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Abstract: Catalytic reductions of some
aromatic halides were performed at a
millimetric electrode with several redox
mediators. The resulting concentration
profiles were monitored amperometri-
cally by placing an ultramicroelectrode
inside the diffusion layer produced at
the former electrode. The features of
redox catalysis and the subsequent
structuring of the diffusion layer were
investigated experimentally under
steady-state conditions imposed by the

spontaneous convection of the solution.
The concentration profiles established
from the probe measurements were in
agreement with our theoretical predic-
tions, based on fast kinetics of redox
catalysis. Under these conditions, very
similar to preparative electrosynthesis,

the diffusion layer separates into two
domains where pure diffusion takes
place and the concentration profiles
therein are mainly linear. We demon-
strate that the limit between these two
zones does not depend on kinetics, but is
rather fixed by the product of the ratio
of the bulk concentrations of each
species and the ratio of their diffusion
coefficients.
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Introduction

Redox catalysis provides the means of electrochemically
activating a substrate, S, at a potential located far before (i.e.,
positive to in reduction, or negative to in oxidation) its
electrochemical wave.[1±3] This is performed through the use of
an electron-transfer mediator, M, whose chemically stable
reduced or oxidized form M .� accordingly [Eq. (1)] is able to
transfer an electron endergonically to the substrate, S
[Eq. (2)]. When the resulting activated substrate S .� is
sufficiently chemically unstable [Eq. (3)], the up-hill equili-
brium in Equation (2) is pulled continuously to the right so
that S .� is continuously generated at a maximum rate imposed
by the forward rate constant of Equation (2):

M� eÿ!M .� (1)

M .� � S!M � S .� (k) (2)

S .�! etc. (3)

The fundamental kinetic reasons explaining why the rate of
the follow-up reaction [Eq. (3)] may be sufficient to pull the
homogeneous electron transfer at a significant rate have been
well discussed previously, since the same reaction does not
succeed in doing so when the substrate is reduced or oxidized
directly at the potential of the redox mediator.

Redox catalysis has been shown to be extremely useful for
determining the standard potential of a variety of S/S .� redox
couples, or the rate constant of S .� fast chemical evolution
[Eq. (3)], for substrates for which direct measurements would
have been impossible even with the fastest available direct
electrochemical techniques. In such investigations, one adjusts
the time scale of the electrochemical experiment so that it
becomes comparable to the rate of regeneration of M
[Eqs. (2) and (3)]. In other words, in these kinetic experi-
ments, the electrochemical time scale is made sufficiently
short for the process in Equations (2) and (3) to be
incomplete. The turn-over of the whole process then decays
upon decreasing the time-scale and its variations can be
measured precisely, so that the forward rate constant repre-
senting the sequence of Equations (2) and (3) may be
determined.

In contrast, when one uses redox catalysis for preparative
purposes, a large turn-over is desired in order that a small
fraction of redox mediator afford a current density compara-
ble to that which would be obtained for direct electrolysis of
the substrate. As a consequence, the overall kinetics of the
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process in Equations (2) and (3) need to be much larger than
the rate of diffusion of M .� from the electrode surface to the
solution bulk. Under such conditions M .� cannot survive
enough to escape from the diffusion layer towards the
solution bulk. Similarly, S cannot survive its penetration into
the diffusion layer up to the electrode surface. M .� and S then
cannot coexist in the diffusion layer, except within a narrow
strip of solution that separates two distinct zones of the
diffusion layer (Figure 1a). One zone, adjacent to the

Figure 1. a) Theoretical concentration profiles during the catalytic oxida-
tion (or reduction) of the substrate S by the radical cation (or radical anion)
of the mediator M .� ; b) Zoom of the concentrations resolved numerically
around y� m (zone marked by the circle in a), m and m� z are the
dimensionless concentrations of the mediator radical M .� and substrate S
respectively, m(m� z) corresponds to the dimensionless form of the kinetic
term in Equation (9) (Note that the profile shown is a 10-times-expanded
vertical scale). z� l1/3[(y/m)ÿ 1] where y is the distance from the electrode
(see text for the meaning of the dimensionless rate constant l), m� [M .�]/
cbulk, and m� z�j n j (DS/DM)[S]/cbulk.

electrode surface contains M and M .� and no S or S .� . The
other zone, located between this narrow strip and the solution
bulk contains only M and S. M .� and S may then react
together [Eqs. (2) and (3)] only within the excessively narrow
domain which separates the above two zones. In this narrow
strip of solution M .� and S have then necessarily extremely
small concentrations.

This spontaneous kinetic structuring of a diffusion layer has
been pointed out since the earliest kinetic investigations of
redox catalysis, but much less emphasis has been put on this
phenomenon than on the highly interesting kinetic applica-
tions of the method. Since, by definition, rather short time
scales need to be used in these kinetic applications (vide
supra), M .� survives within almost the whole much shorter
diffusion layers thus created. Similarly, S penetrates the
diffusion layer upto the electrode surface, since the chemical
toll due to Equation (2) is small compared with the short time

scale. Therefore, M .� and S coexist over a significant fraction
of these extremely short diffusion layers, so that the above
structuring does not occur. This may lead to the intuitive view
that in redox catalysis M .� and S always react together in an
almost homogeneous fashion, both species being then dis-
tributed within the whole diffusion layer, although this cannot
occur under realistic preparative conditions as recalled above
and will be established thoroughly in the theoretical section of
this paper.

We wish to show hereafter that, thanks to the development
of in situ mapping techniques developed recently in our
laboratory,[4±7] the precise concentration profiles of M .� and S
can be monitored so as to establish definitively the existence
of the above diffusion-layer structuring when redox catalysis
is performed under conditions that are similar to those
occurring within a realistic preparative electrolysis. Because
of this latter concern, all the experiments reported here are
performed under steady-state conditions as imposed by
spontaneous convection (Nernst layer conditions).

Results and Discussion

Theory : To further clarify the above notion of the diffusion-
layer structuring, we wish first to elaborate upon the
conditions under which this essential feature of redox catalysis
takes place. For this we consider that M .� is produced at the
electrode upon electrolysis of M on its current plateau
[Eq. (1)]. Upon diffusing towards the extremity of the
diffusion layer, M .� meets an opposite flux of S, which is
diffusing in the direction of the electrode. We assume
hereafter that both species react together sufficiently fast
[Eq. (2)], that either species annihilates the other one in any
solution domain where its concentration dominates (Fig-
ure 1a). This occurs when kcbulkd2/DS� 1, where cbulk is the
catalyst bulk concentration, d is the steady state diffusion
layer thickness and DS the diffusion coefficient of S. Then the
two species may exist simultaneously only within a thin strip
of solution located somewhere in the midst of the diffusion
layer. Let m be the distance of this thin domain from the
electrode surface, and 2D its thickness. As will be shown
below, m is independent of kcbulkd2/DS, while D is very small
compared with m or d, provided that kcbulkd2/DS� 1 (vide
infra). Thus, when the reaction in Equation (2) is fast enough,
S cannot enter the domain near the electrode surface where
M .� dominates (namely, [S]� 0 for y< mÿD, y being the
distance to the electrode surface). Conversely, M .� cannot
enter the other domain of the diffusion layer where S
dominates (namely, [M .�]� 0 for m�D< y< d). In either
region neither species can react due to the absence of the
other, so that it undergoes pure diffusion and its concentration
profile in the region is linear under steady-state conditions.

We consider hereafter that S .� , which is produced exclu-
sively within the narrow domain separating the diffusion
layers, evolves extremely fast to a final species, P, possibly
after a cascade of jn jÿ 1 electron transfers and chemical steps
following the reaction of Equation (2):

S .�[� (jn jÿ 1)M .� � . . .]!P [� (jn jÿ 1)M � . . .] (4)
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so that the electron transfer in Equation (2) is the rate
determining step of the overall balance equation shown in
Equation (5):

j n j (M� eÿ) � S � etc!j n j M � P � etc (5)

When the electrode potential is poised on the plateau of the
redox catalyst wave, the flux of M .� at y� mÿD is ÿDMcbulk/
(mÿD)�ÿDMcbulk/m in which DM the diffusion coefficient of
M. At the same instant, the flux of S at y� m�D is DS[S]bulk/
(dÿ mÿD)�DS[S]bulk/(dÿ m). The stoichiometry in Equa-
tion (5) imposes that at m the modulus of flux of M .� is jn j
times that of S. This condition immediately defines the value
of m :

m� d

1� jnjDS�S�bulk

DMcbulk

(6)

Equation (6) shows that m does not depend on kinetics, but
is fixed only by the ratio of the bulk concentrations of each
species times their diffusion coefficients. This equation also
affords the current, which flows through the electrolytic cell.
Indeed, since M .� diffuses without reacting in the domain 0<
y< m, under steady-state conditions its concentration profile is
linear, so that (@[M .�]/@y)y�0� cbulk/m provided that the
electrode potential is poised on the plateau of the M/M .�

wave. From Fick�s first law, the absolute value of the current is
I��FADM(@[M .�]/@y)y�0, in which A is the electrode surface
area [Eq. (7)].

I��FADMcbulk

m
��FADMcbulk

d
� (1 � jnjDS�S�bulk

DMcbulk
� (7)

Note that in the absence of substrate, S, the current would
be I0�� (FADMcbulk/d), which corresponds to the reaction in
[Eq. (1)]. It ensues that the catalytic Faradaic efficiency is:

eF�
I

I0

� d

m
� 1 � jnjDS�S�bulk

DMcbulk
(8)

Interestingly, this shows that eF does not depend on the rate
of the electron-transfer reaction in Equation (2) as soon as
this is fast enough; that is, provided that D is small enough
compared with d.

Let us now clarify this point by working out the value of D.
For this, we need to establish the concentration profiles of M .�

and S within the thin domain of thickness 2D located around
m, where both species coexist. Owing to the balance in
Equation (5), one has at any point within the diffusion layer
(namely, 0< y< d):

DM

@�M.��
@y2

�j n jDS

@2�S�
@y2
�j n j k[M .�][S] (9)

It then follows that:

DM[M .�]ÿjn jDS[S]�DMcbulk(1ÿ y/m) (10)

This shows that [M .�]/cbulk is the solution of the dimension-
less equation:

@2�M.��=cbulk

@�y=m�2 � l
�M.��
cbulk

 
�M.��
cbulk

� y

m
ÿ 1

� �!
(11)

in which l� (kcbulkm2/DS) is a dimensionless rate constant. Let
us then introduce the two following dimensionless variables:

space : z� l1/3
y

m
ÿ 1

� �
� y

m
ÿ 1

� �
kcbulkm2

DS

 !1=3

(12)

concentration : m� l1/3
�M.��
cbulk

� �
� �M.��

cbulk

� �
kcbulkm2

DS

 !1=3

(13)

so that Equation (11) becomes:

@2m/@z2�m(m� z) (14)

When l!1 , this dimensionless second-order differential
equation is associated with the following boundary condi-
tions:

z!ÿ1 : m!ÿ z (15)

z!�1 : m! 0 (16)

Equation (14) and its two boundary conditions are inde-
pendent of any parameter. This is an extremely important
feature, since it shows that the solution m(z) of this system is
unique whatever the values of the parameters which define
the experimental kinetic problem at hand are. In particular,
the symmetry of the system establishes that k�m(m � z),
which is the dimensionless form of the kinetic term in
Equation (9), passes through a finite maximum kmax at z� 0,
and tends towards zero for jz j�sD, where sD is a finite
constant to be determined below. This is tantamount to saying
mathematically what we summarized in Figure 1a. Indeed,
because of the definitions of z and m in Equations (12) and
(13), this amounts to expressing that when kcbulkd2/DS� 1
(namely, l� 1), M .� and S diffuse freely in all the diffusion
layer domains where they exist, except within a narrow strip
located around y� m (i.e. , around z� 0) of an extremely small
thickness 2D (namely, D� sDlÿ1/3! 0).

Therefore, M may be regenerated and S .� produced only
within this thin kinetic strip. In other words, contrary to the
generally spread, intuitive picture of redox catalysis that
occurs by the overlap of M and S .� concentration profiles over
a significant fraction of the diffusion layer, the true redox
catalytic phenomenon occurs only within an extremely
narrow domain located around y� m, in the midst of the
diffusion layer. The two other remaining portions of the
diffusion layer then only play the role of kinetically inert
diffusional ªfeedersº, whose role is only that of delivering the
two reactants, M .� and S, to the very small region where they
react together. These conclusions cannot be drawn when
kcbulkd2/DS (namely, l) is not large enough for D to be smaller
than d. However, this defines conditions under which the
redox catalytic procedure is almost inactive and is therefore
not suitable from a preparative point of view. It follows that
any system that presents a preparative interest necessarily
behaves as sketched in Figure 1a.

To proceed quantitatively, the system of the differential
Equation (14) and its boundary conditions [Eqs. (15) and
(16)] need to be solved. This was performed numerically
through a classical finite-differences procedure. The results
are shown in Figure 1b, which zooms over the region around
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y� m marked by the circle in Figure 1a. Figure 1b confirms
that sD is finite and that its maximum value is of a few units
only. For example by defining sD so that more than 99 % of the
S .� production and M regeneration [Eq. (2)] occurs within the
domain jz j� sD, sD� 3.7 is obtained. sD becomes only about
2.2 when the domain is defined so that 90 % of S .� is produced
and M regenerated within its boundaries.

Since sD is found to be close to unity, it results from
Equation (12) that in the real space, y, the thickness 2D�
2sDmlÿ1/3 of the narrow domain in which M .� and S coexist
tends towards zero as lÿ1/3 does. Equation (6) shows that this
extremely small domain is located within the diffusion layer at
a distance m/d, which depends only on the relative diffusion
coefficients and bulk concentrations of the substrate and
redox mediator. Outside of this interfacial domain, M .� and S
diffuse in their zone of predominance so that their concen-
tration profiles are linear therein (Figure 1).

To conclude this section, let us examine more precisely
when this situation arises. In practice, the system will behaves
as sketched in Figure 1 provided that D is a small fraction, 1, of
m. Since D� sDmlÿ1/3, this imposes that 1� sDlÿ1/3� 1, that is,
that kcbulkm2/DS�sD

3. For most preparative situations of
interest, m2/DS is of the order of a few tens of seconds, so
that from the above sD values, it follows that these results
apply whenever kcbulk is larger than a few reciprocal seconds.
Considering that in any realistic situation cbulk, the concen-
tration of the catalyst, is at least in the millimolar range; this
means that the above results always apply whenever k, the
forward rate constant of the electron transfer in Equation (2),
is larger than 103mÿ1 sÿ1. On the other hand, by the definition
of redox catalysis, this reaction has a positive DG0 equal to
FDE0, in which DE0 is the absolute difference between the
standard redox potentials of the substrate and of the redox
mediator, so that k� kdifexp(ÿFDE0/RT), where kdif is the
diffusion limit rate constant. Under usual conditions this later
is in the range of 109� 1010mÿ1 sÿ1, so that the above condition
on k is equal to saying that our results always apply, provided
that DE0 does not exceed 0.35 to 0.40 V. Again this corre-
sponds to usual situations in preparative scale electrolysis.
Therefore, our above results and conclusions appear to
correctly describe almost any realistic preparative situations
involving a redox catalytic procedure.

Experimental illustrations : We took as an illustration the
catalytic reduction of an aromatic halide (ArX), which
involves the anion radical of the starting molecule as
intermediate. The reductive cleavage of the carbonÿhalogen
bond is one of the simplest examples of such a process in
organic electrochemistry. Even though the anion radical
formed upon injection of one electron appears as a true
intermediate in most cases [Eq. (18)], it may cleave very
rapidly into the corresponding aryl radical and the halide ion
[Eq. (19)]. According to the definition given above, the redox
catalysis takes place when the electrochemical generation of
the reduced form M .ÿ of a reversible and chemically stable
redox couple M/M .ÿ , is performed at a potential positive to
the reduction of ArX [Eq. (17)]:

M � eÿ$M .ÿ (17)

M .ÿ � ArX$M � ArX .ÿ (18)

ArX .ÿ$Ar. � Xÿ (19)

The neutral radical Ar. thus formed may then be reduced at
the electrode [Eq. (20)] or in solution [Eq. (21)]; this leads,
after protonation by the solvent, the residual water or the
quaternary ammonium cation of the supporting electrolyte, to
ArH [Eq. (22)].

Ar. � eÿ$Arÿ (20)

Ar. � ArX .ÿ!ArX � Arÿ and/or Ar. � M .ÿ!Arÿ � M (21)

Arÿ � H�!ArH (22)

Under such conditions, the main process will then appear as
a two-electron reduction process provided that the lifetime of
the anion radical is sufficiently short. The reduction of the
next three aromatic halides, iodobenzene (E0�ÿ2,1 V vs.
SCE), 2-bromonaphthalene (E0�ÿ2.2 V vs. SCE), and
2-bromopyridine (E0�ÿ2.34 V vs. SCE) follow this chemical
pathway.[8, 9] To establish experimentally the concentration
profiles that take place at the electrode surface during the
catalytic reduction, several redox mediators were investigated
whose standard potentials were in the range of potentials
mentioned above, that is, E0 not higher than 0.5 V from the
standard potentials of the aromatic halides: benzophenone
(E0�ÿ1.75 V vs. SCE), 1-cyanonaphthalene (E0�ÿ1.78 V
vs. SCE), 1,3-diphenylisobenzofuran (E0�ÿ1.82 V vs. SCE),
methyl benzoate (E0� -2.17 V vs. SCE) and perylene (E0�
ÿ1.63 V vs. SCE).

A disc electrode (generator) of millimetric dimension was
used to locally generate the concentration gradients. Before
any measurements were made, this electrode was polarized
for several seconds until the steady state regime imposed by
the natural convection of the solution was reached. The
resulting concentration profiles were then monitored by
placing a platinum-disk ultramicroelectrode (probe) at se-
lected positions within the diffusion layer of the generator
electrode. An amperometric detection was performed accord-
ing to the details reported in the Experimental Section that
allowed a direct evaluation of the concentrations of the target
species.[7]

Figure 2 shows two concentration profiles recorded by the
probe when iodobenzene (ArX) is added to a solution initially
containing 5 mm of benzophenone (M). The generator was
poised at a potential E1�ÿ1.95 V vs. SCE, between the half-
wave potential of benzophenone and iodobenzene. For each
measurement, the probe was connected after a time delay of
50 s so that the generator reached its steady state current. The
probe potential was set either at potential E0� 0 V vs. SCE,
namely, on the oxidation wave of the benzophenone radical
anion or at potential E1. In the latter case, it corresponds
either to the reduction of benzophenone for solutions only
containing benzophenone or to the catalytic reduction of
iodobenzene for solutions of benzophenone and iodobenzene.
For each distance all currents monitored at the probe after a
sampling time, q, were normalized to the value i0, measured
with the same probe by applying a potentiostatic step of
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Figure 2. Catalytic reduction of iodobenzene by benzophenone. Concen-
tration profiles monitored by the probe electrode in 0.1m nBu4NBF4/DMF:
a) 5mm benzophenone � 5mm iodobenzene; b) 5 mm benzophenone �
10 mm iodobenzene: benzophenone (*), benzophenone radical anion (*),
iodobenzene (&).

identical duration at potential E1 in a bulk solution only
containing benzophenone.

The concentrations of both forms of the mediator (i.e., M
and M .ÿ) were then readily obtained by the following
equations:

0< y<m cM(y)� i�q;E1; y�
i0

� �
� cbulk (23)

0< y cMÿ(y)� i�q;E0; y�
i0

� �
� DM

DMÿ

� �
1/2cbulk (24)

here cMÿ and DMÿ are, respectively, the concentration and
diffusion coefficients of M .ÿ . According to the structure of the
diffusion layer expected in such a case (Figure 1a) Equa-
tion (24) applies over all distances, since the probe current
monitored at potential E0 is indicative only of the concen-
tration of M .ÿ , whatever the local composition. On the other
hand, Equation (23) is only valid over a restricted range of
distances (i.e. , y< m) corresponding to the location in the
diffusion layer where the concentration gradient of the
mediator is produced. Indeed, at higher distances (i.e. , y>
m) the aromatic halide is simultaneously detected by the
probe; this prevents any straightforward determination of the
concentration of the mediator itself.

However, even if redox catalysis takes place at the probe
under such conditions (i.e., probe polarized at E1 and
distances y> m) it affords a way to monitor the concentration
gradient of the aromatic halide alone. Indeed, as long as the
catalytic process is fast enough and controlled by diffusion,
the probe current is a sum of two contributions [Eq. (7)] due
on one side to the reduction of the mediator and on the other
side to the two-electron reduction of the aromatic halide. For

catalytic currents recorded after a short sampling time, q,
Equation (7) can be rewritten as Equation (25). The concen-
tration of the aromatic halide is then readily obtained by
Equation (26) provided that the concentration of the medi-
ator is assumed to be constant over distances, y, higher than m

and equal to cbulk (Figure 1a):

y> m i(q,E1,y)� FA

�pq�1=2[DM
1/2cbulk � 2DArX

1/2CArX(y)] (25)

y> m CArX�y� �
i�q;E1; y� ÿ i0

2i0

� �
� DM

DArX

� �
1/2cbulk (26)

Based on the probe current measurements and Equa-
tions (23), (24) and (26), all the three concentration profiles
(namely, of M, M .ÿ and ArX) can be determined by using the
diffusion coefficient values which were preliminarily estimat-
ed (see Experimental Section below). Figure 2 shows qual-
itatively the influence of the iodobenzene concentration, for a
fixed concentration of benzophenone in solution. One can
observe that these profiles are in good agreement with our
predictions (Figure 1a). Each set of data is self-consistent
within the precision of the measurements, since both concen-
trations of benzophenone and iodobenzene tend to zero at
approximately the same location m within the diffusion layer.
Furthermore, an increase in the concentration of iodobenzene
results experimentally in a decrease of the distance, m, which
agrees qualitatively with Equation (6).

The effect of the concentration of the aromatic halide on
the position of m is better seen in Figure 3a, which shows the
concentration profiles of the radical anion of benzophenone

Figure 3. a) Concentration profiles of the benzophenone radical anion
during the catalytic reduction of iodobenzene. Influence of the addition of
iodobenzene to a solution of 10mm benzophenone in 0.1m nBu4NBF4/
DMF: [PhI]� 0 mm (*), 2.5 mm (*), 5 mm (&), 10 mm (&); b) Correlation
between d/mÿ 1 and cArX/cbulk (slope� 2.004, R2� 0.9995): iodobenzene �
perylene (*), iodobenzene � benzophenone (*), 2-bromonaphthalene �
1,3-diphenylisobenzofuran (&), 2-bromonaphthalene � 1-cyanonaphtha-
lene (&), 2-bromopyridine � 1-cyanonaphthalene (^), 2-bromopyridine �
methyl benzoate (^).
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for concentrations of iodobenzene ranging from 0 to 10 mm.
Without addition of iodobenzene, the concentration profile is
linear over 75 % of the concentration gradient, according to
the classical Nernst layer approximation. At higher distances,
a deviation from linearity is observed reflecting the progres-
sive involvement of spontaneous convection of the solution as
already discussed in detail.[10] The thickness, d, of the diffusion
layer can be calculated by extrapolating the linear depend-
ence of the concentrations observed near the electrode
surface to a zero intercept. In those experimental conditions,
d is estimated at 175 mm (Figure 3a). One must stress that the
same thickness is roughly obtained from Figure 2a and b by
extrapolating the concentrations of iodobenzene at larger
distances. All these values also compare very well to those we
determined previously for pure diffusion in motionless
solutions.[6, 7] Provided that the experimental set up is rather
similar, spontaneous convection is fixed exclusively by
external vibrations, movement of air near the cell, etc. In
particular, we demonstrated[10] that close to the electrode
surface, the convective contribution decreases extremely fast
and transport of molecules to/from the electrode occurs only
by true diffusion. The concentration gradient of the mediator,
which takes place closer to the electrode as more iodobenzene
is added (Figure 3a), is accordingly less altered by sponta-
neous convection. Experimentally it leads to a linear variation
of the concentration of the benzophenone radical anion of up
to 90 % of its whole gradient.

By plotting [(m/dÿ 1)] versus the concentration ratio of
substrate over mediator, a linear correlation is expected from
Equation (6) depending on the respective diffusion coeffi-
cients:

m

d
ÿ 1

� �
� 2� (DArX/DMÿ)� (cArX/cbulk) (27)

Equation (27) was verified experimentally for several
combinations between the three aromatic halides and the
five mediators mentioned above (Figure 3b). In each case, the
concentration profiles were established for different concen-
trations of substrate and mediator according to the diffusion
coefficients previously determined (see Experimental Sec-
tion). A very good correlation was obtained within the
precision of the measurements, the experimental slope being
equal to two as predicted by Equation (27).

Conclusion

In this work, thanks to the possibility of monitoring concen-
tration profiles in situ on the micrometric scale, we have
demonstrated the features of redox catalysis under conditions
which are appropriate for preparative purposes. As the
overall chemical kinetics of the process are fast compared
with diffusion under these conditions, the concentration
profiles of the mediator and substrate are fixed exclusively
by the diffusion rate of the two reacting species; this leads to a
specific kinetic structuring of the diffusion layer. In agreement
with the theoretical predictions, the diffusion layer separates
into two domains, the limit between each zone being set by the
condition of identical fluxes for each reacting species. This

particular structuring of the diffusion layer is, however, not
specific to redox catalysis but could be met for different kind
of processes. Indeed, this diffusion pattern is also expected for
reactions between solvated electrons produced by a reducing
metal and substrates[11] and also occurs at second waves of EE
mechanisms.[4]

Experimental Section

Chemicals : All solutions were prepared in DMF (Carlo Erba) with 0.1m
tetrabutylammonium tetrafluoroborate as the supporting electrolyte. The
catalytic reduction of the three following aromatic halides was investigated:
iodobenzene (Fluka), 2-bromonaphathalene (Aldrich) and 2-bromopyr-
idine (Aldrich). Five mediators were used: benzophenone (Aldrich),
1-cyanonaphthalene (Aldrich), 1,3-diphenylisobenzofuran (Aldrich),
methyl benzoate (Aldrich) and perylene (Aldrich).

Instrumentation : The experimental setup was similar to the one previously
described.[6, 7, 10] The cell consisted of a Petri dish containing about 15 mL of
solution. It was placed over the stage of an inverted microscope (Axiovert
135, Carl Zeiss) under an argon atmosphere. A charge-coupled-device
video camera (VCB-3512, Sanyo), connected to a video monitor (VM-
2512, Sanyo) was used to ease the follow-up of the experiments. For all
measurements, a four-electrode cell was set up and connected to an
integrated potentiostat (Autolab, PGStat 30) equipped with a bipotentio-
stat module. The reference electrode (SCE, Tacussel Radiometer) was
placed into the solution through a salt bridge. The counter electrode
consisted of a platinum coil about 1 cm2 in area. The working electrode was
a Pt disk electrode 1.4 mm in diameter made by a cross section of a Pt wire
(1 mm diameter) sealed into soft glass and polished at an angle of 458. The
probing electrode was a Pt disk microelectrode about 5 mm in diameter. It
was obtained by first pulling a glass capillary (GC120-10, Clark Instru-
ments) with a micropuller (PC-10, Narishige). Then a Pt wire of 25 mm
diameter (Good Fellow) was etched and sealed into this capillary by a
Bunsen burner flame.[7] Finally, the tip of the capillary was polished at an
angle of 458 over a diamond whetstone microgrindler (EG-40, Narishige).
Electrical contact was performed with a drop of mercury and a nichrome
wire.
The working and probing electrodes were positioned by using two three-
dimensional micromanipulators (MHW-103, Narishige) so that their active
surfaces were parallel one to each other. Measurements with the probe
were performed at several positions starting from the center of the working
electrode and following a perpendicular axis. The distances between the
electrodes could be monitored with an accuracy of �5 mm. The origin was
set experimentally when an electrical contact between the two electrodes
was achieved. The constancy of the signal monitored at the probe around
the perpendicular axis was experimentally verified near the working
electrode surface over a radial distance of about 50 mm. This ensured that
no edge effect was accounted for in the measurements reported here.
Under such conditions, only planar diffusion occurs, with a progressive
interplay of ªnatural convectionº at larger distances.[10]

The working electrode was biased at potentials between the reduction
waves of the mediator and the aromatic halide investigated. Measurements
were performed when the current at the working electrode reached its
steady state limit in the motionless solution. A time delay of 50 s was then
fixed before connecting the probing electrode to the bipotentiostat module
through a relay. An appropriate potential was applied at the probing
electrode for the amperometric detection. For each mediator ± aromatic
halide couple, two specific potentials were selected to collect each species
independently (see experimental illustrations for further details). A
sampling time, q, of 10 ms was chosen to avoid any positive feedback
between the two electrodes at short inter-electrode distances[7] and thus to
prevent any alteration of the probe response.

Diffusion coefficients : The diffusion coefficients of the mediators and
corresponding radical anions were determined by two methods, from the
ratio of the steady-state current plateaux determined with a Pt-disk
ultramicroelectrode (10 mm radius) and from the square of the Cottrellian
amperometric currents monitored at a millimetric Pt disk electrode. For
this purpose, authentic solutions of chemically stable radical anions were
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prepared by exhaustive electrolysis of solution of the precursor. We thus
measured DM� (1.03� 0.05)� 10ÿ5 cm2 sÿ1 and DMÿ� (9.7� 0.5)�
10ÿ6 cm2 sÿ1 for benzophenone, DM� (1.10� 0.05)� 10ÿ5 cm2 sÿ1 and
DMÿ� (1.03� 0.05)� 10ÿ5 cm2 sÿ1 for 1-cyanonaphthalene, DM� (9.1�
0.5)� 10ÿ6 cm2 sÿ1 and DMÿ� (8.8� 0.5)� 10ÿ6 cm2 sÿ1 for 1,3-diphenyliso-
benzofuran, DM� (1.38� 0.05)� 10ÿ5 cm2 sÿ1 and DMÿ� (1.27� 0.05)�
10ÿ5 cm2 sÿ1 for methyl benzoate, DM� (9.4� 0.5)� 10ÿ6 cm2 sÿ1, and
DMÿ� (9.1� 0.5)� 10ÿ6 cm2 sÿ1 for perylene, in which DM and DMÿ refer
to the diffusion coefficients of the neutral form of the mediator and of its
radical anion, respectively.
It was rather difficult to determine the diffusion coefficient of aromatic
halides precisely by direct electron transfer. However, it can be determined
at a millimetric Pt disk electrode by redox catalysis with some of the above
mediators, whose diffusion coefficients have been previously determined.
From the Cottrellian amperometric currents [Eq. (24)] monitored during
the catalytic reduction of the aromatic halides, we thus found D� (1.34�
0.05)� 10ÿ5 cm2 sÿ1 for iodobenzene, D� (9.5� 0.5)� 10ÿ6 cm2 sÿ1 for
2-bromonaphthalene, and D� (1.03� 0.05)� 10ÿ5 cm2 sÿ1 for 2-bromopyr-
idine.
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