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ABSTRACT: Polymer-layered silicate nanocomposites of
poly(methyl methacrylate) (PMMA) and an organically
modified silicate [tetraallkyl ditallow ammonium bentonite
(B34)] system prepared via melt intercalation were studied.
The saturation ratio of PMMA to B34 was 25:75 (w/w), as
determined by dynamic mechanical thermal analysis, differ-
ential scanning calorimetry, and X-ray diffraction. The inter-
action between PMMA and B34 was detected by Fourier
transform infrared spectrometry, which showed two new
absorption bands of PMMA/B34 hybrids in comparison
with unannealed physical mixtures of PMMA and B34. The
degradation temperature of the PMMA/B34 hybrids was
26°C higher than that of neat PMMA according to thermo-
gravimetric analysis, the thermal stability of the hybrids

having been enhanced. The glass-transition temperature of
excess PMMA remaining outside the clay galleries was
about 12–19°C higher than that of neat PMMA. A structural
model of the hybrid was also presented. It involves some
PMMA chains diffusing into the gallery of B34 and expand-
ing it by 6.8 Å and some penetrating and interacting with the
organic chains of the modified cations. Some of the PMMA
chains partly contained inside the clay layers were entan-
gled with those remaining outside when PMMA in excess of
the saturation ratio was used. © 2004 Wiley Periodicals, Inc.
J Appl Polym Sci 92: 2101–2115, 2004
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INTRODUCTION

Polymer-layered silicate nanocomposites have been
the subject of much industrial and academic research
interest because they promise superior or unique
properties in comparison with those of the original
polymers, including increased modulus, decreased
thermal expansion coefficient, increased heat distor-
tion temperature, reduced gas permeability, increased
solvent resistance, enhanced ionic conductivity, low
flammability, and better fire-retardant properties. In
particular, melt intercalation (as opposed to solution
or polymerization intercalation) remains an attractive
method of introducing the polymer chains into the
silicate galleries. Nylon,1 poly(ethylene oxide) (PEO),2

and polystyrene (PS)3 remain the most commonly ex-
amined thermoplastic materials by melt intercalation.
Poly(methyl methacrylate) (PMMA)/clay nanocom-
posites have been reported but mainly in polymer-rich
clay-intercalated or -exfoliated PMMA composites,4,5

most PMMA/clay nanocomposites being made by the
in situ polymerization route6,7 (in which the monomer

and silicate are mixed and the monomer is subse-
quently polymerized.). A PMMA/sodium montmoril-
lonite (MMT) intercalated nanocomposite, made
through the emulsion polymerization of methyl
methacrylate (MMA) monomer and MMT, has also
been reported in detail, and both the thermal stability
and tensile properties have been substantially en-
hanced.8 The thermal and thermomechanical proper-
ties of exfoliated PMMA/MMT nanocomposites have
been studied,5,9–11 and the glass-transition tempera-
ture (Tg), thermal stability, and flame retardancy have
been increased.

In this investigation, the intercalation of PMMA into
an unmodified clay (MMT) or an organically modified
bentonite [tetraallkyl ditallow ammonium bentonite
(B34)] via the melt intercalation method for clay-rich
materials was attempted. The structural characteristics
and thermal properties of the PMMA/B34 nanocom-
posites were investigated. Evidence of PMMA melt
intercalation and the saturation ratio of PMMA in B34,
in cases in which nanocomposites were formed, was
determined from X-ray diffraction (XRD), infrared (IR)
spectroscopy, and thermal analysis techniques [differ-
ential scanning calorimetry (DSC), thermogravimetric
analysis (TGA), and dynamic mechanical thermal
analysis (DMTA)]. The saturation ratio (the amount of
the polymer required to fill the clay galleries before
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there is an excess) is rarely reported in such nanocom-
posite systems. A structural model for PMMA incor-
porated into B34 by melt intercalation is also pro-
posed.

EXPERIMENTAL

The silicate materials used were MMT and an organ-
ically modified bentonite (B34). The tallow unit was an
alkyl chain of various lengths (C14 � 5 wt %, C16 � 25
wt %, and C18 � 70 wt %). MMT was obtained from
the Source Clay Minerals Repository (Univ. of Mis-
souri) and was used after being heated at 250°C for
300 min to reduce the amount of intercalated water.
B34 is made from bentonite cation-exchanged with the
ammonium organoion mentioned previously, and it is
a commercial material from Rheox (New Elementis,
Hightstown, NJ) and was used as received. The poly-
mers used were atactic PMMA 424 and isotactic
PMMA 689; the details are summarized in Table I.

Nanocomposites of the PMMA/B34 system were
prepared via the quiescent-heated, melt intercalation
method.3 Powders with different weight ratios of the
polymer to silicate (up to 30:70) were mechanically
mixed with an agate mortar and pestle and then
formed into disks with a hydraulic press at a pressure
of 70 MPa. The silicate was usually in excess concen-
trations to allow the study of intercalation (as opposed
to exfoliation). Intercalation was accomplished
through the annealing of the pressed disks in an elec-
trical resistance furnace in vacuo at a suitable temper-
ature for 8 h. The annealing temperature was about
120°C higher than the polymer Tg, as measured by the
DSC technique. The temperature was 210°C for
PMMA 424 (Tg � 94°C) and 160°C for PMMA 689 (Tg

� 46°C). The annealing temperatures and the times at
these isothermal temperatures were designed to en-
courage full melt intercalation.

An important way of monitoring the introduction of
polymer chains into silicate is XRD. Diffraction pat-
terns on powdered samples were obtained on a
Rigaku Geigerflex X-ray diffractometer (The Wood-
lands, TX) with nickel-filtered Cu K� radiation at a
scanning speed of 1°/min and a step of 0.05°. To study
changes in the polymer chain environment, we used
Fourier transform infrared (FTIR) spectroscopy. The

spectra were collected with a PerkinElmer 1600 (Bos-
ton, MA) from 400 to 4000 cm�1 with a nominal res-
olution of 2 cm�1. For each spectrum, 64 runs were
collected and averaged. The specimens were made
through the addition of 1% of the sample powder to
KBr powder, which was then pressed into a disc 13
mm in diameter and 1–2 mm thick in vacuo.

DSC was performed on a PerkinElmer DSC-7 dif-
ferential scanning calorimeter. Samples of approxi-
mately 10 mg were measured in an aluminum pan;
both the sample and reference chamber with an empty
pan were heated at 10°C/min from 20 to 160°C. TGA
was performed on a Setaram TG-DTA 92 instrument
(Calvire, France) at a heating rate of 10°C/min from 50
to 1000°C in a flow of air or nitrogen. DMTA was
carried out with a PerkinElmer DMA7 instrument and
penetration probe geometry; the oscillating probe tip
was placed directly on the surface of the compressed
unannealed or annealed sample biscuit, helium being
flushed at a rate of 40 mL/min. The temperature was
scanned from 20 to 150°C at a rate of 5°C/min, and the
applied frequency was 1 Hz. The sample was approx-
imately a 3–4-mm cube. The glass transition measured
by DMTA was defined as the peak temperature of the
maximum of the loss modulus plot.

The density data in this work were obtained on a
Micrometritics AccuPyc 1330 helium pycnometer
(Norcross, GA). In the pycnometer, the volume change
was determined from pressure changes caused by the
introduction of a sample of known weight. The sam-
ples were fine powders and approximately 4 g. Fifteen
runs were obtained for the calculation of the density
for each sample and averaged.

RESULTS AND DISCUSSION

Evidence of PMMA melt intercalation

The intercalation of PMMA into either MMT or B34
was attempted via melt intercalation. Because PMMA
is an amorphous polymer, no XRD peak correspond-
ing to the polymer occurs, and the XRD pattern of a
mixture of PMMA and MMT or B34 yields only the
diffraction peaks of MMT or B34 and any impurities
(mainly quartz) in the clay. The only indication of
intercalation from XRD would be a shift in the (00l)
peaks from their original positions for pristine layered
silicate to lower 2� angle positions for the final, inter-
calated hybrid. Figure 1(a,b) shows XRD patterns of a
mixture of PMMA 424 and MMT (30:70) before and
after annealing, respectively. There is no shift of the
(00l) peaks to lower 2� angles in the sample after
annealing. This is clear evidence that the PMMA ma-
terials used were not able to diffuse into unmodified
MMT via melt intercalation.

Although the PMMA samples used were not able to
intercalate into MMT via melt intercalation, organi-

TABLE I
Molecular Weight, Tacticity, and Polydispersity of

Methacrylate Polymers

Material Notation Mn Mw Polydispersity

a-PMMA 424 7,580 13,781 1.81
i-PMMA 689 40,887 79,512 1.95

a � atactic; i � isotactic; Mn � number-average molecular
weight; Mw � weight-average molecular weight.
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cally modified layered silicates such as B34 did show
such behavior. Figure 2 shows the XRD patterns of
both PMMA 424/B34 and PMMA 689/B34 samples
after annealing and a physical mixture of PMMA 424
and B34 before annealing. The d-spacing of (001) in
B34 is about 30.0 Å [Fig. 2 (a)]. The d-spacing of the
(001) peak is 36.8 Å for the samples of 30:70 PMMA

424/B34 and 30:70 PMMA 689/B34, as shown in Fig-
ure 2(b,c). A series of new (00l) peaks also appeared
and shifted to lower 2� angles from the original peak
positions for B34, although the peaks, which belong to
(hk0) planes, did not change their positions after inter-
calation. This indicates that these two PMMAs (a-
PMMA 424 and i-PMMA 689) entered the galleries of

Figure 1 XRD patterns of a mixture of PMMA 424 and MMT (30:70) (a) before and (b) after annealing.

Figure 2 XRD patterns for both types of PMMA/B34 samples.
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B34, expanding the gallery distance by about 6.8 Å.
a-PMMA 424 and i-PMMA 689 could readily interca-
late into B34. In contrast, some other atactic PMMAs
with higher molecular weights or higher Tg’s (details
not shown here) were not able to melt-intercalate into
B34. The annealing temperatures required for interca-
lation would become too high and lead to degradation
of B34 (the degradation temperature of alkyl ammo-
nium ions of B34 is about 220–230°C) before interca-
lation.12

Evidence of the ability of the two PMMA samples to
melt-intercalate can also be obtained from DSC re-
sults. Figure 3 shows DSC traces of neat PMMA 424
and a 30:70 mixture of PMMA 424 and B34 after
annealing at 210°C for 8 h. Tg of PMMA 424 could be
clearly seen in the neat sample, but it was not apparent
in the sample of 30:70 PMMA 424/B34 after annealing.
PMMA 689 shows similar behavior in the DSC traces.
Once all PMMA went into the silicate galleries, the
glass transition could no longer be seen. The same
phenomenon has been reported for other polymer/
clay systems, such as a PS/OMTS (organically modi-
fied mica-type silicate) system with 25% PS13 and a
PEO/MMT system with 20–25% PEO.14 The absence
of a glass transition is an important indication of
PMMA intercalation.

In summary, it is clear that the lower molecular
weight PMMA samples were able to melt-intercalate
into the organoion-treated bentonite, but not into
MMT alone. In our previous work with PEO, it was
able to enter both untreated (MMT) and treated sili-

cates (B34),15 but this is uncommon, most polymers
usually being unable to melt-intercalate into non-or-
ganoion-layered silicates. In that work, we did find,
however, that the rate of melt intercalation of PEO was
enhanced by the presence of organoions in the PEO
system.16

Saturation ratio of PMMA to B34

Because of the limited space in which the silicate in-
terlayer can expand via melt intercalation, there
should be a saturation limit of the amount of polymer
that can be intercalated into the layered silicates. This
saturation ratio of polymer to layered silicate is im-
portant in both scientific research and industrial ap-
plications. There is a majority clay phase when the
polymer is less than the saturation limit, as opposed to
the situation when there is excess polymer and exfo-
liation may be possible. If the system were required to
achieve exfoliation of silicate layers in a polymeric
matrix, it would need a higher polymer concentration
than that defined by the saturation limit. The satura-
tion ratio of polymer to silicate is thus an important
technical parameter in the design of weight ratios
required in any real industrially compatible process.
Conceptually, the density of the polymer in the gal-
leries can also be calculated if the saturation ratio is
known, and this could help us to further understand
the conformation of the polymer in galleries. Because
PMMA is an amorphous polymer, the reflections of
crystallinity on peaks in XRD or the melting peak in

Figure 3 DSC traces of neat PMMA 424 and a sample of 30/70 PMMA 424/B34 after annealing.
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DSC cannot be used to assess intercalation and the
saturation ratios of PMMA to silicate as they can for
semicrystalline PEO.17 In that work, it was found that
the same heat treatment of neat PEO, as used in the
intercalation, did not change the degree of crystallin-
ity, and so the strength of XRD peaks or melting
endotherms in DSC could be used in nanocomposites
to indicate the amount of nonintercalated polymer
remaining outside the silicate gallery. We use the Tg

values of materials remaining outside to indicate the
saturation ratio, using DMTA and the d-spacing
change in XRD.

DMTA results

DMTA was used to investigate the Tg values of the
mixtures of the polymer and silicate before and after
annealing and to provide confirmation of the values of
the saturation ratio of PMMA to B34 determined by
DSC.12 Hydrostatically compressed disks of powders
of neat PMMA 689, PMMA 424, and mixtures of
PMMA and B34 were produced for testing by DMTA.
The samples after annealing were used directly in the
DMTA because they had previously been compressed
into disks before annealing and conveniently re-
mained in pellet form after melt intercalation. In plots
of the loss modulus versus the temperature, the loss
modulus is in arbitrary units because the penetration
probe mode is not a true deformation mode and the
values of the loss modulus are not absolute. However,

the temperature location and shape of the curves are
of interest. Essentially, the saturation level is deter-
mined from the composition of the silicate and poly-
mer, at which Tg can be observed, deemed to be from
the polymer remaining outside the galleries after an-
nealing.

The results for PMMA 424 and PMMA 689 were the
same in terms of the saturation ratio determined for
B34, and so only data for PMMA 689 are shown as an
example. Figure 4 shows a plot of the loss modulus
versus the temperature for a series of physical mix-
tures of PMMA 689 and B34 of various concentration
ratios before annealing, whereas Figure 5 shows a plot
of the loss modulus versus the temperature for sam-
ples after annealing.

It is necessary to measure the data for hydrostati-
cally compressed disks before annealing to determine
at what composition the glass transition can be ob-
served because of the dilution of the polymer phase
and the sensitivity of the technique. It needs to be
clearly demonstrated that any absence of a Tg peak for
a sample is because it has been intercalated, not be-
cause its peak is not apparent for the experimental
reasons mentioned previously. A small, broad peak
suggestive of a Tg can be seen in samples of 5:95 and
10:90 PMMA 689/B34, but it is not very clear [Fig. 4
(a,b)]. However, in the samples with a PMMA 689
content of 15% or more [Fig. 4(c,d)], there is a clear
peak indicating Tg of PMMA in the sample. Compared
with the peak intensity of the neat PMMA 689 sample

Figure 4 Loss modulus versus temperature for the PMMA 689/B34 system before annealing: (a) 5:95 PMMA 689/B34, (b)
10:90 PMMA 689/B34, (c) 15:85 PMMA 689/B34, (d) 20:80 PMMA 689/B34, and (e) neat PMMA 689.
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in Figure 4(e), the intensity of the peak in the mixtures
is much smaller. A PMMA content of 15% appears to
be the base level required for a clear Tg to be observed
by the DMTA technique. That is, in annealed samples,
it is reasonable that only for samples with concentra-
tions of the polymer greater than 15% could excess
polymer outside the galleries be observed.

Figure 5(a) shows the curve for neat PMMA 689,
indicating the peak position. No Tg is apparent in
annealed samples with a PMMA 689 content of less
than 35%, as shown in Figure 5(b,c). However, a peak
indicative of Tg of PMMA 689 can be observed in the
annealed samples with PMMA 689 contents of 40% or
more, as shown in Figure 5(d,e). Because, as shown in
the previous paragraph, a 15 wt % polymer concen-
tration is required to be outside the gallery before it
can be measured with the DMTA technique, we pro-
pose that the saturation ratio is 15% less than 40%; that
is, at roughly 25%, the galleries are full, and 15% more
is required before DMTA can see the peak. Thus, the
saturation ratio of PMMA to B34 is approximately
25:75, as judged by this form of analysis.

Because the purpose of this section is to show the
use of DMTA to determine the saturation ratio, an-
other interesting finding, the DMTA peak appearing
at higher temperatures than that of neat PMMA 689, is
discussed later.

XRD results

XRD is also used as a tool to determine the saturation
ratio through the examination of the appearance of the

spectra as a function of the PMMA content after an-
nealing. The annealed samples in the PMMA 424/B34
and PMMA 689/B34 systems were examined with
XRD, and various PMMA/B34 ratios from 2:98 to
50:50 were used. Once again, the XRD patterns of the
samples with PMMA 424 are very similar to those of
the samples with PMMA 689. The values of the d-
spacing of the (001) peak gradually increase from
about 32.7 Å for PMMA 424 and 32.1 Å for PMMA 689
to about 36.8 Å when the PMMA content increases
from 2 to 25%. The value then remains constant at
about 36.8 Å for further increases in the PMMA con-
tent from 25 to 50%. This dependence of the d-spacing
of the (001) and (002) peaks as a function of the PMMA
content is shown in Figure 6.

When the PMMA content is only 2%, the increase in
the gallery size in the PMMA/B34 hybrid is about 2 Å,
and it gradually increases with increasing PMMA con-
tent. After the PMMA content reaches 25%, the gallery
size remains the same, at a value of 6.8 Å for PMMA
contents up to 50%. This could also imply that the
saturation ratio of PMMA to B34 is about 25–30%. In
addition, the d-spacing values of the (002) peaks in
Figure 6 also make it clear that the gallery size grad-
ually increases with the PMMA content up to about
30% and remains constant. Thus, even though the
amorphous PMMA phase cannot be directly probed
by XRD, the XRD results of clay-based spacing
with the composition can supply evidence of the sat-
uration ratio of PMMA to B34. The saturation ratio of
PMMA melt intercalation into B34 has been deter-

Figure 5 Loss modulus versus temperature for the PMMA 689/B34 system after annealing at 160°C for 8 h: (a) neat PMMA
689, (b) 30:70 PMMA 689/B34, (c) 35:65 PMMA 689/B34, (d) 40:60 PMMA 689/B34, and (e) 45:55 PMMA 689/B34.
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mined to be between 25 and 30% from DMTA and
XRD results.

Moreover, these XRD results can also be used to
obtain valuable information on the structure of
PMMA/B34 hybrids. Note that the gradual increase in
the gallery distance with the polymer content in the
PMMA/B34 system is quite different from the one-
step change of the gallery size in the PEO/silicate
system.16 The 6.8 Å expansion agrees well with that in
a previously reported PMMA melt intercalation with
B34.18 An expansion of 5.8 Å was reported when the
PMMA content was about 58.7% of a PMMA/MMT
hybrid with emulsion polymerization,8 whereas for a
higher PMMA content, the interlayer distance was
only about 3.5 Å.8

FTIR analysis

IR spectroscopy can be used to examine the manner in
which the polymer chains are intercalated, restricted,
or associated with the silicate. The details of the vibra-
tion bands and their assignments for the PMMA/B34
system are summarized in Table II.19–27 Note that no
IR analysis of B34 itself has been previously reported.
Most of the assignments of the vibrations of silicate
layers in B34 in Table II have been deduced from those
assigned for MMT because they have very similar
ceramic layers in their structures, although the vibra-
tion bands appear at slightly different positions. The
presence of the characteristic group frequencies of
both PMMA and B34 can be found together in the

physical mixtures before annealing and in annealed
hybrid samples, and most of these bands remain at the
same location. This confirms the expected result that
there are no strong forces between PMMA and B34
and that the confinement of PMMA in the B34 gallery
occurs mainly by secondary forces, probably fairly
weak in nature.

In the FTIR spectra of the intercalated samples, a
shoulder appears around 1766 cm�1, at a higher
frequency than the band of the CAO (carbonyl)
stretching (1738 cm�1), and a new band appears at
about 1800 cm�1. The samples, which are not exten-
sively intercalated, and the physical mixtures do not
have such a shoulder or show a new band in their
FTIR spectra. The FTIR spectra of the samples of
30:70 PMMA 424/B34 between 2000 and 1700 cm�1

are shown in Figure 7 for the purpose of comparing
the band around 1738 cm�1 associated with CAO
stretching. The band in the PMMA 424 intercalated
hybrid located at 1738 cm�1 (CAO stretching) is
split, and a shoulder at higher wave numbers
around 1766 cm�1 is apparent. Note that a new band
at about 1800 cm�1 can also be observed in the
intercalated hybrid.

As mentioned previously, the band at 1738 cm�1 is
clearly related to the CAO stretching mode. This band
could be expected to shift to lower frequencies (lower
wave number or larger wavelength) if existing dipolar
bonding is disrupted. This has been explained, for
example, in strongly hydrogen-bonded systems, in
which there is a bond between a polar hydroxyl unit

Figure 6 d-spacing of the (001) and (002) peaks of the PMMA/B34 hybrids for various PMMA contents in the PMMA
689/B34 and PMMA 424/B34 systems after annealing.
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and a carbonyl group. It is proposed that if the sec-
ondary interaction is weakened, it reduces the bond
stretch frequency because it deforms more easily,
moving to lower wave numbers.28 For example, a

shoulder associated with the CAO bond in a system28

in which there is a strong OH. . .OAC interaction has
been observed at a lower wave number near 1706
cm�1. In this PMMA/B34 system, a split has been
observed, but the shoulder band appears at a higher
wave number. This may due to a stiffer CAO bond in
the hybrid, resulting from weaker interactions be-
tween the carbonyl groups of the PMMA chains and
the organic cations in comparison with interactions
that exist between chains in the bulk PMMA state.
This implies that there are interaction between the
organochains in B34 and PMMA; even though they
are very weak, they are sufficient to interfere with
polar association between the PMMA chains. The
presence of this new peak may be a further indication
that PMMA has been intercalated into the silicate gal-
leries and that the PMMA chains may have weak
interactions with the organic chains of modified cat-
ions in the galleries of B34, which replace those be-
tween the PMMA chains after intercalation. Note that
much of the driving force for intercalation is the in-
creased entropy of the organoion chains as the clay
moves apart,13 and this counteracts the decrease in
entropy due to polymer chain confinement.

TABLE II
IR Spectra for PMMA, B34, and the PMMA/B34 Hybrid (4000–400 cm�1)

Frequency
(cm�1)

Frequency in
reference (cm�1) Assignment

Appearance in
materials Reference

3635 3624 �(OOH) B34, hybrid 19
3440 3420 �(OOH) B34, hybrid 20
3000 2995 �(COH)a PMMA 21

2955 2956 �((O)CH3)
PMMA,
hybrid 22

2924–2930 �(CH2)a B343hybrid 23,24
2855–2868 �(CH2)s B343hybrid 23,24

1800 hybrid
1766 hybrid
1738 1736 �(CAO) PMMA 22
1638 1662, 1630 �(COO), � (OOH) B34, hybrid 25,26
1489 1485 �(CH3)a PMMA 21
1452 1450 �(CH2)a, PMMA 21
1440 1438 �(CH3OO)a PMMA 21

1389–1393 1388 �(CH3)s PMMA3hybrid 21

1276 1274 C(CAO)OO
PMMA,
hybrid 22

1247 1245 C(CAO)OO PMMA 22
1197 1196 C(CAO)OO PMMA 22
1152 1155 C(CAO)OO PMMA 22

1048–1044 1040 �(SiOO) B343hybrid 27
992 996 r(CH3OO) PMMA 21
966 967 r(CH3) PMMA 21
755 759 �(CH3) PMMA 21

915, 884 915, 878 �(AlOOOH) B34, hybrid 20
846, 801 845–835, 796 �[Al(Mg)OOOH] B34, hybrid 20
527, 469 522, 467 �[Al(Mg)OOOSi] B34, hybrid 20

Mode assignments: � (stretching); � (bending); w (wagging); t (twisting); r (rocking). The subscripts a and s denote the
asymmetric and symmetric motions with respect to the twofold axis perpendicular to the helix axis and passing through the
O atom or the center of the COC bond.

Figure 7 FTIR spectra between 3250 and 2750 cm�1 of the
PMMA 689/B34 system with various ratios after annealing.
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FTIR work was also performed by Lee and Jang8 on
the emulsion intercalation of a PMMA/MMT system
and by Biasci et al.27 on the in situ polymerization
intercalation of MMA in the presence of functional-
ized MMT with 2-(N-methyl-N,N-diethylammonium
iodide) ethyl acrylate (QD1) or 2-(N-butyl-N,N-dieth-
ylammonium bromide) ethyl acrylate (QD4) and hy-
brids of MMT with MMA/QD1 or MMA/QD4 copol-
ymers. No evidence of new absorption bands (new
secondary bonds) associated with interactions be-
tween organic and inorganic materials were reported
in those works. We note that, for poly(butyl methac-
rylate), peaks can be observed in similar positions
(1766 and 1800 cm�1) related to enhanced anhydride
formation in the presence of silica.29 However, our
work involves PMMA, and recent literature suggests
that decomposition in PMMA is actually inhibited in
the presence of the types of layered silicates used in
this work and that the decomposition temperature
increases by 15–120°C.

In summary, the FTIR spectra of the PMMA/B34
hybrids show evidence of weak interactions between
PMMA and the organically modified cations, as well
as PMMA intercalation into B34. A higher wave-num-
ber shoulder of the CAO stretching band and an
unidentified band around 1800 cm�1 have been ob-
served for the first time and may be due to the inter-
action of the PMMA chains and the organic chains of
the modified cations in the galleries.

Thermal properties

Thermal degradation studies with TGA

TGA is a technique used to accurately track the in situ
weight changes of a sample during a heating process,
thereby providing information on thermal degrada-
tion. TGA has previously been applied to nanocom-
posites to differentiate between the mass of PEO re-
maining outside the hybrid and that contained within
the silicate galleries.17 It has been found that the poly-
mer contained within the galleries is lost at higher
temperatures because of the inhibition of degradation
product mobility. In this way, the saturation ratio has
been obtained for PEO intercalated into MMT. Most
other polymers, including PMMA, require an organo-
ion surface treatment for intercalation, and because
this itself has a degradation process similar to that
polymer, it interferes with the precise monitoring of
the polymer degradation behavior. Because of the is-
sue of overlapping PMMA and B34 degradations, the
precise saturation ratio of PMMA to B34 cannot be
deduced from TGA. TGA remains, however, a useful
tool for determining changes in the degradation tem-
peratures of samples.

The thermal and oxidative degradation of various
types of PMMA have been extensively studied and

fitted to various kinetic models31 from thermogravi-
metric data in atmospheres of nitrogen and air.32 If
oxygen is in the atmosphere, the degradation becomes
complex, depending on the method of PMMA synthe-
sis. Oxygen has been found to enhance the degrada-
tion of anionically polymerized PMMA, whereas the
effects of oxygen on the degradation of radically po-
lymerized PMMA are much more complex.32 The dif-
ferential thermogravimetric analysis (DTG) results for
anionically polymerized PMMA in both air and nitro-
gen show only one peak, and the temperature differ-
ence in the location of the DTG peak between the two
atmospheres is about 50–60°C.32 For radically poly-
merized PMMA, the important degradation mecha-
nisms included depropagation, random main-chain
scission, intramolecular or intermolecular transfer,
and the scission of small molecules from side chains.
The thermal degradation behavior depends on the
experimental conditions, such as the heating rate, at-
mosphere, sample size, and geometry.31 Two main
reaction stages, which are reflected in two peaks in
differential weight-loss curves (DTG), have been re-
ported. The first reaction stage (200–300°C) is chain-
end-initiated,33 and the second (310–477°C) occurs by
random scission.34 PMMA chain connectively is al-
most completely destroyed at 450°C,35 the primary
degradation products being CO, CO2, CH3OH and
CH4.36

The DTG results for neat PMMA 424 and PMMA
689 show very similar curves in either air or nitrogen
atmospheres, and the temperature difference for the
DTG peak between the two atmospheres is 57°C. Fig-
ure 8 shows, as an example, the DTG curves of pure
PMMA 424 in air and nitrogen atmospheres. There are
two peaks at 334 and 427°C in the nitrogen atmo-
sphere and at 275 and 370°C in air. Because the first
peak is very weak, the main process observed in the
PMMA samples studied would thus be higher tem-
perature random scission.34 The difference for the
samples studied in air and nitrogen atmospheres is
simply a shift in the temperature at which this pri-
mary mass loss occurs.

DTG results for the PMMA 424/B34 system are
shown in Figure 9. Figure 9(a,b) shows the DTG
curves of B34 and PMMA 424, respectively. The
PMMA in the 20:80 PMMA 424/B34 physical mixture
has the same temperature location as that of the neat
PMMA 424 sample, as expected, both occurring at
about 427°C. The physical mixture sample before an-
nealing also shows an additional peak at a lower
temperature (�378°C), which is associated with the
decomposition of the alkyl ammonium ions in B34.
The sample of the PMMA/B34 hybrid after annealing,
however, has a peak at about 453°C, about 26°C higher
than that of the pure PMMA sample and 75°C higher
than that of pure B34. The intercalated hybrid does
show a higher degradation temperature. It should be
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noted that some PMMA might intercalate into B34
during the TGA heating process. Fortunately, the sam-
ples used in TGA are loose powders, and the heating
rate is fairly high, some 10°C/min, and so the time for
such diffusion is limited.

Tg’s

A glass-transition process of the polymer has not been
observed for samples of the intercalated PMMA/B34
hybrid. An interesting phenomenon has been found in

Figure 8 DTG curves of pure PMMA 424 (a) in a nitrogen atmosphere and (b) in air.

Figure 9 DTG curves for the PMMA 424/B34 system: (a) pure B34, (b) pure PMMA 424, (c) a 20:80 physical mixture of
PMMA 424 and B34 before annealing, and (d) a 20:80 hybrid sample of PMMA 424 and B34 after annealing.
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both the DSC and DMTA results. The DMTA results
show that Tg of pure PMMA lies between that of an
unannealed, physical mixture and that of a mixture
with excess PMMA and B34 after annealing. Table III
gives a summary of the glass-transition data from
DMTA results, neat PMMA being included for com-
parison. Note that the saturation ratio of PMMA to
B34 via melt intercalation is about 25:75. PMMA in a
physical mixture at a 15 or 20% concentration would
be very similar to excess PMMA in an annealed sam-
ple with a 40 or 45% concentration, respectively, after
intercalation. The DSC results, however, show that Tg

of pure PMMA is lower than that of a physical mixture
before annealing and that Tg of the physical mixture
before annealing is lower than that of a mixture with
the hybrid after annealing. Table IV presents the Tg

values of PMMA 424 and PMMA 689 as neat polymers
and in physical polymer mixtures with B34 before
annealing and with the PMMA/B34 hybrid after an-
nealing, as determined by DSC.

A comparison of the values of Tg for neat PMMA
and a physical mixture of the polymer and B34 before
intercalation is necessary. In the DSC results, the phys-
ical mixture has a Tg about 6–9°C higher than that of
neat PMMA. This can possibly be explained by the
different heat capacities of the polymer and silicate.
The heat capacities of PMMA and silicate at 25°C are
about 1.42 kJ kg�1 K�135 and 12.56 kJ kg�1 K�1,37

respectively. DSC detects the difference in the electri-
cal power supplies to the two sample holders, one
containing the sample and another an empty refer-
ence, and measures it as a function of temperature
and, therefore, the enthalpy change of the correspond-
ing transition in the sample. The silicate in the mixture
absorbs heat energy with less of a temperature change,
and this causes a temperature lag and thus delays the
detection and value of Tg. However, the result from
DMTA is different. This Tg increase is likely related to
the presence of silicate in the physical mixture, but a
clear explanation is not available.

Tg of the PMMA in excess of the saturation ratio
after intercalation increases in the same direction in
both DSC and DMTA, although Tg of the PMMA in
the physical mixtures changes in a different direction.
For example, the Tg values of the polymer from the
DSC and DMTA analysis of the sample with 40%

PMMA 424 after annealing are 105 and 130°C, that is,
11 and 15°C higher than that of neat PMMA 424,
respectively. Tg of the PMMA 689/B34 system in-
creases by 12.5°C with DSC and by 19.0°C with
DMTA.

The polymer material wholly confined within the
silicate layers generally shows no contribution to the
heat flow related to the glass transition of DSC and
DMTA signals,14 with only polymer outside the hy-
brid showing a Tg. However, if PMMA in the galleries
has no effect on the excess PMMA outside the galler-
ies, no change in Tg of the PMMA outside the hybrid
after annealing (melt intercalation) should be ex-
pected. An increase of 12–19°C in Tg is observed with
both DSC and DMTA. Such a Tg increase of about
10°C has also been found in a free-radical-polymeriza-
tion PMMA matrix with exfoliated organically modi-
fied smectic clay,7 and an increase of about 6°C has
been found in emulsion-polymerization PMMA nano-
composites with exfoliated MMT.9 The PMMA matrix
with a filler of a PMMA-intercalated B34 hybrid has a
higher increase of Tg than that with an exfoliated clay
(either normal clay such as MMT or organically mod-
ified clay).

A possible explanation for the increase in Tg of the
polymer outside the galleries could be the constraint
on the molecular mobility of the polymer chains,
which are at least partially confined between silicate
layers. This partial intercalation could limit the mobil-
ity of the portion of the molecules that extend into the
bulk region outside the clay. It is also possible that a
given chain could tie the silicate platelets together by
having both ends in different interlayer particles. Such
a concept of reduced mobility and a resultant increase
in Tg of the excess polymer could thus occur in the
same way as increased crystallinity can lead to an
increased Tg because of constraint. The silicate parti-
cles thus play the role of crystalline regions in the
simplistic schematic model of semicrystalline poly-
mers. Even if a chain is only constrained at one end
because of intercalation, the immobility may still re-
sult in an increase in Tg of the external chains. A
further possibility is that intercalation leads to a re-
duction in the polymeric free volume because the
chain ends become located in silicate galleries, as this
would also lead to an increase in Tg.

TABLE IV
Tg Values of PMMA in Mixtures with B34 Before and

After Annealing as Measured by DSC

PMMA content (%)

15 20 30 100 40a 45a

PMMA 424/B34 96 98 99 94 105 107
PMMA 689/B34 52 54 54 45 57 58

a Sample after annealing.

TABLE III
Tg Values of PMMA in Mixtures with B34 Before and

After Annealing as Measured by DMTA

PMMA content (%)

15 20 30 100 40a 45a

PMMA 424/B34 102 103 106 115 130 132
PMMA 689/B34 57 59 63 67 86 86

a Sample after annealing.

NANOCOMPOSITES OF POLY(METHYL METHACRYLATE) 2111



Structural model

To propose a structural model of the PMMA/B34
nanocomposites, we used information in theoretical
calculations with density data, FTIR, thermal analysis,
and XRD.

We used the method in ref. 16 to calculate the size of
a random coil of PMMA. The calculated values for
PMMA 424 and PMMA 689 are 95 and 228 Å, respec-
tively, with a value of characteristic ratio (C�) for
atactic PMMA of 6.9.38 However, the increase in the
gallery size in the PMMA/B34 hybrids is only about
6.8 Å. The conformation of the chains cannot be coiled,
and most exist as planar chains for PMMA in the B34
gallery; they are largely confined along the two-di-
mensional platelet directions.

The saturation ratio may be calculated according to
the crystal lattice parameters of the silicate before and
after intercalation.16

If the volume change (�V) is entirely caused by
polymer occupation because of the intercalation (in
other words, B34 does not change its density before
and after intercalation), then the volume of the poly-
mer (Vp) is equal to �V. Because the mass (M) is equal
to V� (where � is the density), the mass ratio (or
weight ratio) of the polymer to B34 may be expressed
as follows:

Mp/Mb � Vp�p/Vb�b

� �ab�c sin ��p�/�abc sin ��b�

� ��c�p�/�c�b� (1)

where Mp and Mb are the masses of the polymer and
B34, respectively; Vb is the volume of B34; and �p and
�b are the densities of the polymer and B34, respec-
tively. The densities of PMMA and B34 were mea-
sured to be 1.22 and 2.56 g/cm3, respectively. The
calculated value of the saturation ratio for the
PMMA/B34 system is 14.6:85.4.

The theoretically calculated saturation ratio should
be higher than that observed if the polymer density
after intercalation is lower than that before intercala-
tion. The aforementioned experimental results from
DSC, DMTA, and XRD analysis of the saturation ratio
indicate it may be too high (25:75). This must be due to
one or more of the following: the conformation of the
polymer or the organically modified chains in the
gallery or an interaction between the PMMA and B34
layers in the PMMA/B34 system.

According to this experimental saturation ratio, the
density of the polymer in the silicate gallery after
intercalation (2.37 g/cm3) will be much higher than
that in the bulk polymer (� 1.2 g/cm3); this is un-
likely. Because the ceramic layer itself cannot be
changed during the annealing process of melt interca-
lation (at 	250°C for 8 h), the only parameter that can
possibly change is the effective nature of the gallery
space of 20 Å occupied by the organic chains of the
modified cations.

There are two possible ways that the gallery space
changes to accommodate more polymer chains. Sche-
matic structures outlining these two hypotheses are
presented in Figure 10. One possibility is that organic

Figure 10 Schematic structural model of the PMMA/B34 hybrids: (a) PMMA chains largely occupy the empty space
between the layers (de), in which organic chains densify and compress, and (b) the organic chains remain in a similar
conformation, but PMMA chains are entangled within them and are able to directly interact with them, occupying the whole
space between the ceramic layers (db).
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chains in the galleries are packed more closely to the
surface of the silicate layer than those in pristine B34,
leaving more space between the layers in which
PMMA chains reside [Fig. 10 (a)]. Note that de is
defined as the distance of the empty space between the
organic chains in the gallery. The other possibility,
shown in Figure 10(b), is that PMMA chains penetrate
the whole space between the ceramic layers and inter-
mix with the organically modified chains; db is defined
as the distance between the ceramic layers. In the
latter case, the PMMA chains interpenetrate the or-
ganic chains, whereas the organic chains retain ap-
proximately the same conformation as in noninterca-
lated B34.

The empty space that PMMA chains occupy in the
first hypothesis [Fig. 10(a)] can be calculated if the
density of PMMA in the gallery is known. The density
of PMMA could be assumed to be between two ex-
treme values for the further calculation for the
PMMA/B34 system: 1.22 (in the bulk polymer) or 0.82
g/cm3 (PEO in the PEO/B34 system previously re-
ported16). Note that 0.82 g/cm3 is only an approximate
value in the PEO/B34 system. Table V shows the
calculated distance of the empty space for PMMA (de)
and the distance left for organic chains of B34 with the
different assumed densities of PMMA. Note that 1.22
g/cm3 is used as the average density of PMMA for
simplicity of either PMMA 424 (1.21 g/cm3) or PMMA
689 (1.23 g/cm3) for the calculation in Table V. The
ratio of PMMA to B34 used in the calculation is 25:75.
Note that the density of B34 used in the calculation is
1.61 g/cm3, although the organic chains (modified
cations) occupy less space in the gallery after interca-
lation.

Comparing the calculated values of the remaining
space for the organic chains of modified cations (7.2 or
13.6 Å) with the original space in B34, in which the
organically modified cations are located (20 Å), we
find that the change is large. The space that organi-
cally modified cations occupy is reduced by 12.8 or 6.4
Å when the density of the polymer is 0.82 or 1.22
g/cm3, respectively. The reduction of the space for the
organic chains is 64% if the density of PMMA in the
gallery is assumed to be 0.82 g/cm3 and about 32%
even if the density is as high as that for the bulk
polymer. This appears to rule out the first hypothesis,

in which the organoion chains are pushed away by
polymer chains from the center to the side of the
interlayer galleries.

The empty space (de) of the second hypothesis [Fig.
10(b)] is the increase in the gallery size after interca-
lation obtained from the XRD analysis (6.8 Å). The
total distance between the ceramic layers (db) after
intercalation is 26.8 Å. The apparent density of PMMA
remaining entangled within the organic chains of
modified cations in B34 can thus be calculated with the
saturation ratio. The value is about 0.24 g/cm3, even if
the density of PMMA in the empty space (de) is as-
sumed to be that of the minimum value mentioned
earlier, that of the polymer in the PEO/B34 system
(0.82 g/cm3). If the density of PMMA in the empty
space is greater than 0.82 g/cm3, the apparent density
of PMMA intermixing with the organic chains of the
modified cations will be smaller than 0.24 g/cm3, and
this seems reasonable. Moreover, comparing this hy-
pothesis with the structure in the previous PEO/B34
system,16 we find that the only difference is that PEO
occupies the 6.8-Å gallery (or the empty space),
whereas PMMA occupies both this space and the
space among the organic chains of modified cations.
This difference implies that PMMA has stronger inter-
actions with the organic chains in B34 than PEO.

This concept of greater interaction and entangle-
ment in the PMMA/B34 system is supported by the
fact that there is an interaction between PMMA and
the organically modified cations, as shown by FTIR
analysis. Combined with the density considerations,
the second hypothesis, in which polymer chains enter
the whole interlayer gallery, including intermixing
with the organoion chains, thus appears more likely
for the PMMA/B34 system.

Thermal analyses further confirm the interactions of
PMMA inside and outside the PMMA/B34 hybrid
because an increase in Tg is observed and attributed to
these interactions. A schematic structure of this hy-
pothesis of the PMMA-intercalated B34 hybrid is
shown in Figure 11. The PMMA chains occupy the B34
gallery, some of them close to and interacting with the
organic chains of the cations, and some remaining in
the empty space between the organic chains within the

Figure 11 Schematic structure of excess PMMA and the
PMMA/B34 hybrid. The grey lines represent excess PMMA
outside the hybrid, which is in black.

TABLE V
Empty Space that PMMA Requires (de) in the First

Hypothesis and the Subsenquent Space for Modified
Cations in the Gallery for 25:75 PMMA/B34

Density of PMMA
(g/cm3) de (Å) Space for modified cations (Å)

1.22 13.2 13.6
0.82 19.6 7.2
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gallery (de in Fig. 10). The conformation of PMMA is
likely to be of an extended-chain nature along the
length of the layers.

Furthermore, according to the XRD results, the gal-
lery size (db in Fig. 10) of the hybrid increases from 20
Å in pristine B34 to 22–23 Å in a 2:98 PMMA/B34
hybrid and increases gradually with increasing
PMMA loading in a sample to 26.8 Å in a 25:75
PMMA/B34 hybrid; it then remains consistent at
about 26.8 Å with additional PMMA content. (Note
that db is less than the d001 repeat distance because it
does not include a 10-Å clay layer. Instead, db is the
internal size of the gallery.) In other words, the gallery
of B34 continues to be pushed apart gradually until an
increase in the size of about 6.8 Å during PMMA
intercalation. The half-height width of the (001) peak
in the samples also suggests a distribution of inter-
layer spacings (gallery size). It suggests that the con-
formation and saturation of PMMA in the B34 gallery
of PMMA/B34 hybrids are different from PEO inter-
calating into MMT or B34, in which the gallery dis-
tance does not change with the amount of PEO.16

The increases in the gallery size of MMT with
methacrylate copolymer derivatives27 vary between
4.7 and 20.1 Å, and that in the PMMA/MMT hybrid
made by emulsion polymerization increases from 1.3
to 5.8 Å with the PMMA loading.8 Along with the
current findings, it can be concluded that the inter-
layer distance in PMMA/silicate hybrids varies with
the PMMA content. The thickness increase predicted
by the size of the MMA monomer cross-section diam-
eter is about 6.4 Å,8 which corresponds roughly to the
gallery increase observed (the maximum increase in
this study is ca. 6.8 Å). In the empty space of the fully
intercalated hybrid (de � 6.8 Å), there seems to be one
layer of PMMA planar chains, whereas there are some
PMMA chains occupying the space among organic
chains of the modified cations in both sides of the
empty space. Sufficient evidence is not available to
allow the determination of interlayer numbers per
unit mass of silicate and the exact packing of PMMA
in the gallery.

CONCLUSIONS

Evidence of melt intercalation for a low-molecular-
weight atactic PMMA and a low-Tg isotactic PMMA
into an organoion-treated bentonite, B34, was ob-
tained with XRD, DSC, and FTIR techniques. The sat-
uration ratio of PMMA to B34 was determined to be
between 20 and 30 wt % polymer to layered silicate, as
determined by XRD, DSC, and DMTA. The XRD re-
sults showed that the (001) d-spacing of the interca-
lated hybrid gradually increased with the PMMA con-
tent up to 25%, after which it plateaued off at about
36.8 Å.

The FTIR analysis yielded evidence of interactions
between B34 and PMMA confined in the B34 gallery.
Two new IR absorption bands were found in the
PMMA/B34 hybrid. The one at about 1766 cm�1 may
be a split of the CAO stretching (at 1738 cm�1) and
was likely due to reduced interactions of PMMA with
itself because of increased association with the organic
chains of modified cations in the B34 gallery.

The degradation temperature of PMMA in the hy-
brid was about 26°C higher than that of pure PMMA
and 75°C higher than that of pure B34 according to
TGA and DTG; the thermal stability of the PMMA/
B34 hybrid nanocomposites was clearly enhanced.
When excess PMMA was added to B34, Tg of the
PMMA outside the hybrid gallery was found to be
higher than that of neat PMMA, Tg increasing by
about 12–19°C. The interaction of the PMMA chains
outside the B34 gallery with those in the gallery (pos-
sibly straddling both regions) may be a possible ex-
planation. A structural model was proposed based on
different hypotheses and various experimental results.
It is concluded that the PMMA chains occupy the B34
gallery, some penetrating and interacting with the
organic chains of the modified cations.
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