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ABSTRACT: Poly(2-vinyl pyridine)/silica and poly(4-vi-
nyl pyridine)/silica nanocomposites were synthesized by
casting of blend solutions of perhydropolysilazane and
poly(2-vinyl pyridine-co-2-hydroxyethyl methacrylate) and
poly(4-vinyl pyridine-co-2-hydroxyethyl methacrylate) ran-
dom copolymers, respectively, and calcination of dried films
at 100°C under steam. The structures of the separated phases

and the thermal properties of the composites were investi-
gated by transmission electron microscopy (TEM), DSC, and
TGA. © 2004 Wiley Periodicals, Inc. J Appl Polym Sci 93: 749–757,
2004
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INTRODUCTION

It is well known that silica is a useful additive to
improve the properties of organic polymes, such as
thermal stability, mechanical strength, transparency,
and insulation.1–6 The sol–gel method is one of the
useful and convenient methods to prepare organic/
silica hybrid composites. The major advantages of the
sol–gel method are lower reaction temperature than
decomposition temperature of organic polymer and
high applicability to many kinds of organic poly-
mers.7–13 On the other hand, the control of inner struc-
ture of the composites prepared by the sol–gel method
is insufficient.

To design highly functional organic/silica composites,
microscopically strict control of inner structure of the
composites is strongly required. It is well known that
block and graft copolymers with incompatible sequences
form microphase separation in nanoscale.14,15 When mo-
lecular weight distribution of the copolymers is nar-
row and the content of each sequence is unity, the
microphase separation is well ordered. The ordered
microphase separation of the copolymers is a good
template of organic/silica composites. Based on this
consideration, the block copolymers with polyhedral
oligomeric silsesquioxane (POSS) sequence as silica
sequence have been synthesized and their microphase
separation was investigated.16,17 However, it was im-
possible to obtain organic/silica composites with high

POSS content, because the solubility of POSS is low in
many organic solvents, which are good solvents for
organic polymers.

Perhydropolysilazane (PHPS), which is well
known as a preceramic material of silica, is highly
soluble in many organic solvents, such as benzene,
toluene, xylene, pyridine, tetrahydrofurane, etc.,
and is highly multireactive with hydroxyl group.
Thus, it is possible to graft PHPS onto organic poly-
mers that contain hydroxyl group. When the organic
polymer is soluble in the organic solvent in which
PHPS is dissolved, the graft copolymer will be sol-
uble to the organic solvent. By blending PHPS and
the organic polymer with hydroxyl group in the
organic solvent and casting the blend solution, the
organic/PHPS film with organic polymer and PHPS
microdomains will be obtained.

Another interesting feature of PHPS is its mild cal-
cination conditions: the calcination temperature lies
between room temperature to 100°C, no catalyst, ex-
cept for steam, is required. The organic polymer in the
composites will not be decomposed in this tempera-
ture range. Additionally, the PHPS microdomains of
the organic/PHPS film will be converted to the silica
microdomain without changing the shape and size of
the microdomains. Therefore, the organic/silica nano-
composite will be conveniently formed from organic
polymer by blending with PHPS, casting the blend
solution and calcination of the organic/PHPS film.
The synthesis of organic/silica nanocomposites with
PHPS is schematically shown in Figure 1. Based on
this consideration, copolymer/silica nanocomposites
were successfully obtained by blending PHPS with
poly(methyl methacrylate-co-2-hydroxyethyl methac-
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rylate)18 or poly(methyl methacrylate)-block-poly(m-
ethyl methacrylate-co-2-hydroxyethyl methacrylate).19,20

From our previous investigations,18–20 the following
important points for the synthesis of the composites
with PHPS were established. (1) Polymer concentra-
tion in the blend solutions should be lower than 1 wt
%. (2) Content of hydroxyl groups in the polymer
should be lower than 33 mol %. As described above,
PHPS is a multireactive material with hydroxyl group.
When the polymer concentration and hydroxyl con-
tent of the polymer were high, PHPS act as a
crosslinker, and the blend solution was gelled. The
choice of solvent for blending is also important. Pre-
viously, benzene and THF were used, which are poor
solvents for hydroxyl groups and good solvents for
the rest of organic polymer. In such a selective solvent,
the hydroxyl group is segregated, so gelation should
be enhanced. As well as decreases of the content of
hydroxyl group in polymer and polymer concentra-
tion, nonselective solvent will hinder the macrogela-
tion of the blend solution. Better control over the
microphase separation of the nanocomposites is ex-
pected for the nonselective solvent.

The purpose of this work is to investigate the solvent
effect on the gelation behavior of the blend solutions and
the nanostructure of the composites. Thus, pyridine, di-
methylsulfoxide, (DMSO), which are nonselective sol-
vents, and tetrahydrofuran (THF) were chosen. Poly(2-
vinyl pyridine-co-2-hydroxyethyl methacrylate) [P(2VP-
co-HEMA)] and poly(4-vinyl pyridine-co-2-hydroxyethyl
methacrylate) [P(4VP-co-HEMA)] were synthesized by
radical copolymerization with �,��-azobis-isobutyloni-
trile (AIBN) and were employed as the organic copoly-
mers. P2VP and P4VP can be converted to conducting

polymers by the neutralization with HCl and by the
quaternization with methyl iodide, respectively.21,22

P2VP/silica and P4VP/silica nanocomposites will be ob-
tained with P(2VP-co-HEMA) and P(4VP-co-HEMA), re-
spectively. P2VP/silica and P4VP/silica nanocomposites
have been synthesized by formation of silica nano-par-
ticles with P2VP and P4VP, respectively.23–25 Because
silica nanoparticles were used, the morphologies of the
silica domain within the composites was spherical. On
the other hand, when PHPS is used, silica domain with
nonspherical morphologies is expected. Thus, P2VP/
silica and P4VP/silica nanocomposites with many types
of silica domains were also targeted in this work.

Inner structures of the composites were observed by
transmission electron microscopy (TEM). Glass transi-
tion temperatures (Tg) and thermal stabilities of the
composites, were measured by differential scanning
calorimetry (DSC) and thermalgravimetric analysis
(TGA).

EXPERIMENTAL

Materials

2-Vinyl pyridine (2VP) (Tokyo Kasei Organic Chemi-
cals Co. Ltd., 97%), 4-vinyl pyridine (4VP) (Tokyo
Kasei Organic Chemicals Co. Ltd., 97%), and 2-hy-
droxyethyl methacrylate (HEMA) (Kanto Chemical
Co. Inc., 95%) were purified by distillation under vac-
uum.

Benzene (Kanto Chemical Co. Inc., 99%), 1-propanol
(Kanto Chemical Co. Inc., 99%), n-hexane (Kanto
Chemical Co. Inc., 95%), �,��-azobisisobutyronitrile
(AIBN) (Kanto Chemical Co. Inc., 97%), perhydropol-

Figure 1 Synthetic scheme of organic/silica nanocomposites with perhydropolysilazane, PHPS.
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ysilazane (PHPS)/xylene solution (NN-110, Clariant
Japan Co., PHPS concentration � 20 wt %, Mw of
PHPS � 700) were used without purification.

Cyclohexane (Kanto Chemical Co. Inc., 99%), and
tetrahydrofurane (THF) (Kanto Chemical Co. Inc.,
97%) were dried using sodium metal and distilled
under vacuum. Pyridine (Kanto Chemical Co. Inc.,
99%) and dimethyl sulfoxide (DMSO) (Kanto Chemi-
cal Co. Inc., 99%) were dried using calcium hydride
and then distilled under vacuum.

Synthesis of poly(2-vinyl pyridine-co-2-hydroxy-
ethyl methacrylate) [P(2VP-co-HEMA)] and poly(4-vi-
nyl pyridine-co-2-hydroxyethyl methacrylate) [P(4VP-
co-HEMA)]: P(2VP-co-HEMA) and P(4VP-co-HEMA)
were synthesized by radical polymerization with
AIBN in chloroform at 70°C under nitrogen atmo-
sphere. The synthetic procedure for P(2VP-co-HEMA)
is typically as follows: 2VP (7.0 mL), HEMA (1.0 mL),
AIBN (0.142 g) were dissolved in benzene (20 mL) and
1-propanol (10 mL) in a glass reactor. The air in the
reactor was evacuated at room temperature. Then, the
reactor was sealed under vacuum and heated at 70°C
for 10 h. After the heating, the reactor was cooled to
room temperature. To precipitate polymer, the solu-
tion in the reactor was poured into excess n-hexane
(100 mL). The precipitated polymer was collected, pu-
rified twice by reprecipitation method, with methanol
(20 mL) and water (100 mL) as a good solvent and a
precipitant, respectively, and dried under vacuum.

Characterization

Molecular weight (Mv) of all polymers was deter-
mined by viscometric measurements in a ethanol–
water mixture (weight fraction of water: 8.0%) at 25°C
using the following equations:26 [�] � 1.22 � 10�2

� M0.73 and [�] � 1.20 � 10�2 � M0.73 for P(2VP-co-
HEMA) and P(4VP-co-HEMA), respectively. The
HEMA content, 15%, was ignored ass a first apporoxi-
mation. The HEMA content was measured using 1H-
NMR (JEOL, GLX-500, 500 MHz) with deutererated
diemthyl sulfoxide as a solvent.

Preparation and calcination of blend films of
polymer and PHPS

One weight percent of polymer solution and a certain
amount of NN-110 were mixed under nitrogen atmo-
sphere. The mixture was stirred at 20°C for 24 h. After
sampling a small amount of this mixture for the in-
vestigation of graft formation, the mixture was cast on
a Teflon dish and gradually dried under dried nitro-
gen atmosphere. Dried films were heated at 100°C for
4 h under steam.

Characterization of graft copolymer

Graft copolymer in the sampled mixture was recov-
ered by precipitation into n-hexane and dried. The

PHPS content of the graft copolymer was measured
with a Fourrier-transform infrared spectrometer
(Jasco, FT/IR-410, resolution: 1 cm�1) by using ab-
sorption at 835 and 1730 cm�1 due to the SiON
stretching in PHPS and the carbonyl group in methac-
rylates, respectively.

Transmission electron microscopy

Ultrathin specimens of the composites before and after
calcination were microtomed with cryomicrotome
(Reichert-Nissei, Ultracut-N) using a diamond blade.
The internal morphology of the specimens was ob-
served with a transmission electron microscope (JEOL,
JEM-200CX) with 80 kV without staining.

Thermogravimetric analysis (TGA)

TGA was performed with a SEIKO EXSTAR-600TG/
DTA6300 thermogravimeter up to 600°C at a heating
rate of 10 K min�1.

RESULTS AND DISUCSSION

Synthesis of random copolymers

P(2VP-co-HEMA) and P(4VP-co-HEMA) were synthe-
sized by free radical polymerization with AIBN. The
viscosity molecular weight and HEMA contents are
listed in Table I. HEMA contents were 15.0 and 16.0
mol % for P(2VP-co-HEMA) and P(4VP-co-HEMA),
respectively. PMMA/silica composites with ordered
nanostructures were previously obtained with a
HEMA content of 14.5 mol %. Thus, P2VP/silica and
P4VP/silica composites with ordered nanostructure
were expected in this work.

As well as HEMA content, the localization of
HEMA in the copolymers may be important in nano-
composite formation. Monomer reactivity ratios r1 and
r2 were calculated using Q and e values of HEMA,
2VP, and 4VP, to be (0.535, 1.145) and (0.727, 1.092)
where monomer 1 � HEMA and monomer 2 � 2VP,
or 4VP, respectively. This indicates that HEMA
groups are randomly distributed in P(2VP-co-HEMA)

TABLE I
Characteristics of Poly(2-vinyl pyridine-co-2-

hydroxyethyl methacrylate) [P(2VP-co-HEMA)], and
Poly(4-vinly pyridine-co-2-hydroxyethyl methacrylate)

[P(4VP-co-HEMA)]

Code M�a
HEMA contentb

(mol %)

P(2VP-co-HEMA) 3.58 � 104 15.0
P(4VP-co-HEMA) 4.34 � 104 16.0

a Viscometric molecular weight.
b Determined by 1H-NMR.
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and P(4VP-co-HEMA). Q and e values were (Q � 0.80,
e � 0.20), (1.30, �0.50) and (1.0, �0.28) for HEMA,
2VP, and 4VP, respectively. The localization of HEMA
in P(2VP-co-HEMA) and P(4VP-co-HEMA) was ne-
glected.

Grafting of PHPS on random copolymers in blend
solutions

To graft PHPS onto polymer, the PHPS-xylene solu-
tion (NN-110) was blended with polymer solutions.
The blend conditions are listed in Table II. The molar
blend ratios of PHPS to HEMA, [PHPS]/[HEMA],
varied from 0.5 to 1.5. It was previously found that
when the polymer concentration of P(MMA-co-
HEMA) was lower than 1.0 wt %, the blend solution
with NN-110 did not form a gel. The polymer concen-
tration used in of this work was 1.0 wt %. Again, no
gelation was observed for all blend solutions. Taking
account of the reaction time previously investigated,
the maximum shelf time of the solutions before casting
was set to 24 h.

PHPS grafting onto polymers and calcination of the
composites was quantitatively confirmed by FTIR.
Figure 2 shows FTIR spectra of P(2VP-co-HEMA) and
its composites at [PHPS]/[HEMA] � 0.5. To confirm
the grafting of PHPS onto P(2VP-co-HEMA), the
P(2VP-co-HEMA) was collected from the blend solu-
tion by precipitation into cyclohexane, which is a good
solvent for PHPS and a bad solvent for P(2VP-co-
HEMA) [Fig. 2(b)]. After reaction with PHPS, new
peaks assigned to SiOH and SiON of PHPS, respec-
tively, appeared at 2160 and 833 cm�1, indicating that
grafting of PHPS onto P(2VP-co-HEMA) had occurred.
Figure 2(c) and (d) shows the FTIR spectra of the blend

solution film and the calcined film, respectively. The
SiOH and SiON peaks at 2160 and 833 cm�1, respec-
tively, completely vanished after drying the blend
solutions even before calcination. On the other hand,
an SiOO peak appeared at 1100 cm�1. The spectra of
the composites did not change after calcination, indi-
cating that calcination was complete after drying the
blend solution for the composites. All PHPS in the
composites was successfully converted into silica by
calcination. The gradual conversion of PHPS to silica
at room temperature is generally observed for the
reaction of PHPS with polymer with hydroxyl
groups.19

TABLE II
Conditions and Results of Synthesis of Composites

Code Polymer Solvent
[PHPS]/[HEMA]

(mol/mol)a GPHPS (mol %)b

Weight faction of silica (wt %)c

Grafted Ungrafted Overall

2VP-0.5P P(2VP-co-HEMA) Pyridine 0.5 24.9 9.3 28.0 37.3
2VP-1.0P P(2VP-co-HEMA) Pyridine 1.0 50.5 27.4 26.9 54.3
2VP-1.5P P(2VP-co-HEMA) Pyridine 1.5 50.2 32.2 31.9 64.1
2VP-0.5T P(2VP-co-HEMA) THF 0.5 100.0 37.3 0.0 37.3
2VP-1.0T P(2VP-co-HEMA) THF 1.0 100.0 54.3 0.0 54.3
2VP-1.5T P(2VP-co-HEMA) THF 1.5 100.0 64.1 0.0 64.1
4VP-0.5P P(4VP-co-HEMA) Pyridine 0.5 36.5 14.2 24.6 38.8
4VP-1.0P P(4VP-co-HEMA) Pyridine 1.0 66.2 37.0 18.9 55.9
4VP-1.5P P(4VP-co-HEMA) Pyridine 1.5 73.7 48.3 17.2 65.5
4VP-0.5D P(4VP-co-HEMA) DMSO 0.5 — — — 38.8
4VP-1.0D P(4VP-co-HEMA) DMSO 1.0 — — — 55.9
4VP-1.5D P(4VP-co-HEMA) DMSO 1.5 — — — 65.5

a Molar ratio of PHPS to HEMA in feed.
b Molar ratio of grafted PHPS onto polymer to PHPS in feed.
c Weight fraction of silica in composite. Grafted: Grafted silica fraction in the composite calculated from GPHPS and

[PHPS]/[HEMA]. Unreacted: unreacted silica fraction in the composite calculated from GPHPS and [PHPS]/[HEMA]. Overall:
overall fraction of silica in the composites calculated from [PHPS]/[HEMA].

Figure 2 FTIR spectra of P(2VP-co-HEMA) and composites.
(a) P(2VP-co-HEMA). (b) Purified organic polymer after
blending with PHPS in pyridine at [PHPS]/[HEMA] � 0.5.
(c) Dried film of blend solution of P(2VP-co-HEMA) and
PHPS in pyridine at [PHPS]/[HEMA] � 0.5. (d) Calcined
film of dried film of blend solution of P(2VP-co-HEMA) and
PHPS in pyridine at [PHPS]/[HEMA] � 0.5.

752 SAITO AND TOBE



Hydrogen bond formation between 4VP and hy-
droxyl groups is reported in aprotic nonpolar sol-
vents.27,28 The aggregation of 4VP and HEMA in blend
solution was investigated by FTIR in detail. Figure 3
shows the FTIR spectra of P(2VP-co-HEMA), P(4VP-
co-HEMA) and the purified graft copolymers at
[PHPS]/[HEMA] � 0.5. The free pyridine peak should
be observed at 993 cm-1. In this work, the pyridine
peaks were shifted to 995 and 999 cm-1 for P(2VP-co-
HEMA) and P(4VP-co-HEMA), respectively, due to
the hydrogen bonds with HEMA. After reaction with
PHPS, the pyridine peaks shifted from 995 to 993 cm�1

for P(2VP-co-HEMA), and the pyridine peak of P(4VP-
co-HEMA) at 999 cm�1 vanished, indicating that the
hydrogen bonding between 2VP and HEMA was bro-
ken for P(2VP-co-HEMA) and the novel interaction
between 4VP and PHPS was formed for P(4VP-co-
HEMA). It should be noted that the resolution FTIR of
this work was 1 cm�1. Thus, the shift of the peaks was
not the resolution/error but the peak shift. Because
there is a novel interaction between 4VP and PHPS,
the enhancement of grafting of PHPS onto P(4VP-co-
HEMA) was expected.

Conversion of PHPS, GPHPS � [grafted PHPS]/[fed
PHPS] (mol %), was determined for pyridine and THF
solutions by using carbonyl peak at 1730 cm�1 and
PHPS peaks at 2160 and at 1100 cm�1 (SiOO). GPHPS
could not be measured for the DMSO solutions be-
cause good precipitant was not identified. Figure 4
shows GPHPS for P(2VP-co-HEMA) and P(4VP-co-
HEMA) in pyridine and THF. It is quite interesting
that GPHPS was increased by adjusting the [PHPS]/
[HEMA] molar ratio in pyridine even when the
[PHPS]/[HEMA] was lower than 1.0. It was previ-
ously found that the reaction of PHPS did not quan-
titatively but qualitatively react with HEMA. It was
due to the stereochemical shield of unreacted HEMA
by PHPS grafted onto polymer chain. The shield effect

more evident at higher HEMA contents. As well as
before, the lower GPHPS than quantitative value was
due to the shield of PHPS grafted onto P(2VP-co-
HEMA) and P(4VP-co-HEMA). On the other hand,
GPHPS was constant (ca. 100%) in THF. The hydroxyl
group in HEMA was segregated in THF. THF is a
good solvent for PHPS. The grafted PHPS cannot form
segregation with hydroxyl group in THF. The unre-
acted HEMA would not be shielded by the grafted
PHPS due to the strong difference of the solubility
between HEMA and PHPS to THF. Therefore, from a
viewpoint of GPHPS, selective solvent was a better
solvent to graft PHPS onto P(2VP-co-HEMA).

In pyridine, GPHPS of P(4VP-co-HEMA) was higher
than that of P(2VP-co-HEMA). The enhancement of
grafting of PHPS onto P(4VP-co-HEMA) was due to
the formation of interaction between PHPS and 4VP
unit of P(4VP-co-HEMA) observed by FTIR.

Nanostructure of composites

The nanostructures of the composites were investi-
gated by TEM. Figure 5 shows the transmission elec-
tron micrographs of the calcined composites of P(2VP-
co-HEMA) prepared in THF and pyridine with
[PHPS]/[HEMA] � 0.5 and 1.5. The dark regions cor-
respond to silica domains. It was clear that the internal
structure of all composites was microphase-seprarated
into organic polymer and silica domains. The average
sizes of the P2VP and silica domains ranged from 20 to
80 nm. Thus, P2VP/silica nanocomposites were ob-
tained with PHPS in THF and pyridine. The clear
microphase separation was observed for 2VP-0.5P
with lowest GPHPS in this work. It was found that
enough amount of graft copolymers to form the mi-
crophase separation were formed in the composites
even though the unreacted PHPS was remained in the
composites. The nanostructures of composites of
P(2VP-co-HEMA) prepared in THF [Fig. 5(a) and (b)]

Figure 4 Effect of [PHPS]/[HEMA] on degree of grafting
of PHPS onto polymer, GPHPS. Circle: P(2VP-co-HEMA) in
pyridine. Square: P(4VP-co-HEMA) in pyridine. Triangle:
P(2VP-co-HEMA) in THF.

Figure 3 FTIR spectra of P(2VP-co-HEMA), P(4VP-co-
HEMA), and their composites prepared in pyridine at
[PHPS]/[HEMA] � 0.5. (a) P(2VP-coHEMA). (b) Composite
of P(2VP-co-HEMA). (c) P(4VP-co-HEMA). (d) Composite of
P(4VP-co-HEMA).
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and in pyridine [Fig. 5(c) and (d)] were drastically
different. When THF was used, the spherical silica
domains were formed. Not the shape but the number
of spherical silica domain was increased by increasing
the [PHPS]/[HEMA] molar ratio. The number-aver-
age diameter, Dn, and polydispersity, Dw/Dn, were 20
nm and 1.12, respectively. The formation of spherical
silica domains with relatively narrow size distribu-
tions suggests that the segregated hydroxyl groups in
THF were fixed with PHPS. Thus, using a selective
solvent, such as THF, improved the homogeneity of
the size and the shape of the domains in the nanocom-
posites. However, the shape of silica domain could not
be controlled by varying the [PHPS]/[HEMA] ratio.
When pyridine was used, the volume fraction of con-
tinuous silica domains increased on increasing the
[PHPS]/[HEMA] ratio. Generally, the shape of nano-
structure of block and graft copolymers is governed
by the volume fraction of each sequence, so-called
Molau’s law.29 In this work, the shape of the nano-
structures of the composites were dependent on the
[PHPS]/[HEMA], when the composites were pre-
pared in pyridine. Thus, the nanostructure of the com-
posites was controlled with nonselective solvent.

Figure 6 shows the TEM micrographs of the com-
posites of P(4VP-co-HEMA) prepared in pyridine and

DMSO. Both pyridine and DMSO are good solvent for
P(4VP-co-HEMA). Given the higher GPHPS for P(4VP-
co-HEMA) compared to P(2VP-co-HEMA), better con-
trol of the nanostructure of the composites was ex-
pected for P(4VP-co-HEMA) in pyridine. However,
the morphologies of the nanocomposites of P(2VP-co-
HEMA) and P(4VP-co-HEMA) in pyridine at the same
[PHPS]/[HEMA] values were very similar. The mor-
phologies of P4VP/silica nanocomposites prepared in
pyridine and DMSO were comparable when the
[PHPS]/[HEMA] were similar. Thus, nanocomposite
morphology was not governed by GPHPS but by the
selectivity of solvent and the [PHPS]/[HEMA] molar
ratio.

Thermal properties of the composites

When polymer is phase separated on a microscopic
length scale, the glass transition temperature (Tg) due
to each domain should be detected. Because mi-
crophase separation of silica and organic domains
were observed for the composites by TEM, DSC mea-
surements were carried out. The DSC profiles of the
polymers and their composites prepared in pyridine
are shown in Figure 7. The original Tg values of of
P(2VP-co-HEMA) and P(4VP-co-HEMA) were 94.2 and

Figure 5 Transmission electron micrographs of composites of P(2VP-co-HEMA) (a) Prepared in THF at [PHPS]/[HEMA]
� 0.5. (b) Prepared in THF at [PHPS]/[HEMA] � 1.5. (c) Prepared in pyridine at [PHPS]/[HEMA] � 0.5. (d) Prepared in
pyridine at [PHPS]/[HEMA] � 1.5.
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140.5°C, respectively. The Tg peak was not detected for
the composites with P(2VP-co-HEMA). For the com-
posites with P(4VP-co-HEMA), Tg seemed to be shifted
to lower temperature. However, the change of the
slope at ca. 90 and 125°C of 4VP-0.5P and 4VP-1.0P,
respectively, were not Tg but due to the evaporation of
moisture in the composites. The absent of Tg owing to
the increase of compatibility between organic and sil-
ica domains has been reported in other nanocompos-
ites.24,30–32 Especially, when the confinement of poly-
mer chains in domains was smaller than 15 nm, it was
impossible to detect Tg by DSC.30 The average sizes of
the P2VP and P4VP domains, 20 to 80 and 10 to 50 nm,
respectively, were larger than 15 nm. However, the Tg

was not observed for the composites in this work. It is
difficult to detect the small amount silica interpene-
trated to the organic domains by TEM. The absent of
Tg in this work suggests the penetration of silica into
organic domains, although microphase separation
was observed for the composites. The microscopic
mobility of organic polymer was hindered by chemi-
cal attachment at the silica to P(2VP-co-HEMA) and
P(4VP-co-HEMA).

Generally, thermal stability of organic polymer is
drastically improved by the interpenetration of silica.31

When acrylonitrile– butadiene–styrene copolymers

Figure 6 Transmission electron micrographs of composites of P(4VP-co-HEMA) (a) Prepared in pyridine at [PHPS]/[HEMA]
� 0.5. (b) Prepared in pyridine at [PHPS]/[HEMA] � 1.5. (c) Prepared in DMSO at [PHPS]/[HEMA] � 0.5. (d) Prepared in
DMSO at [PHPS]/[HEMA] � 1.5.

Figure 7 DSC curves of organic polymer and composites.
(a) P(2VP-co-HEMA) and its composites. (b) P(4VP-co-
HEMA) and its composites.
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(ABS) was connected to silica domain by covalent
bonds in the ABS/silica composite, the thermal sta-
bility was increased by increasing the Tg because of
the increase of the compatibility between the poly-
mer and silica phases.32 Because Tg was not detected
for the composites in this work, the improvement of
the thermal stability of the composites was ex-
pected. Thus, DTG and TGA measurements were
carried out, and the results are shown in Figures 8
and 9. The peak temperature of first decomposition
peak and the starting temperature of decomposi-
tion, T*, estimated from DTG measurements, and
the char residue are listed in Table III. As shown in
Table III, the changes of the peak temperatures of
first decomposition peak between polymer and the
composites were less than 14°C. Thus, the peak
temperatures of first decomposition peak measured
by DTG did not vary by blending with silica (Fig. 8).
The composites were clearly phase separated into
organic and silica domains. Thus, silica had no ef-
fect on the decomposition of organic polymer.

On the other hand, the thermal stability of the com-
posite at low temperature was improved (TGA mea-
surements: Fig. 9). First, T* was drastically increased
with increasing weight fraction of silica. Because T* of
P(4VP-co-HEMA), 281.5°C, was lower than that of
P(2VP-co-HEMA), 323.1°C, the effect of silica on the

improvement of thermal stability was clearer for
P(4VP-co-HEMA) than P(2VP-co-HEMA). However, it
was impossible to increase T* over the peak tempera-
ture of first decomposition peak of P(2VP-co-HEMA)
and P(4VP-co-HEMA).

As well as T*, the char residues at 350 and 420°C
were also improved for the composites. To clarify the
effect of silica, the char residue corresponded to or-
ganic component, CHARpolymer, was calculated with
the weight fraction of silica and the char residue of
measured by TGA. At 350°C, CHARpolymer of P(4VP-
co-HEMA) was drastically increased by increasing the
weight fraction of silica. The silica was not effective on
CHARpolymer for P(2VP-co-HEMA) at 350°C, because
T* of P(2VP-co-HEMA), 323.1°C, was close to 350°C.

At 420°C, which is higher temperature than the peak
tempertaure of first decomposition peak, CHARpolymer
of all composites was in the range of 20.3–29.4 wt %,
instead of 3.4 and 1.1 wt % for P(2VP-co-HEMA) and
P(4VP-co-HEMA), respectively. Thus, decomposition
was clearly improved at 420°C. It should be noticed
that CHARpolymer at 420°C of the composites did not
depend on the weight fraction of silica. Char residue at
600°C of all samples showed a good correlation with

Figure 9 TGA curves of organic polymer and composites.
(a) P(2VP-co-HEMA) and its composites. (b) P(4VP-co-
HEMA) and its composites. (c) Corrected TGA curves to
organic component of P(2VP-co-HEMA) and its composites.
(d) Corrected TGA curves to organic component of P(2VP-
co-HEMA) and its composites.

Figure 8 DTG curves of organic polymer and composites.
(a) P(2VP-co-HEMA) and its composites. (b) P(4VP-co-
HEMA) and its composites.
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the weight fraction of silica of samples, indicating that
the organic component was completely decomposed
at 600°C for any samples. Consequently, thermal
properties lower than 420°C were clearly improved
for the organic/silica composites of both P(2VP-co-
HEMA) and P(4VP-co-HEMA).

CONCLUSION

Organic polymer and silica nanocomposites were syn-
thesized with perhydropolysilazane [PHPS] and
poly(2-vinyl pyridine-co-2-hydroxyethyl methacry-
late) [P(2VP-co-HEMA)] or poly(4-vinyl pyridine-co-2-
hydroxyethyl methacrylate) [P(4VP-co-HEMA)] in
pyridine, THF, and DMSO. When polymer and PHPS
were blended in nonselective solvent such as pyridine
and DMSO, the nanostructures of the composites did
not depend on the selectivity of the solvent but instead
on the feed ratio of PHPS to HEMA. When a selective
solvent such as THF was used, the nanostructure of
the composites was spherical silica with narrow size
distribution, where size was independent of the blend
ratio. It was due to the aggregation of hydroxyl groups
in THF. The degree of grafting of PHPS on P(4VP-co-
HEMA) was enhanced, because of the interaction be-
tween P4VP and PHPS in pyridine. The Tg of organic
domain of the composites vanished, T* increased, and
the thermal stability was improved over the range of
350–420°C.

The authors would like to acknowledge Clariant Japan Co.
for providing us with NN-110.
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TABLE III
Thermal Properties of P(2VP-co-HEMA), P(4VP-co-HEMA) and Their Composites

Code
Weight fraction
of silica (wt %)

T*a

(°C)

Char residueb (wt %) CHRApolymer
c (wt %) Peak temperature of

first decomposition
peak (°C)350°C 420°C 600°C 350°C 420°C 600°C

P(2VP-co-HEMA) 0.0 323.1 94.0 3.4 1.3 94.0 3.4 1.3 381.2
2VP-0.5P 37.3 332.4 95.0 50.0 42.9 92.0 20.3 8.9 367.4
2VP-1.5P 64.1 346.0 99.2 72.7 65.5 97.8 23.9 4.1 377.4

P(4VP-co-HEMA) 0.0 281.5 78.4 1.1 0.2 78.4 1.1 0.2 383.7
4VP-0.5P 38.8 327.8 93.6 56.8 48.8 89.6 29.4 16.3 374.9
4VP-1.5P 65.5 350.5 99.4 74.0 65.6 98.3 24.6 0.2 384.4

a Starting temperature of decomposition.
b Char residue of the composite.
c Char residue corresponding to organic component calculated from the weight fraction of silica in the composites.
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