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Abstract

Using polymerization solutions containing 0.1 M aniline and 1 M HCI or 1 M HCIO,, which happened to give the same pH (0.2), we
investigated the effects of different counter-anions on the primary and higher order structures as well as on electrochemical responses of the
obtained polyaniline (PAn) films. From time developments of polymerization current and u.v.—visible absorption spectra as well as the
results of atomic force microscopic (AFM) observation, we found that in both media the higher order structure of the PAn films developed in
almost the same manner from grainy to fibrillar texture and finally to bundles of the fibrils. The primary structures as judged from the spectra
were not very different, but the structural size was somewhat larger for the films prepared in HCIO, than the ones prepared in HCL. The
apparent acid dissociation constants of the resulting PAn films were again not so different, reflecting little differences in their primary
structures. However, the electrochemical responses of the former were much slower than those of the latter, especially when the transition
from the oxidation to reduction form was compared, reflecting differences especially in the structural size and compactness of their higher
order structures. © 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The recent surge of active interest in conducting polymers
such as polyaniline (PAn) has been directed to the develop-
ment of electronic and electrochromic devices [1-4] by
utilizing its features in reversible doping/dedoping reactions
and the changes in conductivity and/or absorption spectra
upon potential switching. To obtain a high performance
PAn film, it is essential to fabricate the polymer into a
thin film of well-defined structure, preferably with a large
surface area, which makes its response faster and more
effective. For the preparation of such a film, electrochemical
polymerization is a standard procedure. In such studies, a
number of researchers reported that PAn films polymerized
under different conditions possessed not only different pri-
mary structure but also different gross morphology [5-9],
which thus exhibited different properties and responses
[10,11].

In the electrochemical polymerization of aniline [12,13],
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nucleation takes place on a fresh surface of the electrode and
the deposited PAn chains play a role of a newly formed
surface for the subsequent growth. Thus the characteristics
of the deposited PAn film, e.g. acid dissociation constant
(pK,) and conductivity, dominate the subsequent polymer-
ization. The situation is in a sense similar to the metal
electroplating process [14]. However, in the case of electro-
chemical deposition of PAn chains the surface characteris-
tics may change as the deposition proceeds, as opposed to
metal electroplating process [14] in which a fresh metal
surface of the same characteristics is always created. Thus
for the understanding of the electrochemical polymerization
process of aniline, it is indispensable to examine develop-
ment of both structure and characteristics of the film
throughout a whole course of the polymerization, which is
the main objective of this series of studies [15—-17].

In fact, in this series of studies, we devised several novel
methods of in situ characterization of growing PAn chains
and examined the whole course of the electrochemical
polymerization. The methods devised were time-
resolved w.v.-visible (u.v.—vis) absorption spectrometry
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and chrono-amperometry/potentiometry (CA/CP) to
monitor, in effect, the development of the primary
structure [15]. In particular, to monitor the gross morphol-
ogy development, we incorporated a time-resolved low-
angle laser-light scattering (LLS) photometry into our
electrolysis system [16]. The gross morphology observation
in the real space was conducted also by in-situ and/or out-of-
situ atomic force microscopy (AFM) [16].

In the preceding paper [16] of this series, we conducted
observation of the structure development in the course of
electrochemical polymerization of aniline in the mixture
containing 0.1 M aniline in 1 M HCI solution of pH = 0.2
via a constant potential mode at 0.73—0.79 V and confirmed
that the primary structure of the PAn chains, as revealed by
u.v.—vis spectra and the apparent acid-dissociation con-
stants (pK,)app, Was essentially unchanged with time, but
the gross morphology developed from grainy texture to
fibrillar aggregates of the grains and finally into bundles
of the fibrils. The changes in the gross morphology should
certainly accompany some changes in their electrochemical
responses.

A remaining issue is thus how the electrochemical prop-
erties of PAn films may develop during the course of the
polymerization. Although the above observation was con-
ducted on 0.1 M aniline in 1 M HCI acid, some other strong
acids such as HC10, can also be used [5,6,9] as a supporting
medium for the electrochemical polymerization of aniline.
Then still another issue is how these different counter-
anions may affect the structure and electrochemical
responses of the resulting PAn films. In this paper, we
describe our attempt at examining these problems. To
avoid unknown factors which might affect the polymeriza-
tion behaviour, we selected 1 M HCI or 1 M HC1Qy as the
supporting acids. Fortunately, as we found that 1 M HCl and
1 M HCIO, containing 0.1 M aniline gave the same acidity
of pH = 0.2, we expected that the effects of pH and the
counter-anion concentration were negligible by using these
acids. Below we will describe the results.

2. Experimental
2.1. Preparation and characterization of polyaniline films

Following the procedures mentioned in our previous
papers [15,16], we prepared PAn films in an electrochemical
u.v.—vis spectrometry (EC—u.v.) cell composed of an ITO
glass working electrode (WE) and a Pt wire counter elec-
trode (CE) via constant potential electrolysis mode at a
potential between +0.73 and +0.79V (vs Ag/Ag*/
saturated KCl reference electrode: RE). The recipe was
0.1 M aniline plus 1M HCl or 1 M HCIO,4, which gave
the same pH = (.2. We monitored the amount of deposition
by means of a u.v.—vis spectrophotometer (u.v.-160;
Shimazu Seisakusho, Kyoto) or coulomb-meter (HF-201;
Hokuto-Denko, Tokyo). Since it was difficult to measure

the real film thickness deposited on WE in situ, we used
absorption strength Abs s at 420 nm (which is said to cor-
respond to the absorption due to polaron [18]) as an index of
the deposition level.

In each run we conducted electrochemical polymeriza-
tion by passing the current under a constant potential until
the Abs , reaches a prescribed level of usually 0.6 (for the
HCl system it took ~3000s and for the HCIO, system
~5500 s; cf. Fig. 2). Then we stopped the polymerization,
took out the film on WE from the cell, rinsed it several times
in pure water and subjected it to the subsequent tests. When
the amount of deposition was too much, a part of or a whole
deposited PAn film was peeled off from WE during this
rinsing treatment. The peeled-off PAn fragments were
scooped up onto a mica plate to observe its morphology
via AFM. The characterization of deposited PAn films
was carried out by employing chrono-amperometry/
absorptiometry and out-of-situ AFM observation according
to the procedures described in our previous papers [15,16].

2.2. Determination of apparent acid dissociation constant
(P Ka) app

The apparent acid dissociation constant (pK,).,, of PAn
films was determined also by the method described in our
previous paper {15]. In each case, a throughly rinsed PAn
film on WE prepared either in 1 M HCl or 1 M HCIO, was
subjected to the test for determining (pK,),,, by observing
absorbance Abs y, at 600 nm, where the dynamic range was
the widest, in a 0.1 M potassium phosphate buffer with HC]
or KOH plus KCl to keep a constant chloride ion concentra-
tion to [C17] =1 M. From the plot of log{(Absys+ — AbS ops)/
(Absqps — Abs )} vs pH with the absorbance Absya+ and
Abs 5 of the fully protonated and deprotonated form at low
and high pH, respectively, we estimated (pK,).pp as the pH
where Abs ,,, reaches a half of the total change or (Absya+ —
AbS b )/ (Abs oy — Abs ) =1. We also determined the slope
(m) of the plot as a measure of the distribution of the back-
bone conjugation length. The details were described in our
previous paper [15].

2.3. Evaluation of electrochemical responses

Electrochemical responses of the PAn films were com-
pared by the two following methods. The one was a cyclic
voltammetric—absorptiometric (CV—Abs) tests in which
simultaneous measurements of current and absorption
strength at 420 nm, Abs 430nm, Were conducted upon potential
sweep from — 0.2V to + 0.8 Vand backto — 02Vata
sweep rate of 10 mV/s. The potential sweep was repeated
several times until a steady cyclic voltammogram (CV) and
a cyclic absorption-strength (CA) profile were obtained
(cf. Fig. 6). The other was chrono-absorptiometry or
absorbance relaxation (AR) test, in which changes in the
AbS 4r0nm Were monitored at an interval of 0.1 s as a function
of time after a potential jump between — 0.2 Vand +0.6 V
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Fig. 1. First 10 scans of cyclic voltammograms (CV) of PAn films polymerized in (a) 1 M HCl and (b) 1 M HC1O in the early stages of polymerization, and (c)
change of the polymerization potential with the sweep number. The CV scan was conducted by sweeping the potential at a rate of 20 mV/s for the first run from
—0.2 to +1.1 V and back to —0.2 V, and for the second from —0.2 to +1.0 V and back, and afterwards between —0.2 and +0.8 V.

(cf. Fig. 7). In each run, first we kept a PAn filmat — 0.2V
for about 5 min until the absorbance reached an apparent
steady state, then switched to + 0.6 V and kept for another
30 s, and then stepped back to — 0.2 V, by observing the
relaxation profile of the absorbance (cf. Fig. 7). The poten-
tial was controlled with a potentio/galvanostat with a func-
tion generator (HA-301/ HB-104; Hokuto-Denko, Tokyo)
of which the response time was less than 15 us.

We also conducted time-resolved double-step absor-
bance-relaxation (d-AR) tests on PAn films during the
polymerization, in which we monitored changes in the
absorbance at a two-step potential switching for the PAn
film during the polymerization in the given medium. In
this experiment, the potential was first kept at the polymer-
ization potential of + 0.75 V for 120 s, switched down (the
first step) to + 0.55 V and kept for 120 s where the poly-
merization was temporarily terminated but the PAn film was

still in the oxidized coloured form, and then switched the
potential down (the second step) to —0.2' V and kept for
another 120 s to bring the film to the reduced colourless
form, and then resumed again to +0.75 V to repeat the
cycle. During these potential switching cycles changes in
the absorbance at 420 nm was continuously monitored at an
interval of 10s (cf. Fig. 9). The cycle was repeated until
the absorbance at +0.75 V (Abs_s) finally reached to the
saturation: Abs,.¢75s = 2. The data were analysed by the
method described later.

3. Results and discussion
3.1. Initiation of the electrochemical polymerization

First to compare the nucleation and polymerization
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Fig. 2. Double logarithmic plots for developments of (a) absorbance at 420 nm (Abs 40m); (b) electrolysis current (7) and (c) consumed coulombs (C) during the
electrochemical polymerization at 0.75 V in 0.1 M aniline + 1 M HCI (solid circles) or | M HCIO, (open triangles). Numerical symbols in the figures indicate

values of n where intensities (Abs yy0mm, I and C) x £,

potentials for the reaction mixtures of 0.1 M aniline in 1 M
HCl] and HCIO,, we conducted cyclic voltammetry or a
potential sweep test in the very early stage of polymeriza-
tion. Fig. 1 shows the first 10 cycles of voltammetric scan
for (a) HCl and (b) HCIO, systems. The scan was conducted
in the potential range indicated in the caption with the scan
rate of 20 mV/s. We see that in the first scan for the both
systems the current began to flow indicating onset of the
polymerization when the potential exceeded +1.0V,
obviously because the initiation or nucleation was driven
by this over potential. As the scan was repeated, the poten-
tial at which the current began to increase, which we call the
polymerization potential, shifts to the lower potential side.
In Fig. 1(c) the polymerization potential is plotted against
the scan number. We see that the potential rapidly decreases
and levels out at + 0.6 V. Incidentally, we did not see any
current increase if the potential was kept below + 0.6V,
which we thus called the polymerization threshold potential.
Interestingly the plots are practically identical for both

systems, implying that the difference in the counter-anion
species does not affect the initiation and subsequent poly-
merization presumably until the electrode surface is covered
with PAn chains. We thus selected a potential between
+0.73 and 0.79 V for the subsequent experiments of the
constant-potential mode polymerization.

3.2. Structure development during the polymerization

We prepared PAn films monitoring time-development of
u.v.—vis spectra during the electrochemical polymerization
at 25°C via a constant potential mode between + 0.73 and
+ 0.79 V for 0.1 M aniline in (a) 1.0 M HCl and (b) 1.0M
HCIO, systems. For each of the systems, the spectral shape
appeared not to change but the intensity constantly increases
with the polymerization time.

Fig. 2 summarizes time-development of (a) the absorb-
ance at 420 nm (Abs; proportional to the amount of PAn
deposited), (b) the current density (/; proportional to the
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Fig. 3. Out-of-situ AFM images of PAn films polymerized in HCI (left
column) and HC1O (right column), of which Abs 420nm, +0.75y = 0.2 and 0.7.

polymerization rate) and (c) the consumed coulombs
(C; again, proportional to the amount of PAn deposited)
for the two systems polymerized at + 0.75 V. Time profiles
of the curves are similar to each other, but the rates espe-
cially the nucleation rate is about twice faster in the HCIl
system than in the HCIO, system, corresponding to the fact
that the polymerization current in the initial CV scans
develops much faster in the former than in the latter (cf.
Fig. 1).

The similarity in the time development profiles of the
absorbance (Abs) and current (/) leads us to speculate that
structural developments and transitions in the two systems
may also be the same: the initial region I (Abs, I and C « %
for the nucleation develops to the intermediate stages Ila
and IIb (I « £ — t2, and Abs and C « t3) for the grain-
and fibril-formation and the final stage III (Abs, I and C « t*)
of the bundling of the fibrils, as discussed for the HCI sys-
tem in a previous paper [16]. We thus characterized the
morphology of the resulting PAn films via AFM. To do
this, we stopped the polymerization at the different levels
of Abs youm = 0.2 (the early stage of region IIb) and = 0.7
(the late stage of region IIb), and subjected the films to the
morphology observation via AFM. The results are shown in
Fig. 3. At the level of Abssoum = 0.2, both films show a
similar grainy texture of the size being smaller and of the
appearance denser for the ones obtained from the HCI sys-
tem than those from the HCIO, system. On the other hand,
the films at Abs o = 0.7 level exhibit a grainy—fibrillar
mixed texture of the size again smaller for the former than
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Fig. 4. Effects of acids (HCI or HCIO,) and applied potential on the struc-
tural size of the grains and fibrils of the resulted PAn chains via the constant
potential mode polymerization.

that of the latter. From the PAn films at this Abs 4ppm = 0.7
level, often fragments were peeled off from WE during the
rinsing treatment. We scooped up the fragments onto a mica
plate, and observed their morphology on AFM. Two pic-
tures in the last row of Fig. 3 compare the AFM images, in
which we see fibrillar textures.

For the PAn films polymerized at different potentials
between +0.73 and 0.79 V, we confirmed that similar struc-
tural development and transition have taken place. How-
ever, the polymerization rate and the formed morphology
were dependent on the applied potentials and the dopant
anions. The polymerization in higher potentials and/or in
HCI1 gave faster rates, and the structural size is smaller
and the texture is more dense in the HCl system than
those in the HCIO,4 system. Fig. 4 summarizes the effect
of the polymerization potential on the structural sizes of
the grains and/or fibrils of the PAn films polymerized in
the two systems. In each system, the higher polymerization
potential leads to the films of a smaller size. The difference
of the dopant anion on the structural size appears
stronger than that of the applied potential. The structural
sizes formed in HCIO, at highest potential, +0.79 V,
are still larger than those in HCl at lowest potential,
+0.73 V.

The above observation of the structure developments as
well as AFM observation of the PAn films polymerized in
HC] and HCIO, systems suggest that the structure develops
in both systems more or less the similar manner starting
from the initial nucleation stage I, the intermediate stages
of grain (Ila) and fibril (IIb) formation and to the final stage
of bundling of the fibrils. The rate of the structure develop-
ment was by a factor of two to three slower in the HCIO,
system, but the resulted PAn films possessed somewhat
larger structural size but with less compact aggregate
structure, as compared with the ones obtained in the HCI
system.
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monomer, ‘head-to-tail’ dimer and PAn films polymerized under three
different conditions as indicated.

3.3. Determination of apparent acid dissociation constants
(pKa) app

To evaluate apparent acid dissociation constants,
(PK 2)app» Which, we expected to provide a clue to under-
standing the difference, if exists, in the primary structure
of the PAn chains in the films, we conducted pH titration
experiments and analysed the u.v.—vis spectral data by the
method proposed in our previous article [15]. From the
changes of absorbance Abs, at an appropriate wavelength
where the dynamic range of the absorbance was the widest,
we constructed plots of log{(Absys+ — AbSg ) (AbSqys —
Abs )} vs pH for the two PAn films, as shown in Fig. 5. For
comparison, Fig. 5 also includes the same plots for aniline
monomer and the ‘head-to-tail” dimer, N-phenyl-p-
phenylene-diamine (for pK,; only), and also for a PAn
film polymerized in 1 M HCI of pH = 0.2 under a constant
current mode of 40 pA/cm’.

From these plots shown in Fig. 5, we determined (pK,) app
and the slope m which is expected to reflect the distribution
in the conjugation length of the PAn chains. Thus for a
species having a single protonation/deprotonation site
such as aniline the slope m should be close to 1. From
these plots, we found that (pK,) ., and m were, respectively,
4.86 and 1.01 for aniline and 5.72 (for pK,;) and 0.99 for the
dimer, which are in good agreement with the literature
values [19]. The determined (pK, . and m are, respec-
tively, 8.32 and 0.85 for the PAn film polymerized in
HCl, and 8.61 and 0.77 for the one in HCIO,4. The
differences in (pK,),,, and m between the two PAn films
are trivial. Incidentally, the values determined for
the film prepared via the constant current mode are
(PK)app = 7.45 and m as small as 0.47, reflecting the severe
heterogeneity in the primary structure of their backbone
conjugation.

In effect, we found virtually no difference in the u.v.—vis

spectra, (pK,)qp and the slope m, which suggests that the
different acids, HCl or HC1Qy, used as the polymerization
media hardly affected the primary structure of the resulting
PAn films, if the pH are the same.

3.4. Electrochemical responses of the product PAn films

The performance of PAn films as an electrochemical and/
or electrochromic device obviously depends on their elec-
trochemical responses upon potential switching between the
oxidized and reduced states. To see this behaviour we con-
ducted observation of spectral change, and cyclic voltam-
metric (CV) and absorptiometric (CA) tests by sweeping the
potential from — 0.2 V (the reduction potential) to + 0.8 V
(the oxidation potential) and back usually with a sweeping
rate of 10 mV/s to see difference/similarity in the electro-
chemical responses of the product PAn films prepared in the
HCI or HCIO, systems. These tests were conducted in 1 M
HCl at 25°C.

Fig. 6 shows cyclic voltammetric (CV) and correspond-
ing cyclic absorptiometric (CA) patterns with the sweeping
rate of 10 mV/s in 1 M HCl for the PAn films polymerized
at + 0.75 V from (a) the HCI and () HC1O, systems. The
CV patterns are essentially the same, but the CA patterns are
significantly different for the two films especially in the
amount of residual absorbance at the reduction potential
of — 0.2V, reflecting the difference in the spectra for the
reduced films. This behaviour should reflect the differences
of the two films in their response speeds or the rates of
transition from the oxidized to the reduced state and vice
versa.

To confirm the differences in their response speeds, we
conducted chrono-absorptiometry on the PAn films recov-
ered after the polymerization in HC1 and HCIO,. In the CA-
response test, we observed time profiles of the absorption
strength at 420 nm, Abspnm, Of the PAn films immersing
them in 1 M HCI upon potential switching from — 0.2 to +
0.6 V for 30 s and then back again to — 0.2 V following the
pattern illustrated in the top panel of Fig. 7. Fig. 7a shows
the results on the films polymerized at four different poten-
tials between 4-0.73 and +0.79 V in 1 M HCI, and Fig. 75,
those in HCIO,.

In Fig. 7 we notice that the absorbance always exhibits an
overshoot upon potential switching up from —0.2 to 4+0.6 V
or down from +0.6 to —0.2 V. A possible source of the
overshoot is that, as seen in the CA diagrams shown in
Fig. 6, the absorbance passes a peak at around ~0.4 V or
at ~0.2' V when the potential is increased or decreased,
respectively, from/to —0.2 V to/from +0.6 V, regardless
of the scan speed. In other words, the potential switching
is no other than a CA scan with an extremely rapid rate.

Another finding is the difference found in the absorbance
decay rates between the oxidizing and reducing processes.
The absorbance rapidly levels out to the steady state when
the applied potential is switched up from the reduction to the
oxidation state, but it does rather slowly when the potential



H. Okamoto, T. Kotaka/Polymer 40 (1999) 407-417 413

(a) PAn polymerized in HCI at +0.75V (b) PAn polymerized in HCIO, at +0.75V
E 08} . E 08} ]
& 06} B < 06 4
S o4} ] ; 04l ]
% 02r 1 @ 02¢ ]
5 5
g oot {1 & oot 4
b= b
E 0.2t . § 0.2t .
3 -04f {1 5 -04} .
[5) Yo o L
06} . -06F -
1.0 — t t —+ t t 1.0 —+ + ——t t :
0.9+ . 0.9
E 08¢ . E 0.8
> 0.7 S 0.7
< g o
® 06 ® 06
[ @
g 05 g 05
S 04 S o4
£ g
§ 0.3 2 0.3t ]
g 02 < 02 J
01 1 1 1 1 1 1 01 1 1 1 1 L 1
02 00 02 04 06 08 02 00 02 04 06 08
Potential /V (vs. Ag/AgCl) Potential /V (vs. Ag/AgCl)
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is switched down to the opposite direction. This means that
the latter is the rate determining process.

If the performance of the films prepared in HCl and
HC1O, systems are compared, we notice that HC1O4 films
show poorer performance: the decay especially upon poten-
tial switching down is very slow for those prepared in
HC10, as compared to those prepared in HCI, and the levels
of initial absorbance, Abs.., and residual absorbance, AAbs
(that should eventually vanish at ¢t — ), are considerably
high as compared to those prepared in HCI.

We thus compared the absorbance decay behaviour of the
PAn films especially in the potential switching-down pro-
cess form + 0.6 Vto — 0.2 V. In order to carry out a quanti-
tative analysis, we introduce the following two- process model
for the time profile of the absorbance upon potential switching:

Abs = Absy + Abs,[1 — exp{ — (t — o)/, }]

+Absy[1 —exp{ — (t — 1p)/2}] (D)
AAbsg = (Absy + Abs|) — Abs.,;
AAbs, = (Absy + Abs, + Abs,) — Abs,, 2)

Here Abs; and 7, are the relaxation strength and time, respec-
tively, for the fast (i = 1) and slow (i = 2) processes. The
AAbsy and AAbs, are the residual absorbances after the fast
and slow processes, respectively. Employing a software for
nonlinear curve fitting and collecting data obtained ~0.90 s
after the potential switching (to avoid complications due to
the overshoot), we determined the values of these model
parameters for all the absorbance decay curves. Fig. 8
summarizes the results as a function of the grain size (as
estimated via AFM) for the relaxation times 7; and 7, and
the residual absorbances AAbsg and AAbs, determined in
I M HCI medium for the PAn films polymerized in the
HCI (circles) and HCIQO, (triangles) systems.

Reflecting the differences in the grain size the data points
for the former cover the smaller size and better performance
range as compared to those of the latter belonging to the
larger size and poor performance range. When the grain size
exceeds ~100 nm level, the relaxation times become longer
(or the response rates slower) and the amounts of discharge-
able/rechargeable charges become smaller as judged from
the levels of the residual absorbance become larger.

The same CA-response test was conducted on the two
PAn films to compare their response by using 1 M HCIO,
as a test medium. Although we do not show the results here,
the responses were slightly slower in HC1O4 than in HCI,
but the effects of the grain size were essentially the same
with those conducted in HCI. The results imply that the
electrochemical responses are governed essentially by the
acids used in the polymerization media (thus by the gross
morphology of the films) but not much by those used in the
CA-response test, if their primary structures are the same.

3.5. Changes in the performance of PAn films during
electrochemical polymerization

The results in the preceding section clearly showed
that the electrochemical responses of PAn films are
dependent on the gross morphology especially on the
grain size. We thus designed a time-resolved double-step
absorbance-relaxation (d-AR) test or ‘in-situ potential
switching’ test and attempted to follow the changes in the
responses of PAn films with time in the polymerization
media containing 0.1 M aniline in either 1 M HCl or 1 M
HCIOy, both at pH = 0.2, via a constant potential mode at
+0.75 V. In this system, the polymerization proceeds at
+0.75 V but below the critical or threshold polymerization
potential of + 0.6 V, no polymerization takes place. Thus,
in the d-AR test, we selected the potential switching pattern
such as shown in Fig. 9a. In a typical cycle of this test, first
the potential was kept at + 0.75 V for 2 min (the polymer-
ization phase), then stepped down to + 0.55 V and kept for
2 more min (the stand-by phase) and then stepped down to
—0.2 V and kept for another 2 min (the monitoring phase),
and finally brought back to + 0.75V to resume to the
polymerization phase, through which changes in the absor-
bance at 420 nm were monitored at an appropriate interval.



H. Okamoto, T. Kotaka/Polymer 40 (1999) 407417 415

Threshold potential for
polymerization ~+0.6 V
-2 9 — / ——
23 o]
25
2‘ 5 oo}
& o5 1 +— t t
(a) Initial stage  (Abs ,,, . .. ~0.2)
04F o inHl 1
[ —e—inHCIO,
g o0 t t —+— +
g 1.2} (b) Intermediate stage  (Abs ., ..., ~0.6) ]
N
S 0
-
©
3
0
c
@«
£2
[
] .
2 : } ¥ +
< %[ (c)Laterstage (Abs £20mm, 075v ~ 1) 1
20F ﬁ
16L 1%
2l |
q
08 200 s

Time /s

Fig. 9. Typical profiles of electrochemical responses upon potential switching (shown in the top panel; d-AR test) of PAn films in the polymerization media of
HCI (open circles) or HCIO, (closed triangles) in the different stages of polymerization. The real time spans were: (a) in the early stage, ¢ = 4300~-5300 s in
HCl and 8260-9260 s in HCIOy; (b) in the intermediate stage, r = 68207820 s and 1186012 860 s; and (c) in the late stage, t = 8980-9980 s and 18 340—

19340 s, respectively.

The potential switching pattern is illustrated in the top
panel of Fig. 9, and in Fig. 9a—c typical absorbance—time
profiles are compared for the PAn films during the polymeriza-
tion in HCI (open circles) or in HCIO, (closed triangles).
Because the rates are different for the two systems, the profiles
are compared at the similar levels of PAn deposition: in the early
stage where the absorbance, Absipnm+07sv. 1S the order of
~02 0D unit, in the intermediate stage of Abs ~0.6 OD
unit, and in the late stage of Abs ~1.5 OD unit, respectively.
The amount of PAn deposition was evaluated as the absor-
bance at 420 nm, AbS 430um +075v» Observed during the polymer-
ization phase at + 0.75 V, and the d-AR profiles are compared
at the same level of polymerization, as shown in Fig. 9. The
absorbance profiles are obviously different for the two
systems, and the difference increases with the amount of
PAn deposition. The responses are apparently better for
the HCl films with smaller grain size and more compact
gross structure rather than for the HClO, films with larger
grain size and less compact structure.

Whenever necessary, we stopped the polymerization by

bringing the potential down to —0.2 V and subjected the
growing PAn film to a test with a potential switching pattern
similar to the AR test for the product PAn film (without
aniline in the medium) except by keeping the high potential
below +0.55 V (to avoid undesirable polymerization to take
place), and the electrochemical responses were evaluated
from the absorbance data obtained during the stand-by
and monitoring phases at 0.1 s interval. The data were
analysed with Eqgs. (1) and (2) by the method described
above to evaluate 7, and 7, and AAbsy and AAbs, for the
transition from an oxidized state at +0.55 V to the reduced
state at —0.2 V. Fig. 10 compares (a) 7, for the fast process,
(b) 7, for the slow process, and (c) AAbsg and AAbs for the
HC! and HCIO, systems. In Fig. 10 the abscissa is the
absorbance, AbS40nm +075v, at 420 nm under +0.75 V that
approximately reflects the amount of PAn deposited but not
necessarily the true film thickness. We see in Fig. 10 that as
long as 7, and AAbsg are concerned, the performances of the
either films do not change much during the intermediate
stages Ila to [Ib. The responses, however, become somewhat



416 H. Okamoto, T. Kotaka/Polymer 40 (1999) 407—-417

0. Mla IIb I
M) F (a) o  HCI; +0.75V
§ v HCIO,; +0.75V
e 14 e
a e 9 .__8:'_'.'8 e
‘.f;; L . _..,_::g,;-_-,;g:::'.:g'. .....
s g
@ B
R
0.01 — . = , : -
100k (b)| e HCI;+0.75V
2 : v HCIO,; +0.75V E
8 4
8 1
2 O ...... ..... .'-'---:h 1
[= 8 10 K L4 ..:vv ..... vV ]
g E -‘.'..-:“__..-v %
° -
PN 1 . : : : :
0.4 (C) Fast Process Slow Process i
AAbs, AAbs, -
O HCI e HC!
03r v HClo, v Hoo, |
.g . v
g 02f . -
< * ] ;
0.1H v . )
v vV 0¥
. oS g o 3 : o ?
090~ 2 ¥ ww WV .
0.

.0 2 04 06 0.8 1.0
Amount of PAn deposition / Abs

420nm, +0.75V

Fig. 10. Plots of (a) the relaxation time, 7, for the fast process, (b) 7, for the
slow process, and (c) the residual absorbances, AAbsr and AAbs against
the amount of the growing PAn deposition evaluated as the absorbance
AbS 1y0nm,+075v under a constant potential mode polymerization at
+0.75 V in HCI (circles) or HCIO, (triangles).

slower and worse in the late stage III, especially for the
HCIO, system.

The results of u.v.—vis spectra and the apparent acid dis-
sociation constant, (pK,)ap, and the slope m, suggest that
the primary structure is virtually the same in the two sys-
tems prepared in HCI and in HC10,. Nevertheless, the elec-
trochemical responses as judged from the absorbance—time
profiles upon potential switching (cf. Figs 7, and 9) and the
response rates and strengths (cf. Figs 8, and 10) are quite
different. Thus the differences must reflect the differences in
the higher order structure or the gross morphology of the
PAn films prepared in the different acids.

First we notice that as judged from the transition rate
from the oxidation-to-reduction state (a discharging pro-
cess) are slower than the rate of the reverse process from
the reduction-to-oxidation state (a charge-up process), the
former is obviously the rate-determining process in their
electrochemical responses. The similar behaviour was
observed in many conducting polymers, and the phenomenon

€ oxidized PAn
T (conducting)
P

€ reduced PAn
‘L (insulating)

I ( electric
£ path

(_® dopant
. anion
Ya

)

Jfast
—
~
slow

J ™~ isolated ) N
PAn s

fibrillar layer

grainy layer

at reduction potential at oxidation potential

Fig. 11. A model depicting the gross morphology and slow electrochemical
responses of PAn films.

was often called ‘memory effect” or ‘slow relaxation’ and
interpreted in several different ways [20-28] including a
percolation model proposed by Aoki et al. [26—-28].

If we introduce a structural model such as depicted in
Fig. 11, which is quite likely in view of our structural
analysis including AFM microscopy, the behaviour is
quite understandable. When the potential is switched from
the reduction to oxidation potential, the insulating-to-
conducting transition of PAn develops from the proximity
of the electrode surface toward the bulk phase, creating
electric paths (percolation) to accelerate further transition.
However, when the potential is switched down from the
oxidation to reduction potential, the conducting-to-
insulating transition occurs, reducing the electric paths to
increase the impedance. As a result, this makes some
charges trapped in isolated conducting domains of the grains
and fibrils surrounded by those of the insulating phase
through which trapped charges hardly diffuse away. This
situation results in a u.v.—vis spectrum of mixed insulating
and conducting phases even after a prolonged electro-
chemical reduction.

According to our previous paper [16], the IIb stage of the
structure development corresponds to the growth process of
fibrillar textures through aggregation of the grains produced
in the Ila stage. In this stage IIb, bulk density becomes
smaller with the growth of fibrillar textures as contrasted
to the higher density of grainy textures appearing in the
stage Ila. Under such a situation, an increased deposition
of PAn chains into grains, fibrils and bundles of the fibrils
with less compact structure, especially in those prepared in
HCIO, system, tends to increase the inter-chain, inter-grain,
inter-fibrillar impedance of the PAn film, which tendency
certainly should retard the relaxation or make the dis-
charging slower and less complete.

Our model and the interpretation of the so-called
‘memory effect’ is compatible with the percolation model
proposed by Aoki et al. [26-28] who interpreted this
phenomenon as the slow relaxation being caused by com-
petition between diffusional retrieval of electric paths from



H. Okamoto, T. Kotaka/Polymer 40 (1999) 407417 417

the local conducting domains to the electrode and the elec-
trochemical cutoff of the electric paths. In fact, our pre-
liminary results on simultaneous measurement of CV and
impedance at 10 kHz using an interdigitated array (IDA)
electrode [17] showed that impedance of PAn films on
IDA electrode was reduced by the electrochemical oxida-
tion and between ~ + 0.2 and ~ + 0.8 V reached the lowest
steady state value. In this potential range we found the cyc-
lic absorptiometry (CA) diagram showed no hysteresis as
seen in Fig. 6. Furthermore, the PAn films polymerized in
HCIO, gave faster impedance changes and larger values
than those polymerized in HCI. These results reinforce our
reasoning for the relaxation behaviour.

4. Conclusions

The PAn films polymerized in the media containing dif-
ferent counter anions, 1 M HCI1 or HCIQ, in this study, but
with the same pH and concentrations possess almost the
same primary structure and exhibit virtually the same devel-
opment profiles of the higher order structure or gross mor-
phology, although the rates of the development and the size
and density of the structure of the obtained films are differ-
ent. Presumably reflecting the differences in the higher
order structure, they exhibited different electrochemical
responses, especially when the applied potential was
switched to induce transition from the oxidized, conducting
phase to the reduced, insulating phase. This is due to the fact
that this transition makes electric paths in PAn films
decrease and then prevents further electrochemical reaction
to take place. This tendency was particularly remarkable in
the PAn films polymerized in HCIO, under a low potential
close to the polymerization threshold, which led to a PAn
film of larger structural size but a less compact structure.
The larger the structural size and the lesser the density of
the grains and fibrils, the higher the impedance of their

boundaries, which makes the trapped charges difficult to
diffuse away.
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