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ABSTRACT: To study the effect of a surfactant on the prop-
erties of polyaniline (PANI)/metal oxide composites, PANI/
lead titanate (PbTiO3) composites were synthesized with dif-
ferent weight percentages (10, 20, 30, 40, and 50 wt %) of
PbTiO3 in both the absence and presence of dodecylbenzene-
sulfonic acid (DBSA) by the polymerization of aniline with
ammoniumpersulfate as an initiator. The structural character-
istics and stability, surface characteristics, and electric proper-
ties of PANI/PbTiO3 and PANI–DBSA/PbTiO3 were studied
and compared. The interfacial interactions and thermal stabil-

ity of these composites were characterized with X-ray diffrac-
tion, scanning electron microscopy, transmission electron mi-
croscopy, and thermogravimetry techniques. The results indi-
cate significant changes in the physicochemical properties of
the composites with the incorporation of DBSA. � 2008 Wiley
Periodicals, Inc. J Appl Polym Sci 108: 1070–1078, 2008
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INTRODUCTION

Intrinsically conducting polymers1,2 such as polyani-
line (PANI) and polypyrrole, known as synthetic
metals, have been the subject of extensive theoretical
and experimental studies in recent years. The physi-
cal properties of conducting polymers have been
improved significantly through blending with one or
more insulating materials,3 and the results are called
polymer composites.3 Since the discovery of metallic
conductivity by the addition of suitable dopants,4

polymer composites have become promising materi-
als for microelectronic devices such as light-emitting
diodes,5,6 thin-film transistors,7 gas sensors,8 and or-
ganic transparent electrodes.9,10 However, the pro-
cess for synthesizing composite materials is not so
easy. Moreover, they have lower solubility in an
aqueous solution in comparison with other polymer
materials. The dispersion of intrinsically conducting
polymers in thermoplastic polymers to form blends
has been proved to be one of the most useful proce-
dures for overcoming the solubility problem, and the
blends can have several technical applications in the
protection of metal corrosion, printed-board circuits,
and so forth.11,12

However, these blends exhibit lower electric prop-
erties in comparison with inorganic conducting

materials or coating materials. In this approach,
functionalized protonic acids, which can usually
serve as surfactants, have also been used instead of
inorganic acids13 for doping in the polymer network
of PANI. Camphorsulfonic acid,14 dodecylbenzene-
sulfonic acid (DBSA),15,16 and other acids with long
alkyl chains are used for this purpose. The PANI–
DBSA complex can be achieved by mechanical mix-
ing or solution mixing on the emeraldine base of
PANI with DBSA16 or through a thermal doping
process.17 It has been shown that long aliphatic
chains of DBSA facilitate the process for the PANI–
DBSA complex in a conventional way,18 and the
long hydrocarbon tail of DBSA easily modifies the
polymer–polymer interface in the complex.19

The metal–PANI systems are attracting growing
interest because of their advanced mechanical and
chemical properties for more potential applica-
tions.20,21 A common feature for many applications
is induced by direct contact between PANI and
metal oxide films. Thus, understanding the metal–
PANI interfacial structure is a very significant sub-
ject for various scientific and technological interests.
Various techniques have been adopted to obtain bet-
ter processability and better electrical properties of
the metal–PANI composites.22–24 In addition, Fusalba
and Bėlanger24 reported that a surfactant such as
DBSA can also modify the PANI–metal interactions
because the metal oxide particles can coalesce with
the surfactant during the polymerization process.
Surfactant molecules can assemble themselves as an
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ordered structure with particular morphologies in a
solution because of their hydrophilic and lipophilic
properties.

Recently, surfactants have also been employed as
soft templates for self-assemblies to control the size
and shape of nanoparticles. This is called the wet
chemical method.25 The surfactant may control the
polymerization condition, kinetics, and final proper-
ties of the conjugated polymers. On the basis of the
results, the potential incorporation of a surfactant
into a conducting polymer improves the electrical,
thermooxidative, and hydrolytic stability of the com-
posite because of the introduction of a bulky hydro-
phobic component.25–27

Among many metal oxide materials, lead titanate
(PbTiO3), being a ferroelectric material with a perov-
skite structure, has received a great deal of attention
because of its unique combination of piezoelectric,
pyroelectric, dielectric, and electro- and acousto-optic
properties.28,29 PbTiO3 is a very attractive material
that could be used in a wide variety of applications,
including ultrasonic sensors, infrared detectors, elec-
tro-optic modulators, and ferroelectric random access
memory.30

To study the effect of DBSA on the structure and
thermal and electrical properties of conducting poly-
mer composites, composites of PANI with PbTiO3

(PANI/PbTiO3) were synthesized in both the ab-
sence and presence of DBSA (PANI–DBSA/PbTiO3).
The composites were synthesized with different
weight percentages (10, 20, 30, 40, and 50 wt %) of
PbTiO3 by the addition of a fine-grade powder of
PbTiO3 to the polymerization reaction. The obtained
composites were characterized with X-ray diffraction
(XRD), scanning electron microscopy (SEM), and
transmission electron microscopy (TEM). The alter-
nating-current conducting properties of the compo-
sites were studied at room temperature at different
frequencies. The thermal stability and degradation
behaviors of the composites were studied with ther-
mogravimetric analysis (TGA). The thermal degrada-
tion process of the composites proceeded in three
steps. In addition, the composites were more ther-
mally stable than pure PANI or PANI–DBSA. How-
ever, the conducting properties were increased by
the addition of DBSA in the composites through the
formation of the PANI–DBSA complex.

EXPERIMENTAL

Synthesis of PANI/PbTiO3 and PANI–DBSA/
PbTiO3 composites

Aniline, DBSA, PbTiO3, and ammonium persulfate
(APS) were purchased from Sigma–Aldrich (USA)
and used without further purification. Undoped
PANI was obtained by the polymerization of aniline

in an aqueous medium16 with 0.05M aniline. Before
the process of varying the weight percentage of
PbTiO3 in the composites, the dry yield of PANI
was confirmed. For the synthesis of PANI/PbTiO3

composites, aniline was placed in a beaker contain-
ing water and a fine powder of PbTiO3 (10, 20, 30,
40, or 50 wt %), which was added slowly with con-
stant stirring to obtain a uniform dispersion. After-
wards, the initiator APS (2.5M) was added dropwise
to process the polymerization of aniline.16 In the
case of the PANI–DBSA/PbTiO3 composites, 0.025M
DBSA (which was fixed in this experiment) was
placed together with the aniline solution and stirred
to obtain a uniform dispersion of aniline–DBSA.31

Later, the APS was added in a similar fashion after
the addition of the PbTiO3 powder. The polymeriza-
tion process was carried out for about 8 h at � 08C.
A precipitated polymer powder was recovered by
vacuum filtration and washed thoroughly with
deionized water and acetone. Finally, the resulting
powder was dried in a vacuum oven for 24 h to
achieve a constant weight.

Because the use of HCl media in the polymeriza-
tion process may cause a doping effect of the chlo-
ride ions in the composites, the composites and pure
PANI were synthesized in an aqueous medium,32,33

and the percentage of doped aniline was taken as a
constant throughout the synthesis. The molar ratio
of aniline (monomer) to DBSA (surfactant) was kept
at 2.0 throughout the process for the preparation of
the composites. Figure 1 shows a schematic model
for the structure of the PANI–DBSA/PbTiO3 com-
posite. It indicates that the micellar structure of
DBSA stabilizes the dispersion of PANI and PbTiO3

by incorporating PANI and by encapsulating PANI/
PbTiO3 in the matrix, as indicated in the figure.

Figure 1 Schematic model for the PANI–DBSA/PbTiO3

composite structure.
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Methods used to characterize and measure the
electric properties of the composites

The obtained composites were characterized with
XRD patterns by a Philips (Netherlands) X-ray diffrac-
tometer using Cu Ka radiation (k 5 1.5406 Å). The
diffractogram was recorded in terms of 2y in the
range of 10–808 with a scanning rate of 28/min. The
powder morphology of the synthesized composites
was investigated with SEM (XL-30 ESEM, Philips) and
TEM (JEM-2010, JEOL, Japan). The thermal behavior
of the composites was studied with TGA (model 2050,
TA Instruments, USA) at a heating rate of 108C/min.

Powder samples of pure PANI and PANI/PbTiO3

composites were crushed and finely ground in an
agate mortar. They were pressed to form pellets
10 mm in diameter and 1–2 mm thick by the appli-
cation of a pressure of 9 MPa in a hydraulic press.
Thereafter, the pellets were coated with silver paste
on both sides, and copper electrodes were placed on
either surface to obtain better contact. The electrical
resistivity was measured with an impedance ana-
lyzer (4191A, Hewlett–Packard) in the frequency
range of 102–106 Hz at room temperature.

RESULTS AND DISCUSSION

Characterization and comparison of the
composite materials

Figure 2 shows XRD patterns for pure PANI, PANI/
PbTiO3 (50%), PANI–DBSA, and PANI–DBSA/
PbTiO3 (50%) and expanded portions for PANI/
PbTiO3 (50%) and PANI–DBSA/PbTiO3 (50%),
which show the increased crystallinity after the
incorporation of DBSA into the polymerization pro-
cess. The diffraction pattern for PANI has a broad
peak at about 25 and 19 (2y values). This may be
due to the residual ordered DBSA after doping.33

The prominent peaks correspond to 2y 5 32.72 with
a d-spacing value of 2.84 Å. This is due to (110), the
plane of the perovskite structure, and the peak at 2y
5 56.48 with a d-spacing of 1.637 Å corresponds to
(222), the plane of the pyrochlore structure of
PbTiO3.

34 These results confirm that the nature of
polycrystalline oxide is also observed in these com-
posites similarly to the cases of PANI–V2O5

35 and
PANI–MoO3.

36 The increased crystallinity in the case
of composites is basically due to the incorporation of
PbTiO3 into the polymer matrix, and this is sup-
ported by the previous results.22,23,34–36 However,
the effect is more emphasized in this study by the
presence of DBSA in comparison with the bare com-
posite, as shown in Figure 1(b), although the effect
of DBSA is not so great because of its lower concen-
tration of DBSA (0.025M) in the composite. The
increased crystallinity in the presence of DBSA can
be explained by the following factors.37 First, the

alkyl tails of DBSA and the polymer backbones are
highly stretched because of the excluded volume
effect of the alkyl tails. Second, the microphase-sepa-
rated nanostructures are self-assembled complex
molecules leading to a nonpolar surfactant phase
and a polymer phase. The lamellar morphology con-
sisting of alternating polar and nonpolar layers can
be predominantly observed at the phases. Third,
high degrees of stretching of the polymer chains and
the surfactant alkyl tails in mesomorphic phases
impart a liquid-crystalline order to the composites.

The easier formation of a micellar structure by
DBSA and the role of a surfactant nature can stabi-
lize the dispersion of the PANI–DBSA particles. The
hydrophobic tails of free and bonded DBSA mole-
cules are arranged in such a way that they all turn
to one another, whereas the hydrophilic groups of
the free DBSA turn to the aqueous phase, as shown
in Figure 1. The interaction of particles generates an
aggregation that further clusters into agglomerates
having a size of 50 nm and is located within gel-like
units. The formation of these structures is due to the

Figure 2 (a) XRD patterns of pure PANI, PANI–DBSA,
PANI/PbTiO3 (50%), and PANI–DBSA/PbTiO3 (50%) and
(b) an expanded portion comparing the sharpness of the
peaks.
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hydrogen bonds present between free DBSA mole-
cules. These hydrogen bonds form an infinite net-
work that stabilizes the PANI–DBSA dispersion.32

These features cause PANI–DBSA/PbTiO3 compo-
sites to be more crystalline than PANI/PbTiO3.

Comparison of the surface properties of the
polymer composites

Figure 3 shows the scanning electron micrographs of
pure PANI, PANI/PbTiO3 (50%), PANI–DBSA, and
PANI–DBSA/PbTiO3 (50%). Pure PANI shows an
aggregated structure,17 whereas the PANI/PbTiO3

(50%) composite exhibits an aggregated granular
morphology, as shown in Figure 3(b). We obtained
an average grain size of about 0.6 lm for PANI/
PbTiO3 (10%). The size of the grains increases with
the contents of PbTiO3. With an increase in the con-
tent of PbTiO3, the composite particles aggregate
into a larger size and are visible as a granular shape,
which suggests an intermixing of PbTiO3 particles
with the PANI matrix.22 This means that the PANI

deposited on the surface of the PbTiO3 particles has
an effect on the crystallization performance of
PANI/PbTiO3.

37 It shows that the composites have a
more ordered arrangement at a higher concentration
of oxide (50 wt %) than in the pure PANI.

DBSA forms a micellar structure that acts as a sur-
factant which stabilizes the dispersion of polymer
particles because of the formation of hydrogen
bonds between free DBSA molecules, as shown in
Figure 3(c).31,38 These hydrogen bonds form an infi-
nite network that stabilizes the PANI–DBSA disper-
sion as it forms rodlike structures over the surface in
the form of a complex. As a result, the distribution
of PbTiO3 in PANI–DBSA/PbTiO3 makes the com-
posite more crystalline than PANI/PbTiO3, as shown
in Figure 3(d). As the content of PbTiO3 increases,
the particle size also increases. The average grain
size is about 0.75 lm for PANI/PbTiO3 (10%). The
size of these grains increases with the contents of
PbTiO3. This suggests an important result for the
incorporation of DBSA into the composite matrix
using metal oxide particles related to the crystallin-

Figure 3 SEM pictures of the surfaces of (a) pure PANI, (b) PANI/PbTiO3 (50%), (c) PANI–DBSA, and (d) PANI–DBSA/
PbTiO3 (50%).
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ity, as shown in the XRD patterns exhibited in Fig-
ure 2. This fact is supported further by the results of
TEM discussed later.

The enhanced morphology of the composites of
dispersed PbTiO3 particles in the PANI–DBSA ma-
trix was further confirmed by TEM, as illustrated in
Figures 4(a–d). The figures show micrographs of
PANI/PbTiO3 (50%) and PANI–DBSA/PbTiO3 (50%)
with different magnifications of 200 and 500 nm,
respectively. It is difficult to distinguish PbTiO3 par-
ticles from the polymer matrix when we compare
the 500-nm images of PANI–DBSA/PbTiO3 (50%) as
shown in Figure 4(c,d). However, a closer look at the
same images at 200 nm allows us to identify the free
and bound polymer matrix, as shown in Figure
4(a,b). These points confirm that PbTiO3 is better
encapsulated/clustered by PANI–DBSA particles
than PANI.

Comparison of the thermal behavior for the
composites

The TGA thermograms for pure PANI, PANI/
PbTiO3 (30%), PANI/PbTiO3 (50%), PANI–DBSA,
PANI–DBSA/PbTiO3 (30%), and PANI–DBSA/
PbTiO3 (50%) are shown in Figure 5. The composites
undergo a three-stage decomposition pattern. The
first stage is weight loss, starting from room temper-
ature to 1108C, which corresponds to a loss of water
molecules/moisture present in the polymer. The sec-
ond stage loss, from 110 to 3508C, is associated with
a loss of dopant ions38 from the polymer matrix.
This may be assigned to the decomposition of an or-
ganic substance present in the composite, which is
called the critical temperature. The increase in the
critical temperature in PANI–DBSA can be ascribed
to the complete decomposition of DBSA, which
shows the formation of the PANI–DBSA complex.39

Figure 4 TEM images at different magnifications: (a) PANI/PbTiO3 (50%) and (b) PANI–DBSA/PbTiO3 (50%) at 200 nm
and (c) PANI/PbTiO3 (50%) and (d) PANI–DBSA/PbTiO3 (50%) at 500 nm.
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The third stage of degradation is different between
PANI and PANI–DBSA; PANI is in the range of
350–6208C, whereas PANI–DBSA is in the range of
280–5008C. This implies a complete decomposition of
the organic polymer.40 However, the PbTiO3 com-
posite has a little weight loss in the scanned
region.41 The degradation of the polymer occurs
slowly between 280 and 5008C and gets faster above
5008C. Figure 5 shows that all PbTiO3 composites
have higher decomposition temperatures than pure
PANI or PANI–DBSA and that an increase in the
content of PbTiO3 for both PANI and PANI–DBSA
increases the thermal stability of their composites.
The reason for the difference in TGA between the
composites can be interpreted in light of the vapori-
zation of DBSA and depression of heat resistance
from dilution.

As the degree of initial degradation is not propor-
tional to the contents of the dopant and because the
decrease of the initial degradation temperature of
the composite becomes much smaller or even negli-

gible when the oxide content reaches a certain level,
the degree of the initial degradation ceases to
increase after this temperature when the content of
the same is beyond the threshold level.42 All the
composites show higher decomposition temperatures
when compared to either pure PANI or PANI–
DBSA. The increase in the concentration of PbTiO3

in both PANI–DBSA and PANI increases the thermal
stability of the composites. This fact confirms that
PbTiO3 has a positive influence on the thermal sta-
bility of the composites. In other words, PbTiO3

inhibits fast degradation of the polymers.43 The com-
parison for the degradation behavior of the compo-
sites is summarized in Table I.

Electric properties of the composites of PANI/
PbTiO3 and PANI–DBSA/PbTiO3

Figure 6 shows a comparison of conductivity values
of PANI/PbTiO3 composites for different weight
percentages of PbTiO3 at 100 Hz in the presence and
absence of DBSA. Here, we can see a drastic change
in the conductivity values due to the presence of
DBSA. The inclusion of PbTiO3 in the composite has
a negative effect on the conducting behavior of
PANI. However, the presence of DBSA has brought
out an increase in the conductivity of the composite,
as shown in Figure 6. This can be due to the
enhanced chain links in PANI–DBSA, which stabilize
the dispersed particles more than in PANI.40 In addi-
tion, the result can be ascribed to a fast segregation
process that takes place in the combined PANI–
DBSA polymer aqueous dispersions. The stems of
segregation by different surface characteristics of the
PANI–DBSA particles and the matrix polymer par-
ticles of the surfactant may stabilize the PANI/
PbTiO3 particles, as shown in Figure 1. The strong

Figure 5 TGA thermograms for (a) PANI–DBSA, (b)
PANI–DBSA/PbTiO3 (30%), (c) PANI–DBSA/PbTiO3

(50%), (d) pure PANI, (e) PANI/PbTiO3 (30%), and (f)
PANI/PbTiO3(50%).

TABLE I
Comparison of the Degradation Behavior of PANI,
PANI–DBSA, and Their Composites with PbTiO3

Composite

Weight loss (wt %)

At 3008C At 4008C

PANI 82 76
PANI/PbTiO3 (30%) 87 82
PANI/PbTiO3 (50%) 89 86
PANI–DBSA 87 40
PANI–DBSA/PbTiO3 (30%) 90 56
PANI–DBSA/PbTiO3 (50%) 92 62

Figure 6 Conductivity of PANI/PbTiO3 and PANI–
DBSA/PbTiO3 composites at different weight percentages
of PbTiO3 at 100 Hz.
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segregation and formation of thin layers of PANI–
DBSA yield conductive blends in the composites.
The primary PANI particles being generated and
aggregated further cluster into agglomerates within
gel-like units of DBSA, which is structured because
of the formation of hydrogen bonds between free
DBSA molecules. The hydrogen bonds help to form
an infinite network that can stabilize the PANI–
DBSA dispersion more than the PANI dispersion,32

thereby increasing the conducting properties of the
PANI–DBSA/PbTiO3 composite.

The dielectric constant and dielectric loss for the
composites of PANI/PbTiO3 and PANI–DBSA/
PbTiO3 with different weight percentages of PbTiO3

at an increased frequency are shown in Figures 7
and 8, respectively. The dielectric constant values
show a great difference between PANI/PbTiO3 and
PANI–DBSA/PbTiO3, as shown in Figure 7. The
overall values increase by a magnitude of more than
103 in PANI–DBSA/PbTiO3 in comparison with
PANI/PbTiO3 with the increase in the PbTiO3 con-
tent. However, the values of the dielectric loss do
not change significantly in either type. The values
decrease with the increase in the PbTiO3 content in

the composite even in the presence of DBSA, as
shown in Figure 8. The electric behavior of the mate-
rials is characterized by the complex dielectric con-
stant or complex permittivity (e�):

e� ¼ e0 þ je00

where e0 is the dielectric constant and e00 is the
dielectric loss.

The dielectric constant and dielectric loss as a
function of frequency indicate higher values at lower
frequencies and decrease with increasing frequency.
Because these composites become more conductive,
the permittivity increases because of the space
charge buildup at the interfaces between the poly-
mer matrix and PbTiO3 as a result of the difference
in the conductivity of the two phases. When we
compare the values of the dielectric constant and
dielectric loss for both the PANI/PbTiO3 and PANI–
DBSA/PbTiO3 composites, PANI/PbTiO3 has smaller
dielectric properties than PANI–DBSA/PbTiO3. As we
increase the PbTiO3 content in PANI/PbTiO3, its
dielectric properties decrease, whereas the dielectric
properties increase in the PANI–DBSA/PbTiO3 com-

Figure 7 Frequency-dependent dielectric constants of
different composites of PANI–DBSA/PbTiO3 and PANI/
PbTiO3 at room temperature.

Figure 8 Frequency-dependent dielectric loss of different
composites of PANI–DBSA/PbTiO3 and PANI/PbTiO3 at
room temperature.
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posites. This difference may be ascribed to the fact
that PANI/PbTiO3 composites are affected by a
decrease in the molecular packing efficiency of their
chemical structures with the increasing content of
PbTiO3. A low molecular packing order can lead to
a decrease in the number of polar groups in the unit
of volume. In other words, fewer polarizable groups
in a unit of volume may lead to a low dielectric con-
stant.44,45 The increase in the dielectric properties of
PANI–DBSA/PbTiO3 may be attributed to the effect
of interfacial polarization, which is known as the
Maxwell–Wagner–Sillars effect.46–48 This is a phe-
nomenon observed in heterogeneous media due to
the accumulation of virtual charge at the interfaces
of the media.49 After all, the dielectric properties can
be drastically different, depending on the frequency
at which the blends are used.

CONCLUSIONS

We have studied the influence of DBSA on the elec-
trical properties of PANI/PbTiO3 composites. Con-
ducting PANI/PbTiO3 composites have been synthe-
sized by the polymerization of aniline with APS as
an initiator in both the presence and absence of
DBSA. The dispersed PbTiO3 particles remain intact
and are preferentially located on the surface where
the polymerization of aniline to form PANI occurs in
both the presence and absence of DBSA, thus mak-
ing the polymer more crystalline. The increase in the
conducting properties of PANI–DBSA/PbTiO3

reveals the formation of the PANI–DBSA complex
structure, which is responsible for the enhancement
of such properties.37 The molecular packing effi-
ciency of PANI/PbTiO3 composites decreases with
the increasing content of PbTiO3, which leads to the
weakening of the electrical properties. This can be
enhanced by the use of DBSA, which increases the
packing order by increasing the number of polariz-
able groups in the polymer matrix. The conductivity
of PANI/PbTiO3 is not higher than that of pure
PANI and its other composite; the inclusion of
DBSA in PANI/PbTiO3 considerably enhances the
conductivity of the composites. Furthermore, the
other electrical properties, the dielectric constant and
dielectric loss, are much affected by the addition of
DBSA to the composites. As indicated in previous
reports,10,31,40 DBSA not only acts as a surfactant but
also serves as a doping agent to PANI, which
increases the charge carriers in the composites and
impacts the conductivity and dielectric properties of
the composites. This may also be a factor in the
increase in conductivity in the composites. It means
that a surfactant such as DBSA has an important
role in modifying the properties of PANI composites
by its incorporation into the composite matrix con-

taining PbTiO3 particles, as it does in the case of
PANI with other organic dopants.44–46 The incorpo-
ration of inorganic oxide particles into organic poly-
mers offers the possibility of the formation of a
plethora of novel materials with high potential for
new applications. For optimal control of the proper-
ties of these new materials, it is very important to
tailor the formation process from the point of view
of the final product.
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