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Preparation of composite materials from organic and
inorganic compounds has attracted much attention as
they might show improved properties superior to those
of the parent materials.1-3 The sol-gel reaction of
alkoxysilanes should be useful to prepare organic-
inorganic hybrid materials. In the sol-gel process, a
three-dimensional silica network is formed at relatively
low temperature by hydrolysis and condensation reac-
tions of alkoxysilanes.4 Various kinds of organic com-
pounds including polymers have been incorporated in
the reaction mixture of the sol-gel reaction to obtain
the organic-inorganic hybrid materials. Doping of low-
molecular-weight organic molecules in silica matrix
seems to have two objectives in general. One is to utilize
them in the field of photo- or electrochemical applica-
tions such as optical recording media, chemical sensors,
solid-state dye lasers, and nonlinear optics.5-15 Another
is to obtain information on the microscopic environment
in the matrix and to clarify the interaction between the
matrix and the doped molecules.5,6,16-19 We have pro-
posed organic-inorganic polymer hybrids, in which
organic polymers and silica gel are dispersed at the
molecular level, by utilizing the sol-gel reactions of
alkoxysilanes in the presence of organic polymers. In
particular, organic polymers containing hydrogen-bond
accepting groups such as amide groups in their repeat-
ing units gave transparent and homogeneous polymer
hybrids.20,21
As organic-inorganic polymer hybrids are transpar-

ent in the visible and near-ultraviolet region, it is
interesting to investigate the photochemical/photophysi-
cal reaction in the polymer hybrids. Here we present
an example of photochromic organic-inorganic polymer
hybrids by using azobenzene-modified poly(2-methyl-
2-oxazoline) as an organic polymer. It is well-known
that the azobenzene chromophores photoisomerize from
trans form to cis one by an irradiation of ultraviolet
light, and the reverse process proceeds both thermally
or by visible light irradiation.22,23 Many studies have
dealt with azobenzene chromophores incorporated into
the backbone of polymer chain or into the pending
groups, or doped in polymer matrices.18,19,24-28 They
reveal that the isomerization of azobenzene moieties can
affect the physical and chemical properties of the
polymers, and on the other hand, the isomerization

behavior of azobenzene chromophores is affected by the
polymer matrices.
Poly(2-methyl-2-oxazoline) (POZO) was prepared by

the ring-opening polymerization of 2-methyl-2-oxazoline
initiated by methyl tosylate. POZO was refluxed with
an aqueous NaOH solution to give partially hydrolyzed
POZO (H-POZO). Degree of hydrolysis could be con-
trolled by the molar ratio of the amide groups to NaOH.
Poly(2-methyl-2-oxazoline)s with various azobenzene
contents (POZO-A) were prepared by the reaction of
H-POZO with p-phenylazobenzoyl chloride in acetoni-
trile. Triethylamine or DBUwas used to trap generated
HCl. The results of the preparation of POZO-A are
summarized in Table 1. It is confirmed that almost
quantitative introduction of azobenzene moieties as
pending groups into POZO could be achieved by this
method. N,N-Diethyl-p-phenylazobenzamide was pre-
pared by the condensation reaction of p-phenylazoben-
zoyl chloride with diethylamine and was used as a model
compound for the isomerization reaction of azobenzene
moieties.
A typical procedure for the preparation of organic-

inorganic polymer hybrids is as follows. POZO-A and
alkoxysilanes were dissolved into methanol, and aque-
ous HCl was added as a catalyst for the sol-gel reaction.
Then the mixture was placed in air at room tempera-
ture. The results are summarized in Table 2. Trans-
parent and homogeneous polymer hybrids were obtained
when methyltrimethoxysilane (MeTMOS) and tet-
ramethoxysilane (TMOS) were used as the alkoxysi-
lanes. The feed ratio of the polymer to silicate (w/w)
could be varied between 1/5 and 2 without any influence
in the homogeneity (runs 5-8). Differences of molecular
weight and the content of azobenzene moieties up to 16
mol % also seem to have little effect on the homogeneity
of polymer hybrids. According to the previous studies,
it is known that stretching bands of amide carbonyl
groups (νCdO) are shifted to a lower wavenumber region
in the polymer hybrid due to the hydrogen-bond forma-
tion between carbonyl groups and residual silanol
groups. In POZO-A/MeTMOS polymer hybrid, νCdO
shifted to lower wavenumbers region about 8 cm-1

compared with that of POZO-A. This result indicates
that the hydrogen bond is formed in the same manner
in the POZO-A/MeTMOS system, which is considered
to be responsible for the molecular level homogeneity.
In the cases where MeTMOS was used, the obtained
polymer hybrids had no cracks after the complete
removal of the solvent and they were flexible to some
extent after completion of the condensation reaction of
alkoxysilane, whereas in the case of TMOS, only cracked
polymer hybrids were obtained. Therefore POZO-A/
MeTMOS was used for further investigation as the film
can be formed easily on a quartz substrate. On the
other hand, ethyltrimethoxysilane (EtTMOS), isobutyl-
trimethoxysilane (i-BuTMOS) and phenyltrimethoxysi-
lane (PhTMOS) gave only heterogeneous polymer hy-

532 Macromolecules 1998, 31, 532-534

S0024-9297(97)00407-5 CCC: $15.00 © 1998 American Chemical Society
Published on Web 01/01/1998



brids under the same conditions.
The isomerization behavior of azobenzene moieties in

solution was followed by absorption and 1H-NMR spec-
tra. The absorption maximum of the trans form was
observed at 328 nm (εmax ) 2.38 × 104 M-1 cm-1). This
solution was irradiated with ultraviolet light at the
wavelength between 300 and 400 nm by using a high-
pressure Hg lamp. The photoisomerization of azoben-
zene moieties from trans form to cis one proceeded and
reached to a photostationary state within 20 min. This
could be indicated by a decrease of the absorption at
328 nm and an increase at 435 nm. 1H-NMR spectra
can also be employed to follow the reaction. The peaks
for aromatic protons of the trans form were observed
between 7.8 and 8.3 ppm. After the irradiation of
ultraviolet light, new peaks corresponding to the cis
form appeared between 7.1 and 7.7 ppm. From the
integral of these protons, the ratio of trans and cis
isomers in the photostationary state could be calculated
to be 10:90. In the case of POZO-A in DMSO solution,
the absorption maximum was at the same wavelength
with the model compound, and the trans-to-cis ratio in
the photostationary state turned out to be 15:85.
The photoisomerization reaction also took place in

POZO-A film and POZO-A/MeTMOS hybrid. Figure 1
shows absorption spectra of POZO-A/MeTMOS hybrid.
It was reported that the hydrogen-bond formation
between azo groups and silanol groups was observed in
the hybrid system consisting of monomeric azobenzene
derivatives and TMOS.18,19 The evidence for the forma-
tion of hydrogen bond is the change in absorption
spectrum, that is, the shoulder absorption at the longer
wavelength of the π-π* absorption. It was attributed
to the blue shift of the n-π* transition. In our case,
however, such a blue-shifted absorption was not ob-

served. Moreover, there is no difference in the absorp-
tion maximum wavelength of POZO-A in solution, in
film, and in the hybrid (Table 3). From these results,
it can be said that the difference of the electronic
interactions between azobenzene moieties and the sur-
roundings can be ignored in our system. The trans-to-
cis ratios in the photostationary state are also summa-
rized in Table 3. In polymer film and polymer hybrid,
the cis fraction in the photostationary state appeared
to have smaller value than that in solution. This means
the inhibition of the photoisomerization owing to a
rather small free volume in the matrix compared with
that in solution. Such inhibition of the isomerization
of azobenzene was reported previously.18,19
The reverse isomerization progressed both thermally

and upon irradiation with visible light (436 nm). Com-
pared with a thermal process at room temperature, a
photochemical process proceeded much faster and
reached to new photostationary equilibrium (trans:cis
) 88:12).
In summary, we demonstrated here an example of the

photoresponsive organic-inorganic polymer hybrids
from azobenzene-modified poly(2-methyl-2-oxazoline).
Transparent and homogeneous polymer hybrids could
be obtained in a wide range of composition by the acid-
catalyzed sol-gel reaction of alkoxysilanes in the pres-
ence of POZO-A. It is confirmed that both trans-to-cis
photoisomerization and thermal or photochemical cis-
to-trans reverse isomerization of azobenzene chro-
mophores took place reversibly in POZO-A/MeTMOS
polymer hybrid. Kinetic studies of thermal cis-to-trans
isomerization is in progress to investigate the local
environment around azobenzene moieties in the poly-
mer hybrids.
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Table 1. Preparation of Azobenzene-Modified
Poly(2-methyl-2-oxazoline) (POZO-A)

POZO H-POZO POZO-A
deg of modification

run
deg of

polymerizationa
deg of

hydrolysisa
yield
(%) UVb 1H-NMRc

1 32 2.8 95 2.0 2.0
2 74 1.3 85 1.3 1.3
3 ∼100 1.7 85 1.2 1.2
4 32 19.2 ∼100 9.4 16.0
5 45 9.6 98 6.3 9.4
a Determined from 1H-NMR spectra. b Calculated from UV

spectra at λmax ) 328 nm (εmax ) 2.38 × 104). c Calculated from
1H-NMR spectra (acetyl protons vs ring protons).

Table 2. Preparation of POZO-A/Alkoxysilane Polymer
Hybridsa

appearance
run

POZO-
Ab

alkoxy-
silane ratioc

1 1 (2.0) MeTMOS 1/5 transparent, homogeneous no cracks
2 2 (1.3) MeTMOS 1/5 transparent, homogeneous no cracks
3 3 (1.2) MeTMOS 1/5 transparent, homogeneous no cracks
4 4 (16.0) MeTMOS 1/5 transparent, homogeneous no cracks
5 5 (9.4) MeTMOS 1/5 transparent, homogeneous no cracks
6 5 (9.4) MeTMOS 1/2 transparent, homogeneous no cracks
7 5 (9.4) MeTMOS 1/1 transparent, homogeneous no cracks
8 5 (9.4) MeTMOS 2/1 transparent, homogeneous no cracks
9 3 (1.2) TMOS 1/5 transparent, homogeneous cracks
10 3 (1.2) EtTMOS 1/5 turbid
11 3 (1.2) i-BuTMOS 1/5 turbid
12 3 (1.2) PhTMOS 1/5 turbid, phase separated

a Methanol was used as a solvent and a drop of 0.1 N HClaq
was added as a catalyst for the sol-gel reaction. b Degree of
modification is shown in parentheses (calculated from 1H-NMR
spectra). c POZO-A/alkoxysilane (w/w).

Figure 1. Absorption spectra of POZO-A/MeTMOS polymer
hybrid film before and after irradiation with ultraviolet light.
(POZO-A/MeTMOS ) 1/20).

Table 3. Absorption Maximum Wavelength and Isomer
Ratio in the Photostationary State of Each Sample

λmax (nm) trans:cis

MODEL (in DMSO) 328 10:90
POZO-A (in DMSO) 330 15:85
POZO-A (film) 330 37:63
POZO-A/MeTMOS (film) 330 37:63

Macromolecules, Vol. 31, No. 2, 1998 Communications to the Editor 533



(3) Judeinstein, P.; Sanchez, C. J. Mater. Chem. 1996, 6, 511.
(4) Brinker, C. J.; Scherer, G. W. Sol-Gel Science, The Physics

and Chemistry of Sol-Gel Processing; Academic Press:
Inc.: San Diego, CA, 1990.

(5) Dunn, B.; Zink, J. I. J. Mater. Chem. 1991, 1, 903.
(6) Avnir, D.; Levy, D.; Reisfeld, R. J. Phys. Chem. 1984, 88,

5956.
(7) Levy, D.; Einhorn, S.; Avnir, D. J. Non-Cryst. Solids 1989,

113, 137.
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