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Polyacrylonitrile/Na-MMT nanocomposites were synthesized through an emulsion po-
lymerization of acrylonitrile (AN) using 2-acrylamido-2-methyl-1-propanesulfonic acid
(AMPS). The silicate (Na-MMT) layers were exfoliated during polymerization. The nano-
composites were exfoliated up to 20 wt % content of pristine Na-MMT relative to the amount
of AN and exhibited the enhanced storage modulus, E′, when compared with pure PAN.
Delaminated morphology of the nanocomposite was confirmed by TEM.

Introduction

Organic/inorganic hybrids have mechanical properties
of organic and inorganic materials showing and huge
potential applications in electronics, adhesives, and
automotive fields. Among various composites, engineers
and researchers are focusing on polymer/silicate nano-
composites, expecting high stiffness,2,3 strength, flame-
retarding,4-6 and gas barrier property even with small
amount of silicate. These excellent properties result
from the silicate layers dispersed in continuous poly-
mers matrix. Two types of silicate nanocomposites are
possible: intercalated and delaminated (or exfoliated).
The Toyota group reported that nylon-6/silicate2,3 nano-
composites showed enhanced modulus and strength
without sacrificing other compensating property such
as impact resistance. Since then, for the nanocomposites
many polymers have been prepared: polystyrene,8-10

poly(ethylene oxide),11 polysiloxane,12 poly(n-isopropyl-
acrylamide),13 polycarbonate,14 urethane,15 epoxy,16,17

imide,18 phenol,19 resol,20 polyethylene,21 polypropyl-
ene,22-24 and poly(methyl methacrylate).25-27 But the
research on polymer/silicate nanocomposite with homo-
polymers of polyacrylontrile28-30 has been rare. Poly-
acrylonitrile (PAN)/silicate nanocomposites were syn-
thesized by the in-situ polymerization of acrylonitrile
with a smectite.29 They showed the incomplete delami-
nation of smectite. The polyacrylonitrile/hectorite nano-
composite28 was also prepared by an in-situ hydrother-
mal crystallization method. The SAN (styrene-acrylo-
nitrile copolymer)/montmorillonite nanocomposite was
synthesized by Noh and co-workers,31 and the basal
space between the adjacent silicate layers became wide
due to the intercalation morphology.

Natural silicates1 have strong interaction between
layers due to negative charges and hydrogen bond in
their crystal structures. The basal space of pristine
silicate is about 1 nm, which is smaller than the radius
of gyration of general polymers. So general polymers
may experience difficulties to penetrate into silicate
layers, because of size and hydrophobic character of
polymers. Therefore, organic modifiers are used to
render the silicate layers hydrophobic and facilitate the
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penetration of polymers. But in our previous paper on
the emulsion polymerization for the synthesis of PMMA/
silicate nanocomposites,27 we used water to make the
basal space of silicate layers widen without any chemical
treatment. We will extend this method to PAN and
describe a simple and convenient way to obtain exfoli-
ated PAN/Na-MMT nanocomposites through in-situ
polymerization with 2-acrylamido-2-methyl-1-propane-
sulfonic acid (AMPS).42-44 We will investigate their
morphologies and mechanical properties.

Experimental Section

Materials. Acrylonitrile and 2-acrylamido-2-methyl-1-pro-
panesulfonic acid (AMPS) were purchased from Aldrich and
used as received. Sodium montmorillonite (Na-MMT) used
in this paper was Kunipia-F of Kunimine Co. and had 119
mequiv/100 g of cation exchange capacity. Pristine Na-MMT
was dispersed in deionized water for 12 h at an ambient
temperature, before polymerization. Potassium persulfate
(KPS) of Junsei, an initiator, was recrystallized using deionized
water. N,N-Dimethylformamide (DMF) of HPLC solvent grade
was used as received from Aldrich for polymer recovery in
reverse ion exchange. Methyl alcohol (MeOH) of Fluka, a
nonsolvent for PAN, was distilled at a normal pressure.
Lithium chloride (Junsei) was recrystallized with THF.

Synthesis of PAN/Na-MMT Nanocomposites. Polymer-
izations were carried out in the following way with various
amounts of Na-MMT. For example, Na-MMT dispersed in
deionized water and a solution containing AN, AMPS, and
deionized water with a ratio of 5 g/0.3 g/126 g (AN/AMPS/
water) were charged into a 1000 mL four-neck reactor equipped
with a baffle stirrer, a reflux condenser, a nitrogen inlet, and
a rubber septum. The mixture was stirred at 200 rpm for 30
min under a N2 gas at an ambient temperature. The temper-
ature of the reactor was raised to 65 °C, and then 20 g of
aqueous initiator solution (KPS ) 1 wt %) was injected into
the reactor via a glass syringe through a septum. Initial
polymerization was performed at 65 °C for 1 h. The polymer-
ization time was checked after the initiator injection to remove
external factors affecting the polymerization, such as the
increasing rate of temperature from room temperature to 65
°C and the stirring efficiency before the initiator injection. With
Na-MMT, white particles were generated within 10 min after
the initiator injection. In the absence of Na-MMT, white
particles were formed in about 1 h. After the initial polymer-
ization was completed, 15 g of AN was fed into the reactor
through a septum with a syringe pump at the rate of 0.16 cm3/
min. After feeding monomer was completed, the reactor was
kept at the same temperature to polymerize residual mono-
mers for an additional 2 h.

Specimen for X-ray Diffraction Patterns. After freeze-
dried for 5 days, a small amount of every nanocomposite was

extracted to remove oligomers or water molecules by using a
Soxhlet extraction apparatus with THF for 12 h, because small
molecules may expand the interlayer space of Na-MMT, as
if the polymers exfoliate the layers. The extracted nanocom-
posite was dried under a high vacuum at 50 °C for 50 h and
molded in a shape of a disk at 3000 psi of pressure. Its basal
space was calculated from the X-ray pattern.

To determine when the exfoliation occurs during the po-
lymerization, reactant containing 5 wt % of Na-MMT was
collected from the reactor at fixed time intervals. Every sample
was freeze-dried for 5 days, dried further under a high vacuum
at 50 °C for 1 day, and molded in the same way as the above
for the X-ray pattern measurement.

Polymer Recovery by Reverse Ion Exchange.7,27 After
being freeze-dried, a small amount of nanocomposite was
extracted with DMF/LiCl solution (60 g/0.2 g ) DMF/LiCl)
under a nitrogen atmosphere at 80 °C for 5 days in a 500 mL
three-neck reactor fitted with a condenser, a nitrogen inlet,
and an outlet. The mixture was centrifuged at 10 000 rpm for
30 min to separate polymers from the silicate cakes. The
extract was filtered with a 0.45 µm membrane filter to remove
clays or unwanted particles and poured into MeOH (10-20-
fold) to precipitate PAN. The precipitated polymer was filtered
and dried in a high vacuum at 80 °C for 50 h. Its molecular
weight was measured with GPC.

Measurements. Infrared spectra were recorded on a Bomem
102 FT-IR spectrometer with KBR pellets. A total of 40 scans
taken at 4 cm-1 of resolutions were averaged. X-ray diffraction
patterns were obtained by using a Rigaku X-ray generator (Cu
KR with λ ) 0.154 06) with a scanning rate of 2°/min in a 2θ
range of 1.5-10° at a room temperature. Number-average
molecular weights were determined by using GPC. GPC
analysis was performed at a flow rate of DMSO 2.0 mL/min
at 80 °C using a Waters GPC system equipped with six
styragel HR columns (two 500, two 103, 104, and 105) and a
Water 410 RID detector after calibration with five polystyrene
standards obtained from Polymer Laboratories. Thermogravi-
metric analyses (TGA) were carried out with a Perkin-Elmer
thermobalance by heating from a room temperature to 700 °C
with the rate of 10 °C/min under a N2 atmosphere. Tan δ and
storage modulus (E′) were obtained by a Rheometric Scientific
DMTA4 with a dual cantilever from 30 to 180 °C with a
heating rate of 5 °C/min under 0.07% of deformation at 1 Hz
of frequency. Samples were molded in 12 × 28 × 2 mm size at
140 °C for 2 min under 3000 psi of pressure. The glass
transition temperature, Tg, was determined from the maxi-
mum value in the tan δ vs temperature scan. The morphology
of the nanocomposite was examined by a Philips CM-20
transmission electron microscope. The nanocomposite was
sliced in 100 nm thickness and coated with carbon. The
accelerating voltage of TEM was 160 kV.

Results and Discussion

In the name of the sample, N denotes the monomer,
acrylonitrile (AN), A stands for AMPS, and T stands
for pristine Na-MMT, and the numbers following A
and N indicate the weight of each component. Numbers
next to T indicate the relative weight percentage of
pristine Na-MMT to the weight of AN. For example,
A0.3N20T10% nanocomposite includes AMPS of 0.3 g,
AN of 20 g, and 10 wt % Na-MMT relative to 20 g of
AN.

Figure 1 shows FT-IR spectra of Na-MMT, APMS,
pure PAN, and A0.3N20T10%. The spectrum of
A0.3N20T10% in Figure 1d contains characteristic
absorbance bands of all components. C-H stretching at
2939 cm-1, CtN stretching at 2243 cm-1, and C-H
bending at 1454 cm-1 are the characteristic absorbance
bands of PAN, and N-H bending at 1543 cm-1 and Sd
O stretching at 1369-1220 cm-1 are assigned to the
vibration modes of AMPS. Absorbance peaks from O-H
stretching at about 3624 cm-1, Si-O stretching at about
1041 cm-1, Al-O stretching at 628 cm-1, and Si-O
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bending at 522 cm-1 confirm the presence of pristine
Na-MMT in the nanocomposite.

Before the polymerization, the d spacing of Na-MMT
layers was checked in various solutions. Figure 2 shows
XRD diffraction patterns of (001) planes of Na-MMT
in various water dispersions. In Figure 2a, the diffrac-
tion pattern of the (001) plane of Na-MMT dispersed
in water occurs at 5.7° shifted by about 2° from its
original position (7.7°) (in Figure 4), and its d spacing
is 1.55 nm. It means that water molecules enlarge the
basal space of Na-MMT. When monomer (AN) is added
to this dispersion of Figure 2a, the diffraction of the
(001) plane in Figure 2b appears at 4.2°, and its d
spacing is 2.1 nm. The expansion of interlayer space of
Na-MMT by monomer and water will facilitate the
polymerization in the galleries of silicates. Furthermore,
when the reactive surfactant is added to the dispersion
of AN and silicates, the diffraction peak of Na-MMT
in Figure 2c is rarely observable in the measurement
range. In our previous paper on PMMA/Na-MMT
nanocomposites,27 the XRD diffraction pattern of Na-

MMT dispersed in water with MMA and AMPS was not
observable.

Figure 3 represents the variation in the basal space
of A0.3N20T5% with time during polymerization. After
10 min of polymerization, a very broad diffraction
pattern appears in a range of 1.5-5°, which indicates
that the various basal spacings of Na-MMT are still
present in the composite. As the polymerization goes
on, the broad peak disappears gradually, and at least
the peak is not observable. It infers that Na-MMT
layers are exfoliated within 30 min after the initiation
of polymerization initiated.

Figure 4 shows the X-ray diffraction patterns of
nanocomposites after THF extraction for 12 h. Pristine
Na-MMT has a diffraction peak of the (001) plane at
7.7° in a 2θ value, and its basal spacing is 1.14 nm. PAN/
Na-MMT nanocomposites show no peak. It means the
exfoliation of Na-MMT layers in a PAN matrix. In this
experiment, the nanocomposite shows the exfoliated
state up to 20 wt % of Na-MMT.

Molecular weights of PAN in nanocomposites are
listed in Table 1. Number-average molecular weights
(Mn) decrease as the amount of Na-MMT increases. It
may be interpreted, as we discussed in the previous
paper,27 in the following way: AMPS and monomer are
crowded around Na-MMT, and their local concentra-
tions are high. This may affect the rate of polymeriza-
tion. For a fixed amount of monomer, the concentrations
of AMPS and monomer become lower as the amount of
Na-MMT increases. So the number-average molecular
weight of PAN become lower with the content of Na-
MMT. Interestingly, the polydispersity index (PDI )
Mw/Mn) of PAN shows a somewhat narrow distribution.
In emulsion polymerization, usually PDI has a higher
value than 2, which is caused by various possibilities
of chain terminations, including the radical coupling
with a reentering radical, the chain transfer by mono-
mers, and the disproportionation.

Figure 5 shows thermogravimetric analysis (TGA) of
the nanocomposites as a function of weight loss. Ther-
mal decomposition of the polymer chain occurs about

Figure 1. FT-IR spectra of (a) pristine Na-MMT, (b) reactive
surfactant (AMPS), (c) A0.3N20T0%, and (d) A0.3N20T10%.

Figure 2. X-ray diffraction patterns of dispersions of pristine
Na-MMT in water under various conditions: (a) the disper-
sion of Na-MMT in water, (b) with acrylonitrile (AN), and (c)
the dispersion of Na-MMT in the aqueous solution of AN with
AMPS.

Figure 3. X-ray diffraction patterns of nanocomposites of
A0.3N20T10% sampled at fixed time intervals during polym-
erization.

Figure 4. X-ray diffraction patterns of PAN/Na-MMT nano-
composites of (a) A0.3N20T5%, (b) A0.3N20T10%, and (c)
A0.3N20T20%, extracted from THF for 12 h with a Soxhlet
extraction apparatus. (d) The pattern of a pristine Na-MMT,
a reference, and its pattern is measured by the powder method.

Table 1. Molecular Weights of PAN Recovered from
PAN/Na-MMT Nanocomposites

PAN from each
nanocomposite Mn Mw PDI (Mw/Mn)

A0.3N20T0% 264 000 528 000 2.00
A0.3N20T5% 183 000 298 000 1.63
A0.3N20T10% 132 000 209 000 1.58
A0.3N20T20% 80 000 129 000 1.62
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278-460 °C. In temperature range of 500-700 °C, a
considerable amount of residue in the composite is
observed, reaching a weight percentage of 61-70%. The
high residual content may result from the formation of
ring compounds, pyridinoid structures, which are pre-
cursors of carbon fibers.38-41 Transformation of PAN to
pyridinoid structures after TGA measurement was
checked using FT-IR. Three new absorbance bands at
about 1620-1500 cm-1 (CdC stretching), 1380-1267
cm-1 (CdN stretching), and 790 cm-1 (C-H out of
plane) indicated the conversion of linear polymer chains
in PAN into pyridinoid structures. The FT-IR spectrum
is omitted here for simplicity.

The storage modulus, E′, of nanocomposite increases
with the amount of silicate as shown in Figure 6. At 40
°C, storage moduli are 2.0 × 1010 for pure PAN, 3.1 ×
1010 for A0.3N20T5%, 4.0 × 1010 for A0.3N20T10%, and
5.0 × 1010 Pa for A0.3N20T10%. A0.3N20T5% shows a
55%, A0.3N20T10% a 100%, and A0.3N20T20% a 250%
enhancement of storage modulus over pure PAN. In
other nanocomposites, the major effect occurs less than
5% of silicate, but we observe the modulus increase up
to 20 wt % of Na-MMT. We interpret that exfoliated
morphology in the composite has the most strong effect
on modulus increase. Pristine silicate and polarity of
PAN also affect the enhancement because strong nega-
tive CtN groups in PAN will interact with exfoliated
layers of hydrophilic Na-MMT.

The glass transition temperature (Tg) of each nano-
composite is obtained from the maximum temperature
of tan δ in Figure 7. Pure PAN and A0.3N20T5% have
Tg at about 140 °C. For A0.3N20T10% and
A0.3N20T20%, we do not observe the maximum value
in tan δ and hence have lost the mobility like solids. If
the molecules with a low molecular weight exist between
the layers of silicate, the Tg becomes low with the

increase in Na-MMT content.27 The solidlike behavior
of A0.3N20T10% and A0.3N20T20% may be explained
this way. If Na-MMT layers are delaminated, the
number of silicate sheets to contact polymer chains with
will increase in a unit volume, and segmental motion
of polymers in the composites will be strictly retarded
by the delaminated Na-MMT layers. So the loss in
mobility of molecules is observed.

TEM is used to confirm the morphology of nanocom-
posites in Figure 8, in which pristine Na-MMT layers
look like dark strips, and PAN appears as white
domains. Layers of Na-MMT in A0.3N20T10% are well
distributed and delaminated, so the exfoliated morphol-
ogy of Na-MMT is confirmed.

Conclusion

With a reactive surfactant, AMPS, containing amido
portion and sulfonic acid, the exfoliated PAN/pristine
Na-MMT nanocomposites were synthesized via an
emulsion polymerization. The composites showed the
exfoliated morphology up to 20 wt % of Na-MMT, and
the exfoliation was confirmed by X-ray and TEM. They
were exfoliated within 30 min after polymerization was
initiated. With TGA analysis of nanocomposites, con-
siderable amounts of residue were observed. The glass
transition temperature of the nanocomposites was
undetectable for A0.3N20T10% and A0.3N20T20%.
Storage moduli of PAN/Na-MMT nanocomposites en-
hanced 55% for A0.3N20T5%, 100% for A0.3N20T10%,
and 250% for A0.3N20T20% compared to pure PAN.
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Figure 5. Thermal gravimetric curves for (a) A0.3N20T0%,
(b) A0.3N20T5%, (c) A0.3N20T10%, and (d) A0.3N20T20%
under a nitrogen atmosphere.

Figure 6. Dependence of storage modulus of (a) A0.3N20T0%,
(b) A0.3N20T5%, (c) A0.3N20T10%, and (d) A0.3N20T20% on
temperature. The storage modulus was measured by using
DMA.

Figure 7. Tan δ of (a) A0.3N20T0%, (b) A0.3N20T5%, (c)
A0.3N20T10%, and (d) A0.3N20T20% obtained by using DMA.

Figure 8. TEM micrograph of A0.3N20T10%.
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