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Conducting polymers, such as poly(pyrrole),
poly(thiophene), poly(aniline), etc., have received
considerable attention because of their wide range
of applications in many areas.” So there are several
papers dealing with the electrochemical properties
of the conducting polymer in various electrolyte
solutions,” and the charge transport mechanisms
through the polymer.3 However, few papers on the
chemicat natures of ions in the polymer films have
been published.** Recently an iomic behavior of
electrolytes in the conducting polymer film elec-
trodes has been investigated by radioelectroche-
mical method.® But the studies on ionic behavior
of electrolyte in the presence of ligand for the elec-
trolyte cation are rare.

In this study, using a KPF, electrolyte solution
containing radioactive ’K* and 18-crown-6, a pro-
nounced complexing reagent for K*, we have det-
ermined mass changes of the electrolyte cations in
conducting polymer film during electrochemical
operations. Also, a directional property of current
fluctuations in current - time transient curves, and
decay and regeneration of CVs on the basis of
mass changes of the K' incorporated in the po-
lymer film have been discussed.

EXPERIMENTAL

Poly (3-methylthiophene) was electrochemically
synthesized on a glassy carbon working electrode
at a constant potential of +1.7 V vs. Ag/AgCl ref-
erence electrode in acetonitrile with concentration
of both monomer, 3-methylthiophene, and sup-
porting electrolyte, lithium tetrafluoroborate, of 0.05
M. Total charge for the polymerization was 250
mC cm >, The electrochemical analysis for the po-
lymer film electrode was performed in one com-
partment cell containing 0.02 M KPF acetonitrile
in the presence and absence of 18-crown-6. The
concentration of 18-crown-6 was adjusted 1o 0.02
M. The potential for curmrent - time transient curves
and potential range for cyclic voltammograms
were +0.9V and -0.2 to +1.2V vs. Ag/AagCy,
respectively. The electrochemical synthesis of the
polymer films and their electrochemical analysis
were performed with a potentiostat (BAS CV-27)
equipped with an X-Y recorder (Uchida Model:
YR-41T) and a flatbed recorder (Cole-Parmer In-
strument Company Model: 8373-10).

Preparation of “KCl10, electrolyte solution was
following; A small amount of KOH was irradiated
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in rotary specimen racks of Triga Mark III Reactor
for 9 hours. The sample was dissolved in distilled
water and neutralized by an equivalent amount of
concentrated HCIQ,, and the solution was used for
the tracer works. The measurements of radioac-
tivity of the K" incorporated in the pelymer film
electrode after each electrochemical operation - that
is. polarizing the electrode at +0.9 V vs. Ag/AgCl
for 10 min in combination of a consecutive po-
tential scanning between — 0.2 V to +1.2 V vs. Ag/
AgCl - were performed with a scintillation counter
(Canberra, Tennelec TC 952) connected to an Nal
detector (Canberra, Model 727).

RESULTS AND DISCUSSION

Fig. 1 is a typical CV of poly(3-methyl-
thiophene) film electrode in 0.02M KPF; elec-
trolyte acetonitrile solution, in which the severe
current fluctuations are observed. Also the CVs ob-
tained in the electrolyte solution containing 0.02 M
of 18-crown-6 show the current fluctuation, but
the frequency of the fluctuation in the 18-crown-6
system reduced so much that sometimes we rarely
found the fluctuations. It has been reported that re-
petitive potential scans of polymer film electrode
in the agueous” and acetonitrile®™ electrolyte solu-
tion result in the concentration increase of the elec-
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Fig. 1. A typical cyclic voltammogram of poly(3-methyl-
thiophene) film electrode in 0.02M KPF, acetonitrile.
Scan rate: 005 Vs ',
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trolyte in the conducting palymer film electrode.
Also, in this study, the concentration increase of
electrolyte in the polymer film electrode during po-
tential scans was observed; The concentration of K*
in the electrade after the successive eight potential
scans reached about 5 M (the surface area of the
electrode was 7.1x 10 *cm”. the thickness of the
palymer film was 500 nm. calculated from the
charge consumed for electropolymerization accar-
ding to the previously established relationship
'* and the amount of
K* incorporated in the polymer film was 3.1x 10 *
g), which far exceeds its solubility, 0.39 M, at 20
°C in acetonitrile. This suggests that the current
fluctuations are attributed to movement of the char-
ged crystalline aggregates (nonstoichiometric size-
able particles) formed by concentration increase of
the electrolyte during potential scans.

Fig. 2 ts a typical pattern of current - time tran-

between charge and thickness,

sient curves, obtained by polarizing the polymer
film electrode at +0.9 V vs. Ag/AgCl in the 0.02
M KPF¢ acetonitrile solution, as a function of the
potential scan numbers of the electrode. When a
fresh polymer film electrode was subject to po-
larizing after a couple of potential scans, the sev-
ere current fluctvations were observed as shown in
Fig. 2-1. In this case, it should be nated that, al-
though the down fluctuations are slightly pro-
nounced with time, the fluctuations are almost
evenly divided to upward and downward. Howev-
er, increase of the number of potential scans prior
to the polariziation caused the down fluctuations -
that is. undopings of charged particles - to dom-
inate over the up fluctuations - that is, dopings of
charged particles - and further increase of the po-
tential scans resulted in the complete down fluc-
tuations as shown in Fig. 2-2, and finally the cur-
rent - time curve without fluctuations was obtained
as shown in Fig. 2-3.

Fig. 3 is a typical pattern of current - time tran-
sient curves, obtained by polarizing the polymer
film electrode at +0.9 V vs. Ag/AgCl in the 0.02
M KPF;, acetonitrile solution containing 18-crown-6
of 0.02M, as a function of the patential scan
numbers of the electrode. The 18-crown-6 had
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Fig. 2. A typical fluctuation pattern of current-time transient curves of poly(3-methylthiophene) electrode as a function
of the potential scan numbers in 0.02 M KPF, acetonitrile. Applied potential: +0.9 V vs. Ag/AgCl. Chart speed: 5 cm/
min. Current-time transient curves obtained after cycle no. 6, 45, and 120 are shown.

been chosen as a representative compound for the
crown ether analogues because the stability con-
stant,"" 10>7, of K (18-crown-6)" complex is farg-
er than that of any other K (crown ether)” com-
plexes in acetonitrile solution. The characteristics
of the crown ether system are the reduced fre-
quency of the fluctuation and the reversed direc-
tional propery - that is, the complete up fluc-
tuations, dopings of negatively charged particles -
as shown in Fig. 3-2. which is corresponding to
Fig. 2-2. Another interesting observation in the cur-
rent - time transient curves is that residual currents
in 18-crown-6 system are much larger than that in
18-crown-6 free system. It means that dopings in
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the 18-crown-6 system are easier than that in the
18-crown-6 free system. If this is the case, the con-
centrations of not only PFs~ but also K*, which
are accompanied by the doping anion as co-ion,
will increase. In order to confirm that, de-
terminations of the incorporated K* in the polymer
film electrode were carried out as a function of the
number of electrochemical operations and the
results are plotted in Fig. 4 (KClO,, less than 5%
in weight of total electrolyte concentration, con-
taining LK was added to KPF, acetonitrile solu-
tion to perform the tracer works). It should be nat-
ed from Fig. 4 that the amounts of the in-
corporated K* in the polymer film electrode in the
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Fig. 3. A typical fluctuation pattern of current - time transient curves of poly(3-methylthiophene) film electrode under
the same experimental conditions of Fig. 1 except addition of 18-crown-6 to be 0.02 M. Current - time transient curves

obtained after cycle no. 4, 14, and 60 are shown.
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Fig. 4. Variations of incorporated K cation contents in
poly(3-methylthiophene) film electrode as a function of
the number of electrochemical operations. O: in 0.02 M
KPF: acetonitrile in the presence of 18-crown-6 (0.02
M), X: in 0.02 M KPF; acetonitrile in the absence of 18-
crown-6. Scan rate: 0.05 Vs .

18-crown-6 system steadily increase with the elec-
trochemical operation number, and are about 5.3 -
6.4 times larger than that of the 18-crown-6 free
system throughout the electrochemical operations.
It seems that this phenomenon is attributed to com-
plexation of cations of the electrolyte with 18-
crown-6 molecules in the crown ether system. The
complexation makes increase of the cation size by
wrapping around the cation, resulting in decreasing
the tendency of ion-pairing and aggregate for-
mation of the electrolyte in the solution. Under the
such condition, dopings of single anions as well as
negatively charged small patticles would be casier
than the crown ether free system, showing the larg-
er residual currents and the upward fluctvations as
shown in Fig. 3-2.

A unique property of conducting polymer film
electrode is the equality in magnitude of doping
and undoping charges in electrolyte solution of the
low polar organic solvent, acetonitrile.'® But, in
this study, the doping charges in the 18-crown-6
system were always larger than the undoping one
in each potential cycle of the electrochemical opera-
tions, finally showing a complete decay of the CV
as shown in Fig. 5 (8th CV). This phenomenon is
obviously opposite to the generally recognized beha-
vior of conducting polymer, that is, the conductivity
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of conducting polymer increases with the dopant
concentration.” At this stage, even if we do not und-
erstand the unusual behavior exactly, it is supposed
to be that the complexed cations and anions, pene-
trating deeply into the palymer film during potential
scanning and polarizing of the electrode, stuff al-
most all of the porous holes of the polymer film. In
that case, mobility of the inside jons will be greatly
limited in such a way that the undopings could be
partially achieved, resulting in decrease of mag-
nitudes of faradaic currents at about +0.8%9 V with
the electrochemical operations as shown in Fig. 5.
When the polymer film electrodes, showing the
completely decayed CV as shown in Fig. 5§ (8th
CV), were immersed in the radioactivity-free 0,02
M KPFs or (Bu);NPF: acetonitrite solution more
than 10min and were subject ta the potential
scans in the same solution, they show gradual re-
generation of the CVs as shown in Fig. 6. After
the successive seventeen potential scans, a de-
termination of the incorporated K* content in the
polymer film electrode was performed, and its
value was 1.1x10 *g cm °, showing decrease
from 20x 10 *g em™? correponding to that of
the final electrochemical operation in Fig. 4. This
indicates that the regeneration is attributed to dis-
placement of the complexed K* by bare cations or
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Fig. 5. Decay of cyclic voltammogram of poly(3-methyl-
thiophene) film electrode as a function of the number of
electrochemical aperations in 0.02 M KPF¢ acetonitrile
in the presence of 18-crown-6 (0.02 M), Scan rate: 0.05
Vsl
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Fig. 6. Regeneration of cyclic voltammogram of poly(3-
methylthiopheng) film electrode in 0.02M KPF,
acetonitrile (the electrode was immersed in 0.02 M KPFy
acetonitrile for 20 min and subsequently subject to po-
tential scans in the same solution). Scan rate: 0.05 V s~ 1,

release of the cations from the polymer film elec-
trode in KPFy or (Bu);NPF¢ electrolyte solution,
suggesting that, in either case, the cations play an
important role in doping and undoping. In addition,
the steady increase of the capacitive currents with
potential scan numbers, as shown in the first CVs
of Fig. 6, indicates that the displacement or release
occur at the polymer film electrode/electrolyte solu-
tion interface at first. The regeneration of CV -
doping and undoping charges - to its virginal mag-
nitudes is almost impossible, propably, due to the
porous structure of the polymer film as well as the
partial film degradation by oxidation."* Also other
crown ether-KPF4 systems were studied, but the de-
cays of the polymer film electrode in those sys-
tems were less pronounced than the I8-crown-6
system.
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