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It is known that an achiral water-soluble polythiophene (PT-1) is chirally twisted by complexation with a natural
helix-forming polysaccharide, shizophyllan (SPG). We found that the chirality can be immobilized by sol—gel reaction of
tetraethoxysilane (TEOS) with benzylamine as a catalyst (“solution mechanism”), where SPG acts not only as a chirality
inducer for PT-1 but also as a chemical glue to adsorb silica particles onto the composite surface. When a complex with
amine-appended SPG (SPG-NH) was used as a template, the sol-gel reaction proceeded according to the “surface mech-
anism,” where silica particles were formed mainly on the composite surface due to the catalytic effect of the covalently
bound amino groups and thus the reaction conditions became milder. It was confirmed that under the “surface mech-
anism” the chemical and physical properties of the original PT-1/SPG-NH composite are maintained more efficiently.

Recently, there has been a growing interest in the develop-
ment of conjugated-polymer (CP)-based molecular wires in
view of their theoretical importance for the exploration of
new physical properties arising from the 77-electron delocaliza-
tion and for the potential applications to molecular electronics'
and sensory signal amplifications.2 CPs are often described as
one-dimensional molecular wires in current nanotechnology
programs, but they are usually obtained as two- or three-di-
mensional figures due to their strong aggregation tendency
both in solution and solid phases. This makes it a challenging
subject to fabricate CP molecular wires on a single-molecular
scale. Hitherto, several intriguing strategies have been devel-
oped to solve this problem by designing insulated molecular
wires through covalent or noncovalent approaches, in which
the CP backbones are encapsulated by a protective sheath,
such as threading CPs through cyclophanes® or cyclodextrins,*
wrapping them within dendrimeric wedges,” limiting inter-
chain interactions, etc. More recently, we reported our novel
findings on the preparation of a novel supramolecular chiral in-
sulated molecular wire by self-assembling between an achiral
water-soluble polythiophene (PT-1) and a natural polysaccha-
ride, schizophyllan (SPG: Scheme 1).° To the best of our
knowledge, this has become the first observation of supramo-
lecularly insulated molecular wires with a helical structure in a
chiral sense.

SPG is a B-1,3-glucan polysaccharide and is known to exist
as a right-handed triple helix (t-SPG) in water but as a single
random coil (s-SPG) in dimethyl sulfoxide (DMSO).” When
water is added to its DMSO solution, s-SPG collapses owning
to hydrophobic interaction and retrieves its original triple helix
structure (renaturation).” These specific structural characteris-
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Scheme 1. Chemical structures of schizophyllan (SPG) and
cationic polythiophene (PT-1).

cl-

tics make s-SPG form stable water-soluble complexes with
certain polynucleotides, single-walled carbon nanotubes, and
hydrophobic polymers during its renaturation process.> We
thus confirmed that SPG can be used as a one-dimensional host
to trap single-chain PT-1 to form insulated molecular wire and
the main chain of PT-1 is chirally twisted owing to the right-
handed helical structure of SPG.° Here, it occurred to us that if
this chirality can be fixed and the composite obtained in solu-
tion can be “solidified,” it would act as an interesting function-
al material. It is already known that certain polysaccharides
and saccharide-appended molecular assemblies can act as
templates to adsorb silica particles onto their surfaces.>!? This
suggests a possibility that the PT-1/SPG composite would be
immobilized by sol-gel reaction occurring on the surface of
SPG. We have found that (1) sol-gel reaction of tetraethoxy-
silane (TEOS) in the presence of the PT-1/SPG composite
yields fibrous silica and (2) the red-shifted absorption maxi-
mum and the CD activity of PT-1 are maintained even after
sol—gel reaction: that is, the unique characters of PT-1 induced
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Figure 1. UV-vis absorption spectra (lower) and CD spec-
tra (upper); (black dashed line) PT-1 itself, (red solid line)
PT-1/SPG, (orange dashed line) PT-1/SPG after 2 and 10
days sol-gel reaction; for experimental conditions see the
text. The ordinate unit for PT-1/SPG after sol-gel reaction

is arbitrary.

by SPG complexation can be immobilized and converted to
“solid” by sol-gel reaction.

Results and Discussion

The PT-1/SPG composite was prepared, according to a
reported procedure,® by mixing 0.5mL of 6.0mmoldm™3
(in monomer unit) PT-1 DMSO solution and 0.5mL of
12mmoldm™ (in repeating unit) SPG DMSO solution with
1.9mL of water. The solution thus prepared consisted of
water:DMSO = 95:5 v/v, [PT-1] = 0.15mmoldm™3 (in
monomer unit), and [SPG] = 0.30 mmoldm— (in repeating
unit). As shown in Figure 1, the absorption maximum (A pax)
of PT-1 itself appears at 400 nm, whereas the PT-1/SPG com-
posite gives the A, at 458 nm. The longer wavelength shift
implies that conjugation of the PT-1 main chain is elongated
by complexation with SPG. In accord with the previous
report,’ a CD band having a positive exciton coupling with
Ag—o = 491 nm is observed, indicating that the dipoles in the
PT-1 main chain possess a right-handed helical motif.

This composite solution was mixed with benzylamine
(as catalyst) and ethanol solution containing TEOS: the final
solution consisted of ethanol:water:DMSO = 7.00:2.95:0.05
v/v, [PT-1] = 0.045 mmol dm~3 (in monomer unit), [SPG] =
0.09 mmoldm~3 (in repeating unit), [benzylamine] = 0.47
mmol dm~3, and [TEOS] = 0.34 mmol dm~3. In a separate ex-
periment, we confirmed that the addition of the same amount
of ethanol scarcely changes the absorption and CD spectra
of the PT-1/SPG composite, indicating that the composite is
not decomposed by added ethanol. The sol-gel reaction was
continued at 25°C for 10 days, taking an aliquot every day
for TEM observations. The samples were well washed with
ethanol, deposited on a carbon-coated grid, and dried well be-
fore TEM observations. As shown in Figure 2, arrays of dots
appeared after 2 days (Figure 2A), which gradually grew up
to silica fibers (Figures 2B and 2C). The average diameter
is ca. 15nm. As large silica fiber cannot be found in these
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Figure 2. TEM images for the samples obtained by sol—gel
reaction in the presence of PT-1/SPG complex; (A) after 2
days, (B) after 3 days, (C) after 10 days, and (D) the same
reaction in the presence of only PT-1 after 10 days.
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Figure 3. EDX spectrum for the nano-fiber after 10 days
sol—gel reaction.

TEM images, one can presume that SPG wrapping PT-1 effi-
ciently suppresses aggregation or bundling of the PT-1/SPG
composites. On the other hand, when the sol-gel reaction
was carried out in the presence of only PT-1, the resultant
image was a connection of large dots (Figure 2D), clearly
different from the nano-fibers observed for the PT-1/SPG
composite.

The obtained silica nano-fibers were characterized using
several spectroscopic methods. Figure 3 is an energy disper-
sive X-ray spectroscopy (EDX) spectrum of the silica nano-
fiber after 10 days. One can identify large O and Si peaks as
well as a weak S peak. The S peak supports the presence of
PT-1 in this nano-fiber. Assuming that the O and Si peaks orig-
inated from SiO;, then the intensity of the O peak is stronger
than the theoretical intensity by 30%. One can consider, there-
fore, that this 30% excess is attributed to the presence of SPG.
As a conclusion, this EDX spectrum evidences that the nano-
fiber is a ternary composite of SiO,, SPG, and PT-1 (in the
order from outside to inside). We also confirmed in the ATR
FTIR spectra of each compound that silica has the characteris-
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Scheme 2. Preparation and chemical structure of SPG-NH. Reagent and conditions: (i) NalO4, H,O, 4 °C, 2 days, (ii) methylamine,

DMSO, rt, 2 days, (iii) NaBH4, DMSO, 1t, 1 day.

tic Si-O-Si band at 1062 cm™! and SPG has the C-O stretch-
ing band at 1049 cm™!. The PT-1/SPG/silica ternary compo-
site obtained here gave a broad band centered at 1049 cm™!,
suggesting that it involves both SPG and silica. The UV-vis
absorption spectra were measured several times as the sol-
gel reaction proceeded. After 2 days, the Ay, appeared at
431 nm, which slightly shifted to shorter wavelength from that
of the aqueous PT-1/SPG composite (458 nm). The A .« grad-
ually shifted to shorter wavelength and after 10 days it reached
a fixed wavelength of 419 nm. In the CD spectrum, a positive
exciton coupling band, similar to that of the aqueous PT-1/
SPG composite, was observed with dg_q = 491 nm and the
CD pattern scarcely changed with reaction time. These spec-
troscopic results consistently support the view that the silica
nano-fiber shown in Figure 2 is composed of silica, SPG and
PT-1 (from outside to inside) and the right-handed motif
of PT-1 induced by inherent right-handed helicity of SPG is
immobilized in the silica gel by sol-sol reaction. On the
other hand, the blue shift of the absorption maximum is related
to shortage of the conjugatation length induced by sol-gel
reaction.

Transcription of organic templates into shape-defined inor-
ganic materials is generally believed to occur because of
charge or hydrogen-bonding interactions between the template
and the inorganic precursor; in this case, the formation of the
inorganic material is always promoted by a catalyst present in
solution (“solution mechanism”).!! In fact, we confirmed that
sol—gel reaction of TEOS with the PT-1/SPG composite as a
template does not proceed at all in the absence of benzylamine.
On the other hand, if the catalyst is covalently bound to the or-
ganic template, the transcription process can take place via in-
itial formation of the inorganic material (here silica) exclusive-
ly on the template surface (“surface mechanism”).'! As men-
tioned above, the “solution mechanism” using benzylamine as
a catalyst can result in fibrous silica composite, but the A . of
PT-1 in the composite shifts to shorter wavelength by 39 nm.
This implies that micro silica particles formed in solution are
deposited onto the PT-1/SPG composite surface and reduced
the main-chain conjugation length of PT-1. We expected,
therefore, that the “surface mechanism,” which can occur un-
der milder reaction conditions, would much less influence the
helical structure and the conjugation length of PT-1 included
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Figure 4. UV-vis absorption spectra (lower) and CD spec-
tra (upper); (black dashed line) PT-1 itself, (red solid line)
PT-1/SPG-NH, (orange dashed line) PT-1/SPG-NH after
2 and 10 days sol-gel reaction; for experimental condi-
tions see the text. The ordinate unit for PT-1/SPG-NH
after sol-gel reaction is arbitrary.

in SPG. We thus introduced amino groups, which are expected
to work as a catalyst for the surface mechanism, into SPG
according to a reported procedure (periodate oxidation of the
glucose side-chain followed by reductive amination with
methylamine: Scheme 2).!2 The content of the amine-pendent
glucose unit in thus obtained SPG-NH was estimated to be
14.2 mol % from elemental analysis.

We first prepared the PT-1/SPG-NH complex by the same
method mentioned above. As both the UV—vis and CD spectra
(Figure 4) were very similar to those for the PT-1/SPG com-
plex, one may regard that a similar complex is also formed
from PT-1 and SPG-NH. Sol-gel reaction was carried out
without catalyst, expecting that the covalently bound amino
groups would initiate the reaction. As a reference experiment,
we confirmed that in the presence of the PT-1/SPG complex
sol—gel reaction does not proceed at all without catalyst (vide
supra). Very interestingly, the Amax of the PT-1/SPG-NH com-
plex in the UV—vis spectrum (461 nm) is scarcely changed (or
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Figure 5.
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(a) TEM image for the sample obtained by 2 days sol—gel reaction in the presence of PT-1/SPG-NH complex, (b) EDX

pattern for Si atom; @ indicates the position where EDX crosses over the white fiber.

slightly shifts to longer wavelength) even after sol-gel reaction
according to the “surface mechanism.” This implies that the
main-chain conjugation length was scarcely affected by sol-
gel reaction: that is, in order to immobilize the higher-order
structure as it is in the silica matrix, the “surface mechanism”
is superior to the “solution mechanism.”

Figure 5 shows a TEM image and an EDX pattern for Si
atom. It is seen from the TEM image that clean fibrous com-
posites are formed according to the “surface mechanism.”
Comparison of the 2 days TEM images (Figure 2 and
Figure 4) indicates that the reaction speed according to the
“surface mechanism” is faster than the “solution mechanism”
under the present sol-gel reaction conditions, although the
latter can be accelerated by the increase in the catalyst concen-
tration.

Conclusion

In summary, we found that a few characteristic properties of
PT-1 induced by inclusion in SPG can be immobilized by sol—
gel reaction of TEOS. Therein, SPG plays bimodal roles, i.e.,
as a chirality inducer for PT-1 and as a chemical glue for silica
particles. The right-handed helical motif of PT-1 can be main-
tained by both the “solution mechanism” and the “surface
mechanism,” but only the “surface mechanism” can maintain
longer conjugation length. We believe, therefore, that the pres-
ent concept is useful for material sciences by solidifying func-
tional polymers and aggregates, maintaining their original
chemical and physical properties.

Experimental

Materials and Methods. Native schizophyllan (M,, =
1.5 x 10°) was kindly supplied by Mitsui Seito, Co., Ltd., (Japan).
The other chemicals were purchased from Aldrich or Tokyo Kasei
Chemicals. UV-vis and circular dichroism (CD) spectra were
measured on a Shimadzu UV-2500PC spectrometer and JASCO
720WI Circular Dichroism Spectrometer. IR spectra were mea-
sured on a Perkin-Elmer Spectrumone Fourier transform infrared
spectrometer attached to a Universal ATR Sampling Accessory.
Transmission electron microscopy (TEM) and high-resolution

TEM (HRTEM) images were acquired using a JEOL TEM-2010
(accelerate voltage 120kV) and a TECNAI-20, FEI (accelerate
voltage 200kV), respectively. Energy dispersive X-ray spectros-
copy (EDX) spectra and EDX line scan profiles were obtained
using a TECNAI-20, FEL

Systhesis of SPG-NH. SPG (100 mg) was dissolved in distill-
ed water. NalOy4 solution (0.04 equivalent against the side chain of
SPG) was poured into the SPG solution. The mixture was stirred
for 2 days at 4°C. After dialysis with water, it was lyophilized.
The white solid thus obtained by lyophilization was dissolved in
DMSO and 2mL of methylamine solution was added to this
DMSO solution. The solution was stirred for 2 days at room tem-
perature. Then, NaBH, (excess) was added into the solution and
stirred for 1 day. Excess NaBH, was quenched by AcOH and
dialyzed in acidic water, basic water, and then distilled water.
After the solution was lyophilized, the resultant SPG was modified
with the amino groups. The content of the introduced amino
groups was identified by nitrogen elemental analysis, which was
estimated to be 14.2%.

Sol-Gel Process. The polythiophene derivative PT-1 and the
complex with SPG were prepared with the method described pre-
viously. The PT-1/SPG complex was prepared by adding s-SPG
DMSO solution to aqueous PT-1 solution, and the mixed solution
was incubated for 12h at room temperature. The ratios of the
s-SPG and PT-1 solutions were chosen so that, after mixing, the
concentrations of PT-1 and SPG were 1.5 x 107* and 3.0 x
10~* M, respectively, and the volume fraction of water in the mix-
ture (Vw) was 0.95. The PT-1/SPG complex was utilized as
an organic template in ethanol/water mixtures ([SPG] = 9.0 x
107°°M, [PT-1]=4.5x10M, 6.6mL), to which 70uL of
tetraethoxysilane (TEOS) and 50 uL of benzylamine were added
at room temperature. The final solution consisted of ethanol:
water:DMSO = 7.00:2.95:0.05 v/v, [PT-1] = 0.045 mmol dm™3
(in monomer unit), [SPG] = 0.09 mmoldm™> (in repeating
unit), [benzylamine] = 0.47 mmoldm~3, and [TEOS] = 0.34
mmol dm~3. The obtained fluid reaction mixture was allowed to
stand for 2-10 days, leading gradually to precipitate of the pale
yellow silica composites. After the reaction, the mixture was treat-
ed with a centrifuge (8500rpm) for 30 min and the supernatant
that contained uncomplexed PT-1/SPG was pipetted off. The pre-
cipitated PT-1/SPG/silica composite was then dispersed into wa-
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ter and EtOH (500 mL and 500 mL). After repeating this centri-
fuge process three times, the objective suspension was obtained.
The composite silica powder was obtained by lyophilization.
Sol—gel transcription of PT-1/SPG-NH complex was also carried
out according to the same method as PT-1/SPG. In this system
no catalyst was added. Supramolecular complex from SPG-NH
and PT-1 was utilized as an organic template in ethanol/water
mixtures ([SPG-NH] = 9.0 x 1073 M, [PT-1] =4.5x 107°M,
6.6mL), to which 70 uL tetraethoxysilane (TEOS) were added
at room temperature. After 2-10 days sol-gel reaction, the pre-
cipitated PT-1/SPG-NH/silica composite was purified as describ-
ed above.
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