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ABSTRACT: We successfully synthesized an exfoliated
styrene–butadiene–styrene triblock copolymer (SBS)/mont-
morillonite nanocomposite by anionic polymerization. Gel
permeation chromatography showed that the introduction
of organophilic montmorillonite (OMMT) resulted in a small
high-molecular-weight fraction of SBS in the composites,
leading to a slight increase in the weight-average and num-
ber-average molecular weights as well as the polydispersity
index. The results from 1H-NMR revealed that the introduc-
tion of OMMT almost did not affect the microstructure of the
copolymer when the OMMT concentration was lower than 4

wt %. Transmission electron microscopy and X-ray diffrac-
tion showed a completely exfoliated nanocomposite, in
which both polystyrene and polybutadiene blocks entered
the OMMT galleries, leading to the dispersion of OMMT
layers on a nanoscale. The exfoliated nanocomposite exhib-
ited higher thermal stability, glass-transition temperature,
elongation at break, and storage modulus than pure SBS.
© 2005 Wiley Periodicals, Inc. J Appl Polym Sci 99: 2273–2278, 2006
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INTRODUCTION

Inorganic fillers have often been used to reinforce
polymers to obtain high heat durability and mechan-
ical strength. However, as a result of the poor disper-
sion of inorganic fillers in the polymer matrix, conven-
tional filled polymer composites are phase-separated
macrocomposites, in which inorganic fillers have poor
bonding with the matrix and only filler concentrations
greater than 30% can lead to an optimum reinforce-
ment for thermoplastics, resulting in bad processabil-
ity.1,2 Layer silicates, because of their intrinsically
anisotropic character and swelling capability, have
attracted much attention in the field of polymer ma-
terials. The crystal structure of a layered silicates such
as montmorillonite (MMT) consists of two-dimen-
sional layers obtained by the combination of two tet-
rahedral silica layers with Mg or Al to form an octa-
hedral metal oxide. The layer thickness is about 1 nm,
and the layers range from 30 nm to several microme-
ters. Isomorphic substitution within the layers gener-
ates negative charges that are normally counterbal-

anced by cations (Na�, K�, Ca2�, …) in the galleries.3,4

The metal cations can be exchanged with organic qua-
ternary alkylammonium salts with long chains. The
organic cations can reduce the surface energy of sili-
cate layers and enhance the miscibility between the
silicate layers and the polymer matrix, and so the
distance between the layers is enlarged.5,6 The result-
ing structure allows clay to accommodate polymer
chains and form polymer/clay nanocomposites.
Therefore, the nanocomposites possess unique prop-
erties that are not shared by conventional composites,
such as excellent mechanical properties, high thermal
stability, and enhanced barrier properties. In the past
several years, many polymer/clay nanocomposites,
such as polystyrene (PS)/clay,7–11 rubber/clay,12,13

polyurethane/clay,14–16 poly(ethylene oxide)/clay,17,18

epoxy/clay,19–21 poly(methyl methacrylate),22 poly-
amide/clay,23 polyethylene/clay,24 polypropylene/
clay,25 polyaniline/clay,26,27 and poly(lactic acid)/
clay,28,29 have been found to show good properties.

The styrene–butadiene–styrene triblock copolymer
(SBS) has been widely used as a thermoplastic elas-
tomer. Laus et al.30 for the first time prepared interca-
lated SBS/clay nanocomposites by melt blending, and
the nanocomposites exhibited enhanced moduli. Chen
and Gong31 prepared SBS/clay nanocomposites
through direct melt intercalation and indicated a new
glass-transition temperature around 157°C for the
nanocomposites. Liao et al.32 reported an intercalated
SBS/clay nanocomposite by a solution approach, in-
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dicating that the nanocomposites exhibited increased
thermal and mechanical properties. Recently, Zhang
et al.33 prepared intercalated SBS/clay nanocompos-
ites, which showed improved radiation stability in
comparison with pure SBS. However, completely ex-
foliated SBS/clay nanocomposites have scarcely been
reported. With exfoliation, the physical properties of
the nanocomposites can be obviously improved be-
cause of the occurrence of a large polymer/filler in-
terface.34,35

Living polymerization provides the best methodol-
ogy for the synthesis of polymers with predictable
molecular weights and nearly monodisperse distribu-
tions of the molecular weight.36 Therefore, we are
interested in the structure and properties of highly
exfoliated SBS/clay nanocomposites prepared by liv-
ing anionic polymerization. In our previous work, a
new fabrication of styrene–butadiene rubber/MMT
nanocomposites by anionic polymerization was stud-
ied, and an improvement in the mechanical properties
and thermal stability was indicated.37 In this study,
exfoliated SBS/MMT nanocomposites were synthe-
sized by anionic polymerization with n-butyllithium
(n-BuLi) as an initiator. The effect of the organophilic
montmorillonite (OMMT) content on the structure
and properties of the nanocomposites was investi-
gated and discussed.

EXPERIMENTAL

Materials

OMMT (Nannolin DK4) was supplied by Fenghong
Clay Chemical Corp. (Zheijiang, China). The clay was
exchanged by a quaternary long organic ammonium
salt with a cation-exchange capacity of 110 mequiv/
100 g to obtain an average particle size of 25 �m in the
dry state. All materials used were purified as follows
before use. Styrene (St; Yanshan Petrochemical Co.,
Beijing,
China; polymerization-grade) was treated with acti-
vate alumina to remove the inhibitor and deoxygen-
ated. Butadiene (Bd; Yanshan Petrochemical; polymer-
ization-grade) was treated with minor n-BuLi to re-
move the moisture and inhibitor. Cyclohexane (Jinxi
Chemical Plant, Beijing, China; chemical-grade) was
dried with 5-Å molecular sieves and deoxygenated.
n-BuLi was self-made, and its concentration was cali-
brated by the Gilman double-titration method.38 Tet-
rahydrofuran (THF; Beijing Yili Fineness Chemical
Factory, Beijing, China) was analytical-grade and was
refluxed over CaH2 for more than 4 h and then dis-
tilled.

Synthesis of the SBS/MMT nanocomposites

Given amounts of St, THF (THF/n-BuLi � 2), OMMT,
and cyclohexane were introduced into a 5-L polymer-

ization kettle filled with purified N2. After 3 h of
stirring, a little n-BuLi was added to remove impuri-
ties in the system, and then a stoichiometric amount
(according to a designed molecular weight of 9 � 104)
of n-BuLi as an initiator was added to the kettle. The
polymerization was carried out at 50°C for 2 h. Then,
Bd was added to the kettle to continue the polymer-
ization, which formed poly(styrene-b-butadiene)
diblock anions. After 2.5 h, the same amount of the
beginning St was added. Two hours later, a small
amount of absolute ethyl alcohol was added to termi-
nate the living styryl lithium chains. The product
(St/Bd � 42:58) was vacuum-dried at 80°C for 24 h.
The pure SBS sample and SBS/MMT nanocomposites,
which contained 1, 2, 3, and 4 wt % OMMT, were
coded as SBS, SBS-M1, SBS-M2, SBS-M3, and SBS-M4,
respectively. For the SBS-M3 sample, before Bd was
introduced, a little of the polymerization solution was
taken out and terminated, and the resulting product
was coded PS-M3.

Characterization

The molecular weights and molecular weight distri-
butions of the polymers were measured with a gel
permeation chromatograph (model 10A, Shimadzu,
Kyoto, Japan) equipped with three TSKgel multipore
HXL-M columns (7.8 mm � 300 cm) at room temper-
ature. The eluent was THF. The samples were dis-
solved in THF overnight to prepare solutions with a
1.0 mg/mL concentration. The THF and polymer so-
lutions were filtered with a 0.45-�m filter to remove
clays and were degassed before use. The injection
volume was 100 �L for each sample, and the flow rate
was 1.0 mL/min. The calibration curves for gel per-
meation chromatography (GPC) were obtained with
TSK standard samples of PS (Soda Co., Tokyo, Japan).
Class LC10 software was used for the data acquisition
and analysis.

X-ray diffraction (XRD) measurements of the sam-
ples were carried out with an X-ray diffractometer
(D/max-II, Rigaku, Tokyo, Japan) with a Cu K� target
at 40 kV and 100 mA [wavelength (�) � 0.154 nm]
with a 2� scan range of 2–15° (where � is the diffrac-
tion angle). Transmission electron microscopy (TEM)
analysis was carried out on a TECNAI G220 transmis-
sion electron microscope (FEI Co., Hillsboro, OR) at an
acceleration voltage of 200 kV. Ultrathin sections of
the samples were prepared at �120°C with a Leica
Ultracut UCT (Vienna, Austria) with an EMFCS
cryoattachment. Cross sections with a thickness of 50
nm were obtained with a diamond knife. To observe
the morphology, the cross sections were exposed to
osmium tetroxide vapor for 1 h at room temperature
to selectively stain the polybutadiene (PB) phase. The
1H-NMR spectrum was recorded on a DRX 400 NMR
spectrometer (Bruker, Fällanden, Switzerland) at 400
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MHz at 25°C. The spinning speed, pulse delay, and
total numbers of scans were 20 Hz, 15 s, and 128,
respectively. The sample was dissolved in deuterated
chloroform to prepare the polymer solution concen-
tration of 150 mg/mL.

Thermogravimetric analysis measurements were
performed with a TGA 2050 thermogravimetric ana-
lyzer (TA, New Castle, DE). The samples were heated
to 600°C at a heating rate of 20°C/min under a nitro-
gen atmosphere. Dynamic mechanical analysis (DMA)
was carried out with a DMA-2980 dynamic mechani-
cal analyzer (TA) at a heating rate of 3 K/min from
�130 to 200°C. The vibration frequency was 1 Hz. The
specimens were about 1.5 � 4.5 � 20 mm. The me-
chanical properties of the sheets were measured with
an electron tensile tester (AG-20KNG, Shimadzu,
Kyoto, Japan) at a tensile rate of 500 mm/min accord-
ing to the standard method (GB/T 528, China). The
reported values are averages of five measurements.

RESULTS AND DISCUSSION

Effect of OMMT on copolymerization

GPC chromatograms of the SBS and SBS/MMT sam-
ples were obtained (not shown), and the number-
average molecular weight (Mn), the weight-average
molecular weight (Mw), and polydispersity index (d)
are summarized in Table I. The values of Mn, Mw, and
d of the SBS/MMT nanocomposites increased slightly
with an increase in the OMMT content. It is well
known that Mw is highly sensitive to the presence of a
small amount by weight of a high-molecular weight
fraction, whereas Mn is sensitive to the presence of a
small fraction of low molecular weight. This indicates
the absence of a low-molecular-weight fraction caused
by the obvious termination of the living chains in this
case. The results reveal that the introduction of
OMMT caused an increase in high-molecular-weight
macromolecules. This can be attributed to the fact that
OMMT affected in some way the living chains by
combination or transference and physical crosslinking
between the SBS chains, and a small fraction of nano-
particles of OMMT remained as a junction in the so-
lution, leading to the occurrence of small amounts of
high-molecular-weight macromolecules. On the basis

of the results from GPC, the addition of OMMT did
not affect the living copolymerization on the whole.

The 1H-NMR spectra of SBS, SBS-M1, and SBS-M3
are shown in Figure 1. The resonance peak of the ortho
proton (Ho) appears at 6.58 ppm and is assigned to the
characteristic of the block St. Two peaks around �
� 5.0 and 5.4 ppm were derived from protons of the
double bonds of 1,2- and 1,4-Bd units, and a peak at �
� 1.5 is assigned to methylene in Bd units. With the
addition of OMMT, almost none of the peaks changed.
The contents of 1,2-polybutadiene (1,2-PB), trans-1,4-
polybutadiene (trans-1,4), cis-1,4-polybutadiene (cis-
1,4), block styrene (Stblock) and nonblock styrene
(Stnonblock) were analyzed according to the literature,39

and the results are listed in Table I. The calculated
proportion of monomers in the polymers was in ac-
cord with the actually added monomer ratio. The per-
centages of 1,2-PB, trans-1,4, and cis-1,4 of the nano-
composites hardly changed in comparison with that of
SBS. This further indicated that a small addition of
OMMT hardly changed the copolymerization and mi-
crostructure of the copolymer.

TABLE I
Mn, Mw, d, and the Microstructure Values of the SBS and SBS/MMT Nanocomposites

Sample Mn � 10�4 Mw � 10�4 d Stnonblock Stblock 1,2-PB trans-1,4 cis-1,4

SBS 8.6 9.6 1.12 1.5 43.4 8.2 30.2 18.1
SBS-M1 8.6 10.4 1.22 0.4 42.9 8.0 31.0 18.0
SBS-M2 9.3 10.9 1.17 0.4 44.9 7.7 29.4 18.0
SBS-M3 9.9 11.8 1.19 0.3 43.6 7.8 29.9 18.7
SBS-M4 12.3 15.1 1.23 2.5 39.7 8.3 32.2 19.7

Figure 1 1H-NMR spectra of SBS, SBS-M1, and SBS-M3.
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Structure of SBS/MMT

Figure 2 shows TEM images of PS-M3 and SBS-M3.
The dark lines correspond to silicate layers. There
were no large clay tactoids, and this suggested a good
dispersion of OMMT in the SBS matrix. However,
there were some intercalated structures in PS-M3, and
this indicated that the OMMT layers were not com-
pletely exfoliated in the polymer before Bd was intro-
duced. After the introduction of Bd and St, a com-
pletely exfoliated structure was observed, as shown in
the image of SBS-M3 in Figure 2; the exfoliated OMMT
layers dispersed uniformly as monolayers in the poly-
mer matrix. The distance between the adjacent layers
was in the range of 10–25 nm. The results suggest that
the galleries of OMMT were further expanded after
the polymerization of Bd, and this led to a highly
exfoliated SBS/MMT nanocomposite.

To further investigate the morphology of the nano-
composites, TEM images of stained SBS and SBS-M3
were taken, and the images are shown in Figure 3. The
dark lines and dark and light gray microdomains cor-
respond to OMMT layers and PB and PS blocks, re-
spectively. The image of SBS exhibits a typical mi-
crophase-separated structure because of the thermo-
dynamic incompatibility [solubility parameters �PS
� 9.1 (cal/cm3)1/2 and �PB � 8.4 (cal/cm3)1/2].40 Inter-
estingly, both PS and PB blocks appeared in OMMT
galleries. The distance between the adjacent layers
was large enough to accommodate the copolymer
molecules. However, with the introduction of OMMT,

the microdomains of PB and PS were not as clear as
those of pure SBS, and this suggested that the interac-
tion between the copolymer chains and OMMT layers
increased the compatibility of the PS and PB blocks.

The XRD diffraction patterns of pure OMMT and
SBS/MMT nanocomposites are shown in Figure 4. The
d001 spacings [i.e., the interplanar distances of the (001)
reflection plane] were calculated on the basis of
Bragg’s law [d001 � �/(2 sin �)] at the peak position.
The diffraction pattern of the (001) plane of OMMT
occurred at 2.46°, and the corresponding distance be-
tween the adjacent layers was 3.59 nm. There was no
characteristic peak of MMT in the XRD patterns for the
sheets of the SBS/MMT nanocomposites. This result
further confirmed that the OMMT layers were exfoli-
ated, and this led to the destruction of the MMT
crystallite as a result of the strong interaction between
OMMT and the copolymer.

Effect of the OMMT content on the properties

Derivative thermogravimetry (DTG) curves of SBS
and SBS/MMT nanocomposites are shown in Figure

Figure 5 DTG curves of SBS and SBS/MMT nanocomposites.

Figure 2 TEM images of PS-M3 and SBS-M3.

Figure 3 TEM images of stained SBS and SBS-M3.

Figure 4 XRD patterns of pure OMMT and SBS/MMT
nanocomposites with different OMMT contents.
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5. The peak temperature represents the fastest decom-
position temperature. The peak of the pure SBS sam-
ple appears at 441.2°C. With an increase in OMMT, the
peaks of the nanocomposites all shifted to high tem-
peratures. Increases in the decomposition temperature
of 10.2 and 14.1°C can be observed for SBS-M3 and
SBS-M4, respectively, indicating an increase in the
thermal stability. Therefore, the nanocomposites pos-
sessed higher thermal stability than SBS because of the
strong interaction between exfoliated OMMT layers
and SBS.

The DMA curves of SBS and SBS/MMT nanocom-
posites are shown in Figures 6 and 7, and the corre-
sponding data are summarized in Table II. The storage
modulus (E�) in the plateau region between the two
glass transition increased obviously with an increase
in OMMT until 4 wt %, and this indicated an increase

in stiffness for the nanocomposites. In comparison
with SBS, an increment of 27% in E� was observed for
SBS-M3. However, with a greater increase in OMMT,
such as for SBS-M4, E� decreased because excessive
OMMT resulted in phase separation. The �-relaxation
peak is related to the glass transition and may be
analyzed to provide qualitative insight into the inner
structure of a material.41 There were two obvious �-re-
laxation peaks around �80 and 105°C in the tan �
curves, which were assigned to the glass-transition
temperatures of the PB (Tg1) and PS blocks (Tg2), re-
spectively. With an increase in OMMT, the tan � peaks
of both PB and PS for the nanocomposites shifted
toward high temperatures. The results from DMA
indicated that both PB and PS blocks intercalated into
the silicate galleries because of their strong interaction.

The mechanical properties of the composites are
listed in Table II. The tensile strengths (�b) of the
nanocomposites were somewhat lower, whereas the
elongations at break (�b) of the nanocomposites were
higher, than those of SBS. This can be explained as
follows: the strong interaction between the OMMT
layers and copolymer chains resulted in physical
crosslinking networks and a relative increase in the
free volume between the copolymers, leading to the
decrease in �b and the increase in �b of the nanocom-
posites.

CONCLUSIONS

SBS/MMT nanocomposites were synthesized success-
fully from St, Bd, and OMMT with an anionic method.
A small addition of OMMT hardly changed the living
copolymerization and microstructure of the SBS nano-
composites. However, the introduction of OMMT re-
sulted an increase in the molecular weight of SBS in
the nanocomposites, in comparison with pure SBS,
and this indicated the presence of small amounts of
high-molecular-weight macromolecules. The highly
exfoliated structure of the SBS/MMT nanocomposites
was confirmed by TEM and XRD, which showed that
OMMT layers were dispersed on a nanoscale in the
SBS matrix. Strong interactions existed between
OMMT and SBS, leading to an improvement in the

Figure 6 Temperature dependence of tan � for SBS and
SBS/MMT nanocomposites.

Figure 7 Temperature dependence of E� for SBS and SBS/
MMT nanocomposites.

TABLE II
Thermal Data from DMA and the Mechanical Properties

of the SBS and SBS/MMT Nanocomposites

Sample Tg1 (°C) Tg2 (°C) �b (MPa) �b (%)

SBS �80.3 105.5 27.3 680
SBS-M1 — — 22.4 700
SBS-M2 �78.3 111.9 22.5 740
SBS-M3 �79.3 112.3 19.8 770
SBS-M4 �73.9 110.7 10.1 730
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thermal stability, glass-transition temperature, and E�
in comparison with those of SBS.
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