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ABSTRACT: A functionalized graft copolymer {poly(sty-
rene–butadiene–styrene) (SBS)-g-4-benzoyl-N,N-dimethyl-N-
[2-(2-methyl-1-oxo-2-propenyloxy)ethyl]benzenemethanami-
nium bromide (4-BBPDMAEMA)}, containing a photoinitia-
tor, quaternary ammonium cations, and many C¼¼C double
bonds, was synthesized to modify clays, such as Naþ–mont-
morillonite (MMT) clay, for the preparation of organic–
inorganic nanocomposite resins via radical photoinduced
crosslinking polymerization. The structure of SBS-g-4-
BBPDMAEMA was characterized by Fourier transform
infrared and 1H-NMR spectroscopy. The corresponding SBS-
g-4-BBPDMAEMA was found to have two functions: the
capability to ionically exchange with sodium ions in the sili-
cate gallery and the capability to synthesize exfoliated SBS/
MMT nanocomposites by the UV crosslinking of intercalation
polymerization. The results from the X-ray diffraction

primarily reveal that the clay platelets should have been exfo-
liated or completely disordered. However, the results from
transmission electron microcopy confirmed that a mixture of
partially exfoliated and intercalated structures presented in
the nanocomposites. Dynamic mechanical thermal analysis
testing indicated that the glass-transition temperature of the
polybutadiene phase and polystyrene phase moved to a lower
temperature. Data of thermogravimetric analysis and testing
of the mechanical properties showed that the thermal stability
and mechanical properties of SBS-g-4-BBPDMAEMA could be
regulated by the crosslinking and content of MMT. VC 2010
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INTRODUCTION

For the past 20 years, there has been increased atten-
tion paid to the synthesis of nanocomposites based
on either intercalated or exfoliated clay dispersed
into various matrix polymers.1–6 Compared with
conventional composites, nanocomposites often
exhibit a great improvement in the mechanical prop-
erties,7–17 gas permeability,18–23 heat resistance,24

and fire-retardance25–28 properties at very low clay
contents of generally less than 5 wt %. However,
exfoliated nanocomposites frequently exhibit more
unexpected properties synergistically derived from
the two components than do intercalated nanocom-
posites; to date, there have been many reports of
intercalated nanocomposite structures within a block
copolymer matrix29–32 because the formation of exfo-

liated nanocomposites is different because of the
unfavorable interactions between the intrinsically
hydrophilic clay and the hydrophobic matrix poly-
mer chains.
Poly(styrene–butadiene–styrene) (SBS) has been

widely used as a thermoplastic elastomer. Laus
et al.33 prepared intercalated SBS/clay nanocompo-
sites by melt blending for the first time, and the
nanocomposites exhibited enhanced moduli. Chen
and Feng34 prepared SBS/montmorillonite (MMT)
nanocomposites with excellent mechanical proper-
ties via the in situ polymerization/melt compound-
ing combination technique. Liao et al.35 reported
intercalated SBS/clay nanocomposites prepared by
a solution approach, indicating that the nanocom-
posites exhibited increased thermal and mechanical
properties. Recently, Zhang et al.36 prepared inter-
calated SBS/clay nanocomposites that showed
improved radiation stability in comparison with
pure SBS. Ha et al.37 created orientationally ordered
hierarchical nanocomposites by the preferential
insertion of individual polymer-covered clay layers
into block copolymer microdomains. Liao et al.38

prepared intercalated star-shaped and linear
SBS/organophilic montmorillonite (OMMT) clay
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nanocomposites by a solution approach and
showed that the mechanical strength of the nano-
composites with the star-shaped SBS/OMMT were
significantly increased. The addition of OMMT
also provided increases in the elongation, dynamic
storage modulus (E0), dynamic loss modulus (E00),
and thermal stability of the nanocomposites. Chang
et al.39 synthesized comb-branched copolymers
consisting of a hydrophobic polystyrene-b-poly(eth-
ylene/butylene)-b-polystyrene backbone and multi-
ple pendants of polyoxyalkylene quaternary ammo-
nium salts to intercalate with layered silicates.
They found that the emulsion intercalation was a
viable process for tailoring various hydrophobic
organic/silicate hybrids. However, completely exfo-
liated SBS/clay nanocomposites have scarcely been
reported. To date, the preparation of an exfoliated
nanocomposite structure within a block copolymer
matrix has been difficult work. Although methods
of organically functionalizing the surfaces of the
clay with the inherent negative surface charges on
the clay layers have been successfully developed,
it is difficult to prepare nanocomposites with exfo-
liated structures because of the very strong electro-
static interactions between the silicate layers.

From the previous studies, we know that when
polymerization occurs between the layers of MMT,
one can prepare exfoliated nanocomposites. There-
fore, in this study, a functionalized graft copoly-
mer, SBS-g-4-benzoyl-N,N-dimethyl-N-[2-(2-methyl-
1-oxo-2-propenyloxy)ethyl]benzenemethanaminium
bromide (4-BBPDMAEMA), containing a photo-
initiator, quaternary ammonium cations, and many
C¼¼C double bonds, was synthesized to modify
MMT for the preparation of organic/inorganic
nanocomposites resins via a radical photoinduced
crosslinking polymerization. The corresponding
SBS-g-4-BBPDMAEMA was found to have two
functions:

1. The ability to ionically exchange with sodium
ions in the silicate gallery because of the pres-
ence of multiple ammonium salts (ANHþ

3 Br
�)

as the grafting pendants. Then, the grafted
copolymer containing photoinitiator and many
C¼¼C bonds also entered into the silicate
gallery

2. The ability to synthesize an exfoliated SBS/
MMT nanocomposites by the UV crosslinking
of intercalation polymerization.

The structure of the SBS/MMT nanocomposites
was studied by X-ray diffraction (XRD) and trans-
mission electron microscopy (TEM). Furthermore,
the glass-transition temperatures (Tg), thermal stabil-
ity, and mechanical properties of the crosslinked
nanocomposites were studied in detail.

EXPERIMENTAL

Materials

The triblock polymer SBS was provided by Baling
Oil Chemical Industry Co. (Yueyang, China) and
was used without further purification. The SBS (YH-
792) was comprised of 40 wt % polystyrene (PS) and
sold stabilized with 0.14 wt % 2,6-di-tert-butyl-4-
methylphenol antioxidant. Gel permeation chroma-
tography analysis of the SBS in tetrahydrofuran gave
number-average molecular weight fractions of 22,800
(40%) and 68,400 (60%) with a polydispersity of 1.15.
Sodium montmorillonite (Naþ–MMT), with a 1.10
mequiv/g cationic exchange capacity (CEC), was
obtained from the local supermarket. 4-Bromomethyl
benzophenone (4-BBP) and dimethyl amino ethyl
methacrylate were purchased from Aldrich (Beijing,
China) and were used directly without further puri-
fication. Benzoyl peroxide was recrystallized from
chloroform and dried in a desiccator. Toluene and
other solvents were all analytically pure and were
used as received.

Synthesis of 4-BBPDMAEMA and
SBS-g-4-BBPDMAEMA as
intercalating agents

4-BBPDMAEMA was synthesized by the method in
ref. 40.

1H-NMR (CDCl3, d): 1.972 (3, CH3), 3.475 (6, CH3),
4.272 (2, CH2), 4.749 (2, CH2), 5.439 (2, CH2), 5.954
(1, CH), 6.141 (1, H), 7.480 (2, ArH), 7.605 (1, ArH),
7.767 (2, ArH), 7.824 (2, ArH), 7.937 (2, ArH). Fourier
transform infrared (FTIR) spectroscopy (KBr, cm�1):
1716 (C¼¼O); 1657 1660 (ACH¼¼C (CH3)A); 1180
(CAO).
The grafting reaction of 4-BBPDMAEMA on SBS

was carried out in toluene solvent in a 100-mL, four-
necked glass flask equipped with a stirrer, thermom-
eter, condenser, and nitrogen inlet. A brief descrip-
tion of the procedure is as follows: 2 g of SBS and
0.4 g of 4-BBPDMAEMA were dissolved in 20 mL of
toluene, and then, a certain amount of the benzoyl
peroxide initiator was added dropwise. The reaction
solution was stirred for 8 h at 60�C. After the reac-
tion finished, the polymer was coagulated in metha-
nol. Finally, the residual 4-BBP was extracted in a
Soxhlet extractor (Changsha, China) with methanol
for 24 h, and the grafted SBS (SBS-g-4-
BBPDMAEMA) was obtained after vacuum drying.
The theoretical molecular structure of the resulting
SBS-g-4-BBPDMAEMA is shown in Scheme 1.

Preparation of the SBS/MMT nanocomposites

Scheme 2 illustrates our synthesis route for the
preparation of the SBS/MMT nanocomposites. The

1676 WU ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



SBS/MMT nanocomposites were prepared by solu-
tion processing as follows. Naþ–MMT (3.0 g) was
dispersed in 20 mL of toluene and stirred vigorously
at 80�C for 3 h. The slurry was added to SBS-g-4-
BBPDMAEMA, which had been previously sol-
vented with 20 mL of toluene at room temperature
for 3 h. Different concentrations of Naþ–MMT in tol-
uene (1, 2, 5, 8, and 10 wt %) were explored for the
intercalation. The resulting SBS/MMT nanocompo-
sites were cast in a self-made vessel, and then, the
samples were exposed to radiation from an 80 W/
cm medium-pressure mercury lamp in the presence
of air at a passing speed of 60 m/min, which corre-
sponded to an exposure duration of 0.1 s per pass.
The maximum light intensity at the sample position
was measured by radiometry to be 600 mW/cm2 in
the UV range. The resulting SBS/MMT nanocompo-
sites were dried in a vacuum oven at 80�C.

Analytical instruments

FTIR spectroscopy was performed on a WQF-410
FTIR spectrometer (Beijing Second Optical Instru-
ments Factory, China) between 4000 and 400 cm�1

in the form of KBr pellets. An 1H-NMR spectrum
was collected with an Inova 400 spectrometer (Palo
Alto, CA) with CDCl3 as the solvent. The change in
the basal spacing of the nanocomposites was mea-
sured with an X-ray diffractometer (D8, Bruker,
Germany). Cu Ka radiation (k ¼ 1.54 Å) was used
as an X-ray source at a generator voltage of 40 kV
and a current of 35 mA. The diffraction angles were
scanned from 0.5 to 10� at a rate of 0.2�/min. The

d001 spacing was calculated on the basis of Bragg’s
law [d001 ¼ k/(2 sin y)] at the peak position. The dis-
persion of the clays in the nanocomposites was fur-
ther examined with TEM from a JEM-3010 (JEOL,
Japan) instrument operating at 80 kV. The sample
for TEM analysis was prepared from the central
cross section of the extruded pellets normal to the
flow direction. Ultrathin sections approximately
50 nm thick were cryocut with a Reichert-Jung Ultra-
cut E microtome and a diamond knife at �50�C. The
thermal stability of the samples (ca. 7 mg) was
investigated with thermogravimetric analysis (TGA;
Netzsch STA 449C) under nitrogen from room tem-
perature (ca. 30�C) to 800�C at a heating rate of
10�C/min. Dynamic mechanical thermal analysis
was carried out on a TA Instruments DMTA-V with
a tensional module at a frequency of 1 Hz and at a
heating rate of 5�C/min from �130 to 110�C. The
specimens (size ¼ 1.5 � 6.5 � 50 mm3) were cut
from the center of the samples. The tensile proper-
ties of the samples were measured in accordance
with ISO 527 at room temperature (ca. 20�C) with a
tensile tester (Instron-4302).

Scheme 1 Synthesis process of SBS-g-4-BBPDMAEMA.

Scheme 2 Scheme for the synthesis of the SBS/MMT
nanocomposites.

SBS/MMT NANOCOMPOSITES 1677

Journal of Applied Polymer Science DOI 10.1002/app



RESULTS AND DISCUSSION

Characterization of SBS-g-4-BBPDMAEMA

The chemical groups of the SBS and SBS-g-4-
BBPDMAEMA were investigated by FTIR spectra, as
shown in Figure 1. The olefinic CAH out-of-plane
bending vibration of the trans-C¼¼C of the butadiene
unit region at 973–945 cm�1, CAH out-of-plane
bending vibration of the cis-C¼¼C of butadiene at
748 cm�1, and vibration stretching of the ¼¼CAH
region at 3016–2991 cm�1 were clearly observed, and
these band intensities were almost the same as those
of the pure SBS. Comparing these two IR spectra
(Fig. 1), we observed stretching bands at 1730 cm�1

for the carbonyl group (AC¼¼O) and carbon–oxygen
bond (CAO) at 1235 cm�1 in the spectra of SBS-g-4-
BBPDMAEMA. This suggested that 4-BBPDMAEMA
as side chain was successfully grafted onto SBS
because the residual 4-BBPDMAEMA and its
oligomer were extracted in the Soxhlet extractor
with methanol.

To further confirm that 4-BBPDMAEMA was
grafted on the backbones of SBS, 1H-NMR was used.
The 1H-NMR spectra of pure SBS and SBS-g-4-
BBPDMAEMA are shown in Figure 2. Compared
with the 1H-NMR spectra of pure SBS and SBS-g-4-
BBPDMAEMA, two new peaks at 3.492 and 2.359
ppm, which were assigned, respectively, to the
methyl and methine protons of the grafted point,
were observed in SBS-g-4-BBPDMAEMA in addition
to the expected signals for the block copolymer. The
results mean that the monomer 4-BBPDMAEMA
was successfully grafted onto SBS.

XRD patterns of the nanocomposites

XRD is usually used to characterize polymer/clay
nanocomposites.41 When the polymer chain interca-

lates into the interlayer of the clay, the basal spacing
of the clay should increase, and the position of the
(001) plane peak in the XRD pattern should shift to-
ward a lower angle. Figure 3 shows the XRD pat-
terns of the SBS/MMT. The diffraction pattern of the
(001) plane of the raw MMT occurred at 7.08�, and
the corresponding distance between the adjacent
layers was 1.24 nm. After 5 wt % MMT was added
to the SBS matrix, and the position of the (001) plane
peak shifted from 7.08� to a lower angle, 5.89�,
which corresponded to a basal spacing of 1.50 nm.
When the contents of MMT were about 8 and 10 wt
%, the position of the (001) plane peaks was at about
5.80� before or after UV exposure. In addition, there
was no characteristic peak of MMT in the XRD
patterns for the sheets of the SBS/5 wt % MMT

Figure 1 FTIR spectra of the (a) SBS and (b) SBS-g-4-
BBPDMAEMA.

Figure 2 1H-NMR spectra of the (a) SBS and (b) SBS-g-4-
BBPDMAEMA.

Figure 3 XRD patterns of (a) MMT, (b) SBS/10 wt %
MMT with UV exposure, (c) SBS/8 wt % MMT with UV
exposure, (d) SBS/5 wt % MMT without UV exposure,
and (e) SBS/5 wt % MMT with UV exposure.
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nanocomposites after UV exposure. This result pri-
marily suggests that the clay platelets should have
been exfoliated or completely disordered when the
content of MMT was lower than 5 wt % with UV
exposure. However, when the content of MMT was
greater than 5 wt %, it only obtained an intercalated
structure whether it was UV-cured or not. However,
the absence of an XRD peak of SBS/5 wt % MMT
with UV exposure did not necessarily mean exfolia-
tion, as the observed absence of scattering could be
attributed to geometry effects or a lack of sensitivity
at the low level of clay loading.

TEM of the nanocomposites

Compared with XRD diffraction patterns, TEM can
provide more direct structural information of the
nanocomposites. To further investigate the structure

of the nanocomposites, TEM images of SBS/5 wt %
MMT with UV exposure were taken, and the images
are shown in Figure 4. The dark lines and dark and
light gray microdomains correspond to the MMT
layers and polybutadiene (PB) and PS blocks, respec-
tively. The low-magnification image [Fig. 4(a)] indi-
cated that MMT was mainly desultorily dispersed in
the UV-cured polymer. The result means that the
galleries of MMT were further expanded or exfoli-
ated after UV exposure. At high magnification, the
TEM image [Fig. 4(b)] revealed that MMT was well

Figure 4 TEM images for SBS/5 wt % MMT with UV
exposure.

Figure 5 Dynamic mechanical thermal spectra of the
SBS-g-4-BBPDMAEMA and its nanocomposites: tempera-
ture dependence of (a) tan d, (b) E0, and (c) E00.
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dispersed in the SBS matrix with an intercalated
structure. Therefore, the results of TME indicated
that a mixture of partially exfoliated and intercalated
structures was present in the nanocomposites.

Dynamic mechanical thermal properties of the
SBS-g-4-BBPDMAEMA and its nanocomposites

The loss factor (tan d), E0, and E00 versus temperature
for the SBS-g-4-BBPDMAEMA and its nanocompo-
sites are plotted in Figure 5. As shown in Figure
5(a), in all cases, two Tg values were observed,
which showed that the structure of microphase sepa-
ration was still in existence. The same results were
also obtained when Sakurai et al.42 examined the
structure–property relationships of crosslinked SBS
using dynamic viscoelastic measurements and ten-
sile stress–strain tests. The lower temperature transi-
tion at �110�C was characteristic of the PB domains,
whereas the higher temperature transition, at about
90�C, was characteristic of the PS domains. As the
content of MMT increased, the value of tan d rele-
vant to the PB domains decreased to a maximum
(�122.53�C with 2 wt % MMT) and then began to
increases, whereas the value of tan d relevant to the
PS domains decreased. All of the corresponding
data of tan d are summarized in Table I. These
results may have been due to the fact that the MMT
platelets were dispersed mainly among the PB block
because of they contained lots of quaternary ammo-
nium cations. So, the clay layers had stronger inter-
actions with the PB block and had correspondingly
weaker interactions with the PS block, and among
the PS block, the MMT platelets could not be interca-
lated or exfoliated. Thus, the confined PS block was
expected to flow, even at temperatures lower than
the corresponding Tg of the PS block.

In the E0 and E00 curves [Fig. 5(b,c)], variations of
E0 and E00 as a function of temperature for the SBS-g-
4-BBPDMAEMA and its nanocomposites with differ-
ent MMT amounts were clearly observed. Compared
with that of SBS-g-4-BBPDMAEMA, the E0 values
of its nanocomposites in the plateau region
between the two Tg values decreased a little, and

this indicated an increase in the stiffness for the
nanocomposites due to the crosslinking structure of
the PB domains. In addition, with a continuous
increase in content of the MMT, such as for 8%
MMT, E0 decreased obviously because excessive
MMT resulted in phase separation.

Thermal properties of the SBS-g-4-BBPDMAEMA
and its nanocomposites

The thermal stability of the SBS-g-4-BBPDMAEMA
and its nanocomposites was evaluated by TGA. The
results are presented graphically in Figure 6 and in
Table I. The onset degradation temperature of SBS-g-
4-BBPDMAEMA appeared at 368.9�C. With the
increase of the content of MMT from 1 to 8 wt %,
the onset degradation temperatures of the nanocom-
posites decreased, except for 5 wt % MMT. When
the content of MMT was increased to 8 wt %, the
temperature shifted to a low temperature, which
was about 45.5�C lower than that of SBS-g-4-
BBPDMAEMA. There were two explanations for this
phenomenon. The first was that the PB block was
crosslinked by UV radiation, so it had relatively
more CAC bonds than SBS-g-4-BBPDMAEMA, and
the bond energy of CAC was 332 kJ/mol, which

TABLE I
Thermal Stability of the SBS-g-4-BBPDMAEMA and its Nanocomposites

Sample

Onset
degradation

temperature (�C)a

Maximum
degradation

temperature (�C)
Elastic
Tg (

�C)
Plastic
Tg (

�C)

SBS-g-4-BBPDMAEMA 368.9 461.2 �105.94 92.51
1 wt % MMT 361.7 461.5 �106.78 87.55
2 wt % MMT 360.0 463.7 �122.53 84.59
5 wt % MMT 372.6 462.3 �115.86 83.22
8 wt % MMT 323.4 462.3 �108.89 83.10

a The onset degradation temperature was the temperature of weight lost at 5%.

Figure 6 TGA traces obtained from the SBS-g-4-
BBPDMAEMA and its nanocomposites.
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was lower than that of C¼¼C (611 kJ/mol). The sec-
ond reason was that excessive MMT resulted in
phase separation. So, the onset degradation tempera-
ture of the 8 wt % MMT nanocomposites was lower
than that of any of the others.

Mechanical properties of the nanocomposites

The mechanical properties of the nanocomposites
were measured and are summarized in Table II. The
pure SBS-g-4-BBPDMAEMA had a tensile strength
of 21.57 MPa and a tensile strength at 300% of
3.24 MPa. The tensile strength of the nanocomposites
increased gradually with increasing MMT content
before 5 wt % MMT. When 5 wt % MMT was
added, the tensile strength of the nanocomposites
reached a maximum of about 17.16 MPa; however,
with sequential increases in the content of MMT, the
tensile strength of the nanocomposites decreased.
This may have been due to excessive MMT, which
resulted in phase separation. A similar phenomenon
is shown in Table II for the elongation at break and
tensile strength at 300%. The addition of MMT pro-
duced an obvious effect on the elongation, which
increased with increasing MMT content and then
decreased with sequentially increasing MMT con-
tent. These results were in good agreement with
those of the dynamic mechanical thermal properties.
This indicated that the addition of MMT and UV
crosslinking produced significant effects on the ten-
sile strength and elasticity of SBS. The reason may
have been that the MMT preferentially dispersed in
the PB block of SBS; this led to reduced interaction
between PS and PB chains, which moved more eas-
ily under tensile force.43 The mechanism of how the
addition of MMT affected the mechanical properties
of the nanocomposites needs to be studied further.

CONCLUSIONS

The graft copolymer synthesized from the grafting
reaction of SBS with the photoinitiator and quater-
nary ammonium cations served as an excellent
intercalating agent for Naþ–MMT. This synthesized
copolymer contained quaternary ammonium cations,

which enabled it to ionically exchange with sodium
ions in the silicate gallery, and it also contained a
photoinitiator and C¼¼C bonds of the SBS, which
enabled it to crosslink between the silicate gallery
for the preparation of the SBS/MMT nanocompo-
sites via UV exposure. The results of XRD and TEM
indicate that a mixture of partially exfoliated and
intercalated structures were present in the nanocom-
posites. In addition, the Tg, thermal stability, and
mechanical properties of the SBS-g-4-BBPDMAEMA
were influenced obviously by the crosslinking and
content of MMT.
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