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Abstract

Synthesis of conductive polymer poly([thiophene]-[benzo[1,2,3]thiadiazole]
[thiophene]) (abbreviated as P(T-Btdaz-T)) was achieved by electrochemical
polymerization in hydroxypropyl cellulose (HPC)/N,N-dimethylformamide
(DMF) in liquid crystal state. The polymer thus obtained shows fingerprint
texture, which is derived from helical structure of the HPC in cholesteric lig-
uid crystal state. Fourier transform infrared spectroscopy measurements re-
vealed that the polymer film is P(T-Btdaz-T)/HPC composite. Circular dich-
roism optical absorption spectroscopy measurements show that the polymer
has the optical activity. Next, electrochemical polymerization of 3,4-ethylene-
dioxythiophene (EDOT) was carried out in columnar phase liquid crystal. The
polymer transcribes the columnar structure and shows optical structure re-
sembling columnar liquid crystal electrolyte solution.
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1. Introduction

Polybenzothiadiazole is one of the most studied conductive polymers as a
low-bandgap polymer for applications such as photo voltaic cells, transistors
[1]-[20]. An article of chiral-electroactive low bandgap polymer composite was
accepted into Journal of Materials Science and Chemical Engineering [21]. In
this research, hydroxypropyl cellulose (HPC, cellulose derivatives) in organic

solvent is employed as an electrolyte solution for electrochemical polymeriza-
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tion. HPC is dissolved in both water and organic solvents [22]-[26]. In this
study, N,N-dimethylformamide (DMF) is selected as a solvent for dissolving
HPC. HPC in DMF liquid crystal solution allows polymerization of organic
monomers with hydrophobicity.

Electrochemical synthesis of poly(3,4-ethylelnedioxythiophene) (PEDOT) is
also carried out in columnar liquid crystal electrolyte solution. Hexadecyltrime-
thylammonium chloride (HTAC) is used as a columnar liquid crystal. HTAC
shows lyotropic liquid crystallinity. Columnar liquid crystal also acts as a tem-

plate for electrochemical polymerization.

2. Experimental

2.1. Materials

Monomer [thiophene]-[Btdaz]-[thiophene] (T-Btdaz-T) was prepared by pre-
viously reported method [1]. Hydoxypropyl cellulose was purchased from Wako
Pure Chemical Industries, Ltd. (Wako, Japan) and used as supplied. Tetrabuty-
lammonium perchlorate was purchased from Tokyo Chemical Industry Co., Ltd.
(TCL Japan). N,N-Dimethylformamide was used without purification (Nacalai
Tesque, Japan). 3,4-Ethylenedioxythiophene was purchased from TCI. Hexade-
cyltrimethylammonium chloride was purchased from TCI.

2.2. Synthesis

Electrochemical polymerization of monomer [thiophene]-[Btdaz]-[thiophene]
(T-Btdaz-T) was carried out in hydroxypropyl cellulose (HPC), Figure 1. Con-
stituents of electrolyte solution are summarized in Table 1. First, monomer and
tetrabutylammonium perchlorate (TBAP) (supporting salt) were added to DMF.
Next, HPC was added to the electrolyte solution and mechanically stirred by

N/S\N Electrochemical

\ polymerization
I\ ]\ >
S ) Hydroxypropyl cellulose

Figure 1. Scheme of electrochemical polymerization of [thiophene]-[benzo[1,2,3]thia-
diazole]-[thiophene] monomer in hydroxypropyl cellulose.

Table 1. Constituents of electrolyte solution using hydroxypropyl cellulose.

Matrix Solvent Supporting salt
Monomer HPCY N,N-dimethylformamide (C4H9)4 N*CIO,
(DMF) (TBAP)
S
N” °N

\ /)
7\ [\
s s 701.0 mg 397.3 mg 4.1 mg

(T-Btdaz-T?)
8.4 mg

a. [thiophene]-[benzo[1,2,3]thiadiazole]-[thiophene]; b. Hydroxypropyl cellulose; c. Tetrabutylammonium
perchlorate.
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glass rod for 1 min. Then, the electrolyte solution containing the monomer was
injected to the sandwiched cell (two ITO glass electrode, ITO = indium tin
oxide). The sandwich cell polymerization method thus performed was developed
by our group previously. Direct current (dc) voltage of 3.0 V was applied across
to the cell for 60 min. A thin polymer film was deposited on an anode side (+) of
the electrode. After electrochemical polymerization, the sandwich cell was
soaked into the distilled water to dissolve residual electrolyte solution and disas-
semble the cell. The polymer film thus deposited onto the ITO glass was washed
with large volume of water, and acetone to remove residual HPC, monomer, and
TBAP.

Next, electrochemical polymerization of 3,4-ehylenedoxythiophene (EDOT)
was carried out in hexadecyltrimethylammonium chloride (HTAC) (Figure 2).
Constituents of electrolyte solution are shown in Table 2. First, HTAC was dis-
solved in water. The solution exhibits columnar phase liquid crystal at appropri-
ate concentration. Then, EDOT as a monomer was added to the solution. After
injecting the electrolyte solution into the cell space of sandwiched ITO glass, dc
2.7 V was applied across to the cell for 5 min. EDOT monomer is electrochemi-
cally oxidized at an anode side and polymerized. Thin PEDOT film appeared at
the anode side of the ITO glass electrode. The polymer film was washed with
large volume of distilled water, and acetone to remove residual HTAC, TBAP

and monomer.

2.3. Measurements

Polarizing optical microscopy measurements were carried out by using an
ECLIPX LV 100 high-resolution polarizing microscope (Nikon). Fourier Trans-

form Infrared absorption spectroscopy measurements were carried out with a

d o d o

2.7V, 5 min
2/ \S ]\
Coly,
S h: electrolyte n

Y

Figure 2. Electrochemical polymerization of 3,4-ethylenedioxythieophene in columnar
liquid crystal.

Table 2. Constituents of columnar liquid crystal electrolyte solution using hexadecyltri-
methylammnonium chloride.

Matrix Solvent

Monomer
HTACY Water

CHjy
H.C— L _
2/ \g OGO

S Ha
(EDOT?) 602 mg
10 pL

a. 3,4-ethylenedioxy thiophene; b. Hexadecyltrimethylammonium chloride.
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FT-IR 4600 (Jasco) by using the KBr method. UV-vis absorption spectroscopy
measurements were carried out by using a V-630 (Jasco). Cyclic voltammetry
were carried out with a yYAUTOLAB TYPE III (ECO Chemie). Electrolyte solu-
tion contained 0.1 M tetrabutylammonium perchlorate in acetonitrile. Circular

dichroism spectroscopy measurements were carried out with a J-720 (Jasco).

3. Results and Discussion
3.1. Polarizing Optical Microscopy

Optical texture of the polymer prepared in HPC liquid crystal was observed by
polarizing optical microscopy (POM), Figure 3. POM observation revealed that
the polymer surface shows fingerprint texture. Fingerprint textures commonly
appear in cholesteric liquid crystal. In this case, HPC dissolved in DMF shows
cholesteric liquid crystal, indicating the monomer propagated in the helical
structure of the HPC during the polymerization with structural transcription
mechanism to form fingerprint structure. HPC acts as a helical template in this
electrochemical polymerization (liquid crystal template polymerization).

Figure 4(a) shows POM image of electrolyte solution using HTAC. The POM
image of the polymer prepared in HTAC is shown in Figure 4(b). The optical
texture of the polymer resembles with columnar liquid crystal electrolyte solu-
tion. Transcription of columnar structure was also occurred in the columnar

liquid crystal electrolyte solution.

3.2. Fourier Transform Infrared Absorption

Fourier transform infrared red (FT-IR) results of the HPC (LC matrix), T-Btdaz-
T (monomer), and the resultant polymer are shown in Figure 5. Absorption
band at around 3500 cm™ is ascribed as O-H stretching vibration of pyranose
unit. Absorption bands at around 3000 cm™ are CH, and CH, stretching vibra-
tion. An absorption band at around 1070 cm™ is due to C-O-C stretching vibra-
tion. An absorption band at 690 cm™ is derived from thiophene. The polymer

film prepared in HPC shows O-H stretching vibration in same region of HPC.

L
20 um

Figure 3. Polarizing optical microscopy image of obtained polymer film P(T-Btdaz-T) in
hydroxypropyl cellulose (HPC).
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Figure 4. Polarizing optical microscopy image of columnar liquid crystal electrolyte solu-

tion (a) and polymer film (b) prepared by columnar phase.

RO,

0.0f+R R=Hor
RO &

| = |
B RO OR n )!-l
i —HPC

Absorbance (arb. units)

—— P(T-Btdaz-T)

L

Wavenumber/cm’

PR R S T | PR S R I PSS SN S SR T SR T SR W N R SR SN SN N S S
4000 3500 3000 2500 2000 1500

| I
1000

500

Figure 5. Fourier transform infrared (IR) spectra of hydroxypropyl cellulose (HPC)
(black line), T-Btdaz-T (blue line), and resultant polymer (P(T-Btdaz-T)/HPC composite,

red line).
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Figure 6. Fourier transform infrared spectra of hexadecyltrimethylammonium chloride
(HTAC) (black line), EDOT (blue line) and PEDT (red line).

This results revealed that the polymer film prepared in HPC contains HPC, and
forms P(T-Btdaz-T)/HPC composite. FT-IR spectra of PEDOT prepared in co-
lumnar liquid crystal are shown in Figure 6. Absorption band at 2913 and 2848
cm™ are CH, and CH, stretching vibration of hexadecyltrimethylammonium
chloride (HTAC). An absorption band at 1458 cm™" is due to C=C stretching vi-
bration of EDOT, 1358 cm™" is due to (C-C),;,,
due to (C=C),,, vibration, 1057 cm™" is due to (-COCH,CH,OC-) stretching vi-
bration, 935 cm™ is due to (C-S),,, vibration, and 763 cm™ is due to CH

out-of-plane vending vibration.

stretching vibration,1186 cm™ is

3.3. UV-vis Absorption

In situ UV-vis absorption measurements were performed during cyclic voltam-
metry. The UV-vis absorption spectra of P(T-Btdaz-T)/HPC composite at vari-
ous applied potential are shown in Figure 7. A new absorption band at 723 nm
is due to polarons (radical cation) band. The absorption intensity of polaron
band increases with applied potential of 0 V to 1.4 V, indicating occurrence of
electrochemical oxidation (doping). Polarons change to bipolarons when heavy
doping was occurred. So absorption band changes from visible region to near
infrared region. Therefore, absorption band of polarons at 723 nm becomes
weak with applied potentials of 1.5 V (heavy doping), and simultaneously, ab-
sorption band of bipolarons increase at long wave region. The UV-vis absorp-
tion spectrum of PEDOT film prepared in HTAC is shown in Figure 8, which
confirms achievement of preparation of PEDOT film in HTAC columnar phase

electrolyte solution.
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Figure 7. UV-vis absorption spectra of P(T-Btdaz-T)/HPC composite at various applied
potentials (vs. Ag/Ag").
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Figure 8. UV-vis absorption spectrum of PEDOT film prepared in columnar liquid crys-
tal electrolyte solution.

3.4. Cyclic Voltammetry

Cyclic voltammetry (CV) analysis of P(T-Btdaz-T)/HPC composite was per-
formed at various scan rates. The CV of the polymer is shown in Figure 9.
P(T-Btdaz-T)/HPC composite film thus obtained in HPC liquid crystal shows
repeatable reduction/oxidation behavior via application potential from —0.3 to
0.35V.

The CV measurements of PEDOT prepared in HPC liquid crystal were also
carried out at scan rates of 100, 200 and 500 mV/s, Figure 10. The polymer film
shows repeatable redox behavior with application potential from —0.9 to 0.9 V.

3.5. Circular Dichroism

Circular dichroism (CD) optical absorption spectroscopy measurements was
carried out for the as prepared polymer film and reduces P(T-Btdaz-T)/HPC
composite film. The CD spectra are shown in Figure 11. Reduced sample was
prepared by exposing hydrazine vapor for 30 min.

Polaron band decreases at <700 nm region in reduction. On the other hands,

CD absorption of m-7* transition of the main chain increases. This result de-
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Figure 9. Cyclic voltammograms of P(T-Btdaz-T)/HPC composite at various scan rates
of 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 mV/s vs. Ag/Ag*.
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Figure 10. Cyclic voltammograms of PEDOT prepared in HPC polymer liquid crystal at
various scan rates of 100, 200 and 500 mV/s vs. Ag/Ag".
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Figure 11. CD spectra of P(T-Btdaz-T)/HPC composite. (Red line): as prepared sample.
(Blue line): reduced state.
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monstrates that optically activity of the composite can be tuned through redox

process.

4. Conclusions

We achieved preparation of P(T-Btdaz-T)/HPC composite film by electrochem-
ical polymerization in HPC liquid crystal. The POM observation of
P(T-Btdaz-T)/HPC composite reveals that the film showed fingerprint texture.
The FT-IR result indicated that the polymer film is composite of P(T-Btdaz-T)/
HPC. The CV measurements show that this polymer has the repeatable redox
character. The polymer has optical activity derived from helical aggregation
through transcription of chirality from the HPC liquid crystal matrix.
Electrochemical polymerization of EDOT in columnar liquid crystal is suc-
cessfully carried out. The POM observation for the columnar shaped PEDOT
confirms occurrence of transcription of columnar structure to the polymer dur-

ing the electrochemical polymerization process.
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