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Scanning electrochemical microscopy (SECM) was used to investigate the kinetics of heterogeneous electron
transfer (ET) as a function of driving force at the interface between two immiscible electrolyte solutions. At
high driving force, experimental rate constants decreased with increasing overpotential, deviating from
predictions based on Butler-Volmer kinetics. This decrease in ET rate with increasing driving force is consistent
with Marcus theory inverted region behavior. At low driving force, the potential dependence of the forward
and reverse ET rate constants followed Butler-Volmer theory. SECM is also demonstrated to be a useful
means of studying the effect of high ionic strength on the kinetics of heterogeneous ET.

Introduction

There is renewed interest in heterogeneous electron transfer
(ET) reactions at the interface between two immiscible elec-
trolyte solutions (ITIES). The application of new techniques
such as scanning electrochemical microscopy (SECM),1-3

microelectrochemical measurements at expanding droplets
(MIMED),4,5 thin-layer cyclic voltammetry (CV),6-8 and spec-
troelectrochemical methods9 has greatly increased the amount
of kinetic data available. These studies are considered to be a
very useful means of testing conventional theories for ET
kinetics.2,9,10 In this report, SECM was used to verify the
existence of the Marcus inverted region11-13 at high driving
force.

Heterogeneous ET at a liquid/liquid interface involves the
transfer of an electron under potential control from an electron
donor to an acceptor in opposing phases. In earlier studies,14,15

the interface was under potentiostatic control, and the finite
potential window, governed by ion transfer processes, limited
the number of redox reactions that could be studied and hindered
experimental studies. The residual uncompensated solution
resistance due to the low permittivity of organic solvents (ε <
10) used and the high double-layer capacitance also made
reliable kinetic data difficult to obtain. SECM has been
demonstrated to overcome these restrictions.2,16,17 As the
interface is nonpolarized and the heterogeneous ET is followed
by feedback to an SECM tip, the number of solvent systems
and redox couples that can be used greatly increased. For
example, benzene could not be used as the organic solvent in
conventional systems without the addition of very large amounts
of base electrolyte, which would in turn severely limit the size
of the available potential window.

Previous studies with SECM allowed reliable kinetic data at
liquid/liquid interfaces to be obtained, and at low overpotentials,
the kinetics of ET appear to follow Bulter-Volmer (B-V)
theory.17 As the driving force is increased, Marcus theory
predicts the existence of an inverted region where the rate
decreases with increasing driving force.12,13 Probing the exist-
ence of such an inverted region is difficult with conventional
electrochemical techniques. As the SECM technique does not
suffer from potential window restrictions, the driving force can
be increased readily by the appropriate choice of redox couples

and potential determining ions. However, with these initial
SECM studies, with high concentrations of reactant in the
aqueous phase, the rates at high driving forces became limited
by diffusion, and the actual ET rate constants could not be
extracted. Tsionsky et al.17 demonstrated the existence of an
inverted region in the presence of an interfacial phospholipid
monolayer. The monolayer served to increase the distance
between reaction centers, and the rate constant was decreased
below the diffusion limit. Electrogenerated chemiluminescence
(ECL) combined with SECM studies by Zu et al.18 also
suggested the existence of an inverted region at an unmodified
interface. In these earlier studies, one redox couple was added
in excess and heterogeneous ET was treated as a pseudo-first-
order reaction to simplify the diffusion problem. However, for
fast kinetics, diffusion is rate limiting, and this sets an upper
limit for the accessible experimental rate constant.17 Recently,
this limit was greatly increased by Barker et al.2 by employing
a model in which diffusion of both reactants in opposing phases
was considered. Depending on the concentration ratios of
reactants employed, the authors suggest that rate constants in
excess of 500 cm s-1 M-1 are accessible to experimental
determination. Experimental results presented in this work also
suggested the existence of an inverted region at the unmodified
liquid/liquid interface. However, the number of redox couples
studied was small, so the conclusion about inverted region
behavior was somewhat ambiguous. Here, this work is extended
for the heterogeneous ET between organic phase tetraphenylzinc
porphyrin (ZnPor) and a variety of aqueous redox couples at
three different water/organic solvent systems.

Another aspect of the studies of ET at the ITIES concerns
the potential dependence of the rate constant. It is assumed in
both B-V and Marcus theories that most of the interfacial
potential drop is between the reaction centers and that the
potential dependence of the rate constant can be directly related
to the free energy of ET.17 Recently, this assumption has been
questioned, and the observed potential dependence of the rate
constant was attributed to a double-layer effect due to the
potential controlled variation of the charged redox reactant
concentrations in the interfacial region.19 Liu and Mirkin10

considered this possibility for ET involving a neutral reactant
and noted that the experimental ET rate constant was essentially
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potential independent. A similar approach was used here to
probe the potential dependence of the forward and reverse rate
constants for ET involving neutral organic phase tetracyano-
quinodimethane (TCNQ) and aqueous hexacyanoferrate. The
driving force for this ET is low, and the forward and reverse
reactions can be easily studied by the appropriate choice of
potential determining ion.

The ionic strength of both phases also affects the potential
distribution across the interface. This can have a significant
effect on experimental kinetic parameters,20,21for example, the
Frumkin effect at metallic electrodes. SECM offers a convenient
means of monitoring the effect of increasing ionic strength on
ET kinetics.

Experimental Section

Chemicals.Tetrahexylammonium perchlorate (THxAClO4)
(Fluka) was recrystallized from acetone prior to use. Tetrahexyl-
ammonium hexafluorophosphate (THxAPF6), tetracyanoquino-
dimethane (TCNQ) (Aldrich), 5,10,15,20-tetraphenyl 21H,23H-
porphyrin zinc (ZnPor) (Aldrich), NaCl, NaClO4, Na4Fe(CN)6,
VCl3, and cobalt sepulchrate chloride (Co(Sep)3+) were used
without further purification. The organic solvents chosen for
study, 1,2-dichloroethane (1,2-DCE) (Aldrich), benzonitrile
(BN) (Sigma), and benzene (Aldrich) were used as received.

Organic solutions were generally prepared with 0.25 M
THxAClO4 or prepared as indicated in the text. Aqueous
solutions with varying concentrations of redox species were
generally prepared with 0.1 M NaCl and 0.1 M NaClO4. For
measurements with V2+, NaCl was replaced with 0.5 M HCl.
Na4Ru(CN)6, Na4Mo(CN)6, and FeEDTA2- were prepared as
previously described.2 V2+ and Co(Sep)2+ solutions were
prepared in a N2-filled glovebag (Aldrich) prior to measurement
by reduction of solutions of V3+ or Co(Sep)3+ with freshly
prepared zinc amalgam.22 All aqueous solutions were prepared
with MilliQ water.

Electrochemical Cells.SECM tips were prepared by heat-
sealing Pt wires (25µm diameter, Goodfellow, U.K.) in
borosilicate glass capillaries under vacuum, followed by polish-
ing and sharpening as previously described.23 The viability of
the resulting tip was determined by slow sweep CV in a 2 mM
ferrocyanide+0.1 M KCl solution. Tips were characterized by
an RG ()rg/a, whererg is the tip radius anda the radius of the
Pt wire) between 3 and 4 as shown in Figure 1. The tip was
rinsed with water and ethanol and dried prior to each measure-
ment. A simplified two-electrode arrangement was used through-
out, where a conventional reference electrode served as the
counter and reference electrode. The reference electrodes, Ag/
AgCl, Ag/AgClO4, and Ag/AgPF6, were prepared by electrode-
positing AgCl, AgClO4, and AgPF6 onto an Ag wire, respec-
tively. Electrodes were placed in the upper phase for all
measurements as illustrated in Figure 2. For measurements at
the water/DCE interface, a modified cell24 was used to enable
the higher density DCE to be used as the upper phase (Figure
2b). SECM experiments with air-sensitive redox species
(FeEDTA2-, V2+, Co(Sep)2+) were performed under nitrogen
in a glovebag (Aldrich).

SECM Setup.The SECM setup has been described in detail
elsewhere.23 Briefly, the tip was placed in the upper phase, and
a cyclic voltammogram was recorded for the redox species used.
Subsequently, the tip was biased at a potential in the diffusion-
limited region. Approach curves, where tip current is monitored
as a function of distance,d, were obtained by moving the tip
toward the interface. The tip current was normalized by the
diffusion limiting currentiT,∞ ()4nFDCa whereD represents

the diffusion coefficient andC the bulk concentration of the
redox couple,a is the electrode radius, andF is Faraday’s
constant). All approach curves were obtained in the feedback
mode.

Theoretical Section

Driving Force Dependence of Heterogeneous ET Rate at
the ITIES.1 The dependence of the second-order ET rate

Figure 1. Video micrographs illustrating the steps involved in tip
preparation: (a) unpolished microelectrode with RG.10; (b) after
polishing with alumina; and (c) after sharpening to RG≈ 3-4.
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constant,k12, on the energy of activation,∆Gq, is given by

At lower overpotentials, a Butler-Volmer type approximation
is applicable:1

where∆E° is the difference between the standard potentials of
two redox couples in opposing phases,∆o

wφ is the Galvani
potential difference, andR is the transfer coefficient. In the
presence of a common ion,i, in both phases, the Galvani
potential difference across the interface is determined by a
Nernst type equation:25

where∆o
wφ°′ andzi represent the formal transfer potential and

the charge of the partitioning ion, respectively. When the
overpotential is high, in the absence of work terms, the energy
of activation for an ET reaction is given by Marcus theory26

whereλ is the reorganization energy, and∆G° is given by1

According to eq 4, the activation energy of the ET reaction
depends parabolically on∆G° and, in the Marcus inverted region
at large∆G° values, increases as the driving force increases.

The ET rate constant depends, therefore, on the two types of
driving forces, the∆o

wφ term and the difference in standard
potentials of the organic and aqueous redox mediators,∆E°, as
shown in eq 5a. These were investigated by changing the above
two parameters.

The formal potentials of the aqueous (EO1/R1

0,w ) and organic
(EO2/R2

0,o ) redox couples were taken as the half wave potentials
obtained from ultramicroelectrode cyclic voltammograms by the
same technique as reported previously.17 The difference in
formal potentials for the aqueous and organic redox species
(∆E1/2) versus the same reference electrode gives the absolute
value of the driving force for the ET:3,17

where ∆E° ) EO1/R1

0,w - EO2/R2

0,o versus the same reference
electrode and∆o

wφ is as given by eq 3. Thus, the driving force
can be changed by a suitable choice of the redox couples or the
potential determining ions. To verify Marcus theory, the driving
force must be increased over a wide potential range, and in this
case, this was achieved by varying the aqueous redox couple.
At low driving force, the potential dependence of the forward
and reverse rate constants was followed through variation of
the potential determining ion.

SECM Curve Fitting. The concentration ratioKr of aqueous
to organic reductant (Kr ) CR2

/,w/CR1

/,o) determines the upper
limit for the accessible rate constant.2 ForKr > 20, the aqueous
reductant is in excess, and the reaction can be treated as pseudo-
first-order. This is useful when the rate of ET is slow and the
analytical approximation eq 6b in ref 16 can be used to
determine the rate constant. For lower values ofKr, diffusion
of both redox couples needs to be considered, and the procedure
proposed by Barker et al.2 was adopted to extract the rate
constant. This involved comparison of experimental approach
curves with families of simulated approach curves as a function
of rate constant for eachKr. By using a small value ofKr, mass
transfer limits on the experimental accessibility of the rate
constant can be overcome. This more general theory also enables
one to identify theKr range where the constant composition
approximation is valid. Furthermore, the use of relatively low
concentrations of the reactant in the second phase was theoreti-
cally predicted to have considerable advantages for lowering
the ET reaction rate and causing the approach curves in the
fast kinetic limit to be more readily distinguished from one
another.

Experimental approach curves for severalKr values were fit
to simulated curves to obtain the rate constant for each aqueous
redox couple used. Program input parameters were as follows:
the diffusion coefficients and concentration of the two reactants,
the rate constant, the diameter of the ultramicroelectrode, and
the tip RG value. A FORTRAN program generously provided
by Prof. P. R. Unwin was used to simulate the theoretical
approach curves. The program was written for an SECM tip
with an RG) 10, while the experimental tips were considerably
smaller (3.5 to 4). The reason for using a tip with such a small
RG was to avoid contacting the interface with the tip glass
sheath. This enabled us to approach the interface more closely
than with a larger RG tip. Shao and Mirkin27 demonstrated that
as RGf 1, negative feedback is less efficient, and the SECM
approach curve to an insulator deviates from theory for RG.
1. The possible error introduced by this difference was tested

Figure 2. Schematics of SECM cells used to investigate ET at the
liquid/liquid interface with (a) less dense phase on top and (b) modified
cell with annulus to support the more dense phase on top. Ref denotes
a reference electrode that served as both reference and counter electrode.
The reference electrode was Ag/AgCl, Ag/AgClO4, or Ag/AgPF6 (see
Experimental Section).

∆E1/2 ) ∆E° + ∆o
wφ (5b)

k12 ) const exp(-∆G*/RT) (1)

∆Gq ) RF(∆E° + ∆o
wφ) (2)

∆o
wφ ) ∆o

wφ°′ + (RT/ziF) ln(Ci
w/Ci

o) (3)

∆Gq ) (λ4)(1 + ∆G°
λ )2

(4)

∆G° ) -F(∆E° + ∆o
wφ) (5a)
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by solving the diffusion problem with PDEase28 and generating
approach curves as a function ofRG. However, as can be seen
from Figure 3, theoretical approach curves for RG) 10 and 4
and the experimental one for our tip are practically coincident
at the conductor interface. And, those at the insulating substrate
are considered to be within reasonable experimental error. Thus,
the fitting program was used without modification.

Results and Discussion

1. Dependence of the ET Rate on the Galvani Potential
Difference at the ITIESsButler-Volmer Behavior. SECM
approach curves were obtained to study the ET reaction between
Fe(CN)64- in water (w) and TCNQ in DCE (o), that is

In these experimentsCClO4
-

o was maintained constant and, from
eq 3,∆o

wφ shifts by 59 mV to more negative values with each
decade increase inCClO4

-
w . The driving force for eq 7 is low

(∆E1/2 ≈ 5 to-80 mV under the given experimental conditions),
and a linear driving force dependence of activation energy is
expected. Approach curves for a range ofKr were fit by the
models developed by Wei et al. (Kr ) 20)16 and Barker et al.
(Kr < 20)2 to extract the second-order rate constant. In the latter
case, three-to-four ratios were generally used (0.1< Kr < 10),
and the bimolecular rate constant for each ratio, obtained from
the fitting program, agreed within experimental error as reported

previously. Measurements atKr < 20 have the additional
advantage of overcoming the uncertainty in determining the
absolute tip distance from the interface. As predicted theoreti-
cally and noted experimentally here, approach curves at lower
Kr have a distinctive shape, with the appearance of a peak when
the tip is close to the interface. Such curves are more convenient
for fitting, and therefore uncertainties ind become smaller.

From eqs 1-3, the following relation is obtained (with a
constant composition of the DCE phase):

A Tafel type plot, that is, logk12 versus logCClO4
-

w , is given in
Figure 4. AsCClO4

-
w increases, corresponding to a less positive

∆o
wφ value, logk12 decreases linearly with decreasing∆o

wφ.
The transfer coefficient obtained from the slope was 0.68(
0.1 for 2 mM Fe(CN)63- in aqueous solution and in a solution
of 5 mM TCNQ in DCE. This is consistent with predictions
based on eq 2 and suggests that Butler-Volmer kinetics can
be used to describe this ET when the driving force is low. The
R could differ in principle from 0.5, a common value in metal-
liquid systems, because of the work terms which are due to
double-layer effects in both phases and to the interaction of
reactants.12 A similar result was obtained by Unwin et al.20

However, it has been suggested that this is not necessarily a
confirmation of B-V theory, as concentration changes of the
reacting species with the electric field at the interface would
induce a similar potential dependence.10,19This is discussed in
more detail in the next section.

To fully verify the applicability of B-V theory, the kinetics
of the back reaction of eq 7, that is, TCNQ in DCE (o) and
Fe(CN)63- in water (w), were also studied:

In this case, PF6- was used as the partitioning ion because of
its suitable transfer potential (∆w

o
φ°′ ) 43mV)29 which is less

positive than that for ClO4- (∆w
o
φ°′ ) 170 mV), and therefore

Figure 3. Comparison of simulated normalized steady-state current
SECM approach curves to (a) an insulating substrate and (b) a
conducting substrate for tip RG) 10 (s) and 4 (4) and for the
experimental tip used (b). Experimental curves were obtained with an
aqueous solution of 2 mM Na4Fe(CN)6 and 0.1 M NaCl. Current was
normalized by infinite currentiT,∞ ) 6.20 nA.

Fe(CN)6
3-(w) + e- f Fe(CN)6

4-(w) (tip) (6)

TCNQ(o)+ Fe(CN)6
4-(w) 98

k12

TCNQ-(o) + Fe(CN)6
3-(w) (ITIES) (7)

Figure 4. Tafel plots illustrating the potential dependence of the
forward k12 and reversek21 rate constants for ET between aqueous
hexacyanoferrate and organic phase TCNQ at the DCE/water interface.
The interfacial potential difference was varied through the potential
determining ions chosen (ClO4- or PF6

-) and the aqueous to organic
concentration ratio used. The concentrations of TCNQ and Fe(CN)6

3-

for measurements ofk12 (reaction 7) were 5 and 2 mM respectively,
and the concentrations of TCNQ and Fe(CN)6

4- for measurements of
k21 were 1 and 20 mM, respectively.

log k12 ) const- R log CCIO4
-

w (8)

TCNQ(o)+ e- f TCNQ-(o) (tip) (9)

TCNQ-(o) + Fe(CN)6
3-(w) 98

k21

TCNQ(o)+ Fe(CN)6
4-(w) (ITIES) (10)

6370 J. Phys. Chem. B, Vol. 105, No. 27, 2001 Ding et al.



reaction 10 is easier to drive by using PF6
- than using ClO4-.

Similar reverse uphill ET reactions at a liquid/liquid interface
have already been illustrated by changing the partitioning ion
as in our previous report.30 The driving force was varied by
increasingCPF6

-
w at constantCPF6

-
o (eq 3). Analogously to eq 8,

we can write the B-V equation for eq 10:

Typical approach curves of the SECM measurements are shown
in Figure 5 for various PF6- concentrations in aqueous solution
while that in DCE was kept constant (10 mM), and curves were
fit as described above to obtain the rate constant. The concentra-
tions for TCNQ and Fe(CN)6

4- are 1 and 20 mM, respectively.
The resulting plot of logk21 versus logCPF6

-
w is given in Figure

4, and as expected, logk21 increases linearly with decreasing
∆o

wφ. The ET transfer coefficient obtained from the slope,â,
is 0.26. Thus,R + â ≈ 1, as expected for a reaction following
B-V kinetics.31

Previously, the suitability of this system was questioned,10

as experimental data obtained did not fit theory. However, the
organic base electrolyte anion used in that study, tetraphenylbo-
rate (TPB-), can reduce TCNQ, and an analysis based on a CE
mechanism is required.31 Girault and Schiffrin32 noted that the
observed potential dependence of the rate constant could also
be simply due to control of the reactant surface concentrations
through the applied potential. Schmickler19 developed this idea
and proposed an interfacial model where most of the potential
drop is dissipated in the double layer, and a change of the
potential difference between the two bulk phases will only
slightly affect the driving force for an electron transfer reaction;
however, it will change the concentration of ionic reactants at
the interface. Thus, the rate constant is effectively potential
independent for neutral species. As TCNQ is neutral, this model
predicts a potential independent rate for reaction 7, assuming
that most of the potential drop occurs in the organic phase. Liu
and Mirkin10 presented results that support this concept with
the ZnPor/hexacyanoferrate(II) system. However, for the TCNQ/

hexacyanoferrate system presented here, the forward and reverse
rate constants are clearly both potential dependent, indicating
that, for this system, it is possible to vary the reaction free energy
through the interfacial potential. From the results shown above,
we conclude that reactions 7 and 10 are good systems for
studying the potential dependence, as the potential difference,
∆E°, between redox couples is small and the reaction direction,
forward and backward, can be easily alternated.

2. Marcus Inverted Region at Unmodified ITIES. SECM
measurement of rapid ET kinetics at unmodified ITIES is
desirable for a better understanding of these processes. As
reported previously,17 the rate constant for ET reactions with
high driving forces forKr > 20 could only be experimentally
determined when an adsorbed surfactant was used as a spacer
to increase the separation distance between the reactants.17 In
the absence of this spacer, under the constant composition
approximation used, the reaction was diffusion-limited, and the
rate constant was given as a lower limit. However, as demon-
strated by Barker et al.,2 whenKr is decreased, the interfacial
ET rate decreases, making larger rate constants accessible before
diffusion limitations come into play.2

In this case, the redox reactions at the tip and ITIES are as
follows

where the redox couple R/O represents Ru(CN)6
3-/4-,

Mo(CN)83-/4-, Fe(CN)63-/4-, W(CN)83-/4-, Fe(EDTA)-/2-,
Ru(NH3)6

3+/2+, Co(Sep)3+/2+, and V3+/2+. Here, the driving force
increased by over 1.3 V by varying the aqueous reductant from
hexacyanoruthenium to vanadium chloride or cobalt(II) sepul-
chrate, Co(Sep)2+, while the concentrations of the potential
determining ion (ClO4-) in the two phases remained constant.

A set of normalized approach curves for ET between ZnPor+

and Fe(CN)64- (eq 13) at the DCE/water interface is given in
Figure 6 for variousKr. As discussed in the previous section,
the bimolecular rate constant for each ratio was obtained through
fitting to the models developed by Wei et al. (Kr ) 20)16 and
Barker et al. (Kr < 20)2 for D°ZnPor ) 2.5 × 10-6 cm2 s-1 and
DFe(CN)64-

w ) 6.7 × 10-6 cm2 s-1.
As can be seen from this figure, the rate constant cannot be

extracted (curve 1) forKr > 20 with either model. As the driving
force, ∆E1/2 ) 585, is large, the ET rate is too fast to be
measured under these experimental conditions, as has been noted

Figure 5. Experimental SECM approach curves for the reverse ET
reaction between aqueous Fe(CN)6

3- and tip generated organic phase
TCNQ- for different [PF6

-]aq ) 0.25, 0.1, 0.025, and 0.01 M (top to
bottom). Current was normalized withiT,∞ ) 3.20 nA, and 0.1 M NaCl
was added to the aqueous solution to keep the ionic strength essentially
constant. [PF6-]DCE ) 0.01 M and a reactant concentration ratioKr )
20 were used throughout. The concentrations of TCNQ and Fe(CN)6

3-

were 1 and 20 mM, respectively. Solid lines represent the theory for
the rate constant obtained through fitting for each [PF6

-]aq. An example
of an approach curve to an insulating liquid/liquid interface ([Fe(CN)6

3-]
) 0 M) is also given for comparison.

log k21 ) const+ â log CPF6
-

w (11)

Figure 6. Experimental SECM approach curves for the heterogeneous
ET reaction between aqueous Fe(CN)6

4- and tip generated organic phase
ZnPor+ at the DCE/water interface for various reactant concentration
ratios Kr ) 20, 10, 2.5, 1, and 0.25 (top to bottom). Current was
normalized withiT,∞ ) 1.90 nA. Solid lines show the simulated curves
for a bimolecular rate constant of 110 cm s-1 M-1.

ZnPor(o)- e- f ZnPor+(o) (tip) (12)

ZnPor+(o) + R(w) f ZnPor(o)+ O(w) (ITIES) (13)
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previously.17 For the lowest three approach curves,Kr < 20,
the ET rate can be readily obtained, because decreasing the
reactant concentrations decreases the ET rate. Best fits to the
experimental data for a unique constant,k12 ) 110 cm s-1 M-1,
are also given in Figure 6.

This reaction was also investigated at the benzene/water and
BN/water interfaces (approach curves not shown), and the rate
constants obtained were 80 and 85 cm s-1 M-1. The latter value
compares well with a previous report (k12 ) 91 cm s-1 M-1).2

Similarly, rate constants for the ET between ZnPor+/Ru-
(CN)64- and ZnPor+/Mo(CN)84- at the DCE/water interface
were extracted. Values obtained were 2.5 and 15 cm s-1 M-1,
respectively, for given diffusion coefficients forDMo(CN)84-

w )
7.2 × 10-6 cm2 s-1. In these cases, the driving force is low
with ∆E1/2 ) 70 mV in the former case and∆E1/2 ) 190 mV
in the latter. The rate increases with driving force, consistent
with ET reactions in the normal Marcus region.

For the ET reaction between ZnPor+ and V2+ at the BN/
water interface, the driving force is high,∆E1/2 ≈ 1.3 V. As
before, experimental data were compared with simulated data
as illustrated in Figure 7 to obtain the rate constant. The value
obtained (k12 ) 2.8 cm s-1 M-1) is comparable to that obtained
for Ru(CN)64- and is more than an order of magnitude lower
than that obtained for Fe(CN)6

4-. Thus, the rate decreased with
increasing driving force, that is, Marcus inverted region ET was
indicated. A similar trend was noted for ET between ZnPor+

and Co(Sep)2+ at the DCE/water interface. Although the driving
force is more than 700 mV more positive than that for the
ZnPor+/Fe(CN)64- system, thek12 obtained from fitting the
approach curves (Figure 8) was also more than an order of
magnitude less (4 compared with 110 cm s-1 M-1).

Rate constants for ET between ZnPor+ and other aqueous
reductants (W(CN)84-, Fe(EDTA)2-, Ru(NH3)6

2-) at the BN/
water and benzene/water interfaces were obtained in a similar
manner, and the driving force dependence of the bimolecular
rate constant is given in Figure 9, where logk12 is plotted versus
∆E1/2 for three organic solvent/water systems. The trend is
consistent with Marcus theory,26 where the rate increases with
driving force at low driving force and decreases at high driving
force. The reorganization energy is approximately equal to the
average of the aqueous and organic self-exchange ET reorga-
nization energies. As the organic redox couple is the same
throughout, only the variation of the aqueous phase reorganiza-
tion energy needs to be considered. The reorganization energy

for cyano complexes is 0.32 eV,33 while for Ru(NH3)6
3+/2+,

V3+/2+, and Co(Sep)3+/2+, the values are 0.36,34 0.75,34 and 0.62
eV,34 respectively. The reorganization for Fe(EDTA)-/2- was
not found. Neglecting the differences in reorganization energy
between aqueous redox couples (most are essentially not
significant), a general plot according to eq 1 withλ ≈ 0.85 eV
gives a trend consistent with the experimental data given in
Figure 9.

It could be argued that the trend noted in Figure 9 reflects
the variance of the self-exchange rate constant (k11) of the chosen
aqueous redox couples (eq 12 of ref 13) and not the parabolic
dependence of rate on reaction free energy. Correlatingk11 to
the rate constant measured at the interfaces,16 ET involving Ru-
(NH3)6

3+ is interesting, as its self-exchange ET rate constant is
known to be very high.35 The k12 obtained for ET is given in
Figure 9, and while the driving force for this reaction is greater
than that for Fe(CN)64-, the measured rate constant is smaller.
This provides additional confirmation that the decrease noted
at high overpotential is related to the free energy of the
bimolecular reaction.

A recent report of ECL at an unmodified liquid/liquid
interface18 is additional evidence for the existence of the Marcus
inverted region. Previously, a solvent effect on the experimental

Figure 7. As in Figure 6 for the ET reaction between aqueous V2+

and tip generated organic phase ZnPor+ at the BN/water interface where
Kr ) 16, 4, and 2 (top to bottom). Current was normalized withiT,∞ )
2.30 nA. Solid lines show the simulated curves for a bimolecular rate
constant of 1.8 cm s-1 M-1.

Figure 8. As in Figure 6 for the ET reaction between aqueous Co-
(Sep)2+ and tip generated organic phase ZnPor+ at the DCE/water
interface whereKr ) 20, 10, 2, 0.5, and 0.1 (top to bottom). Current
was normalized withiT,∞ ) 1.80 nA. Solid lines show the simulated
curves for a bimolecular rate constant of 4 cm s-1 M-1.

Figure 9. Dependence of the bimolecular rate constant, log(k12), on
driving force,∆E1/2, at the BN/water (O), benzene/water (0), and DCE/
water (filled×) interfaces for heterogeneous ET between tip generated
organic phase ZnPor+ and aqueous Ru(CN)6

4-, Mo(CN)84-, Fe(CN)64-,
W(CN)84-, Fe(EDTA)2-, Ru(NH3)6

2+, V2+, and Co(Sep)2+. Data for
FeEDTA2- at the BN/water interface are reprinted from ref 2. The solid
line gives the Marcus prediction based on eq 1.
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rate constant was noted, and this was related to solvent relaxation
and the solvent Pekar factor.10 In the results shown here, there
is no obvious trend between solvents (DCE, BN, and benzene)
and the rate constant.

3. Ionic Strength Dependence of the Observed Rate
Constant.The effect of aqueous ionic strength was studied by
the addition of NaNO3 to the aqueous phase for the ET reaction
between ZnPor+ and Ru(CN)64- at the DCE/water interface,
where ClO4

- was used as the potential determining ion.
Approach curves obtained at various aqueous ionic strengths
(0-2 M NaNO3) are given in Figure 10. It is assumed that Na+

and NO3
- do not transfer readily across the interface.25,36

Clearly, as the NaNO3 concentration increases, the approach
curves begin to resemble those for negative feedback of a
microelectrode tip approaching an insulating substrate; that is,
the rate of ET drops off significantly. A similar observation
was made by Zhang and Unwin,20 who noted that the measured
rate constant for ET between TCNQ- and Fe(CN)63- decreased
as the concentration of Li2SO4 or NaCl added to the aqueous
phase increased. This was attributed to a salting-out effect.37

However, while Li2SO4 acts as a salting-out agent38 at the water/
DCE interface, NaCl does not;39 the addition of high concentra-
tions of NaCl does not induce a salting-out effect at the water/
DCE interface. Rather, the available potential window at an
externally polarized interface decreases as the salt concentration
increases. The opposite effect is expected for an effective salting-
out agent.38 Thus, the decrease noted is unlikely to be due to
the contribution of salting-out alone.

The effect of increased aqueous ionic strength on measured
kinetic parameters is difficult to quantify, as it may depend on
a wide variety of factors such as double layer effects,40 specific
or nonspecific adsorption,15 partitioning of ions,41 ET-ion
transfer (IT), IT-IT coupling,42-44 salting-out, or a combination
of these. All of these factors have the potential to decrease or
increase the apparent rate constant. For example, adsorption of
the base electrolyte ions at the interface could increase the
distance between the reactants and decrease the apparent rate
constant. This effect would become more pronounced as the
concentration increases. Also, the addition of high concentrations
of base electrolyte ions can also affect the driving force of the
ET under study though ET-IT or IT-IT coupling. Even simple
partitioning of base electrolyte ions may alter the interfacial

potential difference. Depending on the choice and concentration
of supporting electrolyte ions, the potential established by the
common ion may drive ion transfer of base electrolyte and ET.
Such coupling has been previously considered,42-44 and estima-
tion of the effect requires knowledge of the standard transfer
potentials of all ions present in both phases. Note that in the
previous cases (section 1 above), where the potential dependence
of the rate constant was considered, the aqueous ionic strength
was essentially constant for all concentration ratios of partition-
ing ions used. In this case, the effect of ionic strength is a
background factor, which should affect the measured rate
constant at each potential equally.

Rate constants measured by SECM studies are generally
higher than those obtained at a conventionally polarized
interface. While most SECM studies of ET to date have been
carried out at relatively low ionic strengths, for interfaces under
potentiostatic control, very high concentrations (>1 M) of Li2-
SO4 are typically added to prevent coupled IT of the ET
products. The results obtained here and by Unwin’s group
indicate that the disparity in kinetic parameters may be related
to the increased ionic strength.20,21

Conclusions
From results presented in this report, we confirm that

conventional theories of ET appear to be applicable to ITIES.
While the detailed structure of the interface has not been
resolved, the driving force between reactants can be varied
through the applied interfacial potential difference. The depen-
dence of rate on reaction free energy was demonstrated to be
linear at low driving force (B-V region) and parabolic at high
driving force (Marcus inverted region). High aqueous ionic
strengths can have a pronounced effect on measured kinetic
parameters, which should be taken into account in the inter-
pretation of the data. SECM is a very useful technique for
studying ET reactions at liquid/liquid interfaces.
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