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ABSTRACT: We have estimated the local polarity in organic—inorganic polymer hybrids by employing
solvatochromic pyridinium N-phenolate betaine dyes. Solvatochromic polymer was prepared by introducing
Reichardt’s betaine dye in the side chain of poly(2-methyl-2-oxazoline), and the model compound for the
dye unit was also prepared. Polymer hybrids were prepared from these compounds and mixtures of various
proportions of tetramethoxysilane (TMOS) and methyltrimethoxysilane (MeTMOS). The electronic
absorption spectra were measured by the diffuse reflectance method. It was found that the local polarity
in the polymer hybrids was affected by both the TMOS:MeTMOS ratio and the presence of the organic
polymer. In addition, it was suggested that the dye molecules are preferentially surrounded by the organic
polymer rather than the siloxane network in the polymer hybrids.

Introduction

Sol—gel-derived organic—inorganic nanocomposites
have received a great amount of scientific and techno-
logical interests during the past 2 decades.!~> Ambient
processing condition of the sol—gel technique enables
one to construct nanocomposites of organic and inor-
ganic components.® Several types of preparation meth-
ods have been proposed for the organic—inorganic
nanocomposites. Organically modified silica gels (or-
mocers) were prepared by the sol—gel reaction of alk-
oxysilanes having organic residues (e.g., methyltrimeth-
oxysilane or phenyltrimethoxysilane).”8 Alkoxysilanes
having a polymerizable functional group such as a
methacryl group can polymerize with both organic
monomers such as methyl methacrylate (MMA) and
inorganic precursors, resulting in a hybrid material
where organic polymer and inorganic network are
linked covalently.”® Impregnation of MMA to the porous
silica gel and subsequent radical polymerization of
MMA afford another kind of organic—inorganic com-
posite matrix.® Organic polymers coexist in the sol—gel
reaction of alkoxysilanes to construct organic—inorganic
hybrid matrixes.1011

It is of great interest to utilize these nanocomposites
as host media for numerous organic, organometallic, and
biological molecules.’?2~17 This approach has been ap-
plied extensively for the design and synthesis of a wide
range of novel materials in the fields of photonics (solid-
state dye lasers,®720 nonlinear optics,?1~23 optical stor-
age,2* optical switches?®), sensors,?627 and biological
catalysts.?® Probing the microenvironment of the en-
trapped molecules in the nanocomposites is another
area of interest.'>2973% The nature of the local environ-
ment around the entrapped molecule is usually decisive
in achieving the desired property. It is necessary to
understand the microenvironment around the doped
molecules to predict and design the property of the
molecules and the resulting property of the materials.

Solvatochromic techniques for characterizing the local
polarity around the dye have been developed.36-38 The
techniques are based on the solvent-dependent shifts
of absorption band of a dye used as a probe for the
solvation properties of a given medium. Polarity is one

10.1021/ma9901846 CCC: $19.00

of the most important properties of such materials, as
the property of the doped molecule are intrinsically
affected by their surroundings. Here, “solvent polarity”
is the overall solvation capability of the solvents.3’
Reichardt's betaine dye (2,6-diphenyl-4-(2,4,6-triphenyl-
N-pyridino)phenolate) is a well-known solvatochromic
dye and is frequently used to determine the polarity of
the medium experimentally.3637 It exhibits a quite large
negative solvatochromism, and the polarity of the
medium is estimated by the molar electronic transition
energy of a dye, Er, as defined by eq 1.

E; (kcal mol™) = hcN v, a0 = 28 591/4,,5, (NM) (1)

max

Here h is Plank’s constant, c is the speed of light in a
vacuum, Na is Avogadro’s number, and vmax and Amax
are the frequency and the wavelength, respectively, of
the absorption maximum of the intramolecular charge-
transfer band of the dye. A high Et value corresponds
to high solvent polarity. The Et value for Reichardt’'s
betaine dye has been utilized as an empirical scale for
solvent polarity and called the E1(30) scale. This scale
was also utilized to investigate the polarity of solid
matrixes such as organic polymers or sol—gel glass.32:39

We have been investigating the organic—inorganic
polymer hybrids, which are the molecular composite
materials of organic polymers and a three-dimensional
siloxane network.1%11 They are prepared by the sol—
gel reaction of alkoxysilanes in the presence of organic
polymers such as poly(2-methyl-2-oxazoline) and poly-
(N-vinylpyrrolidone). The hydrogen-bonding interac-
tions between amide groups of the organic polymers and
silanol groups remaining in the siloxane network pre-
vent the aggregation of the organic polymer during the
sol—gel reaction and induce the molecular-level homo-
geneity.

In the present study, the local polarity of the mi-
croenvironment in the organic—inorganic polymer hy-
brids was investigated by utilizing the solvatochromic
method. The solvatochromic polymer was prepared by
incorporating Reichardt's betaine dye in the side chain
of poly(2-methyl-2-oxazoline) (9 in Scheme 1), and the
model compound for the dye unit was also synthesized
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Scheme 1. Synthesis of 9 and 6
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(6 in Scheme 1). They coexist in the sol—gel reaction of
TMOS and MeTMOS. The local polarity was estimated
and compared with each other.

Experimental Section

Materials. Preparation of poly(2-methyl-2-oxazoline) (7)
and partial hydrolysis of amide groups of 7 to obtain 8 were
reported previously.*° Distilled reagents were stored under
nitrogen atmosphere. Acetophenone and boron trifluoride
diethyl etherate were distilled under reduced pressure. Chlo-
roform was dried and distilled from CaH,. Acetone was dried
and distilled from K,COs. Diethylamine was distilled. DMF
was dried and distilled from MgSO, under reduced pressure.
1,8-Diazabicyclo[5.4.0]Jundec-7-ene (DBU) was distilled under
reduced pressure. 4-Cyanobenzaldehyde, 4-amino-2,6-diphen-
ylphenol, 42% aqueous tetrafluoroboric acid, sodium tetrafluo-
roborate, concentrated aqueous hydrochloric acid, glacial acetic
acid, thionyl chloride, and sodium methoxide were used as
received. Tetramethoxysilane (TMOS) and methyltrimethoxy-
silane (MeTMOS) were distilled.
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Measurements. 'H NMR spectra were recorded on a 270
MHz JEOL-JNM-GX270 NMR spectrometer. 3C NMR spectra
were recorded on a 67.5 MHz JEOL-JNM-GX270 NMR spec-
trometer. IR spectra were obtained on a Perkin-Elmer 1600
infrared spectrometer. UV/vis/NIR absorption spectra of solu-
tions and films were obtained on a JASCO V-530 spectropho-
tometer. Diffuse reflectance UV/vis/NIR absorption spectra of
polymer hybrids were obtained on a Perkin-Elmer UV/vis/NIR
spectrometer Lambda 19 with an attached Labsphere RSA-
PE—19 reflectance spectroscopy accessory. Thermogravimetric
analysis (TGA) was performed on a Shimadzu TG-30, TGC-
30 with the heating rate of 10 °C min~! up to 950 °C under
air. Nitrogen adsorption porosimetry was conducted on a BEL
Japan Inc. The powdered polymer hybrid was calcined at 600
°C in air for 24 h to remove organic components. The resulting
porous silica was then dried at 200 °C for 2 h under reduced
pressure before the porosimetry measurement. The surface
area was calculated with the Brunauer—Emmett—Teller (BET)
equation in the range of 0.05—0.30 (p/po), and the pore size
distribution was calculated by the Barrett—Joyner—Halenda
(BJH) method.

3-(4-Cyanophenyl)-1-phenyl-2-propen-1-one (1). Com-
pound 1 was prepared according to the literature.*! Yield after
recrystallization from ethanol was 75%.

4-(4-Cyanophenyl)-2,6-diphenylpyrylium tetrafluoro-
borate (2). To a solution of 1 (9.54 g, 40.9 mmol) and
acetophenone (2.45 g, 20.4 mmol)*? in chloroform (50 mL) was
added BF3°OEt; (21 mL) under nitrogen atmosphere. The
mixture was stirred at 60 °C for 50 h. Diethyl ether (50 mL)
was added, and the precipitate was filtered and dried. The
crude product was recrystallized from methanol to give 2.96 g
(35%) of 2 as a yellow crystal. *H NMR, IR, and melting point
(mp) were in agreement with the data in the literature.*! 13C
NMR (acetone-ds): 118.06, 118.64, 118.82, 130.46, 130.59,
131.50, 131.72, 134.83, 137.02, 138.58, 166.20, 177.35.

4-(4-Cyanophenyl)-1-(4-hydroxy-3,5-diphenylphenyl)-
2,6-diphenylpyridinium tetrafluoroborate (3). Compound
3 was prepared according to the literature.*? Yield after
recrystallization from 2-propanol was 76%.

4-(4-Carboxyphenyl)-1-(4-hydroxy-3,5-diphenylphenyl)-
2,6-diphenylpyridinium tetrafluoroborate (4). The pro-
cedure in the literature*! was slightly modified. Compound 3
(1.14 g, 1.712 mmol) in a mixture of concentrated hydrochloric
acid (100 mL), glacial acetic acid (60 mL), and water (33 mL)
was refluxed for 90 min. After the solution was cooled to room
temperature, 30% aqueous NaBF, (75 mL) was added and left
overnight in a refrigerator. The precipitate was filtered,
washed well with water, recrystallized from water—methanol,
and dried at 60 °C under reduced pressure. Compound 4 was
obtained as a yellow crystal (76%). 'H NMR, IR, and mp were
in agreement with the data in the literature.*

2,6-Diphenyl-4-{[4-(4-N,N-diethylcarbamoylphenyl)-
2,6-diphenyl]-N-pyridino} phenolate (6). Compound 4 (144
mg, 0.21 mmol) was refluxed with thionyl chloride (5 mL) for
30 min, and then excess thionyl chloride was removed by
evaporation. Acyl chloride 5 was used in the next step without
further purification. Compound 5 was dissolved in dried
acetone (5 mL) under nitrogen atmosphere, and diethylamine
(74 mg, 1.0 mmol) was added dropwise with stirring. The
resulting deep purple mixture was stirred at room temperature
for 30 min before the solvent was removed by evaporation. The
remaining solid was washed well with water and dried at 80
°C under reduced pressure. Dye molecule 6 was obtained as a
deep green solid. Yield: 100 mg (0.15 mmol, 75%). *H NMR
(CD30OD): 6 1.15 and 1.28 (broad peaks, 6H, CH3), 3.33 and
3.58 (broad peaks, 4H, CH,), 6.82 (s, 2H, 3,5-positions of
phenolate), 7.08—7.58 (m, 20H, Ph), 7.63 and 8.21 (AB system,
Jas = 8.3 Hz, 4H, aromatic protons of 4-carbamoylphenyl ring),
8.47 (s, 2H, aromatic protons of pyridinium ring). *C NMR
(CD3;OD): 6 13.84 and 15.19 (CHs), 41.73 and 45.69 (CH,),
127.82,128.02, 128.34, 128.63, 129.48, 129.57, 130.41, 130.73,
131.27,131.78, 132.01, 133.59, 136.18, 137.24, 141.41, 142.36,
157.15, 159.63, 162.11, 172.98 (CO). IR (KBr): 1618 cm™ (vco).
Elem. Anal.: calcd C 80.69, H 5.89, N 4.30; found: C 80.69, H
5.68, N 4.30.
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Reichardt’'s Dye-Modified Poly(2-methyl-2-oxazoline)
(9). Compound 4 (146 mg, 0.21 mmol) was refluxed with
thionyl chloride (5 mL) for 30 min, and then excess thionyl
chloride was removed by evaporation. Acyl chloride 5 was used
in the next step without further purification. Acyl chloride 5
and 2 mol %-hydrolyzed poly(2-methyl-2-oxazoline) (8, 470 mg,
0.10 mmol NH) were dissolved in DMF (10 mL) under nitrogen
atmosphere, and DBU (15 mg, 0.10 mmol) was added to trap
HCI gas. The mixture was stirred at room temperature
overnight. The polymer was isolated by reprecipitation into
diethyl ether and further purified by reprecipitation from
methanol into diethyl ether (two times). The resulting precur-
sor polymer was dissolved in methanol (10 mL), and sodium
methoxide (18 mg, 0.3 mmol) in methanol (5 mL) was added.
The solution turned deep purple and was stirred for 10 min.
The polymer was isolated by reprecipitation from methanol
into diethyl ether (four times) and freeze-dried with benzene.
Yield: 443 mg (92%). Quantitative introduction of the chro-
mophore on the polymer chain and complete conversion to
phenolate by the treatment with sodium methoxide was
confirmed by *H NMR as well as electronic absorption spec-
troscopies. In the 'H NMR spectrum of 9 in CD3;OD, the
methylene protons next to secondary amine groups in 8
disappeared, and peaks of aromatic protons corresponding to
the chromophore appeared in the same position of 6. Solva-
tochromic behavior of 9 in various solvents is discussed later.

Preparation of Polymer Hybrids and Sol—Gel Glasses
from Solvatochromic Compounds. In a typical experiment,
a mixture of 100 mg of 9, 0.20 mL of TMOS, 0.19 mL of
MeTMOS (molar ratio of 5:5), and 2 mL of methanol was
sonicated for 10 min and then 0.17 mL of water was added,
followed by sonication for an additional 10 min. The mixture
was placed in a polypropylene mold covered with a paper towel
and left in air at room temperature for 5 days and then at 60
°C for 2 days. The obtained solid was ground in a mortar, and
the resulting powder was heated at 120 °C for 12 h to complete
the sol—gel reaction. The polymer hybrids from 6 and poly-
oxazoline 7 were prepared in the same way as above, but
employing 100 mg of polyoxazoline 7 and 13.6 mg of 6 instead
of 9. The 6-doped sol—gel glasses were prepared similarly, but
without polymer.

Electronic Absorption Spectra. All of the solvents for
measurement of absorption spectra were dried and distilled
in traditional methods according to the literature.*® The
concentration of the dye was set to be ca. 3 x 107* M to acquire
absorbances of the intramolecular charge-transfer band ~ 1.
A film of 9 was prepared by casting methanol solution onto a
guartz substrate, followed by drying in vacuo at 110 °C for 3
h. A film of 6-doped polyoxazoline was prepared by casting
methanol solution (3 mg of 6 and 100 mg of polymer in 0.5
mL of methanol) onto a quartz substrate followed by drying
in vacuo at 110 °C for 3 h. The spectra of the films were
obtained by using a clean quartz substrate of the same
thickness as the reference. The diffuse reflectance absorption
spectra of the powdered polymer hybrids were obtained by
using MgO; powder as the reference. The powders of polymer
hybrids were dried in vacuo at 120 °C just before the measure-
ment.

Results and Discussion

Solvatochromic compounds 6 and 9 were prepared
according to Scheme 1. The degree of introduction of the
dye into the polymer was calculated to be 2 mol % from
the 'H NMR spectrum, which was in good agreement
with the degree of hydrolysis of the precursor 8.
Quantitative introduction of the chromophore on the
polymer chain was also confirmed by the disappearance
of methylene protons adjacent to secondary amine group
in 9. Aromatic peaks of 9 corresponded well with those
of 6, indicating that the betaine dye was actually formed
in the side chain of the polymer.

The electronic absorption spectra of 6 were observed
in various solvents. The absorption maximum wave-
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Table 1. Et Values? of 6, 9, and Reichardt’s Dye in
Various Solvents

solvent 6 9 Reichardt's dyeP
water 61.2 63.1
methanol 53.8 54.7 55.4
ethanol 50.6 51.9
2-propanol 46.8 48.2 48.4
acetonitrile 44.3 45.6
DMSO 43.9 45.1
DMF 42.2 435 43.2
DMACc 41.6 42.9
acetone 41.7 42.2
CICH,CHCI 40.0 41.3
CHClI, 39.1 40.7
chloroform 38.8 39.1
THF 36.6 37.4

aIn kilocalories per mole. ® From Reichardt.3”
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Figure 1. Correlations between the Ey values of 6 or 9 and
those of Reichardt’s dye®” in various solvents.

length (Amax) of the intramolecular charge-transfer band
shifted from 781 nm (in THF) to 531 nm (in methanol).
The polarity parameter Et values in each solvents are
listed in Table 1. Table 1 also includes Et values of 9
and Reichardt’s dye.3” Because of the low solubility of
9 especially in nonpolar solvents, only four solvents were
examined for 9. Linear correlations between Er values
of Reichardt’s dye and those of 6 or 9 were found to be
excellent (Figure 1).

E;(6) = 0.908 + 0.954E(30);
correlation coefficient |r| = 0.998

E;(9) = 5.042 + 0.892E.(30);
correlation coefficient |r| = 1.000

The slopes of the correlation functions indicate slightly
lower but comparable solvatochromic sensitivities of
these compounds with Reichardt’s dye.

The organic—inorganic polymer hybrids were pre-
pared from 9 with mixtures of various proportions of
TMOS and MeTMOS (Table 2). No acid catalyst was
used in this study since the protonated phenol form of
the chromophore showed no solvatochromism. The
polymer hybrids from 6, the polyoxazoline 7 and TMOS/
MeTMOS mixture, and the 6-doped TMOS/MeTMOS
sol—gel glasses were also prepared. Transparent and
homogeneous polymer hybrids were obtained with the
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Table 2. Results of Preparation and Et Values of Polymer Hybrids and Sol—Gel Glasses from 9 and 6

9 6 + polyoxazoline 6 Reichardt’s dyeP
TMOS:MeTMOS ceram. Et(9) ceram. E1(6) E1(6) E1(30)
(molar ratio) appearance yield2 (%) (kcal mol~1) yield? (%) (kcal mol 1) (kcal mol~1) (kcal mol~1)
55 transparent 98 47.1 83 45.9 50.5 47.0
6:4 transparent 97 47.4 88 46.1 53.6 49.3
73 transparent 98 47.8 88 46.4 53.8 50.2
8:2 transparent 101 48.5 90 46.9 56.2 54.1

a Ceramics yields = (weight percent of ceramics in polymer hybrids observed by TGA)/(calculated value of weight percent of ceramics).

b From Rottman et al.32

Table 3. Porosity of Calcined Polymer Hybrids2

TMOS:MeTMOS (molar ratio)

Sger® (M2 g™?)

Rpeak® (NM)

8:2 222 1.8
73 218 1.9
6:4 205 1.8
5:5 179 1.8

a The porous silica was obtained by charring the polymer hybrid
at 600 °C for 24 h. P Surface area calculated by BET method. ¢ Pore
radius calculated by BJH method from desorption branch.

molar ratio of TMOS:MeTMOS from 8:2 to 5:5. The
guantitative progress of the sol—gel reaction of TMOS
and MeTMOS was confirmed by TGA of the obtained
polymer hybrids. The dispersity of organic polymers in
the polymer hybrids was evaluated by nitrogen adsorp-
tion porosimetry. The polymer hybrids were calcined at
600 °C for 24 h to achieve complete removal of organic
components (Scheme 2). The siloxane lattice is so rigid

Scheme 2. Formation of Porous Silica from the
Polymer Hybrid by Calcination
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that it would not be affected at this temperature.
Therefore, the size of the remaining pores was expected
to be comparable to the size of the domain of organic
polymer. Surface areas as well as pore radii evaluated
by nitrogen adsorption porosimetry are listed in Table
3. All of the porous silica gels prepared from the polymer
hybrids had a surface area of ca. 200 m? g=! and the
sharp pore size distributions that peaked at 1.8—1.9 nm.
These results suggest the nanolevel dispersion of the
organic polymer in the polymer hybrids.

The electronic absorption spectra of the polymer
hybrids and the sol—gel glasses were observed by diffuse
reflectance absorption spectroscopy. Representative spec-
tra for 9/TMOS/MeTMOS and 6/7/TMOS/MeTMOS
were shown in Figure 2. The absorption bands in the
polymer hybrids were found to be somewhat broader
than those in methanol solution, indicating the hetero-
geneity of matrix in the solid polymer hybrid compared
with the solution phase. However, as suggested from
the results of nitrogen adsorption porosimetry, the
organic polymers were dispersed in the range of a few
nanometers. The polarity of the matrixes could be
estimated from the maximum wavelength of the ab-
sorption. The Et values are collected in Table 2. It was
found that the Ey values became larger with higher
TMOS ratios in all cases and were linearly correlated
with the relative amounts of TMOS (Figure 3). The
linear correlations (Jr| > 0.985) denote a homogeneous
polymerization of TMOS and MeTMOS.

B 6 in methanol
polymer 9 in methanol

polymer 9/TMOS/MeTMOS
6/polymer 7/TMOS/MeTMOS

absorbance (a.u.)

1 1 i
400 500 600 700 800 900
wavelength (nm)

1000

Figure 2. Absorption spectra for the following: circle, 9/TMOS:
MeTMOS(7:3) polymer hybrid; square, 6/7/TMOS:MeTMOS-
(7:3) polymer hybrid; diamond, 9 in methanol; and triangle, 6
in methanol.
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Figure 3. Matrix polarity as a function of the molar percent
of TMOS: diamonds, 6-doped sol—gel glasses; triangles, Rei-
chardt's dye-doped sol—gel glasses;* circles, 9/TMOS:MeT-
MOS(7:3) polymer hybrid; and squares, 6/7/TMOS:MeTMOS(7:
3) polymer hybrid.

Moreover, it is noticed that there is a remarkable
difference between the polymer hybrids and the sol—
gel glasses, in other words, between the samples con-
taining organic polymer and those without polymer. In
the polymer hybrids, the change of Et values with
different TMOS:MeTMOS ratios and, consequently, the
slopes of the correlation functions in Figure 2 dimin-
ished compared with those of the sol—gel glasses. The
6-doped sol—gel glasses exhibited almost the same
change toward TMOS:MeTMOS ratio as Reichardt’'s
dye-doped ones. On the contrary, the polymer hybrids
from 9 and those from polyoxazoline 7 and 6 appeared
to show smaller changes of /5 or /5. As mentioned
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Figure 4. Matrix polarity of 6/7/TMOS:MeTMOS(7:3) poly-
mer hybrids as a function of polymer content in weight percent.
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Figure 5. |lllustration representing the dispersion of the
chromophore in a polymer hybrid.

above, the solvatochromic sensitivities of 6 and 9 are
comparable to that of Reichardt’s dye in solution (Figure
1), and indeed 6 doped in the sol—gel glasses showed a
large difference in Et values with different TMOS:
MeTMOS ratios. Therefore, the decline of solvatochro-
mic changes in the polymer hybrids should be attributed
to the presence of the organic polymer in the solid state.
The solvatochromic dye seems to experience a more
polymer-like environment but is substantially influ-
enced by the sol—gel matrix.2® To verify this circum-
stance, 6-doped polymer hybrids with different polymer/
silicate ratios (TMOS:MeTMOS = 7:3) were prepared,
and those absorption spectra were measured. In Figure
4, the obtained Et values are plotted against the
polymer content (wt %) determined from TGA measure-
ments. It again suggests that the microenvironment
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around 6 composed of a larger amount of organic
polymer than did the bulk composition. This kind of
phenomena is frequently observed in binary solvent
mixtures and described as “preferential solvation”.3644
Figure 5 presents a simple illustration consistent with
the microenvironment felt by the solvatochromic dye in
the polymer hybrids. At present, it is not clear whether
the concentration fluctuation of organic polymer exists
in the polymer hybrids and the doped dye molecule is
located in the polymer-rich environment or if the doping
of the dye molecule induces the concentration fluctua-
tion. It can also be pointed out that the slopes of the
linear correlation lines for the polymer hybrids in Figure
3 are almost the same. This indicates that the polarity
of the microenvironments around the dye are apparently
equivalent independently of the existence of a chemical
bond between the dye and the polymer.

Summary

The polarity of the microenvironment in the organic—
inorganic polymer hybrids was characterized with the
solvatochromic pyridinium N-phenolate betaine dyes.
The values of the solvatochromic parameter E+ for the
polymer hybrids were found to correlate linearly with
TMOS:MeTMOS ratio. It seems that the solvatochromic
dyes are preferably surrounded by the organic polymer
rather than the siloxane network in the polymer hy-
brids. Furthermore, the polarity of the microenviron-
ments around the dye molecule are apparently equiva-
lent whether the dye is chemically connected to the
organic polymer or not. These results suggest the
possibility of more precise control of the property of the
dye molecule doped in the polymer hybrids by control-
ling the microenvironment around the dye.

References and Notes

(1) Novak, B. M. Adv. Mater. 1993, 5, 422.
(2) Schubert, U.; Husing, N.; Lorenz, A. Chem. Mater. 1995, 7,
2010.
(3) Judeinstein, P.; Sanchez, C. J. Mater. Chem. 1996, 6, 511.
(4) Wen, J.; Wilkes, G. L. Chem. Mater. 1996, 8, 1667.
(5) Chujo, Y. Curr. Opin. Solid State Mater. Eng. 1996, 1, 806.
(6) Brinker, C. J.; Scherer, G. W. Sol—Gel Science: The Physics
and Chemistry of Sol—Gel Processing; Academic Press: San
Diego, 1990.
(7) Schmidt, H. Non-Cryst. Solids 1985, 73, 681.
(8) Schmidt, H.; Wolter, H. Non-Cryst. Solids 1990, 121, 428.
(9) Pope, E. J. A.; Asami, M.; Mackenzie, J. D. J. Mater. Res.
1989, 4, 1018.
(10) Chujo, Y.; Saegusa, T. Adv. Polym. Sci. 1992, 100, 11.
(11) Chujo, Y. Polym. Mater. Encycl. 1996, 6, 4793.
(12) Avnir, D. Acc. Chem. Res. 1995, 28, 328.
(13) Levy, D.; Esquivias, L. Adv. Mater. 1995, 7, 120.
(14) Sanchez, C.; Ribot, F.; Lebeau, B. J. Mater. Chem. 1999, 9,
35.
(15) Dunn, B.; Zink, J. I. Chem. Mater. 1997, 9, 2280.
(16) Avnir, D.; Braun, S.; Lev, O.; Ottolenghi, M. Chem. Mater.
1994, 6, 1605.
(17) Dave, B. C.; Dunn, B.; Valentine, J. S.; Zink, J. I. Anal. Chem.
1994, 66, 1120A.
(18) Reisfeld, R.; Brusilovsky, D.; Eyal, M.; Miron, E.; Burstein,
Z.; lvri, J. Chem. Phys. Lett. 1989, 160, 43.
(19) Knobbe, E. T.; Dunn, B.; Fuqua, P. D.; Nishida, F. Appl. Opt.
1990, 29, 2729.
(20) Ruland, G.; Gvishi, R.; Prasad, P. N. 3. Am. Chem. Soc. 1996,
118, 2985.
(21) Marturunkakul, S.; Chen, J. I.; Jeng, R. J.; Sengupta, S.;
Kumar, J.; Tripathy, S. K. Chem. Mater. 1993, 5, 743.
(22) Kador, L.; Fisher, R.; Haarer, D.; Kasemann, R.; Bruck, S;
Schmidt, H.; Durr, H. Adv. Mater. 1993, 5, 270.
(23) Gvishi, R.; Bhawalker, J. D.; Kumar, N. D.; Ruland, G;
Narang, U.; Prasad, P. N.; Reinhardt, B. A. Chem. Mater.
1995, 7, 2199.



3064

(24)
(25)
(26)
@7
(28)
(29)
(30)

(31)
(32

(33)
(34

Imai and Chujo

Chaput, F.; Riehl, D.; Lévy, Y.; Boilot, J.-P. Chem. Mater.
1993, 5, 589.

Levy, D.; Monte, F. d.; Oton, J. M.; Fiksman, G.; Matias, |.;
Datta, P.; Lopez-Amo, M. J. Sol-Gel. Sci. Technol. 1997, 8,
931.

Panusa, A.; Flamini, A.; Poli, N. Chem. Mater. 1996, 8, 1202.
Brennan, J. D.; Hartman, J. S,; lInicki, E. I.; Rakic, M. Chem.
Mater. 1999, 11, 1853.

Reetz, M. T.; Zonta, A.; Simpelkamp, J. Biotechnol. Bioeng.
1996, 49, 527.

Hanna, S. D.; Dunn, B.; Zink, J. I. J. Non-Cryst. Solids 1994,
167, 239.

Gvishi, R.; Narang, U.; Bright, F. V.; Prasad, P. N. Chem.
Mater. 1995, 7, 1703.

Ferrer, M.; Lianos, P. Langmuir 1996, 12, 5620.

Rottman, C.; Grader, G. S.; Hazan, Y. D.; Avnir, D. Langmuir
1996, 12, 5505.

Wittouck, N.; Schryver, F. D.; Snijkers-Hendrickx, 1. J. Sol-
Gel Sci. Technol. 1997, 8, 895.

Matsui, K.; Nozawa, K. Bull. Chem. Soc. Jpn. 1997, 70, 2331.

(35)
(36)

37
(38)

(39)
(40)
(41)

Macromolecules, Vol. 33, No. 8, 2000

Deng, Q.; Hu, Y.; Moore, R. B.; McCormick, C. L.; Mauritz,
K. A. Chem. Mater. 1997, 9, 36.

Solvents and Solvent Effects in Organic Chemistry; Reichardt,
C., Ed.; VCH Publishers: New York, 1988.

Reichardt, C. Chem. Rev. 1994, 94, 2319.

Kamlet, M. J.; Abboud, J.; Abraham, M. H.; Taft, R. W. J.
Org. Chem. 1983, 48, 2877.

Paley, M. S.; McGill, R. A.; Howard, S. C.; Wallace, S. E.;
Harris, J. M. Macromolecules 1990, 23, 4557.

Chuijo, Y.; Yoshifuji, Y.; Sada, K.; Saegusa, T. Macromolecules
1989, 22, 1074.

Reichardt, C.; Harbusch-Gornert, E.; Schafer, G. Liebigs Ann.
Chem. 1988, 839.

(42) VanAllan, J. A.; Reynolds, G. A. J. Org. Chem. 1968, 33, 1102.

(43)
(44)

Purification of Laboratory Chemicals, 3rd ed.; Perrin, D. D.,
Armarego, W. L. F., Eds.; Pergamon Press: Tokyo, 1988.
Rosés, M.; Rafols, C.; Ortega, J.; Bosch, E. J. Chem. Soc.,
Perkin Trans. 2 1995, 1607.

MA9901846



