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ABSTRACT: A series of poly(methyl methacrylate)
(PMMA)/octavinyl polyhedral oligomeric silsesquioxane
(POSS) blends were prepared by the solution-blending
method and characterized with Fourier transform infrared,
X-ray diffraction, transmission electron microscopy, differ-
ential scanning calorimetry, and thermogravimetric analy-
sis techniques. The glass-transition temperature (Tg) of the
PMMA–POSS blends showed a tendency of first increasing
and then decreasing with an increase in the POSS content.
The maximum Tg reached 137.2�C when 0.84 mol % POSS
was blended into the hybrid system, which was 28.2�C
higher than that of the mother PMMA. The X-ray diffrac-
tion patterns, transmission electron microscopy micro-
graphs, and Fourier transform infrared spectra were
employed to investigate the structure–property relation-
ship of these hybrid nanocomposites and the Tg enhance-
ment mechanism. The results showed that at a relatively

low POSS content, POSS as an inert diluent decreased the
interaction between the dipolar carbonyl groups of the
homopolymer molecular chains. However, a new stronger
dipole–dipole interaction between the POSS and the car-
bonyl of PMMA species formed at the same time, and a
hindrance effect of nanosize POSS on the motion of the
PMMA molecular chain may have played the main role in
the Tg increase of the hybrid nanocomposites. At relatively
high POSS concentrations, the strong dipole–dipole inter-
actions that formed between the POSS and carbonyl
groups of the PMMA gradually decreased because of the
strong aggregation of POSS. This may be the main reason
for the resultant Tg decrease in these hybrid nanocompo-
sites. VVC 2008 Wiley Periodicals, Inc. J Appl Polym Sci 111: 2684–
2690, 2009
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INTRODUCTION

With the rapid growth of nanoscale technologies, the
investigation of inorganic–organic nanocomposites
based on the hybridization of inorganic materials
and polymers on a molecular scale has increased
dramatically because of their novel properties in cal-
orifics, mechanics, optics, electromagnetics, and biol-
ogy.1–4 Poly(methyl methacrylate) (PMMA; also
called organic glass), a kind of colorless and trans-

parent thermoplastic, has good mechanical strength
and erosion resistance. However, its lower thermal
stability has limited its applications. Therefore, pre-
paring PMMA/nanoparticle composite materials for
the improvement of the thermal stability has
attracted great interest from many researchers.5–10

Polyhedral oligomeric silsesquioxane is a unique
macromer; it is a well-defined cluster with an inor-
ganic silica-like core (Si8O12) surrounded by eight or-
ganic corner groups (functional or inert).11 This
nanoparticle itself is an inner inorganic–organic
hybrid system at the molecular level, so with respect
to other inorganic nanoparticle, it can be easily dis-
persed into a polymer uniformly as an inorganic
particle without further surface modification.
In this study, octavinyl-polyhedral oligomeric sil-

sesquioxane (POSS) was blended with PMMA to
prepare new inorganic–organic hybrid nanocompo-
sites, which were characterized with Fourier trans-
form infrared (FTIR), X-ray diffraction (XRD),
transmission electron microscopy (TEM), differential
scanning calorimetry (DSC), and thermogravimetric
analysis (TGA) techniques. XRD, TEM, and FTIR
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spectra were employed to investigate the structure–
property relationship of these blend systems, and
the glass-transition temperature (Tg) enhancement
mechanism was examined in detail.

EXPERIMENTAL

Materials

POSS monomers were synthesized according to the
procedures described in ref. 12. Methyl methacrylate
was purchased from Aldrich (St. Louis, MO), dis-
tilled from calcium hydride under reduced pressure
before use, and stored in sealed ampules in a refrig-
erator. Azobisisobutyronitrile (AIBN), purchased
from Shanghai Chemical Reagent Co. (Shanghai,
China), was refined in heated ethanol and kept in a
dried box. Spectroscopy-grade tetrahydrofuran
(THF) and 1,4-dioxane, also purchased from Shang-
hai Chemical Reagent Co., were dried over 4-Å mo-
lecular sieves and distilled from sodium
benzophenone ketyl immediately before use. All
other solvents were used as received.

Polymerization

The polymerization reactions were carried out under
nitrogen protection with a vacuum-line system. The
polymer used in this study, PMMA with a weight-
average molecular weight (Mw) of 29, 500 g/mol and
a polydispersity index [PDI; i.e., weight-average mo-
lecular weight/number-average molecular weight
(Mw/Mn)] of 2.59 as measured by gel permeation
chromatography, was synthesized by free-radical po-
lymerization in 1,4-dioxane at 70�C under a nitrogen
atmosphere with AIBN as the initiator for 8 h. The
product was purified by dissolution in THF, repreci-
pitation from methanol, and then drying in a vac-
uum oven at 40�C to a constant weight.

Solution blending and sample preparation

Blends were prepared by the dissolution of PMMA
and POSS in THF at room temperature. In a typical
process, 9.916 mmol of PMMA and 0.084 mmol of
POSS monomer were dissolved in 10 mL of THF
and stirred for 30 min. The solution was allowed to
evaporate slowly at 25�C for 24 h on a Teflon plate
and was dried in a vacuum oven at 90�C to a con-
stant weight to ensure total elimination of the sol-
vent. The dried films were then ground into
powders.

Instrumentation

FTIR spectra were measured with a spectral re-
solution of 1 cm�1 on a Nicolet Avatar 320 FTIR
spectrophotometer (Nicolet Analytical Instruments,

Madison, WI) in the transmission mode with KBr
disks or pellets at room temperature. Mw, Mn, and
PDI were determined with a Waters 510 gel permea-
tion chromatograph (Waters Chromatography Divi-
sion, Millipore Corp., Milford, MA). DSC was
performed on a DSC 9000 (Dupont, Boston, MA)
equipped with a liquid nitrogen cooling accessory
unit under a continuous nitrogen purge (50 mL/
min). The scan rate was 20�C/min within the tem-
perature range of 20–130�C. The sample was quickly
cooled to 0�C after the first scan, and it was subse-
quently reheated from 20 to 250�C at 10�C/min. Tg

was taken as the midpoint of the specific heat incre-
ment. TGA was carried out with a TGA 2050 ther-
mogravimetric analyzer (TA Instruments, New
Castle, DE) with a heating rate of 20�C/min from
25 to 700�C under a continuous nitrogen purge
(100 mL/min). The thermal degradation temperature
was defined as the temperature of 5% weight loss.
XRD data were recorded with a Bruker AXS D8 Dis-
cover instrument (Bruker-AXS GmbH, Karlsruhe,
Germany) with a general area detector diffraction
system powder diffractometer and a charged cou-
pling device camera detector. Cu Ka radiation was
generated at 40 kV and 40 mA. TEM micrographs
were obtained with a JEM-100SX instrument (JEOL
Ltd., Tokyo, Japan) operated at 100 kV. The speci-
mens were embedded in an epoxy resin, and ultra-
thin sections (� 60 nm) were cut and examined.

RESULTS AND DISCUSSION

FTIR spectra

FTIR was used to check the structures of the result-
ing PMMA–POSS blends. Figure 1 shows the FTIR
spectra of PMMA–POSS blends as well as pure

Figure 1 FTIR spectra of pure POSS, PMMA, and
PMMA–POSS blends.
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POSS and PMMA for comparison. The pure POSS
shows a strong and symmetric SiAOASi stretching
absorption band at � 1109 cm�1, which is the char-
acteristic absorption peak of silsesquioxane cages.
The PMMA shows two characteristic absorptions at
1732 and 1148 cm�1, which are assigned to the car-
bonyl stretching vibration and the strong CAOAC
stretching absorption, respectively. The IR spectra of
the PMMA–POSS blends are very similar to that of
PMMA, except that a sharp and strong SiAOASi
stretching peak appears at 1109 cm�1 in all PMMA–
POSS blends. The consistent presence of this
SiAOASi stretching peak at 1109 cm�1 confirms that
the POSS cage is truly present in the resulting
hybrid nanocomposites.

DSC and TGA thermograms

The DSC and TGA techniques were employed to
investigate the thermal properties of the PMMA–
POSS blends. Figure 2 shows the DSC thermograms
of PMMA and PMMA–POSS blends, and Table I

shows their thermal properties. The PMMA homo-
polymer has a Tg at 109.0�C. When 0.05 mol % POSS
is blended into the PMMA polymers, Tg increases to
125.7�C. When 0.31 or 0.84 mol % POSS is mixed
with the PMMA polymers, Tg increases to 134.4 or
137.2�C, respectively. This proves that the incorpora-
tion of a relatively small amount of POSS macromers
into the homopolymers can effectively improve Tg of
the mother polymers. However, Tg of the PMMA–
POSS blend decreases with a further increase in the
POSS content. For example, when 0.98 mol % POSS
is blended into the polymer system, Tg at 128.8�C is
observed, which is lower than Tg of PMMA–POSS-
0.84 but still 19.8�C higher than that of the mother
PMMA. When the molar percentage of POSS in the
hybrid nanocomposite reaches 1.36%, the PMMA–
POSS blend shows a low Tg at 82.6�C. As a result,
the observed Tg values of the PMMA–POSS blends
show a tendency of first increasing and then
decreasing with the increase in the POSS content.
When the molar percentage of POSS in the hybrid
nanocomposite is lower than 0.98%, Tg of the
PMMA–POSS blend is higher than that of the
mother PMMA, and Tg reaches the maximum when
the molar percentage of POSS is 0.84%. However,
when the molar percentage of POSS in the blends
reaches 1.36%, Tg of the hybrid nanocomposite is
lower than that of the neat PMMA. This shows that
the incorporation of a relatively large amount of
POSS macromers into the homopolymers does not
increase Tg of the mother polymer but actually
reduces its Tg because of the strong aggregation of
POSS particles in the nanocomposites.
Figure 3 shows the TGA thermograms of various

PMMA–POSS blends and pure PMMA. The thermal
decomposition temperature (Td) of each weight-loss
step and the char yield are recorded in Table I. The
PMMA homopolymer has four weight-loss steps
and has no remnant when the temperature reaches
500�C. When the molar percentage of POSS in the
hybrid nanocomposite is less than 0.98%, the blend
has only three weight-loss steps, and Td is in the

Figure 2 DSC thermograms of PMMA and PMMA–POSS
blends.

TABLE I
Effect of the POSS Ratio on the Properties of PMMA–POSS Blends

Sample PMMA (mol %) POSS (mol %) Tg (
�C)a

Td (
�C)b

Char (%)cStep 1 Step 2 Step 3 Step 4

1 100.00 0.00 109.0 182.3 218.5 281.5 348.1 0
2 99.95 0.05 125.7 131.6 / 283.5 337.8 0
3 99.69 0.31 134.4 130.9 / 280.3 352.5 1.2
4 99.16 0.84 137.2 130.9 / 281.9 349.1 1.5
5 99.02 0.98 128.4 129.8 / 280.1 348.1 1.5
6 98.64 1.36 82.6 122.1 221.6 281.9 348.1 3

a The data were gathered by DSC during the second melt with a heating and cooling rate of 10�C/min.
b The data were determined by TGA at the thermal decomposition temperature of each weight-loss step.
c The data were the char residues based on the TGA curve at 500�C.
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range of 129.8–131.6, 280.1–283.5, and 337.8–352.5�C,
respectively. When the molar percentage of POSS
reaches 1.36%, similar to that of the PMMA homo-
polymer, the nanocomposite also has four loss steps.
Comparing the Td values of the PMMA homopoly-
mer and the nanocomposite, we find that Td of the
nanocomposite is reduced in the relatively low tem-
perature area but slightly increased in the relatively
high temperature area. Furthermore, the char yield
of the hybrid nanocomposite increases with the
increase in the POSS content. These facts indicate
that the thermal degradation has been partially
restrained at the higher temperature in the PMMA–
POSS blends because of the incorporation of the
POSS nanoparticles.

Tg change mechanism

In our previous study, we reported pendent poly
(acetoxylstyrene-co-isobutylstyryl polyhedral oligo-
meric silsesquioxane), poly(vinylpyrrolidone-co-iso-
butylstyryl polyhedral oligomeric silsesquioxane),
and star poly(acetoxystyrene-co-octavinyl polyhedral
oligomeric silsesquioxane) hybrid nanocomposites
synthesized by radical polymerization.13–15 The DSC
and TGA measurements reveal that the incorpora-
tion of POSS into polymers can improve the thermal
properties of polymeric materials. The Tg values of
these nanocomposites first decrease and then
increase with the increase in the POSS content. The
POSS is covalently bonded to the polymer and can
be distributed uniformly in the copolymerized nano-
composites. In the pendent and star copolymerized
nanocomposites, POSS acts as an inert diluent to
reduce Tg at a relatively low POSS content. With an
increase in the POSS content, both the dipole–dipole
interaction between the POSS and polymer and the

molecular motion hindrance from nanosize POSS
contribute to the increase in Tg. In this study, the Tg

values of the PMMA–POSS blends first increase and
then decrease with the increase in the POSS content;
this is just the opposite of the copolymerized nano-
composites. The reason may be that the nanocompo-
sites in this experiment were synthesized by
physical blending, and the dispersion of POSS in the
nanocomposites may be the main factor that leads to
the Tg increase for the hybrid materials. To verify
this hypothesis, XRD and TEM were used to charac-
terize the miscibility of the PMMA–POSS blends.

XRD analysis

XRD was used to further characterize the dispersion
of the PMMA–POSS blends. Diffraction patterns of
the pure PMMA, POSS, and PMMA–POSS blends
are shown in Figure 4. The X-ray powder pattern of
POSS shows three main characteristic diffraction
peaks at 9.8, 20.1, and 29.9� (2y). These values are
typical for the crystal structure of POSS. A broad
amorphous diffraction peak of PMMA is at � 14.1�

(2y). In each case, the PMMA–POSS-0.09 and
PMMA–POSS-0.31 diffraction patterns have only a
broad amorphous peak at � 14.1� (2y), correspond-
ing to the amorphous PMMA matrix peak. The
appearance of this broad amorphous peak means
that no significant aggregation happens when the
molar percentage of POSS is 0.31% or lower, PMMA
and POSS are relatively evenly distributed in the
nanocomposites, and the nanosize POSS can hinder
the motion of the PMMA molecular chain and make
a contribution to the Tg increase. When the POSS
molar percentage reaches 0.84%, a new peak match-
ing the peak of POSS at 9.8� appears and becomes

Figure 4 XRD patterns of POSS, PMMA, and PMMA–
POSS blends.

Figure 3 TGA thermograms of PMMA and PMMA–POSS
blends.
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more prominent for PMMA–POSS-0.98 and PMMA–
POSS-1.36. The appearance of this characteristic
peak in the PMMA–POSS blend diffraction patterns
shows that the POSS nanoparticles have aggregated
in the blend and that the degree of aggregation
increases with the increase in the POSS content. The
aggregated POSS cluster results in a Tg decrease.

If indeed POSS particles are distributed through-
out the matrix, we should observe a shift in the loca-
tion of the amorphous peak of PMMA (2y ¼ 14.1�),
and the POSS nanoparticles will be expected to push
polymer chains apart and shift the amorphous peak
to the smaller angle.10 As expected, the POSS pres-
ent in the blends tends to slightly shift the locations
of the PMMA matrix peaks to smaller 2y values in
Figure 4. When 0.05 mol % POSS is blended into the
PMMA polymers, the 2y value decreases to 13.73�.
When 0.31 or 0.84 mol % POSS is mixed with the
PMMA polymers, the 2y value further decreases to
13.34 or 13.19�, respectively. Even when the molar
percentage of POSS reaches 0.98 or 1.36%, the 2y
value still keeps decreasing to 13.13 or 12.98�. All
the 2y values are smaller than that of pure PMMA
(2y ¼ 14.1�), indicating that the POSS nanoparticles
have penetrated between the PMMA chains and
formed a sort of novel inorganic–organic hybrid
nanocomposite.

An analysis of the XRD patterns of the blend sys-
tems shows that significant aggregation of the POSS
becomes apparent when the molar percentage of
POSS reaches 0.84%. In combination with the DSC
results, we can realize that the dispersion of POSS in
the PMMA–POSS blends shows an obvious effect on
the thermal properties of the nanocomposite. At a
relatively low POSS content (<0.84 mol %), the
POSS nanoparticles can distribute relatively uni-
formly in the nanocomposites, resulting in an
increase in Tg. At a relatively high POSS content
(>0.84 mol %), the aggregation becomes dominant
and leads to a decrease in Tg.

TEM analysis

For further confirming the POSS distribution in the
nanocomposites, the PMMA–POSS nanocomposites
at three different POSS concentrations were charac-
terized with TEM. As can be seen in Figure 5, at rel-
atively low POSS contents such as 0.31 mol %,
almost no significant aggregated particles of POSS
were observed [Fig. 5(a)]. However, at relatively
high POSS concentrations such as 0.84 mol %, only
small amounts of aggregated particles of POSS were
found. Significant aggregation was found and the
particle diameter was about 5–20 nm when the
POSS concentration reached 0.98 mol % [Fig. 5(b)];
the aggregated particles showed a further aggrand-
izement tendency with an increase in the POSS

concentration, such as 1.36 mol %, in the blend
[Fig. 5(c)]. The results are in good agreement with
those of XRD, further confirming that at a relatively
high POSS content, POSS aggregation happens and

Figure 5 TEM micrographs of PMMA–POSS blends with
three different POSS molar contents: (a) 0.31, (b) 0.98, and
(c) 1.36 mol %.
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the aggregation effect increases with the POSS con-
centration increasing.

FTIR analysis

To further reveal the Tg change mechanism involved
in the PMMA–POSS blends, the characterization of
their FTIR spectra was carried out. Figure 6 shows
the expanded FTIR spectra of pure PMMA and vari-
ous PMMA–POSS blends ranging from 1800 to
1660 cm�1. The pure PMMA shows the characteristic
carbonyl absorption at 1732 cm�1; however, when
POSS is blended into PMMA, the carbonyl absorp-
tion begins to shift to a lower wave number. For
example, when 0.31 mol % POSS is blended into
PMMA (PMMA–POSS-0.31), the carbonyl absorption
shifts to 1729 cm�1, and there is a trend in which the
carbonyl absorption peak shifts toward a lower wave
number with an increase in the POSS content. In
addition, the band is obviously widened when POSS
is blended into PMMA, and a stronger shoulder peak
at a higher frequency (� 1750 cm�1) is found when
POSS is incorporated into PMMA. It appears that
there is a new stronger dipole–dipole interaction
existing between POSS and the carbonyl of the
PMMA species, and the interaction becomes stronger
with an increase in the POSS content, which is prob-
ably responsible for the positive contribution to the
Tg increase of the hybrid nanocomposite at the lower
POSS content. However, when the POSS content is
further increased to 0.98 mol %, this maximum
absorption peak of the carbonyl group shifts slightly
toward a higher frequency gradually and further
shifts toward a higher wave number with an increase
in the POSS content in the PMMA–POSS blends. For
instance, the carbonyl maximum absorption peak of
PMMA at 1732 cm�1 decreases to 1728 cm�1 for
PMMA–POSS-0.84 but increases to 1730 cm�1 for

PMMA–POSS-0.98 and 1733 cm�1 for PMMA–POSS-
1.36. Furthermore, the shoulder peak becomes incon-
spicuous when the POSS content is more than 0.98
mol %, showing that the dipole–dipole interaction
between PMMA and POSS decreases in the PMMA–
POSS blends, and this may result from the POSS
aggregation. This is consistent with the results of
XRD patterns and TEM micrographs.
Cheam and Krimm16 studied the relationship

between the dipole interaction potential (Vdd) and
the FTIR vibration frequency shift (Dti), which is
expressed as follows:

Dti ¼ Vdd

hc
(1)

h is Planck’s constant and c is the velocity of light.
The frequency shift is related to the strength of

the dipole interaction. The absorbance frequency
will increase with the enhancement of the dipole
interaction and decrease with the weakening of the
dipole interaction. Painter et al.17 studied the interac-
tion potential between two dipoles, A and B, which
is expressed in the following formula:

Vdd ¼ �lAlB ½̂eA êB � 3ðêA � rABÞðêA � rABÞ�=r3AB (2)

where l is the value of dipole moment, ê is a unit
vector describing the direction of the dipole moment
and rAB is the distance between the centers of the
dipoles. From formula 2, we know that the increase
in the distance between the centers of the dipoles
will lead to a drop in the dipole interaction. There-
fore, according to this theory and the FTIR spectra,
we can well explain the Tg change of the nanocom-
posites. In our previous work on POSS-containing
nanocomposite,13,15 we found that, when a relatively
small amount of POSS is chemically incorporated
into poly(4-acetoxystyrene) POSS acts as a diluent,
enlarging the distance between the dipolar carbonyl
groups of homopolymer molecular chains and
resulting in a decrease in their dipole–dipole interac-
tion. Simultaneously, the nanoscale POSS also hin-
ders molecular chain motion. Therefore, the dilution
effect of POSS may play a main role in reducing Tg,
and similar results were also found in our previous
work.13–15 With a further increase in the POSS con-
tent, distance rAB between the POSS and the polar
carbonyl group of the polymer chain is shortened;
this results in an increase in the dipole–dipole inter-
action between the POSS and carbonyl with the
increase in the POSS content. Therefore, the dipole–
dipole interaction between the POSS and the polar
carbonyl of poly(4-acetoxystyrene) plays a main role
at a relatively high POSS content, resulting in a Tg

increase.
In the PMMA–POSS blend, at a relatively low

POSS content, the inert diluent, POSS, reduces the

Figure 6 Expanded FTIR spectra ranging from 1800 to
1660 cm�1 for PMMA and PMMA–POSS blends.
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interaction between the dipolar carbonyl groups of
homopolymer molecular chains; this has been con-
firmed by FTIR spectra. However, a new stronger
dipole–dipole interaction between the POSS and the
carbonyl of the PMMA species and a hindrance
effect of nanosize POSS on the motion of the PMMA
molecular chain may be responsible for the positive
contribution to the Tg increase of the hybrid nano-
composite. At a relatively high POSS concentration,
the new stronger dipole–dipole interaction between
the POSS and the carbonyl of PMMA species gradu-
ally decreases because of a strong aggregation effect
of POSS, which may be the main reason for the Tg

decrease of the hybrid nanocomposite. Furthermore,
when the molar percentage of POSS in the blends
reaches 1.36%, Tg of the hybrid nanocomposite is
lower than that of the pure PMMA. This shows that
when the POSS nanoparticles aggregate to a certain
degree, both the dipole–dipole interaction between
the POSS and the carbonyl of the PMMA species
and the hindrance effect of nanosize POSS on the
motion of the PMMA molecular chain will gradually
be diminished. Moreover, the aggregated POSS clus-
ter will weaken the dipole–dipole interaction
between PMMA chains and the self-association
interaction of PMMA molecules. They may be the
main reasons for Tg being lower than that of the
neat polymer. This is consistent with the results of
FTIR, XRD, and TEM. Therefore, the observed Tg

values of the PMMA–POSS blends show a tendency
of first increasing and then decreasing with an
increase in the POSS content.

CONCLUSIONS

Hybrid nanocomposites of PMMA–POSS containing
various POSS contents were prepared by a solution
blending method. The results show that, at a rela-
tively low POSS content, a new stronger dipole–
dipole interaction between the POSS and the car-
bonyl of PMMA species and a hindrance effect of

nanosize POSS on the motion of the PMMA molecu-
lar chain result in a Tg increase of the hybrid nano-
composites. At a relatively high POSS concentration,
the dipole–dipole interactions that form between the
POSS and the carbonyl of the PMMA species gradu-
ally decrease because of a strong aggregation effect
of POSS, and this results in a Tg decrease of the
hybrid nanocomposite.
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