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ABSTRACT:

Organic—inorganic polymer hybrids were prepared utilizing the CH/m interactions. The sol-gel re-

action of alkoxysilanes such as tetramethoxysilane (TMOS), methyltrimethoxysilane (MeTMOS), and phenyltrime-

thoxysilane (PhTMOS) was carried out in the presence of the polymer having the activated CH groups such as poly-
(vinyl chloride) (PVC). It was found that the transparent and homogeneous polymer hybrid was obtained from PVC and
the alkoxysilane having aromatic groups such as PhTMOS. The transparent and homogeneous polymer hybrids could
be obtained in a wide range of mass ratios (PVC/PhSiO; s = 9/1-3/7). In these polymer hybrids, the CH/m interaction
was found to act as an important role for the dispersion of PVC in the silica matrix. [DOI 10.1295/polym;j.36.871]
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Preparation of organic—inorganic polymer hybrids
from organic polymer and alkoxysilanes has been in-
tensely investigated by many researchers.'”'* In hy-
bridization, the sol-gel reaction of alkoxysilanes is
the most typical technique for the synthesis of these
hybrid materials. This sol—gel reaction consists of
three unit reactions (Scheme 1). When alkoxysilanes
are used as precursors, Si—-OH groups are formed by
hydrolysis of alkoxy silane groups (step 1). Subse-
quently, condensation of the hydroxyl groups leads
to a formation of a Si—O-Si linkage (step 2). With fur-
ther hydrolysis and condensation, a siloxane network
is developed via cross-linking of the oligomers
(step 3). The advantage of the sol-gel technique for
the preparation of composite materials is the fact that
the reactions can be carried out at ambient tempera-
ture, while the conventional melt fusion technique
for silica glasses requires much higher temperature.

—Si-OR + H>0

“STOR  +  HO-Si—

Poly(vinyl chloride) / Alkoxysilane / Sol-Gel Reaction / Plymer Hybrid / CH/x

Thus, it enables an introduction of organic elements
into inorganic materials without deteriorating their
functionalities.

We have recently investigated organic—inorganic
polymer hybrids, in which organic polymers are dis-
persed in a silica gel matrix at the molecular level.'+!3
However, we have mainly used strong intermolecular
interactions such as hydrogen bonding interaction and
have applied hydrophilic polymers such as poly(vinyl
alcohol), poly(N-vinylpyrrolidone), and poly(2-meth-
yl-2-oxazoline) for hybridization. Therefore, we have
little knowledge about hybridization using hydropho-
bic polymers. In the previous study, we have prepared
the organic—inorganic polymer hybrids from poly-
styrene and alkoxysilanes having aromatic ring such
as phenyltrimethoxysilane (PhTMOS).'® Transparent
and homogeneous polymer hybrids could be obtained,
in which the 7— interactions between phenyl groups

-ROH |
—S|i—OH (Step 1)
-H,0 | I
2 —s|i—o—s|,i— (Step 2)
-ROH | |
—Si-O-Si—  (Step 3)

Scheme 1. Sol-gel reaction of alkoxysilane.
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Scheme 2. Hybridization of PVC and PhnTMOS.

of the organic polymer and silica gel were found to
play a critical role for the homogeneity. It is important
to explore new interactions between organic compo-
nent and inorganic one for the preparation of various
kinds of homogeneous polymer hybrids.

In this article, we report detail results on the synthe-
sis of organic—inorganic polymer hybrids based on the
CH/r interaction, which is weaker than the 77— inter-
action (Scheme 2). The utilization of CH/x interac-
tions might provide an extension of new hydrophobic
polymer hybrids.

EXPERIMENTAL

Materials

Poly(vinyl chloride) (PVC) (DP = 1100) was pur-
chased from Wako Pure Chemical Industries, Ltd.
PVC was purified by reprecipitation from its THF
solution into methanol and dried in vacuo. Tetrame-
thoxysilane (TMOS) and phenyltrimethoxysilane
(PhTMOS) were purchased from Tokyo Kasei Kogyo
Co., Ltd. Methyltrimethoxysilane (MeTMOS), cyclo-
hexyltrimethoxysilane (cyclohexylTMOS), tolyltrime-
thoxysilane (TolTMOS) were purchased from Chisso
Corporation.  Mesityltrimetoxysilane  (MesTMOS)
was synthesized by the following method. All alkoxy-
silanes were distilled and stored under nitrogen. Tetra-
hydrofuran (THF) was dried over sodium and distilled
under nitrogen. The other solvents and reagents were
used as supplied.

Measurements

The FT-IR spectra were obtained on a PerkinElmer
1600 infrared spectrometer. Scanning electron micros-
copy (SEM) measurements were conducted using a
JEOL JSM-5600B system. Thermogravimetric analy-
sis (TGA) was performed using a TG/DTA6200,
SEIKO Instruments, Inc., with heating rate of 10°C/
min in air. Differential scanning calorimetry (DSC)
thermograms were recorded with a DSC200, SEIKO
Instruments, Inc., with a heating rate of 10 °C/min un-
der nitrogen atmosphere. Dynamic mechanical analy-
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sis (DMA) was conducted on a DMS 210 (SEIKO In-
struments, Inc.). The sample was measured at 1 Hz.
The temperature for the measurement was raised from
20 to 180°C at the rate of 2 °C/min.

Synthesis of Mesityltrimethoxysilane (MesTMOS)

Distilled mesityl bromide (6.51 g, 32.8 mmol) was
dissolved in dry Et,O (30mL) with magnesium
(0.874 g, 36.1 mmol) at room temperature in nitrogen.
The mixture was stirred at room temperature for 2 h
and refluxed for 1h and was added dropwise to Et,O
(40mL) solution of TMOS (4.97g, 32.8 mmol) at
0°C. The mixture was stirred for 44h in nitrogen.
During the stirring, the reaction temperature was grad-
ually raised to room temperature. White solids were
removed by filtration and the solution was evaporated
to dryness. MesTMOS was purified by distilled the
obtained oily product. Yield: 3.86g (49%). Bp:
87°C/1.1mmHg. 'H NMR (CDCl;, 400MHz): §
2.29 (S, 3H, CH3—C6H2(CH3)2—), 2.52 (S, 6H, CH3—
CGHZ(CE:;)Z—), 3.63 (S, 9H, MesSi(OCH3)3), 6.87
(s, 2H, (CH3);-C¢Hp-). *C NMR (DMSO-dg, 22.4
MHz): § 21.0, 23.4, 50.0, 124.0, 128.8, 140.0, 145.9.
EI/MS m/z 240 [M]".

Synthesis of Organic—Inorganic Polymer Hybrids
Jrom PVC and Alkoxysilanes (Typical Procedure)

PVC (0.5 g) was dissolved in 20 mL. of THF with
the prescribed amounts of TMOS (1.27 g), MeTMOS
(1.14 g), cyclohexylTMOS (0.78 g), PhTMOS (0.78
g), TolTMOS (0.76 g), MesTMOS (0.70g) and 0.1
M aqueous HCI solution (10 equiv to alkoxysilane).
After being stirred at room temperature for 1h, the
mixture was placed in a polypropylene vessel covered
with a wiping paper and left in air at 40°C for 2
weeks. The obtained polymer hybrid was dried in
vacuo at 60 °C for 2d.

RESULTS AND DISCUSSION

The effect of Ph'TMOS content on the homogene-
ously of polymer hybrid was first investigated. PVC
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Table I. Synthesis of PVC and alkoxysilane polymer hybrids

Feed ratio of

Run PVC R-Si(OMe); PVC/PhSIO, s Appearance Ceramic Yield (%)* Taio
@) R- (2) (w/w) obs. cal. obs./cal.
1 0.500 MeO- 1.270 1/1 turbid 37.8 50.1 0.75 241.9
2 0.504 Me- 1.141 1/1 turbid 40.2 47.2 0.85 2414
3 0.500 Ph- 0.776 1/1 transparent 21.9 234 0.94 265.5
4 0.510 Cyclohexyl- 0.784 1/1 turbid 18.8 224 0.84 257.2
5 0.501 Tol- 0.757 1/1 transparent 222 21.2 1.05 264.6
6 0.508 Mes- 0.699 1/1 transparent 19.9 17.4 1.14 248.9

Conditions: PVC and PhiTMOS were dissolved in 20 mL of THF with 0.1 M aq. HCI (10 eq.). After the mixture was placed at 40 °C
for 2 weeks, the resulting hybrid was evaporated to dryness at 60 °C for 48 h under redused pressure.
4Ceramic yield = (weight percent of ceramics in the polymer hybrids observed by TGA)/(calculated value of weight percent of

ceramics).

(a)

(b)

()

(d)

Figure 1.

SEM images of the composites from (a) PVC and TMOS (Table I, Run 1), (b) PVC and MeTMOS (Table I, Run 2) (c) PVC

and cyclohexylTMOS (Table I, Run 3) and SEM images of the polymer hybrids from (d) PVC and Ph'TMOS (Table I, Run 4).

and silica gel polymer hybrids were prepared by uti-
lizing a sol—gel reaction of six kinds of alkoxysilanes,
TMOS, MeTMOS, cyclohexylTMOS, PhTMOS, Tol-
TMOS, and MesTMOS. The sol-gel reaction pro-
ceeds via hydrolysis and condensation of alkoxysi-
lane. The results are summarized in Table I.
Transparent and homogeneous polymer hybrids were
obtained when arylalkoxysilane was used as the start-
ing alkoxysilane. The dispersity in the resulting poly-
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mer hybrid was also examined by SEM. As shown in
Figure la—c, the samples prepared from non-aromatic
alkoxysilanes such as TMOS, MeTMOS, and
cyclohexylTMOS showed phase separation of silica
and the organic polymer. The spherical particles indi-
cating silica were observed in a domain size much la-
ger than 1 um. On the other hand, when the samples
were prepared from arylalkoxysilane such as
PhTMOS, TolTMOS, and MesTMOS, silica domains
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Figure 2. IR spectra of (a) PVC, PATMOS gel, and PVC-
PhTMOS hybrid (Table I, Run 3) and (b) PVC-TMOS composite
(Table I, Run 1), PVC-MeTMOS composite (Table I, Run 2),
and PVC-PhTMOS hybrid (Table I, Run 3).

could not found in a micron order. Figure 1d shows
transparent polymer hybrid prepared from PhTMOS.
These results indicate that CH/x interactions are quite
effective for the synthesis of homogeneous polymer
hybrids of polymers having active CH groups and sili-
ca gel.

The FT-IR spectra of PVC, PhATMOS gel,'” and
PVC-PhTMOS hybrid are shown in Figure 2a. The
IR spectrum of PVC showed the absorption band at
2973 cm~! based on the CH stretching frequency. In
the IR spectrum of PVC-PhTMOS hybrid, this ab-
sorption band was observed at 2971 cm™!. In contrast
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Figure 3. IR spectra of (a) PVC, PVC-cyclohexylITMOS
composite (Table I, Run 3), and PVC-PhTMOS hybrid (Table I,
Run 4) and (b) PVC-PhTMOS hybrid (Table I, Run 4), PVC—
TolPhTMOS hybrid (Table I, Run 5), and PVC-MesTMOS hy-
brid (Table I, Run 6).

with the CH stretching frequency, the CH, stretching
frequency at 2912 cm~! was almost unaffected by hy-
bridization. Additionally, the aromatic CH stretching
vibrations at 3075 and 3053cm~! were shifted to
lower frequency after hybridization (3074 and 3051
cm~!). These results may indicate an existence of
CH/7x interaction between methine proton adjacent
to the chlorine atom and phenyl group adjacent to
the silicon atom. In the case of the transparent hybrid
prepared from PVC and PhTMOS, the CH stretching
frequency was shifted to lower frequency after hybrid-
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Table II. Effect of PATMOS contents on the homogeneity
Run PVC PhTMOS  HCI agq. Plifz%itsl?oi Appearance Ceramic Yield (%) Ty
@) @) (mL) (w/w) obs. cal. obs./cal. O
1 1.007 0.000 0.00 10/0 transparent 0.0 0.0 0.00 246.6
2 0.907 0.156 0.14 9/1 transparent 5.1 4.7 1.08 252.6
3 0.803 0.324 0.28 8/2 transparent 8.8 9.7 0.90 258.0
4 0.702 0.460 0.42 7/3 transparent 12.3 139 0.89 264.7
5 0.608 0.641 0.56 6/4 transparent 17.6 19.0 0.93 265.2
6 0.502 0.775 0.70 5/5 transparent 23.6 23.3 1.01 267.6
7 0.404 0.939 0.84 4/6 transparent 26.2 28.0 0.93 263.7
8 0.301 1.073 0.98 3/7 transparent 33.0 325 1.01 278.8
9 0.201 1.235 1.11 2/8 turbid 33.0 37.2 0.89 282.2
10 0.101 1.406 1.25 1/9 turbid 40.0 41.9 0.95 419.7

Conditions: PVC and PhTMOS were dissolved in 20 mL of THF with 0.1 M aq. HCI (10 eq.). After the mixture was placed at 40 °C
for 2 weeks, the resulting hybrid was evaporated to dryness at 60 °C for 48 h under redused pressure.

4Ceramic yield = (weight percent of ceramics in the polymer hybrids observed by TGA)/(calculated value of weight percent of

ceramics).

ization. However, in the case of the turbid composites
prepared from PVC and TMOS or MeTMOS, this fre-
quency did not change after hybridization (Figure 2b).

The FT-IR spectra of PVC, PVC—cyclohexylTMOS
composite, and PVC-PhTMOS hybrid are shown in
Figure 3a. The IR spectra of PVC and PVC—cyclohex-
yITMOS composite showed the CH stretching absorp-
tion band at 2973 cm~!. In the IR spectrum of PVC—
PhTMOS hybrid, this absorption band was shifted to-
ward 2971 cm™!. That is, when the polymer hybrids
were prepared from alkoxysilanes having phenyl
group, the CH stretching frequency was shifted to
lower frequency. Moreover, since ceramic yield do
not differ greatly by Table I, Runs 3 and 4, the reac-
tivity of PhTMOS and cyclohexylTMOS were almost
same. Therefore, the transparency and homogeneity of
polymer hybrids may not depend on the chemical re-
activity of PATMOS and cyclohexyl TMOS.

Karatsu et al. reported that the peak intensity of the
CH stretching vibration by forming CH/7 interaction
increase with increasing the electron density of the ar-
omatic ring in the IR spectra.'® Since the more elec-
tron-rich 7 system acts as a stronger hydrogen accept-
or in forming CH/m interaction, the ratio of the
absorption intensities of the two CH bands assigned
to the methine (vcy) and methylene (vey,) was expect-
ed to increase with increasing the electron density of
the aromatic ring. Actually, in Figure 3b, the vcy/
Vcp, ratios were increase in the order of PVC-
PhTMOS (0.67), PVC-TolTMOS (0.81), and PVC-
MesTMOS (0.84). This result suggested that the
CH/ 7 interaction act as an important role for the for-
mation of transparent and homogeneous polymer hy-
brids.

The transparency and homogeneity could be affect-
ed by varying the ratio of inorganic element in the

Polym. J., Vol. 36, No. 11, 2004

polymer hybrids. The effect of PhnTMOS content on
the homogeneity of the polymer hybrids is summariz-
ed in Table II. The feed ratio of PVC/PhSiO; 5 was
varied from 1/9 to 10/0. In the cases of runs 1-8,
the optical appearance of all the samples was transpar-
ent. These results suggest that the organic and inor-
ganic phases were mixed at the level smaller than
the wave length of visible light, that is, around 200
nm. The appearance of the samples was all turbid with
the PhSiO; 5 content higher than 80%. These results
suggest that the obtained polymer hybrid became op-
tically turbid owing to the phase separation of the or-
ganic and inorganic phases at a scale larger than the
wavelength of visible light. The mechanical and ther-
mal properties might be also affected by varying the
ratio of inorganic element in the polymer hybrids.

The polymer content calculated was almost the
same as that measured from TGA analysis in air. This
fact means that the sol-gel reaction was accelerated
completely (Table II). TGA profiles of the obtained
polymer hybrids are shown in Figure 4. In the case
of PVC, T;y was observed at 246.6°C, and in the
polymer hybrids (Table II, Runs 2-9) T}y was shifted
to higher temperature. These results show that the
thermal stability was increased with an increase of in-
organic content.

The dynamic visco-elasticity of the polymer hy-
brids was investigated using dynamic mechanical
analysis (DMA) to evaluate the effect of PhTMOS
content. The results of DMA for the polymer hybrids
are shown in Figure 5. In the case of PVC, the value
of E’ was decreased in one step (Figure 5a), while in
the case of polymer hybrids, the value of E’ was de-
creased in two stages (PVC 60% and 80%). This
change can be identified more clearly from the peak
positions in tan § profiles in Figure 5b. In the case of
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Figure 4. TGA profiles of PVC 100% (Table II, Run 1), PVC 80% (Table II, Run 3), PVC 60% (Table II, Run 5), PVC 40% (Table II,
Run 7), PVC 20% (Table 11, Run 9), PATMOS gel.
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Figure 5. DMA results of PVC 100% (Table II, Run 1), PVC 80% (Table II, Run 3), PVC 60% (Table II, Run 5): (a) profiles of E’ vs.
temperature; (b) profiles of tan§ vs. temperature.

PVC, only one peak was observed. However, in the PhTMOS gel was found at approximately 20-30°C
case of polymer hybrids, there are two peaks ob- in DSC thermograms. That is, two peaks attributable
served. The glass transition temperature (T,) of the to glass transitions of PhTMOS gel and PVC, respec-
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tively, were observed at a low-temperature region (ap-
proximately 0-50°C) and a high temperature region
(-50°C) in Figure 5b. These results suggest that the
phase separation might take place below nanometer
order, it should be concluded that although the poly-
mer and silica were distributed uniformly on the nak-
ed eye and the SEM level. Moreover, according to the
more hybridization, these two peaks were shifted to
the higher temperatures. That is, the polymer hybrids
had the character of higher glass transition tempera-
tures by means of hybridization.

CONCLUSIONS

Organic—inorganic polymer hybrids were prepared
utilizing the CH/m interactions between the CH
groups of the organic polymer and the phenyl groups
of the sol-gel matrix. Transparent and homogeneous
polymer hybrids could be obtained by means of acid-
catalyzed sol—gel reaction of PhATMOS in the presence
of the polymer having the activated CH groups such
as PVC. From the viewpoint of the hybrid preparation,
many kinds of hydrophobic polymers are applicable to
hybridization by using CH/m interaction.
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