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Chlorite (ClO2
-) is one of the few simple aqueous anions that forms a stable product on one-electron oxidation.

The heterogeneous charge transfer rate constants atE° ) 0.700 V vs SCE for the ClO2-/ClO2 redox couple
have been measured at Au, Pt, and glassy carbon electrodes in aqueous KNO3 solutions using rotating disk
and ac voltammetry techniques between 10 and 30°C. At 25 °C in 1.0 M KNO3 and pH) 7, the standard
heterogeneous rate constantskel were measured as 0.015( 0.001 cm/s and 0.014( 0.003 cm/s, respectively,
at Au and reduced Pt electrodes. The transfer coefficientR on gold was measured to be 0.50( 0.01 using
ac voltammetry. The heterogeneous rate constants obtained with the use of a glassy carbon electrode were
slower (0.0079( 0.001 cm/s at 25°C). The measured activation free energy for electron transfer at a gold
electrode was 25( 3.3 kJ/mol with a preexponential factor of 310(+900/-230) cm/s. Heterogeneous rate
constants of experiments performed in D2O solvent were only slightly slower than those measured in H2O,
indicating that the redox couple does not exhibit differential hydrogen bonding. Digital simulation of cyclic
voltammograms, withkel determined from the ac voltammetry and rotating disk techniques, gave good
agreement with experiment. Marcus theory was applied to understand the unexpected slow heterogeneous
kinetics for this simple redox couple. Additionally, the preexponential factor in the semiclassical expression
describing heterogeneous electron transfer was examined. The slow electron transfer process is primarily
attributed to a small preexponential factor that may arise from a high degree of nonadiabaticity in the electron
transfer process.

Introduction

Interest has grown in using chlorine dioxide (ClO2) as a
disinfectant in municipal water supplies because it reduces the
trihalomethane products observed in conventional chlorine water
treatment.1-8 Chlorine dioxide has also been employed as a
disinfectant in the food service industry and hospitals.9-14 Its
widespread use in the paper industry as an alternative to chlorine
pulp bleaching has greatly reduced formation of chlorinated
dioxins.15-17 The greater effectiveness of ClO2 against certain
bacteria, includingCryptosporidium parVum, makes it an
attractive alternative to conventional chlorine disinfection of
drinking water.18,19 The photochemistry of ClO2 in aqueous
solution has been studied, and it has been suggested that
stratospheric ClO2, formed by the reaction between BrO and
ClO, could photochemically generate Cl radicals and cause
catalytic destruction of ozone.20

Despite its increased use, the kinetics of secondary reactions
involving chlorine dioxide have not received much attention.
Previous studies of chlorine dioxide reaction kinetics employed
stock solutions and monitored changes in the UV/vis spec-
trum.21-24 This method suffers from disadvantages ranging from
the purity of ClO2 stock solutions to the formation of colored
adducts between ClO2 and certain nucleophiles.8,21 In contrast,
transient electrochemical techniques, such as cyclic voltammetry,
offer the advantage of providing pure ClO2 at the instant the
experiment is being performed, and reactivities with other
compounds can also be studied by time dependent techniques.

The availability of commercial ClO2 generating systems that
form chlorine dioxide electrochemically suggested that chlorine

dioxide would be amenable to mechanistic electrochemical
study. It can be cleanly produced by electrochemical oxidation
of the chlorite (ClO2

-) anion. Surprisingly, few electrochemical
kinetic studies have examined the oxidation of chlorite to form
chlorine dioxide. Diffusion coefficients have been measured
using rotating disk electrochemistry, but complications were
encountered when platinum electrodes were used.25 Several
electrochemical studies of ClO2- have been focused on analyti-
cal detection limits.8,26-28

Before the reactivity between chlorine dioxide and other
solution components can be studied electrochemically, the
electron transfer kinetics of the ClO2

-/ClO2 couple must be
understood. Heterogeneous rate parameters can then be used in
digital simulations involving electrochemically generated chlo-
rine dioxide. In the present work, the heterogeneous charge
transfer kinetics of the ClO2-/ClO2 redox couple were inves-
tigated on Au, Pt, and glassy carbon electrodes in KNO3

solutions using rotating disk methods and ac voltammetry.
Additionally, Marcus theory was applied to gain insight into
the factors influencing the slow heterogeneous charge transfer
kinetics of the ClO2

-/ClO2 redox couple.

Experimental Section

Materials. Supporting electrolyte (KNO3, Certified ACS,
Fisher) was recrystallized from HPLC grade water (Fisher).
Water purified by a Millipore Milli-Q system was used for all
electrochemical solutions. D2O (99.9 atom % D, Aldrich) was
used as received. NaClO2 (technical 80%, Aldrich) was recrys-
tallized from 75% acetone/water followed by a second recrys-
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tallization from 70% acetonitrile/water. The recrystallized
NaClO2 was dried under vacuum overnight and stored under
an Ar atmosphere in a Schlenk flask wrapped in aluminum foil
to prevent photodecomposition. The purity of NaClO2 was
monitored with a Hewlett-Packard 8452A diode array spec-
trometer in 1.0 cm quartz cells, using the 262 nm absorption
with an extinction coefficientε ) 140 M-1 cm-1.21

Apparatus. Cyclic, ac, and rotating disk voltammograms
were obtained using a Bioanalytical Systems (BAS) 100
Electrochemical Analyzer. For the rotating disk experiments, a
Pine Instrument Company Analytical Rotator Model MSR was
used to control the rotation rate. Data were transferred from
the BAS 100 to a Hewlett-Packard Vectra Pentium computer.
Microsoft Excel was used to analyze the data and generate the
voltammograms. Digital simulation was carried out on the
Hewlett-Packard Vectra Pentium system using the DigiSim
software package v. 2.1 available from BAS. Molecular model-
ing of ClO2

- was accomplished using Hyperchem 5.1 Pro for
Windows, available from Hypercube, Inc.

Au, Pt, and glassy carbon rotating disk electrodes (geometric
area 0.1963 cm2) obtained from Pine instruments were used for
all experiments. Metal working electrodes were rinsed with
concentrated HNO3 (Certified ACS Plus, Fisher) and polished
on microcloth polishing pads (Bioanalytical Systems) succes-
sively with slurries of 220, 320, 400, and 600 grit polish to
obtain a mirror finish. The electrodes were rinsed with HPLC
grade water between each polishing. The glassy carbon electrode
was polished using HPLC grade water. A saturated calomel
electrode was used as the reference electrode, and a Pt coil was
used as the auxiliary electrode. Experiments were carried out
in a custom glass cell with a thermostated jacket. An Endocal
constant temperature recirculating bath was used to maintain
the cell temperature. The solution temperature was measured
directly with a mercury thermometer.

Experiments were performed at pH values of 5, 6, and 8 to
determine whether proton concentration had an appreciable
affect onkel. The pH of the 1.0 M KNO3 supporting electrolyte
was adjusted by adding either concentrated HNO3 or 2.0 M
NaOH while monitoring with a pH meter (Accumet AB15,
Fisher). At lower pH, the heterogeneous charge transfer rate
constants at a gold electrode were slower (kel ) 0.012( 0.001
cm/s at pH 5), but no deviation was observed at higher pH.
The pKa of ClO2

- is 1.96.21 Because the effect of proton
concentration above the pKa was small, measurements were
taken at neutral pH.

In a typical electrochemical experiment, 20.0 mL of a 1.0 M
KNO3 stock solution was placed in the electrochemical cell.
The chosen rotating disk electrode and the Pt coil auxiliary
electrode were washed with HNO3 (unless it was glassy carbon)
and polished. The rotating disk electrode was assembled and
immersed in the solution along with the Pt coil auxiliary
electrode and SCE. The thermometer was placed in solution,
as well as a custom-made glass sparge. The recirculating bath
was set to the appropriate temperature, and Ar gas (99.997%,
Parsons) was bubbled into the solution for at least 15 min before
each experiment. After the solution reached the desired tem-
perature, the glass sparge was raised above the solution, and
the Ar flow was continued to blanket the solution. A background
cyclic voltammogram of the supporting electrolyte was mea-
sured before each experiment. Then, 0.0090 g of NaClO2 was
added to the solution and dissolved by rotating the working
electrode. A cyclic voltammogram was recorded to ensure that
a clean, reversible ClO2-/ClO2 couple was observed. In the case
of the Pt electrode, electrochemical pretreatment (hydrogen gas

evolution at-2.0 V vs SCE for 10 s before each scan) was
required to obtain reproducible rotating disk voltammograms.

Diffusion coefficients of ClO2
- as a function of temperature

were derived from Levich plots29 obtained with a rotating Au
disk electrode. Kinematic viscosities of the 1.0 M KNO3

supporting electrolyte were measured with the use of a Cannon-
Fenske routine size 25 viscometer (Fisher) immersed in a
thermostated bath. The refractive index of 1.0 M KNO3 was
measured using a Bausch and Lomb refractometer.

Electrochemical Measurements.The method for determin-
ing kel, the standard electrochemical rate constant, by rotating
disk electrochemistry is described by Bard and Faulkner.29 At
each temperature, cyclic voltammograms were taken to deter-
mine theE1/2 for the ClO2

-/ClO2 couple (0.700( 0.004 V vs
SCE). Rotating disk voltammograms were obtained at 600, 1000,
2000, 3000, and 4000 rpm. Capacitive currents were manually
subtracted by extrapolating the baseline of the voltammogram
to obtain the true faradaic current.

The ac voltammograms were collected with a gold electrode.
At each temperature, cyclic voltammograms at 50 mV/s were
taken to determine theE1/2 for the ClO2

-/ClO2 couple (0.700
( 0.004 V vs SCE). The solution resistance,Ru, was measured
at a potential 500 mV removed fromE1/2. The double-layer
capacitance was determined by the procedure outlined by
Smith.30 The necessary frequency of the sinusoidal excitation
was estimated using eq 1, whereω is the angular frequency of
the sinusoidal voltage (2πf) andD is the diffusion coefficient
of the electroactive species.31 The approximatekel was deter-
mined from the peak separation obtained from the cyclic
voltammogram.29

Phase selective ac voltammograms were taken at this
frequency, and the in-phase and 90° out-of-phase ac voltam-
mograms were used to plot cotφ vs the applied linear potential.
To correct for double-layer capacitance and solution resistance,
the experiment was repeated in the absence of the redox couple
being studied. Vector subtraction, as described by Smith,30 was
then used to obtain the true heterogeneous charge transfer rate
constant.

Double potential step chronocoulometry was performed using
the BAS 100. Anson plots29 were also generated with this
instrument to see if significant adsorption was occurring.

Results and Data Analyses

Behavior of the ClO2
-/ClO2 Redox Couple at a Pt

Electrode.Commercial sodium chlorite is only of 80% purity,
and it was crucial to obtain purified material that exhibits a
low background current necessary for quantitative electrochemi-
cal study. Successive recrystallizations from 75% acetone/water
and 70% acetonitrile/water provided pure NaClO2 suitable for
electrochemical measurements. The ClO2

-/ClO2 redox couple
was examined initially using cyclic voltammetry at a Pt
electrode. It was discovered that electrode history and pretreat-
ment greatly affected the reproducibility of the electrochemical
scans. If no pretreatment scheme was applied, the ClO2

-/ClO2

wave broadened gradually over time. However, if the electrode
was pretreated by holding the potential at-2.0 V vs SCE to
induce vigorous hydrogen evolution for 10 s before each scan,
then clean, chemically reversible waves were consistently
observed (Figure 1). If the electrode was pretreated by holding
the potential at 0.10 V vs SCE for 1 min with a 1000 rpm

kel , (ωD)1/2 (1)
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rotation rate, a broadened ClO2
-/ClO2 wave was observed as

shown in Figure 2. It is possible that this latter pretreatment
scheme results in hydrogen adsorption.32 The increased peak
separation is indicative of sluggish electron transfer kinetics.29

The rate of electron transfer was determined on a reduced Pt
surface by rotating disk electrochemistry. The electron transfer
rate at 25°C was 0.014( 0.003 cm/s. However, on the other
Pt surface, the rate falls to 0.0030( 0.0007 cm/s. This
observation may be significant since some industrial processes
(e.g., Sterling Chemicals ECF system) employ platinized
titanium electrodes in bulk preparations of ClO2.

Heterogeneous Charge Transfer Rate Constants for the
ClO2

-/ClO2 Redox Couple at a Gold Electrode.Since Au is
less prone to surface fouling, heterogeneous rate constants were
primarily obtained with this electrode. Two independent meth-
ods, rotating disk and ac voltammetry, were used to determine

the rate of electron transfer. Rotating disk voltammograms were
taken at 600, 1000, 2000, 3000, and 4000 rpm. A sample
voltammogram is shown in Figure 3. Plots of 1/i vs 1/(ω)1/2

were used to determine the current at infinite rotation rate at
five different overpotentials, as shown in Figure 4. The current
at infinite rotation rateik is related to the rate of electron transfer
by eq 2, wheren ) no. of electrons,F ) Faraday’s constant,
A ) electrode area in cm2, kf ) electron transfer rate, andCR*
) concentration in mol/cm3.

Heterogeneous rates as a function of five different overpo-
tentials were used to generate plots of lnkf vs η (overpotential).
This plot was extrapolated to zero overpotential to determine
kel. Additionally, the transfer coefficientR can be determined
from this plot using the relation in eq 3, wherem ) slope,R )
ideal gas constant, andT ) temperature in K.

Measurements were taken between 10 and 30°C in 5 °C
increments (Table 1). The standard heterogeneous rate constant
is related to the free energy of activation by eq 4, the
semiclassical equation for heterogeneous electron transfer, where
δr ) reaction zone thickness,κel

0 ) electronic transmission
coefficient at distance of closest approach,νn ) nuclear
frequency factor, andΓn ) nuclear tunneling factor.33

A plot of ln kel vs 1/T (Figure 5) yields an activation free
energy of 25( 3.3 kJ/mol and a preexponential factor of 310-
(+900/-230) cm/s.

Figure 1. Cyclic voltammogram of 5.0 mM NaClO2 in 1.0 M KNO3

at a reduced Pt electrode at 25°C, scan rate) 50 mV/s (vs SCE).

Figure 2. Cyclic voltammogram of 5.0 mM NaClO2 in 1.0 M KNO3

at a surface-fouled Pt electrode at 25°C, scan rate) 50 mV/s (vs
SCE).

Figure 3. Rotating disk voltammogram at a Au electrode of 5.2 mM
NaClO2 in 1.0 M KNO3 at 25°C, 1000 rpm, scan rate) 100 mV/s (vs
SCE).

Figure 4. Extrapolation of 1/i to infinite rotation rate at five
overpotentials (vs SCE). Au electrode, 5.2 mM NaClO2 in 1.0 M KNO3,
25 °C.

TABLE 1: Heterogeneous Charge Transfer Rate
Parameters for ClO2

-/ClO2 in 1.0 M KNO 3 as a Function of
Temperature Obtained from Rotating Disk Voltammograms
on a Au Electrode

T (K) kel (cm/s) R

283 0.0098( 0.0005 0.56( 0.02
288 0.010( 0.0004 0.56( 0.02
293 0.013( 0.0009 0.57( 0.03
298 0.015( 0.001 0.63( 0.03
303 0.019( 0.003 0.61( 0.05

ik ) nFAkfCR
* (2)

m ) Rn
F

RT
(3)

kel ) δr κel
0νnΓn exp(-∆Gq

RT ) (4)
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The determination of heterogeneous charge transfer rate
constants by ac voltammetry is cited to be very accurate.29 One
of the advantages of ac voltammetry is that the double-layer
capacitance and solution resistance can be separated from the
faradaic response in the rate constant calculation. A series of
ac voltammograms were taken at different phase angles to
determine the in-phase response. The in-phase and 90° out-of-
phase ac voltammograms were recorded and used to plot cotφ

vs the applied linear potential. An example of this plot is shown
in Figure 6. From this plot,R andkel can be determined from
eq 5 and eq 6, whereEdc ) potential at [cotφ]max.

The required diffusion coefficients were taken from Levich
plots obtained from rotating disk electrochemical data for ClO2

-.
The diffusion coefficients of ClO2- and ClO2 were assumed to
be identical. The measured kinematic viscosities of the 1.0 M
KNO3 solution, as well as the measured diffusion coefficients
of ClO2

- as a function of temperature, are summarized in Table
2. Determinations ofkel were made between 10 and 30°C in 5
°C increments, and the results are summarized in Table 3. A
plot of ln kel vs 1/T is shown in Figure 7, and the resulting
activation free energy and preexponential factor (25( 3.1 kJ/

mol and 350(+900/-250) cm/s) are in excellent agreement with
the rotating disk method.

Double-Layer Correction to kel. Electron transfer does not
occur between the reactant in bulk solution and the electrode
but between the reactant in a precursor state and the electrode.
Reactant must first be transported to the outer Helmholtz plane
before electron transfer occurs. Since the potential drops off as
a function of distance from the electrode surface, the applied
potential is not equivalent to the potential experienced at the
outer Helmholtz plane. This phenomenon is sometimes referred
to as the Frumkin effect.29,33 In the simplest case, the work
required to form the precursor state is defined as the work
required to bring the bulk reactant to the outer Helmholtz plane.
Similarly, a successor state exists which directly precedes the
bulk product. Equation 7 is the relation used to calculate these
work terms, whereZ ) the charge on the redox species andφd

) the potential at the outer Helmholtz plane.

The Guoy-Chapman model of the electrochemical double
layer is employed to estimateφd, and thereby the work required
to form the precursor state from the bulk reactantwp and the
bulk product from the successor statews. In this model, the
potential at distancex from the electrode surface is given by eq
8, wherez ) charge of electrolyte,e ) elementary charge,φ )

Figure 5. Plot of ln kel vs 1/T for the ClO2
-/ClO2 redox couple at a

rotating disk Au electrode.

Figure 6. Plot of cot φ vs applied linear potential from ac voltam-
mograms of 5.0 mM NaClO2 in 1.0 M KNO3 at a Au electrode at 25
°C, f ) 105 Hz,∆E ) 25 mV (vs SCE).

Edc ) E1/2 + RT
nF

ln( R
1 - R) (5)

[cot φ]max ) 1 +
[2DR

(1-R) DO
Rω]1/2

R-R(1 - R)-(1-R)kel

(6)

TABLE 2: Kinematic Viscosities (ν) of 1.0 M KNO3 and
Diffusion Coefficients (D) of ClO2

- as a Function of
Temperature

T (K) ν (cm2/s) DClO2
- (cm2/s)

283 0.0133( 0.0002 (8.8( 0.07)× 10-6

288 0.0118( 0.0001 (9.6( 0.08× 10-6

293 0.0106( 0.0001 (1.1( 0.01)× 10-5

298 0.0095( 0.0001 (1.2( 0.03)× 10-5

303 0.00873( 0.0001 (1.4( 0.03)× 10-5

TABLE 3: Heterogeneous Charge Transfer Rate
Parameters for ClO2

-/ClO2 in 1.0 M KNO 3 as a Function of
Temperature Obtained from ac Voltammograms on a Au
Electrode

T (K) kel (cm/s) R

283 0.0077( 0.0005 0.49( 0.01
288 0.0090( 0.0009 0.49( 0.01
293 0.010( 0.0006 0.48( 0.01
298 0.014( 0.0009 0.50( 0.01
303 0.015( 0.0004 0.50( 0.01

Figure 7. Plot of ln kel vs 1/T for the ClO2
-/ClO2 redox couple at a

Au electrode for data obtained using ac voltammetry.

w ) ZFφd (7)
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potential at distancex, k ) Boltzmann’s constant, andφ0 )
applied potential.

κ is given by eq 9, wheren0 ) number concentration of
supporting electrolyte,ε ) static dielectric constant of the
solution, andε0 ) permittivity of vacuum.

In these calculations,φ0 is set equal to the value ofE1/2 for
the ClO2

-/ClO2 couple,x is taken as the average radius of a
spherical approximation for ClO2- plus 1 H2O diameter (4.2
Å), and ε is taken from the literature.34 The average radius is
given bya ) (lxlylz)1/3, wherelx, ly, andlz are equal to half the
dimensions of the smallest box enclosing ClO2

-. Consequently,
kel can be corrected for double-layer effects by using eq 10.

The ratekcorr represents the heterogeneous rate constant of the
electron transfer process itself, noninclusive of the energy
required to form the precursor and successor states. Table 4
lists observed and corrected heterogeneous rate constants for
the ClO2

-/ClO2 redox couple in 0.5, 1.0, and 1.5 M KNO3

obtained by the rotating disk method.
Heterogeneous Charge Transfer Rate Constants for the

ClO2
-/ClO2 Redox Couple in D2O. To test whether ClO2-

exhibited stronger hydrogen bonding to solvent as compared
to ClO2, the rotating disk method was applied to determine
heterogeneous charge transfer rate constants in D2O. Weaver
and co-workers have done similar work using metal cations and
metal ammine and aquo complexes.35,36 Unlike some of the
metal complexes studied previously, the ClO2

-/ClO2 system will
not undergo isotopic exchange with D2O. Therefore, any
anomalies observed can be attributed solely to solvent effects.
In systems where differential hydrogen bonding effects for
species of different charge are substantial, the ratio of the
heterogeneous rate constants in H2O and D2O are much higher
than the Marcus-solvent dielectric continuum model prediction
of 1.06. In the ClO2

-/ClO2 system, no change in the formal
potential was observed, and heterogeneous charge transfer rate

constants were only slightly slower in D2O. Table 5 summarizes
the rate constants obtained in D2O, as well as those corrected
for double-layer effects for both H2O and D2O. The observed
ratioskH2O/kD2O are in all cases much lower than those observed
for metal complexes, and it suggests that the dielectric con-
tinuum treatment of outersphere solvation is a reasonable
approximation for the ClO2-/ClO2 couple.35,36

Heterogeneous Charge Transfer Rate Constants for the
ClO2

-/ClO2 Redox Couple at Pt and Glassy Carbon.
Heterogeneous rate constants were measured on different
electrode surfaces to determine whether electron transfer occurs
via an inner- or outersphere mechanism. If an innersphere
mechanism is operative, then the electron transfer rate constant
should vary greatly on different electrode surfaces.33 As noted
earlier, the Pt electrode eventually suffered from surface fouling,
which retarded the rate of electron transfer. The long scan times
necessary in ac voltammetry measurements resulted in surface
fouling on the time scale of each individual experiment.
Therefore, it was impossible to obtain reproducible ac voltam-
mograms, even after reductive pretreatment. Others have noted
that reproducible ac voltammograms are highly dependent on
the cleanliness of the electrode surface.37 Unlike ac voltammetry,
rotating disk experiments can be performed more rapidly.
Therefore, heterogeneous rate constants for the ClO2

-/ClO2

redox couple on Pt were gathered using this technique.
The rate of electron transfer as a function of temperature is

shown in Table 6 for both Pt and glassy carbon. For prereduced
Pt, it can be seen that the rates are similar to those obtained at
a Au electrode. However, the heterogeneous rate constants at
glassy carbon are considerably slower. In general, electron
transfer to and from glassy carbon is slower than on metal
electrode surfaces, and only extensive polishing and pretreatment
schemes can remedy this problem.38 As a further test for
adsorbed species that might lead to an innersphere pathway,
double potential step chronocoulometry was performed. The
resulting Anson plots indicated undetectable surface adsorption
by the redox active species.29 Thus, the electron transfer in the
ClO2

-/ClO2 system appears to be similar to that observed for
other outersphere redox species.

TABLE 4: Standard and Corrected Heterogeneous Charge Transfer Rate Constants for the ClO2-/ClO2 Redox Couple in 0.5,
1.0, and 1.5 M KNO3

T (K) kel 0.5 M kel 1.0 M kel 1.5 M kcorr 0.5 M kcorr 1.0 M kcorr 1.5 M

283 0.0074( 0.0002 0.0098( 0.0005 0.011( 0.0004 0.018 0.017 0.016
288 0.0090( 0.0003 0.010( 0.0004 0.012( 0.0008 0.022 0.017 0.017
293 0.010( 0.0004 0.013( 0.0009 0.016( 0.0005 0.024 0.022 0.023
298 0.012( 0.0004 0.015( 0.001 0.018( 0.001 0.029 0.026 0.026
303 0.015( 0.0009 0.019( 0.003 0.019( 0.003 0.036 0.032 0.027

TABLE 5. Heterogeneous Charge Transfer Rate Parameters for the ClO2-/ClO2 Redox Couple in 1.0 M KNO3 on a Rotating
Disk Au Electrode in D2O, and Corrected Heterogeneous Rate Constants in H2O and D2O and Their Ratios

T (K) kel D2O (cm/s) R D2O kcorr H2O (cm/s) kcorr D2O (cm/s) kH2O/kD2O corr

283 0.0072( 0.0002 0.50( 0.01 0.017 0.012 1.42
288 0.0091( 0.0006 0.56( 0.02 0.017 0.016 1.06
293 0.011( 0.0003 0.61( 0.01 0.022 0.019 1.16
298 0.012( 0.0006 0.59( 0.02 0.026 0.021 1.24
303 0.015( 0.0008 0.53( 0.02 0.032 0.026 1.23

tanh(zeφ
4kT)

tanh(zeφ0

4kT)
) e-κx (8)

κ ) (2n0z2e2

εε0kT )1/2

(9)

ln kel ) ln kcorr +
(Z + R)Fφd

RT
(10)

TABLE 6: Heterogeneous Charge Transfer Rates for the
ClO2

-/ClO2 Redox Couple in 1.0 M KNO3 at Pt and Glassy
Carbon as a Function of Temperature

T (K) Pt kel (cm/s) glassy carbonkel (cm/s)

283 0.0084( 0.0007 0.0031( 0.00005
288 0.0091( 0.002 0.0037( 0.00006
293 0.011( 0.002 0.0048( 0.0004
298 0.014( 0.003 0.0079( 0.001
303 0.016( 0.003 0.0086( 0.002
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Digital Simulation of Cyclic Voltammograms using Mea-
sured Rate Constants.To further test the consistency of the
heterogeneous rate parameters, digital simulations of cyclic
voltammograms were performed using transfer coefficients,
heterogeneous rate constants, and diffusion coefficients obtained
from the ac voltammetry and rotating disk measurements. These
simulated voltammograms were compared with those measured
on Au, Pt, and glassy carbon electrodes. As can be seen in
Figures 8-10 the simulated and experimental voltammograms
correspond well.

Discussion

Sluggish electron transfer kinetics in the ClO2
-/ClO2 system

was surprising given the simplicity of the redox couple. To
understand the possible reasons for slow heterogeneous electron
transfer, Marcus theory39 was applied. The energy involved in
electron transfer reactions at electrodes can be separated into
three components: innersphere reorganization (internal changes
in bond lengths and bond angles), outersphere reorganization
(solvent reorganization), and reactant and product work terms
(work required to transport reactant and product to and from
the point where electron transfer can occur). These terms can
be evaluated individually and compared to experimental values.
Additionally, the variables contributing to the preexponential
factor were analyzed.

Innersphere Reorganization Term for the ClO2
-/ClO2

Redox Couple.Chlorite has a bond angle of 111° and a Cl-O
bond distance of 1.57 Å, whereas ClO2 has a bond angle of
117.5° and a Cl-O bond distance (r) of 1.47 Å.40 Therefore,
the transformation from ClO2- to ClO2 involves an angle (R′)
expansion of 6.5° and two bond contractions of 0.10 Å. The
innersphere term corresponding to this transformation can be
calculated by plotting the valence force field potential energy
surfaces (determined by vibrational spectroscopy), as given in
eq 11, wherekr and kR′ are the bond stretching and bending
force constants, respectively, andro is the equilibrium bond
distance.40

The minimum intersection along the totally symmetric
pathway between the two surfaces yields the innersphere
reorganization energy required for the electron transfer to take
place. This analysis yields an energy barrier of 9.1 kJ/mol.
Additionally, the theoretical transfer coefficientR ) 0.45 was
calculated by analyzing the mean slopes of the potential energy
surfaces at the point of intersection.29 Figure 11 shows the
intersection of the two potential energy surfaces.

Outersphere Reorganization Term for the ClO2
-/ClO2

Redox Couple.The outersphere reorganization term can be
estimated by treating the solvent as a dielectric continuum as
described by Marcus.39 The validity of this approximation is
supported by the small deuterium isotope effect observed for
kel, which argues against specific hydrogen bonding strongly
favoring one redox component. Equation 12 was used to
estimate the solvent reorganization energy, wheree ) elemen-
tary charge in esu,a ) reactant radius,Re ) twice the reactant-
electrode distance,εop ) optical or infinite dielectric constant,
andεs ) static dielectric constant.41

The smallest box enclosing ClO2
-, as determined by molec-

ular modeling, can be used to determine the average radius of
a spherical approximation as described previously. Additionally,
three possible radii can be obtained from the dimensions of the
box, which refer to the different possible orientations of the
ClO2

- molecule with respect to the electrode surface. The
reactant-electrode distance was taken to be one of the four
reactant radii plus 1 H2O diameter. The optical and static
dielectric constants were taken from the literature, and for 1.0
M KNO3, they had values of 5.51 and 68.59, respectively, at
25 °C.34 Debye introduced the simplification of using the square
of the refractive index as being an approximation to the optical
dielectric constant for gases, which some investigators have
taken to apply in solution electrochemical studies. However, in
polar liquids, Debye states that the dielectric constant at high
frequencies of perturbation, i.e., the infinite dielectric constant,
is the true optical dielectric constant.42 Using the latter values,
the outersphere reorganization term was calculated to range
between 10.9 and 26.3 kJ/mol, with a value of 18.8 kJ/mol for

Figure 8. Digitally simulated (‚) and experimental (b) cyclic volta-
mmograms for the ClO2-/ClO2 redox couple on Au at 25°C. Simulation
parameters: [ClO2-] ) 0.0055 M,D ) 1.2× 10-5 cm2/s, scan rate)
0.050 V/s,A ) 0.1963 cm2, E1/2 ) 0.701 V, R ) 0.49, kel ) 0.015
cm/s.

Figure 9. Digitally simulated (‚) and experimental (b) cyclic volta-
mmograms for the ClO2-/ClO2 redox couple on Pt at 25°C. Simulation
parameters: [ClO2-] ) 0.0072 M,D ) 1.2× 10-5 cm2/s, scan rate)
0.050 V/s,A ) 0.1963 cm2, E1/2 ) 0.7035 V,R ) 0.49,kel ) 0.016
cm/s.

E ) kr∆r2 + 1
2
kR′ro
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the spherical approximation of the reactant radius. If one used
the refractive index estimate (n ) 1.342 for 1.0 M KNO3), the
value would range between 35.2 and 85.2 kJ/mol, with a value
of 49.9 kJ/mol for the spherical approximation of the reactant
radius. The experimental measurement of the infinite dielectric
constant involves an extrapolation, and the values from ref 34
should be used with caution. Stanbury reports an outersphere
reorganization energy of 32.7 kJ/mol for the self-exchange
reaction between ClO2- and ClO2, obtained by subtraction of
the innersphere reorganization energy from the total activation
barrier (work terms were neglected).40 For an electrochemical
reaction, the outersphere reorganization energy would be one-
half this value, or 16.4 kJ/mol, which agrees better with the
calculation using the experimentally estimated infinite dielectric
constant. The other possible concern is that our estimate of the
reactant-electrode distance is incorrect. If one assumes that the
outersphere reorganization energy is 16.4 kJ/mol, uses the
spherical approximation for the reactant radius, and instead uses
the refractive index estimate forεop, then the reactant-electrode
distance would have to be 1.68 Å for agreement. This reactant-
electrode distance would require an innersphere mechanism (i.e.
no water molecules between the reactant and the electrode). An

innersphere mechanism seems unlikely given the slow rate of
electron transfer, relative lack of influence of electrode material
on rate of electron transfer, and lack of detectable adsorption
from the Anson plots. The experimentally estimated dielectric
constant at infinite frequency appears to be the better choice,
even though its use is not common among the practitioners of
Marcus Theory.

Reactant and Product Work Terms.The Guoy-Chapman
model was used to estimate double-layer corrections (eqs 7-9).
The outer Helmholtz plane is estimated to be the spherical
approximation average radius of ClO2

- plus one H2O diameter
as previously calculated. The dielectric constant for a 1.0 M
KNO3 solution at 25°C is 68.59.34 Since the charge on the
product (ClO2) is zero, its work term is also zero. For the
reactant (ClO2-), the work term from Guoy-Chapman theory
is -2.3 kJ/mol (negative because the positively charged
electrode attracts the anion).

Free Energy Barriers to Electron Transfer for the ClO2
-/

ClO2 Redox Couple.With the innersphere, outersphere, and
work terms estimated, the theoretical free energy of activation
∆Gq for the electron transfer process for ClO2

-/ClO2 can be
calculated. The stepwise calculation of∆Gq is given in eqs 13-
16.33

Equation 13 gives the intrinsic barrier for the electron transfer
step as the sum of the inner- and outersphere reorganization
terms. For the ClO2-/ClO2 system,∆Gint

* is calculated to be
27.9 kJ/mol. Equation 14 is the free energy of electron transfer,
wherews is the work term of the successor state, andwp is the
work term of the precursor state. For the ClO2

-/ClO2 couple at
the formal potential,∆Get

0 ) 2.3 kJ/mol, due to the precursor
state of ClO2

-. Equation 15 yields the activation energy for the
elementary step, i.e., the oxidation of the precursor ClO2

- state.
It is the sum of the intrinsic barrier for the electron transfer
step and the free energy of electron transfer multiplied by the
theoretical transfer coefficientR ) 0.45. It has a value of 29.0
kJ/mol. Last,∆Gq equals the sum of the activation energy for
the elementary step and the work term for the precursor state.
For the ClO2

-/ClO2 system, the calculated value is 26.7 kJ/
mol. This result is well within experimental error of the
measured∆Gq (eq 4) of 25( 3.3 kJ/mol. A free energy-reaction
coordinate diagram with the calculated activation barriers is
shown in Figure 12.

Preexponential Factor. The semiclassical expression for
electrochemical reactions in eq 4 includes several preexponential
terms. The reaction zone thicknessδr is approximately 1 Å.43

The nuclear tunneling factor is generally set equal to 1.33 The
remaining terms,νn (nuclear frequency factor) andκel

0 (elec-
tronic transmission coefficient) are less well defined. The nuclear
frequency factor can be estimated by the formula given in eq
17, whereνos ) outershell solvent frequency of motion and
νis,s ) innershell vibration frequency of the symmetric Cl-O
stretch,νis,b ) innershell vibration frequency of the symmetric
O-Cl-O bend, ∆Gi.s.,s

* ) the stretching component of the
internal reorganization energy, and∆Go.s.,b

* ) the bending
component of the internal reorganization energy.33,44

Figure 10. Digitally simulated (‚) and experimental (b) cyclic
voltammograms for the ClO2-/ClO2 redox couple on glassy carbon at
25 °C. Simulation parameters: [ClO2-] ) 0.0054 M,D ) 1.2× 10-5

cm2/s, scan rate) 0.050 V/s,A ) 0.1963 cm2, E1/2 ) 0.704 V,R )
0.49,kel ) 0.0079 cm/s.

Figure 11. Plot showing the intersection of the valence force field
potential energy surfaces for ClO2

- and ClO2.
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* + ∆Go.s.
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The value ofνos can be determined from the longitudinal
relaxation timeτL given by eq 18, whereτD ) Debye relaxation
time determined from dielectric loss measurements.33 All the
necessary values for this calculation were obtained from ref 34.
The outershell frequency factor is then calculated from eq 19.

The calculation forτL gave a value of 6.20× 10-13 s, and the
corresponding value forνos at 298 K was 1.12× 1012 s-1. The
innershell vibration frequency can be estimated using the
symmetric stretching and bending frequencies of ClO2

- and
ClO2 available from vibrational spectroscopy by using eq 20.45

This calculation for the nuclear frequency factorνn yields 1.50
× 1013 s-1. The electronic transmission coefficient,κel

0, is a
measure of the adiabaticity of the electron transfer, and it equals
1 for an adiabatic pathway. Generally, it is assumed that electron
transfer from metal electrodes proceeds adiabatically.33 If this
assumption is made with the system under study, the theoretical
preexponential factor is calculated to be 1.5× 105 cm/s.
Obviously, there is a large discrepancy between the experimental
and theoretical preexponential factors which can be rectified
by assuming a nonadiabatic pathway (κel

0 ) 2.1× 10-3), a much
lower nuclear frequency factor, or a combination of the two.

Self-Exchange Rate Constant for the ClO2-/ClO2 Couple.
Marcus theory predicts that the heterogeneous charge transfer
rate constant atE° (corrected for double-layer effects) is related
to the chemical self-exchange rate constant by the expression
given in eq 21, wherekcorr andkex have units of cm/s and M-1

s-1, respectively.39

In this equation,Zel andZex are collision frequencies; however,
adiabaticity is an implicit assumption. Instead,Zel andZex can
be replaced by the encounter preequilibrium termsAe andAh,
in eq 22 and eq 23, where the subscriptse and h refer to
electrochemical and homogeneous reactions, respectively. In the
expression forAh, N ) Avogadro’s number andr′ ) the distance
between the centers of ClO2

- and ClO2 when they are just
touching.43

A molecular model has been used to study the electrochemical
reduction of Fe3+ to Fe2+ in aqueous solution at a Pt electrode,
and a nonadiabatic value of 5× 10-4 was found forκel

0.46 This
value is similar to our experimentally implied value of 2.1×
10-3 for ClO2

-/ClO2 which leads toAe ) 310 cm/s. An
experimentalκel

0 for the homogeneous solution self-exchange
reaction of Fe3+ and Fe2+ has been determined as 1.37× 10-2.47

Using this value as an estimate for the homogeneous solution
ClO2

-/ClO2 self-exchangeκel
0, Ah is calculated as 9.7× 109

M-1 s-1. Subsequently,kex is estimated as 68 M-1 s-1, which
is in good agreement with those (27-1100 M-1 s-1) obtained
by homogeneous reaction studies.40

Conclusions

The heterogeneous electron transfer rate constants for the
ClO2

-/ClO2 redox couple have been measured by ac voltam-
metry and rotating disk electrochemistry and verified by cyclic
voltammetry. Chlorite is one of the few simple anions that
exhibits a chemically reversible couple in aqueous solution. The
measured heterogeneous charge transfer rate constant at 25°C
was 0.015( 0.001 cm/s with a∆Gq for the redox process of
25 ( 3.3 kJ/mol and a preexponential factor of 310(+900/-
230) cm/s at a gold electrode. Comparable rate constants
obtained at Au and reduced Pt electrodes suggest that the
oxidation occurs via an outersphere mechanism. Changing the
solvent from H2O to D2O resulted in no significant change in
formal potential or heterogeneous rate constant.

The sluggish electrode kinetics are attributed to the sizable
∆Gq and the small measured preexponential factor which is less
than the theoretical value by over 2 orders of magnitude. The
small measured preexponential factor suggests that electron
transfer is nonadiabatic. If one accepts the nonadiabatic explana-
tion, then it also removes the discrepancy between self-exchange
calculations using heterogeneous and homogeneous rate data.
Previous work has elucidated the shortcomings of the Marcus
self-exchange relationship when applied to electrochemical rate
data.48,49This apparent failure of Marcus theory may be due to
greater nonadiabaticity in certain electrochemical reactions. It
has been suggested that some redox species are unable to
approach the electrode surface as closely as others.50 Therefore,
the nonadiabaticity may reflect the weak overlap between
orbitals of the redox species and electrode surface due to the
reactant-electrode separation.

It is noteworthy that the heterogeneous rate of oxidation of
NO2 to NO2

+ was reported as 0.017( 0.003 cm/s in dichlo-
romethane solvent.51 It is possible that sluggish heterogeneous
electron transfer rates are characteristic of bent triatomic
molecules due to the importance of both the inner- and
outersphere reorganization energies as well as the nonadiaba-
ticity of electron transfer.

Figure 12. Free energy-reaction coordinate profile displaying free
energy barriers (kJ/mol) in the oxidation of ClO2

- to ClO2.
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