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ABSTRACT: Polymerization of aniline nanoparticles was
carried out in aqueous micellar solutions of surfactants,
including anionic (sodium dodecyl sulfate), nonionic (nonyl
phenol ethoxylate), and cationic (cetyltrimethyl ammonium
bromide) surfactants. The size and morphology of these
synthesized PANI nanoparticles strongly depended on the
structure of the surfactants used in the formation of
micelles, as shown by transmission electron microscopy.
Scanning electron microscopy, Fourier transform infrared
spectroscopy, and X-ray diffraction were used in the

characterization of the synthesized PANI nanoparticles.
The PANI nanoparticles revealed enhanced conductivity
compared to conventional bulk PANI. In addition PANI–pol-
y(methyl methacrylate) (PMMA) nanocomposites were syn-
thesized. The results revealed that the PMMA nanoparticles
retarded thermal decomposition and enhanced the conduc-
tivities compared with pristine PANI nanoparticles. VC 2011
Wiley Periodicals, Inc. J Appl Polym Sci 124: 3200–3207, 2012

Key words: nanoparticle; polyester; surfactants

INTRODUCTION

Intrinsically conductive polymers (ICPs) are consid-
ered an attractive subject of research because of their
potential applications in multidisciplinary areas, such
as electrical, electronics, thermoelectric, electrochemi-
cal, electrorheological, chemical, membrane, and sen-
sor applications.1–4 Among the available ICPs, polya-
niline (PANI) is one of the most promising conducting
materials because of its ease of synthesis, low-cost
monomer, remarkable environmental stability, tunable
properties, and better stability compared to other
ICPs. On the basis of these superiorities, PANI has
been applied in the fields of antistatic materials, anti-
corrosion coatings, batteries and energy storage, or-
ganic light-emitting diodes, and chemical sensors.5–9

A useful approach to overcoming some of the phys-
ical and chemical limitations, including the process-
ability and mechanical and thermochemical stabilities
of ICPs, involves the combination of these materials
with other well-known nonconducting polymers, such
as poly(vinyl alcohol), polystyrene, poly(methyl meth-
acrylate) (PMMA), and poly(vinyl acetate).10 The
resulting composites combine the advantageous elec-
trical, redox, or optical properties of ICP with mechan-
ical properties of the host polymer through the ratio of
ICP versus the insulting polymer.11 Consequently,
there is a wide scope for the practical applications of

such composites.12–20 PMMA is used to improve the
mechanical properties and processability of PANI.
PMMA is chosen as a dielectric matrix because of its
high transparent ability in the visible spectral range,
which is important for optoelectronics, sensors, and
smart-window applications.21

Recently, several researchers synthesized polymer
nanoparticles using microemulsion polymerization.22–
26 This approach uses nanometer-sized micelles as
nanoreactors, which are formed from the self-assem-
bly of surfactant molecules in solvent. Therefore, the
morphology of the resultant polymer nanoparticles is
largely dependent on the micelle structure derived
from the surfactant assembly, such as spherical, cylin-
drical, and layer structures. In this article, we report
the fabrication of PANI nanostructures with microe-
mulsion polymerization. The size of the PANI nano-
particle was controlled as a function of different sur-
factants (anionic, cationic, and nonionic). In addition,
we also investigated the conductivity of PANI nano-
particles as dependent on the type of surfactant. This
study was also focused on the preparation of nano-
composites with the prepared PANI nanoparticles
and methyl methacrylate (MMA). The thermal and
electrical properties of the nanostructured PANI/
PMMA composites were investigated.

EXPERIMENTAL

Materials

The aniline monomer (99.5%), ammonium peroxydi-
sulfate (APS), sodium dodecyl sulfate (SDS; 99%),
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nonyl phenol exthoxylate (NPE), and cetyltrimethyl
ammonium bromide (CTAB) were obtained from
Aldrich Chemical Co. We also used benzoyl
peroxide (Fluka, (Buchs, Switzerland) purum,
moistened with water, �97.0%), MMA (Aldrich,
steinheim, Germany), and toluene (Sigma-Aldrich,
�99.9%)

Measurements

Fourier transform infrared (FTIR) spectra

The FTIR spectra of the synthesized PANIs were
recorded on a PerkinElmer (France) 1720 FTIR
spectrometer.

Thermogravimetric analysis (TGA) measurements

TGA of the synthesized PANIs was carried out on a
TA Instruments SDTQ 600 simultaneous (Crawly,
United Kindom) TGA–differential scanning calorim-
etry thermogravimetric analyzer. The samples were
heated under a nitrogen flow (100 mL/min) from 50
to 800�C at 20�C/min.

Conductivity measurement

The PANI samples were pressed into pellets in a hy-
draulic press (model WT-324, Kimaya Engineers,
India) at 5 metric tons of pressure. We determined
the bulk conductivity of the different polymer sam-
ples by pressing them into pellets 1.33 cm in diame-
ter and 1 mm thick. The conductivity measurements
were carried out by a four-probe technique recorded
by a Keithley electrometer (model 6517A). The pel-
lets used in this measurement were placed between
two copper electrodes, which were connected to the
two terminals of the Keithley electrometer.

Transmission electron microscopy (TEM)

The microstructures of the synthesized PANIs were
examined by TEM (Tokyo, Japan) on a JEOL JEM-
2000EX (Tokyo, Japan) at an accelerating voltage of
100 kV.

Scanning electron microscopy (SEM)

The emission SEM (Tokyo, Japan) was performed
with a JEOL 5400 (Tokyo, Japan) scanning electron
microscope.

X-ray diffraction (XRD)

XRD (Almelo, Netherelands) patterns were recorded
on a Pan Analytical model X’Pert Pro (Almelo, Neth-
erelands) with Cu Ka radiation (1.54 Å) at 40 kV
and 40 mA in the 2y range 10–80�.

Synthesis of the PANI nanostructures

A stock micelle solution was prepared by the disso-
lution of the surfactants into distilled water with
continuous stirring. The micelles were formed spon-
taneously as the concentration of the surfactant in
the solution was greater than its critical micellar con-
centration (cmc).
In a typical fabrication of PANI nanoparticles, 1 g

(10.7 mL/mol) of aniline monomer was added drop-
wise to 40 mL of the surfactant solution (0.5M), and
1.23 g (5.3 mL/mol) of APS and 22 g (33 mL/mol)
of 1.5M HCL were added to the mixed solution. The
chemical oxidation polymerization proceeded with
magnetic stirring for 3 h at 3�C. After polymeriza-
tion, the reaction product was placed in a separating
funnel. Excess ethanol and distilled water were
poured into the funnel alternatively to remove sur-
factants and to precipitate the PANI nanoparticles.
The PANI nanoparticles were retrieved and dried in
a vacuum oven at room temperature.27

Several PANI nanoparticles were synthesized with
different types of surfactants (SDS, NPE, and CTAB)
to investigate the morphology, conductivity, and
TGA. For comparative purposes, PANI without sur-
factants was also synthesized under similar
conditions.

Preparation of the PANI–PMMA nanocomposites

The PANI–PMMA nanocomposites were synthesized
in situ to make transparent conducting composites.
A typical procedure for the preparation of PANI–

PMMA composites was followed, which involved
the placement of 20 mL of MMA, 0.15 g (0.75%) ben-
zoyl peroxide in 20 mL of toluene, and 0.5 g of
PANI powder into a 250-mL three-necked, round-
bottom flask, and the solution was stirred for 1 h at
80�C to complete the polymerization of the mono-
mer. Nitrogen was bubbled into the flask through
the reaction. The product was washed and dried at
100�C for 24 h in vacuo to yield the PANI/PMMA
composite.

RESULTS AND DISCUSSION

First, a micellar solution was prepared by the disso-
lution of the surfactant in distilled water with the
concentration over its cmc. It has been well estab-
lished that surfactants will aggregate spontaneously
to form micelles when the concentration is over their
cmc. Because of the presence of the hydrophobic mi-
cellar core and hydrophilic interface, these micelles
are capable of dissolving water-insoluble substan-
ces.28 A certain amount of aniline is added to the so-
lution to be loaded onto the micelles. The loading of
aniline onto the micelles is a process that is driven
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by both the hydrophobic and electrostatic forces.
These micelles may serve as templates to orient and
organize the aniline molecules in the solution. In
this specific system, aniline monomer may have
been intercalated between the surfactants as compo-
nents of the micelles29 or located in the Stern layer
surrounding the surface of micelles. The orientation
or organization of aniline molecules in the micelle
solutions may have affected the regioselectivity of
the reaction.

Different types of surfactants with different molec-
ular structures were selected to form the micelle
templates for the polymerization of aniline. The dif-
ference in the behavior of the polymerization of ani-
line in various micelle solutions could be explained
by the variation of the local environment formed by
different surfactants. In all of these micelle solutions,
hydrophobic cores were formed; however, the
hydrophilic interfaces of the micelles were quite dif-
ferent because of the differences in the head-group
structure of the surfactants. The head group of NPE
was polyoxyethylene, with nine repeat units without
any charge. Therefore, a neutral hydrophilic inter-
face was formed around the NPE micelles in the so-
lution. The long ethylene oxide chain in NPE effec-
tively hindered the sulfate ions (oxidant, APS) from
attacking the anilinium cation in the micelles. Thus,
the formation of PANI particles in NPE micelles was

very slow because the disulfate ions should have
diffused through the films formed by the ethylene
oxide chains to initiate polymerization. Therefore,
the NPE micelles produced two different sizes of
particles. The large particles, which precipitated in
the middle of the reaction, were initiated from anili-
nium ions located outside the NPE micelles, and the
small particles were from anilinium ions solubilized
in micelles. No electrostatic interactions between the
head group of NPE and the charged aniline or other
species were expected at the hydrophilic interface of
the micelles.29 On the other hand, if a positively
charged hydrophilic region in the CTAB micelle so-
lution was formed, anionic species such as OHA
would have been likely attracted in this region
through electrostatic interaction. The condensation
of OH species in the Stern layer would have led to a
higher pH in the local environment of the micelles
compared to the bulk solution. When oxidant APS
was added to the reaction system, the electrical
interaction between anionic disulfate ions and anili-
nium cation occurred, and the polymerization took
place at nanoscale micelles and was then followed
by PANI growth. The micelles formed by surfactants
such as SDS had negatively charged interfaces in the
solution. In strong acidic solution (HCl), the SDS
micelles would have had a low micellar surface
charge because the ionization degree of the ionic

Scheme 1 Schematic diagram for the solubilization locus of aniline–HCl salt in (A) CTAB, (B) SDS, and (C) NPE
micelles.
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surfactant was smaller than that in neutral solution.
Furthermore, the cationic anilinium ions would have
decreased the anionic net charge of the SDS micelles
by solubilization in the micellar surface. Thus,
the surface of SDS micelles in the experimental
conditions would have had a low net negative
charge. This net negative charge of the micellar
surface retarded the approach of disulfate ions
into anilinium ions; this resulted in a slower reac-
tion rate in the SDS micellar solution compared to
that in the bulk aqueous solution. Different types
of micellar aggregates may have been formed
when the surfactant concentration was above the
cmc, and consequently, this may have altered the

shape of the nanoparticles of PANI. Micelle-
assisted synthesis was previously used widely to
prepare polymer particles in which the particle
sizes were controlled by the micelle reactor sizes
(Scheme 1).30

FTIR spectroscopy

Figure 1 presents the FTIR spectra of the prepared
PANI nanoparticles. The main characteristic bands
of PANI were assigned as follows. The characteristic
sharp band at 1220–1020 cm�1 was due to CAN ter-
tiary aromatic vibrations. The bands at 1360, 1250,
1340, and 1310 cm�1 were due to CAN primary and
secondary vibrations. The sharp characteristic band
at 3450–3200 cm�1 was due to single-bridge com-
pound polymeric association or to NH stretching
vibrations. The bands at 1550 and 1475 cm�1 were
due to the presence of the quinoid structure, and the
band at 1240 cm�1 was due to the CAN stretching
mode for the benzenoid ring. The band at 810 cm�1

was attributed to the out-of-plane bending vibrations
of CAH on the para-substituted aromatic ring.

Morphology of the PANI nanoparticles

The TME images of PANI nanoparticles synthesized
in SDS micellar solution appeared as rod shapes
[Fig. 2(a)], and their diameter sizes varied from 34 to
63. Missel et al.31 reported that the size of particles
formed in micelles was closely correlated with that
of the micelles.
In our study, we expected that because of the

acidic reaction conditions, the ionization of SDS mol-
ecules would be depressed and result in a decrease
of the electric negative charge. Furthermore, the cati-
onic anilinium ions would decrease the anionic net
charge of SDS micelles by solubilizing in the micellar
surface. Thus, the surface of the SDS micelles in the
experimental conditions would have a low net

Figure 1 FTIR spectra of PANI synthesized in (a) cati-
onic, (b) anionic, and (c) nonionic surfactants and (d) with-
out surfactants.

Figure 2 TEM of nanoparticle PANI synthesized in (a) anionic, (b) cationic, and (c) nonionic micellar solutions.
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negative charge and result in a decrease of the elec-
tric repulsion between the surfactant head groups.
This reduction in the electrical repulsion and rela-
tively high SDS concentration (>cmc) might have
increased the aggregation number and micellar size.
In these reaction conditions, the deviation of micellar
shape from spherical could not be excluded.32,33 Fig-
ure 2(b) presents the TEM image of the PANI nano-
particles polymerized with CTAB micelles, which
appeared as homogeneous rod shapes 43–45 nm in

diameter. In the NPE micellar solution, some precip-
itates, which had a slightly spherical shape and
ranged from 14 to 23 nm in diameter, were
observed, as shown in the TEM image in Figure
2(c).The large particles formed outside the micelles,
and the small particles formed inside the micelles. It
was interesting to see that the shapes of these large
particles were spherelike and irregular and ranged
from 20 to 42 nm in diameter, even though they
were formed outside the micelles in solution.

Figure 3 SEM images of PANI synthesized in (a) anionic, (b) cationic, and (c) nonionic surfactants and (d) without
surfactants.

Figure 4 SEM images of PANI–bulk/PMMA, (b) PANI–CTAB/PMMA, and (C) PANI–NPE/PMMA.
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From the SEM images of the PANI and PANI–
PMMA composite prepared in situ without surfac-
tants, as shown in Figures 3(d) and 4(a), it was clear
that there were irregular forms of PANI incorpo-
rated with PMMA. In addition, the SEM photo-
graphs of the pristine PANI nanoparticles and
PANI–PMMA nanocomposite with CTAB as a micel-
lar template are shown in Figures 3(b) and 4(b). The
morphology of the PANI–PMMA nanorods in this
micrograph were PMMA nanoparticles surrounded
by irregular forms of nano-PANI, whereas the mor-
phology of the original PANI nanoparticles and
PANI–PMMA nanocomposite were determined after
polymerization with NPE as a micellar template. As
shown in Figures 3(c) and 4(c), the spherelike PANI
nanoparticles were well dispersed into the PMMA
polymer matrix, and no free PANI nanoparticles
were observed

XRD

The XRD analysis is presented in Figure 5. The XRD
patterns of the PANI nanoparticles synthesized with
different types of surfactants (anionic, nonionic, and
cationic) exhibited sharp peaks at 2 y ¼ 20 and 26�;
this indicated the presence of a high crystallinity and
condensed structure. The peak centered at 2 y ¼ 20
was ascribed to the periodicity parallel to the polymer
chain, and the latter peak may have been caused by
the periodicity to the polymer chain.34 The profiles of
the XRD patterns of the PANI nanoparticles were sim-
ilar to that of PANI, as shown in Figure 5(a–d). These
results were consistent with the results of the FTIR
analysis. For that, there was no difference between the
PANI and PANI nanoparticles.

Conductivity

Table I shows that the conductivities of the PANI
nanoparticles prepared in SDS, CTAB, and NPE
micelles were highest compared with those of the
particles formed in bulk aqueous solution according
to the following order:

NPE> SDS> CTAB > Bulk aqueous solution

This may have been due to the fact that, because
the polymerization reaction in surfactant micellar so-
lution occurred in the confined space of micelles, the
density of the PANI particles formed was higher
than that of particles formed in bulk aqueous solu-
tion.35 PANI nanoparticles can be applied as opti-
cally transparent conducting materials because of
their high conductivity and ultrafine nanosize.
In general, PMMA is a typical transparent, amor-

phous polymer and has been used for glass substi-
tutes. PANI nanoparticles synthesized in CTAB and
NPE that had average particle diameters of 43–45
and 13–42 nm, respectively, were selected for this
experiment. Therefore, PANI–PMMA composites
with and without CTAB and NPE micelle templates
were synthesized. The conductivity results are
shown in Table I. Interestingly, the conductivity of
pristine PANI increased continuously after the
PANI–CTAB and PANI–PNE nanocomposites were

Figure 5 XRD patterns of PANI synthesized in (a) ani-
onic, (b) cationic, and (c) nonionic surfactants and (d)
without surfactants.

TABLE I
Conductivity of the Synthesized PANI Nanoparticles

and PANI/PMMA Nanocomposites

Sample Conductivity

PANI–bulk 0.149761132 � 10�10

PANI–CTAB 0.44338987 � 10�10

PANI–NPE 0.163832413 � 10�9

PANI–SDS 0.112261725 � 10�9

PANI–bulk/PMMA 8.823467379 � 10�10

PANI–CTAB/PMMA 1.777364218 � 10�9

PANI–NPE/PMMA 6.831639054 � 10�9

Figure 6 TGA of PANI in (a) anionic, (b) cationic, and (c)
nonionic surfactants and (d) without surfactants. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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prepared with PMMA. The increases in the electrical
conductivity may have been due mainly to the
strong interaction of PANI imine nitrogen by
the PMMA ester functional group,35 and also, the
formation of electronic paths was favorable with the
presence of filler, which was ultrafine PANI
nanoparticles.

This interpretation, in agreement with Amrithesh
et al.,36 explained that in the PANI–PMMA compo-
sites, the conducting PANI regions were intercon-
nected by the insulation of the PMMA regions. With
the addition of PMMA, an increase in conductivity
occurred because of electronic tunneling through the
nonconducting PMMA separating the mesoscopic
conducting PANI islands.

TGA

TGA measurement of nano-PANI was performed
under an N2 atmosphere. The TGA curves for the
PANI synthesized in aqueous solution with and
without the SDS, NPE, and CTAB micelle templates
are compared in Figure 6.

The weight losses observed in the temperature
range from room temperature up to 100�C for all of
the samples corresponded to water molecules/mois-
ture; this was due to the hygroscopic nature of the
polymer. The weight loss of PANI (Fig. 6) at temper-
atures up to 250�C was attributed to the loss of
oligomers, and the weight loss beyond 250�C up to
570�C was due to the degradation and decomposi-
tion of the backbone units of PANI. As shown by
TGA [Fig. 6(a–d)], the rate of weight loss of PANI

was in the following order: PANI–CTAB > PANI–
NPE > PANI–SDS > PANI–bulk, respectively.
Although the rates of weight loss of the PANI–

PMMA nanocomposites (Fig. 7, curves Ba, Bb, Bc,
and Bd) were much slower than that of the corre-
sponding pristine PANI, the results reveal that the
inlaid PMMA nanocomposite retarded the thermal
decomposition of the polymer chain of PANI in the
entire temperature range (100–570�C).

CONCLUSIONS

In this study, anionic (SDS), nonionic (NPE), and cat-
ionic (CTAB) micelles were used as polymerization
media to produce PANI nanoparticles. The use of
surfactants as templates in the synthesis of conduct-
ing PANI may offer new possibilities for the fabrica-
tion of PANIs with different morphologies, thermal
stabilities, and conductivities. PANI–PMMA nano-
structure composites were synthesized in situ. We
found that the nanocomposites had a good thermal
stability and higher electrical conductivity than the
pristine polymer.
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