Synthesis and Characterization of a Terpolymer Derived
from Styrene, Methyl Styrene, and Polyaniline and Its

Organoclay Nanocomposite

Mojtaba Abbasian," Mehdi Jaymand,' Solmaz Esmaeily Shoja Bonab®

lLabomtory of Chemistry Research, Faculty of Science, Payame Noor University, Tabriz, Iran
“Laboratory of Materials, Faculty of Engineering, Islamic Azad University, Bonab branch, Bonab, Iran

Received 4 February 2010; accepted 27 July 2011
DOI 10.1002/app.35391

Published online 28 December 2011 in Wiley Online Library (wileyonlinelibrary.com).

ABSTRACT: A synthetic route for the preparation of a
novel solution terpolymer derived from styrene, methyl sty-
rene, and polyaniline (PANI) and its organoclay nanocom-
posite with conductive and mechanical properties is
demonstrated. Soluble PANI was synthesized by the incor-
poration of brominated poly(styrene-co-methyl styrene) onto
the emeraldine form of PANI. Styrene-co-methyl styrene
copolymer was synthesized via nitroxide-mediated living
radical polymerization by 2,2,6,6-tetramethylpiperidinyloxy
iniferter and then was brominated with N-bromosuccini-
mide. The solution terpolymer derived from styrene, methyl
styrene, and PANI was synthesized through the N-grafting
reaction of deprotonated PANI and brominated terpolymer.
Nanocomposites of the terpolymer with modified montmo-

rillonite were prepared with a solution intercalation
method. The conductivity of the terpolymer was measured
by the four-point probe method. The structures of the inter-
mediate, terpolymer, and nanocomposite were investigated
by Fourier transform infrared spectroscopy, '"H-NMR, and X-
ray diffraction techniques. The molecular weight of the ter-
polymer was determined by gel permeation chromatography.
Their thermal behavior was examined by differential scan-
ning calorimetry and thermogravimetric analyses. © 2011
Wiley Periodicals, Inc. ] Appl Polym Sci 125: E131-E140, 2012
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INTRODUCTION

Polyaniline (PANI) has received extensive attention
in recent years because of its good electrical conduc-
tivity, stability under ambient conditions, and con-
trollability of its electronic and optical properties
through variation of the degree of oxidation and
protonation.’ It has been used in applications such
as organic, lightweight batteries,”> microelectronics,’
electrorheological fluids," and chemical sensors.”®
However, like many other conducting polymers,
unsubstituted PANI is intractable and suffers from
poor processability, mainly because of its rigid and
highly conjugated backbone. Several methods have
been adopted to overcome their poor processability.
For example, self-doped PANI with sulfonic acid
groups substituted onto the polymer were synthesized.”
Several ring- and N-substituted PANIs, soluble in com-
mon organic solvents, were prepared directly from the
polymerization of the corresponding aniline mono-
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mers.® The incorporation of side groups into PANI
enhanced its solubility and processability and changed
its properties.” Hosseini'® reported the growing of ani-
line onto functionalized polystyrene (PSt). Another
approach toward soluble PANI was the copolymeriza-
tion of aniline with suitable substituted aniline to pro-
duce copolymers. The obtained copolymers had
improved in solubility."! To improve the melt and solu-
tion processability, the majority of PANI modifications
to date have been made by the incorporation of sub-
stituents on the polymer backbone.'” Flexible alkyl
chains,”® poly(ethylene glycol) chain,'* and polyether
chain'® have been incorporated onto PANI through the
N-alkylation method. Furthermore, when PANI has
been compounded with inorganic nanoparticles, the
PANI composites have usually exhibited more special
properties than pure PANL'® For example, PANI/
Fe;04 nanocomposites were more promising electro-
magnetic wave absorbers than pure PANI and pure
Fe;0, particles.”” PANI with the addition of MnO, and
ZrO, nanoparticles could change to be water-dispersi-
ble."® Also, PANI/TiO, nanocomposites'® had high pie-
zoresistivity, and PANI that was inserted between sili-
cate layers could be easily oxidized and polymerization
initiated in an electronic field because the presence of
the negatively charged silicate layers stabilized the radi-
cal cation and promoted the polymerization.”*
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In this article, a new N-substituted PANI was syn-
thesized by the insertion of a bromine-dangled (sty-
rene-methyl styrene) copolymer onto the PANI
backbone. PSt derivatives are gaining wide recogni-
tion, as they possess many unique properties, such
as solubility in organic solvents and good mechani-
cal properties. Thus, the incorporation of PSt deriva-
tives into PANI may endow the resulting copolymer
with new and interesting properties. For instances,
the process may enhance the solubility and process-
ability of PANI. Styrene-co-methyl styrene copoly-
mer was synthesized via a nitroxide-mediated living
radical polymerization (NMRP) technique by 2,2,6,6-
tetramethylpiperidinyloxy (TEMPO). The nitroxide-
mediated polymerization method is a controlled
free-radical methodology, which allows the synthesis
of star and graft copolymers with controlled molecu-
lar weights under mild conditions. This polymeriza-
tion method is based on the use of a traditional radi-
cal initiator (e.g., benzoyl peroxide) in the presence
of a stable nitroxide radical (e.g., TEMPO).***°

In this work, the terpolymer poly(styrene-co-methyl
styrene) [poly(St-co-MSt)]-grafted-PANI was synthe-
sized by the incorporation of brominated poly(sty-
rene-co-methyl styrene) [poly(St-co-MSt)-Br] onto the
emeraldine form of PANI. The styrene-co-methyl sty-
rene copolymer was synthesized via an NMRP tech-
nique under an argon atmosphere and then bromi-
nated with N-bromosuccinimide (NBS) (Darmstadt,
Germany) to obtain copolymers with bromine. The
solution terpolymer, derived from styrene, methyl
styrene, and PANI, was synthesized through the N-
grafting reaction of deprotonated PANI and bromi-
nated terpolymer. Finally, the synthesis of the nano-
composite was carried out by a solution intercalation
method in carbon tetrachloride (CCly) as a solvent.

EXPERIMENTAL
Materials

Styrene and p-methyl styrene (Darmstadt, Germany)
were distilled under reduced pressure before use. NBS
(Merck) was purified by recrystallization in water at
70°C. 2,2'-Azobis(isobutyronitrile) (AIBN; Aldrich) was
recrystallized in ethanol at 50°C before use. TEMPO
was prepared by the method reported by our research
group previously.®® Aniline (Merck) was dried with
NaOH and fractionally distilled under reduced pres-
sure from NaH or CalH,. Butyl lithium (BuLi) was pur-
chased from Merck and was titrated with diphenylace-
tic acid before use. Ammonium persulfate (Merck) was
recrystallized at high temperatures from EtOH/water.
Hexadecyl trimethyl ammonium chloride salt was pur-
chased from Merck. Sodium montmorillonite (MMT)
was obtained from Southern Clay Products (Modsburg,
Germany) under the trade name Cloisite NaC. MMT
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was reported to have an approximate aspect ratio of
250:1 and was a 2:1 tetrahedral/octahedral aluminum
silicate smectite mineral with an idealized chemical for-
mula of Na0_33[Mg0.33A111_67 814010](OH)2 and a cation-
exchange capacity of 95 mequiv/100 g.

Instrumentation

Fourier transform infrared (FTIR) spectra were
recorded with a Shimadzu FTIR-8101M (Tokyo-Japan).
The samples were prepared by the grinding of the dry
powders with KBr and compression of the mixture to
form disks. The disks were stored in a desiccator to
prevent moisture absorption. "H-NMR spectra were
recorded on a Fourier transform NMR (400-MHz)
Bruker instrument in CDCl;. The conductivity of the
polymers was measured by a four-probe apparatus
made by Azar Electric, Iran. The molecular weight of
the resulting polymer was obtained with a Maxima
820 gel permeation chromatography (GPC) analysis
instrument with a PSt (106, 10°, and 10* A) calibration
standard with a tetrahydrofuran (THF) mobile phase
at a flow rate of 1 mL/min and a column temperature
of 30°C. The measurement of the thermal properties
of the PSt-co-PMSt, (PSt-co-PMSt)-¢g-PANI, and (PSt-
co-PMSt)-g-PANI/O—MMT nanocomposites were
performed with a thermogravimetric analysis (TGA)-
“photoluminescence” spectroscopy instrument (Eng-
land). Samples of about 10 mg were heated from 25 to
600°C at rate of 10°C/min under a nitrogen flow. Dif-
ferential scanning calorimetry (DSC) analyses were
carried out with a Netzsch instrument (Bavarian, Ger-
many). The sample was first heated to 200°C and kept
for 5 min to eliminate the heat history. The sample
was then cooled down at a rate of 10°C/min. The sam-
ple was then reheated to 200°C at a rate of 10°C/min.
The entire test was performed under nitrogen purging
at a rate of 50 mL/min. X-ray diffraction (XRD) spectra
were obtained with a Siemens D 5000 X-ray generator
(Cu Ko radiation with A = 1.5406 A) with a 26 scan
range of 2-80° at room temperature. The dispersion
state and layered structure of MMT were observed
with a VEGA//TESCAN KX5000 scanning electron
microscope (Shanghai, China).

Synthesis of PSt-co-PMSt

Styrene (10 mL) and methyl styrene monomers (50/
50 v/v) and 0.15 g (0.6 mmol) of benzyl peroxide
and 0.14 g (90 mmol/L) of TEMPO were placed in
an ampule degassed with several freeze—-pump-thaw
cycles, sealed off in vacuo, and placed in an oil bath
at 95°C for 4 h. Then, the temperature was increased
to 130°C for another 12 h. Then, the samples were
taken from the oil bath and dipped in liquid nitro-
gen to stop the polymerization. The products were
diluted with THF and precipitated in methanol. This
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Scheme 1 Synthesis of PSt-co-PMSt via NMRP.

product was dried overnight in vacuo at room tem-
perature (Scheme 1).

Synthesis of (PSt-co-PMSt)-Br

A 100-mL, three-necked flask containing 30 mL of
CCly and 0.3 g of poly(St-co-MSt) was equipped with
a mechanical stirrer under an argon atmosphere. In
a separate container, 34 mmol of NBS and 21 mmol
of AIBN were dissolved in 10 mL of dried CCl,.
This mixture was added to the polymer solution
after the mixture was allowed to stir for 2 h at 70°C
under an argon atmosphere. The mixture was cooled
at room temperature, and the brominated copolymer
was recovered by filtration in methanol. This prod-
uct was dried overnight in vacuo.

Yield: 0.35 g (white powder). FTIR (KBr, cm ™ 1): 3075
(aromatic protons of toluene), 1608 (—C—C— aromatic
protons), 1476 (—CHj; of methyl styrene). 'H-NMR
(CDCl5, ppm): 7.55-7.70 (aromatic protons), 4.15-4.25
ppm (—CH,Br protons of methyl styrene; Scheme 2).

Synthesis of PANI

PANI was synthesized by the oxidative polymerization
of aniline according to the method reported in the liter-
ature.”” Thus, 0.1 mol (9.2 mL) of aniline was dissolved
in 100 mL of 1.7 mol/L HCI. The solution was kept at
0°C under an argon atmosphere. A prechilled solution
of 0.1 mol (22.82 g) of APS in 100 mL of 1.7 mol/L HCI

HH HH
H
TEMPO qrh A
0-CO-Ph
X y
O G @ NBS, AIBN
cel,
CH,

was added slowly with vigorous stirring. The reaction
mixture was agitated continuously for another 5 h. The
precipitate was subsequently filtered and washed sev-
eral times with methanol, and finally, a colorless filtrate
was obtained [yield = 835 g (92%)]. The collected
green-black PANI salts were added to an ammonia so-
lution (1.7 mol/L) and stirred for 3 h. The undoped
PANI was filtered and washed several times with
water. The resulting powder was dried at 50°C under
reduced pressure (Scheme 3).

Preparation of (PSt-co-PMSt)-g-PANI

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 PANI (0.5
g) was dissolved in 50 mL (THF). The solution was
cooled to 0°C, and a predetermined amount of BuLi
(1 mol) was added with stirring. The color of the solu-
tion changed from dark blue to green-black. In
another dried flask, 1.5 g of (PSt-co-PMSt)-Br (1.5 g)
was dissolved in 20 mL of THF under an argon
atmosphere. This solution was added to the reaction
mixture. The reaction was stirred under an argon
atmosphere at 60°C for 24 h. The color of the solution
turned blue gradually. The reaction mixture was
poured into methanol to precipitate the terpolymer.
The precipitate was filtered, added to toluene, and
stirred at 30°C for remove the residual amount of
unreacted PANI. The polymer solution was filtered

HH HH
TEMPO Br M8 X
0.CO-Ph
X
CH,Br

Scheme 2 Synthesis of (PSt-co-PMSt)-Br.
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Scheme 3 Synthesis of PANL

in methanol. This product was dried overnight in
vacuo. The copolymer was partially soluble in hot
cyclohexane, whereas unreacted PSt-co-PMSt was
completely soluble in hot cyclohexane. In the reaction
between (PSt-co-PMSt)-Br and polyalanine, when
crosslinking reactions took place; the copolymer had
to be insoluble in all solvents, whereas the terpolymer
could be dissolved in powerful organic solvents, such
as dimethylformamide and THF (Scheme 4).

Surface modification of MMT

Organophilic montmorillonite (OMMT) was obtained
after treatment with a hexadecyl trimethyl ammonium
chloride salt ion-exchange process. MMT was first dis-
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persed in deionized water under ultrasound for 1 h. The
modifier was prepared in deionized water separately
and was added to the clay dispersion at an amount a lit-
tle higher than the cation-exchange capacity of MMT.
The resulting suspension was intensively stirred for 10 h
and then filtered with deionized water three times. The
final product was dried in vacuo at room temperature
for 48 h, after which it was ground into powder.

Preparation of the (PSt-co-PMSt)-g-PANI/OMMT
nanocomposites

The organoclay MMT (0.1 g, 3 wt %) was dispersed
in 30 mL of carbon tetrachloride for 30 min under
ultrasound, after which 2 g of (PSt-co-PMSt)-g-PANI
was dissolved in 50 mL of carbon tetrachloride.
Then, the clay suspension was slowly added to the
polymeric solution with constant stirring for 6 h,
after which the mixture was poured into 300 mL of
methanol for rapid precipitation. The precipitate was
filtered and dried at 50°C in vacuo for 2 days.

RESULTS AND DISCUSSION
Synthesis of PSt-co-PMSt by living polymerization

Living polymerization is characterized by a linear
increase of the molecular weight with conversion

g _ i
<=
N

. KO-~~~

THF
60Ci24h

Scheme 4 Preparation of (PSt-co-PMSt)-g-PANI.
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Figure 1 GPC chromatograms of poly(St-co-MSt).

and reaction time, and a narrow molecular weight dis-
tribution is evidenced by a polydispersity index [PDI
= weight-average molecular weight (M,,)/number-
average molecular weight (M,)] approaching 1.2
Figure 1 represents the GPC chromatograms of the PSt
and poly(methyl styrene) (PMSt) copolymer, whose
molecular weight distribution by GPC was 1.13. Single
GPC curves of the homopolymer clearly indicated that
it was the copolymer; if so, the GPC curve should have
appeared as two peaks, one for the PSt homopolymer
and the other for the PMSt homopolymer.

The monomer conversion was obtained indirectly
from the mass of polymer formed. The plot of
In(Molecular weight of the poly (styrene-methyl sty-
rene) in the time of 12 (h), [M]o/Molecular weight of
the poly (styrene-methyl styrene) in the time of 15
(h) and 18 (h), [M]) versus time was a straight line
passing through the origin; this indicated that the
polymerization was first order with respect to mono-
mer concentration, along with a constant number of
the growing species; this suggested a controlled
NMRP. The results are summarized in Table 1.

The GPC trace of the poly(St-co-MSt) and poly(St-
co-MSt)-Br (M,, = 37567, M,, = 45456, PDI = 1.21)
was unimodal and showed no tailing or broadening
of the molecular-weight distribution; this confirmed
that no crosslinking or chain scission occurred dur-
ing the bromination procedures.

Figure 2 shows the FTIR spectra of the poly(St-co-
MSt) and brominated copolymer. The FTIR spectra
of PSt-co-PMSt showed the characteristic absorption
bands due to stretching vibration of C—H (3100-
2850 cmfl), weak aromatic overtone and combina-

TABLE 1
Molecular Weight of the Poly(styrene-methyl styrene)
Copolymer at Various Times

Entry Time (h) M, M, My/M,
1 12 37005 41823 1.13
2 15 39863 48235 1.21
3 18 44977 54873 1.22
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Figure 2 FTIR spectra of (a) PSt-co-PMSt and (b) (PSt-co-
PMSt)-Br.

tion bands in the 2100-1670-cm™' region, C=C
stretching vibrations (1606 and 1485 cmfl), CH,
bending vibrations (1445 and 1372 cm '), CH,—Br
bending vibrations (1170 cm '), and y(C—H) in the
aromatic ring (768 and 709 cm ). Figure 2(b) exhib-
its an additional absorption band at 557 cmfl, which
was attributed to the C—Br group.

"H-NMR spectra of the copolymer PSt-co-PMSt
and brominated copolymer (PSt-co-PMSt)-Br are

%ci rs TE} ¢ e

ppnm 12 10 B

,CH‘

Cry 6?343

A
N

Figure 3 'H-NMR spectra of (a) PSt-co-PMSt and (b)
(PSt-co-PMSt)-Br.

ppm 12 10 8
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TABLE II
Compositions of the (PSt-co-PMSt)-g-PANI Copolymers
Composition
Polymer C% H% N%
PANI 76.1 4.6 14.2
(PSt-co-PMSt)-g-PANI 78.1 6.79 10.01

Degree of grafting = 2.5%

shown in Figure 3. The "H-NMR spectra of the copol-
ymer PSt-co-PMSt showed the resonances at about
2.28,1.86, and 1.43 ppm assigned to the CH; CH, and
CH,, units in the copolymer, respectively, and the res-
onance at about 6.13 to 7.38 ppm was assigned to aro-
matic protons [Fig. 3(a)]. After bromination, the 'H-
NMR spectra showed a resonance at about 4.14-4.57
ppm, which was assigned to the CH,—Br and CH—Br
groups in the brominated copolymer [Fig. 3(b)].

To calculate the extent of bromination for PSt-co-
PMSt of a particular extent of bromination, the
following method was adopted. (PSt-co-PMSt),,,—[ (PSt-
co-PMSt)-Br],, represents the brominated PSt-methyl
styrene copolymer. The molar percentage of bromina-
tion is given by n/(m + n) x 100. The area under the
aliphatic region is given by 9m + 6n, and the area
under the aromatic region is given by 9m + 9n. In
Figure 3, the solution of the simultaneous equation
with the integrated areas, it can be seen that 9m +
6n = 145.73 and 9n + 9m = 154.1, and therefore. n =
2.79 and m = 14.33. Therefore, the extent of bromination
was 2.79/(2.79 + 14.33) x 100 = 16.29% (Scheme 2).

The elemental analysis was carried out to deter-
mine the composition of the copolymers with vari-
ous elements, such as C, H, and N, present in the
polymer matrix. Table II shows the compositions of
the poly(St-co-MSt)-g-PANIL As shown in Table II,
the degree of grafting was 2.5%.

(2)

3470

1585

1485

Transmitance (%)

000 3300 3000 2500 2000 1500 1000 S0
Wavenumber ( Cm )

Figure 4 FTIR spectra of (a) PANI and (b) (PSt-co-PMSt)-
g-PAN.
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Figure 5 FTIR spectra of the (a) unmodified MMT and
(b) modified MMT.

Figure 4(a,b) shows the FTIR spectra of PANI
[Fig. 4(a)] and (PSt-co-PMSt)-¢g-PANI [Fig. 4(b)]. In
this spectra of PANI, the C=N in the quinoidal
units appeared at 1585 cm ™}, the benzenoid stretch-
ing appeared at 1485 cm ™', and the N—H stretching
appeared at 3470 cm ™.

After the grafting of PANI onto PSt-co-PMSt, the
absorption band of PANI, namely, the C=N in the
quinoidal units, appeared at 1603 cm™', the benze-
noid stretching appeared at 1497 cm ', the N—H
stretching appeared at 3422 cm ™', and the aromatic
C—H stretching appeared at 3023 cm ‘. The
Caromatic—N stretching band of an aromatic amine
appeared at 1310 cm '. The absorption band at
1165 cm ' was characteristic of electron-like absorp-
tion of the N=Q=N vibration (where Q denotes the
quinoid ring).** The presence of the absorption band
at 1270 cm ™', attributed to aliphatic C—N stretching,
suggested that the PSt and PMSt chains were linked
on the nitrogens of PANI, whereas neither the posi-
tion nor the intensity of the aromatic C—N stretching
band at 1311 cm ' changed after grafting.’® The
absorption band at 817 cm ™' was characteristic of the
out-of-plane  bending vibration of the 14-
disubstituted benzene ring. PSt and PMSt had charac-
teristic bands at 2921 and 2853 cm ™", attributed to ali-
phatic C—H stretching, and at 759 and 699 cm ™}, cor-
responding to out-of-plane hydrogen deformation,
which indicated the existence of the PSt and PMSt
chains in our samples.”’

Conductivity measurement

Conductivity measurements were carried out by a
four-point probe method. The blends of PANI
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Figure 6 XRD patterns of the (a) parent MMT and (b)
organomodified MMT.

nanocomposites were compacted into pellets for
measurements. The reported conductivity values
were the averages of four pairs of readings at differ-
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Figure 7 FTIR spectra of (a) PANI and (b) (PSt-co-PMSt)-
g-PANI/OMMT nanocomposite.
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Figure 8 XRD patterns of (PSt-co-PMSt)-g-PANI/OMMT
nanocomposite.

ent parts on both sides of the pellets. All measure-
ments were done in air at room temperature and
converted to conductivity by the following equation:

p=1/6=V/Ion/In2

where p is the resistivity (Q cm), & is the conductiv-
ity (s/cm), V is the potential difference (mV), I is the
applied constant current (mA), and o is the thick-
ness (cm).

The conductivity of the nanocomposite was low
compared to that of PANIL The main reason seemed
to be stereochemical differences between these two
conducting polymers. Oxidized PANI had an almost
planar structure with a low ionization potential
due to strong delocalization of the electrons. The
conductivity values of the pure PANI and terpoly-
mer [(PSt-co-PMSt)-g-PANI] were 1.25 and 0.17 S
cm ™, respectively.

Figure 5(a,b) shows the FTIR spectra of the
unmodified MMT and modified MMT. In the spec-
tra of both the modified and unmodified clays, the
intense band at 1045 cm ™' and the two bands at 467
and 525 cm ™' were assigned to Si—O band stretch-
ing and Si—O band bending, respectively. Unreacted
hexadecyl trimethyl ammonium chloride showed
characteristic bands at 1637 cm ™!, which was attrib-
uted to ammonium groups. The band around 3630
cm ! was due to the stretching of —Si—OH groups
in the clay. The FTIR spectra of the modified clay
exhibited an absorption band at 1467 cm —1 attrib-
uted to C—H bending bands. In addition, the inter-
calation of the modifier instead of sodium ions was
confirmed by the C—H stretching vibration at 2855
and 2925 cm ™.

Figure 6(a,b) shows the XRD patterns of the par-
ent MMT and the organomodified MMT. An
increase of the basal spacing (dgo;) of the modified
clay was observed after the insertion of the surfac-
tant. More specifically, the pristine MMT showed a

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 9 SEM images for the (PSt-co-PMSt)-g-PANI/OMMT nanocomposite.

doo1-spacing of 12.6 A; this corresponded to an inter-
layer spacing (D) of 12.6 — 9.6 = 3 A, where 9.6 A is
the thickness of the individual clay sheet. In the case
of the organoclay, the basal spacing (dy;) became
1838 A with a corresponding interlayer spacing of
D = 8.66 A.

Characterization of the nanocomposites

Figure 7 shows the FTIR spectra of the PANI [Fig.
7(a)] and (PSt-co-PMSt)-g-PANI/OMMT nanocompo-
site [Fig. 7(b)]. Apparently, the FTIR spectrum of the
nanocomposite showed a combination of organomo-
dified MMT and terpolymer. The band around 3630
cm ™! was due to the stretching of —Si—OH groups
in the clay. Other additional bands observed in the
spectrum of the (PSt-co-PMSt)-g-PANI/OMMT nano-
composite arose from terpolymer stretching or bend-
ing bands. FTIR spectrum assignments verified that

———
S50 nm

Figure 10 Transmission electron microscopy images for
the (PSt-co-PMSt)-g-PANI/OMMT nanocomposite.

Journal of Applied Polymer Science DOI 10.1002/app

the OMMT layers were doped into the polymer

matrix during the solution intercalation and,
thus, formed the (PSt-co-PMSt)-¢-PANI/OMMT
nanocomposite.

XRD provided information on the changes of the
interlayer spacing of the clay upon the formation of
the nanocomposite. The formation of an intercalated
structure should result in a decrease in 20, which
indicates an increase in the d-spacing; the formation
of an exfoliated structure usually results in the com-
plete loss of registry between the clay layers, and no
peak was seen in the XRD trace. In some cases, a
disordered immiscible system was obtained, and
this also showed no peaks, so the absence of an
XRD peak could not be taken as definitive evidence
for the formation of a exfoliated nanocomposite, and
additional evidence, usually transmission electron
microscopy or scanning electron microscopy (SEM)

DSC (mV/mg)
€xo

Tg=103C

50 100 150 200

Temperature (&‘)

250 300

Figure 11 DSC traces of (a) PSt-co-PMSt, (b) neat (PSt-co-
PMSt)-g-PANI, and (c) (PSt-co-PMSt)-g-PANI/OMMT
nanocomposite.
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Figure 12 TGA thermograms of (a) PSt-co-PMSt, (b) (PSt-
co-PMSt)-¢g-PANI, and (c) (PSt-co-PMSt)-g-PANI/OMMT
nanocomposite.

analysis, is required. Figure 8 presents the XRD data for
the (PSt-co-PMSt)-g-PANI/OMMT nanocomposite. The
broad peak with 20 around 22.7° and the peak with 20
around 6.1° were related to the diffraction of amor-
phous PANI. For the nanocomposite, no peaks were
observed related to the organophilic clay nanocompo-
site; this could have meant that either an exfoliated or
an immiscible nanocomposite was formed.

SEM characterization of the nanocomposites

SEM provides an actual image of the morphology of
the nanocomposite. SEM is complementary to XRD,
especially when peaks are not observed in XRD.
Figure 9 shows the SEM images for the (PSt-co-
PMSt)-g-PANI/OMMT nanocomposite, which indi-
cated that clay was well dispersed in the polymeric
matrix and showed the formation of an exfoliated
nanocomposite.

Figure 10 reveals that the nanocomposites were in
a much exfoliated state. The dark lines indicate the
MMT layers with a thickness of about 1 nm. In Fig-
ure 10, nanosized MMT aggregates could be
detected in various degrees; this might have been
due to intercalated or partially exfoliated structures.
This observation was consistent with the XRD
results. If the silicates were dispersed randomly and
homogeneously in the polymer matrix, the interface
area would have been enormous, and pronounced
interaction could be expected.

Glass transition of the (PSt-co-PMSt)-g-PANI/
OMMT nanocomposites

Figure 11(a—c) shows the DSC thermogram of the
PSt-co-PMSt, neat terpolymer, and (PSt-co-PMSt)-g-
PANI/OMMT nanocomposites, respectively. PSt-co-
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PMSt exhibited an endothermic peak at approxi-
mately 80°C; this corresponded to the glass-transi-
tion temperature (Tg). The endothermic peaks seen
at 81°C in Figure 11(b) were attributed to the evapo-
ration of any residual water and solvent. A strong
endothermic peak seen at 103°C, corresponding to
T, and an exothermic peak at 204°C indicated the
degradation of this copolymer. Figure 11(c) exhibits
an exothermic peak at 265°C corresponding to the
degradation of the copolymer. The transition appear-
ing at 189°C could be attributed to the glass transi-
tion of this sample. PSt chains bonded to the back-
bone of PANI led to more flexibility in the
copolymer structure and caused degradation at
lower temperatures. The thermogram also confirmed
the absence of any melting for all of the samples.

Thermal stability of the (PSt-co-PMSt)-g-PANT/
OMMT nanocomposites

The characteristic TGA curves of the PSt-co-PMSt,
terpolymer, and  (PSt-co-PMSt)-g-PANI/OMMT
nanocomposite are shown in Figure 12. The TGA
results indicate an improvement in the thermal sta-
bility for the terpolymer compared to that of the
PSt-co-PMSt copolymer and a higher thermal stabil-
ity for the (PSt-co-PMSt)-g-PANI/OMMT nanocom-
posite (3 wt % OMMT) compared to that of the neat
terpolymer.

The thermal stability and the combustion behavior
of the polymer—clay nanocomposite was affected by
the degradation mechanism of the surfactant mole-
cules. During the thermal treatment of the nanocom-
posite at elevated temperatures, acidic proton sites
were formed via the Hoffman decomposition of the
alkyl ammonium modifier of the clay; this gave a
protonated MMT that could act as a protonic acid
catalyst. Camino et al.** ascribed the lower thermal
stability of an epoxy resin composite, when com-
pared to those of the other filled composites, to the
larger catalytic activity related to the monoalkyl
structure of its organic modifier compared to the
dialkyl to tetraalkyl substitution of the other clays.

CONCLUSIONS

The reaction of PANI in the emeraldine state with
(PSt-co-PMSt)-Br was investigated in this work. PSt-
co-PMSt was prepared by an NMRP method. Then,
NBS was used as a brominating agent to obtain
copolymers with bromine. The solution terpolymer
derived from styrene, methyl styrene, and PANI was
synthesized through an N-grafting reaction of depro-
tonated PANI by BuLi and a brominated terpolymer.
Then, the exfoliated PANI-grafted poly(St-co-MSt) co-
polymer/organomodified MMT  [(PSt-co-PMSt)-g-
PANI/OMMT] nanocomposites were synthesized by

Journal of Applied Polymer Science DOI 10.1002/app
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a solution intercalation method. The investigation of
the thermal behavior of the terpolymers showed the
increased flexibility compared to that of PANI and a
higher thermal stability compared to that of PSt-co-
PMSt because of the substitution. The thermal stabil-
ity and T, of the nanocomposite improved observably
in comparison with those of the pure terpolymer.

The author expresses their gratitude to the "Iran National
Science Foundation" (INSF) and Tabriz Payame Noor Uni-
versity for supporting of this project.
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