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ABSTRACT: Transparent polystyrene/silica nanocom-
posites were synthesized by casting the blend solutions of
polystyrene (PS) derivatives and perhydropolysilazane
(PHPS) and by calcinating the blend films of PS derivatives
and PHPS at 100°C for 3 h under steam. Poly(styrene-co-4-
vinyl phenol)s [P(S-co-VPh)s], poly(styrene-co-hydroxy-
methyl styrene)s [P(S-co-HMS)s], poly(styrene-co-4-vinyl
phenol)-block-PSs [P(S-co-VPh)-block-PSs], and poly(styrene-
co-hydroxymethyl styrene)-block-PSs [P(S-co-HMS)-block-
PSs] were used as the PS derivatives. The morphology of the
microphase separation, transparency, the degree of grafting
of PHPS onto PS derivatives, and surface hardness of the

composites were investigated by transmission electron mi-
croscopy, UV–vis, FTIR, and nanoindentation, respectively.
Degrees of grafting of PHPS onto PS derivatives and trans-
parency of the composites of P(S-co-VPh)s and P(S-co-VPh)-
block-PSs were higher than those of P(S-co-HMS)s and P(S-
co-HMS)-block-PSs. Surface hardness of the composites of
P(S-co-VPh)-block-PS was drastically increased from 0.22 to
0.55 GPa by increasing the weight fraction of silica to 33.7%.
© 2005 Wiley Periodicals, Inc. J Appl Polym Sci 97: 1835–1847, 2005
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INTRODUCTION

Silica has been blended with organic polymers to im-
prove the properties of organic polymers. For exam-
ple, transparency, mechanical strength, and thermal
stability of poly(meth)acrylates were greatly im-
proved by the blending of silica.1–6 On the other hand,
the transparent PS/silica composite was rarely ob-
tained due to the macroscopic phase separation of
silica and PS in a few micrometers owing to the in-
compatibility of PS and silica. Thus, it is difficult to
synthesize transparent PS/silica composites in a wide
range of silica content. To reduce the macroscopic
phase separation of PS and silica in the composites,
several interesting approaches have been investigated.
Hsiue and colleagues prepared highly transparent
PS/silica nanocomposites by a sol-gel method from
copolymer of styrene and an alkoxysilane-containing
monomer, methacrylic acid 3-(trimethoxysilyl)propyl
ester (MAMSE).7 The sol-gel method is one of the most
convenient methods to synthesize organic/silica com-
posites at low temperature.8,9 However, silica synthe-
sized by the sol-gel method contains many lattice de-
fects. The sol-gel method also requires catalysts that
may be impurities in the composites.

Silica is also synthesized from perhydropolysi-
lazane (PHPS; Fig. 1) with mild conditions without a

specific catalyst except for steam. The densities and
refractive index of silica prepared from PHPS are very
close to silica glass. Since PHPS is soluble to many
organic solvents, such as benzene, xylene, tetrahydro-
furane (THF), pyridine, and so forth, organic solutions
of PHPS are used for silica coatings. However, the
reported maximum thickness of silica coat film by
using PHPS solutions was less than 2.2 �m due to the
drastic shrinkage of coat film owing to the density
change from 1.3 to 2.2 g/cm3 by calcination.

Another interesting feature of PHPS is its high re-
activity with the hydroxyl group. PHPS can be grafted
onto organic polymers composing hydroxyl groups in
organic solvents. It is well known that block and graft
copolymers with incompatible sequences form mi-
crophase separation in the solid state.10,11 When PHPS
and organic polymers composing hydroxyl groups are
blended in organic solvents, graft copolymer with or-
ganic truck and PHPS branches is formed in solution.
The organic/PHPS composite with microphase sepa-
rated domains of the organic polymer and PHPS is
obtained by casting of the blend solution of PHPS and
the organic polymer. When the calcination tempera-
ture of PHPS is lower than the glass transition tem-
perature, Tg, of the organic polymer, the morphology
of microphase separation of the composite is not
changed by calcination. The calcination temperature
of PHPS, 100°C, is lower than the Tg of many organic
polymers. Therefore, an organic/silica nanocomposite
with controlled morphology is obtained (Fig. 2).
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Based on this concept, poly(methyl methacrylate)
(PMMA)/silica nanocomposites were synthesized
with poly(methyl methacrylate-co-2-hydroxyethyl
methacrylate) (P(MMA-co-HEMA))12 and PMMA-
block-P(MMA-co-HEMA).13,14 The morphology of the
nanocomposites was well-controlled with PMMA-
block-P(MMA-co-HEMA) rather than P(MMA-co-
HEMA)13 due to the strong segregation of PMMA of
PMMA-block-P(MMA-co-HEMA) rather than P(MMA-
co-HEMA). Well-defined PMMA/silica nanocompos-
ites with PMMA and silica lamellae were successfully
synthesized by soaking of microphase separated films
of PMMA and PHEMA lamellae composites with
PMMA-block-PHEMA in the PHPS solutions.15 The
thermal decomposition behaviors of the organic do-
mains of the composites were not similar to PMMA-

block-PHEMA but PMMA due to the complete phase
separation of PMMA and silica in the nanocomposites.

This method is applicable to base polymers, such as
poly(2-vinyl pyridine) (P2VP), poly(4-vinyl pyridine)
(P4VP),16,17 and so forth. Generally, the basic poly-
mers react with the catalyst of the sol-gel method.
However, they don’t react with PHPS; the P2VP/silica
and P4VP/silica nanocomposites were obtained by
blending of PHPS to P(2VP-co-HEMA) and P(4VP-co-
HEMA), respectively. The values of leakage current of
the P2VP-PMMA/silica nanocomposites were drasti-
cally decreased from P(2VP-co-MMA) in spite of the
fact that refractive indexes, dielectric constants, and
field break down values were not changed.16

As well as the PMMA/silica, P2VP/silica, P4VP/
silica nanocomposites, and PS/silica nanocomposites
will be synthesized with PHPS and PS derivatives
containing hydroxyl groups. If HEMA is a comono-
mer of the PS derivatives as a reaction site with PHPS,
the strong segregation between PS and HEMA causes
the formation of aggregates of organic polymers, such
as micelles. Then, well-arranged morphology of the
nanocomposites will not be obtained. Additionally, it
was already found that the high reactivity of HEMA
cased the gelation of the blend solution of organic
polymer and PHPS because each PHPS molecule has
multi-reactive sites. If the reactivity of hydroxyl
groups with PHPS is reduced and the compatibility
between styrene and comonomer containing hydroxyl
groups is increased, transparent PS/silica nanocom-
posites with better control of morphology of the mi-
crophase separation are expected. The purpose of this

Figure 1 Structure of perhydropolysilazane (PHPS).

Figure 2 Synthesis of organic/silica nanocomposites with perhydropolysilazane (PHPS).
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study is to synthesize transparent PS/silica nanocom-
posites by blending of PS derivatives and PHPS.

As described above, the reduction of reactivity of
hydroxyl groups with PHPS is important. Thus, 4-vi-
nyl phenol (VPh) and p-hydroxymethyl styrene
(HMS) were chosen as comonomers containing phe-
nolic and alcoholic hydroxyl groups, respectively. The
architectural effect on the control of morphology of
microphase separation of PS/silica nanocomposites
was investigated by using the block copolymers P(S-
co-VPh)-block-PS and P(S-co-HMS)-block-PS, and the
random copolymers P(S-co-VPh) and P(S-co-HMS).
The morphology of microphase separation of the
nanocomposites was investigated by transmission
electron microscopy (TEM).

One of the most interesting features of this method
is that the nanocomposite is formed by casting the
blend solution of PHPS and the organic polymers.
This technique will be applied to coating technique.
Generally, the silica coat provides a hard surface.18–22

Thus, the microscopic hardness of the nanocomposite
formed on the glass surface and their self-standing
composites was quantitatively investigated by a
nanoindentation technique.

EXPERIMENTAL

Materials

Styrene (S: Kanto, 99%), tert-butoxyl-p-styrene (BS,
Wako pure chemicals, 98%), and 4-chloromethyl sty-
rene (CMS, Aldrich 95%) were purified by distillation
under vacuum. Other reagents were used as received.

Synthesis of poly(styrene-co-tert-butyoxy-p-
styrene) [P(S-co-BS)] and poly(styrene-co-4-
chloromethyl styrene) [P(S-co-CMS)]

Predetermined amounts of monomers, �, ��-azobis
isobutylonitril (AIBN, Kanto, 97%) as an initiator, and
benzene (Kanto, 99.5%) were sealed in glass ampoules
in vacuo. The sealed ampoules were heated at 60°C for
45 h. After the reaction, the polymer was precipitated
in methanol (Kanto, 99.8%) and purified with benzene
and methanol by the re-precipitation method. Poly-
merization conditions are listed in Table I. Purified
polymer was freeze-dried, and characterized by 1H
NMR and GPC.

Synthesis of poly(styrene-co-tert-butyoxy-p-
styrene) macroinitiator [P(S-co-BS)-TEMPO] and
poly(styrene-co-4-chloromethyl styrene)
macroinitiator [P(S-co-CMS)-TEMPO]

Predetermined amounts of 4-methoxy-2,2,6,6,-tetran-
ethylpiperidine-1-oxyl (4-MTEMPO, Tokyo Chemical
Industry, 98%) and benzoyl peroxide (BPO, Nakarai
Techs, 75%) were added to a mixture of S and BS or
CMS in a glass ampoule. The glass ampoules were

sealed in vacuo and heated at 80°C for 6 h. After
heating, the ampoules were cooled at �78°C with a
dry ice/methanol mixture, and a predetermined
amount of acetic acid anhydride (Kanto, 97%) was
added to the ampoule. Then, the ampoule was sealed
under vacuum and heated at 125°C for 4.5–9.0h. Po-
lymerization conditions are listed in Table I. After the
polymerization, the products, that is, the macroinitia-
tors, were precipitated with methanol, purified with
benzene and methanol by the reprecipitation method,
and characterized by GPC and 1H NMR. When the
molecular weight distribution, Mw/Mn, of the macro-
initiator was larger than 1.4, the macroinitiator was
fractionated with benzene and methanol.

Synthesis of poly(styrene-co-tert-butyoxy-p-
styrene)-block-polystyrene [P(S-co-BS)-block-PS]
and poly(styrene-co-4-chloromethyl styrene)-block-
polystyrene [P(S-co-CMS)-block-PS]

Predetermined amounts of P(S-co-BS)-TEMPO macro-
initiator or P(S-co-CMS)-TEMPO macroinitiator were
dissolved in a mixture of predetermined amounts of S
and 4-MTEMPO in a glass ampoule. After dissolution,
a certain amount of acetic acid anhydride was added
to the glass ampoule. The ampoule was sealed under
vacuum, and heated at 125°C for 7–20.5 h. Polymer-
ization conditions are listed in Table I. After polymer-
ization, the polymer was precipitated with methanol,
purified with benzene and methanol by the reprecipi-
tation method, freeze-dried, and characterized by 1H
NMR and GPC. When MW/Mn was larger than 1.4, the
polymer was fractionated with methanol and benzene.

Synthesis of poly(styrene-cop-hydroxymethyl
styrene) [P(S-co-HMS)] and poly(styrene-cop-
hydroxymethyl styrene)-block-polystyrene [P(S-co-
HMS)-block-PS] by hydrolysis of P(S-co-CMS) and
P(S-co-CMS)-block-PS, respectively

A predetermined amount of P(S-co-CMS) or P(S-co-
CMS)-block-PS was dissolved in benzene (polymer
concentration 5 wt %), and 5 wt % of methanol to
benzene and lithium hydroxide (Kanto, 90%) were
added to the mixture. The mixture was refluxed at
60°C for 24 h. After the reaction, a small amount of
water was added to the mixture and continuously
stirred for 5 min. Then, the polymer was precipitated
with n-hexane (Kanto, 96%), purified with benzene
and n-hexane by the reprecipitation method, freeze-
dried with benzene, and characterized by Volhart’s
titration as described later. Conditions and results are
listed in Table II.

Synthesis of poly(styrene-co-4-vinyl phenol) [P(S-
co-VPh)] and poly(styrene-co-4-vinyl phenol)-block-
polystyrene [P(S-co-VPh)-block-PS] by hydrolysis
of P(S-co-BS) and P(S-co-BS)-block-PS, respectively

Hydrolysis of butoxy styrene was carried out as fol-
lows: A predetermined amount of P(S-co-BS) or P(S-
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co-BS)-block-PS was dissolved in a benzene (Kanto)
and THF (Kanto) mixture with 5 wt % of THF. Poly-
mer concentration was set to 5 wt %. 2,2,2-Trifluoro-
ethanol (Aldrich, 99%) and trifluoromethanesulfonic
acid (Aldrich, 98%) were added to the mixture at 0°C.
The mixture was stirred at 0°C for 20 min. After the
reaction, a small amount of water was added to the
mixture and continuously stirred for 5 min. Then, the
polymer was precipitated with n-hexane, purified
with benzene and n-hexane by the reprecipitation
method, freeze-dried with benzene, and characterized
by the UV method described later. The conditions and
results are listed in Table III.

Preparation of the composites

Polymers were dissolved in THF (Kanto, 99.5%) with
1 wt % of polymer concentration. Then, perhydropol-
ysilazane (PHPS)-xylene solution (NN-110, Clariant
Japan, Co., average molecular weight of PHPS: 700)
was added to the polymer solution under a dry nitro-
gen atmosphere. The reaction was carried out at am-
bient temperature for 24 h under nitrogen. After the

reaction, the solution was cast on a Teflon dish and flat
glass and gradually dried under nitrogen, to form
self-standing film and coat film on the glass, respec-
tively. For the measurement of degree of grafting, a
small amount of the solution was sampled before cast-
ing. Polymer in the sampled solution was precipitated
with n-hexane, dried, and characterized with an FTIR
spectroscope (Jasco, FT/IR-410).

The self-standing film and the coat film were ex-
posed to vapor of a triethylamine-water solution (tri-
ethyl amine (Tokyo Chemical Industry, 99%) concen-
tration: 5 wt %) for 3 min, and continuously heated at
100°C for 3 h under steam. Composites were charac-
terized by FT-IR, UV–vis, transmission electron mi-
croscopy (TEM), differential scanning calorimetry
(DSC), and surface hardness measurements.

Measurement

Number average molecular weight, Mn, and Mw/Mn

were measured with gel-permeation chromatography
(Tosoh, HPLC-8020) with a guard column and a 30-cm
mixed column (Tosoh TSKgelG-5000HHR) with a dif-

TABLE II
Conditions and Results of Hydrolysis with Chloromethyl Styrene Unit

Code
Precursor
polymer

Degree of
hydrolysis (%)

OH contenta (mol %)

Formulab
In random
sequence

In whole
polymer

RSH1 RSC1 47.7 3.1 3.1 P(S209-co-CMS8-co-HMH7)
RSH2 RSC2 43.4 6.2 6.2 P(S186-co-CMS18-co-HMS13)
RSH3 RSC3 55 13.8 13.8 P(S168-co-CMS25-co-HMS31)
BSH1 BSC1 64.5 16.1 1.48 P(S127-co-CMS14-co-HMS8)-block-PS782
BSH2 BSC2 72 28.7 2.95 P(S185-co-CMS15-co-HMS37)-block-S958
BSH3 BSC3 62.5 62.5 2.75 P(CMS21-co-HMS35)-block-PS1135

a Determined by 1H NMR.
b S, CMS, and HMS indicate styrene, chloromethyl styrene, and hydroxymethyl styrene. Number after monomer name

indicates the degree of polymerization of the monomer unit.
Polymer concentration: 3.7 wt %. Solvent: benzene/methanol (5/1 v/v). [LiOH]/[CMS] � 1.5. Temperature: 60°C, time:

24–36h.

TABLE III
Conditions and Results of Hydrolysis of Butoxy Styrene Unit

Code
Precursor
polymer

Degree of
hydrolysis (%)

OH contenta (mol %)

Formulab
In random
sequence

In whole
polymer

RSPh1 RSB1 47.7 3.5 3.5 P(S255-co-BS13-co-VPh12)
RSPh2 RSB2 58.1 6.6 6.6 P(S245-co-BS13-co-VPh18)
RSPh3 RSB3 53.8 10.1 10.1 P(S193-co-BS21-co-VPh24)
BSPh1 BSB1 100 27.3 5.7 P(S129-co-VPh52)-block-PS717
BSPh2 BSB2 100 41.7 6.1 P(S97-co-VPh61)-block-PS829
BSPh3 BSB3 100 100 13.6 P(VPh173)-block-PS948

a Determined by 1H NMR.
b S, BS, and VPh indicate styrene, butoxystyrene, and 4-vinyl phenol. Number after monomer name indicates the degree

of polymerization of the monomer unit.
Polymer concentration: 2.0 wt %. Solvent: benzene/THF (20/1 v/v). [BS]:[CF3CH2OH]:[CF3SO3H] � 1:5:1.
Temperature: 0°C, time: 20 min.
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ferential refractive index detector (Tosoh, RI-8020)
with THF at 0.6 mL min�1 as an eluent at 35°C. PS
standards (Tosoh) in the range 4.0 � 103 to 3.18 � 105

g mol�1 were used to calibrate the GPC.
1H NMR spectra were recorded at 500 MHz on a

JEOL GLX-500 spectrometer with d-chloroform (Al-
drich, 99.9%) as a solvent.

FTIR spectra of P(S-co-BS)-block-PS and P(S-co-VPh)-
block-PS were measured with an FTIR spectrometer
(Jasco, FT/IR-410) by the KBr method. Degree of hy-
drolysis was estimated by using the peaks at 3200–
3700 and 1364 cm�1 owing to hydroxyl and tert-bu-
toxy groups, respectively.

For the UV measurements of P(S-co-BS) and P(S-co-
VPh), polymers were dissolved in THF (polymer con-
centration: 5 wt %). Then, 10 wt % of pyridine (Kanto,
99.7%) to benzene and 2-naphthoyl chloride (Aldrich,
98%) were added to the mixture. The mixture was
stirred at room temperature overnight. After the reac-
tion, the polymer was precipitated with methanol,
purified with THF and methanol, and freeze-dried.

The degree of hydrolysis was calculated from the ab-
sorbance of UV measurements of dried polymer-THF
mixtures, carried out with a UV-VIS spectrometer
(Jasco, V-530) at 338 nm.

Dynamic light scattering (DLS) measurements of
the polymer solutions were carried out at 90 degrees at
room temperature with a DLS spectrometer (Photal,
ELS-8000).

For Volhart’s titration, 0.1 g P(S-co-HMS) and P(S-co-
HMS)-block-PS were dissolved in 10 mL THF in glass
ampoules, then excess amounts of solidum metal
(Kanto) and naphthalene (Kanto) were added. The am-
poules were sealed and stirred at room temperature
until the solution became dark green. After the reaction,
sodium remaining in the solution was removed; and 10
mL methanol, 30 mL benzene, 30 mL water, and 0.2 mL
of concentrated hydro nitride (Kanto, d � 1.42) were
added to the solution. The solution was stirred at ambi-
ent temperature overnight. A certain amount of silver
nitride aqueous was added and stirred overnight. Then
the Volhart’s titration was carried out with NH4SCN.

Figure 3 Synthesis of polymers: (a) P(S-co-HMS), (b) P(S-co-VPh), (c) P(S-co-HMS)- block-PS, and (d) P(S-co-VPh)-block-PS.
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The degrees of hydrolysis of P(S-co-HMS) and P(S-co-
HMS)-block-PS were calculated from the remaining
amount of CMS in polymers.

A TEM specimen was prepared by casing the sampled
solution on copper microgrids coated with carbon sub-
strate and the calcination, and observed with a transmis-
sion electron microscope (JEOL, TEM200-CX, 100 kV).
For polymers, the specimens were stained with OsO4
gas.

DSC measurements were carried out for 4 mg of sam-
ples sealed in aluminum pans with a differential scan-
ning calorimeter (Perkin–Elmer, Pyris) in the range from
50 to 250°C with temperature increasing at 10°C min�1.

Surface hardness of the self-standing films and the
coat films were recorded with a nanoindentor (tribo-
scope, Hysitron, Inc.) attached to an atomic force mi-
croscope (AFM, SPM9500J2, Shimazu). The hardness
measurements were performed with a load ranging
from 50 to 5000 �N, corresponding to a contact depth
from 50 to 1200 nm.

RESULTS AND DISCUSSION

Synthesis of organic polymers

As described above, hydroxymethyl styrene (HMS)
and vinyl phenol (VPh) were chosen as the hydroxyl

groups. It is difficult to homogeneously copolymerize
styrene and HMS or VPh because of their incompati-
bility with styrene (S). In contrast, chloromethyl sty-
rene (CMS) and butoxy styrene (BS), which provide
HMS and VPh, respectively, by hydrolysis, are com-
patible with S. Thus, P(S-co-CMS), P(S-co-BS), P(S-co-
CMS)-block-PS, and P(S-co-BS)-block-PS were polymer-
ized, then they were hydrolyzed (Fig. 3). For random
copolymers, it is not necessary to control the molecu-
lar weight distribution. Thus, P(S-co-CMS)s [RSC se-
ries] and P(S-co-BS)s [RBS series] were synthesized by
conventional radical polymerization with AIBN. Re-
sults of the polymerization are listed in Table I. The
molecular weights of the RSC series and the RSB series
are between � 2.4 � 104 and 3.0 � 104, respectively.
The molecular weight distributions of all random co-
polymers (1.41–1.63) were narrow. Content of CMS
and BS were varied from 6.5 to 25 mol %. Random
copolymers of the RSC series and the RSB series with
relatively narrow molecular weight and various CMS
and BS contents were obtained.

Block copolymers were also synthesized for more
strict control of the microphase separation of the com-
posites than random copolymers. Well-defined block
copolymers were required for organic/silica nano-
composites with well-arranged structure. On the other
hand, to avoid the gelation of the blend solution, the
sequence with hydroxyl groups should be random
copolymer of styrene and the monomer with the hy-
droxyl group. Thus, P(S-co-CMS)-block-PSs [BSC 1–3]
and P(S-co-BS)-block-PSs [BSB 1–3] were synthesized
by two step living radical polymerization with
TEMPO. The results of the polymerization are listed in
Table I. The molecular weights of the BSC series and
the BSB series were close, in a range from 9.67 � 104 to
1.45 � 105, and the molecular weight distributions
were relatively narrow (�1.44). The CMS or BS con-
tents were varied from 2.3 to 13.6 mol % in the block
copolymers. Thus, many types of block copolymers
were obtained.

Then, all random and block copolymers were hy-
drolyzed to provide HMS and VPh units from CMS
and BS units in the copolymers, respectively. The re-
sults are shown in Tables II and III. Except for the
BSPh series in Table III, the hydrolysis was not com-
pleted. The maximum degree of hydrolysis was 72
mol % for BSH2 due to the drastic change of solubility
of the copolymers in the solvent by hydrolysis. If the
solvent for hydrolysis were changed, the degree of
hydrolysis would be improved. However, the purpose
of this section was not complete hydrolysis but the
preparation of copolymers with different contents of
hydroxyl groups. Therefore, further hydrolysis was
not carried out. Random and block copolymers with
different contents of hydroxyl group were obtained.
After hydrolysis, the content of hydroxyl group in the
copolymer was varied from 1.48 to 13.8 mol %. Here,

Figure 3 (Continued from the previous page)
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CMS and BS, which were not hydrolyzed, were as-
sumed as S.

Synthesis of nanocomposites

To prepare organic/silica nanocomposites, the block
and random copolymers were blended with perhy-
dropolysilazane (PHPS) in THF. The conditions and
results are listed in Table IV. The first term and second
number of the code indicate the type of organic poly-
mer and the molar ratio of PHPS to hydroxyl group in
the blend solution. All blend solutions were not ge-
lated after 24 h from blending. It was previously found
that the graft of PHPS onto the hydroxyl group had
been completed by 24 h.12 The high degree of grafting

of PHPS onto the polymer is required to control the
microphase separation of the nanocomposites. The
grafting of PHPS onto the organic polymers was in-
vestigated by FTIR. The graft copolymer was sepa-
rated from the blend solution by precipitation with
cyclohexane. Figure 4 shows the FTIR spectra of BSH2
and the graft copolymer formed in BSH2–0.9. For the
graft copolymer of BSH2–0.9, the peak of the Si-H
bond of PHPS appeared at 2170 cm�1; the grafting of
PHPS onto the organic polymers was thus confirmed.

By combination of the peaks of the Si-H bond at
2170 cm�1 and of the phenyl group at 1490 cm�1, the
grafted amount of PHPS onto the organic polymers
was measured. The results are listed in Table IV.
The reactivity of the alcoholic hydroxyl group with

TABLE IV
Conditions and Results of Preparation of Composites

Code

Feed conditions Results

Solubility
to THF

Polymer
type

NN-
110/

Polymer
(ml/g)

PHPS
fraction in
composite

[PHPS]/
[OH]

[PHPS]/
[OH] in

copolymer

Reacted PHPS
with polymer

(mol %)

Weight fraction of silica in
composites (wt %)

Whole in
composite

Reacted silica
with polymer

Unreacted
silica with
polymer

RSH1-0.6 0.62 10.22 0.60 0.41 69.16 8.83 6.10 2.72 o
RSH1-1.0 RSH1 1.16 17.65 1.00 0.36 35.56 15.41 5.48 9.93 o
RSH1-1.6 1.78 24.63 1.60 0.30 18.92 21.74 4.11 17.63 o
RSH2-0.5 1.10 16.82 0.50 0.24 47.16 14.67 6.92 7.75 o
RSH2-1.0 RSH2 2.19 28.73 1.00 0.26 26.37 25.52 6.73 18.79 o
RSH2-1.5 3.32 37.92 1.50 0.20 13.12 34.17 4.48 29.69 o
RSH3-0.5 RSH3 1.45 21.11 0.50 0.10 20.42 18.53 3.78 14.75 o
RSH3-1.0 4.90 47.42 1.00 0.10 9.57 43.39 4.15 39.23 o
RSH3-1.5 RSH3 7.37 57.55 1.50 0.10 6.59 53.54 3.53 50.01 o
RSPh1-0.7 0.85 13.54 0.70 0.88 100.00 11.75 11.75 0.00 x
RSPh1-1.1 RSPh1 1.33 19.69 1.10 0.98 88.99 17.24 15.34 1.90 x
RSPh1-1.3 1.68 23.62 1.30 1.12 86.23 20.81 17.95 2.87 x
RSPh2-0.7 1.64 23.14 0.70 0.71 100.00 20.37 20.37 0.00 x
RSPh2-1.0 RSPh2 2.43 30.93 1.00 0.80 80.45 27.57 22.18 5.39 x
RSPh2-1.4 3.25 37.43 1.40 0.85 60.68 33.70 20.45 13.25 x
RSPh3-0.8 2.74 33.49 0.80 0.53 66.34 29.97 19.88 10.09 x
RSPh3-1.1 RSPh3 4.02 42.53 1.10 0.82 74.14 38.61 28.63 9.99 x
RSPh3-1.5 5.39 49.81 1.50 1.12 74.72 45.76 34.19 11.57 x
BSH1-0.7 0.38 6.54 0.71 0.20 27.95 5.62 1.57 4.05 x
BSH1-1.1 BSH1 0.60 10.01 1.13 0.20 17.35 8.64 1.50 7.14 x
BSH1-1.6 0.83 13.26 1.55 0.15 9.68 11.50 1.11 10.39 x
BSH2-0.5 BSH2 0.56 9.37 0.53 0.36 68.55 8.08 5.54 2.54 x
BSH2-0.9 0.94 14.79 0.89 0.15 16.82 12.86 2.16 10.70 x
BSH2-1.4 BSH2 1.51 21.71 1.42 0.09 6.31 19.07 1.20 17.87 x
BSH3-0.7 0.71 11.56 0.72 0.53 72.82 10.00 7.28 2.72 x
BSH3-1.4 BSH3 1.33 19.68 1.35 0.40 29.93 17.24 5.16 12.08 x
BSH3-2.0 2.00 26.88 2.03 0.27 13.20 23.81 3.14 20.66 x
BSPh1-0.5 0.92 14.44 0.45 0.39 87.33 12.55 10.96 1.59 x
BSPh1-0.8 BSPh1 1.71 23.92 0.84 0.33 39.69 21.09 8.37 12.72 x
BSPh1-1.3 2.55 31.92 1.25 0.40 31.84 28.49 9.07 19.42 x
BSPh2-0.4 0.88 13.99 0.41 0.38 92.01 12.15 11.18 0.97 x
BSPh2-0.8 BSPh2 1.77 24.58 0.83 0.37 44.32 21.69 9.61 12.08 x
BSPh2-1.2 2.58 32.16 1.20 0.40 33.42 28.72 9.60 19.12 x
BSPh3-0.4 1.85 25.41 0.41 0.41 99.51 22.46 22.35 0.11 x
BSPh3-0.8 BSPh3 3.81 41.20 0.84 0.57 67.70 37.33 25.27 12.06 x
BSPh3-1.1 5.71 51.25 1.26 0.57 45.48 47.19 21.46 25.73 x

Polymer: 1g, solvent (THF): 100ml. NN-110: PHPS/xylene solution with 20 wt % of PHPS. Reaction time: 24h, reaction
temperature room temperature, under nitrogen gas.
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PHPS is higher than that of the phenolic hydroxyl
group. If the reaction were proceeded quantita-
tively, the grafted amounts of PHPS onto the poly-
mers of the RSH and BSH series should be higher
than those of the RSPh and BSPh series, respec-
tively. However, the grafted amounts of PHPS of the
RSH series were lower than that of the RSPh series.
Additionally, the grafted amounts of PHPS to the
hydroxyl group, [PHPS]graft/[OH], of the RSH and
BSH series was drastically decreased by increasing
the feed amount of PHPS to the hydroxyl group,

instead of the fact that the [PHPS]graft/[OH] values
of the RSPh and BSPh series were close to 1. The
degree of grafting of PHPS of the BSH series was
clearly lower than that of the BSPh series. Thus, not
alcoholic but phenolic hydroxyl groups quantita-
tively reacted with PHPS.

The blend was carried out in THF. The hydroxyl
group aggregates in THF. The aggregation of the hy-
droxyl group in THF will decrease the experimental
value of the degree of grafting of PHPS onto the
alcoholic hydroxyl group from the theoretical value.
The aggregation of the organic polymers was investi-
gated by dynamic light scattering (DLS) measure-
ments. Figure 5 shows the DLS profiles of RSPh3,
RSH3, BSH1, and BSPh1 in THF. For random copoly-
mers, the peaks of RSPh3 appeared at smaller diame-
ter than RSH3. The diameters of the minimum aggre-
gates were around 10 nm and 120 nm for RSPh3 and
RSH3, respectively. The contents of the hydroxyl
groups of RSH3, 13.8%, and RSPh3, 10.1%, were close.
The size of the aggregates corresponds to interaction
between the hydroxyl groups in THF. The hydrogen
bonding between alcoholic hydroxyl groups is stron-
ger than that between phenolic hydroxyl groups in
THF, since the group molar attraction constants of the
alcoholic hydroxyl group and the phenolic hydroxyl
group are 225.84 and 170.99 cal1/2/mL1/2mole, respec-
tively.23 The hydroxyl groups of RSH3 and RSPh3

Figure 5 DLS profiles of organic polymers in THF at 0.1 wt % of polymer concentration: (a) RSH3, (b) RSPh3, (c) BSH1, and
(d) BSP1h.

Figure 4 FTIR spectra of organic polymer and the polysty-
rene/silica composites: (a) BSH2, (b) the graft copolymer in
BSH2–0.9, (c) cast film of blend solution of BSH2–0.9, and
(d) BSH2–0.9 after calcination.
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were alcoholic and phenolic, respectively. The smaller
aggregates around 10 nm of RSPh3 indicates the weak
interaction between the phenolic groups in THF. As
well as RSH3, the diameters of aggregates of BSH1
were larger than 100 nm. The reacted amount of PHPS
onto BSH1 was in a range from 28–9.6 mol %. There-
fore, the phenolic hydroxyl group is preferable for the
reaction with PHPS in THF. It should be noticed that
all composites were prepared by casting the polymer/
PHPS blend solution on Teflon substrates. This sug-
gests that the coating film of polymer composites will
be prepared by casting the blend solution of polymer
and PHPS on typical substrates. The hardness of the
composite surface is discussed in a later section.

Microphase separation of nanocomposites

When the phenolic group was used, the grafting of
PHPS was improved. Therefore, the better morphol-
ogy control of nanocomposites was expected not for
the RSH series and the BSH series but the RSPh series
and the BSPh series. The morphology of microphase
separation of the composites was investigated by
transmission electron microscopy (TEM). Because of
the high electron density of the Si atom in silica, the
nanocomposites were not stained for TEM observa-
tion. Clear microphase separation was not observed
for all nanocomposites with hydroxymethyl styrene
units. On the other hand, the nanocomposites pre-
pared with the organic polymers with vinyl phenol
units formed clear microphase separation. The com-
posites with RSPh1 and BSPh3 formed especially well-
arranged microphase separation. The molar ratios of
PHPS reacted with polymer to feed PHPS of the
RSPh1 and the BSPh3 series were relatively high. The
less silica, which was not grafted onto the polymer,
remained in the composites of the RSPh1 and the

BSPh3 series. Figure 6 shows the TEM micrographs of
the composites with RSPh1. The weight fractions of
silica in the composites of RSPh1–1.1 and RSPh1–1.3
are 17.25 and 20.81 wt %. Thus, the expected struc-
tures of the microphase separation of RSPh1–1.1 and
RSPh1–1.3 are silica spheres in organic matrices. In
Figures 6a and 6b, dark spherical domains, which are
silica domains, are observed. The average diameters of
the silica spheres of RSPh1–1.1 and RSPh1–1.3 were 35
and 43 nm, respectively. The number of silica spheres
increased with increasing of the weight fraction of
silica. These well agreed to Molau’s law.10

Figure 7 shows TEM micrographs of the composites
with BSPh3. The weight fractions of silica of the BSPh3
series were from 22.46 to 47.19 wt %. Thus, the change
of silica domain structure from spherical to lamella
was expected. The structures of BSPh3–0.8 and 1.1
were irregular lamella structures. As well as the
PMMA-block-P(MMA-co-HEMA) and P(MMA-co-
HEMA), the microphase separation of the nanocom-
posites was better controlled with P(S-co-VPh)-
block-PS than with P(S-co-VPh). The thickness of the PS
lamellae, white lamellae, was 35 nm for both BSPh3–
0.8 and BSPh3–1.1. The degree of polymerization and
number-average molecular weight of the PS sequence
of BSPh-3 were 948 and 9.86 � 104, respectively. The
lamella thickness of PS calculated from Helfand’s
equation24 was 37 nm. The calculated and observed

Figure 6 TEM micrographs of the composites: (a) RSPh1–
1.1 and (b) RSPh1–1.3.

Figure 7 TEM micrographs of the composites: (a) BSPh3–
0.4, (b) BSPh3–0.8, and (c) BSPh3–1.1.
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lamella thickness agreed well. Thus, the microphase
separation of PS/silica nanocomposites was con-
trolled by varying the weight fraction of silica when
block copolymers with vinyl phenol units were used.

Transparency of the composites

Next, the transmittance of the composites was inves-
tigated by UV measurements. For a coating material,
transparency is one of the important properties. In this
work, the transparency of the self-standing film of the
composites and coat film of the composites on the
glass were estimated. First, the transparency of the
self-standing film of the composites at 600 nm is
shown in Figure 8. The film thickness was corrected to
1 mm. The composites prepared with random copol-
ymers were highly transparent as well as the polymer
films without silica. The transparency of the compos-
ites with random copolymers was independent of the
content of hydroxyl group, type of hydroxyl group,
and silica content. On the other hand, transparency of
the composites with block copolymers was strongly
dependent on content of the hydroxyl group, type of
hydroxyl group, and silica content. The segregation of
the PS sequence of the block copolymers would be too
strong to form well-arranged microphase separation
in the composites. The random copolymer reacted
with PHPS would be dispersed in the PHPS domains,
and as a result, the block copolymer formed mac-
rophase separation in the composites. Then, the trans-
parency of the composites of RSPh1 and BSPh3 as coat
films on glass was measured, from 340 to 1800 nm
(Fig. 9). The average thicknesses of the coat films were
1.1 to 3.2 �m. The peak shapes of composites were
very close to the glass; the typical absorption owing to
the composites was not observed through the entire
spectrum. Therefore, because of good transparency,
the composites with RSPh1 and BSPh3 were useful
materials for coating.

Hardness measurements by the nanoindentation
technique

To measure the hardness of the composites with
RSPh1 and BSPh3, load-displacement curves were ob-
tained up to maximum loads from 5000 to 50 �N.
First, the hardness of self-standing films was mea-
sured. Conditions and results at 200 �N are listed in
Table V. Film thickness was in a range from 250 to 22
�m. Thus, the influence of a substrate was neglected.
Figure 10a shows load-displacement curves of coat
film of BSPh3–0.8 on glass at 200 and 1000 �N. Def-
erent indentations for BSPh3–0.8 performed at differ-
ent peak loads showed the same variation in the slope
of the loading curve. Thus, the consistency of the
results was confirmed. Figure 10b shows load-dis-
placement curves at 200 �N maximum loaded ob-
tained for the self-standing films of BSPh3 and their
composites. It is clear that the indentation depth after
decrease of load from 200 �N to zero was decreased
for the composites. The maximum penetration depths
obtained lie in the range of 1200–50 nm.

From analysis of a set of curves with different max-
imum load, the evolution of the hardness values and
modulus with the maximum penetration depth of the
indenter was estimated. Figure 11 shows hardness of

Figure 8 Transmittance of the composite films at 600 nm.

Figure 9 Transmittance of the glass coated with the com-
posites.
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the composites. The hardness of the coat film de-
creased at low displacement values and then in-
creased with increasing the displacement values. Since

the thickness of the coat film was from 1.1 to 3.2 �m,
the hardness of the coat film at high load contains the
influence of a substrate. According to Wang and co-
workers,25 the mechanical properties of Teflon film
became thickness independent when the film was
thicker than 500 nm. On the other hand, the hardness
values of self-standing films clearly increased with

TABLE V
Results of Nano-indentation of Organic Polymers and Their Composites

Codea
[PHPS]/[OH]

(mol/mol)
Silica content

(wt %)

Film
thickness

(�m)
Hardness

(GPa)
Modulus

(GPa)
Penetration
depth (nm)

RSPh1 0.0 0.0 33 0.28 5.1 86.13
RSPh1-1.1 1.1 17.2 110 0.4 7.2 63.75
RSPh1-1.3 1.3 20.8 250 0.34 5.5 72.41
BSPh3 0.0 0.0 22 0.25 5.2 90.27
BSPh3-0.4 0.4 22.5 22 0.57 8.8 38.45
BSPh3-0.8 0.8 37.3 120 0.59 8.9 24.82
BSPh3-1.1 1.1 47.2 30 0.66 9.2 29.79
RSPh1coat 0.0 0.0 4.5 0.25 7.4 98.16
RSPh1-1.1coat 1.1 17.2 1.0 0.34 13.5 80.2
RSPh1-1.3coat 1.3 20.8 1.9 0.37 10.8 71.29
BSPh3coat 0.0 0.0 2.1 0.25 7.1 94.72
BSPh3-0.4coat 0.4 22.5 2.3 0.46 8.9 52.03
BSPh3-0.8coat 0.8 37.3 3.2 0.63 10.8 33.94
BSPh3-1.1coat 1.1 47.2 1.1 0.74 13.8 28.27

a Subscript “coat” indicates the composites on glass.

Figure 10 Load-displacement curves of the organic polymers
and their composites: (a) BPh3–1.1 on glass, and (b) at 200 �N.

Figure 11 Hardness of the coat films: (a) RSPh1 series, and
(b) BSPh3 series.
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decreasing the displacement values. Considering the
substrate effect, the hardness values at 20% displace-
ment were taken as the real mechanical property in
this study. The load was 200 �N. As well as hardness,
the moduli at 20% displacement were taken.

The hardness and moduli at 200 �N are listed in
Table V. It is clear that the hardness increased with
increasing the weight fraction of silica. The difference
of surface hardness of the RSPh1 series and the BSPh3
series would not be due to the architecture of the
organic polymer but to the silica content in the com-
posites. The range of silica content was 0–20.8 wt %
for the RSPh1 series and 0–56.2 wt % for the BSPh3
series. Remarkably, the hardness and modulus of
BSP3–1.3 reached 0.66 and 9.2 GPa for the self-stand-
ing film, and 0.74 and 13.8 GPa as a coat film on glass,
respectively. The surface hardness and modulus of the
silica coat prepared by the sol-gel method on polyester
was 1.45 and 10.7 GPa, respectively, when the thick-
ness of the silica coat was 128 nm.22 The silica content
of BSPh3–1.3, 56.2 wt %, was clearly lower than the
pure silica coat prepared by the sol-gel method. The
good hardness of the composites, BSPh3–1.3, would
be not only due to the original property of silica pre-
pared with PHPS but also due to the nano-structure
formation in the composites. Thus, it was found that
nanocomposite of P(S-co-VPh)-block-PS and silica pre-
pared with PHPS drastically improved the surface
hardness. Again, the preparation process of the organ-
ic/silica nanocomposites prepared by this work did
not require specific treatment after coating on the sub-
strate, except for the heating at 100°C in steam. The
surface hardness was drastically improved by coating
the nanocomposites. Since the silica content of the coat
film was much less than that of the pure silica coat
film, the density of the nanocomposite coat film was
less than that of the pure silica coat film. Therefore, the
organic/silica nanocomposites prepared with PHPS
would be useful materials as the light and hard coat
film.

CONCLUSIONS

Polystyrene-silica nanocomposites were synthesized
by casting the blend solution of perhydropolysilazane
(PHPS) and polystyrene with hydroxyl groups. When
the copolymers of styrene and vinyl phenol were
blended with PHPS, the degree of grafting of PHPS
onto the hydroxyl group was larger than that with the

copolymers of styrene and hydroxymethyl styrene.
From DLS measurements, it was found that the less
aggregation of vinyl phenol in the solvent than in
hydroxymethyl styrene accelerated the degree of
grafting. Clear microphase separation was observed
for the composites with poly(hydroxymethyl styrene)-
block-polystyrene when the degree of grafting was
close to 100%. Most of the composites were highly
transparent, and the hardness of the composites mea-
sured by nano-indentation reached 0.55 Gpa by in-
creasing the silica content in the composites.
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