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ABSTRACT: Polyhedral oligomeric silsesquioxane-con-
taining hybrids of epoxy resins are prepared via the cocur-
ing reaction between octaaminophenyl polyhedral
oligomeric silsesquioxane (OAPS) and brominated epoxy
resin (EP). The gel time, dispersion, thermal properties,
mechanical properties, water absorption, and dielectric
properties of the OAPS/EP composites are studied. The
gel time of the 1 wt % OAPS composites is significantly
higher compared with that of the epoxy resin control.
Wide angle X-ray diffraction and scanning electron micros-
copy show that, at the molecular level, the appropriate
amount of POSS cages was dispersed in the epoxy matrix

because the POSS monomer participated in the crosslink-
ing reaction. The thermal and mechanical properties of the
composites are enhanced as 1 wt % OAPS was added to
the epoxy system. The water absorption of the 1 wt %
OAPS composite significantly declines. The dielectric con-
stant of the 1 wt % OAPS composite is 0.5 less than that
of the epoxy resin control in the range of 100 Hz—40 MHz.
© 2012 Wiley Periodicals, Inc. ] Appl Polym Sci 000: 000
000, 2012
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INTRODUCTION

Incorporating inorganic or organometallic segments
to polymers to provide improved properties contin-
ues to drive the development of new materials.'”
Polyhedral  oligomeric  silsesquioxane  (POSS)
reagents, monomers, and polymers are emerging as
new chemical technologies for the production of
nanoreinforced organic-inorganic hybrids,*"” and
polymers incorporating POSS monomers are becom-
ing the focus of many studies due to their simplicity
of processing and the excellent comprehensive prop-
erties of this class of hybrid materials.''® The
recent development of several families of functional
hybrid reagents based on POSS presents tremendous
potential for the modification of organic-inorganic
hybrid polymers.®® Typical POSS monomers possess
cube-octameric frameworks with eight organic
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corner groups, one or more of which are reactive or
polymerizable.

The diversity of the organic groups on the silses-
quioxane cage can provide tremendous flexibility for
controlling the microstructure of POSS-containing
hybrids. Generally, POSS cages can be introduced
into polymer systems via copolymerization and
physical blending. Copolymerization is an efficient
approach to POSS-containing nanocomposites due to
the formation of chemical bonds between POSS
cages and polymer matrices. Relatively, the nano-
composites prepared via physical blending are less
reported due possibly to the unfavorable miscibility
(or solubility) of silsesquioxanes in polymers."

Epoxy resins are a class of the most important
thermosetting materials and are widely used as
adhesives, electronic encapsulating compounds, and
matrices of polymer composites, as well as other
structural materials, due to their elasticity and
strength, excellent chemical resistance, and simplicity
in processing. These extensive applications motivate
the preparation of organic/inorganic composites of
epoxy resins with improved properties. There have
been several studies on inorganic-organic hybrids
involving epoxy resin and polyhedral oligomeric sil-
sesquioxanes during the past years.> Lee and
Lichtenhan® investigated the thermal and visco-
elastic properties of cyclohexyl (or cyclopentyl) poly-
hedral oligomeric silsesquioxane (POSS)-reinforced
epoxy resins of bisphenol A. These experiments,



which were performed under identical thermody-
namic states, revealed that the molecular level
reinforcement provided by the POSS cages can signifi-
cantly retard the physical aging process in the glassy
state. Li et al.** dispersed multifunctional POSS into
an epoxy matrix at the molecular level, even at a POSS
weight percent of 25. The epoxy/POSS 75/25 compos-
ite exhibited a lower glass transition temperature (T,)
than the neat epoxy resin; the lower T, was ascribed to
the possible incomplete curing of the epoxy due to the
inclusion of the POSS cages. In the preparation of
glycidylisobutyl POSS-containing epoxy composites,
Williams and coworkers® observed that a primary lig-
uid-liquid phase separation occurred from the addi-
tion of the diepoxide to the POSS-diamine precursor
due to the incompatibility between the epoxy precur-
sor and the POSS compound. Laine and coworkers***
investigated the modification of epoxy resin by a
series of octafunctional and polyfunctional silses-
quioxanes with various R groups (aminophenyl and
dimethylsiloxypropylglycidyl ether groups, respec-
tively). The dynamic mechanical properties, fracture
toughness, and thermal stability of the epoxy hybrids
were considered in terms of the types of R groups,
tether structures between the epoxy matrices and
POSS cages, and the defects in silsesquioxane cages,
among others.

The favorable combination of properties between
POSS and polymers requires the optimum disper-
sion of POSS cubes in the polymeric matrix, which
can be adjusted by controlling the type and reactiv-
ity of R groups in the POSS cubes. In this study, we
prepare nanocomposites using brominated epoxy
resins and octaaminophenyl polyhedral oligomeric
silsesquioxane (OAPS). The thermal properties, me-
chanical properties, water absorption, and dielectric
properties of the epoxy nanocomposites are also
studied.

EXPERIMENTAL
Materials

The brominated epoxy resins (epoxide equivalent:
420-450) were purchased from Guangzhou Hon-
gchang Electronic Material Industry Co. (Guang-
dong, China). Dicyandiamide (electronic grade) and
2-methyl-imidazole (electronic grade) were pur-
chased from Guangzhou Kawai Electronic Material
Co. (Guangdong, China). Tetrahydrofuran (THF)
and N,N-dimethyl formamide (DMF) were pur-
chased from Beijing Chemical Plant, China. Octaami-
nophenyl polyhedral oligomeric silsesquioxane was
prepared according to methods used in previous
studies.”’*® The POSS compounds have a cage-like
structure, as shown in Scheme 1.
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Scheme 1 Structure of OAPS molecule.

Characterization

The gel time of the resin was measured by the fiber-
drawing method. While being timed, the mixed so-
lution (about 1 mL) was introduced onto a 170°C
hot plate and constantly stirred until it could no lon-
ger be drawn into fibers. The interval between the
introduction of the resin until it lost its ductility was
determined as the gel time of the glue.

Wide-angle X-ray diffraction (XRD) patterns were
recorded on a Japan Science D/max-RB automatic
diffractometer. All measurements were performed at
standard atmospheric pressure and room tempera-
ture with nickel-filtered Cu target Ko radiation at 40
kV and 20 mA using a scintillation counter system.
Data were recorded in the 20 range from 5° to 50° at
a scanning rate of 5°/min.

An S-4700 scanning electron microscope (SEM)
was used to investigate the morphology of the
POSS-containing epoxy hybrids. The samples were
fractured under cryogenic conditions using liquid
nitrogen. The fractured surfaces were immersed in
10 wt % hydrofluoric acid at room temperature for
150 min. If the POSS-rich phase separated out dur-
ing polymerization, it could be preferentially etched
by the solvent, whereas the epoxy matrix phase
remained unaffected. The etched specimens were
dried to remove the solvents. The fracture surfaces
were coated with a 100 A-thin layer of gold. All
specimens were examined at an activation voltage of
20 kV.

Calorimetric measurements were performed on a
NETZSCH DSC 200PC in a dry nitrogen atmos-
phere. All the samples (about 6 mg in weight) were
heated from 20 to 200°C and differential scanning
calorimetry (DSC) curves were recorded at a heating
rate of 20°C/min. The T, was taken as the midpoint
of the capacity change.

Impact strength tests were performed using a
CEAST Model RESIL impact tester. The unnotched
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Figure 1 The gel time curve of

nanocomposites.

OAPS/epoxy

specimen size used was 4 mm x 10 mm x 80 mm.
The tensile strength was measured on an Instron
Model 1185 test machine according to the recom-
mendations of ASTM D638M2. The specimen size
used was 3 mm x 5 mm x 80 mm. All of the me-
chanical properties were obtained by averaging at
least five measurements.

The water absorption of the hybrid composites
was tested as follows: The samples were dried at
100°C in a vacuum oven for 1 h. The masses of the
samples were then measured and recorded as ;.
The dried samples were soaked in 25°C water for 24
h, after which they were taken out and the water on
their surfaces was wiped off with filter paper.
Finally, the samples were weighed and the masses
were recorded as m,. The formula for calculating the
water absorption is as follows: f = (my — my)/m;.

The dielectric analysis experiments were per-
formed using an Agilent 4294A impedance analyzer.
The frequency range used for the experiments was
100 Hz—40 MHz. The specimen size was 10 mm X
10 mm.

Preparation of hybrid composites

First, dicyandiamide (2.5 wt % of the total resin), the
hardener, and 2-methyl-imidazole (0.15 wt % of the
total resin), the accelerator, were dissolved in DMF.
The solution was then charged into preweighed bro-
minated epoxy resin, after which OAPS powder was
dissolved in THF. The OAPS solution was added to
the epoxy resin system with vigorous stirring to pro-
duce a homogenous solution. The solid content of
the system was about 55 wt %. The mixtures were
poured into stainless steel molds with a PTFE film
coating. To remove the solvent, all the samples were
maintained in a vacuum at 100°C over night. The
OAPS content in the nanocomposites were set to 1,

2, 3, 4, and 5 wt %. The systems were cured at
140°C for 1 h and 170°C for 2 h, and post cured at
170°C for 2 h.

RESULTS AND DISCUSSION
Gel analysis

The graph of gel time as a function of OAPS content
is shown in Figure 1. All the OAPS-containing nano-
composites displayed prolonged gel times compared
with the epoxy resin control. The increase in gel
time allows for better control of the curing process
conditions of the thermosetting resins and is impor-
tant to actual production processes. The gel time of
the 1 wt % OAPS composites was higher than that
of the epoxy resin control. As the OAPS content
exceeded 1 wt %, the gel time of the nanocomposites
first increased slowly and then gradually decreased.
With the addition of OAPS to the epoxy system,
POSS cages on the segmental level restrict the
motion of the macromolecular chains, enhanced the
activation energy of the cocuring reaction, and
reduced the reactivity of the system, thus prolonging
the gel time. Meanwhile, the amount of amino
groups increased with the inclusion of OAPS.
Because amino groups have strong reactivity, the av-
erage functionality of the systems increased and
caused the gel time to decrease. The combined influ-
ence of two competing factors greatly increased the
gel time initially, and then slightly decreased it with
increasing OAPS content.

Morphology of POSS-containing composites

The XRD patterns of POSS-containing composites
are presented in Figure 2. No sharp diffraction peaks
were observed, revealing no crystal unit structure of
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Figure 2 XRD patterns of hybrid composites and pure

epoxy resin. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Figure 3 The SEM micrograph of the OAPS/EP nanocomposites with different content: (a) 1 wt % OAPS; (b) 2 wt %

OAPS; and (c) 5 wt % OAPS.

OAPS molecules. A strong peak appeared at 7.1° in
the OAPS XRD pattern is attributed to the intersil-
sesquioxane cube distance. The substitution of the
amino group on the phenyl ring can occur at the
para- or meta-positions, resulting in an OAPS mole-
cule with a variable structure that disrupts crystal-
line regularity. When the OAPS crosslinked with EP,
the attachment of the long-chain epoxy groups to
cubic silsesquioxane disrupts the cubic silsesquiox-
ane cage to cage separation structure, resulting the
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peak at 7.1° disappeared. This is confirmed by the
XRD which exhibits the amorphous halos at 19.3°.

Dispersion

The dispersion of OAPS-containing hybrids was
investigated using SEM. Figure 3 shows the micro-
graphs of the fracture surfaces of the hybrids. The
1 wt % OAPS composite exhibited featureless
morphology with no discernable phase separation
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Figure 4 T, of Epoxy-POSS hybrids varied with different
OAPS content. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

[Fig. 3(a)]. In contrast, there is aggregation of OAPS
molecules in the continuous epoxy matrix [Fig.
3(b,c)], and the higher the OAPS content, the larger
the POSS molecular aggregation phase. In the 5 wt
% OAPS composite, some OAPS pores (etched out)
and particles (not etched out, the aggregated POSS
particles were protected by covered EP to avoid the
solvent) were found in the Figure 3(c). This proves
that the POSS molecules are involved in the cross-
linking reaction and are dispersed uniformly in the
epoxy matrix when the POSS molecules have a
proper content (in our case not higher than 1 wt %).

Glass transition behavior

All the nanocomposites were subjected to thermal
analysis. The DSC curves of control epoxy resin and
POSS-containing composites are presented in Figure
4. All the DSC thermograms display single T,s. The
T, of the OAPS/EP composite increases initially and
then decreases with increasing OAPS concentrations.
Composites containing 1, 2, 3, and 4 wt % OAPS dis-
played higher Tgs than the control, whereas the 5 wt
% OAPS hybrid had a lower T, compared with the
control epoxy. The increase in T, could be ascribed
to POSS nanoreinforcement of the polymer matrix.
In POSS-modified polymers, there are two possible
competing factors that determine the T, of the
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Figure 5 Water absorption with different OAPS content.

resulting materials. On the one hand, POSS cages on
the segmental level could restrict the motion of mac-
romolecular chains, contributing to the increase in
T,. On the other hand, the presence of bulky POSS
cages could increase the free volume of the system
and act as internal plasticizers, giving rise to
decreases T,. At low POSS loading levels, the incor-
poration of POSS may result in polymer chain entan-
glement because of the good dispersion of POSS,
which causes immobility of macromolecular chains
and higher T,. With increasing loading levels, the
OAPS particles increase and the effects of the free
volume of the hybrids on T, become greater than
those of polymer chain immobility; as such, compo-
sites containing 5 wt % POSS showed lower T, than
the epoxy resin control.

Mechanical properties

The data for the impact strength, tensile strength,
Young’s modulus, and the elongation at break of the
hybrids are listed in Table I. Among all the nano-
composites, the 1 wt % OAPS composite had the
largest impact strength, tensile strength, and elonga-
tion at break, indicating that the inclusion of the
proper amounts of OAPS could enhance the fracture
toughness and strength of the epoxy matrix. The
incorporation of POSS increases the crosslinking

TABLE I
The Mechanical Properties of OAPS/EP Nanocomposites

OAPS (wt %) Impact strength (kJ/ m?) Tensile strength (MPa) Young’s modulus (MPa) Elongation at break (%)

0 47.0 £ 5.1 782 * 9.8 1653.7 = 134.8 70 * 03
1 57.1 £ 55 90.3 £ 72 2183.3 = 1124 75+ 04
2 43.8 = 6.4 86.0 = 10.3 2395.5 = 145.3 56 £03
3 174 = 2.0 60.4 + 8.6 2192.3 *= 155.6 35*02
4 16.8 = 24 59.2 £ 69 22714 *= 120.2 32x02
5 158 = 1.3 48.7 = 4.4 2287.8 = 90.7 31 x01

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 Dielectric constants for epoxy composites con-
taining OAPS. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

density of the resulting nanocomposites and the
OAPS has a higher modulus than the EP matrix,
which leads to an increase in the impact strength,
tensile strength, Young’s modulus, and elongation at
break of the EP/POSS nanocomposites. The nano-
composites also showed more resistant to moisture.
As the OAPS content is further increased, the cross-
linking density in the EP/POSS nanocomposites
tends to level off. When the OAPS content exceeds
0.1, both the tensile strength and the elongation at
break decreases, possibly due to high crosslinking
density in the EP/POSS nanocomposites.

Water absorption

The plots of water absorption for the control epoxy
and its hybrids containing 1, 2, 3, 4, and 5 wt %
OAPS are shown in Figure 5. Compared with the
control, the water absorption of the 1 wt % OAPS
composite was significantly lower; with increasing
OAPS content (>1 wt %), the water absorption of
the hybrid composites slightly decreased until it
finally approached equilibrium. When 1 wt % OAPS
was added to the epoxy resin, the POSS monomers
could react completely with the epoxy matrix. Thus,
the POSS cages were dispersed in the epoxy matrix
at the molecular level and were wrapped by macro-
molecular chains. This prevents the water molecules
from entering the macromolecular chains. Further-
more, the nanostructure of POSS increases the sur-
face area and enhances the interface effect of nano-
composites, causing the hybrids to absorb water
mainly by chemical action. However, the POSS mol-
ecule is hydrophobic, which reduces water absorp-
tion. When the amount of POSS in the reaction sys-
tem reaches a certain level, the reaction of OAPS
molecules with the epoxy resin reaches equilibrium
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and the content of POSS dispersed in the epoxy ma-
trix at the molecular level remains stable. Thus,
water absorption tends to remain in equilibrium
with increasing OAPS concentration.

Dielectric constant

The frequency dependence of the dielectric constants
of the OAPS/epoxy composites at different loading
levels is shown in Figure 6. The dielectric constant
of the 1 wt % OAPS composite was reduced by 0.5
compared with the control epoxy resin in the 100
Hz—40 MHz range. With increasing POSS content
(>1 wt %), the dielectric constants of the composites
increased to a greater degree than that of the control
epoxy resin. For polymer composites with fillers, the
electrical properties of the fillers and the polymer
matrix are usually considerably different, especially
in terms of conductivity. These differences can lead
to the formation of electrically charged layers at the
interfaces; that is, an interfacial polarization when
voltage is applied to the materials. Interfacial polar-
ization can cause greater increases in the dielectric
constants of polymer composites compared with
neat polymers. However, the occurrence of lower
dielectric constants in polymer nanocomposites has
been reported by several research groups.**>' Com-
posites with lower dielectric constants compared
with those of neat polymer matrices were observed
in some polymer nanocomposites, such as epoxy/
TiO, and epoxy/ZnO, in which the fillers have
higher dielectric constants than the base polymers
and interfacial polarization occurs.*’ As such, the
possible mechanisms should be examined to explain
the lower dielectric constant in the composites. First,
the increase in free volume may cause a reduction of
the dielectric constant. This increase in free volume
may be attributed to the greater steric volume of
POSS molecules, which may interfere with efficient
chain packing. The correlation between high free
volumes and low dielectric constants was previously
found in several polymers.’” The restriction of mac-
romolecular chain movements by POSS particles
may be another reason for the reduction of dielectric
constants. For polar polymers such as epoxy resins,
polymer chain immobility could be one of the im-
portant reasons for the reduction of the dielectric
constant because the mobility of dipolar groups in
epoxy resins contributes to the higher dielectric con-
stant of a composite.*>**

At low POSS contents, the incorporation of POSS
can effectively restrict the motion of the polymer
chain because it can disperse in the epoxy matrix at
the molecular level by participating in the crosslink-
ing reaction. This causes the dielectric constants of
the hybrid composites to decline. When the POSS
content is increased, some POSS molecules not
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involved in the crosslinking reaction form nanopar-
ticles that separate from the epoxy matrix. This
causes interfacial polarization and increases the
dielectric constant.

CONCLUSIONS

POSS-containing hybrids of epoxy resin were pre-
pared via a cocuring reaction between octaamino-
phenyl polyhedral oligomeric silsesquioxane (OAPS)
and brominated epoxy resin. The results indicated
that the gel time of the 1 wt % OAPS composite was
significantly higher than that of the epoxy resin con-
trol. XRD and SEM showed that, at the molecular
level, the appropriate amount of POSS cages are dis-
persed in the epoxy matrix because the POSS mono-
mer participated in the crosslinking reaction. DSC
and mechanical property test results indicate that
the introduction of the proper amounts of POSS
could enhance the glass transition temperature,
impact strength, tensile strength, and elongation at
break of nanocomposites, displaying the nanorein-
forcing effect of the POSS cages. The water absorp-
tion of the composite significantly decreased ini-
tially, and then approached equilibrium as the POSS
content increased. The dielectric constant of the 1 wt
% OAPS composite was reduced by 0.5 compared
with the epoxy resin control in the 100 Hz—40 MHz
range.
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