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ABSTRACT: The N-substituted polyaniline (PANi) was
synthesized by incorporation of bromine-terminated poly-
styrene (PS-Br) onto the emeraldine form of polyaniline.
End brominated polystyrene was synthesized by atom
transfer radical polymerization (ATRP) technique and then
deprotonated polyaniline was reacted with PS-Br to pre-
pare PS-grafted PANi (PS-g-PANi) copolymer through N-
grafting reaction. The degree of N-grafting can be con-
trolled by adjusting the molar feed ratio of PS-Br to the
number of repeat units of PANi. The microstructure and
compositions of the PS-g-PANi copolymers with different
degrees of N-substitution were characterized by FT-IR, ele-

mental analysis, differential scanning calorimetry (DSC),
and scanning electron microscopy (SEM). The cyclicvol-
tammetry shows that the electroactivity of N-substituted
PANi is strongly dependent on the degree of N-grafting.
The solubility of PS-g-PANi copolymers in common or-
ganic solvents such as tetrahydrofuran and chloroform
was improved by increasing the degree of N-grafting, and
also the samples are partially soluble in xylene. � 2007
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INTRODUCTION

Polyaniline has been the subject of considerable sci-
entific inquiry because of its unique electrical behav-
ior, its potential as an environmentally stable con-
ducting polymer1 and wide applications in different
fields, such as microelectronics,2,3 sensors,4,5 electro-
des,6,7 corrosion protection,8,9 and release devi-
ces.10,11 Polyaniline is inherently brittle and poor in
processability due to its insolubility in common or-
ganic solvents. Its poor solubility has limited the
industrial applications of polyaniline (PANi).12,13 To
improve its processability, various procedures have
been adapted. For example, self doped PANi with
sulfonic acid groups substituted onto the poly-
mer14,15 have been synthesized. Several ring- and
N-substituted PANi, soluble in common organic sol-
vents, have been prepared directly from polymeriza-
tion of the corresponding aniline monomers.16–18 The
incorporation of the side groups into polyaniline has
enhanced its solubility and processability and
changed its properties.19,20 Hosseini was reported
the growing of aniline onto functionalized polysty-
rene.21 Another approach toward soluble polyaniline
is copolymerization of aniline with a suitable substi-
tuted aniline to produce copolymers. The obtained

copolymers have improved in solubility.22 To im-
prove melt and solution processability, the majority
of polyaniline modifications to date have been made
by the incorporation of substituents on the polymer
backbone.13 Flexible alkyl chains,23 poly(ethylengly-
col) chain,24 and polyether chain25 have been incor-
porated onto PANi through N-alkylation method. In
this article, a new N-substituted PANi is synthesized
by insertion of bromine-terminated polystyrene (PS-
Br) onto the polyaniline backbone. Polystyrene is
gaining wide recognition as it possesses many
unique properties, such as solubility in organic sol-
vents and good mechanical properties. Thus, incor-
poration of polystyrene into polyaniline may endow
the resulted copolymer with new and interesting
properties. For instances, the process may enhance
the solubility and the processability of polyaniline.
PS-Br was synthesized via atom transfer radical po-
lymerization (ATRP) technique.26–29

EXPERIMENTAL

Materials

Aniline from Merck was distilled twice under a
reduced pressure before use. Styrene from Tabriz pe-
trochemical company was distilled under a reduced
pressure. Ammonium persulfate (Merck) was recrys-
tallized at room temperature from EtOH/water. 2.20-
bipyridine (Merck) was used as received. Copper (I)
chloride (Merck) was purified by stirring in glacial
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acetic acid, then washing with methanol, and finally
drying under reduced pressure. Butyllithium (BuLi)
was purchased from Merck and titrated with diphe-
nylacetic acid before use. Benzylbromide (Merck)
was purified by distillation under vacuum. Dime-
thylsulfoxide (Fluka) was totally dried and then dis-
tilled under reduced pressure. Freshly tetrahydrofu-
ran was dried and distilled under argon atmosphere.

Preparation of polyaniline

Polyaniline was synthesized by oxidative polymer-
ization of aniline according to the method reported
in the literature.1 Thus, 0.1 mol of aniline was dis-
solved in 123 mL of 1.7M HCl. The solution was
kept at 08C under an argon atmosphere. A prechilled
solution of 0.1 mol of ammonium persulfate in 134 mL
of 1.7M HCl was added slowly with vigorous stir-
ring. The reaction mixture was agitated continuously
for another 5 h. The precipitate was subsequently fil-
tered, washed several times with methanol, and
finally a colorless filtrate was obtained. The collected
green-black polyaniline salts were added into ammo-
nia solution (1.7M) and stirred for 2 h. The undoped
polyaniline was filtered and washed several times
with water. The resulted powder was dried at 508C
under reduced pressure.

Synthesis of PS-Br via ATRP

Styrene (10.4 g, 100 mmol, 100 equiv), benzyl bro-
mide (1 mmol, 1 equiv) (initiator), bipyridine (0.468
g, 3 mmol, 3 equiv) (ligand), CuCl (0.0995 g, 1
mmol, 1 equiv) (catalyst) were added into a glass
tube. The mixture in the tube was degassed by
freeze–pump–thaw cycles for five times to remove
the oxygen. Then the tube was sealed under vacuum
and shacked in the oil bath at (90 6 1)8C. After a
predetermined polymerization time, the tube was
opened and the mixture was poured in a suitable
nonsolvent (methanol) to precipitate the polymer.
The resulted polymer was dissolved in acetone com-
pletely and then filtered to remove the insoluble
salts and most of the bipyridine. The filtered poly-
mer solution was poured into methanol to precipi-
tate the polymer. After repeating the dissolution and
precipitation process another two times to remove
the catalyst, the polymer dried under reduced pres-
sure at 508C.30,31

Preparation of graft copolymer

The reaction flask was dried and kept under an inert
atmosphere throughout the reactions by a constant
flow of argon. The emeraldine base form of polyani-
line (0.1 g) was dissolved in 40-mL DMSO. The solu-

tion was cooled to 08C and predetermined amount
of BuLi was added with stirring. The color of the so-
lution changed from dark blue to green-black. In
other dried flask, PS-Br was dissolved in 10 mL of
tetrahydrofuran (THF) under argon atmosphere.
This solution was added to the reaction mixture. The
reaction was stirred under argon atmosphere at 608C
for 24 h. The color of the solution turned blue gradu-
ally. The amount of PS-Br added dictated the result-
ing copolymer composition. The reaction mixture
was poured into methanol to precipitate the copoly-
mer. The precipitate was filtered, added to cyclohex-
ane, and refluxed to remove the residual amount of
unreacted PS-Br. Low and moderate PS grafted
copolymers were insoluble in hot cyclohexane, high
PS grafted copolymer is partially soluble in hot
cyclohexane, while unreacted PS-Br is completely
soluble in hot cyclohexane.

Characterization

FT-IR spectra were recorded using Shimadzu FT-IR-
8101 M. The samples were prepared in the pellet
form using spectroscopic grade KBr powder. The
contents of C, H, and N in the samples were deter-
mined by elemental analysis using Heareus CHN-
ORAPID instrument. C/N ratios indicated the
degree of N-grafting. Morphological studies were
performed with the help of LEO 440 i scanning elec-
tron microscope. Differential scanning calorimetry
(DSC) analysis was performed on a Mettler 4000 TA
thermal analytical system up to 4008C at a heating
rate of 108C/min. Molecular weight of PS-Br deter-
mined by gel permeation chromatography (GPC)
with a maxima 820 GPC analysis instrument using
polystyrene (106, 105, 104 Å) calibration standards
with a THF mobile phase. Cast films were prepared,
using solutions containing 4–5 mg of copolymer
powder in 2 mL of tetrahydrofuran, which evaporate
easily, allowing the formation of a thin copolymer
film onto a glass carbon (GC) electrode for electro-
chemical studies.

RESULT AND DISCUSSION

ATRP is one of the living polymerization methods
which allows for the controlled polymerization of
many vinyl monomers, such as styrene and acryloni-
trile by a radical approach.32 Inherent in the mecha-
nism of ATRP is the incorporation of the halogen at
the chain ends. Halogen ATRP of styrene in bulk
have been proceeded with various types of alkyl hal-
ides as initiators and CuX (X¼¼Cl, Br)/2, 20- bipyri-
dine complex as catalyst.33,34 The molecular weight
of PS-Br was determined by GPC. Mn 5 4560; (Mw

5 6360; polydispersity 5 1.39).
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At the next step, reaction of EM-PANi with BuLi
caused partial deprotonation of NH groups, and
subsequent treatment with PS-Br provided graft
copolymers. The degree of N-grafting can be con-
trolled by adjusting the molar ratio of BuLi and PS-
Br to the number of repeat units of PANi. Synthetic
route of N-grafted polyaniline is shown in Scheme 1.

The elemental analysis was carried out to know
about the composition of the copolymers with vari-
ous elements such as C, H, and N present in the
polymer matrix. Table I shows the compositions of
the PS-g-PANi samples prepared under different
feed ratios of BuLi and PS-Br to aniline in EM. The
higher values of %C and %H in PS-PANi samples
are obviously due to the presence of the PS chains
on the nitrogen atoms. As shown in Table I, the
degree of N-grafting reasonably increased with
increase in the amount of BuLi and PS-Br, however,
it was somewhat lower than the value calculated
from the amount of BuLi per the NH group, which
may arise from incomplete deprotonation of NH
groups by BuLi35 or incomplete reaction of PS-Br
with nitrogens of PANi having negative charge, per-
haps due to the effect of steric hindrance on grafting.
Figure 1 shows the FT-IR spectra of the PANi and
graft copolymers. In PS-g-PANi samples, the charac-

teristic absorption band of polyaniline, namely, the C¼¼
N in the quinoidal units which appears at 1585 cm21,
the benzenoid stretches at 1490 cm21, the N��H
stretches at 3270 cm21, and the aromatic C��H
stretches at 3020 cm21 were observed.36 The
Caromatic��N stretching band of an aromatic amine
appears at 1300 cm21.19 The absorption peak at
1157 cm21 is characteristic of electron-like absorption
of the N¼¼Q¼¼N vibration (where Q denotes the qui-
noid ring).37 The presence of the absorption peak at
1223 cm21 attributed to the aliphatic C��N stretch-
ing suggests that the polystyrene chains are linked
on the nitrogens of polyaniline, while neither the
position nor the intensity of the aromatic C��N
stretching band at 1300 cm21 changes after graft-
ing.38 The absorption band at 827 cm21, characteris-
tic of the out-of-plane bending vibration of the 1, 4-
disubstituted benzene ring, together with the ab-
sence of a splitting of this peak into two peaks at
820 and 870 cm21, indicates that no ring substitution
occurred in the grafting reaction.19,39 Polystyrene has
characteristic peaks at 2919 and 2852 cm21, attrib-
uted to aliphatic C��H stretchings, and 758 and 697
cm21 corresponded to out-of-plane hydrogen defor-
mation that indicate the existence of the polystyrene
chains in our samples.40 The solubilities of the N-
grafted copolymers in common organic solvents are
shown in Table II. Polystyrene has excellent solubil-
ity in nonpolar solvents. Because of incorporation of
polystyrene to the polyaniline backbone, solubility of
PS-g-PANi samples are increased in the low boiling
point solvents such as THF, CH2Cl2, and CHCl3.
Also PS-g-PANi samples are partially soluble in xy-
lene, whereas polyaniline is not. The concentration
used in the solubility tests was 10 mg of copolymers
in 1 mL of solvents (10%). The increase in solubility
can be attributed to the lowering in polarity and
stiffness of the polymer chains by an incorporation
of the polystyrene chains. But highly polar solvents
such as N-methyl 2-pyrrolidone (NMP) and DMSO,
which are good solvents for PANi, are no longer
good solvents for these N-grafted polyanilines,
resulting from the lack of amine hydrogen in the N-
grafted polyanilines to provide hydrogen bonding

Scheme 1 Synthetic route of N-grafted polyaniline.

TABLE I
Compositions of the PS-g-PANi Copolymers

Polymers

Feed amounta Compositionsb

Degree of N-graftingBuLi PS-Br C% H% N%

Polyaniline – – 76.1 4.6 14.2 –
PS-g-PANi no. 1 0.2 0.07 80.4 6.0 8.3 0.03
PS-g-PANi no. 2 0.4 0.14 81.9 6.1 6.3 0.05
PS-g-PANi no. 3 0.6 0.21 83.0 6.5 5.2 0.07

a Molar ratio of BuLi and PS-Br per the polyaniline unit.
b Determined by elemental analysis.
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interaction with and solvation by the solvents.41 Fig-
ure 2 shows the DSC thermogram of PS-g-PANi
copolymers. Curve a in Figure 2 shows the thermo-
gram obtained in the case of low PS grafted copoly-
mer (sample 1). The endothermic peaks seen at 69
and 1178C in this curve have been attributed to the
evaporation of any residual water and solvent. A

strong exothermic peak appears at 3058C that indi-
cates the degradation of this copolymer. Curve b is
the thermogram observed in the case of moderate PS
grafted copolymer (sample 2). Two endothermic
peaks appear at 74 and 1168C attributed to the evap-
oration of water and solvent molecules present in
the polymer matrix. The exothermic peak at 3018C is
due to degradation of this copolymer. The transition
observed at 1768C can be designed as the glass tran-
sition temperature. Curve c shows the thermogram
of high PS grafted copolymer (sample 3). This curve
exhibits an endothermic peak at 798C corresponding
to evaporation of eventual water and an exothermic
peak at 2928C corresponding to the degradation of
copolymer. The transition appears at 1968C can be
attributed to the glass transition of this sample. We
notice that the exothermic peak in all curves appears
at lower temperatures with the increasing of polysty-
rene concentration in the copolymer. Polystyrene
chains bonded to the backbone of PANi lead to
more flexibility in copolymer structure and cause to
the degradation at lower temperatures. The thermo-
gram also confirms the absence of any melting (Tm)
for all of the samples.

Scanning electron microscopy (SEM) is used to
characterize the morphology of PS-g-PANi samples.
As shown in Figure 3, SEM reveals some variations
in the morphological structure of polyaniline and
PS-g-PANi samples. Polyaniline exhibits a sponge-
like structure with small particle size, whereas in
grafted samples, particles become larger that lead to
the compressed structures. This variation can be
explained by grafting of polystyrene chains onto the
nitrogen atoms of polyaniline backbone, which
results in bulky structures in obtained copolymers.
The degree of N-grafting was found to affect the PS-
g-PANi morphology. The increase in mole ratio of
polystyrene in grafting process, leads to more com-
pressed structures. As shown in Figure 3(a–c), the
structure of the samples with moderate mole ratio of
polystyrene [Fig. 3(c)] is more compressed than the
sample with lower values of polystyrene [Fig. 3(b)].
Figure 4(a,b) show voltammograms of two samples
of PS-g-PANi copolymers with low and high PS
grafting. The polymer films were prepared on GC

TABLE II
Solubilities of the PS-g-PANi Samples in Common Organic Solvents

Polymers NMP DMSO THF CHCl3 CH2Cl2 Cyclohexane Xylene

Polyaniline 11 11 1 1 2 2 2
PS-g-PANi no. 1 11 11 1 1 1 2 2
PS-g-PANi no. 2 1 1 11 1 1 1 1
PS-g-PANi no. 3 1 1 11 11 11 11 11

11, soluble; 1, partially soluble; 2, insoluble.
The concentration used in the solubility test was 10 mg of each copolymer in 1 mL of solvents.

Figure 1 FT-IR spectra of the PANi and graft copolymers
(a) Polyaniline (b) Low PS grafted PANi (PS-g-PANi no. 1)
(c) Moderate PS grafted PANi (PS-g-PANi no. 2) (d) High
PS grafted PANi (PS-g-PANi no. 3).
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electrode by casting. Cyclic voltammetry curves of
PS-g-PANi samples recorded at different scan rates
between 20.6 and 1.0 V vs. SCE in 0.5M camphor-
sulfonic acid show that they are electroactive poly-
mers. As shown in Figure 4(a,b), cyclic voltammo-
grams of PS-g-PANi copolymers exhibit some quali-
tative similarities with those of unsubstituted poly-
aniline. At a low scan rate (25 m V/s), the copolymer
films show two oxidation peaks and two reduction
peaks corresponding to the Epa and Epc values. The
peaks are ascribed to polaronic and bipolaronic tran-
sitions for the first and second peaks, respec-
tively.42,43 As show in Figure 4(b), with the increas-
ing of polystyrene percentage in copolymer composi-
tion, the voltammogram of copolymer exhibits only
one peak at high scan rates. It can be explained by
decreasing in electroactivity of obtained copolymer
with high polystyrene grafting that caused to the
resistance of this copolymer to oxidation. Figure 4(c)
shows a linear relationship between the current and
scan rate, indicating that adsorption-limited pro-
cess.44 Also these figures show the dependence of
the electroactivity of the PS-g-PANi copolymers as a
function of the concentration of polystyrene in the
graft copolymer. The electroactivity of the copoly-
mers exhibit a decrease with the increase in value of
polystyrene in the copolymer. The sample with
higher degree of N-grafting (sample 3) shows lower
electroactivity.

Figure 3 SEM of PS-g-PANi samples (a) Polyaniline (b)
Low PS grafted PANi (PS-g-PANi no. 1) (c) Moderate PS
grafted PANi (PS-g-PANi no. 2).

Figure 2 DCS thermograms of prepared copolymers (a)
Low PS grafted PANi (PS-g-PANi no. 1) (b) Moderate PS
grafted PANi (PS-g-PANi no. 2) (c) High PS grafted PANi
(PS-g-PANi no. 3).
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CONCLUSION

The reaction of polyaniline in the emeraldine state
with PS-Br was investigated in this work. PS-Br was
prepared by ATRP method. The substitution of the
amine nitrogen of the polyaniline units results in the
formation of negatively charged nitrogen by treat-
ment of EM base with BuLi and subsequent incorpo-
ration of PS-Br chains onto polyaniline backbone.
The properties of resulted copolymers are attributed
to the degree of N-grafting. The PS-g-PANi copoly-
mers exhibited enhanced solubility in common or-
ganic solvents (such as tetrahydrofuran, chloroform,
cyclohexane, and xylene). With the increase in the
degree of N-grafting, the electroactivity of copolymer
is decreased. Investigation of thermal behavior of
copolymers shows the increased flexibility due to
the substitution.
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