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The kinetics of electrochemical doping of polyaniline films has been studied using in situ ESR experi-
ments. It has been found that the kinetics and the doping level achieved during a potential-reading step
depend on the previous electrochemical events undergone by the sample. It is shown that a slow relaxa-
tion process takes place in the polymer film while it is maintained in the neutral state. Possible relations

to hysteresis effects are discussed.

PACS numbers: 66.30.Qa, 73.50.Gr

Conducting polymers have been the subject of a con-
siderable amount of work in the last ten years. Conju-
gated polymers were known as semiconducting materials
since the 1950s when Chiang et al.! reported the tremen-
dous increase in conductivity in polyacetylene upon dop-
ing. Doping, i.e., addition or removal of electrons on the
polymeric chains, appears to be the central key which
governs the main properties of conducting polymers. At
first, doping was achieved by chemical methods. Then
electrochemistry turned out to be the most convenient
and flexible method. In particular, the doping level can
be electrically monitored by an applied potential.
Numerous in situ experiments have been described,
which correlate different properties, such as optics,?
magnetic susceptibility,® conductivity,* etc., with the
doping level. A large amount of work has been devoted
to the doping process, and a rather satisfactory level of
understanding has been reached. However, it is general-
ly assumed that the observed phenomena concern ther-
modynamical equilibrium processes. But there exists
evidence that a thermodynamical equilibrium description
is oversimplified.> Furthermore, effects of hysteresis on
potential scanning have been noticed.® ™%

In this Letter we establish that the doping process as
achieved by electrochemical methods exhibits memory
effects. Namely, the doping response of the material to
an applied potential depends on the history of previous
electrochemical events. The “memory” of the system ex-
tends over several decades of time: from 1 to 10° sec.
Such effects have been observed in different compounds,
e.g., polypyrrole, polythiophene, polyaniline (PANI), etc.
We believe them to be a rather general property of con-
ducting polymers. However, most of our experiments
have been carried out on PANI, because very stable
films of this compound can be prepared.

The polymer samples consist of thin films, about
0.1-0.5 um thick, obtained by electropolymerization on
a platinum electrode, a 0.2-mm-diam thread. The sam-
ple mass and thickness are defined by the electrical
charge used for the synthesis. In the following we are
concerned with the response of the redox state of the
sample upon application of a potential to its support

electrode, used as a working electrode in an electrochem-
ical cell.

Different quantities can be measured, as representative
of the redox state. Integration of the current crossing
the film should give directly the doping level. However,
such a measurement is not easily made reliable, due to
inevitable leakage currents. For this reason we have pre-
ferred to follow the charge carriers by their spin, using
in situ ESR experiments as described elsewhere.® This
method takes advantage of the insensitivity of the spin
signal to leakage currents and to any spurious redox pro-
cess which could proceed outside of the film. However,
the identity between spin and charge carriers (polarons)
is only valid at low doping level. At higher doping levels,
spin concentration is reduced by pairing of polarons into
bipolarons, a doubly charged and spinless species.>
Furthermore, in some cases, crossover from Curie to
Pauli susceptibility can also reduce the spin susceptibili-
ty.> The difference of behavior between spin and charge
carriers is illustrated in Figs. 1(a) and 1(b) where the
spin and charge concentrations, respectively, are given as
a function of the applied potential. The data obtained by
slow-potential scanning (0.2 mV/s) are not far from
those of quasiequilibrium conditions. Hysteresis effects
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FIG. 1. (a) Spin concentration and (b) injected charge in a
polyaniline film vs potential. The film was 0.5 um thick and
immersed in a 1M HCI aqueous solution. The average rate of
the potential scanning was 0.2 mV/s.
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FIG. 2. Pulse sequence applied to the polymer film. During
the preparation pulse the film is oxidized. Then, it is main-
tained for a variable waiting time 7 in the neutral state, and
the kinetics of doping is followed during a reading potential
step.

are clearly apparent. We notice, in particular, that for
Vappi=0.1 V two states of quite different doping levels
exist, depending on whether this value has been reached
from rising potentials (oxidation) or decreasing poten-
tials (reduction).

In the transient experiments Vapp is switched between
three characteristic values: (1) Vo= —0.15 V (neutral
form), (2) Vo =0.3 V (oxidized form), and (3) V,=0.1
V. The double-pulse (DP) sequence of Fig. 2 has been
used. First, a preparation pulse (PP) leads the film to
the oxidized state (V' =V,,) and brings it back to the
neutral state (¥ =V¥,). Then, after a waiting time 7, a
reading step (RS) of ¥V =V is applied. During RS the

spin concentration, as representative of the redox state, is
recorded. We have used overmodulation of the ESR
line, the magnetic field being set just off resonance, a
procedure which gives a spin signal almost insensitive to
possible linewidth variations. In Fig. 3 the time evolu-
tion of the spin concentration during RS is given for
different waiting times 7. The striking point is that the
spin response is highly dependent on the waiting time.
This result concerns both the steady-state value and the
kinetics. For short 7, namely a few seconds, high spin
concentration is obtained with short time constant. The
spin response shows an overshoot [see Fig. 3(b)] which is
simply evidence that polarons are created in excess with
respect to the thermal polaron-bipolaron equilibrium
populations. With increasing 7 the kinetics slow down
and the steady-state value decreases. Thus, the system
seems to ‘“‘remember’” that it was led to the oxidized
state and, then, maintained for a time 7 in the neutral
state. In other words, while maintained in the neutral
state, the system is not in thermodynamical equilibrium.
A slow relaxation process is taking place. We have ob-
tained data showing that the system is still evolving after
7~10% sec.'©

We have obtained data which show that, in our experi-
ments, the spin response was not dependent on the film
thickness. As a characteristic parameter for the spin
response kinetics we have considered the starting slope, s,
of spin concentration versus time. Plotted as a function
of the waiting time, s can be fitted with a power law over
more than 2 orders of magnitude: s ?, with §=0.6
+0.1. No significant change of B has been noticed for
films of different thicknesses (synthesized with 14, 36,
and 116 mC). Thus, we conclude that the memory effect
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FIG. 3. Spin concentration of a polyaniline film recorded during the reading potential step for different waiting times 7 (see Fig.
2). (a) Short and (b) long time behavior of the spin response have been represented.
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is not controlled by ion diffusion.

We note in Fig. 3 that not only the kinetics but also
the asymptotic value of the spin concentration depends
on the waiting time. If RS is applied a short time after
PP (small 7), a high spin concentration is obtained.
With increasing t the limiting spin concentration de-
creases. This result can be considered together with the
data of Fig. 1 obtained in quasi-steady-state (QSS) con-
ditions. In particular, for V,,s=0.1 V two spin concen-
tration values are obtained: S .q and Sy, for the reduc-
tion and the oxidation half cycle, respectively. We sug-
gest that the hysteresis effect observed in QSS conditions
and the memory effect observed in the transient DP ex-
periments could be connected. Namely, Sreq should cor-
respond to the spin concentration observed in DP experi-
ments with 7— O (since for 7 =0 the spin concentration
is measured on a system prepared in the oxidized state,
and then set at Vg,s=0.1 V). On the other hand, S is
measured on a system which has been left for a long time
in the neutral state and then brought to Vops=0.1 V.
Consequently, it should correspond to the spin concen-
tration measured in a DP experiment with a long r, of
the order of the time used for scanning the potential
from —0.2 to 0.1 V in the QSS experiment.

The important question which now arises is what
might be the origin of the relaxation process. At this
stage of the study no definite answer can be given. Let
us summarize the main points of the process. The poly-
mer chains, being initially charged (oxidized), are sud-
denly discharged (put in the neutral state). If one tries
to recharge the polymer just after the discharge, it has a
high ability to be recharged, but this ability decreases
with time. In other words, just after discharging the sys-
tem has a strong “reminiscence” of the charged state.
This reminiscence enables fast recharge, and corresponds
to nonequilibrium states which relax gradually.

Taking into account the long time scale of the process,
it is reasonable to think that a structural relaxation is in-
volved. A possible mechanism could be connected to the
rearrangement of the chain configuration which follows
the incorporation and extraction of the counter ions upon
oxidation and reduction. Just after discharging opened
channels are left by the counter ions, and reoxidation re-
quires just the normal redox potential of the polymer.
However, with increasing 7 the channels get closed grad-
ually, and reoxidation will require increasing extra ener-

gy to reopen the channels. Another possible geometrical
relaxation process has been proposed by Heinze, Storz-
bach, and Mortensen’ to account for the hysteresis
effect. This process relies on the relaxation from the pla-
nar to the twisted form which should accompany the
quinoid-to-benzoid molecular transition upon discharg-
ing. It is closely related to the mechanism previously in-
troduced by Chung et al. ®

In conclusion, we have shown the existence of memory
and slow relaxation effects in conducting polymers.
More work has to be done to establish the veritable na-
ture of the phenomena but we think that the study of
such nonequilibrium processes is a promising field for the
physics of conducting polymers.

We are greatly indebted to F. Devreux, F. Genoud,
and C. Odin for their help and for stimulating discus-
sions. Centre d’Etudes Nucléaires de Grenoble is a
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cherche Scientifique Associe No. 216.
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