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Abstract

The fabrication of a syndiotactic polystyrene (sPS)/organoclay nanocomposite was conducted via a stepwise mixing process using

poly(styrene-co-vinyloxazolin) (OPS), i.e. melt intercalation of OPS into organoclay followed by blending with sPS. The effects of several

parameters, including type of organoclay and mixing temperature on the microstructure of the nanocomposite were investigated through X-

ray diffraction patterns and rheological properties. The microstructure of the nanocomposite mainly depended on the arrangement type of the

organic modifiers in the clay gallery. Using organoclays having lateral a bilayer arrangement exfoliated structure was obtained, whereas

intercalated structure were obtained when organoclay with a paraffinic monolayer arrangement was employed in our sPS/OPS/organoclay

system. In this work, a simple heat treatment on a previously prepared OPS/organoclay nanocomposite induced microstructural evolution

with a favorable direction from intercalation to exfoliation. This phenomenon is attributed to a strong interaction between OPS and the clay

surfaces, which is revealed by plateau behavior of the storage modulus in rheological properties. When heat is applied to the OPS/organoclay,

the OPS chains and clay layers move together by promoted thermal motion of OPS chains, which results in disordering of stacked clay layers

and exfoliation.

q 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

There have been numerous studies on polymer/clay

nanocomposites due to interest in their superior properties

over conventional microcomposites, including strength,

stiffness, flame retardancy and barrier properties. In the

case of atactic polystyrene (PS), various preparation

methods for nanocomposites have been attempted such as

in situ solution polymerization [1–4], in situ emulsion

polymerization [5,6], and melt intercalation [7–12]. Doh

and Cho showed that free radical polymerization of a

styrene monomer in the presence of organophilic clay

treated with an apolar alkylammonium chain yielded a

nanocomposite with intercalated structure [2]. When a

reactive organic modifier such as a vinyl alkylammonium

chain was used instead of a non-reactive modifier,

exfoliated nanocomposites were obtained [4]. However,

intercalated nanocomposites were obtained when a reactive

organic modifier of a vinyl monomer not having a long alkyl

chain was used [1]. Recently, exfoliated PS nanocomposites

were synthesized by using a silicate anchored initiator via

living free radical polymerization [3].

PS/clay nanocomposites with different microstructures

are also obtained by the melt intercalation method according

to the type of organic modifier in the clay gallery and the

polarity of the matrix polymer. Melt mixing or annealing of

only two components of PS and organoclay yields

nanocomposites with intercalated structure [7,8]. However,

exfoliated PS nanocomposites could be obtained by

increasing the polarity of the matrix polymer [9] or

introducing another polar polymer miscible with PS [10].

In this work, the fabrication of a syndiotactic polystyrene

(sPS)/clay nanocomposite was attempted via melt inter-

calation. sPS is a semi-crystalline polymer with high

melting point (about 270 8C) due to its stereo-regularity,

whereas atactic polystyrene (PS) is an amorphous polymer.
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Thus, direct melt intercalation of sPS into organoclay is

problematic due to thermal instability of the organic

modifiers treated on the inner layer surface of the clay at

high temperature [12–14]. In general, the clay should be

swelled by an alkyl ammonium material via a cation

exchange reaction between the metal ions in the clay gallery

and alkyl ammonium ions in order to increase the

wettability between the polymer and clay surface. However,

the interaction between alkyl ammonium and the silicate

layer of clay is not thermally stable enough to resist the high

melt processing temperature of sPS, which makes inter-

calation of sPS into the clay gallery difficult. To solve this

problem, we utilized the indirect approach of melt

intercalation of amorphous polystyrene into organophilic

clay followed by blending with sPS. We used poly(styrene-

co-vinyloxazoline) (OPS) as an amorphous polystyrene.

OPS can be melt-intercalated above the glass transition

temperature which is within the thermally stable range of

the organic modifier.

On the basis of the above stepwise fabrication method,

we investigated the effect of organoclay type on the

microstructure of nanocomposites by using three organo-

clays with different chemical structures and conformations.

The microstructures of the obtained nanocomposites were

examined by XRD spectra and transmission electron

microscopy (TEM) images. The rheological properties

were measured and discussed in relation to their micro-

structures. Since the fabrication of sPS nanocomposites

includes high temperature processing, the heat has a

significant effect on the microstructures. Therefore, heat

treatment on the OPS/organoclay nanocomposites was

performed in order to observe the structural change of

these nanocomposites at the high melt processing tempera-

ture of sPS.

2. Experimental part

2.1. Materials

sPS was supplied by Samsung General Chemical Co.

and used as received. OPS was a commercial product of

Nippon Schokubai Co. with the grade name of Epocros

RPS1005 in which 5 wt% oxazolin unit was included. Three

montmorillonite type organophilic clays were used. These

organoclays were prepared by ion exchanging sodium-

montmorillonite with alkyl ammonium cations. The inner

layer surfaces of the organoclays were treated with dimethyl

dihydrogenated tallow ammonium (MHT), dimethyl benzyl

hydrogenated tallow ammonium (BHT), and trimethyl

octadecyl ammonium (TMO), respectively. Hydrogenated

tallow alkyl chain consisted of 65 wt% of C18, 30 wt% of

C16 and 5 wt% of C14. From here on, organoclays are termed

according to their organic modifier. Two organoclays, MHT

and BHT, were donated by Southern Clay Co. and TMO

was prepared in our laboratory by adopting the common

procedure as outlined elsewhere [10]. All organoclays were

used after drying in a vacuum oven at 80 8C for two days.

The properties of materials used in this work are

summarized in Table 1.

2.2. Preparation of nanocomposite

First, OPS and organophilic clay were mixed in a

Brabender roller mixer at a temperature of 200 8C for

10 min with 50 rpm rotor speed. OPS was inserted and

melted completely in the mixing chamber. The organophilic

clay was then loaded into the molten polymer. After

completion of mixing, the mixed composite was ejected

from the mixing chamber, then cooled and crushed at room

temperature. sPS nanocomposites were fabricated by

blending sPS with the above products in a Brabender roller

mixer at 280 8C for 5 min with 50 rpm rotor speed.

Heat treatment of the OPS/organoclay nanocomposites

was performed through annealing in a small vial of a mini-

molder (CSI co.) for 5 min with varying temperature.

2.3. Characterization

The dispersed state of the clay layers in the matrix

polymer was evaluated using XRD and TEM. XRD spectra

were obtained using a Rigaku X-ray generator (Cu Ka

radiation with l ¼ 1:5406 �A) with 2u scan range of 0–108

at room temperature. The specimens of nanocomposites for

XRD measurement were obtained in sheet form using a

hydraulic press. TEM images were obtained using a Jeol

JEM-2000EX TEM. The specimens were cut into ultra thin

slices using a Reichert-Jung Ultracut Microtome at room

temperature without any staining process. The dynamic

moduli as rheological properties were measured using

ARES (Rheometrics Co.) with parallel plate geometry.

Frequency sweep was carried out at 280 8C with the 10%

strain, which was within the linear viscoelastic regime. All

measurements were conducted under an inert nitrogen

environment to avoid degradation of the polymers at high

temperature.

3. Results and discussion

In fabricating OPS/organoclay nanocomposites, the

Table 1

Properties of materials used in this work

Materials Mw Tg

(8C)

Tm

(8C)

CEC

(mequiv./100 g)

d-spacing

(nm)

SPS 617,900 100 265 – –

OPS 156,000 108 – – –

MHT – – – 125 2.97

BHT – – – 125 1.93

TMO – – – 119 1.81
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organoclay content was maintained at 10 wt%. The blend

ratio of sPS and the OPS/organoclay nanocomposite was 7:3

in all cases. Thus the organoclay content in the sPS

nanocomposite was 3 wt%. First, we investigated the effect

of organic modifier type on the microstructure of the

nanocomposites by using two organoclays having the same

cation exchange capacity (CEC), MHT and BHT. The

compositions of the fabricated nanocomposites are sum-

marized in Table 2.

The XRD patterns of organoclay and polymer/organo-

clay nanocomposites are shown in Fig. 1. When only two

components of sPS and organoclay were mixed at 280 8C of

sPS melting temperature, the (001) peak of clay layers

remained at its initial position or shifted to a higher 2u

value. This indicates that the clay interlayer spacing did not

change or even decreased, which resulted in phase separated

microcomposites not intercalated nanocomposite. This

result is attributed to a thermal rupture of bonds or thermal

desorption of the organic modifier followed by a decrease of

wettability between the polymer and clay, which corre-

sponds with other reports [12–14].

However, two organoclays showed different XRD

patterns in sPS/organoclay composite. Although consider-

able weight loss of organic modifier occurred in both

organoclays at sPS melt temperature by TGA experiment

(Fig. 2), only BHT showed a decrease of d-spacing, from

1.93 nm ð2u ¼ 4:588Þ to 1.43 nm ð2u ¼ 6:188Þ: The peak

around 2u ¼ 6:78 is the diffraction peak of the hexagonal

crystallographic structure of sPS. Considering previous

theoretical and experimental results [15,16], the tilted

paraffinic monolayer is most likely for the arrangement of

organic modifier in MHT in view of its d-spacing (2.97 nm)

and the lateral bilayer for BHT with d-spacing (1.93 nm).

Recently, it was reported that organoclay with a paraffinic

monolayer structure maintained its d-spacing after thermal

treatment, whereas the d-spacing of organoclay with a

lateral bilayer structure reduced to a lateral monolayer [14],

which is consistent with our results. Most relevantly,

intercalated or exfoliated nanocomposite could not be

obtained by simply melt mixing sPS and organoclay.

When OPS and organoclay are melt-mixed at 200 8C

as a first step of the fabrication method, intercalated

nanocomposites were obtained irrespective of the type of

organoclay. The d-spacing increased from 2.97 to

3.22 nm for MHT and from 1.93 to 3.31 nm for BHT.

This is similar to the previous result of Yoon et al. [12],

who obtained an intercalated nanocomposite by annealing

or melt mixing OPS and organoclay. Hasegawa et al.

[10], however, reported that a nearly exfoliated (or

disordered intercalated) nanocomposite could be obtained

by mixing OPS and organoclay in a twin-screw extruder.

This high degree of dispersion is thought to result from

the relative intensities of the mixing equipment in

comparison to Yoon’s and our results, which were

obtained using roller blade mixer.

When sPS and above the OPS/organoclay nanocompo-

site were mixed at 280 8C of sPS melting temperature, we

could obtain intercalated or exfoliated nanocomposites

Table 2

Compositions of nanocomposites and their d-spacings

Sample sPS (wt%) OPS (wt%) Organoclay (wt%) d-spacing

(nm)

MHT BHT TMO

SPOPS 70 30 0 0 0 –

SPSM 97 0 3 0 0 3.01

OPSM 0 90 10 0 0 3.22

SPOPSM 70 27 3 0 0 3.53

SPSB 97 0 0 3 0 1.43

OPSB 0 90 0 10 0 3.31

SPOPSB 70 27 0 3 0 Exfoliation

OPST 0 90 0 0 10 3.16

SPOPST 70 27 0 0 3 Exfoliation

Fig. 1. XRD patterns of composites with different organoclays, (a) MHT

series, (b) BHT series.
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according to the type of organoclay without any collapsed

clay layers. In the case of using MHT, the intercalation peak

appeared at 2u ¼ 2:58; corresponding to 3.53 nm of d-

spacing. This value is 0.3 nm higher than that of OPS/MHT,

and thus it is believed that some sPS intercalated into the

clay gallery. However, a completely exfoliated nanocom-

posite without any intercalation peak in the XRD pattern

was obtained in the case of using BHT. Differences in the

microstructure between the two organoclays can be clearly

observed by the TEM images in Fig. 3. The composites

obtained by melt-mixing of only two components of sPS and

organoclay showed agglomerated clay particles as expected

in the XRD patterns. Individual layers of clay are visible as

regions of alternating, narrow dark and light bands within

the particle. The clay layers in BHT were more severely

agglomerated than that of MHT, as dark bands of clay layers

were presented more closely together, which is consistent

with the result of the decrease of d-spacing in the XRD

pattern. However, sPS nanocomposites obtained by step-

wise mixing showed typical intercalated and exfoliated

structure in MHT and BHT, respectively. We observed that

the face-to-face stacking of clay layers was maintained in

the MHT case while the individual clay layers were

delaminated in the BHT case. On the basis of the results

of the XRD and TEM analyses, stepwise mixing using OPS

is determined to be a useful method in obtaining a

nanocomposite for a sPS/organoclay system.

At this time, it is worthwhile to note microstructural

change of the nanocomposite induced by simply melt-

mixing OPS/organoclay with sPS at high temperature. To

our knowledge, there has been no report on the microstruc-

tural change of a nanocomposite by processing at high

temperature, which is a favorable direction from intercala-

tion to exfoliation, without any collapsed clay layers. Thus,

in order to investigate the effect of heat on the microstruc-

tural change, heat treatment on an OPS/organoclay

nanocomposite was performed for 5 min with varying

temperature from 200 to 280 8C. The XRD patterns

according to the heat treatment temperature are shown in

Fig. 4. In the case of OPS/MHT, a higher temperature

results in a lower (001) peak with, maintenance of the peak

position at 2u ¼ 2:58; which indicates microstructural

change from ordered intercalation to disordered. However,

the (001) peak of the OPS/BHT nanocomposite disappeared

above 230 8C, which corresponds to an exfoliated structure.

The microstructural change of the OPS/organoclay

nanocomposite caused by heat can be explained as follows.

When heat is applied, the OPS chains previously inter-

calated in the clay gallery become more energetic and have

promoted thermal motion. This increased thermal motion

makes it easier for OPS chains to move out from the clay

gallery due to the thermodynamic tendency of the gain of

conformational entropy. The oxazolin group in OPS has a

strong interaction with hydroxyls in clay surface. Thus the

layered structure of clay becomes disordered or exfoliated

as OPS and clay layer move together by heat treatment.

Comparing two organoclays, MHT and BHT, we

observed that the microstructural change to an exfoliated

state occurred more rapidly for BHT. In previous reports

[15], it was revealed that organoclay with a lateral bilayer

arrangement of organic modifier had a twice larger surface

area per alkylammonium molecule than that of organoclay

with a paraffinic monolayer. This means that the former

organoclay has lower packing density than the latter. Thus

BHT with a lateral bilayer structure has relatively large

empty spaces in the clay gallery and as a result a high

amount of OPS can intercalate and interact with the clay

surface, leading to an exfoliated structure at the relatively

low temperature of 230 8C. This could be confirmed by the

XRD data in Table 2, which shows that the net increase of d-

spacing in OPS/BHT was 1.38 nm while there was only a

0.25 nm increase in the case of OPS/MHT.

The chemical affinity between OPS and the benzene

group in BHT may be another reason for the exfoliated

structure of the OPS/BHT nanocomposite. In order to

investigate the effect of a pendant group in the organic

modifier, TMO having a lateral bilayer arrangement of

organic modifier consisting of only a C18 aliphatic chain was

compared to the BHT. As revealed in the XRD patterns

shown in Fig. 5, the OPS/TMO nanocomposite showed an

intercalated structure as the (001) peak shifted from 2u ¼

4:898 to 2u ¼ 2:798: This corresponds to an increase of d-

spacing from 1.81 to 3.16 nm. When this OPS/TMO

nanocomposite was thermally treated or mixed with sPS

at 280 8C, a nearly exfoliated structure was obtained while a

small intercalation peak remained. This result is nearly

identical as that obtained when using BHT. As such, the

arrangement of organic modifier in the clay gallery strongly

appears to be the main factor in affecting the microstructure

of the sPS/OPS/organoclay nanocomposite. However, the

chemical affinity between organic modifier and polymer

may be another factor in considering that a small

intercalation peak remained in OPS/TMO, whereas a

completely exfoliated structure without any intercalation

Fig. 2. TGA curves of two organoclays under air environment.
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peak was obtained in OPS/BHT. The chemical affinity

between polymer and organic modifier promotes intermix-

ing of the two chains and consequently the clay layers are

delaminated more completely by the thermal motion of OPS

during heat treatment. This result is consistent with the

theoretical study that an interaction between organic

modifier and matrix polymer is advantageous in terms of

obtaining an exfoliated structure [17].

Finally, dynamic moduli as rheological properties were

measured and studied in relation to the microstructure of the

nanocomposites revealed previously by XRD and TEM.

The storage moduli and loss moduli vs. frequencies are

shown in Fig. 6. When we focused on the nanocomposite

obtained by stepwise mixing, we found that the storage

moduli increased greatly at the low frequency region in

comparison to the matrix polymer sPS/OPS blend. An

enhanced modulus at the low frequency region in an

intercalated nanocomposite has been reported in some

previous studies. This phenomenon could be explained by

the retarded relaxation dynamics of polymer chains in a

confined geometry [18,19] or the mesoscopic structure of

clay tactoids [20]. However, the exfoliated nanocomposite

created using BHT showed more enhanced storage moduli

and even plateau behavior at low frequency region as

compared to the intercalated nanocomposite made using

MHT. Krishnamoorti et al. reported that the rheological

Fig. 3. TEM images of nanocomposites, (a) SPSM, (b) SPSB, (c) SPOPSM, (d) SPOPSB.
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properties of exfoliated nanocomposites showed different

behavior according to the interactions between the polymer

and the clay surface. Simply delaminated clay layers

without any interaction between polymer and clay surface

showed no difference in rheological properties from the

matrix polymer whereas end-tethered nanocomposites such

as an in situ polymerized nylon-6/organoclay hybrid showed

decreased frequency dependence of storage modulus in the

low frequency region [18]. This plateau behavior of the

storage modulus could be found in other end-tethered

polymer/organoclay system, poly(1-caprolactone)/organo-

clay [21] and polystyrene/organoclay [11], and has been

attributed to the network formation between polymers and

clay layers. Based on previous reports, sPS/OPS/BHT

nanocomposite is believed to be a pseudo end-tethered

nanocomposite, due to the strong interaction between OPS

Fig. 4. XRD patterns of heat treated OPS/organoclay nanocomposite at

different temperature for 5 min, (a) MHT series, (b) BHT series.

Fig. 5. XRD patterns of nanocomposites using TMO (OPST-H represents

the heat treated OPST nanocomposite at 280 8C for 5 min).

Fig. 6. Dynamic rheological properties of nanocomposites at 280 8C, (a)

storage moduli, (b) loss moduli.
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and the clay surface in view of the rheological properties.

The loss modulus showed a similar trend to the storage

modulus but with a reduced difference due to the viscous

character of the loss modulus.

4. Conclusions

The fabrication of nanocomposites based on sPS and

organoclay as polymer and filler, respectively, was

performed by melt intercalation. Intercalated or exfoliated

nanocomposites without any collapsed clay could be

obtained by using OPS via a stepwise mixing method.

Previously intercalated OPS played an important role in

preventing the clay layers from collapsing during melt-

mixing with sPS at high temperature. The microstructure of

the nanocomposites mainly depended on the arrangement

type of organic modifier in the clay gallery. Organoclays

having a lateral bilayer arrangement were advantageous in

terms of obtaining an exfoliated nanocomposite in our

sPS/OPS/organoclay system. We could obtain more com-

plete exfoliated nanocomposites by using an organoclay

having chemical affinity between polymer and organic

modifier, as revealed in a comparative study of BHT and

TMO. One notable result was that the microstructural

evolution occurred in a favorable direction from intercala-

tion to exfoliation by high temperature. This phenomenon

could be explained as follows. OPS/organoclay is believed

to exist in a pseudo end-tethered state due to the strong

interaction between OPS and the clay surfaces. When heat is

applied to the OPS/organoclay, OPS chains and clay layers

move together by promoted thermal motion of the OPS

chains, which results in disordering of the stacked clay

layers and exfoliation.
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