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Recently, much attention has focused on the prepa-
ration of nano-ordered hybrid material consisting of
both organic and inorganic moieties (metal oxide such
as silica, titania, and alumina) using the sol–gel tech-
nique.1–14 Especially, the preparation of a polymer hy-
brid by utilizing physical interactions such as hydro-
gen bonding,1 aromatic13 and ionic14 interactions is
convenient method. These materials showed signifi-
cant properties such as a high thermal stability, film-
forming property, and good mechanical property due
to the nano-ordered combination. They are also ex-
pected to reveal several significant functions from
each starting material.
Tamaki previously reported a preparation of the

polystyrene-silica gel polymer hybrid from an arylal-
koxysilane utilizing the aromatic �–� interaction.13

This method is a strong process for the formation of
nano-ordered hybrid materials from a hydrophobic ar-
omatic polymer. However, little is known about these
examples. It is very important to extend this scope
toward other aromatic polymers such as engineering
plastics or thermosetting resins.
In this paper, we report the preparation of organic/

inorganic polymer hybrids from a new class of novo-
lac (phenolic resin) derivatives utilizing the aromatic
�–� interaction. (Figure 1) Previously, the prepara-
tion of the phenolic resin-silica gel polymer hybrids
by the sol–gel reaction using the low molecular
weight resole15 (phenolic resin having phenolic hy-
droxyl and hydroxymethyl groups) and alkoxysilane
were reported. However, these polymer hybrids might
be utilized by the hydrogen bond interaction and the
covalent bond formation. It is necessary to develop
a more general preparation method for future applica-
tions of novolac derivatives.16,17 The nano-orderd sili-
ca-novolac composite is expected to exhibit good

thermal stability, mechanical properties, processabili-
ty of coating and so on.
The new class of novolac derivatives, i.e., the

precursors of the polymer hybrids, are listed in
Figure 2.18–20 These are alkoxylated novolacs which
are well-soluble in poor solvents for phenol novolac
such as chloroform and toluene, and are more stable
to heat, acid, and oxidation than that of the common
novolac due to the effect of protecting of the phenolic
hydroxyl group. Therefore, these are unique aromatic
polymer materials.
Anisole novoalc (1)18 (Mn ¼ 2500, Mw=Mn ¼

1:16),21 phenetole novolac (2)18 (Mn ¼ 3000, Mw=
Mn ¼ 1:12), and diphenyl ether novolac (3)19 (Mn ¼
2900, Mw=Mn ¼ 1:11) were prepared by the sulfuric
acid-catalyzed addition-condensation of the corre-
sponding monomers with formaldehyde (paraform-
aldehyde).
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Figure 1. �–� Interaction between polymer and silica matrix.
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Figure 2. Precursors of organic/inorganic polymer hybrid.

yTo whom correspondence should be addressed (Tel: +81-3-5734-2321, Fax: +81-3-5734-2888, E-mail: gkonishi@polymer.titech.ac.jp).
yyPresent address: Tokyo Institute of Technology, Ookayama, Meguro-ku, Tokyo 152-8552, Japan

606

Polymer Journal, Vol. 38, No. 6, pp. 606–609 (2006)

http://dx.doi.org/10.1295/polymj.PJ2005224


The organic/inorganic polymer hybrid was pre-
pared by the hydrochloric acid (HCl)-catalyzed sol–
gel reaction of phenyltrimethoxysilane (PhTMOS)
in the presence of anisole novolac (1). (Scheme 1)
The typical procedure is as follows (run 8). PhTMOS
(500mg) and anisole novolac (500mg) were dissolved
into THF (15mL), and aqueous HCl (1mL, 0.1mol/
L) was added as a catalyst for the sol–gel reaction
in room temperature. The mixture was stirred for 30
min in a glass bottle and then irradiated with weak su-
personic waves for 10min. The resulting mixture was
then placed in a clear polypropylene (PP) container
covered with a paper towel, and left in the drying ap-
paratus. The temperature was raised to 80 �C at the
rate of 10 �C/10min (reaction rate: ‘‘Fast condition’’)
and then kept at the same temperature for four days.
After the drying solvents were completely removed
in vacuo, a transparent PhTMOS film containing an-
isole novolac was then obtained, which is a colourless
and hard glassy material. The homogeneity of the ob-
tained polymer hybrids was evaluated by optical ob-
servations. This makes possible to prepare a hybrid
glass having a high content of the novolac derivatives.
On the other hand, for the ‘‘Slow condition’’ (heat-

ing rate of 10 �C/1 h), a phase separation occurred.
The transparent polymer hybrid could not be obtained
regardless of polymer content (run 2, 4, 6, 10, 12, 14).
Similar reactions in the presence of phenetole novo-

lac (2) afforded the corresponding polymer hybrids.
However, no polymer hybrid was obtained from the
diphenyl ether novolac (3) because of its poor solubil-
ity at a high concentration.
It is noted that the most significant factor for the

successful synthesis of the polymer hybrid was the
‘‘heating rate.’’ This evidence suggests that it is neces-
sary for obtaining a transparent polymer hybrid to
form the silica matrix (sol) before the polymer aggre-
gates. In general, novolac has a spherical structure in
dilute solution and does not have a film-forming prop-
erty.16 This required condition may relate to the char-

acteristic of the novolac.
The results are summarized in Table I.
Figure 3 shows a scanning electron microscope

(SEM) images of the polymer hybrid (Run 8) and tur-
bid sample (Run 6).22 As expected, no nano-scale
phase separation was confirmed in this sample.
The driving force of the dispersion of the two com-

ponents might be the �–� interaction between the
phenyl ring of the silica matrix and that of novolac.
The evidence for the interaction was not supported
by the spectroscopic measurements such as NMR,
UV, and FT-IR. Although it is indirect evidence, a
transparent anisole-silica hybrid was not obtained us-
ing tetramethoxysilane (TMOS) and tetraethoxysilane
(TEOS) instead of PhTMOS. Therefore, the aromatic
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Scheme 1. Preparation of polymer hybrid.

Table I. Preparation and homogeneity of polymer hybrids

Run Polymer
Polymer:
PhTMOSa

Reaction
Rate

Appearance

1
1:10

Fast Transparent

2 Slow Turbid

3
1:5

Fast Transparent

4 Anisole Slow Turbid

5 Novolac
1:2

Fast Transparent

6 Slow Turbid

7 4:5 Fast Transparent

8 1:1 Fast Transparent

9
1:10

Fast Transparent

10 Slow Turbid

11
1:5

Fast Transparent

12 Phenetole Slow Turbid

13 Novolac
1:2

Fast Transparent

14 Slow Turbid

15 4:5 Fast Transparent

16 1:1 Fast Transparent

17
Diphenyl Ether 1:10

Fast Turbid

18
Novolac

Slow Turbid

19 1:5 Fast Turbid

aBased on the weights.

Novolac-Silica Hybrid
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interaction plays a critical role in the homogeneous
integration of the polymer and silica matrix.13 There

is no other effective interaction.
Figure 4 shows the thermogravimetric analysis

(TGA) of the polymer hybrid (Run 8)23 and its anisole
novolac (precursor) (1). In the case of nitrogen atmo-
sphere condition (Figure 4(a)), the 10% weight loss of
the polymer hybrid was 420 �C and the weight loss of
polymer hybrid at 700 �C was 40%. The residue might
be mainly carbon and silica. On the other hand, in the
case of air condition (Figure 4(b)), the 10% weight
loss of the polymer hybrid was 400 �C and the weight
loss at 800 �C was 75%. The residue might be mainly
silica (SiO2). This polymer hybrid has a significant
potential as a heat-resistant material.
In conclusion, functional novolac-silica gel poly-

mer hybrids were prepared by the sol–gel reaction
of phenyltrimethoxysilane (PhTMOS). The obtained
polymer hybrid was a high heat-resistant and hydro-
phobic material which will be applicable for coatings,
plastic lens, etc. A new material science of a novolac
film or composite will be developed by this method-
ology.
We thank Dr. T. Ogoshi (Kyoto University) and Dr.

T. Kawamura (Kanazawa University) for the SEM
measurements. This work was partially supported by
the Industrial Technology Research and Development
Project (No. 04A23030) from NEDO of Japan and the
Asahi Glass Foundation for Young Scientist.
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Figure 3. SEM images of polymer hybrid (Run 8) (a) and

turbid sample (Run 6) (b) (ref. 22).
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Figure 4. TGA thermograms of anisole novolac and hybrid (Run 8); a: under air; b: under nitrogen (ref. 23).
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