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Abstract We report electrochemical studies on the
influence of a small concentration of chloride ions on
the electroactivity of the polymer matrix of polypyrrole
(PPy), poly(N-methylpyrrole) [p(N-MePy)] and a
poly(titanocene-propyl-pyrrole) derivative, p(Tc3Py)
[Tc(CH2)3NC4H4; Tc=CpCp¢TiCl2; Cp=C5H5; Cp¢=C5H4]
in acetonitrile (AN), tetrahydrofuran (THF) and
N,N-dimethylformamide (DMF). The polymer films
were obtained on Pt disc electrodes from AN solutions
of the monomers containing 0.1 M tetrabutylammoni-
um hexafluorophosphate (TBAPF6) as the supporting
electrolyte and then transferred to the corresponding
monomer-free solution. Studies in Cl)-containing
solutions have shown that the p(Tc3Py) matrix is very
sensitive to the presence of Cl) ions in all the above
solvents, namely that it was subjected to electrochem-
ical degradation at potentials above 0.1 V vs. a Ag/
0.01 M Ag+ in AN reference electrode. Degradation of
the p(Tc3Py) matrix was also observed in chloride-free
DMF+TBAPF6 solutions. Addition of chloride ions to
the AN solution containing pyrrole, N-methylpyrrole
or Tc3Py inhibits the deposition of the polymer
films. On the other hand, we have found that PPy and
p(N-MePy) matrices after their deposition in chloride-
free AN solutions show much more stable redox

responses in contact with chloride and/or DMF solu-
tions. Possible mechanisms of these effects are dis-
cussed.

Keywords Functionalized films Æ Immobilized
titanocene Æ Polymer chlorination Æ
Poly(N-methylpyrrole) Æ Polypyrrole

Abbreviations AN acetonitrile Æ Cp cyclopentadienyl Æ
DMF N,N-dimethylformamide Æ N-MePy N-
methylpyrrole Æ p(N-MePy) poly(N-
methylpyrrole) Æ PPy polypyrrole Æ p(Tc3Py)
poly[Tc(CH2)3NC4H4] Æ Py pyrrole Æ Tc titanocene=
bis(cyclopentadienyl)titanium dichloride, Cp2TiCl2, or
its radical CpCp¢TiCl2 (Cp¢=C5H4) Æ Tc3Py titanocene-
propyl-pyrrole, Tc(CH2)3NC4H4 Æ THF tetrahydrofuran

Introduction

Functionalization of conducting polymers attracts great
interest because it is a powerful tool for the preparation
of materials with very specific properties for many
practical applications, such as chemical and biochemical
sensors, catalysts or electrochromic devices.

In our previous papers we have reported the elec-
trochemical behavior of polypyrrole (PPy) with
bis(cyclopentadienyl)titanium(IV) dichloride, Cp2TiCl2
(Cp=C5H5), linked to nitrogen in the pyrrole ring via an
aliphatic chain, (CH2)3 [1, 2]. Titanocene dichloride,
Cp2TiCl2, in its free form is a well-known catalyst of
many organic processes, including alkene polymeriza-
tion as well as numerous organic reactions (isomeriza-
tion, hydrogenation, C–C coupling, etc.) [3, 4].
Immobilization of titanocene (Tc) centers inside a por-
ous polymer membrane opens the prospect of creating a
heterogeneous catalyst, advantageous in some aspects
with respect to its homogeneous analogue.

Electrodes modified with polymers with attached
electroactive centers reveal the characteristic electro-
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chemical response both of the centers and the polymer
matrix. In general, the reduction of titanocene in the
film occurs according to a mechanism similar to that
reported for this system in solution [5, 6, 7, 8, 9, 10,
11]. According to this scheme, one-electron reduction
of the complex leads to the bis(cyclopentadienyl)tita-
nium(III) dichloride radical anion, which is subject to
a very rapid elimination of one of the Cl) anions from
the complex substituted by the solvent (L) molecule
[12, 13, 14]:

Cp2Ti IVð ÞCl2 þ e�

� Cp2Ti IIIð ÞCl2½ �� �
þL

Cp2Ti IIIð ÞClL½ � þ Cl� ð1Þ

The reversibility of the chemical step in reaction (1)
depends on the experimental conditions, first of all of
the solution composition (solvent, electrolyte). For
certain solvents (acetonitrile, AN, N,N-dimethylfor-
mamide, DMF) the reduction is electrochemically
irreversible if the electrolyte solution does not contain
chloride [7, 14]. In contrast, a strong and quasi-
reversible reoxidation peak is observed in cyclic vol-
tammograms obtained in tetrahydrofuran (THF)
without chloride, with tetrabutylammonium hexaflu-
orophosphate (TBAPF6) as the supporting electrolyte
[14].

Our studies have revealed a profound parallel
between the redox response of free and immobilized Tc
complexes, in particular a much greater reversibility of
their cyclic voltammetry (CV) response if the film is in
contact with a chloride-free THF solution. However,
consecutive scans of the electrode modified with
titanocene-polypyrrole film in THF+0.1 M TBAPF6

show a gradual decrease of electroactivity of the
titanocene centers, probably due to dissociation of the
reduced titanocene complex followed by coordination of
the solvent molecule. For sufficiently thick films, most of
the thus-formed chloride anions are left inside the film so
that they may return to the complex in the course of its
reoxidation. However, a certain amount of ‘‘free’’
chloride anions is likely expelled from the polymer ma-
trix to the solution and they diffuse away from the
electrode. Most of them are lost for the reoxidation
process since the electron exchange is accompanied
mostly by the incorporation of background anions,
PF6

), instead of chloride, with the loss of the film
electroactivity in this range of potentials.

This finding has led us to the idea of replacing the
background electrolyte in solution by a chloride
soluble in the corresponding solvent. This change
resulted indeed in an essential improvement of the
stability of the response of immobilized centers.
However, the presence of chloride anions led also to
certain harmful effects for the film response in the
range of the polymer matrix (see below). This obser-
vation was unexpected since chlorides (mostly in
aqueous medium) represent one of the most popular
electrolytes for studies of electron-conducting poly-

mers, including polypyrrole and its derivatives [15, 16,
17, 18, 19, 20].

The influence of Cl) ions on the electroactivity of
polypyrrole is still a matter of controversy in the liter-
ature. It has been reported in some papers that Cl) ions
enhance the electrosynthesis of polypyrrole films in
aqueous solutions [21] and increase the conductivity of
the polymer [22, 23]. In contrast, according to some
other authors, polypyrrole undergoes degradation be-
cause of a chemical reaction with electrolytically gener-
ated species in aqueous solutions containing Cl) ions
[24] or by hydroxylation of the chlorine-substituted
polypyrrole [25]. Information on chloride effects in non-
aqueous solutions is scarce. A ‘‘chlorination’’ of PPy but
without a serious loss of electroactivity has been re-
ported for AN solutions [26].

A specific feature of our studies was the use of dis-
tilled organic solvents necessary to observe a stable re-
sponse of immobilized Tc centers in a monomer-free
solution. In this paper we present results which dem-
onstrate a strong influence of chloride anions both on
the stage of electrodeposition of PPy, poly(N-methyl-
pyrrole) [p(N-MePy)] or titanocene-polypyrrole films
and on the p(Tc3Py) (poly [Tc(CH2)3NC4H4]) matrix
response in the course of its cycling in the monomer-free
solution in AN, THF and DMF. The found effects
represent a serious problem for reaching a stable elec-
trochemical behavior of the latter system in the Tc range
of potentials that are essential for its further practical
applications.

Experimental

All electrochemical experiments were done in a conventional, sin-
gle-compartment cell with a platinum wire counter electrode (CE)
and a Ag/(0.01 M AgNO3+0.1 M TBAPF6 in AN) double-junc-
tion reference electrode (RE). All potentials below are referred to
this reference electrode. Electropolymerization of Tc3Py, N-MePy
and Py was carried out on a Pt disc electrode with a surface area of
0.005 cm2 or 0.02 cm2 from the monomer solutions (1–5 mM) in
AN containing 0.1 M TBAPF6 as the supporting electrolyte, by
means of an AUTOLAB potentiostat (Ecochemie, The Nether-
lands). The polymer films for studies in Cl)-containing solutions
were formed potentiostatically, according to the procedure de-
scribed previously [1, 2], by applying a potential step from 0 V to
0.78 V for preparation of p(Tc3Py), 0.72 V for p(N-MePy) and
0.71 V for PPy, with control of the polymerization charge to obtain
films of reproducible properties. The influence of Cl) on electro-
deposition of the polymer films was studied by CV. The electrodes
were cycled at a scan rate of 100 mV s)1 within a potential range
from )0.25 to 0.98 V in the solution of Tc3Py, from )0.25 to
0.82 V in N-MePy and from )1.0 to 0.82 V in Py solutions in AN
containing about 0.02 M LiCl (saturated solution) and the sup-
porting electrolyte (0.1 M).

All salts, TBAPF6 (Fluka), LiCl (Fluka) and LiClO4 (Aldrich),
were dried under vacuum at 80 �C for several hours prior to use.
THF (AnalytiCals, Carlo Erba) stabilized by hydroquinone was
distilled over metallic Na+benzophenone (Merck). AN for poly-
merization was of spectroscopic grade (99.5%), with a water con-
tent <0.03%. AN for CV studies of the films in monomer-free
solution was HPLC grade (Carlo Erba) with initial water content
<0.02%, distilled before the use. All solutions were thoroughly
deaerated by vacuum pumping and filling with dry argon prior to
the experiments.
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Results and discussion

Influence of a small amount of chloride on the redox
behavior of Tc centers and the polymer matrix
of p(Tc3Py) in THF+0.1 M TBAPF6

In order to compare the behavior of p(Tc3Py) in Cl)-free
solution and in the presence of Cl), two identical films
were deposited on Pt electrodes at a charge density of
6 mC cm)2 from 0.1 M TBAPF6+0.001 M Tc3Py in
AN. The qualitative identity of the films was confirmed
by exactly the same CVs in the range of PPy electroac-
tivity (from )0.7 to 0.55 V) in the monomer-free solu-
tion (besides, we have checked the reproducibility of the
redox response of Tc centers for another series of such
films). Then, the films were subjected to several consec-
utive scans in the ‘‘whole’’ potential range, i.e. between
)1.6 and 0.55 V, one film being cycled in THF+0.1 M
TBAPF6 while the second one in the same solution with
a small addition of LiCl (well below 0.01 M in view of
the low solubility of this salt in THF).

As visible in Fig. 1a, the presence of Cl) improves a
little the reversibility of the Tc redox reaction in the first
cycle (the charge involved in reoxidation of the centers is
about 22–25% higher than that in Cl)-free solution).
However, the presence of chloride does not prevent a
gradual decrease of the redox activity in the next cycles,
but only decelerates this process (cf. curves 6¢ and 6 in
Fig. 1a). This is not surprising because the chloride
fraction in the solution is low with respect to that of
PF6

), and therefore it is the latter anions which com-
pensate the electronic charge of the polymer and replace
the chlorides in the matrix. At the same time, some
additional undesirable changes occur in the polymer
matrix upon treatment in Cl)-containing solution.
Namely, a remarkable increase of the current, related to
an irreversible faradaic reaction of the polymer matrix,
is observed at the positive limit of the potential range. In
effect, the reduction current in the reverse scan markedly
decreases. Similar studies performed for a thicker film
(obtained at a charge density of 25 mC cm)2) confirmed
a marked destroying effect of chloride on the electro-
activity of the polymer matrix (Fig. 1b).

According to the literature, film stability and con-
ductivity may be influenced not only by anions com-
pensating the positive charge of the polymer matrix but
also by cations which may change the electronic inter-
action between the polymer chain and the anions and/or
the ion pairs [21, 27]. Therefore, in order to separate the
influence of Cl) and Li+ ions on the electroactivity of
the p(Tc3Py) matrix, a series of redox cycles in the range
of the PPy matrix of the thicker polymer film was re-
peated subsequently in several electrolytes in THF.
Firstly, the film was cycled in the monomer-free solution
of TBAPF6. After three cycles with a stable voltam-
metric response, the polymer was transferred to 0.1 M
LiClO4 in THF and submitted again to several sub-
sequent scans. Finally, a small amount of LiCl was

added to the solution of 0.1 M LiClO4 and a series of
potential scans was performed in the same potential
range ()0.8 V, 0.7 V). The first and tenth scans in each
electrolyte studied are compared respectively in Fig. 2a
and 2b. As can be seen, replacement of TBAPF6 by
LiClO4 did not influence the behavior of the film. The
redox charge density (of about 1.8 mC cm)2) was stable
in the subsequent voltammetric scans. In contrast, the
addition of even a small amount of Cl) ions gave rise to
significant changes in the voltammograms.

A significant increase of the anodic current, starting
from 0.1 V, followed by the decrease of the reduction
current in the backward scan and a progressive loss of
the film electroactivity in the subsequent cycles, indicate

Fig. 1 (a) Influence of chloride ions on the electroactivity of
titanocene centers and the polymer matrix for thin polymer films
(deposition charge density: 6 mC cm)2). Numbers 1 and 6
correspond to the 1st and 6th scans in THF solutions of PF6

)

without Cl) ions (solid line) and in the presence of a small addition
of Cl) ions (<0.01 M) (1¢ and 6¢, dashed lines). (b) Consecutive
scans in the range of the PPy matrix for a thicker p(Tc3Py) film
(25 mC cm)2) in THF+0.1 M TBAPF6 in the presence of a small
amount of Cl) ions. The dashed line corresponds to the curve
obtained in the supporting electrolyte before the Cl) treatment
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that a faradaic process involving Cl) ions occurs in the
polymer film at E>0.1 V.

The destroying effect of a small amount of chloride
on the electroactivity of the p(Tc3Py) matrix seems to be
stronger than that reported in the literature for unsub-
stituted PPy film in AN+0.1 M TEACl [26]. One of the
reasons for this difference between the two polymers
may be an electronic effect of the alkyl spacer between
the Py ring and the titanocene center, which may change
the charge distribution in the Py ring, enhancing the
‘‘chlorination’’ of the polymer matrix. Another possi-
bility is some distortion from co-planarity in the poly-
mer chain due to the presence of the bulky titanocene
substituent. This may enhance nucleophilic attack of

Cl) ions on radical cations created along the polymer
chain, owing to their better accessibility. A strong dis-
tortion from planarity and conjugation between the
pyrrole units have been also postulated in the literature
in the presence of a much smaller N-methyl substituent
[28, 29].

Therefore, in order to check the role of N-substitu-
ents on the electrochemical behavior of the polymer
matrix, namely on the polymer stability in Cl)-contain-
ing solution, we performed a series of studies on the
polymerization and redox activity of PPy and another
PPy derivative substituted with a relatively small methyl
group, p(N-MePy), in a pure supporting electrolyte
(0.1 M LiClO4 or 0.1 M TBAPF6) and in the presence of
a small amount of chloride.

Influence of small amount of LiCl (about 0.02 M)
on the electrosynthesis of PPy and p(N-MePy)
in AN+0.1 M TBAPF6

Figure 3a and 3b present voltammograms of pyrrole
polymerization by cycling at a Pt electrode in AN
solution of 0.005 M Py+0.1 M TBAPF6 and in the
same solution after addition of a small amount of Cl)

ions. As may be seen in Fig. 3a, in the solution without
chloride the polymer easily formed on the electrode. The
charge yield of electropolymerization, y, characterized
by the ratio of the reduction charge of the polymer in the
monomer-free solution to the charge involved in oxi-
dation of the monomer during polymerization, 10.5%, is
close to the theoretical limit, about 11%. For compari-
son, the value of y for electrodeposition of p(Tc3Py) was
not especially lower, about 8–10% [2].

A comparative experiment on pyrrole polymerization
was performed under similar conditions but with a small
addition of LiCl to the polymerization bath. As visible in
Fig. 3b, the current corresponding to oxidation of the
monomer decreased cycle by cycle. Moreover, the vol-
tammograms shift to more positive potentials and no
reduction wave for the polymer appears (cf. Fig. 3a).
Thus, one can conclude that, during potential cycling in
the monomer solution containing a small amount of Cl),
the electrode surface is covered with a highly resistive
layer which impedes charge transfer between the elec-
trode and the solution and inhibits the formation of a
conducting polymer film.

Comparison of the first cycles for a clean Pt surface in
the three solutions presented in Fig. 3c shows that oxi-
dation of Cl) in the monomer-free solution starts in the
same potential range as monomer oxidation. On the
other hand, addition of a small amount of chloride to
the Py solution gives rise to a shift of the oxidation
current of the monomer to less positive potentials. Thus,
it seems probable that the Cl2 molecules (or the inter-
mediate species, chemisorbed chlorine atoms) which are
formed at the electrode initiate the chlorination of the
monomer and/or react with the already deposited
polymer, leading to its degradation. Another possible

Fig. 2 Cyclic voltammograms corresponding to the 1st (a) and
10th (b) scans of p(Tc3Py) film in THF containing 0.1 M TBAPF6

(curve 1), 0.1 M LiClO4 (curve 2) and 0.1 M LiClO4 with a small
amount of LiCl (curve 3)
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mechanism is reaction between the generated pyrrole
cation-radicals and chloride anions. These experimental
observations lead to the conclusion that electroactive
polypyrrole films cannot be formed in AN solutions
(with a relatively low content of water) containing even a
small amount of chloride ion.

The same experiments were performed for electro-
deposition of p(N-MePy) and p(Tc3Py) films. In both
cases, no films were formed on the electrodes after
addition of chloride to the monomer solutions. The
subsequent voltammograms, different from either those
obtained in pure monomer solution or those in the
monomer-free 0.02 M LiCl (Figs. 4 and 5), suggest that
the reaction between chloride and monomer occurs but
without formation of a film on the electrode. The in-
crease of the monomer or chloride concentrations does
not influence the shape of the resultant voltammograms,
only the current intensity.

Influence of a small amount of LiCl (about 0.02 M)
on the electroactivity of PPy and p(N-MePy) films
in AN+0.1 M LiClO4

In order to check whether chloride ions, due to strong
nucleophilic properties, may also react irreversibly with
radical cations or dications generated at the polymer
chains, we compared the electroactivity of PPy and p(N-
MePy) (already deposited from a chloride-free solution)
in acetonitrile solutions with or without Cl). Qualita-
tively, the results were similar to those presented by
Pickup and co-workers [26].

As shown in Fig. 6, cycling in the Cl) solution did not
influence noticeably the electroactivity either of PPy or
p(N-MePy). The principal effect of chloride ions on the
charging curve of the PPy or p(N-MePy) films, the
appearance of a drastic increase of the anodic current
above 0.1 V (curves 1–5), is qualitatively similar to that
for p(Tc3Py) films (Figs. 1 and 2). However, contrary to
p(Tc3Py), the unsubstituted polypyrrole and p(N-MePy)
do not show any indication of serious irreversible deac-
tivation of the polymer. The voltammograms after the
back transfer into Cl)-free solution are very similar to
those before the treatment in Cl) (cf. curves 6 and 0,
respectively). The oxidation peaks after the cycles in Cl)-
containing solutions became a little flattened but the
overall charge involved in the redox reaction of the
polymer decreased only by about 4% in the case of PPy
and 7% for p(N-MePy). Extension of the positive po-
tential to 1.0 V did not affect markedly the electroac-
tivity of these two polymers. At the same time, the
decrease of the redox charge of p(Tc3Py) after the
treatment in Cl) solution was 35–40%.

Thus, one may conclude that the higher sensitivity of
p(Tc3Py) films to chloride than PPy and p(N-MePy) is
not due to the electronic effect of the alkyl substituent
which separates the titanocene centers from the pyrrole
ring, but probably a consequence of the presence of a
bulky titanocene group. This may lead to a marked non-

Fig. 3 Cyclic voltammograms for a Pt electrode in AN solution
containing: (a) 0.1 M TBAPF6+0.005 M pyrrole; (b) 0.1 M
TBAPF6+0.005 M pyrrole+ca. 0.02 M LiCl (saturated solution).
(c) Comparison of first voltammetric scans for a Pt electrode in
pyrrole solution+0.1 M TBAPF6 in AN without Cl) ions (curve 1)
and in the presence of Cl) (curve 2). Curve 3 was recorded on a bare
Pt electrode in the monomer-free solution of TBAPF6 containing
0.02 M LiCl
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coplanarity of the polymer chain and an easier reaction
of radical cations with chloride ions due to better
accessibility of electroactive centers in the polymer
matrix.

As a practical consequence, we have to keep in mind
that studies of the electroactivity of Tc centers immo-
bilized in a polypyrrole matrix in Cl)-containing solu-
tions should be carried out in a potential range limited
to about 0.1 V, to avoid the degradation of the polymer
matrix. This restriction represents a serious problem
since the complete reoxidation of Tc centers after their
reduction requires passing the prepeak located within
the potential range of the polymer matrix [2].

Electrochemical properties of p(Tc3Py) and PPy
in DMF in pure 0.1 M LiClO4 and in the presence
of a small amount of LiCl

The properties of PPy and p(Tc3Py) films were also
examined in DMF. This solvent is attractive due to the
high solubility of lithium chloride. For comparison, the
solubility of LiCl is about 0.02 mol dm)3 in AN, well
below 0.01 mol dm)3 in THF but 2.6 mol dm)3 in
DMF [30]. Therefore, in the latter solvent, studies of
the chloride influence on the reversibility of the redox

Fig. 4 Cyclic voltammograms for a Pt electrode in AN solution
containing: (a) 0.1 M TBAPF6+0.001 M N-MePy; (b) 0.1 M
TBAPF6+0.001 M N-MePy+ca. 0.02 M LiCl (saturated solu-
tion). The dashed line corresponds to the curve obtained in the
solution without any monomer

Fig. 5 Cyclic voltammograms for a Pt electrode in AN solution
containing: (a) 0.1 M TBAPF6+0.001 M Tc3Py; (b) 0.1 M
TBAPF6+0.001 M Tc3Py+ca. 0.02 M LiCl (saturated solution).
The dashed line corresponds to the curve obtained in the solution
without any monomer
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reaction of Tc centers immobilized in the polymer
matrix may be performed in a wide range of Cl) con-
centrations and even in pure chloride solutions, as has
been reported in the literature for solutions of free Cp2
TiCl2 [7]. The CVs for the redox reaction of p(Tc3Py)
film in a chloride-free solution of DMF+0.1 M LiClO4

are presented in Fig. 7a. A comparison with the
reference curve obtained in THF solution for the same
electrolyte (dashed line) reveals that the polymer oxi-
dation in DMF starts at a much more positive poten-
tial than in THF, but then the current achieves values
markedly higher than those observed in THF. More-
over, the consecutive scans performed in DMF lead to
a gradual irreversible decrease of the polymer electro-
activity (curves 1–5 in Fig. 7a). The charge consumed
in the polymer reduction decreases from a value of
1.8 mC cm)2 in THF to 1 mC cm)2 for the first scan
carried out in DMF and 0.84 mC cm)2 for the fifth

scan in this solvent. This clearly indicates that DMF
itself has a harmful effect on the electroactivity of the
polymer matrix. The loss of polymer activity is likely a
consequence of a faradaic reaction of DMF with
charges at the matrix.

As shown in Fig. 7b, degradation of p(Tc3Py) is
strongly enhanced after replacement of LiClO4 by LiCl
supporting electrolyte.

As has been reported in the literature [31], DMF also
deactivates the unsubstituted polypyrrole matrix during
polymerization in this solvent. PPy films electrosynthe-
sized in DMF contained an appreciable amounts of
C=O groups due to overoxidation and revealed a low-
ered conductivity, presumably because of disruption of

Fig. 6 Cyclic voltammograms of PPy (a) and p(N-MePy) (b) films
in AN+0.1 M LiClO4 (curves 0), then after the transfer of the films
into an AN solution of 0.1 M LiClO4+0.02 M LiCl (curves 1–5)
and back into the LiClO4 solution (curves 6)

Fig. 7 Cyclic voltammograms of p(Tc3Py) films (deposition charge
25 mC cm)2) in the range of electroactivity of the PPy matrix in
DMF solutions containing 0.1 M LiClO4 (a) or 0.1 M LiCl (b) as
supporting electrolyte. The dashed curves correspond to the CV
obtained for similar films in THF containing 0.1 M LiClO4 (a) and
0.1 M LiClO4+0.01 M LiCl (b)
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the conjugated structure. We found that even a drop of
DMF added to 10 mL of the acetonitrile bath for
p(Tc3Py) electrodeposition prevented formation of the
polymer film on the electrode.

In contrast, the results presented in Fig. 8 demon-
strate that PPy films deposited from AN solution and
then transferred into DMF+0.1 M LiClO4 are resistant
to attack by DMF molecules. These results are consis-
tent with those presented by Otero et al. [32] in their
study of solvent influence on the storage ability of
polypyrrole. Our CV recorded in DMF (Fig. 8) differs
only slightly from the curve obtained for the same film in
AN solution with the same supporting electrolyte (cf.
curves 1 and 2). Analogous data [32] show a greater
difference between the redox properties of PPy in these
two solvents.

Moreover, we have found that even these small
changes in the redox response of PPy in DMF compared
to AN are reversible. When the film is transferred back
into AN solution, after a few cycles the shape of the
voltammograms becomes again similar to the initial
curve recorded in this solvent (Fig. 8a, curves 3 and 1,
respectively).

Addition of LiCl to DMF does not lead to a marked
degradation of PPy electroactivity during redox cycling.
In spite of some changes in the shape of subsequent
scans in DMF+0.1 M LiClO4+0.01 M LiCl (Fig. 8b),
the initial redox behavior is nearly restored when the
polymer is transferred back into AN+0.1 M LiClO4 (cf.
curves 4 and 1 in Fig. 8a). After polymer treatment in
Cl)-containing DMF solution, the redox peaks became
broader but the overall charge density involved in the
polymer oxidation is only a little smaller than that for
the fresh film (3.8 and 4 mC cm)2, respectively). This
leads to the conclusion that the behavior of PPy in DMF
solution containing Cl) is similar to that observed in the
presence of Cl) in AN.

Conclusions

This study has shown that the addition of even a small
amount of chloride (of the order of 0.01 M or even
lower) to solutions of 0.1 M TBAPF6 in dry THF, AN
or DMF has two opposite effects on the electroactivity
of p(Tc3Py) film. One can observe some improvement of
the reversibility of the redox reaction of Tc centers (in
the negative potential range )1.6, )0.5 V), in combina-
tion with a decrease of the electroactivity of the poly-
pyrrole matrix (in the potential range )0.5, 0.7 V).
Therefore, in order to avoid the degradation of the
polymer matrix, investigations of the electroactivity of
immobilized Tc centers in Cl)-containing solutions
should be performed in the potential range limited to
about 0.1 V.

The electroactivity of the p(Tc3Py) matrix is de-
stroyed not only by chloride but also by DMF itself,
used as a solvent in the polymer studies. In contrast,
unsubstituted PPy and p(N-MePy), deposited from a

background AN solution and then transferred into a
solution containing these agents, chloride and/or DMF,
are relatively resistive in the course of cycling within the
range of the polymer redox activity.

The deposition process is more sensitive to the action
of chloride, which shows a harmful effect even for
polymerization of unsubstituted pyrrole in a dry AN
solution. A small amount of Cl) lead to the formation of
a highly resistive layer on the electrode, which impedes
the charge transfer between the electrode and the
solution and prevents the formation of a conducting

Fig. 8 (a) Cyclic voltammograms of PPy film (deposition charge
25 mC cm)2) in a 0.1 M solution of LiClO4 in: AN (curve 1),
DMF (curve 2), in AN after cycles in DMF (curve 3) and in AN
after treatment in DMF+LiCl (curve 4). (b) Consecutive cyclic
voltammograms of PPy film in DMF containing 0.1 M
LiClO4+0.01 M LiCl
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polymer film. Similarly, addition of Cl) to the electro-
deposition bath of p(N-MePy) or p(Tc3Py) prevents
formation of the film on the electrode.

The observed low electrochemical stability of the
p(Tc3Py) matrix in AN, THF and DMF solutions
containing Cl) ions is probably a consequence of the
presence of the bulky substituent attached to the PPy
ring. This may cause some distortion of co-planarity of
the polymer chain, likely enhancing the reaction of the
oxidized polymer matrix with Cl) ions.

Acknowledgements The authors are grateful to C. Moise and
J. Goux for synthesis of the Tc3Py monomer used in this study.

References

1. Vorotyntsev MA, Casalta MM, Pousson E, Roullier L, Boni G,
Moise C (2001) Electrochim Acta 46:4017

2. Vorotyntsev MA, Skompska M, Pousson E, Goux J, Moise C
(2003) J Electroanal Chem 552C:307

3. Wilkinson G, Stone FGA, Abel EW (1982) Comprehensive
organometallic chemistry. Pergamon Press, New York

4. Collman J P, Hegedus LS, Norton J R, Finke RG (1987)
Principles and applications of organotransition metal chemis-
try. University Science Books, Mill Valley, Calif

5. Wilkinson G, Birmingham JM (1954) J Am Chem Soc 76:4281
6. Dessy RE, King RB, Aldrop MW (1966) J Am Chem Soc

88:5112
7. Valcher S, Mastragostino M (1967) J Electroanal Chem 14:219
8. Gubin SP, Smirnova SA (1969) J Organomet Chem 20:229
9. Dosineau RG, Marchon JC (1971) J Electroanal Chem 30:487

10. Laviron E, Besanson J, Huq F (1978) J Organomet Chem
159:279

11. El Murr N, Chaloyard A, Tirouflet J (1980) J Chem Soc Chem
Commun 446

12. Mugnier Y, Moise C, Laviron E (1981) J Organomet Chem
210:69

13. Mugnier Y, Fakhr A, Fauconet M, Moise C, Laviron E (1983)
Acta Chem Scand B 37:423

14. Mugnier Y, Moise C, Laviron E (1981) J Organomet Chem
204:61

15. Domı́nguez-Ballart M, Bachas LG, and Salvadó V (2000)
Quı́m Anal 19:49

16. Tamm J, Alumaa A, Hallik A, Sammelselg V (2001) Electro-
chim Acta 46:4105

17. Fenelon AM, Breslin CB (2002) Electrochim Acta 47:4467
18. Chen N, Hong L (2001) Eur Polym J 37:1027
19. Misoska V, Price WE, Ralph SF, Wallace GG, Ogata N (2001)

Synth Met 123:279
20. Mativetsky JM, Datars WR (2002) Solid State Commun

122:151
21. Yuan YJ, Adeloju SB, Wallace GG (1999) Eur Polym J 35:1761
22. Asavapiriyaont S, Chandler G, Gunawardena GA, Pletcher D

(1984) J Electroanal Chem 177:229
23. Shimidzu T, Ohtani A, Iyoda T, Honda K (1987) J Electroanal

Chem 224:123
24. Chen CC, Rajeshwar K (1994) J Electrochem Soc 141:2942
25. Ghosh S, Bowmaker GA, Cooney RP, Seakins JM (1998)

Synth Met 95:63
26. Qi Z, Rees NG, Pickup PG (1996) Chem Mater 8:701
27. Diaz AF, Castillo JI, Logan JA, Lee W-Y (1981) J Electroanal

Chem 129:115
28. Mammone RM, Binder M (1991) Polym Commun 32:140
29. Kim JJ, Amemiya T, Tryk DA, Hashimoto K, Fujishima A

(1996) J Electroanal Chem 416:113
30. Izutsu K (2002) Electrochemistry in nonaqueous solutions.

Wiley-VCH, Weinheim
31. Ouyang J, Li Y (1997) Polymer 38:1971
32. Otero TF, Cantero I, Grande H (1999) Electrochim Acta

44:2053

368


