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ABSTRACT: Nanocomposites of poly(methyl methacry-
late) (PMMA) with layered silicates were prepared by the
melt mixing route. The PMMA–montmorillonite hybrids
were characterized by wide-angle X-ray diffraction, thermo-
gravimetric analysis (TGA), and differential scanning calo-
rimetry (DSC). Except for the hybrid formed with unmodi-
fied sodium montmorillonite, where a change in distribution
of clay platelet stacks was observed without polymer inter-
calation, the use of organically modified montmorillonites
produced well-intercalated systems. An increase in the sep-
aration of the clay layers due to polymer intercalation was
observed in the range 7–14 Å. TGA thermographs indicated
that the onset of decomposition increased by 15–30°C, de-

pending on the organoclay, as compared to PMMA itself.
DSC results showed the existence of a glass-transition tem-
perature (Tg) for all the hybrids and also showed that the Tg
of the hybrids were lower (by �10%) compared to that of
PMMA. Among the various modifiers, the ones that were
relatively more polar favored a greater extent of intercala-
tion of PMMA into the clay layers. The thermal stabilities of
the nanocomposites were superior to that of PMMA and
were controlled by the stability of the organoclay and its
interaction with PMMA. © 2003 Wiley Periodicals, Inc. J Appl
Polym Sci 89: 1186–1194, 2003
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INTRODUCTION

Clay-based polymer nanocomposites are an attractive
set of hybrid materials, from a technological perspec-
tive, providing avenues for interesting and useful in-
vestigation of complex confined systems.1–4 Clays, as
layered silicates, present themselves as an interesting
species of fillers to be used in current industrial re-
search. Polymer-layered silicate nanocomposites have
gained importance in recent years because of their
superior thermal, mechanical, and gas-barrier proper-
ties as compared to the polymer itself. The enhance-
ment of these properties occurs with nanoscale heter-
ogeneity and dispersion of only a few percentage
points of either pristine or organically modified sili-
cates dispersed in the polymer matrix. These perfor-
mance improvements largely depend on the spatial
distribution, the arrangements of intercalating poly-
mer chains, and the interfacial interaction between the
silicate layers and the polymer. Natural montmoril-
lonite (2:1 aluminosilicate) (MMT) carries a distribu-
tion of negative charges in its inorganic framework so
that the framework interacts electrostatically with

metal cations present or occurring in its interlayer
gallery. Pristine montmorillonite is generally incom-
patible with hydrophobic polymers because of its hy-
drophilic nature. However, it is compatible with hy-
drophilic or polar polymers, for example, poly(ethyl-
ene oxide) (PEO) and poly(vinyl pyrrolidone) (PVP)
among several others. This compatibility between the
clay and polymer facilitates the intercalation of the
polymer into the interlayer space between the succes-
sively stacked silicate layers.

The enhancement of favorable interactions between
montmorillonite and hydrophobic polymers can be
brought about by the organic modification of mont-
morillonite via the replacement of the interlayer metal
cations by various organic cations, such as alkylam-
monium cations.1,3,4 Most of the organoclays that are
used for nanocomposite investigations contain quater-
nary ammonium ions as the organic modifiers, with
the list being too exhaustive to be laid down here.
Such an organic modification provides two benefits.
First, the interlayer space between the layered silicates
increases as a result of the long-chain alkylammonium
cations, thereby relatively weakening the interactions
between the successive clay layers. Second, these
small molecules electrostatically bonded to silicates
render montmorillonite more molecularly compatible
with the polymer molecules. Polymer–clay nanocom-
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posites show unusual properties that are not shown
by conventional composites, primarily thought to be
because of confinement effects and because of large
interfacial areas per unit volume of the layered sili-
cates.

Nonreactive melt processing of a polymer with
clays is an effective approach to the preparation of
thermodynamically compatible nanocomposites. The
technique involves the annealment, statically or under
shear, of a mixture of polymer and the inorganic host
above the glass-transition temperature (Tg) of the
polymer. The driving force for the intercalation can be
rationalized based on three competing effects, namely,
(1) the decrease in conformational entropy of the flex-
ible polymer chains when confined between the sili-
cate layers, (2) an increase in the conformational en-
tropy of the organic modifiers as layers to accommo-
date the polymer, and (3) a net energy gain associated
with the establishment of more favorable secondary
interactions between the polymer and the organically
modified layered silicate (OLS) than originally present
in the unintercalated OLS.

Poly(methyl methacrylate) (PMMA) is an optically
transparent material with technological importance
because of its high surface resistivity, high weather-
ability, and light resistance. PMMA nanocomposites
offer the potential for reduced gas permeability and
improved thermal and mechanical properties without
any loss of optical clarity. Most of the reports on
PMMA–clay nanocomposites have been based on in
situ polymerization routes for their preparation,5–10

mainly emulsion polymerization and solution poly-
merization methods. The first account of the synthesis
of PMMA– clay nanocomposites was given by
Blumstein,5 where natural sodium montmorillonite
(Na�MT) was used along with methyl methacrylate
(MMA) via free-radical polymerization in the presence
of the clay. Biasci et al.6 obtained intercalated PMMA–
clay nanocomposites by two methods: (1) the poly-
merization of MMA with montmorillonite modified
by 2-(N-methyl-N,N-diethylammmonium iodide)
ethyl acrylate and (2) the direct intercalation of MMA
polymers with an OLS. Lee and Jang7 prepared PM-
MA–clay hybrids by emulsion polymerization tech-
niques, and they got intercalated structures. Huang
and Brittain10 prepared PMMA–clay hybrids by the
suspension polymerization technique, and they got
partially exfoliated structures. The observed feature
common to all these studies was the increase in the Tg

of the PMMA–clay hybrids on the formation of the
nanocomposites relative to the Tg of PMMA itself.
However, interestingly, a decrease in the Tg by hybrid
formation has been observed in extruded samples pre-
pared by the melt mixing route, although the under-
lying mechanism for this behavior is not clear at this
time.11,12 Another study on PMMA–clay nanocom-
posites prepared by the melt mixing route has been

recently reported, where up to 1 wt % of an organoclay
(trade name Clayton APA, Southern Clay Products, Inc.)
was used; however, no results on the behavior of Tg or
the degradation behavior were reported.13

In this work, we present for the first time a study on
the effects of the nature of organically modified mont-
morillonite on the nanocomposites that are formed
with PMMA via the melt mixing route. The motiva-
tion for such a study stemmed from the lack of suffi-
cient understanding and interest the use of new or-
ganoclay systems for PMMA hybrids formed by inter-
actions with a variety of structurally different
organoclays. PMMA interestingly shows interactions
with montmorillonite, and therefore, extensive studies
can pave the way for a more comprehensive under-
standing of intercalated polymer systems. The results
presented here include wide-angle X-ray diffraction
(WAXD) patterns of the hybrid structures, direct ob-
servation of the nanoscale structure via transmission
electron microscopy (TEM), and the thermal proper-
ties (Tg’s and the onset of thermal degradation and
weight loss curves) of these hybrids.

EXPERIMENTAL

Materials and methods

Sodium montmorillonite (NaMT) and various other
organically modified montmorillonites used in this
study were supplied by Southern Clay Products, Inc.
(Gonzales, TX). The structures of the modifiers are
shown in Figure 1. The clays used for our study were
Cloisite Na�MT [cation exchange capacity (CEC) � 90
meq/100 g], Cloisite10A [with the organic modifier
dimethyl-benzyl-hydrogenated tallow ammonium
(2MBHT); CEC � 125 meq/100 g], Cloisite20A [with

Figure 1 Chemical structures of the quaternary ammo-
nium modifiers: (A) 2M2HT, (B) 2MBHT, (C) 2MHTL8, and
(D) MT2EtOH.
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the organic modifier dimethyl-dihydrogenated tallow
ammonium (2M2HT); CEC � 95 meq/100 g],
Cloisite25A [with the organic modifier dimethyl-
hydrogenated tallow 2-ethylhexyl ammonium
(2MHTL8); CEC � 95 meq/100 g], and Cloisite30B
[with the organic modifier methyl tallow bis-2-hy-
droxyethyl ammonium (MT2EtOH); CEC � 90 meq/
100 g]. The average particle size (80 vol %) of the clays
used varied in the range 2–13 �. The virgin PMMA
(Acrylpol-p 8015) was provided by the Polymer Cor-
poration of Gujarat Ltd. had a melt flow index of 1.5
g/min, and was used without further modification.
PMMA and all the clays used for the experiments
were dried at 65°C in a vacuum oven for 12 h before
mixing. PMMA and the required amounts of various
clays (10 wt % in each hybrid) were dry-mixed and
melt-blended at a temperature of 175°C in a Brabender
plasticorder mixer at two speeds, 30 and 60 rpm, for 30
min.

Characterization

Characterization of the prepared samples was per-
formed at speeds of 30 and 60 rpm. The difference in
the results was not appreciable; therefore, only the
analyses for the samples prepared with 30 rpm are
presented in the later sections. WAXD patterns were
recorded on a Rigaku (Japan) diffractometer with Cu
K� radiation at 50 kV and 120 mA. The experiments
were performed in a scan range of 2� � 2–15° with a
scan speed of 1°/min on compression-molded sam-
ples. The thermal properties of the composites were
measured by differential scanning calorimetry (DSC)
and thermogravimetric analysis (TGA). A Mettler
DSC Fp 85 was used for the measurements in the
temperature range 50–230°C, a range that was suffi-
cient and encompassed as well as went well above the
Tg of PMMA. Typically, a sample of about 10 mg was
heated first from 50 to 260°C at a heating rate of
10°C/min to relieve any thermal history of the glassy
state. Then, the sample was allowed to cool to 50°C

and was subsequently reheated from 50 to 160°C.
Heating was repeated at the same rate. The data ob-
tained from the second scan was used for the Tg de-
termination of the polymer and the hybrids. TGA
measurements were carried out on a PerkinElmer
TGA-7. Samples of about 4 mg were heated from 50 to
650°C at a heating speed of 10°C/min under a nitro-
gen atmosphere. The same heating rates were used for
PMMA and the hybrid samples. The experiments
were repeated on some samples to ensure the accuracy
of the results.

RESULTS AND DISCUSSION

X-ray diffraction and nanocomposite structure

The WAXD results are shown in Figure 2 for all four
hybrids (PMMA–Cloisite10A, PMMA–Cloisite25A,
PMMA–Cloisite20A, and PMMA–Cloisite30B). The
001 peaks for the systems were observed around an-
gles of 2� � 2.5–3.0°, clearly indicating that the inter-
calation of PMMA into the clay layers had taken place
in all of the systems with the organoclays. The d-
spacings are provided in Table I. The comparison of
the diffraction patterns for each hybrid with the re-

Figure 2 Combined WAXD patterns of nanocomposites
made from PMMA and various organoclays.

TABLE I
WAXD d-Spacings of Various Hybrids Made from Different Organoclays and PMMA

Compared with the d-Spacings of the Organoclays Alone

Organoclay

d-Spacing in (Å)

First peak Second peak Third peak
�d for the
first peak

30B � PMMA 32 16.4 11.4 14.0
30B 18
20A � PMMA 32.2 17 11.4 7.0
20 A 25.2 12.4
10A � PMMA 34.04 17.1 11.8 14.2
10 A 19.8
25 A � PMMA 32.7 16.6 11.1 13.7
25 A 19.0
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spective organoclay (Cloisite20A, Cloisite25A,
Cloisite10A, and Cloisite30B) are presented in Figures
3–6. In the case of the hybrid with NaMT, as seen in
Figure 4, there was no intercalation by the polymer,
but the peak intensity diminished. Further conjectures
on this behavior were not possible at this time with the
type of the characterization used in this work, and a
direct comparison of WAXD intensities, among nano-
composites and organoclays, could not be used as a
measure of the dispersability of clay layer stacks.
However, clearly, PMMA could not intercalate into
pristine montmorillonite, as shown by our results. On
the basis of peak broadening, this also, to a certain
extent, may have indicated some level of a reduction
in the number of clay platelets per stack in the poly-
mer matrix, resulting from either the processing used
to prepare the nanocomposite or a possible nonnano-
scopic favorable interaction between NaMT and

PMMA. This may, therefore, have resulted in little
dispersion of the clay stacks in the PMMA matrix
relative to the tightly stacked and much longer ranged
order in the case of NaMT clay.

In all four hybrids with the specific organoclays,
there was sufficient intercalation, by way of a change
in the d-spacing of around 14 Å, except in the case of
PMMA–Cloisite20-A, where there was an increase of
about 7 Å only. The actual (001) d-spacings for the
interlayers containing the polymer were almost the
same for all systems (around 33–34 Å). The interlayer
d-spacings for the organoclays were all around 19–20
Å, except for Cloisite20A, where it was 25.2 Å. In the
case of the hybrids with Cloisite30B, Cloisite10A, and
Cloisite25A, the similar organoclay d-spacings among
the clays and similar d-spacings among their respec-
tive nanohybrids led us to the conclusion that the
chemical potential and polymer–clay interactions of

Figure 3 WAXD patterns forCloisite20A and its nanocomposite with PMMA.

Figure 4 WAXD patterns for Cloisite25A and its nanocomposite with PMMA.
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these systems were fairly equal. This was an interest-
ing observation if one considers that the chemical
structures of the modifiers were quite different in
these organoclays. However, the organic modifier in
each of these clays was a single tallow amine (the
tallow being a mixture of alkyl chains C18, C16, and
C14), and therefore, the single long alkyl chain per
amine molecule seemed to be controlling the three-
way miscibility interaction between the clay frame-
work, the amine itself, and PMMA segments.

The lower amount of intercalated polymer in the
case of the hybrid with Cloisite20A seemed to arise
because of a lower extent of favorable interaction and
because the ditallow modifier contained a greater

number of hydrophobic CH2 groups relative to the
other modifiers, which had only a single tallow alkyl
chain. A comparison of the grafting densities (equiv-
alently through the CEC) of the organoclays
Cloisite20A (CEC � 95 meq/100 g), Cloisite30B (CEC
� 90 meq/100 g), Cloisite25A (CEC � 95 meq/100 g),
and Cloisite10A (CEC � 125 meq/100 g) clearly indi-
cated that in Cloisite20A, Cloisite25A, and Cloisite30B,
the number of organic amine molecules per standard
area of clay surface was similar. Therefore, greater the
number of CH2 groups per amine molecule was, the
less favorable was the interaction between the inter-
calated polymer segments and the clay surfaces as
well as the interaction between the polymer segments

Figure 5 WAXD patterns for Cloisite10A and its nanocomposite with PMMA.

Figure 6 WAXD patterns for Cloisite30B and its nanocomposite with PMMA.
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and the organic modifier segments. This rationaliza-
tion was used to explain the behavior of PMMA–
Cloisite20A relative to that of PMMA–Cloisite25A
and PMMA–Cloisite30B. In the case of PMMA–
Cloisite10A, even though the amine grafting density
was higher (125 meq/100 g), the number of CH2
groups per amine molecule was lower by a factor of 2
(single tallow relative to ditallow), whereas the in-
crease in the grafting density per area of clay surface
was not higher by a factor of 2 (125/90 is roughly a
factor of 1.4 only). PMMA is relative more polar than
an alkyl chain, and so beyond a particular length of
the alkyl group on the amine modifier, the miscibility
of the clay with PMMA may not have been favored.
Experiments with a far lesser number of CH2 groups
per amine molecule would need to be performed in
the future to ascertain the minimum number of CH2
groups required on the amine to promote intercalation
and a more comprehensive understanding of the mo-
lecular thermodynamics of these systems.

The peaks from XRD studies for all of the interca-
lated systems were narrow, indicating a high stacking
order of the successive clay layers in the hybrid ma-
trix. The strong Bragg diffraction peaks reflected co-
herent stacking of the clay platelets and, thus, the
presence of an ordered structure in the hybrid. How-
ever, we observed the higher order reflections of the
(001) peak, that is, the (002) and (003) peaks, as present
in the hybrids, which indicated that PMMA had dif-
fused inside the interlayer gallery of the clays without
significantly disrupting the layer structure of the clays.
Also, a broadening of the organoclay peak indicated
that the clays had dispersed somewhat in the overall
polymer matrix.

From the XRD patterns shown in Figure 2, we con-
cluded that the organoclay Cloisite10A gave the max-
imum interlayer gallery d-spacing. Because the or-

ganoclay gave the largest value of change in d-spacing
with polymer intercalation, we realized that
Cloisite10A provided the most favorable interaction
between the polymer and the clay. From the results, it
was also apparent that because the organic modifiers
themselves and PMMA were essentially incompatible,
leading to a preference of the modifier chains to lie
close to the silicate surface (albeit with a loss in entropy),
a certain amount of exposed silicate surface was re-
quired for the PMMA to interact favorably with the
silicate, as the results for the ditallow versus the single
tallow modified systems indicated. However, the
complete exposure of the silicate surface was an un-
favorable situation for the polymer. The TEM micro-
graphs for the PMMA–Cloisite25A nanocomposite, as
a sample of the structure of the organoclay-based in-
tercalated PMMA nanocomposites prepared by melt
processing, are provided in Figure 8. Individual inter-
calation layers are shown clearly in Figure 8(b), at high
magnification, whereas the overall phase clearly
showed the clay layer stacks dispersed in the PMMA
matrix, as shown in Figure 8(a).

Thermal properties of the hybrids

The TGA results on PMMA and its nanocomposites,
as shown in Figure 9, revealed that the onset temper-
ature of thermal decomposition went up by a magni-
tude of around 15–30°C, as measured at 5% decompo-
sition, by the addition of clays to the polymer matrix.
This thermal behavior was caused by the insertion of
PMMA between the layers of montmorillonite, which
provided resistance to the thermal degradation of
PMMA. The decomposition temperatures at 5%
weight loss are provided in Table II. As was evident,
the onset of decomposition for the PMMA–NaMT hy-
brid was greater by 15°C compared to that of PMMA,

Figure 7 WAXD patterns for Na�MT and PMMA nanocomposites prepared with Na�MT.
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indicating a significant improvement in the ability of
the hybrid to withstand degradation. Improvement in
the thermal stability of a PMMA nanocomposite was
also reported earlier by Blumstein;14 however, the 5%-
weight-loss temperature was around 265°C, which is
lower than the temperature observed for PMMA–
NaMT hybrids in this study. The final loss tempera-
ture, where the polymer degraded completely (around
slightly greater than 90% degradation in the case of
the hybrid, inclusive of the organic amine, and 100%
degradation in the case of the unfilled polymer) was
almost the same when PMMA was compared with its
hybrid with NaMT clay. This indicated that the ther-
mal insulation effect that occurs because of the shield-
ing of the intercalated polymer chains by the confining
clay layers did not occur in the case of the PMMA–
NaMT hybrid. This was also shown to be the case
earlier by the XRD results, where no intercalation was
evident in the case of the PMMA–NaMT hybrid. The
onset of decomposition in the case of the hybrids with
the four organoclays, however, increased much more

in the case of the systems prepared with Cloisite20A
and Cloisite25A. These were also the systems that had
a relatively larger amount of intercalated polymer
compared to the other systems. Even though the ex-
tent of intercalation in PMMA was greatest in the case
of the most polar organoclay, Cloisite30B, facilitating
the largest level of favorable miscibility with the poly-
mer, the degradation improvement in this case was
not the best among these systems. One of the possible
reasons could have been the higher thermal stability of
the organic modifiers in the case of Cloisite25A (a
single tallow modifier with a ethylhexyl group, which
showed an onset of 358°C) and Cloisite20A (a ditallow
modifier, which showed an onset of 363°C) compared
to Cloisite30B (a single tallow modifier with two eth-
anol groups).

We compared our results with those provided in a
recent report of Hwu et al.15 In their study also, the
incorporation of clay layers into the PMMA matrix
resulted in an enhancement of the thermal stability of
the nanocomposites (by about 40°C for the main-chain
degradation of PMMA, from 329°C for virgin PMMA
to about 370°C for the nanocomposite). In our case, as
shown in Table II, the enhancement was from 331°C
(for unfilled PMMA) to 363°C for the best organoclay
nanocomposite candidate.

TABLE II
Onset of Thermal Decomposition (5%) of PMMA and Its

Various Hybrids at 10% Clay Loading

System
Onset of thermal

decomposition (°C)

PMMA 331.26
PMMA/CloisiteNaMMT 346.2
PMMA/Cloisite10A 343.9
PMMA/Cloisite20A 362.72
PMMA/Cloisite25A 357.75
PMMA/Cloisite30B 338.31

Figure 8 TEM micrographs of the PMMA–Cloisite25A nanocomposite taken with ultramicrotomed sections: (a) low
magnification (40,000�), showing clay stacks dispersed in the PMMA matrix, and (b) high magnification (250,000�), showing
individual clay layers in a clay stack.

Figure 9 TGA thermographs of PMMA and the nanocom-
posites with the organoclays.
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The effect of intercalation and the confinement of
polymer by the clay layers on the Tg and thermal
response was also studied with dynamic DSC. The
DSC thermographs are shown in Figure 10. DSC iso-
therms of PMMA and the nanocomposites showed
evidence of a second-order transition (Tg); however,
there was no first-order transition, showing the ab-
sence of melting temperature, which was caused by
the amorphous nature of the polymer. As shown in
Table III, the Tg of the nanocomposites decreased by a
magnitude of 10–12°C (�10%) relative to PMMA. The
Tg of PMMA obtained here (108.6°C) compared well
with the value reported for atactic PMMA (105°C but
with an average molecular weight; the melt flow index
was not provided).16 The Tg of all the hybrids with the
organoclays used in this study were roughly the same
(within 1–2°C), whereas there was a larger drop in the
Tg in the case of the hybrid with NaMT.

The reason for the differences in reduction in the Tg

between the hybrids formed with unmodified MMT
and organically modified MMT is not very clear at this
time because a reduction in Tg due to the enhanced
mobility of confined chains in a intercalated system, as
shown here by the hybrids with the organoclays,
should lead to a situation where the unintercalated
hybrid formed by unmodified NaMT gave a smaller
reduction in Tg compared to the hybrids formed with
modified clays. The existence of a thin interface layer,
which is more mobile for neutral or weakly attractive
surfaces, or thin polymer layers in two-dimensional
confinement as in the interlayer gallery tends to lower
the Tg and enhance the segmental dynamics of the
polymer chains and, therefore, some part of the over-
all hybrid.17 The depression in surface Tg or confined-
film Tg of the polymer may have also partly been due
to reduction in density caused by chain-end localiza-

tion and loss in entanglements as compared to the
bulk matrix; however, this situation exists in all inter-
calated polymer systems (even where an increase in
the Tg is experimentally found). Therefore, a decrease
in Tg due to intercalated hybrid formation is very
much a polymer-system-dependent behavior and also
depends on the specific interactions between polymer
segments, the organoclay modifier, and the clay sur-
face and layer atoms. The decrease in Tg in our study
is in agreement with the results of Giannelis and col-
leagues11,12 by the melt intercalation route of PMMA
nanocomposite preparation. Further investigations to
understand the molecular events underlying the low-
ering of Tg are currently ongoing in our laboratory. We
also studied the mechanical and dynamic mechanical
properties of these hybrids, and the observations be-
tween the DMA results and the DSC results presented
here will be reported in another article.

Very recently, Hwu et al.15 reported studies on
PMMA nanocomposites prepared with stearyl-
trimethyl-ammonium-modified montmorillonites.
Their base montmorillonite was the same in terms of
the source and the CEC as in this study. The samples
in that study were prepared with a solution-mixing
route. Their thermal study showed a significant en-
hancement in the Tg of the nanocomposite (Tg �
124°C) compared to unfilled PMMA. The d001 spac-
ings for the nanocomposite were not provided in
that article; however, TEM micrographs showed a
dispersion of clay stacks in the PMMA matrix. Also,
the molecular weights of PMMA used in their work
were lower than those used in this study; therefore,
the Tg that they reported for unfilled PMMA was
82°C and was lower compared to the Tg we report,
which was 108°C (for high-molecular-weight
PMMA). Therefore, a direct comparison of the Tg

values between the results of Hwu et al. and this
study for the nanocomposites could not be made.
The Tg of intercalated polymer nanocomposites is a
complicated function of the nature of the organic
modifier, weight loading of clay, the mean domi-
nant d001 spacings of the interlayer gallery space,
and the dispersion and arrangement of the clay
stacks in the polymer matrix.

The dynamics of polymer segments, which control
the overall Tg, depend on the previously mentioned

TABLE III
Tg’s of PMMA and Various Hybrids at

10% Clay Loading

System Tg (°C)

PMMA 108.6
PMMA/NaMMT 97
PMMA/Cloisite10A 98.7
PMMA/Cloisite20A 99.1
PMMA/Cloisite25A 98.8
PMMA/Cloisite30B 100

Figure 10 DSC thermographs of PMMA and its nanocom-
posites with the organoclays: (a) PMMA, (b) PMMA–
Cloisite20A, (c) PMMA–Cloisite30B, (d) PMMA–Cloisite10A,
(e) PMMA–NaMT, and (f) PMMA–Cloisite25A.
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factors in the following way, as is known from previ-
ous results on polymer–clay systems and the rational-
ization of the polymer dynamics in the condensed
phase:

1. The dynamics of confined chains between succes-
sive clay layers can either be faster or slower than
in the bulk phase, depending on the specific
physical chemistry interactions between the seg-
ments and the clay layer atoms, which are con-
trolled essentially by the type of organic modifier
when the base montmorillonite is unchanged.

2. The dynamics of the segments between clay
stacks is dictated by the average interstack dis-
tances in the matrix, which is determined by the
extent of dispersion of the clay stacks in the ma-
trix. This effect depends on the overall thermo-
dynamic interaction and the processing condi-
tions used to prepare the nanocomposite.

3. The overall dynamics are affected by and contrib-
uted by the average interstack distances and the
interlayer d-spacings, which are dictated by the
weight loading of the clay into the polymer ma-
trix.

Other factors, such as the lateral dimensions of the
clay platelets, also affect the dispersability of the clay
and control the spatial distance distributions between
clay stacks in the polymer matrix. Because of these
considerations, controlled studies in future that can
suitably discern the independent role of these factors
would be necessary to understand the molecular
structure–glass-transition property aspects of such
complex systems. We also performed studies involv-
ing variation of the processing conditions (to be re-
ported in a future publication), whereby the Tg’s were
found to improve for the nanocomposite compared to
unfilled polymer. However, this effect was dependent
on the organoclay used for the nanocomposite prepa-
ration, as in some cases (with specific types of organo-
clays), it was found that the Tg’s were truly lower for
the nanocomposite than for the virgin polymer, even
though the d-spacings were different on the basis of
the processing conditions.

CONCLUSIONS

PMMA clay nanocomposites were prepared by a sim-
ple melt mixing method, and a study was performed
to investigate the effect of various types of organo-
clays on the formation of intercalated PMMA nanohy-
brids. WAXD results for the hybrids prepared with
unmodified NaMT and various organically modified
MMTs showed that presence of an organic modifier

was necessary for the intercalation of PMMA into
montmorillonite at the CEC that was used. Hybrids
prepared with a single tallow modifier with varying
degrees of hydrophobicity all showed a separation of
the clay layers on the order of 7–14 Å, with the rela-
tively more polar organoclays showing greater extents
of intercalation. A single tallow amine appeared to
control the polymer–clay miscibility more favorably
than a ditallow amine among the modifiers we used.
The degradation onset temperature increased by 15–
30°C, indicating improved thermal stability of the
nanocomposites. The improvement in thermal stabil-
ity was more pronounced in the case of hybrids
formed by Cloisite20A and Cloisite25A relative to
Cloisite30B and Cloisite10A because of the greater
thermal stability of the former organoclays and the
formed nanostructures arising from their chemical
structure. The Tg of the nanocomposites decreased by
a magnitude of 10–12°C (�10%) relative to that of
PMMA. The driving force for the reduction in the Tg

due to hybrid formation and the relative differences in
the reduction among the various hybrids were not
apparent; however, other types of experimental inves-
tigations are required to ascertain the molecular mech-
anisms responsible for such behavior.
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