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Abstract

The electrical conductivity of chemically prepared polypyrrole in aqueous solution was found to be strongly dependent on the preparation
technique and polymer additive. Owing to the hygroscopic nature of polypyrrole, it is essential to remove residual water. Accordingly, the
conductivity can be enhanced by about two orders of magnitude when using a preparation technique that includes a washing treatment with
organic solvents and drying under vacuum at elevated temperatures to attain maximum removal of water. Thus, the electrical conductivity of
polypyrrole is affected not only by reported factors such as the ratio of oxidant to pyrrole, reaction temperature, and reaction time, but also by
the preparation technique. Additionally, a significant enhancement of the conductivity up to 90 S cm21 by using of poly(ethylene glycol) as
an additive during the polymerization could be achieved.q 2000 Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction

Although polypyrrole (PPY) has been prepared by electro-
chemical polymerization, the alternative approach of chemi-
cal oxidative polymerization has been also pursued, because
it allows mass production within a short time. Chemical
preparation of PPYs by using various conditions (change
of solvent, oxidant, dopant, ratio of oxidant to pyrrole, reac-
tion temperature, reaction time, etc.) has been reported in
the literature [1,2]. Especially in the aqueous system, PPY
showed a high conductivity when the ratio of ferric chloride
to pyrrole was reduced, however, the yield was then also
decreased. In addition, the reaction temperature has to be
low (0–58C) to obtain good conductivities, if the ferric salt
is used.

Recent studies also showed that the addition of polymers
can influence the conductivity by sterical stabilization of the
polypyrrole chains [1]. To this end, water-soluble polymers
of molecular masses over 20,000 g mol21 such as methyl
cellulose, poly(vinyl alcohol-co-acetate), poly(ethylene
oxide), poly(vinylpyrrolidone), poly(2-vinylpyridine), poly

(vinylmethylether), and others, were studied. When using
these additives, conductivities of a broad range�1 ×
1029–12 S cm21� have been obtained [1]. Specifically, for
poly(ethylene oxide) with a molar mass of 130,000 g mol21

a conductivity of 2× 1023 S cm21 was found [3]. Further,
low-molecular surfactants such as sodium dodecylbenzene
sulfonate, sodium alkylnaphthalene sulfonate, and sodium
alkylsulfonate were investigated [4–6].

The influence of air and oxygen-free atmosphere has been
also studied recently for the application of polypyrrole as a
solid electrolyte for capacitors [7]. In this investigation,
covalently bonded oxygen was detected by FT-IR spectro-
scopy. Interestingly, no difference in the thermostability of
oxidized and native PPY was found. In line with these
studies, the thermal stability of the electrical conductivity
was also found to be enhanced by using an antioxidative
dopant [8]. Thus, the conductive stability was increased by
aromatic sulfonates such as 2-hydroxy-5-sulfobenzoic acid
up to 1508C in air. The pronounced effect is explained and
confirmed by IR spectroscopy with deuterized PPY by a
thermal stabilization mechanism involving the suppression
of proton dissociation from the 1-position and maintaining
the conjugated structure by supplying protons from the
dopant.

Very recently, other approaches, e.g. the use of binary
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solvent systems consisting of boron trifluoride/ethyl ether
for the synthesis of high-quality polypyrrole, have been
described [9]. However, so far the effect of low-molecular
telechelics such as bifunctional poly(oxyethylene) deriva-
tives has not been studied.

In this study, we focus on the effect of the preparation
technique and of a polymer additive on the electrical
conductivity of PPY when ferric chloride is used as an
oxidant in the aqueous phase.

2. Experimental

2.1. Materials

Pyrrole (Acros, 99%) was distilled under reduced pres-
sure prior to use. Poly(ethylene glycol) (PEG 1000) was a
gift from Clariant, Switzerland. Anhydrous ferric chloride
(Sigma), 37% hydrochloric acid (Junsei), methanol (Junsei),
and acetone (Oriental Chemical Inc.) were used as received.

2.2. Preparation of PPY using organic solvent treatment
(PPY-S)

FeCl3 (1.42 g, 8.75 mmol) was dissolved in 50 ml of 1 M
HCl under nitrogen at 08C. After 30 min, distilled pyrrole
(1.22 ml, 17.56 mmol) was added in one step. The color of
the mixture changed quickly first to green and then to black.
After another 30 min, the mixture was filtered and the resi-
due was washed thoroughly with methanol and then with
acetone several times. The final product was dried in vacuo
at 408C for at least 12 h. Yield: 0.163 g (14%).

2.3. Preparation of PPY using freeze-drying (PPY-F)

The same procedure was used as for PPY-S, however, the
product was washed with distilled water instead of organic

solvents and then dried by freeze-drying. Yield: 0.119 g
(10.1%).

2.4. Preparation of PPY using a polymer additive (PPY-H)

The same procedure was used as for PPY-S, however, the
polymerization was carried out in the presence of poly(ethy-
lene glycol) (PEG 1000) and then dried under vacuum (see
Fig. 2).

2.5. Polymer characterization

The synthesis of PPY was monitored by IR spectrometry
(Perkin–Elmer, IR 2000 series). IR spectra of the PPYs
obtained were identical to those reported: stretching vibration
(3420 cm21, broad band) and bending vibration (1445 cm21)
of N–H bond, stretching vibration (3126 cm21, broad band)
of C–H bond, stretching vibration (1539 cm21) and bending
vibration (1445 cm21) of CyC bond, stretching vibration
(1190 cm21) of C–N bond, stretching vibration
(1290 cm21) of C–C bond, and bands (1398 cm21 and
1167 cm21) of the pyrrole ring.

The amount of residual water and the mass loss were
determined by TGA (Thermal Analyst, TA2100 series).

2.6. Electrical conductivity measurements

After pressing a pellet of PPY, the conductivities of PPYs
prepared by the different techniques were measured using the
four-probe method (Bio-Rad Microscience, Hall measure-
ment system HL5500) at room temperature (RT). PPY-F:
27:67^ 0:40 �n� 3�; PPY-S: 50:68^ 0:14 �n� 3�:

3. Results and discussion

Oxidative chemical polymerization in the presence of
HCl and ferric chloride was used for the preparation of
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Fig. 1. Comparison of electrical conductivities of polypyrroles reported in literature which were prepared by chemical oxidative polymerization using ferric
chloride without additive and with additive (PPY-H).



the polypyrrole samples as reported previously [10]. Differ-
ent procedures after finishing the reaction were employed.
In the first technique, the polymer was washed thoroughly
with methanol, then with acetone several times, and finally
dried in vacuo at elevated temperature (PPY-S). For
comparison, samples using the same procedure, however,
replacing the organic solvents by water and final freeze-
drying (PPY-F) were prepared.

The electrical conductivities of PPY-S and PPY-F
showed salient differences due to the different preparation
methods described above (Table 1). In the drying method,
conductivities increased in the following order: vacuum
drying at above RT after solvent treatment. freeze-
drying. vacuum drying at RT without washing treatment.
This confirms that the degree of water removal in the poly-
mer is an important factor for the electrical conductivity
value obtained for PPY in aqueous media. The exposure
of PPY-F to water is longer because the removal speed of
water is slower when using the freeze-drying method, and

also the polymer is in contact with an aqueous environment
while drying. When insoluble PPY was treated by easily
volatile solvents such as methanol and acetone, most of
the water was removed due to its miscibility with these
solvents. Then the solvents including residual water were
evaporated by drying in vacuo at elevated temperature.
When the vacuum drying method was applied, temperature
and washing treatment did affect the conductivity of PPY, as
shown by the data in Table 1.

The residual solvent content of PPY-S and PPY-F was
found to be 6.07% at 1508C and 4.84% at 1298C, respec-
tively. Although a comparison between the residual solvent
contents for two polymers is difficult, the temperatures of
decomposition were found to be saliently different (1808C
for PPY-S and 1508C for PPY-F). The effect on the solvent
removal rate may also explain the data of the real decom-
position of polymer at 2508C, as the mass loss after evapor-
ating the residual solvent was determined to be 5.03% for
PPY-S and 5.73% for PPY-F, respectively. However,
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Table 1
Comparison of experimental conditions and properties of polypyrroles prepared by different techniques (1 M HCl (50 ml), FeCl3 (1.42 g, 8.75 mmol), pyrrole
(1.22 ml, 17.56 mmol), reaction time: 30 min)

PPYa PPY-F PPY-S PPY-Hb

Washing treatment None Water Methanol, acetone Methanol, acetone
Drying method in vacuo Freeze drying in vacuo in vacuo
Drying temp. (8C) ,25 220/,25 ,40 ,40
Thermal stability (mass loss at 2508C in %) – 10.57 11.10 10.09–11.31
Solvent content (%) – 4.84c 6.09d 5.82–6.58d

Conductivity (S cm21) 0.59 27.67 50.68 66.67–90.49

a Data from Ref. [10].
b In the presence of PEG additive.
c Mass loss at 1298C. For most samples, except for PPY-F, the mass loss between 1208C and 1708C is negligible due to solvent evaporation.
d Mass loss at 1508C.

Fig. 2. Conductivity of polypyrrole prepared by chemical oxidation as a function of poly(ethylene glycol) additive.



although the material was dried additionally at high
temperatures in vacuo, it was difficult to remove completely
residual water from PPY. This can be traced back to its
hygroscopic nature when it was exposed to atmospheric
laboratory conditions previously. Reportedly, oxygen
defects induced in the presence of water during the oxida-
tive polymerization of pyrrole lead to a reduction of the
conductivity of PPY [11]. Consequently, the electrical
conductivity can be enhanced by optimizing the preparation
method aiming at a minimization of water content and/or of
the contact time with water of the polymer.

In the literature, the electrical conductivities of PPYs
prepared by chemical oxidation using ferric chloride with-
out adding other compounds showed mostly low values
(,10 S cm21) [10–15] as shown in Fig. 1. On the other
hand, one value was reported to be about 110 S cm21

[12]. This value, however, was measured under different
conditions (under vacuum). Unfortunately, we could not
reproduce this high conductivity for PPY when using the
conditions of the experimental method reported. However, a
lower conductivity value (18.66 S cm21) was found. In
addition, the yield using that procedure was also lower
(1.4%) compared to 14% when using our technique. In
that Ref. [12], no yield is mentioned. Under the reported
conditions, the conductivity of PPY prepared using the
solvent technique has been 86 times and the yield about 3
times higher than previously reported values [10] using a
similar procedure.

In addition, the effect of a polymer additive on the elec-
trical conductivity of polypyrrole using the oxidative poly-
merization process was studied. Thus, the conductivity of
polypyrrole prepared in the presence of poly(ethylene
glycol) (PEG) additive (PPY-H) was found to be higher
than those of polypyrrole synthesized without additive.
Interestingly, there was a strong dependence of the conduc-
tivity of polypyrrole on the amount of additive (Fig. 2).

After an initial steep increase up to about 90 S cm21 for
0.3 mmol of added PEG, the conductivity consolidated to
77.67 S cm21 when 5 mmol PEG were added. This behavior
can be explained by a competition between kinetic and
stabilizing effects during the polymerization process. For
relatively low amounts of additive (up to 0.3 mmol) the
stabilizing effect is more pronounced, thus indicating
reduced cross-linking and less structural defects. However,
at higher amounts, the kinectic effects were favored.
Because PEG shows relatively basic properties in the
presence of HCl in aqueous solution, the polymerization
rate can be increased due to the enhanced removal of
protons by PEG during the reaction.

The decomposition temperatures of the different polymer
products showed a similar behavior, however, the final

decomposition point of PPY with the highest conductivity
was found to be quite different compared to PPY without
PEG (6428C without PEG (PPY-S), 6128C with PEG
(PPY-H)). The reason for the decrease of thermal stability
seems to be an entropy decrease due to the lower cross-
linking degree in the structure of polypyrrole when using
the polymer additive.

When using chemical polymerization for the preparation
of PPY, the conductivity can be quite different. By using the
treatment with organic solvents and drying in vacuo,
conductivities for PPY of about two orders of magnitude
higher and also higher yields could be attained. Addition-
ally, the conductivity could be enhanced up to about
90 S cm21 by using poly(ethylene glycol) as a polymer
additive during the oxidative polymerization. Consequently,
conductivity is affected not only by the amount of oxidant,
ratio of oxidant to pyrrole, reaction temperature, and
reaction time, but also by the preparation technique and
polymer additive.
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