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Charge-Transfer Rates in Thin Polyelectrolyte Films Incorporating a Redox
Molecule with Two Separate Electroactive Centers Having
Different Redox Potentials. An Alizarine Red S-

Cationic Perfluoropolymer Film System
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The diffusion coefficients for the charge-transport processes through 9,10-dihydro-3,4-dihydroxy-9,10-
dioxo-2-anthracenesulfonate (Alizarine Red S, 1)-incorporating cationic perfluoropolymer (CPFP) polyelectro-
lyte films on electrodes undergoing oxidation or reduction of two separate electroactive centers with different
redox potentials, i.e., the two-electron reduction of 1 to 3,4,9,10-tetrahydroxy-2-anthracenesulfonate (2) and the
two-electron oxidations of 2 to 1 and 1 to 3,4,9,10-tetrahydro-3,4,9,10-tetraoxo-2-anthracenesulfonate (3) were
measured by potential-step chronoamperometry and chronocoulometry. The apparent diffusion coefficients for
1t02,2t01, and 1 to 3 processes where the first two processes are reversible and the 1 to 3 process is irreversible,
represented as D (1-2), Dy,(2—1) and D" (1-3), respectively, decreased with increasing the concentration
(Ctim) of 1 (or 2) in the CPFP film, and for a given Crum they were found to be in the following order: Dy/>>D7,
(1-2)~D5(2—1)>D7 (1-3), where Dy’ represents the diffusion coefficients corresponding to the diffusion of
supporting electrolyte ions coupled to electron transfer and molecular motion of reactant itself. It became
apparent that the difference in D3;(1—2) (or D3(2—1)) and Dy’ (1—-3) can be attributed to different contribu-
tions of electron exchange between electroactive centers to the overall charge-transport rates. The results demon-
strate that the contributions from molecular motion of reactant itself and electron exchange between reactants to

the overall charge-transport rates can be estimated depending upon which redox center is employed in an
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electrochemical measurement of diffusional rates.

Charge transport through thin films (thicknesses are
typically ca. 1076—107% cm) of redox polymers with
electroactive mobile reactants or fixed sites, which are
coated on electrode surfaces and are well-swollen with
solvent/electrolyte, has been a subject of much interest
in recent years.!=2® The mechanisms of charge trans-
port are generally reasonably well-understood, but
in any particular case it is often difficult to deter-
mine the rate-determining step, especially in the
case23.465.62.9,12,14,15,17) where the electroactive reactants
incorporated in films are not part of the polymeric
structure or permanently attached to functional
groups present in the films. In this case, the diffusion
of electroactive reactants within the polymeric matrix
can include contributions from both molecular mo-
tion!b.2a=c,3ab.d,e,g,4b,c,£,8,5.9,12,14,15) ond electron exchange
between adjacent pairs of the oxidized and reduced
reactants.!ab.2c-e.3b.cbgdade5g-i1221,22) The diffusion is
also usually accompanied by migration of electrolyte
ions to maintain electroneutrality, motion of solvent
and segmental motion of polymeric chain. Thus, it
has been generally known that the rates of charge
transport, which has been proved to be treated in many
cases!~5.72,82.92,0,12-15,17-20) 35 3 Fickian diffusion pro-
cess, depend on the polymer matrix, the electroactive
reactant incorporated into it, the concentration of the
reactant, the supporting electrolyte and its concentra-
tion, pH of solution, solvent, etc.

A variety of redox polymer film systems have been
ever used as models for the fundamental elucidation
of charge-transfer process within thin films on elec-
trodes.1=212141517-20)  Among these, a system, where
a molecule with two separate electroactive centers hav-

ing different redox potentials is incorporated in a
polyelectrolyte film on electrodes, is of particular
interest as originally pointed out by Tsou and
Anson,3) because one could obtain new information
on charge transport that is not obtained or is different
from that obtained for cases where a kind of redox
species is incorporated in a film or two kinds of redox
species are simultaneously incorporated in it. Tsou
and Anson have measured the diffusion coefficients of
the hetero-binuclear metal complex (NH;3)sRuCsH,/N-
CH,;NHC(=0)-CpFeCp (CsHy;N=4-pyridyl, Cp=cy-
clopentadienide or substituted cyclopentadienide)
within Nafion coatings in all three of its possible
redox states (i.e., Ru"LFe”, Ru™LFe", RumLFem)
and have explained successfully possible origins of the
differences of the diffusional rates corresponding to
these three oxidation states and their concentration
dependences on the basis of intermolecular electron
self-exchange, single-file diffusion and electrostatic
cross linking. More recently, we?® also have reported
the preliminary results concerning the charge-
transport rates for the oxidation and reduction of the
two separate electroactive centers-containing mole-
cule/thin polymer film system, i.e., 9,10-dihydro-3,4-
dihydroxy-9,10-dioxo-2-anthracenesulfonate (which is
often called Alizarine Red S dye and is abbreviated as
ARS in this paper)-incorporating perfluoropolymer
(CPFP) film system. ARS contains two separate elec-
troactive centers, i.e., 3,4-dihydroxy and 9,10-dioxo
groups, and the electrode reactions of 3,4-dihydroxy
and 9,10-dioxo groups are irreversible and reversible,
respectively.2329  Thus, if the electron exchange
between electroactive centers contributes significantly
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to the overall charge-transport rates, we could observe
different charge-transport rates for the oxidation (or
reduction) process of these two kinds of the electroac-
tive centers. This is the first reason why we chose ARS
as an electroactive molecule to be incorporated in
films. The electroinactive functional group (i.e., SO3~
group) serves as a counter anion site of the fixed catio-
nic quaternized ammonio groups of CPFP and the net
charge on ARS does not change before and after the
oxidation or reduction of the electroactive centers.
This is another reason for using ARS. In a previous
paper,?® it has been suggested that the contributions
from molecular motion of reactant itself and electron
exchange between reactants to the overall charge-
transport rates can be estimated depending upon
which redox center is employed in an electrochemical
measurement of diffusional rates.

In this study, in addition to the fundamental redox
behavior of ARS incorporated in CPFP films, we
examined in more detail the charge-transport process
within ARS-incorporating CPFP films undergoing
oxidation or reduction of 3,4-dihydroxy and 9,10-
dioxo groups, e.g., the dependences of the diffusional
charge-transport rates on the concentration of ARS in
films and the differences between these rates and the
diffusional rates corresponding to the physical diffu-
sion of counter ions which is necessarily, for charge
neutrality, coupled to electron transfer (i.e., the homo-
geneous oxidation-reduction reaction of the electroac-
tive groups in the CPFP films). The results obtained
are reported in this paper.
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Experimental

Materials. 9,10-Dihydro-3,4-dihydroxy-9,10-dioxo-2-
anthracenesulfonate (abbreviated as ARS) of reagent grade
was obtained from Wako Pure Chemical Industries, Ltd.,
and was recrystallized three times from HyO-CyH;OH mix-
ture (volume ratio=1:1), then dried at 100 °C. A stock solu-
tion of cationic perfluoropolymer (abbreviated as CPFP) was
prepared as described previously.? The concentration of
CPFP stock solution (solvent: H,O-CyHsOH-2-propanol
(volume ratio=1:1:1)) was 10.5 mgml~L. [Co(tpy),]Cl,-
2H,0 (tpy: 2,2": 6’,2”-terpyridine) was prepared and purified
according to the literature.?® Nal was of reagent grade
(Tokyo Kasei Co., Ltd.). Basal-plane pyrolytic graphite
(BPG, Union Carbide Co.) and In-Sn oxide conducting
glass (ITO, Matsuzaki Shinku Co.) were used as working
electrodes. Unless otherwise noted, the areas of BPG and
ITO electrodes used were 0.19 and 0.25 cm?, respectively. A
platinum wire was used as a counter electrode. The support-
ing electrolyte solutions were 0.2 M (1 M=1 moldm™3)
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CF3;COONa, prepared from CF;COOH (Aldrich) and
NaOH, adjusted to the desired pH’s with CF;COOH, NaOH
and/or the commonly used buffer solutions: citric acid/
Na,HPO, buffer solutions (at pH 3, 5, and 7), Na,B,0;/HCI
buffer solution (pH 9) and Na,HPO,/NaOH buffer solution
(pH 11). Aqueous solutions were prepared from doubly dis-
tilled water. Other chemicals were of reagent grade and were
used as received.

Apparatus and Procedures. A standard three-electrode,
electrochemical cell was used for all the electrochemical
experiments. The electrode assembly consisted of an unco-
ated or a CPFP film-coated BPG (or ITO) as the working
electrode, a sodium chloride saturated calomel electrode
(SSCE) as the reference electrode, and a platinum wire as the
counter electrode.

For cyclic voltammetry (CV), potential-step chronoampe-
rometry (PSCA) and potential-step chronocoulometry
(PSCC), a homemade instrument was employed. Positive
feedback circuitry was employed to compensate the resist-
ances associated with the polymer films as much as possible.
PSCA and PSCC data (i.e., current-time responses and
charge-time responses) were monitored and stored on a
Nicolet digital oscilloscope (model 3091). These data were
then transferred to the laboratory’s minicomputer (NEC,
PC-9801VE), where calculation was performed, and then
graphically presented on an X-Y recorder (Graphtec Co.).
Rotating-disk voltammograms were obtained with standard,
previously described procedures and apparatus.2”

The preparation of CPFP film-coated electrodes and the
measurement of the film thickness (typically 1.0 pm) were
carried out by the same procedure as before.? The CPFP
film-coated electrodes were equilibrated with 0.01—0.1 mM
solutions (pH 1.0) (containing 0.2 M CF;COONa) of ARS in
order to achieve the incorporation of desired quantities of
ARS into the films. During the incorporation of several
hours, the electrode potential was repeatedly cycled between
—0.6 and 0.2V vs. SSCE, and simultaneously the solution
was stirred. The quantity (I) of ARS incorporated into the
CPFP films on the electrodes was estimated (in mol cm™2) by
measuring the area of cyclic voltammograms for the oxida-
tion of ARS obtained at slow potential scan rates (1—5
mVs~!). In this case, the electrode potential was held at —0.6
V vs. SSCE for ca. 5—20 min and then the potential was
scanned from —0.6 to0 0.2 V vs. SSCE. The concentration (in
mol cm™3) of the incorporated ARS was calculated from the I’
value thus obtained using the measured film thickness. All
experiments were run under a nitrogen atmosphere at labor-
atory temperature (2511 °C). The potentials were measured
and are quoted with respect to the SSCE.

Results

Incorporation of ARS into CPFP Films Coated on
Electrodes. Figure 1 shows typical cyclic voltammo-
grams demonstrating the incorporation of ARS into
the CPFP film (thickness: 1.0 um) coated on an ITO
electrode in a 0.2 M CF;COONa aqueous solution (pH
1.0) containing 0.1 mM ARS. The incorporation of
ARS by anion exchange with Cl~ ions, which are
initially present in the film as the counteranions of the
fixed cationic quaternized ammonio groups, con-
tinued for about 90 min (Fig. 1B). No further increases
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Fig. 1. (A) Cyclic voltammogram of ARS at an unco-
ated ITO electrode in 0.2 M CF3COONa solution
(pH 1.0) containing 0.1mM ARS. (B) Cyclic voltam-
mograms demonstrating the incorporation of ARS
into the CPFP film coated on an ITO electrode in the
same solution as used in A. Thickness of the CPFP
film: 1.0 um. Volume concentration of the quater-
nized ammonium site in the CPFP film: 1.7 M. (C)
Cyclic voltammograms obtained when the electrode
used in B was transferred to a 0.2 M CFsCOONa
solution (pH 1.0). Immersion time is indicated on the
voltammograms. In every case, scan rate was 50
mVs-! and electrode area was 0.25 cm®.

in peak current were observed with scanning time
longer than 90 min. The peak current at the coated
electrode was about 2.5 times that at an uncoated elec-
trode (Fig. 1A), and the concentration of the incorpo-
rated ARS was 0.46 M. This indicates that the quan-
tity of the incorporated ARS corresponds to ca. 27% of
the total amount (1.7 M)® of the quaternized ammo-
nium site in the CPFP film. When the CPFP-coated
electrode was removed from the incorporating solu-
tion and replaced in the pure supporting electrolyte,
the ARS anions leached gradually from the CPFP
film, and thus the peak current decreased with scan-
ning time. After about 40 min, most of the ARS
anions were lost from the film (Fig. 1C). However, the
steady-state currents shown in Fig. 1B remained sub-
stantially unchanged in the incorporating solution
containing 0.1 mM ARS for a period of several hours,
even when the electrode was rotated at rotation rates of
100—4900 rpm in the hydrodynamic voltammetric
experiments using rotating-disk electrodes (as men-
tioned below).

The equilibrium distribution curve for ARS parti-
tioned into the CPFP film from 0.2 M CF;COONa
solution (pH 1.0) is shown in Fig. 2, where the loga-
rithm of the concentration (Cgm) of ARS incorporated
into the films is plotted against the logarithm of the
concentration (Csn) of ARS in the incorporating solu-
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Fig. 2. Equilibrium distribution curve of ARS in the
bulk of 0.2 M CFsCOONa solutions (pH 1.0) and in
the CPFP films (thickness: 1.0 um) coated on elec-
trodes. Csoln and Ceim refer to the concentrations of
ARS in the bulk of CF3COONa solution and the
CPFP film, respectively.
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Fig. 3. (A) Cyclic voltammogram of ARS at an unco-
ated ITO electrode in 0.2 M CF3COONa solution
(pH 1.0) containing 0.1 mM ARS. Scan rate: 20
mVs~ (B) Cyclic voltammogram of ARS confined in
the CPFP film (thickness: 1.0 um) coated on ITO
electrode in the same solution as used in A. Scan rate:
50 rznV s~1. In both cases, the electrode areas were 0.22
cm®,

tions over the concentration range 107% to 1073 M. Itis
apparent from this figure along with Fig. 1 that ARS is
incorporated and concentrated into CPFP film on elec-
trode. The Chim vs. Cswoim plot is almost linear at
Cson<<0.14 mM and the equilibrium distribution coef-
ficients, defined as Crim/Cson, are estimated to be (1—3)
X103 at Ceon=10"5—10"* M.

Cyclic Voltammetry of ARS in Solution and CPFP
Film. The cyclic voltammetric behavior of ARS con-
fined in CPFP film was found to be essentially the
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Fig. 4. Cyclic voltammogram for ARS confined in
the CPFP film (thickness: 1.0 um) coated on ITO
electrode in 0.2 M CFsCOONa (pH 1.0) containing
0.025 mM ARS. Scan rate: 10 Vs™1.
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Fig. 5. Cyclic voltammograms of ARS confined in
the CPFP film coated on ITO electrode in 0.2 M
CF3COONa solution containing 0.1 mM ARSat var-
ious potential scan rates. Concentration of ARS in
the CPFP film (thickness: 1.0 um): 0.46M. Electrode
area: 0.25 cm®. Scan rates: (1) 10, (2) 20, (3) 50, (4) 100,
and (5) 200 mVs~.

same as dissolved in solution, as shown in Fig. 3. That
is to say, the reversible and irreversible redox responses
can be observed at ca. —0.27 and ca. 0.8 V vs. SSCE,
which correspond to the oxidation-reduction reaction
of 9,10-dioxo group and the oxidation of 3,4-di-
hydroxy group, respectively. The data in Fig. 3 were
obtained with ITO electrodes. Almost similar results
were also obtained with BPG electrodes, but in this
case an adsorption of ARS on uncoated BPG electrode
substrates was observed. The reversibility of the elec-

OH OH
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Fig. 6. Dependences of the anodic peak currents, ,”,
for the oxidations of ARS confined in the CPFP film
upon potenual scan rate, v. The plots correspond to
the data used in Fig. 5. (O, A): 3" vs. v plots, (@, A):
ip® vs. v plots. (O, @): oxidation of 2to 1, (A, A):
oxidation of 1 to 3.

trode reactions of 9,10-dioxo and 3,4-dihydroxy groups
seemed essentially unchanged on the time scale (ca.
1—40 ms) of the potential-step experiments from
which the diffusion coefficients for the diffusional
charge-transport processes were obtained (mentioned
below), as seen from the cyclic voltammograms shown
in Fig. 3 and obtained at a scan rate of 10 Vs~! (Fig. 4).
The time scale of 10 Vs~1 at CV approximately corre-
sponds to ca. 1 ms at PSCA and PSCC.?® Plots of the
peak currents (7p) for the oxidation and/or reduction of
9,10-dioxo and 3,4-dihydroxy groups of ARS incorpo-
rated in the CPFP film against the square root of
potential scan rate, v1/2, were nearly linear in the range
of v from 10 to 200 mV s~! (as shown typically in Figs.
5 and 6), indicating that charge transport through the
CPFP film is apparently diffusional and obeys Fick’s
law.?®

The formal redox potentials (E°’) (estimated as the
average of the anodic and cathodic peak potentials) for
the oxidation-reduction reaction of the 9,10-dioxo
group of ARS in both solution and CPFP film shifted
to negative potentials with increasing pH, and the
slope of the E° vs. pH plot was about —56 mV/pH.
Thus, protons and electrons were found to take part in
the electrode reaction in a 1/1 ratio. On the basis
of the above-mentioned and previously reported re-
sults, 2329 the mechanism of the electrode reaction of
ARS confined in the CPFP film on electrodes can be
represented as follows.

0 o
roce: roce
°“ — OOO O,
03 31 26~ 503 2H*2 T S03°
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(A) Typical potential-step chronocoulometric responses for (a) the

reduction of 1 to 2, and the oxidations of (b) 2to 1 and (c) 1to 3 of ARS
confined in the CPFP film coated on ITO electrode (0.25 cm?) in 0.2 M
CF3COONa solution (pH 1.0) containing 0.01 mM ARS. Concentration of
ARS in the CPFP film (thickness: 1.0 um): 35 mM. The electrode potentials
were stepped from (a) 0.2 to —0.6, (b) —0.6 to 0.2, and (c) 0.2 t0 1.3 V vs.
SSCE. (B) Chronocoulometric Cottrell plots for the data in A.

Potential-Step Chronoamperometry and Chrono-
coulometry. Figure 7A shows typical potential-step
chronocoulometric responses for an ITO/CPFP, ARS
electrode where the electrode potentials were stepped
from (a) 0.2 to —0.6, (b) —0.6 t0 0.2, and (c) 0.2t0 1.3 V
vs. SSCE. Responses a and b correspond to process I
and response c corresponds to process II. The chrono-
coulometric Cottrell plots (i.e., Q vs. tI/2 plots) are
shown in Fig. 7B. The data gave almost linear Q-¢1/2
plots in the examined range of ¢ from ca. 1 to 40 ms,
and thus the slopes of these plots yielded the apparent
diffusion coefficients (Dap) for the diffusion-like
charge-transport processes within the films. The D,pp
values were also obtained by potential-step chro-
noamperometry. The results thus obtained are sum-
marized in Fig. 8 and Table 1. In this paper, for con-
venience, we will represent D,y’s for the reversible
process I and the irreversible process II as D, and
D&y, respectively. It should be noted that the Dap,
values changed slightly from one electrode to another,
even when the experimental conditions (e.g., Crim and
step-potential in PSCA and PSCC experiments) were
the same. For this reason, the values of Dy, Dips', and
kD; (Dy: diffusion coefficients for I- and [Co(tpy),J** in
CPFP films, «: partition coefficient, mentioned below)
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Fig. 8. Dependence of D3pp0n Csim. CPFP film thick-
ness: 1.0 um. Supporting electrolyte: 0.2 M
CF3COONa (pH 1.0). (O): oxidation of 2 to 1; (@)
reduction of 1 to 2.

at a given Cgim, summarized in Table 1, were obtained
at the same electrode. From Fig. 8 and Table 1, we can
see that Dy and Dy’ decrease with increasing Crim and
that Dig>Dase’ for a given Ciym.3®

Rotating-Disk Voltammetry. In order to estimate
the diffusion coefficients coresponding to the diffusion

of supporting electrolyte ions which is necessarily, for

Table 1. Comparison of Day’s for ARS with «kDy’s for [Co(tpy), ]2t and I~
v kDy/cm?s™1
Crim/M Diiy/cm2s719 Dapy"/cm?s™10) [Co(tpy)a* @ =)
0.035 (5.620.5X10"%(Red) (2.0+£0.2)X10"%(Ox)  (3.7£0.6)X107 (6.340.5)X1076

(5.740.5)X1079(Ox)
0.46
(1.6£0.1)X10~19(Ox)

(1.540.2)X10"19(Red) (6.10.1)X10~11(Ox)

(2.61+0.4)X1078 (1.240.1)X107®

a) Supporting electrolyte: 0.2 M CF;COONa (pH 1.0). CPFP film thickness: 1.0 um. b) See the
text for the definition of Crim, Dipp, Dapp, and «Ds. ¢) Ox: oxidation process, Red: reduction
process. d) The D values of [Co(tpy),]?* and I” in 0.2 M CF;COONa solutions (pH 1.0) were
estimated to be (3.810.2)X1076 and (2.4£0.2)X1075 cm?s~1, respectively.
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charge neutrality, coupled to electron transfer (i.e.,
redox reactions of electroactive groups of ARS), the
redox ions, which are electroactive in such a potential
region (ca. 0—0.7 V vs. SSCE) that the redox response
of ARS is not substantially observed, are required
owing to electroinactivity (under the experimental
conditions employed in this study) of the supporting
electrolyte ions used (Na* and CF;COO-). For this
purpose, I~ and [Co(tpy),]?* were chosen. Figure 9
shows typical steady-state current-potential curves for
the oxidation of I~ at both bare and CPFP film-coated
rotating BPG disk electrodes in a 0.2M CF;COONa
solution (pH 1.0) containing 0.01 mM ARS and 0.5
mM Nal. In this case, the CPFP film-coated electrode
was previously equilibrated with a 0.01 mM ARS solu-
tion containing no I7, and then the hydrodynamic vol-
tammetric experiments were conducted. Note that the
oxidation of I~ is not thermodynamically mediated by
ARS incorporated in the CPFP film, as seen from the
comparison of formal redox potentials (E°’) of ARS
and I,/I" couple, i.e., the E°’s of ARS (for process I)
and I,/I” couple are —0.27 and 0.44 V vs. SSCE, respec-
tively, in 0.2 M CF3COONa aqueous solution (pH
1.0). The oxidation of I” might be mediated by the
I,/I" couple present within the CPFP film, since it is
an anion-exchanging film and thus the trapping of I~

A+

1 ! | | | ]
0.2 03 04 05 06 07
E/V vs.SSCE

Fig. 9. Typical steady-state current-potential curves
for the oxidation of iodide ion at uncoated and ARS-
containing CPFP film-coated BPG disk electrodes.
(—): at an uncoated BPG electrode in 0.2 M
CF3COONa solution (pH 1.0) containing 0.5 mM
Nal; (-—--): at an ARS-containing CPFP film-coated
BPG electrode in 0.2 M CF3COONa solution (pH
1.0) containing 0.01 mM ARS and 0.5 mM Nal. Con-
centration of ARS in the CPFP film (thickness: 1.0
um): 35 mM. Electrode areas: 0.19 cm®. Potential scan
rate: 2 mVs~L Electrode rotation rate: (A) 400, (B)
900, (C) 1600 rpm.
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in the film is possible. However, this possibility may
be ignored from the following fact. After the above-
mentioned rotating-disk voltammetric experiments,
the electrode was transferred into a 0.2 M CF;COONa
solution (pH 1.0) containing no ARS and I~ and the
cyclic voltammetric response was examined as soon as
possible. Consequently, we observed a well-defined
redox response of ARS, but no redox response corre-
sponding to I,/I~ couple was obtained. Thus, the
observed anodic currents correspond to the oxidation
of I ions that penetrate the ARS-containing CPFP
films to reach the electrode surface. Figure 10A shows
the Levich plots?® of limiting current, iim vs. (rotation
rate, w)!'/2 obtained from the steady-state current-
potential curves such as those shown in Fig. 9. The
deviations of the limiting currents with CPFP-coated
electrodes from the straight line obtained with a bare
BPG electrode reflect the different diffusion rates of I~
ion in the bulk of the solution and the swollen, ARS-
containing CPFP films.

The quantitative analysis of this problem was made
according to the Koutecky-Levich equation as des-
cribed previously:28:30)

-1 1 (M
Uim ULev s

with
iLev —0.62 nFADso.,.M' y—1/6 Csoin wl”? (2)
is =nFA KcsolnDs¢_l (3)

where iLey is the Levich current,? i is the “permeation
current”’7¢28,31.32) of I~ ion through the CPFP film, Dy
is the diffusion coefficient of I~ ion in a bulk solution,
D is the diffusion coefficient of I~ ion in the film, v is
the kinematic viscosity of the solution, Cson is the bulk
concentration of I~ ion, ¢ is the film thickness, and « is
the partition coefficient of I~ ion between in the film
and in the bulk of the solution. The Koutecky-Levich
plots of #im™! vs. @172 for the data of Fig. 10A were
linear, as expected from Eq. 1, and the slopes matched
that at a bare electrode (Fig. 10B). Thus, from the data
shown in Fig. 10B, the values of Dson and «D; for I~ ion
were estimated (Table 1).

The values of Do and «D;s for [Co(tpy);J** ion (E®
of [Co(tpy);]#*/3* couple=0.035 V vs. SSCE in 0.2 M
CF3COONa solution (pH 1.0)) were also estimated
according to the same way as mentioned above (Table
1). We can see that the diffusion rates of I~ and
[Co(tpy);)?* ions in the swollen CPFP film of a given
Cirim are different and that they change with Ciiim.

Discussion

Dependence of D7, on Crim. The decrease of
apparent diffusion coefficients (Da.yp) for charge-
transport processes within electroactive films with
increasing the concentration (Crm) of electroactive
species confined in the films has been previously
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Fig. 10. (A) Levich plots of limiting current, iim, vs. (rotation rate,

)" for the oxidation of iodide ion at (a) uncoated and (b,c) ARS-
containing CPFP film-coated BPG electrodes. (B) Koutecky-Levich
plots of #1im™1 vs. @~V for the data used in A. Solution compositions:
(a) 0.2 M CFsCOONa (pH 1.0)+0.5 mM Nal; (b) 0.2 M CFsCOONa
(pH 1.0)+0.5 mM NaI+0.01 mM ARS; (c) 0.2 M CFsCOONa (pH
1.0)+0.5 mM Nal+0.1 mM ARS. Other experimental conditions are

the same as in Fig. 9.

observed in many cases*5~Li) where multiply-charged
electroactive species are electrostatically confined in
oppositely charged polymer films. In these cases, the
decrease of D,y with increasing Cpm has been
explained in terms of an electrostatic cross-linking of
the polymer film23.4.cLe.5a=4i.25) and a single-file diffu-
sion.3¢633.34) That is to say, an increase of the electro-
static cross linking with increasing Crm causes a
decrease in the diffusion rate of electroactive species
itself as well as decreases in the rates of the charge-
compensating counterion motion which is necessarily
coupled to electron transfer, the motion of solvent
and/or the segmental motion of the polymeric chain.
Also, the diffusion species which must move between
more or less fixed sites within a polymeric matrix are
considered to have their rate of motion limited by the
decreasing availability of sites as Crm of diffusing spe-
cies increases (‘‘single-file diffusion effect’’®¥). These
result in the decrease of the overall rate of the charge
transport with an increase in Cgiim.

However, the same explanation seems not to be
straightforwardly applicable to the case of the ARS-
CPFP film system examined in this study (though the
decrease of Djp, with increasing Crim was observed (Fig.
8), because ARS bears only a single negative charge as
SOz group and thus replacing Cl™ anions initially
present in the film by ARS anions can not be expected
to produce a cross linking based on an electrostatic
interaction alone. A possible explanation for the
result obtained is that a hydrophobic interaction
between the aromatic ring of ARS and the large fluo-

rocarbon component of the CPFP coating as well as
an electrostatic interaction between the SO3 group
and the cationic quaternized ammonio group in the
film concurrently contribute to the trapping of ARS
anion in the film and such a combined interaction
operates in the same manner as an electrostatic interac-
tion3%~ti) between multiply-charged species and op-
positely charged polyelectrolyte films. A similar hydro-
phobic interaction has been realized in the incorpora-
tion of electroactive compounds into polyelectrolyte
films on electrode surfaces.?¢h33.36) A relatively high
concentration of ARS anions into the CPFP coating
(shown in Figs. 1 and 2), which is almost comparable
to that of multiply-charged species into polyelectrolyte
films by electrostatic interactions,3%t) may support
this explanation.

Differences in Rates of Various Diffusional Pro-
cesses and Their Physical Significance. Prior to con-
sidering differences in rates of various diffusional pro-
cesses, it seems to be useful in developing the
discussion to mention some reasons for use of ARS as
an electroactive species incorporated in the CPFP film
on electrodes: (i) ARS contains two separate electroac-
tive centers with different E°/’s and different reversi-
bility of their electrode reactions, (ii) the electroinac-
tive functional group (i.e., SO3 group) other than the
electroactive ones (i.e., 3,4-dihydroxy and 9,10-dioxo
groups) serves as a counteranion site of the fixed cat-
ionic quaternized ammonio groups in the CPFP film
domain, and (iii) the net charge on ARS does not
change before and after the oxidation or reduction of
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the electroactive centers.

As can be seen from Table 1, the diffusion coeffi-
cients for processes I and II and for the physical diffu-
sion of I” and [Co(tpy).J** in the film are in the follow-
ing order: kDS>Di% (152)~Disy (2—1)>Die(1—3),
where Dsy (1-2), Disy (2—1), and Digy’ (1—3) corres-
pond to1t02,2to1,1 to 3 processes, respectively. The
diffusion coefficients (Df) for the diffusion of support-
ing electrolyte ions used (Nat and CF;COO~) in the
CPFP film have been unknown. The diffusion coeffi-
cients (Ds) of I~ and [Co(tpy);)*t in the ARS-con-
taining CPFP film were estimated by hydrodynamic
voltammetry using rotating disk electrodes. These
ions were chosen based on the fact that they are elec-
troactive in the potential region where the redox
response of ARS is not substantially observed. The
mean ionic diameters (a) of Nat and CF;COO~ ions
can be assumed to be between those of I~ and [Co-
(tpy)2J* ions: a’s of I, Nat, CF;COO™ and [Co(tpy), 2+
are roughly considered to be ca. 3, 4.5, 5, and >6 A,
respectively.3”’ Thus, Dy’s for I~ and [Co(tpy);J** ions
were obtained as a rough measure of Dy”’s for Na* and
CF;COO™ ions. Based on these considerations and the
obtained values of «D,, Dis, and Di', it can be
expected that D} >Di>Das’. This suggests that the
rate of the charge transport in the film is not substan-
tially controlled by motion of the counterion (support-
ing electrolyte ion) in the polymer matrix which is
coupled to electron transfer and molecular motion of
ARS itself undergoing electrolysis.

The different values of Dy and Dipy’ seem to be
instructive in understanding the charge transport
mechanism as pointed out in a previous paper.?3 In
general, the D,y value can include contributions from
both molecular motion (physical diffusion of reactant
in film) and electron exchange between reactants,
which will be represented as D, and Dex (in units of
cm?s™1), respectively:2d.c.3b.c.f4c.d,5h,21-23)

Dapp =D, + Dex (4)

According to Dahms and Ruff,2!.22) D, is expressed by
Eq. 5.

Dex=(1/4) kex6?C (5)

where k.x is the second-order electron-exchange rate
constant for the redox couple, 6 is the distance between
the reactants when the electron transfer occurs, and C
is the concentration of reactants (the sum of the con-
centrations of the oxidized and reduced forms of the
redox couple). In 1 to 2 and 1 to 3 processes, the
contribution (D,) from molecular motion should be
the same, because the same molecule takes part in both
processes. Thus, based on Eq.4 the difference in Dsp,
(1-2) and Diny’ (1—3) at a given Crm may be consi-
dered to originate from that in De,’s. As can be readily
seen from Eq.5, the degree of the contribution from
electron exchange to the overall charge-transport rate
depends on the electron self-exchange rate constant
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between electroactive reactants, i.e., homogeneous
electron self-exchange rate constant (k.x): The larger
kex 1s, the larger is D¢, and thus the larger is the contri-
bution of electron exchange. Alternatively, k.x can be
correlated to the heterogeneous electron-transfer rate
constant (k°)%®), i.e., in a qualitative sense to the rever-
sibility of the electrode reaction: For the redox system
with large kex, the k° value is large. As seen from Fig.
3, process I is reversible, while process II is irreversible.
Thus, the k° value for process I should be larger than
that for process II. Based on these considerations, the
difference in D,pp’s for processes I and II can be attrib-
uted to different contributions of electron exchange
between electroactive centers to the overall charge-
transport rates.
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