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ABSTRACT: A series of Poly(imide siloxane) (PIS)/silica
(Si0;) hybrid nanocomposites with C-Si covalent bonding
between the homogeneous PIS copolymer and SiO, have
been successfully synthesized. The PIS copolymer synthe-
sized in this study is characterized by the coexistence of
two segments: the polyimide segment and polydimethyl-
diphenylsiloxane segment, and the latter are specially
featured with the introduction of a diphenyl group for
improved homogeneity. The PIS/SiO, hybrid nanocompo-
sites were prepared from 3,3 4,4'-bezonphenone tetracar-
boxylic dianhydride (BTDA), 2-2'-bis[4(3-aminophenoxy)-
phenyl ] sulfone (m-BAPS), and vinyl-containing o,c-bis-
(aminopropyl)polydimethyldiphenyl siloxane (APPPVS)
oligomer to form vinyl siloxane-containing poly(amic acid)
(PAAVS). This copolymer was further reacted with trime-
thoxyvinylsilane (TMVS), 2,2'-azobis-isobutyronitrile (AIBN),

and tetraethoxysilane (TEOS). The PIS/SiO, hybrid nano-
composites exhibited a series of properties unlike tradi-
tional composites, and the nano sized inorganic particles
have resulted in a transparent hybrid when the SiO, con-
tent was less than 12 wt %. The Young’s modulus and ten-
sile strength of the PIS/SiO, hybrid nanocomposites incre-
ased with increasing SiO, content, whereas, the elongation
at break was only slightly affected. The structure of the
hybrids was characterized by FTIR, *Si-NMR, 'H-NMR,
and >C-NMR, as well as SEM and TEM. The thermal
properties of the PIS/SiO, hybrid nanocomposites were
investigated with DSC, TGA, and DMA studies. © 2007
Wiley Periodicals, Inc. ] Appl Polym Sci 105: 809-820, 2007
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INTRODUCTION

Polyimide (PI) is a family of high-performance poly-
mer materials characterized by excellent thermal sta-
bility, superior mechanical, and electrical properties
which have wide applications in the aerospace and
microelectronic  industries."™®  Organic-inorganic
hybrid nanocomposites have become an attractive
source for advanced materials as they usually exhibit
unique properties that lack of conventional materi-
als.”'* The incorporation of nanosized inorganic par-
ticles such as SiO, is considered to be an effective
means in the synthesis of nanocomposites.

Phase separation commonly happens in organic-
inorganic hybrid nanocomposites systems. Observ-
able phase separation tends to develop at certain size
of inorganic nano particle, which in turn, is usually
related to the overall inorganic content. High inor-
ganic content is likely to promote particle size incre-
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ase, and results in a composite that is opaque. How-
ever, by minimizing the size of the inorganic domain,
phase separation might be kept below an acceptable
level so that the transparency of the material would
not be affected. It has been demonstrated in earlier
studies that the production of a transparent PI/SiO,
hybrids nanocomposites was limited to the condition
in which the SiO, content was less than 10 wt %.'>1¢

These organic-inorganic hybrid nanocomposites
can be synthesized by in situ sol-gel reaction which
consists of two steps in the formation of nanoparti-
cals: (1) the hydrolysis of metal alkoxides to produce
metal hydroxide and (2) the formation of a three-
dimensional network of metal oxide by polyconden-
sation.

The introduction of chemical bonds between or-
ganic and inorganic molecules would bring about
the effect that the barrier between these two phases
was macroscopically blurred by such chemical modi-
fication, which improved the optical, as well as other
desirable properties.

Recently, several kinds of PI with terminal alkoxy
silanyl groups have been developed and were uti-
lized for the design of new categories of organic—
inorganic hybrid materials.'”>*
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Many researchers®2® in their separate studies,

prepared PI/SiO, hybrid nanocomposites with the
amino group substituted alkoxysilane, for example,
aminophenyltrimethoxysilane (APTMOS), aminopro-
pyltriethoxysilane, aminopropylmethyldiethoxysilane,
and diaminopropyltetramethyl disiloxane. They
found that both the amino and alkoxy groups on
these silanes provided chances of chemical bond for-
mations between the organic PI polymer and inor-
ganic SiO, networks, which led to a more homoge-
neous and transparent PI/SiO, hybrid nanocompo-
site films as compared to those prepared using only
PI and tetraexthoxysilane (TEOS). The former hybrid
nanocomposites, in general, showed better mechani-
cal properties. The modulus and ultimate strengths
increased and the elongation at break decreased
with increasing SiO, content.

Shang and Zhu®*’ made PI/SiO, nanocomposites
by hybridizing BTDA and 4-4'-diamino-3-3'-dime-
thyldiphenylmethane (MMDA), y-glycidyloxypropyl
trimethoxysilane (GPTMOS), and TEOS. These
hybrids were reported to improve the compatibility
between PI and SiO, and, at the same time, improved
the mechanical properties, thermal properties, and
optical properties.

Chen and Chiu®® produced soluble PI from 4,4'-
diamino-4'-hydroxytriphenyl-methane (DHTM) and
pyromellitic dianhydride (PMDA). The synthesized
soluble PI was then dissolved in NMP, followed by
reaction with GPTMOS and TEOS to form PI/SiO,
hybrid nanocomposite thin film. When the SiO, con-
tent is less than 15 wt %, the diameters of silica par-
ticles were less than 100 nm, which is well-dispersed
throughout the composite matrix. Enhanced thermal
stability and mechanical properties were attained.

The polysiloxane has been known to interact with
SiO, closely because of the similarity of its structure
(—Si—O—Si—) with the sol-gel glass matrix of the
SiO, precursor,” which indicated that a copolymer
of PI and polysiloxane, poly(imide siloxane) (PIS),
might be a good candidate material for organic—inor-
ganic hybrid nanocomposites. However, to date, few
reports about the synthesis and properties of PIS/
SiO, hybrid nanocomposites could be found.**>

Park and Kim>* prepared a series of siloxane-con-
taining poly(amic acid) (PAAS) from amine-terminated
polydimethylsiloxane (PDMS, M,, = 900 g mol '), 4-4'-
oxydianiline (ODA), pyromellitic dianhydride
(PMDA), and aminopropyltriethoxysilane (APrTEOS).
Then, TEOS were added to the PAAS solution and fol-
lowed by imidization to form the PIS/SiO, hybrid
nanocomposite. The results showed that the introduc-
tion of PDMS into a PI matrix retarded the phase sepa-
ration of hybrid composites. Meanwhile, the formation
of high-molecular-weight SiO, was prevented.

In this study, we intent to synthesize PIS/SiO,
hybrid nanocomposites by means of providing
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chemical bond formations between the inorganic
S5i0, network and the organic sloxane segment (of
vinyl group containing PIS copolymer), through the
introduction of a coupling agent (trimethoxyvinylsi-
lane, TMVS). It was anticipated that this would
improve the thermal and mechanical properties of
the material.

Because of the large solubility parameter differ-
ence between PI and PDMS, there exist interfacial
gap between the two segments. Consequently, such
gap may lead to microphase separation. To minimize
the interfacial gap, we introduced diphenylsiloxane
into the PDMS segment. The proposed strategy
involves the design of randomly arranged flexible
polydimethyldiphenylsiloxane segments, and incor-
poration of this segment at random positions of the
PI backbone.

EXPERIMENTAL
Materials

1,3-bis(3-aminopropyl)1,1,3,3-tetramethyldisiloxane
(DSX, purity > 97%); octamethyl-cyclotetrasiloxane
(D4, purity > 97%); octaphenylcyclotetrasiloxane (Py,
purity > 98%) were obtained from Fluka. Tetrame-
thyltetravinylcyclotetrasiloxane (V,, purity > 98%)
and TMVS were purchased from Shin-Etsu Chemi-
cal. 3,3 ,44-bezonphenone tetracarboxylic dianhy-
dride (BTDA) was purchased from Aldrich, which
was purified by recrystallization from a high-purity
acetic anhydride, followed by vacuum drying at
120°C for 14 h. 2-2’-bis[4-(3-aminophenoxy)phenyl]-
sulfone (m-BAPS) was purchased from Lancast
Synthesis. N-methyl-2-pyrrolidone (NMP) was pur-
chased from Tedia, which was dried with 4 A molec-
ular sieves. Tetraethoxysilane (TEOS) was purchased
from Aldrich. 2, 2'-azobis-isobutyronitrile (AIBN)
was purchased from Showa Chemical.

Preparation of vinyl-containing o, -
bis(aminopropyl)polydimethyldiphenyl siloxane

The synthesizing steps are shown in Scheme I. The
vinyl-containing o,0-bis(aminopropyl)polydimethyl-
diphenyl siloxane (APPPVS) was synthesized by ani-
onic equilibrium polymerization. Basic phosphorous
salt was used as the catalyst, while, Dy (1.5 g), Py
(2.5 g), and V4 (2.5 g) were the comonomers and
DSX served as the terminating agent.

The reaction conditions were described as follows.
The reactants were first heated together to 120°C, to
form a homogeneous reaction mixture, which was
then cooled to 80°C, and held at this temperature for
48 h. The mixture was then heated to 150°C for 5 h
to decompose the catalyst. After cooling to 110°C,
the reactor was maintained at vacuum (~ 0.1 Torr)
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Scheme 1 Procedure for the synthesis of APPPVS.

for 4 h to remove unreacted monomers. The num-
ber-average molecular weight (M,) was determined
by gel permeation chromatography (GPC) and
nuclear magnetic resonance ('"H-NMR) spectroscopy,
and M,, was found to be 850 g mol .

Preparation of vinyl siloxane-containing
poly(amic acid)

The vinyl siloxane-containing poly(amic acid)
(PAAVS) were prepared from BTDA, m-BAPS, and
APPPVS (M,, = 850 g mol !, from Scheme I). The
reactions steps are shown as in Scheme II.

In a typical reaction, m-BAPS (0.6091 g, 1.41
x 1072 mol) and APPPVS (M,, = 850 g mol ') (0.0171 g,
2.0 x 107° mol) were dissolved in NMP with stir-
ring. After complete dissolution, 0.4607 g of BTDA
(1.42 x 1072 mol) was then added. The mixture was
stirred at room temperature for 12 h and a viscous

PAAVS solution was obtained. The solid contents
(w/w) is 25 wt %.

Preparation of PIS/SiO, hybrid nanocomposites

For the preparation of PIS/S5iO, hybrid nanocompo-
sites, equal normality of vinyl TMVS and PAAVS
with 0.1 wt % AIBN diluted in NMP, were mixed
and stirred at room temperature for 1 h. Then, a dif-
ferent mixture of TEOS with distilled water (1/4 mol
of TEOS) and NMP as solvent were added (see
Table I) to the above solution. The solution soon
became homogenous, and was continuously stirred
at room temperature for 6 h. The PIS/SiO, hybrid
nanocomposites were prepared by casting the solu-
tion onto the PET sheet, followed by heating at
70-80°C for 2 h. The half-dried film was then peeled
off the PET sheet, and transferred to another sub-
strates and stepwise heat treated at 100, 150, 200,

Journal of Applied Polymer Science DOI 10.1002/app
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250, and 300°C for each 1 h. The preparation was
shown in Scheme II.

Measurements

The chemical structure were determined by 'H-NMR
spectra on bruker DPX-300 FT-NMR spectrometer at

Journal of Applied Polymer Science DOI 10.1002/app

500 MHz, >C- and *’Si-NMR spectra were also mea-
sured at room temperature on the same spectrometer
operating at 100 and 80 MHz. Infrared spectra of
PAAVS and PIS/SiO, hybrid nanocomposites were
determined on a Bruker ISF112V FTIR spectropho-
tometer. Glass transition temperature (T,) was mea-
sured on a DuPont DSC 1090 instrument at a heating
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TABLE I
Preparation and Opacity of the PIS/SiO, Hybrid Nanocomposites

Silica content (wt %)

Sample name TEOS (g) H,0O (g) Theory* Experiment® Opacity®
PIS® 0 0 0 0 T
PIS/SiOx-1 0.04 0.01 1 0.8 T
PIS/SiO,-3 0.11 0.04 3 2.8 T
PIS/SiO,-5 0.19 0.07 5 4.9 T
PIS/SiO,-7 0.27 0.09 7 6.7 T
PIS/SiO,-10 0.38 0.14 10 9.4 T
PIS/SiO,-12 0.45 0.16 12 11.7 O
PIS/SiO,-15 0.57 0.21 15 14.4 O
PIS/SiO,-20 0.75 0.26 20 19.4 O
PIS/Si0,-25 0.94 0.32 25 23.8 O
PIS/SiO,-30 1.12 0.39 30 26.0 O

@ All PIS was prepared with 1.4 wt % of vinyl-containing (*—bls(ammopropyl) poly-
dimethyldiphenyl siloxane (APPPVS) and the same vinyl normality of TMV.

T, transparent; O, opaque.

¢ The theoretical silica content was calculated under the assumption that the sol-gel

reaction proceeds completely.

9 The experimental silica content was obtained from residual ash after heat treatment

at 900°C in N2.

rate of 10°C min '. Thermal gravimetric analysis
(TGA) measurements were performed on a Perkin-
Elmer TGA in N, at a heating rate of 20°C min ™'
from 25 to 900°C. The stress/strain curve was
obtained from a DMA 2980 with control force mode.
SEM images of the cross section of hybrid nanocom-
posites were taken on Jeol Model JSF 6700F field
emission scanning electron microscope with inclusion
of energy-dispersion X-ray analysis (EDS). Transmis-
sion electron microscope (TEM) with a JEOL-200
FX operating at 300 KV. X-ray diffraction (XRD)
was measured with Bruker P4 single crystal X-ray
diffractometer.

RESULTS AND DISCUSSION

The following scheme was proposed and conducted.
We first synthesized the random copolymer, the
APPPVS, which was used as the flexible segments in
the PIS copolymers.

The randomly positioned diphenyl siloxane in
APPPVS oligomer was expected to contribute in the
increase of the compatibility between PI and polysi-
loxane segments in the PIS copolymer.

The above random copolymer was further copoly-
merized with BTDA and m-BAPS to form the PAAVS
solution. The obtained copolymer solution was then
added with TMVS, TEOS, and AIBN. The ratio
between TEOS and PAAVS was adjusted, to study
the effect of SiO, content on optical, thermal, and
mechanical properties. When the free-radical reaction
was initiated, sol-gel reaction, and thermal imidiza-
tion took places as well. It is expected that the
TMVS molecules will provide an opportunity of

covalent bond formation between the inorganic SiO,
and the PIS matrix.

Characterization

The newly synthesized organic-inorganic hybrid
nanocomposites were first characterized spectrally
by studying the FTIR, NMR, XRD, and EDS spectra.
Its microstructure, as well as thermal and mechani-
cal properties were also investigated and reported in
the following sections.

FTIR analysis

To verify the conversion of PAAVS to PIS/SiO,
hybrid nanocomposites, and to confirm the develop-
ment of the SiO, formed within the imidized PIS,
FTIR was used for the investigation. Figure 1 com-
pared the FTIR spectra of the unimidized PAAVS to
that of the imidized PIS/SiO,-20 hybrid nanocompo-
site (SiO, content was 20 wt %).The FTIR spectra of
PAAVS was characterized by broad absorption peak
at 3000-3500 cm ™' because of the presence of OH-
groups, while the amide group was responsible for
the absorption peak at 1650 and 1541 cm ™. The ther-
mal imidization of PAAVS was evidenced by the
disappearance of the absorption peak at 1650 and
1541 cm ™}, as well as 3000-3500 cm !. Meanwhile,
the absorption peaks at 1780, 1720, 1380, and 725 cm !
confirmed the formation of PIS copolymers.

The formation of the SiO, network, within the PIS
matrix, changed the absorption pattern of the FTIR
spectra, as reflected by the broadening of the absorp-

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 FTIR spectra of (a) PAAVS (b) PIS/SiO,-20.

tion peak at 1000-1100 cm*], upon the increase of
SiO, content (Fig. 2). This observation supports the
aforementioned speculation that a three-dimensional
Si—O—Si network has formed in the hybrid
films.>**> On the other hand, the presence of dime-
thylsiloxane (Si-(CHj3),) blocks was evidenced by the
C—H absorption at 2960 cm ™ '. The presence of the
dimethylsiloxane blocks is supposed to be beneficial,
in terms of better processibility and modulation of
the stiffness of the copolymer. In this study, besides
dimethylsiloxane, diphenylsiloxane was copolymer-
ized into the hybridized matrix, hoping that this

@
(®)
©
9
©

%T

®

would offer better compatibility between PI and
polysiloxane blocks, while reducing the likelihood of
phase separation. However, the absorption peaks of
the phenyl groups on diphenylsiloxane coincided
with that on the PI block, therefore, it is not possible
to distinguish between the two on the spectra.
Although the role of diphenylsiloxane in the hybrid
copolymer awaits to be cleared, it is discussed in
detail in another report® and data in this respect
will not be included in this study. However, we did
experience the benefits that came from the addition
of diphenylsiloxane.

\
1089.20
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Figure 2 FTIR spectra of PIS/SiO, hybrid nanocomposites (a) PIS/SiO,-1, (b) PIS/SiO,-7, (c) PIS/SiO,-12, (d) PIS/SiO,-15,

(e) PIS/Si0,-20, (f) PIS/Si04-25, (g) PIS/Si0,-30.
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Figure 3 'H-NMR spectra of the PAAVS.

'H-NMR analysis

Chemical shifts of atoms in NMR spectra can provide
insight to molecular structures of organic com-
pounds. We turned to 'H-spectra for more informa-
tion about the PIS/SiO, hybrid nanocomposites.
'"H-NMR studies was conducted by dissolving the
soluble PIS/SiO, hybrid nanocomposite in deuter-
ated dimethylsulfoxide (DMSO-d,). Figures 3 and 4
represents the 'H-NMR spectra of PAAVS and
soluble PIS/SiO, hybrid nanocomposites, respec-
tively. The aromatic protons of the BTDA, m-BAPS,
and diphenylsiloxane gave rise to the signals at & 7-
9 ppm. The signals of the three methylene groups of
the terminal amino propyl, of the polysiloxane seg-
ment, could be located at 6 0.5, 6 1.8, and 6 2.5 ppm,
while the signal near 0 ppm came from the methyl
groups of the polydimethylsiloxane per se.

The signals of the COOH- and C=C groups, at &
11.2 and & 5.9 ppm, are worth noticing here, in that
they disappeared when comparing Figures 3 and 4,
which indicated that these groups were involved in
at least two types of chemical reactions (free-radical
reaction, sol-gel reaction, and thermal imidization)
during the conversion from PAAVS to PIS/SiO,
hybrid nanocomposite.

2G8i-NMR analysis

Sol-gel reaction is the most important step in the
incorporation of inorganic SiO, into the hybrid poly-
mer matrix. >’Si-NMR spectra allowed us to monitor
the degree of condensation reactions involved in the
conversion of Si—OH to Si—O—S5i, the two types of
S5i—O bonding in the final SiO; filler. Possible desti-
nies of TEOS and TMVS, used in the sol-gel reaction,
were the formation of mono-, di-, tri-, or tetra-
substituted siloxane bonds (designated as Q;, Q,, Q3,
and Qu for TEOS, and Ty, T,, and T3 for TMVS). The

*Si-NMR spectra was shown in Figure 5, in which
the chemical shifts of Q,, Q3, and Q4 were located at
—91, —101, and —109 ppm, respectively. Chemical
shifts of T, and T; can be observed at —69 and
—78 ppm, respectively.”’ Comparing relative peak
areas corresponding to Q4 and T3 showed that they
are the major network SiO, structure in the hybrid
nanocomposite films, whereas Q4 seemed to be more
important, in terms of relative quantity, than Tj.

XRD analysis

XRD was used to determine if the incorporated SiO,
domain existed, in the PIS/SiO, hybrid nanocompo-
site, as distinct crystal regions or well dispersed SiO,
particles. Crystalline SiO, would give rise to a sharp
peak on XRD spectra.®® Figure 6 showed the XRD
spectra of the PIS/SiO, hybrid nanocomposites with
various SiO, content. Broadened peaks at 5-10° and
19-21° indicated that the SiO, particles were well
dispersed into the PIS matrix.

EDS analysis

EDS spectra was used for elemental analysis for the
PIS/SiO, hybrid nanocomposite and the spectra was
shown in Figure 7. Elemental contents of Si, O, and
C were 27, 52, and 21%, respectively. This result
confirmed the success of incorporating SiO, into the
PIS matrix.

Microstructure

SEM can be used to obtain detailed information of
the microstructure of the composite material, such as
particle sizes and their distributions, at the nanome-
ter level. The SEM micrographs of the cross sections
of the PIS/SiO, hybrid nanocomposites were shown
in Figure 8(a—f). When SiO, content was less than

Figure 4 'H-NMR spectra of the soluble PIS/SiO, hybrid nanocomposite.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 *’Si-NMR spectra of the PIS/SiO, hybrid nanocomposite.

10 wt %, the particle size of SiO, was smaller than
60 nm. At this nanocomposite level, the film is visu-
ally transparent as shown in Table I. Above the level
of 10 wt % of SiO, content, the particle size increased
from 100 nm, at 12 wt %, to 2000 nm at 30 wt %
(data of 30 wt % not shown), and the films were
opaque.

All micrographs revealed that SiO, domains were
smooth and bonded with the surrounding PIS
matrix, which suggested that there existed strong
interfacial adhesion between the two phases. When
5i0, content was reduced to 7 wt %, the SiO, par-
ticles were barely distinguishable under SEM (Fig. 8),

5000
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3500 -
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| ntensity

2000
1500
1000 ~

500

0

0

Figure 6 X-ray diffractions for PIS/SiO, hybrid nanocom-
posites (a) PIS, (b) PIS/SiO,-5, (c) PIS/SiO,-12, (d)PIS/
5i0,-20, (e) PIS/SiO,-30.
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we had to turn to TEM. Figure 9(a,b) showed that,
under TEM, at 7 wt %, the particle size was 30 nm,
which reduced to 15 nm at 1 wt % of SiO, content.

Thermal properties

When designing new materials, it is important to
understand their thermal properties before exploring
their potential applications is possible. The T; and T,
were studied by TGA and DSC, respectively.

Thermal decomposition temperature (T,)

T, provides information about the temperature range
in which the material of interest is stable. Figure 10

Spechtrum 2

o 1 2 3 4 & 6 7 8 8 A0
Full Scale 418 cte Cursor: 0.000 ke hoe

Figure 7 EDS spectra of the PIS/SiO,-5 hybrid nanocom-
posite.
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Figure 8 SEM micrographs of the cross section of PIS/SiO, hybrid nanocomposites (a) PIS/SiO»-1, (b) PIS/SiO»-5, (c)
PIS/SiO,-7, (d) PIS/SiO,-10, (e) PIS/SiO5-12, (f) PIS/SiO4-15.

depicted the TGA curves of the PIS/SiO, hybrid  nol. The temperatures at which 5% weight loss oc-
nanocomposite at various SiO, content. No weight  curred were taken as T, and were listed in Table IIL
loss was observed at temperature below 100°C, T, of PIS copolymer was 531°C, which increased to
indicating that there was no residual water or etha-  535°C after the incorporation of 1 wt % of SiO,. The

(a) (b)
Figure 9 TEM micrographs of PIS/SiO, hybrid nanocomposites (a) PIS/SiO,-1 (b) PIS/SiO,-7.
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Figure 10 TGA curves of PIS/SiO, hybrid nanocompo-
sites of various SiO, content.

general trend was that T, increased with increasing
SiO, content, until 563°C at SiO, content of 15 wt %
(Fig. 10). T, started to decline upon further increase
of SiO, content.

Glass transition temperature (Ty)

T, may characterize the upper temperature limit of
retaining the sufficient hardness of the material. T,
of the PIS/SiO, hybrid nanocomposites at various
SiO, content were plotted in Figure 11 and were
listed in Table II. T, of PIS copolymer, without the
incorporation of SiO,, was 232.8°C. Figure 11 showed
that with the incorporation of SiO,, T, increased
with increasing SiO, content to 242.7°C at 12 wt %

LIAW AND CHEN

5i0, content. However, quite similar to that of the
T, study, this trend was reversed when SiO, content
was higher than 12 wt %.

Considering numerous hydroxyl groups on silicon
atom at the surface of the SiO, domain, which pro-
vided plenty of opportunities in forming hydrogen
bonding with the carbonyl groups of the PI matrix,
it was not surprising that the introduction of SiO,
increased the thermal stability. Meanwhile, the dis-
persed SiO, domain, as can be observed in the SEM
micrograph, in the continuous PIS phase, offered
chances of covalent bonding between the PIS matrix
and the SiO, network, because of the presence of
vinyl groups (on both siloxane and TMVS moieties)
before they are crosslinked. At high temperatures, in
terms of contribution to thermal stability, covalent
bonding may be more important than physical
interactions. Albeit important, hydrogen bonding or
covalent bonding, large interfacial surface areas
(between the SiO, domain and the continuous PIS
phase) came in even more fundamental, in that they
were the basic factor that are responsible for pro-
viding vacancies for the formation of either kind of
bonding.

In this study, when incorporated SiO, was less than
12 wt %, the particle size was smaller than 100 nm,
which resulted in a transparent composite film and
improved thermal properties. However, studies of
either opacity or thermal property, of the composite
film, unanimously pointed out that SiO, content has a
critical value, corresponding to a critical particle size,
beyond which, the trend of increased thermal stability
with increasing SiO, content changed, and meanwhile,
the film became opaque.

Turning to SEM and TEM micrographs, this criti-
cal value of 12 wt % SiO, content corresponded to a
particle size of 100 nm. Dispersed SiO, nanoparticles

TABLE II
Thermal and Mechanical Properties of the PIS/SiO, Hybrid Nanocomposites

Sample name T (°C) Tgb (°C) Young’s modulus® (MPa) Ultimate tensile s’creng’chd (MPa) Elongation® (%)
PIS 531 232.8 1210 92.8 249
PIS/SiO,-1 535 235.3 1620 94.6 21.9
PIS/Si0O,-3 541 237.1 2130 98.3 16.5
PIS/SiO,-5 546 239.5 2480 102.6 15.6
PIS/SiO,-7 550 241.8 3290 104.8 13.2
PIS/SiO,-10 557 242.2 3598 106.9 10.6
PIS/SiO,-12 561 242.7 4214 109.3 9.9
PIS/SiO,-15 563 2414 4792 1141 9.8
PIS/Si0,-20 560 240.5 5257 116.4 8.6
PIS/SiO,-25 557 240.3 5892 120.1 74
PIS/Si05-30 553 236.7 6320 122.9 4.5

? 5% weight loss temperature (°C) observed in TGA.
b Glass transition temperature (°C).

¢ Initial slope of the stress-strain curve.

4 Gtress at break (MPa).

¢ Elongation at break (%).
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Figure 11 Effect of SiO, content on the T, of the PIS/SiO,
hybrid nanocomposites.

that offered huge interfacial surface area for bond
formation might be the main reason for the observed
critical point. The S5iO, nanoparticles played an
important role of serving as the physical, as well
as chemical crosslinking points, which limited the
movement of the molecular chain of PIS and ren-
dered improved thermal properties to the PIS/SiO,
hybrid nanocomposite. As SiO, content was higher
than 12 wt %, however, the decline of T; and T,
could be attributed to increased particle size, which
led to a decrease in specific interfacial surface area.

Mechanical properties

The intention of incorporating inorganic SiO, into
the organic polymer, either physically or chemically
(covalent bond formation), was mainly for the
purpose of improving mechanical properties. In this
study, SiO, served this purpose positively to differ-
ent extent, depending on SiO, content, as listed in
Table II. In general, the ultimate strength and
Young’s modulus increased with increasing SiO,
content, while SiO, content affected the ultimate
elongation conversely.

Young’'s modulus

Figure 12 depicted the relationship between the
Young’s modulus and the SiO, content. The Young's
modulus increased approximately linearly with SiO,
content for most of the range studied. However, the
trend slightly curved upward when SiO, content
was higher than 20 wt %, and resulted in an impres-
sively high Young’s modulus of 6320 MPa at SiO,
content of 30 wt %.

Ultimate tensile strength and elongation at break

The ultimate tensile strength and elongation at break
of the PIS/SiO, hybrid nanocomposite were plotted
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Figure 12 Plot of Young’s modulus (MPa) of the hybrid
film systems of various SiO, content (wt %).

against SiO, content in Figure 13. Without the incor-
poration of SiO,, the PIS copolymer film possessed
an ultimate tensile strength of 92.8 MPa, which is
already a remarkable value. However, it would be
interesting to see if the incorporation of inorganic
SiO, could further improve the mechanical property
in this respect.

At SiO, content of 1 wt %, the ultimate tensile
strength increased to 94.6 MPa and steadily
increased to 122.9 MPa at 26 wt %. This phenom-
enon could be attributed to both the strong physical
interactions between organic and inorganic phases,
and the chemical bond between the siloxane segment
of PIS and the SiO, particles.

Chen?® and Ahmad'” also studied the PI/ SiO,
hybrid material in which chemical bond formation
between PI and the SiO, network was developed.
The hybrid films were prepared by hydrolysis and
polycondensation of aminopropyltriethoxysilane,
the terminal group of PI and TEOS in the polymer
solution in N, N'-dimethylacetamide (DMAc). They
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elongation at break (%) of the hybrid film systems of
various SiO, content.
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found in comparison to the PI, samples containing
SiO, have higher ultimate tensile strength and
higher modulus, but lower elongation. Thus, it was
proposed that the ultimate properties of the hybrids
depend on the extent of bond formation between the
two phases.

Elongation at break is an important mechanical
property for materials of this category. The presence
of polysiloxane segment rendered the PIS copolymer
improved flexibility and the elongation at break was
as high as 24.9%. The incorporation of S5iO, tends to
counteract the contribution of polysiloxane and
reduced the elongation at break (Fig. 13). However,
the effect of decreasing the elongation at break was
less significant at SiO, content higher than 2.8 wt %
(PIS/SiO,-3). Although it remains to be seen, should
counterbalancing the SiO, effect on increased hard-
ness be desirable, the amount of polysiloxane added
may be an important parameter in the engineering
of the hybrid nanocomposites.

CONCLUSIONS

The organic PIS copolymer, with the aid of TEOS,
has been successfully incorporated with inorganic
SiO, which forms a SiO, network with C-Si covalent
bondings at the interface. Microstructure of well dis-
persed nano-sized SiO, particles rendered special
properties to this new hybrid nanocomposite, such
as optical transparency and improved mechanical as
well as thermal properties. SiO, content played a
key role in affecting important features of the hybrid
nanocomposites, and could be a parameter to be
manipulated in designing the new hybrid nanocom-
posites for various applications.
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