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ABSTRACT: Soluble polypyrrole (PPy) samples advanced
in electrical conductivity � were chemically synthesized
with dodecylbenzenesulfonate (DBS) sodium salt as a do-
pant, with poly(ethylene glycol) (PEG) as an additive, and
with ammonium persulfate as an oxidant. The PPy–DBS–
PEG samples were soluble in organic solvents (N-meth-
ylpyrrolinone and m-cresol). The greater the molar percent-
age ratio was of DBS, the greater the solubility was of
synthesized PPy composites (PPy–DBS–PEG). The maxi-
mum electrical conductivity at room temperature for PPy–
DBS–PEG was 1.02 S/cm, which was in fact the true con-
ductivity of 100/10 (mol %) PPy/DBS. The chemical com-
position and doping level of PPy–DBS–PEG were
determined by elemental analysis. The results of Fourier
transform infrared spectroscopy were used for the structural

characterization of PPy–DBS–PEG. The scanning electron
microscopy results showed that the electrical conductivity
was related to the morphology of PPy–DBS–PEG. According
to thermogravimetric analysis, PPy–DBS–PEG was more
thermostable than PPy–DBS. Electron spin resonance mea-
surements showed that the polaron and bipolaron acted as
charge carriers of PPy–DBS–PEG. According to the temper-
ature dependence of the electrical conductivity, PPy–DBS–
PEG was a semiconductor and followed the three-dimen-
sional variable-range hopping model. The improved electri-
cal conductivity apparently resulted from the reduction of
the crosslinking and structural defects of the PPy chains. ©
2005 Wiley Periodicals, Inc. J Appl Polym Sci 97: 1170–1175, 2005
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INTRODUCTION

Polypyrrole (PPy) is one of the most widely studied
conducting polymers because of its high conductivity,
good environmental stability, innoxious characteris-
tics, and easy synthesis. Therefore, PPy has the advan-
tage of real applications in microelectronics, the infor-
mation industry, and biomedicine. However, PPy is
not soluble in organic solvents and water because of
the strong intermolecular and intramolecular interac-
tions and crosslinkings of PPy chains.1 Therefore, to
overcome the insolubility problem of PPy, many re-
searchers have studied soluble PPy. Recently, soluble
PPy has been synthesized with large dopants such as
dodecylbenzenesulfonate (DBS) and naphthalenesul-
fonate. A large dopant reduces the intermolecular and
intramolecular interactions of PPy chains and im-
proves the solubility of PPy in an organic solvent.2,3

However, PPy doped with a bulky dopant is reduced
in its electrical conductivity because of the longer hop-
ping distance of the charge carriers resulting from
weak interchain interactions.4,5 The addition of poly-

mers influences the sterical stabilization of PPy
chains.6 In this study, a new soluble and conducting
PPy doped with DBS and combined with polymeric
additive poly(ethylene glycol) (PEG) was synthesized.
Its physicochemical properties, obtained from solubil-
ity measurements, electrical conductivity measure-
ments, elemental analysis, Fourier transform infrared
(FTIR), scanning electron microscopy (SEM), and elec-
tron spin resonance (ESR) experiments, were investi-
gated.

EXPERIMENTAL

Synthesis

Pyrrole (Acros, Tokyo, Japan), ammonium persulfate
(APS; Aldrich, Milwaukee, WI) as an oxidant, dode-
cylbenzenesulfonic acid (DBSA) sodium salt (Aldrich)
as a dopant, and PEG (PEG 1000, Kanto) as an additive
were used as received. Pyrrole (0.15M), DBSA, and
PEG in 300 mL of distilled water were well stirred at
0°C. The molar ratio of the dopant DBSA and the
additive PEG (DBSA/PEG) was changed from 10/40
to 25/25, 40/10, or 50/0, and the total amount of
DBSA/PEG was 50 mol % of the pyrrole monomer.
APS (0.075 mol) was dissolved in 100 mL of distilled
water and added slowly to the aforementioned solu-
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tion by a microsyringe. The reaction mixture was vig-
orously stirred at 0°C. After 24 h, the reaction mixture
was poured into a large amount of methanol to termi-
nate the reaction. The precipitate was filtered and
washed with distilled water, methanol, and acetone
several times and was finally dried in a vacuum
oven for 24 h. To determine the solubility of the
synthesized PPy–DBS–PEG, a weight method7 was
employed, and the solubility was estimated. Thus,
PPy–DBS–PEG was dissolved in 25 mL of m-cresol
by ultrasonication and filtered through 1-� filter
paper. The solvent of the filtered solution was dried,
and the sample powder was weighed.

Measurements

The FTIR measurements (Impact 400, Nicolet,
Waltham, MA) were carried out with the KBr pellet
method. The chemical composition and doping level
of PPy–DBS–PEG were determined with an elemental
analyzer (Flash EA 1112 series, CE Instruments,
Wigan, UK). Thermogravimetric results were obtained

with a TA Instrument 2050 thermogravimetric ana-
lyzer at a heating rate of 10°C/min from 25 to 500°C
under a nitrogen atmosphere. SEM was performed to
examine the section morphology of PPy–DBS–PEG
samples with a Hitachi S-2700 (Tokyo, Japan). ESR
experiments were conducted with an electron para-
magnetic resonance spectrometer (ESP-300S, Bruker,
Buchs, Switzerland) at 25°C. PPy–DBS–PEG powders
were molded into disks via pressing, and the electrical
conductivity of the disks was measured by the stan-
dard four-probe technique with a Keithley 2001 mul-
timeter (Cleveland, OH) and 224 calibrator source
from �180 to 25°C.

RESULTS AND DISCUSSION

Solubility

The synthesized PPy–DBS–PEG samples had good sol-
ubility in m-cresol and N-methylpyrrolidinone. Figure 1
shows the relationship of the solubility and the compo-
sition of a DBS–PEG mixture. The solubility of the PPy–
DBS–PEG samples increased when the molar percentage
ratio of DBS was higher. The large molecular size of DBS
surrounded by PPy chains effectively reduced the inter-
molecular and intramolecular interactions and crosslink-
ing among the PPy chains.8

Elemental analysis

The elemental analyses of the PPy–DBS–PEG samples
indicated the chemical compositions of the resulting
polymers. Table I shows the analytical results and indi-
cates that the more increased the molar percentage ratio

TABLE I
Elemental Analysis Results for Soluble PPy–DBS–PEG

Samples

PPy/DBS/PEG
molar ratio (%)

Elemental analysis (%)

N C H S O

100/10/40 12.83 56.86 4.84 4.60 17.97
100/25/25 10.79 58.82 5.85 3.96 16.67
100/40/10 9.12 60.95 6.58 3.35 14.84
100/50/0 11.49 58.19 5.55 4.12 15.81

Figure 1 Solubility of soluble PPy–DBS–PEG samples with various molar percentage ratios and a constant pyrrole
concentration of 100 mol %.
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was of DBS, the more doped the samples were with the
DBS dopant. Thus, the solubility depended on the molar
percentage ratio of DBS. According to the data in Table
I, PEG was not integrated into the resulting PPy poly-
mer. This was supported by the IR data obtained for

these PPy–DBS–PEG samples and other PPy–PEG sam-
ples.6 One molecule of DBS incorporated three mole-
cules of pyrrole. The compositions of PPy, DBS, and PEG
were 100/10/0, 100/25/0, 100/40/0, and 100/50/0 for
four samples with different PPy/DBS/PEG ratios.

Figure 2 FTIR spectra of soluble PPy–DBS–PEG samples: (a) 10:40 (mol %) DBS/PEG, (b) 25:25 (mol %) DBS/PEG, (c) 40:10
(mol %) DBS/PEG, (d) 50:0 (mol %) DBS/PEG, and (e) pure PPy with a constant pyrrole concentration of 100 mol %.

Figure 3 ESR spectra of soluble PPy–DBS–PEG samples: (a) 10:40, (b) 25:25, (c) 40:10, and (d) 50:0 (mol %) DBS/PEG with
a constant pyrrole concentration of 100 mol %.
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FTIR
Figure 2 shows the FTIR spectra of the KBr pellet
PPy–DBS–PEG samples in the range of 2000–400

cm�1. For the PPy–DBS–PEG samples, the NOH
stretching vibration of the pyrrole ring does not ap-
pear at about 3400 cm�1. It has been reported that it is

Figure 4 Morphology of soluble PPy–DBS–PEG samples: (a) 10:40, (b) 25:25, (c) 40:10, and (d) 50:0 (mol %) DBS/PEG with
a constant pyrrole concentration of 100 mol %.

Figure 5 Temperature dependence of the electrical conductivity of soluble PPy–DBS–PEG samples: (a) 10:40, (b) 25:25, (c)
40:10, and (d) 50:0 (mol %) DBS/PEG with a constant pyrrole concentration of 100 mol %.
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characterized by oxidized pyrrole.9 The CAC/COC
stretching vibrations of the pyrrole ring can be de-
tected at 1500–1400 cm�1. The bending vibration of
COH appears at about 1300 cm�1, and the absorption
peak of about 1090 cm�1 was induced by the CON
stretching vibration. The absorption bands of the po-
laron and bipolaron appear at about 1045–1190 and
900 cm�1, respectively.10–12 All the features in the
FTIR spectra are similar to those of pure PPy. How-
ever, in comparison with the spectra of pure PPy,
those of PPy–DBS–PEG are shifted to small wave
numbers. Because the dopant withdrew electrons of
the pyrrole ring, all the band stretchings are weak.

ESR

ESR measurements were performed to examine the
charge carriers in a nitrogen atmosphere at room tem-
perature. The charge carriers in the PPy–DBS–PEG
samples were proven by ESR spectra, as shown in

Figure 3. All the samples had ESR signals, which
indicated the presence of a polaron as a charge carrier
in the soluble PPy–DBS–PEG samples.3 Also, samples
with good conductivity had low signals. It was con-
firmed indirectly that a bipolaron existed as another
change carrier.

SEM

The morphologies of pressed pellets of PPy–DBS–PEG
samples were different, as shown in Figure 4. The
morphologies were very aggregate. Comparing the
conductivity, we found that the better the electrical
conductivity was, the more crystalline the sample
morphology was.4 Therefore, we think that the elec-
trical conductivity of the PPy–DBS–PEG samples was
related to the morphology of PPy–DBS–PEG.

Conductivity

We estimated the electrical properties of PPy–DBS–
PEG by the temperature dependence of the electrical
conductivity. Figure 5 shows log �(T) versus 1000/T
(where � is the conductivity and T is the temperature)
for PPy–DBS–PEG samples. All the PPy–DBS–PEG
samples had a semiconducting property. For semicon-
ductors, the higher the temperature is, the higher the
electrical conductivity is.13 The values of the electrical
conductivity at room temperature for all the PPy–
DBS–PEG samples are presented in Table II. The con-

Figure 6 Temperature dependence of the electrical conductivity of soluble PPy–DBS–PEG samples in the Mott equation
(3D-VRH): (a) 10:40, (b) 25:25, (c) 40:10, and (d) 50:0 (mol %) DBS/PEG with a constant pyrrole concentration of 100 mol %.

TABLE II
Electrical Conductivity of Soluble PPy–DBS–PEG

Samples at Room Temperature

PPy/DBS/PEG molar ratio (%) � (S/cm)

100/10/40 10.2 � 10�1

100/25/25 7.0 � 10�2

100/40/10 1.0 � 10�2

100/50/0 1.0 � 10�2
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ductivities of PPy/DBS with the same molar percent-
age ratios without the PEG additive were exactly the
same as the values in Table II. The conductivity of the
PPy–DBS–PEG samples increased as the molar per-
centage ratio of DBS decreased, on the whole. The
maximum electrical conductivity of PPy–DBS–PEG at
room temperature was 1.02 S/cm, which was in fact
the true conductivity of 100/10 (mol %) PPy/DBS. The
conduction mechanism for conducing polymers has
been investigated with various models with respect to
the temperature dependence of the electrical conduc-
tivity.14–16 The temperature dependence of the con-
ductivity of all the PPy–DBS–PEG samples is shown in
Figure 6. The linear plot of ln � versus T�1/4 is in
agreement with the three-dimensional variable-range
hopping (3D-VRH) model suggested by Mott where
�o is the conductivity at absolute zero temperature
(T0):15

��T� � �0 exp� � �T0/T��1/4� (1)

Therefore, the transport properties of the PPy–DBS–
PEG samples were dominantly characterized by hop-
ping, which was due to microscopic-scale disorder.4

Thermogravimetric analysis (TGA)

Figure 7 shows the weight loss of the PPy–DBS–PEG
samples. The thermal stability was higher than that of
PPy–DBS. In comparison with the decomposition of
PPy–DBS at about 230°C, PPy–DBS–PEG samples be-
gan to decompose at about 240–300°C.

CONCLUSIONS

PPy–DBS–PEG synthesized by chemical polymeriza-
tion was soluble in m-cresol, and the solubility in-
creased with an increase in the DBS molar percentage
ratio. The maximum electrical conductivity at room
temperature for PPy–DBS–PEG was 1.02 S/cm. This
conductivity was in fact the true value of 100/10 (mol
%) PPy/DBS. The conductivity decreased with an in-
creasing molar percentage of DBS. The conduction
mechanism was the 3D-VRH model.
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Figure 7 TGA thermogram of soluble PPy–DBS–PEG samples: (a) 10:40, (b) 25:25, (c) 40:10, and (d) 50:0 (mol %) DBS/PEG
with a constant pyrrole concentration of 100 mol %.
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