCET oxidations involving metal complexes

Thermodynamics of PCET process (Scheme 1) depends on two acidity constants,
KXRH and KXOH, related to two acid–base couples, XRH/XR for the reduced species
and XOH/XO for the oxidised species (Scheme 1). From eqn (4), it appears that
the apparent standard rate constant also depends on these acidity constants. Simu-
lations have been performed for various acidity constant values in buffered solutions

View 
Fig. 2 Variation of the apparent standard rate constant with pH, as a function of the pKa gap
between the redox states (A: pKXRH ¼ 9 and pKXOH ¼ 2, B: pKXRH ¼ 12 and pKXOH ¼ �1, C:
pKXRH ¼ 14 and pKXOH ¼ �3). Black line: apparent standard rate constant, light grey: stepwise
pathway contribution, dark grey: concerted pathway contribution. [Z] + [HZ+] ¼ 0.1 M,
pKa(HZ+/Z) ¼ 5. kX

S ¼ kXH
S ¼ 0.8 cm s�1 and kCEPT

S

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KOþ

as KR
as

p
¼ 0.01 cm s�1 M�1.
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and taking typical intrinsic electron transfer,19 showing the different contributions to
the apparent standard rate constant (Fig. 2). For the sake of simplicity, only one
buffer couple (HZ+/Z with a pKa of 5) is considered to be able to undergo a concerted
mechanism. It can be seen that the larger the pKa gap (pKXRH� pKXOH), the higher in
energy the reaction intermediates of the sequential routes (therefore the formation of
XR and XOH becomes less favourable, Scheme 1), and the more important the
concerted (CPET) contribution is. Studies of the couples OsII(OH2)/OsIII(OH) and
OsIII(OH)/OsIV(O) ([OsII(bpy)2py(H2O)]2+ complex) provide relevant illustrative
examples.11,19 Note that for both couples it was possible to fit the rate constant
for electron transfer, with the theoretical variation using eqn (4), along the whole
range of pH investigated. For the OsII(OH2)/OsIII(OH) couple, the pKa involved
are close enough one from the other (pKXRH ¼ 9.1 and pKXOH ¼ 2) for the mecha-
nism to be stepwise, thus confirming that a small pKa gap involves energetically inex-
pensive reaction intermediates and contains a negligible concerted contribution (this
case corresponds to Fig. 2A). For the OsIII(OH)/OsIV(O) couple, it was not possible
to determine the acidic constants from the Pourbaix diagram, and the pKa gap could
thus be assumed being higher than 14.19 In this case, the reaction follows a concerted
(CPET) pathway. This corresponds to the Fig. 2C case where a large pKa gap leads
to an important concerted contribution in a pH range close to the buffer pKa. Never-
theless, it should be kept in mind that the more important pKa gap is, the smaller the
apparent standard rate constant is (for a given intrinsic standard rate constant).
Thereby, the CPET pathway has a thermodynamic advantage but it involves slower
intrinsic kinetics.

As mentioned previously, it is worth questioning the assumption of having proton
transfers at unconditional equilibrium when the pKa gap is large. When either the
pKa of the reduced state is very high (e.g. higher than 14) or the pKa of the oxidized
state is very low (e.g. negative), the corresponding equilibrium constant for proton
transfer (PET pathway in the first case and EPT pathway in the second case) are
respectively very small or very large (eqn (5)) at intermediate pH (we assume here
that the buffer pKa is equal to the considered pH):

View 
KPET
PT ¼ 10pH�pKXRH, KEPT

PT ¼ 10pH�pKXOH (5)

A complete formal description of both PET and EPT mechanism (respectively
named CE and EC mechanisms in the general case of a first order coupled chemical
reaction with electron transfer) has been done a few decades ago.24,25 It has been
shown that in both cases, and assuming fast electron transfer, the kinetic regime
depends upon two parameters, the equilibrium constant and a kinetic parameter

l ¼ RT

F

kap
p þ kap

�p

v
(with KPET or EPT

PT ¼ kap
p /kap

�p), n is the scan rate while kap
p and kap

�p

are the apparent deprotonation and protonation rate constants, respectively. If
proton transfer is controlled by diffusion in the down-hill direction, then

lz
RT

F

kdif ½Z�
v

, where [Z] is half of the total buffer concentration and kdif is the diffu-

sion limit. Provided that log l > 2, which is achieved at typical scan rate and buffer
concentration used, it can be deduced from zone diagrams (see ESI†) that the tran-
sition between the so-called DE zone (corresponding to proton transfer being at
equilibrium) and the KE zone (corresponding to interference of the proton transfer
step in the kinetics) occurs when log KPET

PT ¼ 0.75 � 0.5log l, i.e. for

pH\pK
X RH
þ 0:75� 0:5 log

�
RT

F

kdif ½Z�
v

�
in the PET case, and when log KEPT

PT ¼

�0.75 � 0.5log l, i.e. for pH.pK
X OH
� 0:75þ 0:5 log

�
RT

F

kdif ½Z�
v

�
in the EPT

case. Moreover, assuming that the electron transfer steps involved in the stepwise
pathways have comparable standard rate constants, it can be seen from eqn (4)
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that the EPT pathway prevails when pKX OH \pH \

pKX OH þ pKX RH

2
� 1 while

the PET pathway prevails when
pKX OH þ pKX RH

2
þ 1 \ pH \ pKX RH . We can

thus conclude that proton transfer can be considered at equilibrium on the whole
pH range if:

pKX RH � pKX OH\0:5þ log

�
RT

F

kdif ½Z�
v

�
(6)

This criterion shows that for systems with a large pKa gap the relative weight of
the concerted pathway as compared to the relative weight of stepwise pathways
can be even more important than predicted from eqn (4). In such cases, the shape
of the voltammograms may deviate from simple apparent monoelectronic wave
and kinetic analysis has to be considered carefully.

The condition given through eqn (6) is fulfilled in the case of the OsII(OH2)/
OsIII(OH) couple (taking kdif ¼ 1010 M�1 s�1, v ¼ 0.2 V s�1 and [Z] ¼ 0.05 M). As
mentioned previously, with the OsIII(OH)/OsIV(O) couple, while it is not known
for certain, a larger pKa gap is expected and the above condition is probably no
more fulfilled in the experimental conditions. However, considering on one hand
the EPT stepwise pathway, anodic peak potential is expected to be more positive
than the one obtained for a proton transfer being at equilibrium, and the chemical
reversibility of the wave starts to decrease (see ESI†). These criteria can be easily
used to rule out or validate the EPT pathway in this regime where the kinetic isotope
effect is no more discriminating (when proton transfers are at unconditional equilib-
rium, a kinetic isotope effect is a signature of a concerted reaction). On the other
hand, considering the PET stepwise pathway, the anodic peak current is expected
to decrease while a new more positive peak appears (see ESI†). Again, these criteria
can be used to rule out or validate the PET pathway.

As can be seen from both eqn (4) and Scheme 1, the buffer plays a crucial role in
the competition between stepwise and concerted pathways. It appears from the
mathematical expression of eqn (4) that the more concentrated the buffer, the
stronger the contribution of the CPET is. Fig. 3 shows the variation of the apparent
standard rate constant with pH, as a function of the buffer concentration. Again, for
the sake of simplicity, only one buffer couple (HZ+/Z with a pKa of 5) is considered
to be able to undergo a concerted mechanism. For the highest buffer concentration
used (5 M), the simulation shows a clear CPET contribution (Fig. 3C). The

View 
Fig. 3 Variation of the apparent standard rate constant with pH, as a function of the buffer
concentration (A: 0.5 M, B: 2 M, C: 5 M; pKa¼ 5). Black line: apparent standard rate constant,
light grey: stepwise pathway contribution, dark grey: concerted pathway contribution.

kX
S ¼ kXH

S ¼ 0.8 cm s�1 and kCEPT
S

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KOþ

as KR
as

p
¼ 0.01 cm s�1 M�1; pKXRH ¼ 9 and pKXOH ¼ 2.
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importance of the buffer concentration has been previously demonstrated in the
oxidation of the [OsII(bpy)2py(H2O)]2+ complex. The kinetic study of OsII(OH2)/
OsIII(OH) (sequential process) has revealed an increase of the apparent standard
rate constant when the buffer (citric acid, pH 5) concentration is increased up to 2
M.11 This may indicate a possible contribution of a CPET pathway involving the
buffer base as proton acceptor, at the expense of the sequential pathway. Moreover,
in the case of the OsIII(OH)/OsIV(O) oxidation in 0.1 M Britton–Robinson buffer
(boric, citric and phosphoric acids) at a boron-doped diamond electrode, it has
been shown that the reaction is fully concerted in the pH range from 4 to 6.5, where
the reaction shows a significant kinetic isotope effect, 19 and it was also shown, again
as predicted by eqn (4), that increasing the buffer concentration leads to an increase
of the oxidation rate constant. In the presence of a buffer, the metal complex is asso-
ciated to the base within a cluster pair, thus forming weakly bonding adducts as it
may be encountered in the active site of proteins. This is the case for example in
Photosystem II, 26 within cytochrome c oxidase 8 or superoxide dismutase (SOD),
7 for which prosthetic group surrounding enzymatic active site may play a crucial
role in assisting numerous structural modifications related to redox reactions
coupled to proton transfer or transport. Such assistance could be provided by
weak bonds (e.g. hydrogen bonds) with some residue(s), in particular basic residues,
and other molecule(s), 27 as e.g. water molecules, as it is the case in the active site of
FeSOD where one water molecule is present in the H-bond chain of the second
sphere residue that allows to transfer protons outside the active site during oxidation
of the FeII(OH2) complex. 7

View 
2. Oxidative electrochemistry of a mononuclear MnII complex in water

As already mentioned, very few analyses exist concerning manganese complexes in
spite of the ubiquity of PCET reactions in biological systems. We took as illustrating
example the mononuclear complex shown in Fig. 4, whose characteristics and super-
oxide dismutation properties have been described earlier, 28 with the aim at studying
the PCET reaction in water of the aqua-MnII/hydroxo-MnIII couple (Scheme 3).
Fig. 4 shows the slow scan reversible cyclic voltammograms obtained between pH
6 and 9 with the manganese complex henceforward designated by [LMnIIOH2]+.
The apparent standard potential, derived from the midpoint between the anodic
and cathodic peak potentials, varies linearly with pH as display in Fig. 4b with
a slope that indicates the exchange of one proton per electron. This diagram shows
the zones of thermodynamic stability of the MnII-aqua and MnIII-hydroxo
complexes. Reversibility was confirmed by a preparative-scale experiment at pH ¼
7.5: the cyclic voltammogram after electrolysis was identical to the voltammogram
recorded before electrolysis, showing that no irreversible transformation of the
oxidation product occurs and thus that the reaction simply consists in the conversion
of the MnII-aqua complex to the MnIII-hydroxo complex by exchange of one electron
and one proton. Below pH 6, the phenolic oxygen of the ligand is protonated leading
to progressive demetallation and a decrease of the cyclic voltammetry wave, of
which shape tends to a plateau (Fig. 5a). This feature can be interpreted in the frame-
work of a CE mechanism (Scheme 4) with the chemical reaction C being deprotona-
tion of the ligand. As pH is decreased this reaction becomes less and less favorable.
At some point the wave becomes controlled by the kinetics of the deprotonation step
leading to a plateau shape wave (passage from a DE zone to a KE zone, see Fig. S1

in the ESI†). The frontier between the two zones is given by Ka;LHþ=L

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RT

F

kþl

v½Hþ�

s
x1

where Ka,LH+/L is the acidic constant of the phenol moiety of the ligand and k+l the
rate constant for ligand protonation. Simulation of the voltammograms (Fig. 5b)
leads to an estimation of pKa,LH+/L¼ 7.5 and k+l¼ 360 s�1. Instability of the complex
in acidic media was confirmed by UV-vis experiments (see ESI†). Above pH 9, the
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Fig. 4 (a) Slow scan (0.2 V s�1) cyclic voltammogram for the oxidation of 0.8 mM of the above
MnII complex [LMnII(OH2)]+ in a 0.1 M MES-HEPES-TABS buffer at pH ¼ 6.5 (blue),
7.0 (yellow), 8.1 (red), 9.1 (green). (b) Variation of the apparent standard potential (midpoint
between the anodic and cathodic peak potentials) with pH, defining the zones of thermody-
namic stability of the MnII-aqua and MnIII-hydroxo complexes.
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wave becomes irreversible and a second wave appears, presumably caused by
a dimerization reaction.20 The possible deprotonation of the secondary amine func-
tion of the ligand was ruled out by identical observations made on a similar Mn(II)
complex prepared with the methylated ligand (methylation of the secondary amine
moiety). Starting from these first results, a preliminary kinetic analysis was then per-
formed in the pH range 6–9.

This kinetic analysis was based on the deviation from the reversible Nernstian
behavior displayed in Fig. 4a upon raising the scan rate. It shows the ‘‘trumpet plots’’
formed by the variations of the anodic and cathodic peak potentials with scan rate
(Fig. 6), allowing the estimation of an apparent standard rate constant, kap

S , based on
the following Butler–Volmer equation, similar to eqn (3):

I

F
¼ k

ap
S exp

�
F

2RT

�
E � E0

ap

�	�X�
MnII

�
�
X�

MnIII
�

exp

�
� F

RT

�
E � E0

ap

�	�

relating the current density, I, to the electrode potential, E, where the abovemen-
tioned apparent standard potential, E0

ap, is defined by means of the Nernst law:

E ¼ E0
ap þ

RT

F
ln

 P�
MnIII

�
eqP�

MnII
�

eq

!

P
indicates a summation of the concentrations at the electrode surface over all

species having the same oxidation degree. The resulting experimental values of kap
S

(Table 1) show some scatter of the data points, and the precision on log kap
S can

be estimated as � 0.3. No trends in the log kap
S ¼ f(pH) variation can be observed.

At first sight, the data are not compatible with stepwise mechanisms (EPT or PET)
because a monotonous variation of the rate apparent rate constant is expected for
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Scheme 3 Pathways for PCET oxidation of manganese complex [LMnII(OH2)]+.
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both mechanisms as function of pH (with a slope of �0.5). However, similar exper-
iments carried out in heavy water produced data points buried in the light water data
points, resulting in an undetectable H/D isotopic effect. When the buffer concentra-
tion is increased at fixed pH (7.5) from 0.01 M to 1 M, no significant deviation of the
voltammograms is observed. Following the criteria recalled in section 1, these exper-
iments rule out a fully concerted mechanism. Moreover, it has to be emphasised that
when the scan rate is increased, the cathodic wave does not exactly follow the
behavior expected for an simple slow apparent monoelectronic transfer, making
the determination of an apparent standard rate constant uncertain (see Fig. 6 for
anodic peak potentials and ESI† for voltammograms). This observation can be an
Fig. 5 (a) Slow scan (0.2 V s�1) cyclic voltammograms for the oxidation of 0.8 mM of the MnII

complex [LMnII(OH2)]+ in a 0.1 M MES-HEPES-TABS buffer at pH 5.1 (blue), pH 5.4 (green),
pH 6 (red), pH 6.5 (orange), pH 6.8 (magenta). (b) Simulations (using DigiElch Software29).
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Scheme 4 Mechanism involved for oxidation of manganese complex [LMnII(OH2)]+ in acidic

medium (pH < 6).

Fig. 6 Cyclic voltammetry of [LMnII(OH2)]+ in 0.1 M MES-HEPES-TABS buffer as a func-
tion of pH and scan rate. ‘‘Trumpet plots’’ (peak potentials, anodic on top, cathodic on bottom)
allowing the determination of the apparent standard rate constants by adjustment of the
working curves (full lines) to the experimental data (dots) in the framework of a Butler–Volmer
rate law with a 0.5 transfer coefficient (see text).
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explanation for the lack of a trend in the log kap
S ¼ f(pH) variation. In that context,

we may propose that the observed data could suggest a stepwise pathway (EPT) with
fast electron transfer and proton transfer slightly deviating from equilibrium as pH
increases. Intervention of PET pathway and concerted pathways cannot be
completely excluded. This study points out the difficulty to get mechanistic informa-
tion when thermodynamical data are lacking. Therefore a strategy involving the
attachment of the complex onto the electrode surface to minimize further chemical
steps such as dimerization is envisioned so as to expand the investigated pH range.
Concluding remarks

The electro-oxidation studies of water bound OsII complexes provided us with
various examples of concerted and stepwise proton-coupled electron transfer reac-
tions. In particular, it has been shown that the conversion of OsIII-hydroxo into
OsIV-oxo species follows a concerted pathway, despite slower intrinsic kinetics as
compared to OsII oxidation, because of the large pKa gap between the reduced
and oxidized species which favored a pathway that avoids intermediates. Such reac-
tion was made possible by the presence of large buffer concentration, which plays
the role of proton accepting site within pre-associated weakly bonded adducts. In
contrast, OsII-aqua complexes are oxidized along sequential pathways at every
pH. These guidelines give the main clues for further studies of biomimicking
metal-aqua complexes. We have also shown here that the conditions allowing the
assumption commonly made for PCET processes in buffered aqueous media that
This journal is ª The Royal Society of Chemistry 2011 Faraday Discuss., 2011, 148, 83–95 | 93
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Table 1 Apparent standard rate constant, kap
S , as a function of pH for oxidation of

[LMnIIOH2]+

pH 6.5 7 7.5 8 8.5 9

log kap
S /cm s�1 �1.9 �2.2 �1.95 �2.0 �2.05 �2.1
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all acid–base reactions remain at equilibrium are not always met and should be
considered in the kinetics analysis of PCET reactions. These criteria apply for other
metal complexes mimicking the catalytic site of important biological catalytic
processes, like e.g. manganese complexes involved in the oxidation of water to
oxygen (PSII) or those involved in the dismutation of superoxide anion into oxygen
and hydrogen peroxide (Fe- and Mn-superoxide dismutase), or copper complexes
acting in cytochrome c oxidase.

The experimental data reported in the present work for a MnII-aqua/MnIII-hy-
droxo couple mimicking a Mn-SOD complex did not allow us to draw a clear
conclusion regarding the mechanism involved in the studied proton-coupled electron
transfer reaction. Nevertheless this preliminary study points out the difficulties to get
mechanistic information when thermodynamical data are lacking and allow us to
draw a strategy for the choice of a complex with a coordination sphere that favors
high stability over a large pH range and prevents additional chemical steps such as
dimerization.
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