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The effect of charge distribution within Cr(III) and Eu(III) aquacomplexes on the kinetics of simple electron-
transfer reactions at electrodes is considered. The construction of corrected Tafel plots using noninteger effective
charges for the reactant and product estimated on the basis of quantum-chemical data was shown to be more
reasonable than the traditional approach in which integer charges are assumed. The potential distribution
near the electrode has been estimated both by the Gouy-Chapman model and from Monte Carlo simulations
for 1-1 supporting electrolytes. Kinetic parameters obtained using the two approaches are compared.

Introduction

The construction of corrected Tafel plots (cTp)1,2 has
remained the most widely used approach to the analysis of
experimental data for electrochemical kinetics. Generally, the
Frumkin correction is involved with the assumption that the
reactant is a point charge located at the outer Helmholtz plane
(oHp). In addition, it is usual to assume that the structure of
the diffuse double layer is described by the Gouy-Chapman
model. Application of this approach to the analysis of experi-
mental data was most successful for the case of anion reduction
at negatively charged electrodes,2 that is for very strong
repulsion of the reactant by the electrode’s field.

To construct a cTp the experimental dependence of the rate
constantkf on the electrode potential is usually plotted as (lnkf

+ zAfφd) against (φm - φd), where zA is the charge on the
reacting species,f ) F/RT (F, R, and T have their usual
meaning),φd is the potential at the oHp andφm is the rational
potential (φm ) E - Ez whereE is the experimental potential
andEz is the zero charge potential).

The role of charge distribution in the reactant and product
species in the kinetics of electrochemical reactions has been
discussed in a series of recent papers.3-5 It has been found that
the magnitude of the double layer correction is affected by the
atomic charge distribution in metal complexes undergoing
simple heterogeneous electron transfer reactions. On the basis
of quantum chemical calculations for redox couples involving
cobalt and iron complexes and a simple model for the interfacial
potential drop, it was shown that the double layer effect is
mainly determined by the charge and geometry of the ligands.4

With a molecular level reconsideration of the work terms, it
was proposed that the double layer effect may be described in
terms of the effective chargeze for the reactant (zAe) and product
(zBe). The effective charge of either species is defined as

where zi is the local charge on an atom or group of atoms
comprising the complex, andφi is the potential at the corre-
sponding site. The value ofze for an asymmetrical species, which
can reorient in the electrical field due to its dipole moment, is
generally found to depend on the electrode charge density and
the concentration of the supporting electrolyte. In summary,ze

can be regarded as the charge of a hypothetical reactant with
no volume which experiences the potential on the oHp,φd.

In earlier6 work, various integer values of the reactant charge,
zA, were applied to construct cTps for the case of the reduction
of hexaamminecobalt (III) on gold single crystals with low
Miller indices. The difference between the bulk charge value
of the nonassociated reactant (+3) and the value ofzA, for which
the cTps for different surface crystallographic orientations of
Au overlap and approach linearity (+2) was explained by the
formation of ion pairs in the bulk of the solution. Until now, it
has not been verified how the approach based on determining
ze of the reactant and product, and thus, the application of
noninteger charge values could be used in the construction of
cTps.

In this paper, the kinetics of reduction of europium(III) and
chromium(III) aquacomplexes in an acidic medium on mercury
is analyzed using a modified approach for cTp construction.
These two cationic complexes with similar general geometries,
but different bond lengths and inner charge distributions undergo
a simple one-electron reduction at a negatively charged mercury
surface. Application of the effective chargeze with both integer
and noninteger values for the construction of cTps for these
reactions is shown below to allow one to come to a reasonable
understanding of the role of specific molecular features in the
interaction of the reacting couple with the field of the electrode.

The accuracy of theze estimation is determined by the
selection of a model for the potential distribution in the vicinity
of the electrode surface. Previously, the Gouy-Chapman model
was widely used in order to explain double layer effects on the
kinetics of electrochemical reactions.1 In this regard, the
potential distribution perpendicular to the electrode/solution
interface plays a key role in the estimation ofze. When the
reacting complex has a size comparable with the Debye length,
the assumptions of the Gouy-Chapman model can cause some
misinterpretation in the data analysis. Therefore, in this paper,
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an alternative model of the diffuse layer which recognizes finite
ion size and which is based on Monte Carlo simulations is also
applied to determine the interfacial potential distribution.7

Experimental Section

A conventional three-electrode glass cell with glass ground
joints was used for all the experiments. It should be emphasized
that in cases when the solution has to be oxygen-free, some
standard commercially available cells which cannot be sealed
from the atmosphere are not suitable. In the case of chromium-
(III) containing solutions, the reaction between the residual
oxygen and the product of [Cr(H2O)6]3+ reduction, namely, the
Cr(II) aquacomplex, may yield superoxochromium(III) ion.8-10

Reduction of this ion can significantly complicate the kinetic
results and make their interpretation impossible.

The working electrode was a hanging drop mercury electrode
(controlled growth mercury electrode manufactured by BAS).
The saturated calomel reference electrode and platinum counter
electrode completed the three-electrode setup. The cleanliness
of the supporting electrolyte solutions was verified by cyclic
voltammetry. To minimize contamination of the working
solutions with chloride ions and decrease the value of the liquid
junction potential, the reference electrode was connected to the
cell through a Luggin capillary filled with a 0.5 M NaClO4
solution.

All solutions were prepared with Nanopure water with a
minimum resistivity of 18 MΩ/cm (Barnstead). Glassware was
cleaned in boiling 50% nitric acid or in a mixture of concentrated
nitric and hydrochloric acids (1:3) and washed with Nanopure
water before each set of experiments. Perchloric acid, europium-
(III) perchlorate (40% aqueous solution, Aldrich), sodium
perchlorate, and chromium(III) perchlorate hexahydrate (GFS
Chemicals) were of the best quality available. If it was
necessary, the salts were additionally dried.

The working solutions were thoroughly deaerated with high-
purity argon moisturized before coming to the cell by bubbling
through Nanopure water. For the cell used which had a volume
of 50 mL, the deaeration time was 45-60 min. During the
experiments an argon atmosphere was maintained above the
working solution.

Cyclic voltammograms (CVs) were obtained by using a
Princeton Applied Research (PAR) 173 potentiostat with a PAR
175 universal programmer. The data were collected in digitized
form by using a PowerLab/4S four-channel analyzer (AD
Instruments) or by using the PAR 175 and a computer with a
GPIB standard interface. The irreversible one-electron reduction
of [Eu(H2O)n]3+ and [Cr(H2O)6]3+ ions in acidic (10-3 M
HClO4) solutions of NaClO4 (0.03 and 0.3 M) was studied by
cyclic voltammetry at a scan rate of 50 mV s-1. In the case of
chromium(III) solutions, it was important to maintain a pH of
3 to prevent hydrolysis of the complex.11,12Due to the fact that
the reactions are sufficiently irreversible,13,14 the contribution
of the back anodic reaction was not taken into consideration. It
was also assumed that specific adsorption of ClO4

- ion is
negligibly small in the studied potential range. Double layer
capacity data were taken from the literature.15 The potential of
zero charge (Ez) was determined from the minimum current
observed on a CV obtained in a 10-4 M solution of HClO4.
The value ofEz is in good agreement with literature data.1 All
the potentials are corrected for liquid junction potentials using
the Henderson equation and are given on the saturated calomel
electrode scale. The reduction current was also corrected for
the charging current.

From the experimentally obtained CV data, after correction
for the charging current, the rate constants were calculated for

a totally irreversible reduction process using the expression

whereI(t) is the semiintegral of the measured currenti(t), I lim

is the limiting current, andDA is the diffusion coefficient of
the reacting species calculated using the expression

HereA is the effective surface area of the working electrode,
and cA is the concentration of the reactant.15. The semi-
integration procedure was carried out as described in the
literature.16-18

For all experiments, a freshly prepared working solution (5
× 10-4 M) of Cr(H2O)6(ClO4)3 or Eu(H2O)6(ClO4)3 was used.
Between the experiments the working solutions were kept in
the dark at a constant temperature of 25°C. The experiments
were carried out at a constant temperature of 25°C.

The effective surface of the hanging drop mercury electrode
was kept constant (0.024( 0.001 cm2).

Computational Section

A. Quantum Chemical Calculations.The electronic struc-
ture of [Cr(H2O)6]3+ and [Cr(H2O)6]2+ complexes was fully
treated at the density functional theory (DFT) level by the use
of the B3LYP hybrid functional.19 A six-coordinated octahedron
structure (T2g

3 Eg) was assumed for [Cr(H2O)6]3+ (Figure 1)
which is in accordance with the X-ray diffraction (XRD) data.20

The geometry of the aquacomplexes was optimized with some
symmetry restrictions. A basis set of DZ quality was used to
describe the valence electrons in the Cr atom.21 The inner
electrons were included in the relativistic Effective Core
Potential (LanL2) developed by Hay and Wadt.21 The standard
basis set 6-311g(d, p) was employed to describe the electrons
of the O and H atoms. A value of 201.5 pm was obtained for
the Cr-O distance in the [Cr(H2O)6]3+ complex, which is in a
good agreement with the experimental data (198 pm20). The
reduced form of aquacomplex possesses significant distortion
due to the Jahn-Teller effect (Table 1).

Experimental data for the structure of Eu(III) in aqueous
solution is somewhat controversial.22-24 As follows from the
XRD data,22 the Eu(III) and related cationic (Tb(III), Er(III)
and Sm(III)) aquacomplexes are eight-coordinated. It was
concluded24 that Sm(III) and Eu(III) exist in equilibrium between

Figure 1. Structure of [Eu(H2O)6]3+ or [Cr(H2O)6]3+ (a) and [Eu(H2O)8]3+

(b) ion complexes.
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nine- and eight-coordinated forms in aqueous solutions. On the
other hand, a six-coordinated structure for the Eu(III) aqua-
complex was assumed by Marcus.24 Bearing in mind that the
hydration energy of Eu(III) is significantly lower24 than that of
Cr(III), one might assume some reduction in the coordination
number for a Eu(III) aquacomplex in the vicinity of the metal/
solution interface. Therefore, the structure of several Eu(III)
aquacomplexes ([Eu(H2O)n]3+, n ) 6, 7, 8, 9) has been
examined. Since the accurate treatment of the geometry and
electronic structure of molecular systems containing f-elements
is a challenging and complicated computational problem,25 a
simpler method was employed. The geometry of [Eu(H2O)n]3+

complexes was fully optimized using the molecular mechanics
method (MM+) as implemented in the Hyperchem 7.0 program
package.26 It should be noted that the molecular properties used
in the MM+ force field parametrization are normally related
to compounds in a stable oxidation state. Therefore, in the
present case the results of such calculations can be attributed
to the Eu(III) species.

For [Eu(H2O)6]3+ molecular mechanics predicts an octahedral
coordination (Figure 1a). In turn, a square antiprismatic
geometry with equal ion-oxygen distances was found to be
optimal for the eight-coordinated aquacomplex (Figure 1b). Such
a structure is in qualitative agreement with the results of
molecular dynamics simulations for Yb3+ in aqueous solution27.
The Eu-O bond lengths were computed to be in the region of
251-252 pm and depend very slightly on then value. A value
of 245 pm was reported for the Eu-O bond length (mixed
Eu(III) aquachlorocomplexes22). On the other hand, comparing
the XRD data22 for aqua- and aquachlorocomplexes of Tb(III),
Er(III) and Sm(III), one may assume that this bond might be
1-2 pm shorter in [Eu(H2O)8]3+. In any case, the computed
distance of 250 pm seems to be in satisfactory agreement with
experimental data.

Since the MM+ computational scheme does not provide a
reliable description of the electrostatic potential, a set of single
point calculations for the [Eu(H2O)n]3+ complexes at the DFT-
(B3LYP) level was performed as the next step using the
equilibrium geometry obtained earlier on the basis of the MM+
method. The valence s, p, d and f shells of the Eu atom were
described by the CEP-121g basis set, the effect of inner electrons
being addressed using the Effective Core Potential.28 The
standard 6-311g(d, p) basis set was used to describe the electrons
of O and H atoms. The high-spin electronic state (4f6 with a
spin multiplicity of 7) was found to be the ground state for all
the Eu(III) aquacomplexes considered. This might result from
the fact that the Eu-ligand interaction is mainly electrostatic
so that the 4f orbitals are not strongly involved in the bonding.

According to the results of the molecular mechanics calcula-

tions a seven-coordinated structure for the Eu(III) aquacomplex
is preferred, whereas the complexes withn ) 6 and 8 have
practically the same potential energy values. At the same time,
according to the DFT results the hydration energy increases
monotonically going from [Eu(H2O)6]3+ to [Eu(H2O)9]3+ (279.1,
256.1, 241.8, and 228.0 kJ mol-1, respectively, per water
molecule).

The DFT calculations for both the Cr(H2O)6]3+/2+ and
Eu(H2O)n]3+ complexes were performed on the basis of the
unrestricted formalism using the Gaussian 98 program pack-
age.29 Although the B3LYP functional does not provide an
adequate treatment of open shell d- and f-metal complexes,
nevertheless it can be used for comparative studies. The atomic
charges were computed within the framework of the ChelpG
scheme,30 which yields the best fit of the molecular potential
(metallic radii values were employed in these calculations for
the Cr and Eu atoms).

To estimate possible effective charges, comparative calcula-
tions were performed for [Eu(H2O)6]3+ and [Eu(H2O)8]3+.
Despite some differences in the internal charge distribution, no
crucial differences in the value ofze calculated using eq 1 were
found.

B. Potential Distribution in the Diffuse Layer. Within the
framework of the Gouy-Chapman model, the distribution of
the potential,φi in the vicinity of the electrode surface atxi >
xd (wherexd ) 0 is the position of the oHp) is given by the
formula

wheref ) F/RTandκ is the Debye-Huckel reciprocal distance.
Monte Carlo simulations have been carried out for the diffuse

double layer for 1-1 electrolytes in the concentration range
from 0.1 to 2 M, and for electrode charges (σm) between-5
and-40 µC cm-2 In addition, ion diameters of 200, 300, and
400 pm were considered with the solvent modeled as a dielectric
continuum using the relative permittivity of pure water.31 The
potential profile in the diffuse layer was also determined in these
simulations. The results of the simulations were examined within
the context of the Fawcett-Henderson model of the diffuse
layer.32,33 As a result it was shown that

whereφd(MC) is the potential at the oHp according to the MC
simulation andφd(GC), the value according to the Gouy-
Chapman model. The constantsd1 andd3 are based on the MSA
parametersη andΓ. η is the volume fraction which is defined

TABLE 1: Geometry and Atomic Charge Distribution ( q) in the Complex

a. [Cr(H2O)6]3+ and [Cr(H2O)6]2+ Complexes

complex total spin r(Cr-O)/pm r(O-H)/pm ∠Cr-O-H/deg q(Cr) q(O) q(H)

[Cr(H2O)6]3+ 3/2 201.5 96.4 125.1 +2.12 -1.02 +0.58
[Cr(H2O)6]2+ 2 211.6a/236.2b 96.6 126.0a/127.2b +1.79 -1.01a/-0.99b +0.53a/+0.50b

b. [Eu(H2O)6]3+ Complex

complex total spin r(Eu-O)/pm r(O-H)/pm ∠Eu-O-H/deg q(Eu) q(O) q(H)

[Eu(H2O)6]3+ 3 251.0 98 105 +1.36 -0.66/-0.63/-0.72 +0.48,+0.46/+0.49,+0.46/+0.45, 0.48

c. [Eu(H2O)8]3+ Complex

complex total spin r(Eu-O)/pm r(O-H)/pm ∠Eu-O-H/deg q(Eu) q(O) q(H)

[Eu(H2O)8]3+ 3 251.0 98 105 +1.47 -0.66/-0.7/-0.73/-0.74 +0.4,+0.44/+0.45,+0.46/+0.47

a Equatorial disposition of atoms.b Axial disposition of atoms.

φ
i ) 4

f
tanh-1{tanh(fφd

4 ) exp(-κxi)} (4)

φ
d(MC) ) d1φ

d(GC) + d3[φ
d(GC)]3 (5)
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from the theory of hard sphere fluids as

Here, NL is the Avogadro constant,ce, the base electrolyte
concentration in M, andσ, the ion diameter.Γ is the relative
value of the reciprocal distance in the MSA which characterizes
the thickness of the ionic atmosphere around a given ion. It is
defined by the equation

Typical results of the MC simulations for the case of an ion
diameter of 200 pm and an electrolyte concentration of 0.3 M
are shown in Figure 2. The broken line through the points was
obtained by fitting eq 5 to the MC data. Analysis of MC results
for five concentrations and three ion sizes leads to the conclusion
that the parametersd1 andd3 are given by the equations

and

Here,a0 is the hard sphere compressibility given by

Furthermore, it is clear that the term ind3 describing the
curvature of the plot in Figure 2 can be neglected when the
electrode charge density is less than 15µC cm-2 at this ionic
strength (0.3 M). This means that eqs 5-8 provide a very simple
way of estimatingφd(MC) for the present experiments.

The potential profile in the diffuse layer near the oHp was
also examined from the simulation results. For the present
experiments in which the magnitude of the charge density is

not large, eq 4 simplifies to

wherexi is the distance from the oHp. In the case of the MC
results, the potential profile is given by

In this case the distancexi is measured from the oHp in the
MC simulation which occurs at 100 pm when the ion diameter
is 200 pm. The dependence of potential on position in the diffuse
layer is illustrated in Figure 3. It is clear that the potential drops
more rapidly in the case of the MC data. As can be seen from
the fit of the MC data, the slope of the plot of ln(-φ) against
κx is related to the same slope in the GC model by the ratio
κσ/2Γ as one would expect from the MSA model.32

The potential of the outer Helmholz plane by the Gouy-
Chapman model,φd(GC) was calculated by using the formula

whereσm is the charge density on the mercury. The constant
AGC is equal to 5.8687(I)1/2 in water at 25°C whereI is the
ionic strength of the solution.

Results and Discussion

A typical dependence of the reduction current on the electrode
potential for the reduction of [Eu(H2O)n]3+ and [Cr(H2O)6]3+

ions in an acidic (10-3 M HClO4) solution of NaClO4 (0.3 M)
is presented in Figure 4, parts a and b. The fact that the limiting
current is not constant can be explained by the contribution of
hydrogen evolution from water molecules in the coordination
sphere of the complex in that potential region. The values of
the limiting current were assumed to correspond those of the
region where the plateau begins.

One can see from the data in Figure 4 that Eu(III) reduction
is slightly faster than that of Cr(III), and the diffusion coefficient
for the Eu(III) species is higher than that of the Cr(III) species.
The values ofDA calculated from the experimental data were
as follows: for the Eu(III) complex, 6.1× 10-6 and 6.7× 10-6

Figure 2. Plot of the dimensionless potential drop across the diffuse
layer according to MC simulations,æd(MC), plotted against the same
quantity estimated by the Gouy-Chapman modelæd(GC). The integers
indicate the electrode charge density inµC cm-2. The curvature of the
plot may be neglected for electrode charge densities less than 10µC
cm-2 as shown by the broken line through the first three points.
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Figure 3. Plot of the logarithm of the potential in the diffuse layer
against the distance parameterκx for a charge density of-10 µC cm-2

and electrolyte concentration of 0.3 M. The solid line shows the
prediction of the GC model and the open circles the results of the MC
simulation; the dotted line shows the MC results as estimated by eq
12.
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cm2 s-1, and for the Cr(III) complex, 4.4× 10-6 and 5.1×
10-6 cm2 s-1 in 0.3 M NaClO4 + 10-3 M HClO4 and 0.03 M
NaClO4 + 10-3 M HClO4, respectively. The experimental data
are in good agreement with the values ofDA found in the
literature: for the aquo-Eu(III) complex ion (7.1× 10-6 cm2

s-1 is the average value for a set of solutions NaClO4 + HClO4

with different ionic strengths14) and for the aquo-Cr(III)
complex ion (4.1× 10-6 cm2 s-1 in 0.51 M NaClO4 + 0.01 M
HClO4

11).

From the CVs and the semiintegrated data for the reduction
of [Cr(H2O)6]3+ in the two solutions (0.3 and 0.03 M NaClO4

+ 10-3 M HClO4), the reduction rate constants were calculated
using eq 2. The obtained values of the rate constants in 0.3M
NaClO4 + HClO4 are in excellent agreement with data reported
by Weaver and Anson,34 where the experiments were carried
out in the identical supporting electrolytes and with data for
Eu(III) reduction presented by Gierst and Cornellisen14 for less
acidic supporting electrolyte. The calculated rate constants for

Figure 4. Typical current waves for the reduction of [Eu(H2O)6]3+ (a) and [Cr(H2O)6]3+ (b) ions (5× 10-4 M) in a solution of 10-3 M HClO4 +
0.3 M NaClO4 (solid circles) and the corresponding semiintegrals (open circles).

Figure 5. Corrected Tafel plots for the reduction of [Cr(H2O)6]3+ (a, b) and [Eu(H2O)n]3+ (c, d) ions (5× 10-4 M) in a solution of 10-3 M HClO4

with 0.3 M NaClO4 (open circles) or with 0.03 M NaClO4 (solid circles) forzA ) +2 (a, c) andzA ) +3 (b, d).
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reduction of Eu(III) in 0.3M NaClO4 + 10-3 M HClO4 are in
qualitative agreement (slightly lower) with the data reported by
Elzanowska et al.35 and Niki and Mizota.36 The quantitative
disagreement with the former data,35 where acid-free working
solutions were used, can be explained by errors in determining
kinetic parameters (underestimation of the reduction rate)
associated with hydrolysis of the Eu(III) complex in a solution
of higher pH. The latter data36 were obtained in working
solutions with a high acid concentration which can cause slightly
lower Eu(III) reduction rates due to the difference in ionic
strength. The data obtained for the Cr(III) complex reduction
are in qualitative agreement with data reported by Alias and
Fawcett11 for the case of a more acidic supporting electrolyte.

In the case of the supporting electrolyte with 0.03 M in
NaClO4 + 10-3 M HClO4, the values of the rate constants for
the reduction of Eu(III) found in the literature14 are higher than
the calculated ones. This can be associated with the fact that
the analysis of the double layer effect on the reduction kinetics
was performed in terms of an effectiveφd. If zA is assumed to
be+3, the potential at the reaction site was found to be 75%-
85% of that at the oHp. This means that if the double layer
effect is considered in terms of an effective charge,zeA would
be+2.25 to+2.55 (which is significantly lower than+3). Our
study results in a similar conclusion.

Tafel plots corrected in accordance with the Gouy-Chapman
model were first constructed using the Frumkin approach. In
this case,φd was assumed to be equal toφd(GC). The resultant

cTp values for integer reactant charges of+3 and +2 are
presented in Figure 5. IfzA is assumed to be+3 (Figure 5b,d),
the cTps for the two reactants in solutions with different
concentrations of NaClO4 do not overlap. Moreover, for
[Eu(H2O)n]3+, the slopes of these plots are significantly different
(Figure 5d). However, when the ionic chargezA is assumed to
be+2, the cTp are closer to each other (Figure 5a,c). However,
they still do not overlap well enough for both systems. For
Cr(III), the Frumkin correction is overestimated using a formal
charge of+2 (Figure 5a). Previously,6 the fact that better
agreement with experiment is found with a charge of+2 was
attributed to ion pair association in the bulk of the solution.
However, this may not be the only explanation of these
observations as described below.

Effective charges for the reduced and oxidized forms of the
chromium hexaaquacomplex and oxidized form of the europium
hexaaquacomplex were calculated by using eqs 1 and 11 within
the framework of the GC model and by using data for the
interfacial potential distribution obtained by the MC data7 (eqs
5, 8, 9, and 12). The model used to locate the reactant in the
double layer is based on the idea that the center of charge of an
ion cannot come right up to the electrode but is prevented from
doing so not only by its own finite size but also by a solvation
layer of solvent molecules (in this case, water) solvating the
electrode. This model seems to be more realistic and self-
consistent than the Gouy-Chapman model since it takes into
account the size of the supporting electrolyte ions.

Figure 6. cTp for reduction of [Cr(H2O)6]3+ ions (5× 10-4 M) in a solution of 0.3M NaClO4 + 10-3 HClO4 (open circles) and 0.03M NaClO4
+ 10-3 HClO4 (solid circles) for different effective charges of the reacting complex.
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The crucial point for this calculation is the choice of the
distance of closest approach of the reactant. At this stage we
assume that the reactant does not penetrate the inner layer but
that it is located completely in the diffuse layer. For proper
comparison of the results obtained using the two models, it is
assumed that the distance of closest approach of the nearest
atom of the reacting complex is located 100 pm from the oHp.
This shift can be interpreted as a separation of the reactant and
oHp by the secondary solvation shell of the reactant. Although
the choice of reactant location is arbitrary, the two aquacom-
plexes are expected to be in similar locations in the double layer
because they react at similar electrode charge densities.

The values ofze obtained using the quantum chemistry data
are presented in Table 2 parts a and b. Similar values ofze for
the Eu(III) aquacomplex were obtained for the number of ligands
n ) 6 and 8, and for differently oriented complexes with respect
to the electrode surface; the result reported in the table is an
average. It was noted that calculations based on the two models
give essentially identical values forzAe and zBe because the
interfacial potential profiles in the case of 1-1 supporting
electrolytes for the potential region under consideration differ
very little. But this is not a general result and the results could
be quite different, for example, in the case of 2-1 electrolytes.7

Parts a and b of Table 2 demonstrate that the effective charge
of the Eu(III) aquacomplexes is less positive than that of the

Cr(III) aquacomplex. This main result does not depend on our
assumption about the number of ligands for the Eu(III) aqua-
complex. The differences betweenzAe values for Cr(III) and
Eu(III) aquacomplexes are almost identical (∼0.25) for both
supporting electrolytes. In addition, it was found to be hardly
at all affected by the reactant orientation and location with
respect to the electrode. The final estimates for theze values
can be affected by the choice of the potential distribution pattern.
We believe that the corresponding overestimation ofzAe is much
higher for more dilute solutions. However, the relative values
determined and the qualitative tendencies are more reliable than
the absolute values.

Figures 6 and 7 present the evolution of the cTps for the
reduction of [Cr(H2O)6]3+ and [Eu(H2O)n]3+ ions in the
concentrated solution (0.3M NaClO4) and dilute solution (0.03M
NaClO4) for different effective charges,ze for the reactant. In
the case of [Cr(H2O)6]3+ reduction, whenze increases from+2.0
to +2.2, the cTps approach each other; then atze ) +2.2 they
overlap but separate again for higher values ofze. For reduction
of [Eu(H2O)6]3+ ion, the tendency is identical, but the cTps
overlap for lower values ofze, a result which was already
predicted in the estimation ofze (Table 2a,b).

In the above plots, the ordinate axis parameter was changed
but the abscissa axis remained the same, namely,φm - φd.
However, these plots are not completely self-consistent as is
shown below by using data for Cr(III) reduction.

Figure 7. cTp for the reduction of [Eu(H2O)n]3+ ions (5× 10-4 M) in a solution of 0.3M NaClO4 + 10-3 HClO4 (open circles) and 0.03M NaClO4
+ 10-3 HClO4 (solid circles) for different effective charges of the reacting complex as indicated.
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Consider now the potential dependence of the rate constant
for the forward reduction reaction which is given by the equation

wherewA andwB are the work terms associated with bringing
the reactant and product to their reaction sites in the double
layer, kfo is the value of the forward rate constant atφm ) 0
andR is the transfer coefficient. Generally, the correction for
the potential on the abscissa axis of the cTp is determined by
the difference betweenwA andwB. Under these circumstances,
cTps withφm - φd as the abscissa variable are strictly speaking
only correct if the chargeszA and zB are integers, and their
difference corresponds to the number of electrons transferred
in the reaction. In the framework of the present molecular level

approach, these conditions are not necessarily met so that the
construction of an adequate cTp should involve reconsideration
of eq 14.

ExpressingwA andwB using the chargeszA andzB, one writes

and

Substituting eqs 15 and 16 into eq 14, one may emphasize this
point by writing

It can be seen from Table 2a,b that for more realistic effective
charges for the reactant and product, the differenceδz ) (zAe

- zBe) is not equal to unity. Thus, a more reasonable approach
to construction of the cTp would be to useφm - (zAe - zBe)φd

as the abscissa variable.
A set of cTps for the reduction of [Cr(H2O)6]3+ in the dilute

and more concentrated electrolyte solutions constructed using
the approach just described is presented in Figure 8. ThezBe

and zAe values were determined by the quantum chemical
calculations described earlier (Table 2a,b, last column). In this

Figure 8. Corrected Tafel plots for the reduction of the [Cr(H2O)6]3+ ions (5× 10-4 M) in the concentrated (0.3 M, open circles) and diluted (0.03
M, solid circles) supporting electrolyte solutions withze ) +2.2 andδz ) 0.68 for the concentrated supporting electrolyte, and (a)δz ) 0.85; (b)
δz ) 0.6; and (c)δz ) 0.4 for the dilute solution whereδz ) zBe - zAe.

TABLE 2: ze for the Chromium Hexaaquacomplexes
(Oxidized and Reduced Forms) and Europium
Hexaaquacomplex (Oxidized Form)

σm, µC/cm2 zAe/Cr(III) zAe/Eu(III) zBe/Cr(II) zAe - zBe/Cr(III/II)

a. In 0.3M NaClO4 + 10-3 M HClO4

-5 1.93 1.70 1.25 0.68
-10 1.94 1.70 1.25 0.69

b. In 0.03M NaClO4 + 10-3 M HClO4

-5 2.56 2.30 1.71 0.85
-10 2.56 2.30 1.71 0.85

ln kf ) ln kfo - wA/RT- R(Fφ
m - wA + wB)/RT (14)

wA ) zAFφ
d (15)

wB ) zBFφ
d (16)

ln kf + zAfφd ) ln kfo - Rf[φm - (zA - zB) φ
d] (17)
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case, we avoid using thezAe values for the dilute solutions which
are most probably too large, and usezAe ) +2.2 for which the
corresponding cTps overlap. It was found that for case a in
Figure 8, where the value ofδz is the result of the quantum
chemical calculations forzAe - zBe, the cTps overlap perfectly.
This implies that the present approach can be applied for cTp
construction for the case that supporting electrolytes are used.
However, the cTp do not overlap ifzAe andzBe obtained by the
quantum chemical calculations (Table 2a,b) are used to estimate
the value of the ordinate axis, This is undoubtedly associated
with error in determining the reacting site potential (andzAe

andzBe) in the case of dilute supporting electrolytes. When the
solution is more dilute, the local potential changes more rapidly
with position so that the assumptions about reactant location
are more important. Moreover, the fact thatδz * 1 is of minor
importance in this case. In the case of analysis of kinetic data
for reactants with an asymmetrical distribution of charge this
effect may play a more significant role in the constructing of
cTps.

Conclusion

For the construction of cTps for real reactants with a size
comparable with the thickness of the diffuse part of the double
layer, the charge distribution within the reactant and product
should be taken into consideration. Experimental results obtained
in this work confirm the correctness of the approach developed
by Tsirlina et al.3 for cTp construction with consideration of a
model reactant presented as a set of distributed local charges in
terms of the effective potential at the reaction site.

It should be noted that both construction ofze-based cTps
and the quantum chemical calculations give a lower value of
zAe for the europium(III) complex than for the chromium(III)
one. This can be explained by the different electronic structures
of the central atoms in the aquacomplexes. Having a smaller
ionic radius, chromium ion exhibits a higher hydration energy
and a less pronounced ability to form ionic associates, while
for the bigger europium ion with a lower hydration energy, the
effect of associated ligands on the resultant effective charge of
the reacting species is more significant.

Results of the double layer effect on the reaction kinetics in
the terms of effective charges of the species involved in the
reaction are significantly affected by the model selected for the
potential distribution in the vicinity of the electrode surface.
For a 1-1 supporting electrolyte in the applicable region of
electrode charge densities, both the GC and MC approaches
were found to give similar patterns for the potential distribution.
It is expected that for 2-1 supporting electrolytes, the MC
approach would provide a more realistic description of the
potential distibution which would be important in the construc-
tion of cTps.
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