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ABSTRACT: Amorphous state optically transparent organic—inorganic polymer hybrids with a conducting,
sm-conjugated polymer of poly(2-ethynylpyridinium chloride) (P2EPY-HCI) were synthesized. The strong
ionic interaction between the cationic pyridinium moieties of P2EPY-HCI] and anionic silanol groups
resulting from hydrolysis of tetramethoxysilane (TMOS) enabled the nanometer scale dispersion of P2EPY-
HCl in a silica gel matrix. The homogeneity of the obtained P2EPY-HCl/silica hybrids was examined by
SEM, tapping mode atomic force microscope (TM-AFM), and nitrogen adsorption porosimetry studies.
The optical and thermal properties of the amorphous P2EPY-HCU/silica hybrids were investigated by UV
and TGA measurements. Furthermore, nanostructured conducting-micelle/silica hybrids were obtained
by using self-assembly of cationic polyacetylene having long alkyl chains (P2EPY-C18). Polyacetylene
micelles (about 10 nm) were homogeneously dispersed in the siliceous phase.

Introduction

The chemistry of organic—inorganic nanocomposite
and hybrid matters is nowadays a hot topic and attracts
growing interest in basic material science due to their
unique ability to combine chemistries between organic
and inorganic fields and due to interfacial and confine-
ment effects between the constituent phases.!™ One
organic—inorganic hybrid subset includes organic—
inorganic hybrid materials based on sol—gel processing
using metal alkoxides.* 15 The mild sol—gel process
enables the preparation of organic—inorganic polymer
hybrids with various polymers. A key point for the
elaboration of organic—inorganic nanocomposite materi-
als based on sol—gel processing is improving the affinity
of the interface between the two phases. The low
compatibility between organic species and inorganic
materials often causes aggregation of the organic com-
ponent in the inorganic host matrix during formation
of the inorganic oxide from sol—gel processing.

Organic—inorganic hybrid materials based on sol—
gel processing are studied in two main directions. One
aim is to prepare hybrid materials by elaboration of
amorphous materials at the molecular scale.'-24 In our
group, novel amorphous organic—inorganic polymer
hybrids, where organic polymer is dispersed in an
inorganic oxide, have been constructed using physical
interactions such as hydrogen-bonding,23-2 aromatic,2!
and ionic?2 interactions between organic polymers and
inorganic oxides. For instance, the strong hydrogen bond
between organic polymers having hydrogen-accepting
groups such as poly(2-methyl-2-oxazoline), poly(N-vi-
nylpyrrolidone), and poly(N,N-dimethylacrylamide) and
hydrogen-donating moieties of silanol groups from sol—
gel reaction resulted in the nanometer scale dispersion
of the organic polymer in a silica gel matrix. The
obtained hybrid materials were completely amorphous
and easily shaped as transparent films and monoliths.

Another new direction involves organizing the organic
or inorganic species at the nano/mesoscopic level using
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supramolecules or self-assembly techniques.2>=37 Na-
nometric organic, inorganic components, and templates
were employed for the preparation of the nanostruc-
tured hybrid materials. Our group first reported nano-
structured organic—inorganic hybrid materials with
starburst dendrimers.?®> A single molecular dendrimer
having amide groups was dispersed in a silica gel matrix
via strong hydrogen bonds between amide moieties of
the dendrimer and silanol groups from tetramethoxysi-
lane (TMOS). Interestingly, the porous silica obtained
by calcination of the dendrimer/silica hybrids reflected
the generation of the dendrimer. Single 7-conjugated
polymer filling of silicate mesoporous channels?6~30 gave
interesting inorganic replicas via sol—gel nanocoating
of templated organogelators,31:32 7-conjugated disklike
molecules,?? and liquid crystals.3435
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Table 1. Synthesis of P2EPY-HCl/Silica Hybrids®

ceramic yield (wt %)

run P2EPY-HCI (mg) P2EPY (mg) TMOS (mg) MeOH (mL) appearance caled obsd?®
1 25 2000 5 transparent 97.0 89.5
2 25 1000 5 transparent 94.1 82.1
3 25 250 5 transparent 80.0 69.3
4 50 125 5 transparent 50.0 46.6
5 50 125 5 phase separated

0.1 M HClyq (4 equiv to TMOS) was used as a catalyst for sol—gel reaction of TMOS, stirring time was 1 h and the solvent was

evaporated at 60 °C. ® Determined by TGA.
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Figure 1. (a, b) The P2EPY—HCl/silica hybrid (run 4) and (c, d) the P2EPY/silica hybrid (run 5), (a, ¢) SEM images, and (b, d)

height images from TM-AFM measurement.
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In this article we describe the synthesis of amorphous
and nanostructured cationic polyacetylene/silica hybrids
by utilizing ionic interactions (Scheme 1). Amorphous
poly(2-ethynylpyridinium chloride) (P2EPY-HCl)/silica
hybrids were obtained using ionic interactions between
the cationic pyridinium groups of P2EPY-HCI and
anionic silanol moieties from TMOS (Scheme 1a). In
contrast, nanostructured cationic polyacetylene/silica
hybrids were synthesized by using self-assembly of poly-
(N-octadecyl-2-ethynylpyridinium bromide) (P2EPY-
C18) (Scheme 1b). The conformation of P2EPY-C18
depended greatly on the environment. Under hydro-
philic conditions, P2EPY-C18 formed characteristic
micelles (about 10 nm). The hydrophobicity of the alkyl
chains induced the formation of micelles. Therefore,
micelles covered by conducting polyacetylene walls
should form in hydrophilic surroundings. To our knowl-
edge, this is the first example of the selective prepara-
tion of amorphous and nanometric 7-conjugated, con-
ducting polymer/silica hybrids accomplished by self-
assembly, while poly(vinylpyridine) polysoap/silica
hybrids have been studied already.?¢37 It is expected
that the nanometric polyacetylene/silica hybrids will
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Figure 2. Pore size distribution plot of the porous silica
obtained by calcination of the polymer hybrid (run 4).

give unique new optical and electronic features com-
pared with amorphous polyacetylene/silica hybrids.

Experimental Section

Materials. Tetramethoxysilane (TMOS) was distilled and
stored under a nitrogen atmosphere. The other solvents and
reagents were used as supplied.

Measurements. Thermogravimetric analysis (TGA) was
performed using a TG/DTA6200 (SEIKO Instruments, Inc.),
with heating rate of 10 °C min™! in air. Scanning electron
microscopy (SEM) measurements were conducted using a
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Figure 3. FT-IR spectra of (a) the P2EPY-HCI and (b) the polymer hybrid (run 3).
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Figure 4. UV spectra of (a) the polymer hybrid (run 2,
P2EPY-HCl/silica = 1/16), (b) the polymer hybrid (run 3,
P2EPY-HCl/silica = 1/4), and (c) the P2EPY-HCI film.
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Figure 5. TGA curves of (a) the polymer hybrid (run 4) and
(b) the original P2EPY—HCI.

JEOL JNM-5310/LV system. Differential scanning calorimetry
(DSC) thermograms were obtained with a DSC200 (SEIKO
Instruments, Inc.), with heating rate of 10 °C min™! under a
nitrogen atmosphere. The surface images were measured using
a tapping mode atomic force microscopy (TM-AFM) (SPA 400,
SEIKO Instruments) operating at room temperature. Height
and phase images were recorded simultaneously. Nanoprobe
cantilevers (SI-DF20, SEIKO Instruments) were utilized. The
'H NMR spectra were recorded on a 400 MHz JEOL EX-400
spectrometer. The FT-IR spectra were obtained using a Perkin-

Elmer 1600 infrared spectrometer. Absorption spectra were
obtained on a JASCO V-530 spectrometer.

Synthesis of Poly(2-ethynylpyridinium chloride)
(P2EPY-HCl), Poly(N-octadecyl-2-ethynylpyridinium
bromide) (P2EPY-C18), and Poly(2-ethynylpyridine)-
(P2EPY). Poly(2-ethynylpyridinium chloride) (P2EPY-HCD),
poly(2-ethynylpyridine) (P2EPY), and poly(N-octadecyl-2-
ethynylpyridinium bromide) (P2EPY-C18) were prepared ac-
cording to the detailed experimental procedure described in
previous literature. 3641

Synthesis of Amorphous P2EPY-HCV/Silica Hybrids.
A typical preparation procedure of organic—inorganic polymer
hybrids with P2EPY-HCl is as follows. P2EPY-HCI] and TMOS
were dissolved in methanol. To the mixture, aqueous hydro-
chloric acid (0.1 M) was added. The reaction mixture was
stirred for 1 h at room temperature in a sealed bottle. Then,
the resulting solution was placed in a container with a paper
towel and left in air at 60 °C. A paper towel was used for taking
up the solvent and keeping out some dusts from air. After
evaporating the solvent completely, the polymer hybrids were
obtained as a glassy material. P2EPY-HCl/silica hybrid films
for TM-AFM and UV measurements were prepared by casting
the reaction mixture on quartz substrate.

Synthesis of Nanostructured P2EPY-C18 Micelles/
Silica Hybrids. P2EPY-C18 was dissolved in methanol with
the prescribed amount of TMOS and 0.1 M aqueous hydro-
chloric acid (4 equiv to TMOS). The mixture was stirred for 1
h in a sealed bottle for proceeding of sol—gel reaction. Then,
the film of the P2EPY-C18/silica hybrids was prepared on glass
slide by the spin-coating method. To proceed sol—gel reaction
of TMOS completely, the obtained film was heated at 60 °C
for 24 h.

Nitrogen Adsorption Porosimetry. The powder of the
polymer hybrid was heated at 600 °C in an ambient atmo-
sphere for 24 h to remove organic components. The sample
was dried at 150 °C for 2 h at reduced pressure before
porosimetry measurements. The surface area was calculated
with the Brunauer—Emmet—Teller (BET)* equation in the
range of 0.05—0.30 (p/po), and the pore size distribution was
estimated by the MP method.*

Results and Discussion

Amorphous P2EPY-HCl/Silica Hybrids. Table 1
summarizes the results of the preparation of polymer
hybrids with P2EPY-HCI. Highly transparent and
homogeneous P2EPY-HCU/silica hybrids were obtained
over a wide range (runs 1—4). On the other hand, the
sample with P2EPY, which was synthesized by the
deprotonation of P2ZEPY-HCI, led to phase separation
(run 5). These results indicate strongly that the forma-
tion of the ionic interaction between the cationic pyri-
dinium group of P2ZEPY-HCI and anionic silanol moie-
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Figure 7. TM-AFM height images of (a) the P2EPY-C18 film from THF (5 um x 5 um) and (b) the P2EPY-C18 micelles from

methanol (2.5 yum x 2.5 ym). Inset images are the height profiles.

ties of silica is necessary for the preparation of trans-
parent P2EPY-HCl/silica hybrids (Scheme 1a). The
ceramic yields were calculated by TGA measurement.
The ceramic yields gradually decreased according to
decrease in TMOS used. The polymer hybrids were
prepared at 60 °C under air in a box condition; therefore,
a small amount of TMOS was vaporized before the
gelation. Some difference of the calculated value with
that of the founded one might be due to this loss of
TMOS.

The homogeneity of P2EPY-HCUsilica hybrids was
examined by SEM and TM-AFM measurements (Figure
1). The phase-separated P2EPY/silica hybrid (run 5) had
aggregations of P2EPY in silica gel matrix (Figure 1c:
SEM image) and exhibited high surface roughness
(Figure 1d: TM-AFM height image, Rqg = 30.1 nm). In
contrast, as shown in Figure la (SEM image), the
polymer hybrid from P2EPY-HCl and TMOS (run 4)
showed high homogeneous dispersion of P2EPY-HCl in
the silica gel matrix. The surface of the polymer hybrid
was very smooth at the nanometer level (Figure 1b:
TM-AFM height image, Rqg = 3.06 nm). As a previous
paper reported, high transparent polymer hybrids showed
high homogeneity and very smoothness, which were
measured by SEM and TM-AFM. Therefore, these
results strongly indicate the high homogeneity of the
obtained P2EPY-HCUsilica hybrids

Table 2. Synthesis of Nanostructured P2EPY-C18 Micelle/
Silica Hybrids®

run P2EPY-C18 (mg) TMOS (mg) MeOH (mL) THF (mL)
6 20 50 15
7 20 500 15
8 20 500 15

@ 0.1 M HCl,q (4 equiv to TMOS) was used as a catalyst for sol—
gel reaction of TMOS, stirring time was 1 h, and the sample was
prepared on glass slide by the spin-coating method.

The miscibility between P2EPY-HCI and silica was
quantitatively examined by nitrogen adsorption poro-
simetry study. The porous silica was obtained by burn-
ing out organic phase from the polymer hybrid without
shrinking of silica gel. Therefore, the size of the porous
silica should correspond to the miscibility of organic
polymer in the silica gel matrix (Scheme 2). Previous
papers have justified the used of this method.17.20:22.25
The adsorption isotherm curve of porous silica from
polymer hybrid (run 4) was classified with a type I
curve, suggesting that the porous silica had angstrom
pores.** The pore size distribution of the porous silica
was calculated using the MP method*® (Figure 2). The
porous silica exhibited a strong sharp peak at 0.42 nm,
indicating molecular dispersion of P2EPY in the silica
gel matrix.

Figure 3 shows the FT-IR spectra of (a) the pristine
P2EPY-HCI and (b) the P2EPY-HCl/silica hybrid (run
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3). The stretching band of C=C bond of pristine P2EPY-
HCl was observed at 1611 cm~!. In contrast, the
stretching band of P2EPY-HCI in silica gel matrix shifts
to 1632 cm™!, suggesting a change in the P2EPY-HC1
backbone conformation in the silica gel matrix.

To evaluate the optical properties of the amorphous
P2EPY-HCl/silica hybrids, UV measurements were car-
ried out (Figure 4). Films of P2EPY-HCl/silica hybrids
showed a UV adsorption at 490 nm. The same peak was
observed in film of pure P2EPY-HCI (without silica).
This indicates that the z-conjugation length of P2EPY-
HCI was not affected by the silica gel matrix.

Thermal properties of P2EPY-HCl/silica hybrids were
revealed by TGA measurements (Figure 5). The 10 wt
% weight loss temperature (T9) of P2ZEPY-HCI and the
P2EPY-HCl/silica hybrid (run 4) was 196 and 276 °C,
respectively. The thermal stability of P2EPY-HCI in the
polymer hybrid is markedly improved compared with
that of bulk P2EPY-HCI.

Nanostructured P2EPY-C18 Micelle/Silica Hy-
brids. Nanostructured substituted ionic polyacetylene/
silica hybrids were prepared using amphiphilic ionic
polyacetylene, P2EPY-C18. Since P2EPY-C18 has a
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height (nm)
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P2EPY-C18 micelles/silica hybrid (P2EPY—C18/silica = 1/1, run 6), (c, d) the P2EPY-
C18 micelles/silica hybrid (P2EPY-C18/silica = 1/10, run 7), (a, ¢) height images, (b, d) phase images, 2.5 yum x 2.5 um. Inset
images in (a, ¢) are height profiles.

hydrophobic octadecyl side chain and hydrophilic pyri-
dinium chloride moieties, P2EPY-C18 should automati-
cally form nanoscopic structures depending on type of
solvents. The formation of nanometric organization of
P2PEY-C18 was checked by 'H NMR spectra. Figure 6
shows the 'H NMR spectra of P2PEY-C18 in (a) CDCl;
and (b) CD3sOD. While the full octadecyl chain peaks
(0.8—-1.3, 1.7, 1.8, and 2.0—2.4 ppm) were clearly
observed in CD3Cl, these peaks partially disappeared
in CDsOD. In contrast, the broad peaks (6.5—9.5 ppm)
from the pyridinium cation moiety of P2PEY-C18 in
CD30D could not be found in CDCls. These 'H NMR
observations clearly suggest the formation of nanometer
scale organization of P2PEY-C18: In hydrophilic solvent
of methanol, the molecular motion of the octadecyl side
chain is limited by hydrophilic cationic pyridinium
moieties. The nanostructures of P2EPY-C18 depending
on the solvent used were revealed by TM-AFM mea-
surement (Figure 7). The samples were prepared on
glass slides by using a spin-coating. P2EPY-C18 coating
made using THF exhibited no characteristic structure
on the nanometer level (Figure 7a). On the other hand,
the nanoparticles were clearly observed in the sample
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Figure 9. TM-AFM images of the P2EPY—C18 micelles/silica
hybrids (P2EPY-C18/silica = 1/10, run 6) after calcination, 2.5
um x 2.5 ym. Inset image is the height profile.

using methanol (Figure 7b). The height of the particles
was about 10 nm from its cross-section image (Figure
7b, inset). Micelles from P2EPY-C18 were visualized as
spherical shapes by TM-AFM height images. P2EPY-
C18 forms nanometer scale micelle structure in metha-
nol where in the octadecyl side chain segments act as a
hydrophobic core and pyridinium cation and doped
conducting polyacetylene backbone segments act as a
surrounding hydrophilic outer shell. A micelle covered
by a conducting polyacetylene wall should form in
methanol.

Polyacetylene wall micelle/silica hybrids were pre-
pared (Table 2). The obtained polymer hybrids with
P2EPY-C18 in methanol were extremely homogeneous
and transparent over wide ranges (runs 6 and 7). In the
transparent polymer hybrid (run 7), the characteristic
mesostructured image could not be captured via SEM
image at 10 000 magnifications. But the nanostructure
of the obtained polymer hybrids was clearly visualized
by TM-AFM. In the polymer hybrid with a low silica
ratio (run 6), micelles at the nanometer level were
clearly seen in the TM-AFM height image (Figure 8a).
These nanoparticles were also observed in the polymer
hybrid with high silica ratio (run 7, Figure 8c), which
seemed to be strongly incorporated into a silica gel
matrix compared with the hybrid with a low silica ratio
(run 6). The part shown by a white arrow was the
surface of the substrate. The amorphous state of silica
gel matrix including P2EPY-C18 micelles should be
found on the surface. The height of P2ZEPY-C18 micelles
on the silica gel matrix was found to be 8—12 nm from
the cross-section image (Figure 9a,c, inset images). In
addition, phase images (Figure 8b,d) also observed
P2EPY-C18 nanoparticles due to the difference of
Young’s modulus between P2EPY-C18 micelle and
silica.

Furthermore, the P2EPY-C18 micelle/silica hybrid
(run 7) was heated at 600 °C. By burning out the
polymer hybrid at the temperature, the porous silica
reflecting the size of P2EPY-C18 micelles was obtained.
The surface of the obtained porous silica was measured
by TM-AFM. Some pores were found on the surface
(Figure 9). The depth of these pores was about 12 nm
from the cross-section image (Figure 9, inset image).
From these observations, it was confirmed that the
nanoparticles found on the surface by TM-AFM mea-
surement were P2EPY-C18 micelles.
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Conclusions

Transparent amorphous and nanostructured polymer
hybrids with ionic polyacetylene were obtained. The
strong ionic interaction between cationic pyridinium
groups at the side chain and anionic silanol moieties
generated in the sol—gel reaction resulted in the na-
nometer scale dispersion of the ionic polyacetylene and
its micelle in silica gel matrix. The conducting and
optical properties depending on the nanostructure of
ionic polyacetylene in the silica gel matrix are now
under investigation.
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