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ABSTRACT: A novel hybrid film composed of copolyi-
mide with hydroxyl group, silica and y-glycidyloxypropyl-
trimethoxysilane (CPI-OH/SiO,/GOTMS) was prepared
by the sol-gel process based on hydrolyzed tetraethoxysi-
lane (TEOS) under acidic condition. GOTMS, as the cou-
pling agent, and hydroxyl group in PI chain were used to
improve the compatibility between the PI and SiO,. The
components, morphologies, and mechanical properties of
the hybrids were investigated by FTIR, UV-vis, SEM,
stress—strain tests, and DMA. The results showed that
SiO, particle size significantly decreased, fractured cross
sections of hybrid were rougher, and the surfaces of
spherical SiO, particles were more widely covered by PI
component. The tensile mechanical properties of hybrids

increased when adding GOTMS. The critical points of
maximum tensile strength and elongation at break move
from 11 to 16 wt % SiO, content. DMA results showed
that the storage moduli of hybrids with GOTMS, when
above 260°C, were obviously higher than those without
GOTMS; the tan & transition temperature of hybrid films
went up from 317 to 337°C. It suggests that chemical
interaction between CPI-OH and SiO, is formed and the
PI molecular mobility is restricted by the chemical inter-
action. © 2007 Wiley Periodicals, Inc. ] Appl Polym Sci 104:
3530-3538, 2007
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INTRODUCTION

Organic/inorganic hybrid materials have been widely
studied recently because such novel materials can be
fabricated through systematic design of the organic
and inorganic structures." Moreover, the hybrid
materials combine the advantages and overcome the
disadvantages of the two different materials. Sol-gel
method is widely used to prepare the organic/inor-
ganic hybrid materials.>® This complex process con-
sists of hydrolysis and condensation reactions of
metal alkoxide. The final morphologies and pro-
perties of the inorganic gel and subsequent glass
depend on many interdependent variables,”** which
include the type of alkoxide precursors,*'® the pH of
the reaction medium,!! nature of the solvent,'? the
ratio of water and catalyst to the alkoxide,13 the re-
action temperature and pressure, and the overall
concentration of reactants.

The morphologies and physical properties of or-
ganic/inorganic hybrid materials have been studied
in a number of polymeric systems,>'*'® such as
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DISCOVER SOMETHING GREAT

polyimide (PI),> poly(vinyl alcohol) (PVA),'* poly
(methyl methacrylate) (PMMA),"® and epoxy.16 Be-
cause of their excellent properties, aromatic Pls have
been considered as suitable polymer matrix materi-
als for advanced hybrid materials that have potential
applications in the microelectronics and aircraft
industries since the first report by Nandi et al.*> Con-
trolling the physical properties of the hybrid materi-
als highly depends on the improvement of compati-
bility between the organic and the inorganic phases.
One of the primary challenges for preparing the
hybrid materials is the phase separation between the
organic and inorganic components.””"*"~**

The previous attempts by Morikawa et al.'” to pre-
pare PI/SiO, hybrid materials via sol-gel reactions
using TEOS and a polyamic acid resulted in a hybrid
material with considerably decreased tensile strength
and elongation at break. The results are attributed to
poor interfacial bonding between the SiO, particles
and the PI matrix, and inorganic phase separa-
tion characterized by particles at 3-7 pm diameter.
Ahmad and Park®'® produced homogenous PI/SiO,
hybrid materials by employing functionalized Pls
with low molecular weight. However, the PI oli-
gomer is a low molecular compound, which influ-
enced the intrinsic properties of PI. Morikawa and
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Beecroft”'? greatly improved the properties of the PI

hybrids by introducing different types and con-
centrations of pendant alkoxysilanes along the PI
backbone. These pendant groups react with silane
alkoxide and form crosslinking points between PI
matrix and silica particles, which increased the ho-
mogeneity of the PI/SiO, hybrid and produced a
much finer dispersion of SiO, particles. Some studies
demonstrated that silane coupling agents could be
used to improve the compatibility of PI/SiO, hybrid
materials.”>** Silane coupling agents could interact
with PI and silica simultaneously, and minimized
the phase separation of hybrid. However, in terms of
controlling the morphology of hybrids and in a
higher degree to keep the mechanical properties, as
well as the relationship between morphology and
mechanical properties of PI and SiO,, it is not clear
and open to further study.

In our previous work,”?® we found that the intro-
duction of pendant hydroxyl groups on the PI back-
bone had positive affection on the interaction
between organic and inorganic components. In this
study, three hybrid films using hydrolyzed TEOS
under acidic condition, polyamic acid with pendant
hydroxyl groups, and silane coupling agent were
prepared by sol-gel process. To improve hybrid
compatibility and obtain the hybrid films with good
integrated properties by controlling different inter-
actions between PI and SiO, components, the effects
of different interactions on the morphologies and
mechanical properties of the hybrid films were
discussed.

EXPERIMENTAL
Materials

4,4'-Diamino-4'-hydroxyltriiphenylmethane (DHTM)
was synthesized in our laboratory.5 3,4,3' 4'-Benzo-
phenone dianhydride (BTDA, ACROSOGANICS)
was used after drying at 180°C under vacuum for
5 h. 4,4-Oxydianilline (ODA, Shanghai research In-
stitute of Synthetic Resins), tetraethoxysilane (TEOS,
Shanghai Chemical Reagent), y-glycidyloxypropyl-
trimethoxysilane (GOTMS, Guangdong Daoning
Chemical, Guangdong, China) were used as received.
N-methyl-2-pyrrolidinone (NMP, Qunli Chemical Re-
agents, Shanghai, China) was purified by vacuum-dis-
tillation over phosphorus pentoxide and stored over
4-A molecular sieves.

Preparation of the CPI-OH/GOTMS/SiO; hybrids

BTDA was added to the NMP solution containing
equimolar amount of diamine in ice bath. The solid
content of the solution was 15 wt %. The mixture

was stirred in ice bath for 12 h to get a viscous
polyamic acid solution.

A mixed solution composed of a calculated quan-
tity of TEOS and GOTMS (molar ratio, TEOS/
GOTMS = 9/1) in NMP and deionized water with
pH value 1.5 adjusted by oxalic acid was stirred at
50°C for 1.5 h, and was added into the polyamic
acid solution by droplets under stirring. Then, the
new mixture was stirred at room temperature for
6 h. A CPI-OH/SiO, hybrid film was obtained by
spinning the transparent mixed solution onto a glass
plate and subsequently dried at 80°C for 3 h, 140°C
for 2 h, 220°C for 2 h, and 300°C for 1 h under
vacuum. This process is shown in Scheme 1. The
component and abbreviation of samples are shown
in Table L

Characterization techniques

Fourier transformed infrared spectra (FTIR) of CPI-
OH and hybrid films were recorded on a Nicolet 560
FTIR spectra photometer. The transmittance was
tested by the UV-vis spectra with Perkin—-Elmer
Lambda 20 UV-vis spectrophotometer. The morphol-
ogy was investigated by scanning electron micro-
scopy (SEM) using a Hitachi X-650 operating at
20 kV. Atomic force microscopy (AFM) analysis of
the surface of the hybrid film was carried out on a
Digital Instruments Nano III atomic force microscope
(USA) in air. The tensile strain-stress test of CPI-
OH/SiO, hybrid films was determined on a XLL-50
tester at room temperature with a drawing rate of
5 mm/min. Thermogravimetric analysis (TGA, USA)
was performed on a TGA-2950 under nitrogen at a
heating rate of 10°C/min. Dynamic mechanical spec-
tra were obtained with a TA Instruments DMA 983.
The experiment was performed at a heating rate of
10°C/min from 150°C to maximal temperature of
400°C using frequency 10 Hz.

RESULTS AND DISCUSSION
FTIR characterization of the CPI-OH/SiO, hybrids

Figure 1 shows the FTIR spectra of the prepared
BOD, BODT, and BODTG samples. The characteristic
absorption bands of the imido groups were observed
at 1778, 1724, 1378, and 723 em ™! in FTIR spectra.
The characteristic absorption band of the amide car-
bonyl round 1650-1660 cm ™' does not appear in the
spectra, suggesting a higher imidization degree of
PI. The major difference between the BOD and BODT
samples is the absorption band at 1000-1100 cm .
The characteristic absorption band of Si—O—Si
asymmetric stretching at 1093 cm™'? becomes stron-
ger and broader with addition of SiO,. The charac-
teristic absorption band of epoxy group in GOTMS
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TABLE I
The Formulation of the P1/SiO, Hybrids and Abbreviation
Dianhydride Diamine GOTMS SiO, content (wt %) Abbreviation
BTDA ODA/DHTM (4 : 1) Yes X BODTGX
BTDA ODA/DHTM (4 : 1) No X BODTX
BTDA ODA No X BOTX
BTDA ODA/DHTM (4 : 1) No 0 BOD

X is SiO, content, such as BODTG16 denote the SiO, content is 16 wt %.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 FTIR spectra of the CPI-OH, CPI-OH/SiO,
hybrids and GOTMS (a) pure CPI-OH; (b) without
GOTMS(7 wt % Si0,); (c) with TEOS/GOTMS = 9/1(11 wt
% Si0y); (d) GOTMS.

is shown at 910 cm ™! in Figure 1(d). However, this

characteristic absorption band in BODTG sample
disappears in Figure 1(c), which indicates that the
chemical reaction linking organic and inorganic takes
place through the ring-opening reaction of epoxy
group with hydroxyl group in DHTM.

Morphology of the CPI-OH/GOTMS/SiO, hybrids

The appearances of the PI/SiO, hybrid films with
different components are listed in Table II. It can be
seen that the transparency of the PI/SiO, hybrid
films decreases with the SiO, contents increasing. It
also shows that the transparency of the PI/SiO,
hybrid films is greatly improved by the hydroxyl
group and GOTMS. The hybrid films of BOT sample
become opaque when the SiO, content is more than
8 wt %.2° However, this critical point moves to 11
and 16 wt % by the addition of hydroxyl group and
GOTMS, respectively. When the silica content is 11
wt %, the effects of hydroxyl group and GOTMS on
the transparency is investigated by UV-vis spectra

TABLE II
The Transparency of Hybrid Films

Silica content (wt %)

Sample 0 3 7 11 16 22 30
BOT T T T @) (@) O @)
BODT T T T Ta (@) @) (@)
BODTG T T T T Ta O (@)

T, transparent; Ta, almost transparent; O, opaque.

3533
100
| ]
— 1 2t 'Sl T LY
T 80 atTlasddsdsss
—— ,A‘
9 o A%
E ] ’; ** ot?
]
= 40 -f .-".A.
E T >
- JA ._.ﬁ
E 20 - /‘ o*  —m—PurePl
,:/ o*  —e—without GOTMS
0] sanale® —a—with GOTMS

300 400 S00 600 700 800 900
A (m)

Figure 2 UV-vis spectra of the BOD, BODT, and BODTG
samples (11 wt % SiO,).

of BOD, BODT, and BODTG samples, shown in
Figure 2. The transparency of the hybrid film
increases evidently, as a result of the addition of the
coupling agent. In Figure 2, it can be seen that at the
wavelength of 500 nm, transmittance of BODTG
sample is 50.5%; however, transmittance of the sam-
ple without GOTMS is 13.6%, which has sufficiently
indicated the evident difference of the transparency.
SEM is used to study the different morphologies
of the hybrid films. The tensile fractured cross sec-
tions of BODT and BODTG samples observed by
SEM are shown in Figure 3. The size of SiO, par-
ticles in BODTG samples increase when increasing
5i0, content. The SiO, particle size is below 100 nm
when the SiO, content is 7 wt % [Fig. 3(b)]. An
increase in the SiO, content to 16 and to 30 wt %, as
shown in Figure 3(d,f), leads to a larger SiO, particle
size, whose average size is 450 nm and 1.3 pm,
respectively. Figure 3(a,c.e) show that average size of
SiO, particles in BODTG sample is from 150 nm to
1.8 um, while the SiO, content is from 7 to 30 wt %.
By comparing BODT with BODTG samples, it shows
that the SiO, particle size in the hybrids decreases with
the addition of GOTMS. The indistinct interphase of
BODTG sample can also be observed, demonstrating
that there is an interphase region in the hybrid film.
Figure 4 shows the scanning electron microphoto-
graph from the tensile fractured cross sections of
BOT sample with 16 wt % SiO,, whose SiO, particle
size is bigger than that in Figure 3(c,d) at the same
silica content. Comparing Figure 3(c,d) and Figure 4,
an obvious difference is observed in the interfacial
region between PI and SiO,. Figure 4 shows that
there is a fractured cross section with lots of spheri-
cal SiO, particles and holes, but no interfacial region
between PI and SiO,. It also shows that the surface
of SiO, particles is very smooth and separated from
PI matrix phase. However, the fractured cross sec-
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Figure 3 Scanning electron microphotographs of the BODT and BODTG samples. SiO, content: (a) (b) 7 wt %; (c, d)
16 wt %; (e, f) 30 wt % (a, ¢, e): BODT; (b, d, f): BODTG.

Journal of Applied Polymer Science DOI 10.1002/app



MORPHOLOGIES AND MECHANICAL PROPERTIES OF PI/SiO, HYBRID FILMS 3535

Figure 4 Scanning electron microphotographs of the BOT
sample (16 wt % SiO).

tions in Figure 3(c,d) are very rough and contain lots
of spherical SiO, particles in the PI matrix. It should
be noted that the surfaces of these particles covered
by PI component are rough. This indicates that the
chemical bonds between hydroxyl groups of PI and
coupling agent GOTMS can remarkably improve the
compatibility between the PI and SiOs.

Tensile mechanical properties of the CPI-OH/
GOTMS/SiO; hybrids

Influence of the SiO, contents and GOTMS on the
tensile mechanical properties of the hybrid films is
shown in Figure 5. It can be seen that, below 16 wt %,
both the tensile strength and the elongation at break
of BODTG increase with increasing SiO, content.
However, this critical point is only 11 wt % for
BODT. When the silica content exceeds 16%, both

(1)
auo-
o
= " BODTG
= ,-'-'7",
S 120 A T BODT
3 //
g | £
2
2 100 -
Q
L O
80 — T 7T 7T T7T T
0 5 10 15 20 25 30

Silica content (%)

the tensile strength and the elongation at break
decrease. Most data of the tensile strength and elon-
gation at break are higher in BODTG than those
without GOTMS. These can be explained by the
chemical reaction between epoxy group and the
hydroxyl group of CPI-OH, which strengthened
interaction between PI matrix and SiO, particle and
reduced SiO, particle size, shown in Scheme 2.
GOTMS, as the coupling agent, plays the role of
joint: on one side, it hydrolyzes and forms silanol
groups that can condense with the hydrolyzed prod-
ucts of TEOS; on the other side, chemical reaction
takes place between epoxy group of GOTMS and
hydroxyl group of PI (Scheme 2, BODTG). Without
GOTIMS, only a weak interfacial adhesion derived
from physical interaction could be formed (Scheme
2, BODT). These are consistent with the SEM results.

Figure 5 shows the tensile strength (1) and elonga-
tion at break (2) of BODT and BODTG. The tensile
moduli of BODT and BODTG detected by the tensile
stress—strain test are shown in Figure 6(a,b). The
moduli of two samples increase when increasing
the SiO, contents. At low SiO, contents (<7 wt %),
the moduli of BODTG are bigger than that of BODT.
However, it can be obviously seen from Figure 6
that, when increasing silica content, the moduli of
BODT increase with linear trend, whereas the
moduli of BODTG have no such linear increasing
relationship, and the moduli of BODTG sample are
lower than that of BODT sample at high SiO, con-
tents. This result may be attributed to the excessive
GOTMS in the hybrid films with higher SiO, con-
tent. Because the GOTMS content increased when
increasing the SiO, content, the molar ratio of
GOTMS/DHTM is unstable and GOTMS content is
excessive. To make sure that such a phenomenon is
caused by the excessive GOTMS, the tensile modulus
experiments of hybrid with a stable molar ratio of

@

] "“"'f BODTG

T T T T T T
1] 5 10 15 20 23 30

Elongation at break (%)
Jaj

Silica content (%)

Figure 5 The tensile strength (1) and elongation at break (2) of BODT and BODTG.
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GOTMS/DHTM were carried out. The result in
Figure 6(c) shows that the moduli of BODTG have
linear trend under the stable mole ratio of GOTMS/
DHTM and its slope is larger than the sample with-
out GOTMS. It suggests clearly that the excessive
GOTMS will lower the modulus of PI/SiO, hybrid
films relatively.

Thermal and dynamic thermal mechanical
properties of hybrid films

The thermogravimetric curves of CPI-OH/SiO,
hybrid films are shown in Figure 7. The result shows
that the CPI-OH/SiO, hybrid films have excellent

4.2
4.0
38
36
3.4
3.2
3.0
28]
26
24
2.2
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0 5 10 15 20 25 30
Silica content(wt%o)

Modulus (MPa)

Figure 6 The moduli of the BODT and BODTG. (a) With
TEOS/GOTMS = 9/1; (b) without GOTMS; (c) with 10%
mol GOTMS to DHTM).
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thermal stability and the thermal stability of hybrid
without GOTMS is lower than that with GOTMS. It
suggests that the thermal stability increases because
the PI and SiO, components are linked by the stable
chemical interaction.

To further understand whether the chemical bond
between the PI matrix and SiO, is formed, dynamic
mechanical experiments were performed. The results
are shown in Figure 8. In Figure 8(a), a plateau
region with a magnitude of ~10° Pa is observed at
the temperature ranged from 150 to 260°C. Above
260°C, the storage modulus decreases sharply until
it reaches a minimum amount at the order of 10° Pa.
Observations of two stages at different temperatures
deserve an attention. First, the storage modulus (E’)

100~
=
o 804
O BODTI6
o
= BODTG16
o 604
2
40 -
0 200 400 600
Temperature (°C)
Figure 7 TGA curves of BODT and BODTG.
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Figure 8 Storage modulus E’ (a) and tan & (b) versus temperature curves of three kinds of PI/SiO, hybrid films.

of BODTG16 is smaller than those without GOTMS
below 260°C, which had been explained by the ten-
sile modulus of strain-stress test. Second, E' shows
an opposite result from 260 to 400°C, which indi-
cates the PI molecular with GOTMS were restrained
more than two hybrids without GOTMS at high tem-
perature. The excessive GOTMS in hybrid films
make the hybrid modulus lower at low temperature;
but the modulus of BODTG16 are higher than those
without GOTMS at high temperature, which shows
the interfacial strength of BODTG16 is bigger than
that without GOTMS. This result further suggests
that, in the samples with GOTMS, chemical interac-
tions between the PI molecular chain and SiO,
(Scheme 2, BODTG) exist through the coupling
agent. It also demonstrated that the hydrogen bond
(Scheme 2, BODT) is a weak physical bond, therefore
leading to an easier molecular mobility.

To obtain further insight into the transition behav-
ior of these films, the tan & spectra were examined
[Fig. 8(b)]. A single maximum peak is observed in
these samples. The maximum temperature increases
from 317 to 337°C as interaction between PI matrix
and SiO, becomes stronger. Specifically, for the sam-
ple with weak interaction (BOT), the maximum tem-
perature is 317°C. This is about 20°C weaker than
the transition temperature of BODTG with chemical
interaction. Another important point is that the
overall intensity of the tan 6 maximum decreases
with increasing interfacial adhesion, similar to the
Huang’s result,** which clearly indicates interaction
intensity between organic and inorganic affect the PI
mobility. The stronger the intensity is, the more the
PI molecular is restricted.

CONCLUSIONS

Three kinds of PI/SiO, hybrid films were prepared
successfully by sol-gel process. Morphologies and

mechanical properties of hybrid films were studied
by introducing the GOTMS and hydroxyl group in
PI chain, which were measured by SEM and me-
chanical property tests. The interaction between PI
and SiO, components, which includes physical and
chemical interaction, affects the SiO, particle size
and interphase, confirmed by UV-vis and scanning
electron microphotographs. The transparency of the
hybrid films with chemical interaction between PI
and SiO, components is better than that of those
with physical interaction. The results from scanning
electron microphotographs show that the chemical
interaction increases the interphase and the SiO,
particle size decreases, which suggests that the mor-
phology of hybrid films can be controlled by chang-
ing the interaction between PI and SiO, components.
The tensile strength and elongation at break of
hybrid films with chemical interaction are larger
than those of with physical interaction. The critical
point of maximum tensile strength and elongation at
break moves from 11 to 16 wt %. The excessive
GOTMS could decrease the modulus of hybrid films
relatively. TGA and the thermal mechanical test
results of hybrid films further reveal that the modu-
lus and thermal property were affected by the inter-
action types between the PI and SiO,. On the whole,
the technique of introducing chemical interaction
between PI and SiO, is an important and useful
method to improve the properties of hybrid films.

This research work was supported by 863 program of Peo-
ple’s Republic of China (Project No. 2001AA334020) and
National Natural Science Foundation of China (Project No.
50433010).
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