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ABSTRACT: Polystyrene (PS)/organoclay nanocompos-
ites were prepared by the in situ polymerization of styrene in
the presence of organoclay with macroazoinitiator (MAI),
composed of repeated sequences of poly(dimethylsiloxane)
(PDMS) and azo groups. The X-ray diffraction patterns and
the morphology observed with a transmission electron mi-
croscope showed that the dispersion of organoclay in poly-
mer matrix improved as the content of the PDMS segment in
the nanocomposite increased. However, negative effects on

the rise of glass transition temperatures and the thermal
resistance of nanocomposite, measured by differential scan-
ning calorimetry and thermogravimetry, at a high content of
the PDMS segment, suggested that organoclay lay preferen-
tially in the PDMS domain. © 2005 Wiley Periodicals, Inc. J Appl
Polym Sci 99: 2841–2847, 2006
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INTRODUCTION

Polymer/layered silicate nanocomposites exhibit
markedly improved properties, when compared with
pure polymers or conventional composites, because
their unique intercalated or exfoliated structures max-
imize interfacial contact between the organic polymer
and layered silicate, such as montmorillonite (MMT),
which is composed of stacks of parallel lamellae with
a 1 nm thickness and a high aspect ratio.1–3

The hydrophilic nature of a pristine MMT surface
and a strong electrostatic interaction between silicate
layers through intergallery cations impede the diffu-
sion of a hydrophobic polymer chain into the gallery
between silicate layers to make a nanocomposite. This
difficulty can be overcome when interlayer cations,
such as Na�, Ca�, or K�, are replaced with organic
cations, ammonium ions with long alkyl chains.4–8

This organoclay has a low surface polarity and en-
hanced affinity with hydrophobic matrix polymers to
make nanocomposites.

Polystyrene (PS)/organoclay nanocomposites have
been reported to have mainly an intercalated struc-
ture.4,5,9–11 Many researchers have tried to enhance

the interaction between the PS chains and silicate sur-
faces of organoclay.12–15 Doh and Cho reported that a
structural affinity between the styrene monomer and
the organic cation of organoclay played an important
role in PS/organoclay nanocomposites.16 Some re-
searchers have also reported that polar comonomers,
such as acrylonitrile, methylvinyl oxazoline, or maleic
anhydride, enhanced the interaction between styrenic
polymers and organoclay.17,18 Efforts have also been
made with reactive organoclays, which were modified
with ammonium ions presenting polymerizable
groups, to ensure the adherence of PS chains to silicate
layers.5,19,20

Poly(dimethylsiloxane) (PDMS) has an affinity with
organoclay for making an exfoliated nanocomposite.21

Ishida et al., used PDMS as a swelling agent to en-
hance the diffusion of polymer chains into a gallery of
organoclay.4 So, we can assume that the compatibility
of PS with organoclay will be improved by a PDMS
block linked to PS, similar to the compatibility of
hydrophobic polymers, such as PS, polyethylene,
poly(methyl methacrylate) (PMMA), with hydrophilic
sodium MMT being enhanced by hydrophilic poly-
(ethylene oxide) blocks linked to the polymers.22,23

The macroazoinitiator (MAI), composed of repeated
sequences of PDMS and azo groups, can be effectively
used for the radical polymerization of vinyl mono-
mers to form PDMS–polyvinyl multiblock copoly-
mers.24–26 So in this study, to observe the effects of
PDMS blocks linked to PS, MAI was used as a radical
initiator to make a PS/organoclay nanocomposite by
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in situ polymerization. The effect of the PDMS block
on the structure and thermal properties of the nano-
composite was then examined.

EXPERIMENTAL

Materials

Organoclays, Cloisite 10A (C10A) and Cloisite 15A
(C15A), were obtained from Southern Clay Products
Inc. and dried for 2 h at 80°C under vacuum before
use. C10A is a natural MMT modified with dimethyl
benzyl hydrogenated tallow quaternary ammonium
ion. The modifier concentration is 125 meq/100 g clay
and the weight loss on ignition is 39%. The modifier of
C15A is dimethyl dihydrogenated tallow quaternary
ammonium ion. The modifier concentration and the
weight loss on ignition of C15A are 125 meq/100 g
clay and 43%, respectively. The MAI (Wako Pure
Chemical, VPS-0501) with the chemical structure (as
seen in Scheme 1)26 was used as received. It is the
condensation polymer of 4,4�-azobis(4-cyanovaleric

acid) and �,�-bis(3-aminopropyl) PDMS. The molec-
ular weight of �,�-bis(3-aminopropyl) PDMS is 5000
g/mol. The molecular weight of MAI is 30,000–50,000
g/mol and the azo group content is 0.2 mmol/g.26

Styrene was washed with 0.1M aqueous sodium hy-
droxide solution and pure water. It was distilled un-
der vacuum before polymerization after drying over
anhydrous sodium sulfate. 2,2�-Azobisisobutyronitrile
(AIBN, Aldrich) and n-hexane(Aldrich) were used as
received.

Preparation of nanocomposites

To intercalate MAI between the galleries of organo-
clay, 1.25 g of MAI was dissolved in 10 mL of n-hexane
and the solution was stirred with organoclay for 12 h.
Organoclay treated with MAI was obtained by the
evaporation of n-hexane under vacuum at 25°C. This
organoclay treated with MAI was used to prepare
PS/organoclay nanocomposite by in situ polymeriza-
tion of styrene at 60°C under N2 atmosphere for 48 h,

TABLE I
Recipe for the Preparation of PS/Organoclay Nanocomposite

Designation
code

Feed

Styrene
(g)

AIBN
(g) MAI (g)

Organoclay
Concentration of

azo group
(mmol/100 g

styrene)C10A (g) C15A (g)

Series I
C00S0 99.661 0.339 — — — 2.041
C00S1 95.247 — 4.753 — — 0.998
C00S2 90.990 — 9.010 — — 1.980
C00S3 83.333 — 16.667 — — 4.000
C00S4 76.923 — 23.077 — — 6.000
C00S5 67.480 — 35.520 — — 10.528

Series II
C10S0 94.966 0.286 — 4.748 — 1.807
C10S1 90.909 — 4.545 4.545 — 1.000
C10S2 87.146 — 8.497 4.357 — 1.950
C10S3 80.274 — 15.902 3.824 — 3.962
C10S4 73.725 — 22.589 3.686 — 6.128
C10S5 64.267 — 32.455 3.278 — 10.100

Series III
C15S0 94.966 0.286 — — 4.748 1.807
C15S1 90.810 — 4.613 — 4.577 1.016
C15S2 86.813 — 8.803 — 4.384 2.208
C15S3 79.891 — 16.082 — 4.027 4.026
C15S4 74.019 — 22.235 — 3.745 6.008
C15S5 64.483 — 32.241 — 3.276 10.000

Scheme 1
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with stirring by a magnetic bar. The prepared PS/
organoclay nanocomposites were crushed into pow-
der and dried at 80°C for 24 h under vacuum to

remove low molecular weight components. The reci-
pes for the preparation of the PS/organoclay nano-
composite are shown in Table I, where Series I is
reference samples containing no organoclay, and Se-
ries II and Series III are the nanocomposites of C10A
and C15A, respectively.

Measurements

Number–average molecular weight (M� n) and weight–
average molecular weight (M� w) were evaluated at
43°C with gel permeation chromatography (GPC, Wa-
ters M510). Tetrahydrofuran was used as an eluant.

TABLE II
Molecular Weight of Matrix Polymer and

Polymerization Yield

Sample

Molecular weight
(g/mol) Polymerization

yield (%)M� n M� w

Series I
C00S0 103,000 509,000 93.9
C00S1 251,000 3,761,000 80.8
C00S2 144,000 2,275,000 83.5
C00S3 176,000 3,081,000 87.2
C00S4 187,000 3,816,000 85.7
C00S5 166,000 3,327,000 84.6

Series II
C10S0 134,000 627,000 61.7
C10S1 131,000 1,451,000 55.1
C10S2 — — 61.0
C10S3 199,000 2,409,000 73.0
C10S4 — — 78.0
C10S5 210,000 1,463,000 82.0

Series III
C15S0 101,000 255,000 59.8
C15S1 210,000 1,874,000 63.4
C15S2 239,000 3,606,000 63.4
C15S3 213,000 3,175,000 74.6
C15S4 168,000 2,445,000 81.4
C15S5 174,000 3,795,000 84.9

Figure 1 XRD patterns of (a) C10A, (b) C10A/MAI (33.9/
66.1 by weight), (c) C15A, and (d) C15A/MAI (33.2/66.8 by
weight).

Figure 2 XRD patterns of PS/C10A nanocomposites: (a)
C10S0, (b) C10S1, (c) C10S2, (d) C10S3, (e) C10S4, and (f)
C10S5.

Figure 3 XRD patterns of PS/C15A nanocomposites: (a)
C15S0, (b) C15S1, (c) C15S2, (d) C15S3, (e) C15S4, and (f)
C15S5.
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X-ray diffraction (XRD) patterns were obtained with
an X-ray diffractometer (X’PERT, Philips) using CuK�
radiation (� � 1.54 Å) as the X-ray source. The diffrac-
tion angle was scanned from 1.2° at a rate of 1.2°/min.

The morphology of the nanocomposites was exam-
ined with a transmission electron microscope (TEM,
Hitachi H-8100) with an accelerating voltage of 200
kV. The samples for TEM observation were first pre-
pared by putting a nanocomposite into an epoxy cap-
sule and curing the epoxy at 25°C for 24 h in a vacuum
oven. Then, the cured epoxy containing a nanocom-

posite was microtomed by a diamond knife into 80-nm
thick slices.

Differential scanning calorimetry (DSC) was carried
out with a DSC-2910 (TA Instrument) at a heating and
cooling rate of 10°C/min, with 5 mg of sample. The
sample stayed at 150°C for 5 min in the DSC, and was
then cooled down to 25°C. The glass transition tem-
perature (Tg) was determined in a subsequent heating
scan.

Thermogravimetric analysis (TGA) was carried out
with a thermogravimetric analyzer (TA Instruments,

Figure 4 TEM images: (a) and (b) C10S0, (c) C10S2, (d) C10S5, (e) and (f) C15S0, (g) and (h) C15S2.
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TGA-2950) at a heating rate of 10°C/min under N2
atmosphere, with a sample of 5 mg in a platinum
crucible.

RESULTS AND DISCUSSION

Polymerization

The molecular weight of matrix polymers, analyzed
by GPC, and polymerization yield are shown in Table
II. The matrix polymers polymerized with MAI have
much higher molecular weight than those polymer-
ized with AIBN. This shows that termination by the
coupling reaction can yield a large multiblock copol-
ymer of PS and PDMS blocks, because an MAI mole-
cule has many azo groups linked by PDMS blocks.24

Table II also shows that polymerization yields of
Series II and III decrease in the presence of organoclay,
when the initiator concentration is low, compared
with Series I. This suggests that some initiators are
intercalated in the gallery between silicate layers, and
a strong case effect, which reduces the initiator effi-
ciency, exists when the azo groups were thermally
dissociated in this narrow gallery.27 Clays are known
to be free-radical scavengers and traps, because the

clay minerals inhibit the free radical reactions by ab-
sorption of the propagating or initiating radicals to the
Lewis acid surface. This may be another cause of yield
reduction in the presence of clay.6

XRD

Figure 1 shows the XRD patterns of C10A and C10A
treated with MAI in n-hexane. C10A had an XRD peak
of 2� � 4.6°.16 This peak position suggests that a
lateral bilayer arrangement of long alkyl chain is pre-
ferred in the gallery.28 This peak position did not
evidently vary when treated with MAI in n-hexane for
intercalation, as described in the experimental section.
This suggests that MAI molecules were not interca-
lated between the galleries of C10A. Figure 1 shows
that C15A had an XRD peak of 2� � 2.8°.16 This peak
position suggests that paraffin-type arrangement of
long alkyl chain is preferred in the gallery because of
high packing density of long alkyl chain in the gal-
lery.28 This peak position moved to 2� � 2.2° with
reduced intensity by the treatment with MAI in n-
hexane for intercalation. This shift of peak to a lower
angle shows that the gallery height calculated by
Bragg’s law, d � �/2 sin �, was increased from 31.5 to
40.1 Å by the intercalation of MAI molecules, and that
a reduction of the peak intensity suggested that some
of the ordered parallel face–face morphology of sili-
cate layers were disordered. These results are similar
to those reported by Burnside and Giannelis.21 They
observed that C15A delaminated in the PDMS matrix
when sonicated at room temperature; however, or-
ganoclay modified with benzyl dimethyl octadecyl
ammonium ion was neither intercalated nor delami-
nated. The above results indicate that modifiers with
benzyl groups as in C10A are not properly matched
for the dispersion of organoclay in a PDMS matrix.

Figure 2 shows the XRD patterns of PS/C10A nano-
composites. C10S0, which was polymerized with
AIBN, had a peak at 2� � 2.7°, being at a lower angle
when compared to that of C10A at 2� � 4.6° [Fig. 1(a)].
This shows that the gallery height was increased from
19.2 to 32.7 Å by the intercalated PS molecules.9,16

However, this peak moved further to a lower angle
and became obscure as the amount of MAI used for
polymerization was increased. That is, C10S2, which
was prepared at an azo group concentration similar to
that of C10S0, had a broad peak around 2� � 2.2°, and
the peak became featureless in the XRD patterns of
C10S4 and C10S5. This change of XRD pattern shows
that a disordering of the intercalated structures of
C10A was enhanced by the PDMS segment linked to a
PS chain. In Figure 3, C15S0, which was polymerized
with AIBN, has a peak at 2� � 2.5°, at a slightly lower
angle compared to that of C15A at 2� � 2.8° [Fig. 1(c)],
showing a minute increase of gallery height from 31.5
to 35.3 Å. These results suggest that although C15A

Figure 4 (Continued from previous page)
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was favorable for the dispersion in a PDMS matrix as
previously described, C15A is unfavorable for the dis-
persion in a PS matrix compared to C10A, whose
modifier has structural affinity with styrene as it has a
benzyl group.16 C15S1 has a peak of 2� � 2.2°, which
is similar to that in Figure 1(d) and is at a lower angle
compared to C15S0, which shows that the gallery
height increased from 35.3 to 40.1 Å because of the
PDMS segment linked to the PS chain. The XRD pat-
tern of C15S2 retained sharpness when compared to
C10S2, although they were prepared with similar
amounts of MAI. This suggests that a face–face or-
dered layer structure of organoclay was retained in
C15S2. However, as the content of the PDMS segment
was increased, this peak became obscure in the XRD
patterns of C15S4 and C15S5, as shown in Figure 2 for
the PS/C10A nanocomposites. These results support
the fact that the PDMS segment enhanced the delami-
nation of C15A in PS/C15A nanocomposites, similarly
to the nanocomposites of 10A.

TEM

The TEM micrographs of PS/organoclay nanocom-
posites are displayed in Figure 4, where the dark lines
represent the silicate layers in the polymer matrix.29

Figures 4(a), 4(c), and 4(d) show that the dispersion of
C10A in the polymer matrix was improved as the
content of the PDMS segment was increased. In Figure
4(b), the crystallites of C10A are visible as regions of
alternating narrow, dark, and light bands. It consisted

of about 10–20 parallel silicate layers.9 However, this
ordered face–face layer morphology was not observ-
able even at high magnification for C10S2, and an
exfoliated structure can be observed in Figure 4(d) of
C10S5. These changes in morphology by the effects of
the PDMS segment linked to the PS chain were con-
sistent with the changes of the XRD pattern shown in
Figure 2. Figure 4(g) of C15S2 also shows that the
dispersion of C15A was improved by the PMDS seg-
ment compared to Figure 4(e) of C15S0. Both Figure
4(f) of C15S0 and Figure 4(h) of C15S2 have ordered
face–face layer structures. However, the gallery gap of
C15S2 [Fig. 4(h)] was increased compared to C15S0
[Fig. 4(f)], as can be deduced from the XRD patterns of
Figure 3.

Thermal properties

The Tg’s of PS/organoclay nanocomposites measured by
DSC are shown in Table III, where �Tg is the Tg differ-
ence between the sample and that in Series I prepared
with a similar azo group concentration. For example,
�Tg of C10S2 is the Tg difference between C10S2 and
C00S2, and �Tg of C15S3 is Tg difference between C15S3
and C00S3. In Series I, the Tg was increased as the con-
tent of the PDMS segment was increased. This suggests
that in these multiblock copolymers containing PDMS
and PS segments, the PS segment could take more dense
packing in the presence of the flexible PDMS segment.
Inoue et al., also observed similar Tg increases of PMMA
blocks in PDMS–PMMA multiblock copolymers pre-
pared with MAI.25 The fact that the Tg of C10S0 was
16.6°C higher than that of C00S0 shows that the chain
mobility of PS was reduced by interaction with the sili-
cate layers of C10A.20 However, �Tg values of Series II
decreased as the content of the PDMS segment in the
nanocomposite was increased. This suggests that the
intimate contact or interaction between the PS chain and
C10A was replaced by those between the PDMS seg-
ment and C10A. In Series II, �Tg of C15S0 was 7.3°C,
which was smaller than the �Tg of C10S0, 16.6°C. This
shows that C15A did not disperse as well in the PS
matrix as in C10A, whose modifier had benzyl group.
The �Tg values of Series III show a first increase and then
a second decrease as the content of the PDMS segment in
the polymer matrix was increased. This shows that the
dispersion of C15A in the polymer matrix was enhanced
by the PDMS segment linked to the PS chain; however,
intimate contact between the PS chain and C15A was
reduced at a high PDMS segment content.

Table III also shows a 20% weight-loss temperature,
Tdec of PS/organoclay nanocomposites measured by
TGA, where �Tdec was calculated similarly to �Tg. For
example, the �Tdec of C10S3 is a Tdec difference be-
tween C10S3 and C00S3. The variation of �Tdec gen-
erally showed a first increase and a second decrease as
the content of PDMS segment was increased in both

TABLE III
Thermal Properties of PS/Organoclay Nanocomposite

Sample

Glass transition
temperature (°C)

20% weight loss
temperature (°C)

Tg �Tg Tdec �Tdec

Series I
C00S0 87.0 — 379.9 —
C00S1 91.9 — 389.2 —
C00S2 92.4 — 384.2 —
C00S3 95.2 — 386.4 —
C00S4 103.5 — 401.4 —
C00S5 107.8 — 403.5 —

Series II
C10S0 103.6 16.6 404.2 24.3
C10S1 104.6 13.5 404.2 15.0
C10S2 105.3 12.9 412.8 28.6
C10S3 105.3 10.1 413.3 26.9
C10S4 107.1 3.6 412.1 10.7
C10S5 110.0 2.2 411.4 7.9

Series III
C15S0 94.3 7.3 400.0 20.1
C15S1 94.4 3.3 405.6 16.4
C15S2 106.7 14.3 414.9 30.7
C15S3 106.7 11.5 414.2 27.8
C15S4 107.1 3.6 411.4 10.0
C15S5 110.0 2.2 412.8 9.3
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Series II and III, although some exceptions existed.
The first increase seemed to be attributable to the
enhanced dispersion of organoclay in the polymer
matrix because of the presence of the PDMS segment.
The second decrease seemed to originate from a pref-
erential distribution of organoclay into the PDMS do-
main at a high content of the PDMS segment content.

The results in Table III show that the differences in
the thermal properties of C10S0 and C15S0 due to clay
modifier can be minimized by PDMS segments. How-
ever, the thermal properties did not manifest the
minute difference in the morphology of clay disper-
sion. For example, C10S2 and C15S2 have similar ther-
mal properties, although the results observed by XRD
and TEM indicated somewhat better dispersion of clay
in C10S2 compared with C15S2.

CONCLUSIONS

The results of XRD and TEM show that the dispersion
of orgnoclay in a polymer matrix was improved by the
PDMS segment linked to the PS chain. However, the
variations of Tg and 20% weight-loss temperature sug-
gest that a preferential distribution of organoclay into
the PDMS domain at a high PDMS segment content
caused negative effects on Tg increases of the PS do-
mains and thermal resistance of the nanocomposites.
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