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Conducting polymer composites of polyvinylferrocene and polypyrrole (PVF/PPy) were synthesized chemically by the in situ
polymerization of pyrrole in the presence of PVF using FeCl; as oxidant. Acetic (CH;COOH) and boric (H3;BOs) acids were used as
the synthesis medium. Effects of the synthesis medium on the properties of the PVF /PPy composite were investigated. The PVF /PPy
composites and homopolymers were characterized by fourier transform infrared spectroscopy (FTIR), thermogravimetric analysis
(TGA), scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS) and magnetic susceptibility techniques. Conductivity
measurements were performed using the four-probe technique. We found that the conductivities of PVF/PPy-H3;BO; (1.19 S cm™ ') and
PVE/PPy-CH3;COOH (4.5 x 10~' S cm™ ') increased relative to those of the homopolymers of PPy-H;BO5 (2.1 x 1072 S cm™ ') and
PPy-CH;COOH (1.2 x 1072 'S cm™ ") due to the interaction of PVF with the pyrrole moiety. The stability of all homopolymers and com-
posites were investigated by thermogravimetric analysis and by conductivity measurements during heating-cooling cycles. There was a
small drop in conductivity caused by the annealing of PVF/PPy composites at 70°C. The conductivity of all samples increased with
temperature and exhibited stable electrical behavior with increasing temperature. TGA analysis of samples showed that the composites
were more stable than the homopolymers or PVF separately. The magnetic susceptibility values of samples were negative, except for
PVF /PPy-H3BO;. Morphology changes of the composites investigated by scanning electron microscopy (SEM), attributed to synthesis

conditions, have a significant effect on their conductivity.

Keywords: polyvinylferrocene; polypyrrole; composite; conductivity; thermal stability

1 Introduction

Intrinsically conducting polymers (ICPs) such as PPy have
been widely investigated with a view to improving their pro-
cessibility, and physical and chemical properties (1, 2).
During the last two decades, investigations have centered
mainly on improvement of the physical properties of PPy
such as processibility and stability. PPy has been identified
for certain specific applications such as rechargeable batteries
(3), conducting textiles (4) and as membranes for gas separ-
ation processes (5, 6), non-linear optical devices (7), light
emitting diodes (8), electrochemical sensors (9), molecular
magnets (10), thin film transistors (11) and catalysts for
chemical reactions. Improvements are expected from

Address correspondence to: Songiil Sen, Faculty of Arts and
Sciences, Department of Chemistry, Mehmet Akif Ersoy University,
Burdur 15100, Turkey. Fax: 490-2482122718; E-mail: ssen@
mehmetakif.edu.tr

composite materials where the conducting polymer exhibits
the desired conductivity, while the composite matrix
provides the needed mechanical properties. Namely, a combi-
nation of two polymer matrices allows the creation of new
polymeric materials with interesting electrical and mechan-
ical properties (12—15). The mechanical properties can be
enhanced by forming composites from a conductive
polymer and a conventional insulating polymer (16). To
improve the structural and electrical properties of the compo-
site materials, samples containing ICPs like PPy and non-
conducting materials like poly (vinyl chloride) (17), poly
(vinyl alcohol) (18), polyurethane (19), and polycarbonate
(20) or poly (ethylene-vinyl alcohol) (21) were synthesized.

One type of conductive composites consists of combining
ICPs with organometallic materials, such as ferrocene
(Figure 1) which is the subject of this study. Combining the
properties of electroactive polymers with those of metallo-
cene is a very exciting challenge. The redox polymer poly
(vinylferrocenium) perchlorate (PVFTClO,) gives rise to
some interesting electrochemical results when used as a
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Fig. 1. Molecular structure of PVF (8).

layer on Pt surfaces. This electroative film can act as a modified
surface through which an electron transfer between a substrate
and a reactant can take place. Studies related to the reduction
and oxidation of some reactants through this film have been
reported (22, 23). PVF is used in this study as an insulating
matrix in the synthesis of PPy composite for the first time to
the best of the author’s knowledge.

The aim of the present study was to develop enhanced
physical properties such as electrical and thermal stability
of PPy using PVF homopolymer. Additionally, the effect of
synthesis media on the properties of PVF/PPy composites
was investigated using boric and acetic acids showing differ-
ent pKa values. For comparison, PPy homopolymer was syn-
thesized in the same acidic conditions. The prepared
composites were characterized by SEM, FTIR and EDS
measurements. The stability of PVF/PPy composites was
investigated by thermogravimetric analysis. Conductivity
was measured during heating-cooling cycles and the isother-
mal stability of composites was carried out at 70, 85 and
100°C.

2 Experimental

Ferric chloride, FeCls, (Riedel de Haen) was used as an oxi-
dizing agent for chemical polymerization of pyrrole
(Figure 2) (Merck). The acidic media were prepared
using H;BO; (pKa=59x10"'% and CH;COOH
(pKa = 1.8 x 107°) (Merck). PVF was prepared by
chemical polymerization of its monomer, vinylferrocene
(Aldrich), by 2,2'-Azobis (2-methylbutyronitrile) (Acros
Organics) at 70°C (24).

For the synthesis of PVF/PPy composite, 0.03 g PVF in
100 mL acid solution was shaken for 15 min in an ultrasonic
bath which resulted in a good dispersion of PVF. Then,
10 mmol pyrrole was added to this dispersion and shaking
continued for 15min in the ultrasonic bath. The

nf NaomFec — » | fN + 2nFeCly + 20 HCI
T T
| I

H

Fig. 2. Oxidation polymerization process of pyrrole by FeCl;.

Sen et al.

polymerization of pyrrole was initiated by the dropwise
addition of the oxidizing agent (FeCl;, 25 mmol) in 1 M
acids solution (H3BOs; and CH3COOH) under constant
stirring at 0—5°C. The ratio of oxidizing agent to monomer
was 2.5. After complete addition of the oxidizing agent, the
reaction mixture was kept under constant stirring for 16 h.
The precipitated composite was filtered and washed with
acid solution first, then washed with distilled water until the
filtrate was colorless. Finally, the polymer was dried at
50°C for 24 h under vacuum. Composition of PVF /PPy com-
posite was described as (4.3/95.7) in (w/w, %) for both two
synthesis media. PPy homopolymer was synthesized in the
same conditions using both synthesis media (H;BOs; and
CH3;COOH) and purified in a similar manner.

Scanning electron microscopy (SEM) and EDS (energy
dispersive spectroscopy) analysis of the polymers were per-
formed using JEOL.JEM 100CX model scanning electron
microscope. FTIR spectra were recorded on a Perkin-Elmer
model spectrometer. Thermograms were recorded by using
a Perkin-Elmer thermogravimetric analyzer in the presence
of N, atmosphere from 25 to 900°C at a heating rate of
10°C min~'. The direct current electrical conductivity of
samples was measured by a standard four-probe method.
Current (I), potential (V) and temperature (t) were controlled
using PCI-DAS6014 card. Dry powdered samples were made
into pellets using a steel die having 13 mm diameter in a
hydraulic press under a pressure of 200 MPa. Temperature
dependent electrical conductivity of the polymer samples
was measured by four probe system with PCI-DAS6014 con-
nected to computer and, the temperature of pellets was
recorded with a thermocouple. The dependence of electrical
conductivity of the composite was measured over a tempera-
ture range from 25 to 70, 85 and 100°C. Electrical properties
of composites were investigated between 25—100°C with
heating-cooling cycles and, thermal aging studies were
made at 70, 85, and 100°C. Magnetic susceptibility measure-
ments were taken on a Sherwood Scientific model Gouy
balance using a pyrex glass capillary tube filled with the
sample.

3 Results and Discussion

3.1 FTIR Results

The infrared spectra of samples prepared with different
organic acids were taken in the region from 4000 to
400 cm ™! (Figure 3a—b). The band at 1532 cm™ ! in the
spectrum of PPy-CH;COOH (Figure 3a) corresponds to
the C-C strectching vibrations in the pyrrole ring. This
band has been observed at 1534 cm™ ' for PPy- H3BO;
(Figure 3b). The PPy-H;BO3 bands are sharper than those
of PPy-CH3COOH. It is known that the skeletal vibrations,
involving the delocalized m-electrons, are affected by
doping of the polymer (25). The band at 1448 cm ' in
the spectra of homopolymers corresponds to C-N stretching
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Fig. 3. FTIR spectra of samples synthesized in (a) acetic acid and (b) boric acid medium.

vibration in the ring. The band at 1289 cm™' in the

spectrum of PPy-CH3;COOH is attributed to C-H or C-N
in-plane deformation modes. This band shifted to
1293 ecm™ ' for PPy-H;BO;. The difference in the spectra
of PPy-CH;COOH and PPy-H3;BOj; samples was also
found at the 1166 and 1162 cm™ ' bands, respectively,
which is attributed to the breathing vibration of the
pyrrole ring.

The band at 1035 cm™ ', which corresponds to C-H and
N-H in-plane deformation vibration, is present in both homo-
polymers. The band at 964 cm ™', which is attributed to C-C
out-of-plane ring deformation vibration, is situated at the
same position in the spectra of both samples. The band of
C-H out of plane deformation vibrations of the ring has a
maximum at 779cm ' for PPy-CH;COOH and at
777 cm ™! for PPy-H3;BO;. All these peaks can be observed
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well in the PVF/PPy-CH;COOH and PVF/PPy-H;BO;
composites. These results indicate that the structure of the
polypyrrole backbone in PVF/PPy-CH3;COOH and PVF/
PPy-H3;BO3 composites is similar to that of PPy-CH;COOH
and PPy-H3;BO; homopolymers, respectively.

In the infrared spectra of PVF, the band of C-H stretching
vibrations of PVF has a maximum at 3088 cm™'. The bands
at 1002 and 1406 cm ™" correspond to the C-H out-of-plane

Sen et al.
bending vibrations. The band at 1104 cm ™' in the spectra
of PVF is attributed to C-C stretching modes. The band at
814 cm ™' in the spectra of PVF is shifted to higher wavenum-
bers, which were at 888 cm ™' and 895 cm™' for PVF/PPy-
CH;3COO and PVF/PPy-H;BOs, respectively.

A qualitative method to obtain a relative measure of the
conjugation length of PPy from FTIR measurements, which
is based on a parameter called the “effective conjugation
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Fig. 4. TGA analysis of (a) all samples and (b) comparison of PVF/ PPy-H;BO; and PVF/PPy-H;BO; mechanical mixture.
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coordinate” was found by Menon et al. (26). This was an
extension of work by Tian and Zerbi (27) where they demon-
strate by theoretical calculations that as the conjugation
length increases, the intensity of the antisymmetric ring
stretching mode at 1535 cm ! (As35) decreases and the
intensity of the symmetric mode at 1445 cm ! (A1445)
increases. When we compare the spectra of PPy-H;BO5; and
PVF/PPy-H;BO;, the band at 1534 cm ™' in the spectrum
of PPy-H;BOj; has shifted to 1539 cm” ! in the spectrum of
the composite without a change in intensity. The band at
1448 cm™ ! in the spectrum of PPy-CH;COOH and PPy-
H;BO; has shifted to 1443 and 1457 cm ! for PVF /PPy-
CH;COOH and PVF /PPy-H;BOs, respectively. The intensity
of this band has increased slightly in the spectrum of PVF/
PPy-CH3COOH relative to that of the homopolymer. These
results show that the conjugation of PVF/PPy-CH;COOH
is better than its homopolymer counterpart.

3.2 TGA Results

Figure 4a shows the TGA curves of the different samples. The
low weight loss (8%) observed in the range of 70—100°C is
due to moisture being removed from PPy (28) and PVF/
PPy samples. Thermal degradation temperatures and residue
% at 900°C obtained from these curves are shown in Table 1.

Pure PVF shows one step weight loss in the temperature
range of 410—435°C. The weight loss is nearly 94%. PPy-
H3BO;3;, and PVF/PPy-H;BO; demonstrate a one-step
weight loss as well, except for the low mass loss at 85°C
due to moisture. A sharp weight loss appears in the tempera-
ture range of 167—345°C for PPy-H;BO5 and 190—290°C for
PVF/PPy-H3BOs, which is related to removel of dopant
anion and thermal decomposition of the polymer chains
(29). PPy-CH3;COOH and PVF/PPy-CH3;COOH show a
two-step weight loss. For the PPy-CH3;COOH and PVF/
PPy-CH;COOH, the first weight losses, in the range of
180—290 and 235—305°C, respectively, indicate removing
dopant anions from polymer structure. The second weight

Table 1. Thermal degradation temperatures of samples
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loss step for the same samples, which are in the temperature
range of 590—850 and 672—810°C, respectively, is related to
thermal decomposition of the polymer chains. Apparently,
the PVF /PPy composite exhibits better thermal stability than
the PPys and PVF separately. The decomposition temperature
of PPy-H3;BOj increased from 167 to 190°C and the decompo-
sition temperature of PPy-CH;COOH increased from 180 to
235°C when their composites were prepared with PVF.
Furthermore, the composites are more stable than their
homopolymer counterparts. The weight losses of PPy-
H3;BO; and PPy-CH;COOH were 53 and 58%, while the
weight losses of PVF/PPy-H;BO; and PVF /PPy-CH;COOH
were 44 and 49%, respectively. However, the trend of the
degradation curves of the composites is similar to that of the
homopolymers; the degradation of the composite is mainly
controlled by the homopolymer. At the same time, the
thermal stability of composites is higher than that of PVF.
Additionally, we prepared the PVF:PPy-H;BO3; mixture
mechanically using the same composition to understand
whether the composite is a simple mixture or not. TGA
results of PVF:PPy-H;BO; mixture exhibited a two-step
decomposition showing both initial decomposition tempera-
tures of PVF and PPy-H3;BO; (Figure 4b). Moreover, PVF/
PPy-H3;BO; composite has different decomposition behaviour
from PVF:PPy-H;BO; mechanical mixture. These results
may indicate that the composites prepared in-situ polymeriz-
ation are not simple mixtures of PVF and PPy homopolymers.

3.3 SEM Studies of Samples

SEM images of homopolymers, PVF and composites are
given in Figure 5(a—e). PPy-CH3;COOH (Figure 5a) has a
globular morphology compared to PPy-H;BOj3 (Figure 5b).
PPy-H;BOj; has more flat and “leafy” morphology. The size
of PVF particles (Figure 5c) is higher than those of the
PPy homopolymers and composites. PVF/PPy-CH;COOH
composite (Figure 5d) looks more compact than PVF/
PPy-H3;BO; (Figure 5e). The SEM study of PVF/

Synthesis
Sample medium T; (°C) Tm (°C) T¢ (°C) Residue % at 1000°C
PVF Benzene 410 422.5 435 6.2
PPy-H;BO; 1 M H;BO; 167 256 345 47
PVF/PPy-H3BO; 1M H3BO; 190 240 290 56
PVF /PPy-H3BO; — 168 289 410 47
mechanical 410 427.5 445
mixture
PPy-CH;COOH 1 M CH3COOH 180 235 290 42
590 720 850
PVF/PPy-CH;COOH IM CH5COOH 235 270 305 51
672 741 810

T;: Initial decomposition temperature.
T Maximum decomposition temperature.
Tg¢ Final decomposition temperature.
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(b)

Fig. 5. SEM images of (a) PPy-CH;COOH, (b) PPy-H;BO;, (c) PVF, (d) PVF/PPy-CH;COOH, (e) PVF/PPy-H;BOs.

PPy-CH3COOH (Figure 5d) sample reveals the presence of structure of the untreated PVF (Figure 5¢) changed after
globular particles of less than that of PVF and the particles being covered with PPy (Figure 5d and e).

create agglomerates, also. The SEM micrograph of PVF/
PPy-H3BO; (Figure 5e) shows a flat image. The appearance
of the surface of PVF/PPy-H3;BO; particles as they are
formed in the polymerization media changes from rougher Figure 6(a—d) shows the conductivity versus temperature
to smoother surfaces. As shown by SEM, the original curves of PPys and PVF/PPy composites synthesized in

3.4 Conductivity Results
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Fig. 6. Temperature dependent conductivity plots of samples doped with different acids (a) PPy-H;BOs, (b) PVF/PPy-H;BOs5, (¢) PPy-

CH;COOH, (d) PVF/PPy-CH;COOH.

different acidic media. The increase in conductivity with
increasing temperature is characteristic of the “thermal acti-
vated behavior” of ICPs in general (30). This thermal acti-
vation results from the increase of efficiency of charge
transfer between the polymer chains and the dopant ions
(31). Also, there can be thermal curing, which affects the
chain alingment of the polymer and leads to the increase of
the conjugation length and that brings about the increase of
conductivity. There also can be molecular rearrangement on
heating, which made the molecular conformation favourable
for electron delocalization (32). As seen from Figure 6c,
PPy-CH;COOH is not stable in the range of 25—70°C or in
the other ranges. In contrast, the PVF/PPy-CH;COOH com-
posite showed more stable and conductive material than PPy-
CH;COOH.

The conductivity values of samples at 25°C, after finishing
every cyclic treatments, were given at Table 2. The conductivity
value of untreated PPy-H3;BO; decreased from 2.1 x 1072 to
1.6 x 1072 S cm™ ' in the end of three cycle treatments. The
decrease of conductivity for all samples were observed after

Table 2. Conductivity values of samples at room temperature after
cyclic treatments

Sample o PPy-
(Sem™ 1) H;BO;

PVF/PPy-  PPy- PVF/PPy-
H;BO; CH;COOH CH;COOH

12x1072 45x%x 107!
1.6 x 1072 44 x 107"
22%x 1072 39x 107!
1.6 x 1072 25x 10!

Untreated 2.1 x 1072 1.194
Aftercyclel 1.9 x 1072 1.118
Aftercycle2 1.7 x 1072 1.137
Aftercycle3 1.6 x 1072 0.796

Cycle 1: 25—-70°C, cycle 2: 25—85°C, cycle 3: 25—100°C.

the third cyclic treatment. Among all samples, PPy-
CH;COOH indicates the highest decrease of conductivity
value (~10 times). It was observed that other samples have
quite stable conductivity values after cyclic treatments.

The conductivity results at room temperature (Table 3)
show that PVF/PPy-H;BO5 (1.19 S ¢cm™ ') and PVF/PPy-
CH;COOH (4.5x 107" S em™) composites are more
conductive than PPy-H;BO; (2.1 x 1072 S cm™ ') and
(PPy-CH;COOH) (1.2 x 1072 S em™'). The conductivity
value of PVF:PPy-H3;BO; mixture is however similar to
pure PPy-H3BOj3. This result also confirmed the PVF/PPy
composites are not simple mixtures.

There are strong interactions between PVF and PPy in the
composites. PVF/PPy-H;BO; and PVF/PPy-CH;COOH
composites have different conductivity values showing the
effect of the synthesis acidic medium. The pKa value of
H3;BO; is lower than that of CH3COOH. The medium
acidity affected the properties of the composites as well as
their homopolymers. We measured conductivities of PPy syn-
thesized in the presence of different media (without acid,
inorganic acids and organic acids). The detailed results of
this study will be published separately. According to their
conductivity results, the best conductivity values among
these synthesis media were obtained in the presence of
H3;BO; and CH3COOH, which prompted us to prepare the
PVF /PPy composites using these acids.

The conductivity values of composites increased with eval-
uating temperature. All samples exhibited stable electrical
behavior with increasing temperature in the heating-cooling
cycles. All of the samples followed the Arrhenius equation
for temperature dependence of electrical conductivity, as
shown in Figure 7(a—d). This suggests the semi-conducting
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Table 3. Conductivity and mass magnetic susceptibility measurements of samples

Conductivity at 25°C Mass magnetic
Polymer Synthesis media (Sem™ Y susceptibility (yg)
PVF Benzene - -13x10°°
PPy-H;BO; 1 M H;BO; 2.1 x 1072 —-15x107°
PVF/PPy-H;BO; 1 M H;BO, 1.194 237 x 10°°
PVF /PPy-H3BO3; mechanical mixture — 2.5 % 1072 —
PPy-CH;COOH 1 M CH;COOH 1.2 x 1072 -23x107°
PVF /PPy-CH;COOH 1 M CH;COOH 45 x 107! -223x10°°

nature of the samples. The PPy-CH3;COOH deviated from the
Arrhenius equation on and off until 65°C. After this tempera-
ture conductivity followed the Arrhenius equation.

The stability of electrical conductivity of the samples was
studied under isothermal conditions at 70, 85, 100°C. The
temperature of the composites was maintained at the tempera-
ture of study, and the conductivity (o) was measured every
5 min in an accelerated aging experiment.

The electrical conductivity measured with respect to time
of accelerated aging is presented in Figure 8(a—b). For
PVF/PPy—H;3BO;, the electrical conductivity decreased
with time at 70, 85 and 100°C, which was attributed to the
loss of the dopant anion. PVF/PPy-H3BO; lost 35% of its
conductivity value after this treatment. For PVF/PPy-
CH;COOH, the electrical conductivity first increased
during the first 10 min, then it started decreasing slowly
with time at 70, 85 and 100°C. This was attributed to the
loss of dopant, the chemical reaction of the dopant with
the polymer, and the semiconductor-to-metal transition.
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PVF/PPy-CH;COOH lost only 10% of its conductivity
value. Thus, these measurements showed that PVF/PPy-
CH;COOH is more stable than PVF/PPy-H3BO; in this
accelerated aging process, which confirms the thermogravi-
metric analysis results.

3.5 Magnetic Susceptibility Results

Table 3 shows the mass magnetic susceptibility measure-
ments of composites and homopolymers. As seen in
Table 3, the mass magnetic susceptibility value of PVF/
PPy- H3;BO; is positive, whereas the other polymers are
negative. Negative magnetic susceptibility values reveal dia-
magnetism and positive values demonstrate paramagnetism
(33). These analyses indicate that the conduction mechanism
of PVF/PPy-H;BO; is polaronic by nature (Figure 9a),
whereas conductivity of the other polymers is due to bipolar-
ons (Figure 9b) (34).
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4 Conclusions

Conducting PVF/PPy composites were prepared in the
presence of H3BO; and CH3;COOH acids. PPy hompolymers
and PVF /PPy composites indicated different properties as
depending on synthesis media. The chemical oxidative modi-
fication of polypyrrole by PVF enables the fabrication of
composites with conductivity in the range of 1.194—
4.5 x 107" S em™ !, which is higher than that of their homo-
polymer counterparts. The PVF /PPy composites have better
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thermal stability and conductivity values than those of PPy
homopolymers. The preparation of these composites may
find some applications in the biosensor systems. The biosen-
sor activity of the prepared composites are under consider-
ation in our group.
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