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Organic—inorganic polymer hybrids were prepared from ammoniumpropyl-functionalized polyhedral oligomeric
silsesquioxane, octa(3-chloroammoniumpropyl)octasilsesquioxane (OCAPS), and several organic polymers such as poly-
(N-vinylpyrrolidone) (PVP), poly(N,N-dimethylacrylamide) (PDMAAm), and poly(vinyl alcohol) (PVA). The polymer
hybrids obtained were optically transparent and soluble in methanol or water. The results of IR spectra of the organic
polymers and the polymer hybrids indicate an interaction between the organic component and the inorganic one in the
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homogeneous polymer hybrids.

Organic—inorganic hybrid materials have recently attracted
much attention because of their characteristic properties.!™
The sol—gel reaction of metal alkoxide is one of the most effec-
tive methods for the preparation of hybrid materials because of
the low reaction temperature. When alkoxysilanes are used as
precursors, Si—-OH groups are formed by hydrolysis of alkoxy
groups and, with condensation of hydroxy groups, Si—O-Si
linkage should be obtained. With further hydrolysis and con-
densation, a siloxane network evolves via crosslinking of
oligomers. After the solvent is removed, xerogel can be ob-
tained. We have recently investigated the preparation of
homogeneous polymer hybrids of organic polymers such as
poly(2-methyl-2-oxazoline), poly(N-vinylpyrrolidone) as well
as poly(N,N-dimethylacrylamide) and silica gel utilizing the
sol-gel reaction of alkoxysilanes. In the polymer hybrids de-
scribed above, hydrogen bonding interactions between residual
silanol groups and amide groups of organic polymers were
confirmed by FT-IR. We speculated that such hydrogen bond-
ing interactions were strong enough to integrate the organic
polymers and silica gel at the molecular level. The organic—in-
organic polymer hybrids prepared by the sol-gel reaction of al-
koxysilanes in the presence of organic polymers are known to
have good properties such as high thermal stability and high
strength.5 However, because of the sol-gel reaction, the silica
gel in the hybrids is amorphous and the hybrids thus obtained
are not soluble in any organic solvents. Due to this insoluble
property, it is impossible to reform the gel after it once forms.
In addition, the homogeneity of the hybrids is dependent on the
sol-gel reaction conditions. One of the answers to these prob-
lems is a utilization of polyhedral oligomeric silsesquioxanes
as inorganic starting material for the preparation of the hy-
brids.

Silsesquioxanes are materials with the formula of RSiO; s.
Among various silsesquioxanes, polyhedral oligomeric silses-
quioxanes, which are prepared by the sol-gel reaction under
the specific condition, have recently attracted much attention
because of their solubility and thermal stability.®'> The poly-

hedral oligomeric silsesquioxanes have also received much at-
tention as inorganic precursors because they are the smallest
particles of sand and can easily be functionalized with organic
moieties.’3~!7 J. D. Lichtenhan and co-workers have developed
a technique to utilize polyhedral oligomeric silsesquioxanes as
a building unit in organic polymers.® The group of R. M. Laine
reported organic—inorganic hybrids prepared from functional-
ized polyhedral oligomeric silsesquioxanes by covalent bond-
ing; such hybrids showed remarkable mechanical properties
and high thermal stability.'32! The hybrid materials contain-
ing polyhedral oligomeric silsesquioxanes without any cova-
lent bonding between organic polymer and silsesquioxanes
would show good performance, such as good thermal stability
and mechanical properties, as the polymer hybrids from the
sol-gel method utilizing various physical interactions. Here,
the synthesis and properties of the organic—inorganic polymer
hybrids prepared from polyhedral oligomeric silsesquioxanes
are reported.

Experimental

Materials. Methanol (MeOH) was used after distillation with
magnesium and iodine under nitrogen. Chloroform, 1,2-dichloro-
ethane, allyl cyanide, and 1,2-dimethoxyethane were used after
drying and distillation under nitrogen. Ammoniumpropyl-func-
tionalized polyhedral silsesquioxane (OCAPS) was prepared from
3-aminopropyltriethoxysilane using the detailed experimental pro-
cedure described in a previous report.?> Octahydridosilsesquiox-
ane (Cube-H) was prepared according to the literature.”? Octacya-
nopropylsilsesquioxane (Cube-CN) was synthesized by the proce-
dure described in the following. Poly(N-vinylpyrrolidone) (MW
av. 630000) was purchased from Tokyo Kasei Kogyo Co., Ltd.
Other reagents were used as supplied.

Synthesis of Octacyanopropylsilsesquioxane (Cube-CN).
Octahydridosilsesquioxane (Cube-H) (0.50 g, 1.18 mmol) was dis-
solved in 1,2-dichloroethane (30 mL). To the solution, allyl cya-
nide (1.14 mL, 14.2 mmol) and 2.33 mM 1,2-dimethoxyethane so-
lution of H,PtClg-6H,0O (0.5 mL) were added. The mixture was
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heated at 80 °C under nitrogen for 24 h. After removal of the sol-
vent, a clear oily product was obtained and used directly for the
following experiments. 'HNMR (DMSO-ds); & 2.43 (t, 2H),
1.79 (m, 2H), 0.88 (t, 2H).

Synthesis of Silsesquioxane Polymer Hybrids. A prescribed
amount of organic polymer was dissolved in dry solvent with sil-
sesquioxane. In the cases of Cube-H polymer hybrids and Cube-
CN, chloroform was used. After stirring at room temperature for
1 h, the mixture was placed in a plastic container and heated in
air at 50 °C.

Measurements. Differential scanning calorimetry (DSC) was
performed on a SEIKO DSC200 with a heating rate of 10 °C/min
in air. DSC thermograms were measured after the samples were
heated from room temperature to 250 °C with a heating rate of
10 °C/min. Thermogravimetric analysis (TGA) was performed
on a SEIKO TG/DTA 6200 with a heating rate of 10 °C/min in
air. Scanning electron microscopy (SEM) measurements were
conducted with a JEOL JSM-5130LV. The samples for SEM were
taken by breaking monolith hybrids; a piece with the size about 5
mm x 5 mm x 0.5 mm was used for the measurement. 'HNMR
spectra were measured on a JEOL EX270 spectrometer with di-
methyl sulfoxide-ds.

Polymer Hybrids from Ammonium-POSS

Results and Discussion

Preparation of Organic Polymer/Silsesquioxane
Hybrids. OCAPS was prepared by the hydrolysis and con-
densation reactions of 3-aminopropyltriethoxysilane in metha-
nol. For comparison with OCAPS, two silsesquioxanes having
other functional groups were prepared. Cube-H was prepared
by the hydrolysis and condensation reactions of trichloro-
silane. Cube-CN was prepared by the hydrosilation reaction
of allyl cyanide and Cube-H using a platinic acid catalyst
(Scheme 1).

OCAPS/PVP hybrids were prepared by mixing both com-
ponents in the solvent. The solvent was evaporated at 50 °C
for 2 days (Scheme 2). Various ratios of the samples were ex-
amined to evaluate the effect of the ratio of organic polymer
and OCAPS. Also to evaluate the effect of the organic polymer
component, various polymers were used for preparation of
polymer hybrids. As shown in Table 1, by using PVP as an or-
ganic polymer, the optically transparent polymer hybrids were
obtained in a wide range of the ratio of PVP to OVAPS from
10:1 to 1:1. The obtained polymer hybrid materials were solu-
ble in organic solvents such as methanol and dimethyl sulfox-
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Table 1. Preparation of PVP/Silsesquioxane Polymer Hybrids
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Run Functlo(rlléi)l group PVP/ stljve/sgl)noxane Appearance
1 (CH,);NH;Cl 10/1 transparent
2 (CH,);NH;Cl 2/1 transparent
3 (CH;)3;NH;Cl 1/1 transparent
4 H 10/1 phase separated
5 (CH,);CN 10/1 phase separated

SkWm 280000

Fig. 1.

ide, which is in clear contrast to the insoluble polymer hybrids
prepared by the sol-gel method. Furthermore, the obtained
polymer hybrids showed good film-forming properties. These
results indicate that OCAPS and PVP were dispersed in a scale
smaller than the wavelength of visible light. Further fine phas-
es of the obtained hybrids were observed by SEM measure-
ment. Figure 1 shows the SEM images of PVP-silsesquioxane
hybrids. No phase separation was observed in the PVP-
OCAPS hybrids even at the magnification of 3500 and
10000 (Figs. 1a and 1b, respectively). These results mean that
OCAPS was dispersed in PVP homogeneously.

Two other silsesquioxanes and PVP hybrid materials were
prepared by the same method. Table 1 shows the results of
the preparation of these hybrid materials. The composite from
Cube-H was turbid even in the ratio of 1/10 to PVP. The com-
posite from Cube-CN was also turbid. In the SEM image of the
turbid composites, phase separation of the PVP and Cube-H
can be observed; the domain of aggregation of this silsesquiox-
ane was more than 500 um (Fig. 1¢). Also in the case of Cube-
CN, the phase separation of the PVP and Cube-CN was con-
firmed; here, the domains of aggregation of this silsesquioxane
were 5-10 um (Fig. 1d).
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SEM images of PVP-silsesquioxane hybrids. (a), (b) R = (CH»)3sNH3Cl, (c) R = H, (d) R = (CH,);CN.

Other organic polymers and OCAPS polymer hybrids were
similarly prepared. Table 2 shows the solvents used and the re-
sults of the preparation of the hybrid materials. When poly(2-
methyl-2-oxazoline) (POZO), poly(N,N-dimethylacrylamide)
(PDMAAm), and poly(vinyl alcohol) (PVA) were used as
organic polymers, optically transparent polymer hybrids were
obtained. The PVA/OCAPS polymer hybrid materials were
soluble in water. Other polymer hybrids were soluble in meth-
anol and dimethyl sulfoxide. When poly(ethylene oxide)
(PEO) was used, the phase separated composite was obtained.
It can be considered that the crystallization of PEO caused the
phase separated hybrid material.

The interaction between organic polymers and OCAPS was
confirmed by FT-IR spectra. The carbonyl stretching vibration
peak derived from the amide group in PVP was observed
around 1650 cm™!. Tn the case of PVP/OCAPS polymer hy-
brid (Fig. 2a), this peak was broadened and the shoulder peak
of the lower wavenumber increased. In contrast, no peak shift
was observed in the phase-separated composite prepared from
PVP and Cube-H. Figure 2b shows the FT-IR spectra of
PDMAAmM/OCAPS homogeneous polymer hybrid. The shift
of the absorption of carbonyl stretching peak to lower wave-
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Polymer Hybrids from Ammonium-POSS

Table 2. Preparation of Polymer Hybrids Starting from OCAPS

Organic polymer/OCAPS

Run Organic polymer Solvent Appearance
g poly (w/w) pp
1 PVP MeOH 1/1 transparent
2 PDMAAm MeOH 1/1 transparent
3 POZO MeOH 1/1 transparent
4 PVA H,0 1/1 transparent
5 PEO H,0 1/1 phase separated
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Fig. 2. FT-IR spectra of polymer hybrids. (a) PVP/OCAPS
hybrid, (b) PDMAAmM-OCAPS hybrid.

number was also observed in this case. These results indicate
that the amide carbonyl groups in the organic polymers con-
tribute to the interaction between organic polymers and
OCAPS. From these results, when the amide group containing
polymer was used, one can presume a hydrogen bonding inter-
action as illustrated in Fig. 3 between carbonyl group and am-
monium group in the polymer hybrid. Also in the case of
PVA/OCAPS polymer hybrid, hydrogen bonding interaction
might give the homogeneous polymer hybrids.

Thermal Properties of Organic Polymer/Silsesquioxane

R=CH,CH,CH,NHCI

Fig. 3. Hydrogen-bond formation in polymer hybrids.
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Fig. 4. DSC thermograms of PVP and PVP/OCAPS poly-
mer hybrids.

Hybrids. Figure 4 shows the DSC thermograms of PVP
and PVP/OCAPS hybrids. The glass transition temperature
(Ty) of PVP was observed around 175 °C. In the case of
PVP/OCAPS hybrids, T, becomes higher and unclear with
an increase of the content of OCAPS; T, was observed above
180 °C in the 1:1 hybrid. This result, which is similar to that
for the polymer hybrids prepared from sol-gel reaction, sug-
gests that the inorganic silsesquioxane prevents the mobility
of the organic polymer, due to the specific interaction and bul-
ky silsesquioxane cores.

Figure 5 shows the TGA traces of PVP and PVP/OCAPS
hybrids. Generally, in the case of the polymer hybrids from
sol-gel reactions, the thermal stability of the polymer hybrid
is increased. Unfortunately, the observed decomposition tem-
perature of the obtained hybrids becomes lower with the in-
crease of the content of OCAPS. This result might be ascribed
to the elimination of HCI after heating and this HCI might act
as the catalyst for the decomposition of PVP.
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Fig. 5. TGA traces of PVP and PVP/OCAPS polymer hybrids.

Conclusion

Transparent polymer hybrids based on ammoniumpropyl-
functionalized silsesquioxane were prepared. The polymer hy-
brids showed processability and film-forming property. The
polymer hybrids obtained were soluble in water, methanol,
and dimethyl sulfoxide. The removal of the solvent from the
hybrid solution gave the transparent hybrid film, in contrast
to the polymer hybrids prepared by sol-gel reaction, that are
insoluble in all solvents. FT-IR spectra showed the shift of
the amide carbonyl stretching band to a lower wavenumber re-
gion; this result suggests the specific interaction between car-
bonyl groups and ammonium groups. The DSC analysis
showed that T, was increased by the addition of OCAPS. In
our polymer hybrids, the thermal stability was unfortunately
decreased, but this hybridization method would give many or-
ganic—inorganic hybrid materials and organic—inorganic nano-
composites only by mixing of organic materials and silses-
quioxanes. Recently, various kinds of functionalized silses-
quioxanes have been synthesized and studied. From a point
of view of composites, silsesquioxanes can play a role of very
small and easily functionalizable inorganic fillers in the silses-
quioxane hybrids.
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