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Abstract. Electrochemical preparation of a composite consisting of poly[2,2′-bis(3,4-ethylenedioxythiophene)-alt-fluorene]
and hydroxypropyl cellulose (PEFE/HPC) was carried out. We conducted electrochemical polymerization of poly[2,2′bis(3,4-ethylenedioxythiophene)-alt-fluorene] (EFE) as a monomer in a lyotropic liquid crystal of HPC. We used an organic
solvent instead of water for lyotropic liquid crystal medium to expand the possibility of the range of monomers, although
water is usually employed as a solvent for HPC for showing liquid crystallinity. Here, we employed N,N-dimethylformamide
(DMF) as a solvent for HPC. Electrochemical polymerization in the polymer liquid crystal was carried out to obtain a
polymer film with liquid crystal order. The polymer film thus prepared exhibited optical activity. Fourier transfer infrared
(FT-IR) absorption spectroscopy reveals that the film is a composite consisting of HPC and polymer. The composite
PEFE/HPC thus prepared in HPC/DMF system showed electrochromism.
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1. Introduction

reaction. In this polymerization process, liquid crystal acts as a template. Although the monomers have
no optical activity, the resulting polymers prepared
in chiral liquid crystals shows atropisomerism due
to the occurrence of chirality transcription from molecular to macroscopic level. We referred to this
method as ‘asymmetric electrochemical polymerization’ [6]. In this research, 2,7-bis(3,4-ethylenedioxythiophen-2-yl)fluorene (EFE), synthesized by
our laboratory, was employed as a monomer, and the
electrochemical preparation of poly[2,2′-bis(3,4-ethylenedioxythiophene)-alt-fluorene] (PEFE) was carried out. PEFE is known as an electrochromic material [7]. We have carried out electrochemical polymerization of EFE in a thermotropic liquid crystal
with low molecular weight (hexyl cyanobiphenyl,
6CB, thermotropic liquid crystal) as our previous

Electrochemical polymerization is a widely used technique to produce electrochromic materials [1–4].
Electric field is applied between an anode and a cathode in an electrolyte containing a monomer for performing electrochemical polymerization. Electrochemical polymerization proceeds at the surface of
the anode, and a resultant conjugated polymer is deposited on the electrode. Todate, we have carried out
electrochemical polymerization of conjugated polymer in thermotropic liquid crystal [5]. The polymer
prepared in low molecular weight liquid crystal shows
liquid crystal like structures because of the transcription of the liquid crystal order from the liquid crystal
matrix during the polymerization process. The polymer itself contains no liquid crystal molecules because of phase separation during the polymerization
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research and confirmed the helical order of the product derived from matrix cholesteric liquid crystal [8].
The polymer thus obtained shows laser diffraction
derived from transcription of periodic structure of
cholesteric liquid crystal. However, 6CB is expensive and has a certain temperature range in which it
shows mesophase. Recently, we carried out electrochemical polymerization in hydroxypropyl cellulose
(HPC) as a liquid crystal electrolyte in place of 6CB.
HPC is a low cost semi-natural polymer with chirality. In previous research, some conjugated polymers
were electrochemically synthesized in HPC liquid
crystal [9, 10].
In the present study, we conduct electrochemical polymerization of EFE (monomer) in HPC. The product
thus obtained is a polymer composite consisting of
PEFE and HPC with no fibrillar structure, although
PEFE prepared in 6CB shows fibrillar structure [8].
This electrochemical polymerization yields an electroactive polymer composite. We report the possibility of electrochemical polymerization in natural
polymer as electrolyte solution to produce electrooptically active chiral polymer composite.

Figure 1. Electrochemical polymerization in hydroxypropyl
cellulose/N,N-dimethyl formamide (HPC/DMF).
* – chiral.

Figure 2. Chemical structure of hydroxypropyl cellulose
(HPC)

the monomer. The solution was vigorously stirred
mechanically for 1 min at room temperature. The solution was placed for 24 h to dissolve HPC homogeneously in DMF. Liquid crystallinity of the concentrated HPC solution was confirmed with visual
inspection through iridescent color of the solution.
EFE was pre-oriented in the helical environment of
lyotropic HPC. Then, electrochemical polymerization was carried out by using the sandwiched cell
method (two ITO glass electrodes, ITO = indium tin
oxide) developed by our group previously. Direct current voltage of 2.5 V was applied across the cell for
30 min at room temperature. A polymer film was deposited onto the anode side. After completion of the
electrochemical polymerization, the sandwiched cell
was soaked in distilled water to remove the residual
HPC from the film surface. After ca. 24 h, the sandwich cell was disassembled and the polymer film was
washed with distilled water, and acetone to obtain a
smooth film deposited on the ITO coated glass. PEFE
thus obtained is abbreviated as PEFE/HPC. To compare with standard PEFE film (pure PEFE), electrochemical polymerization of EFE in no HPC liquid
crystal electrolyte solution was carried out using cyclic
voltammetry scan method. An ITO coated glass, a
platinum wire, and an Ag/Ag+ electrode were used
as the working, counter, and reference electrodes, respectively. The electrolyte solution contained EFE

2. Experimental
2.1. Materials
EFE was previously synthesized [12]. Hydroxypropyl cellulose (HPC) was obtained from Wako
Pure Chemical Industries, Ltd. (TCI, Japan) and
used without further purification. Viscosity of the
HPC is 2.0–.9 mPa·s (2 wt%, 20 °C). Tetrabutylammonium perchlorate (TBAP) was obtained from TCI
(Japan) and used without further purification. N,Ndimethylformamide (DMF) was obtained from
Nacalai Tesuque (Japan) and used without further
purification.

2.2. Electrochemical polymerization
Electrochemical polymerization of EFE [8, 11], was
carried out in hydroxypropyl cellulose (Figure 1). The
chemical structure of hydroxypropyl cellulose is
shown in Figure 2. Constituents of electrolyte solution
are listed in Table 1. Various concentration solutions
of HPC/ DMF were prepared and visually checked for
liquid crystallinity. HPC employed in this study shows
mesophase at ~60 wt% in DMF. Phase diagram of
HPC/ DMF has been reported previously [12].
First, EFE and TBAP (supporting salt) were dissolved in DMF. Next, hydroxypropyl cellulose was
added to the solution containing supporting salt and
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Table 1. Constituents of electrolyte solution and monomer
Monomer

Supporting salt

Liquid crystal matrix

Solvent

(C4H9)N+ClO4–
(TBAP2, 4.1 mg))

HPC3 (700.1 mg)

N,N-dimethylformamide
(DMF, 403.4 mg)

EFE1 (8.1 mg)
1

2,7-bis(3,4-ethylenedioxythiophen-2-yl)fluorene (EFE) [10].
Tetrabutylammonium perchlorate.
3
Hydroxypropyl cellulose.
2

and TBAP (Table 1). Electrochemical preparation of
PEFE produced a film deposited on the ITO coated
glass. To remove DMF (solvent), TBAP (supporting
salt), and unreacted monomer, the product on the
ITO was washed with acetone and distilled water
thoroughly.

2.3. Measurements
Optical texture observations were conducted with an
ECRILS LV 100 high-resolution polarizing microscope (Nikon). Fourier transform infrared absorption
spectroscopy measurement (KBr method) was carried out with an FT-IR 4600 (Jasco) at room temperature. UV-vis absorption spectra was obtained with
V-630 (Jasco). Cyclic voltammetry (CV) measurements were carried out with a μAUTOLAB TYPE
III (ECO Chemie, the Netherlands). Circular dichroism (CD) spectroscopy measurements were carried
out with a J-720 (Jasco).

Figure 3. Polarizing optical microscopy (POM) image of
PEFE film prepared in DMF with no HPC (hydroxypropyl cellulose) liquid crystal electrolyte
solution (200×)

3. Results and discussion
3.1. POM observation
The polymer film prepared in DMF with no HPC
liquid crystal electrolyte solution shows no texture,
Figure 3. The polymer film thus prepared in HPC
liquid crystal shows a characteristic texture under
polarizing optical microscopy (POM), Figure 4. The
image was derived from cholesteric liquid crystal of
helical aggregation, indicating transcription of helical aggregation structure of HPC occurred during the
polymerization process. The electrochemical polymerization in the HPC liquid crystal solution gave a
helical structure to PEFE. In other words, HPC functioned as a helical template in the electrochemical
polymerization.

Figure 4. POM image of PEFE/HPC composite film (500×)

PEFE/HPC are shown in Figure 5. HPC shows O–H
stretching vibration absorption at 3431 cm–1 due to
hydroxyl group in the pyranose unit. Absorption band
at around 3000 cm–1 is due to CH2, CH3 stretching
vibration. The monomer (EFE) shows an absorption
band at 1071 cm–1 due to C–O–C ring stretching of
the EDOT unit. The corresponding polymer PEFE
exhibits an absorption at 3422 cm–1 due to O–H

3.2. FT-IR
The FT-IR spectra of the HPC (LC matrix), EFE,
PEFE prepared in DMF containing no HPC, and
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bipolarons. Absorption intensity at 465 nm is increased upon the electrochemical dedoping (reduction). Maximum absorption wavelength at the oxidized state and the reduced state are almost the
same value in accordance with previously reported
result [8].
UV-vis absorption spectra of PEFE film prepared in
no HPC liquid crystal electrolyte solution (pure
PEFE) and PEFE film prepared in HPC liquid crystal
solution (PEFE/HPC) are shown in Figure 7. Pure
PEFE and PEFE/HPC show absorption peaks at the
same position (465 and 600 nm).
This change in intensity is repeatable through electrochemical redox reaction. In other words, electrochemical doping-dedopoing is repeatedly achieved
for the polymer composite. To confirm the repeatable electrochromic property, changes in absorption
intensity at 465 and 660 nm upon repeating sequential application of voltage between 0 and 0.5 V (vs.
Ag/Ag+) at a scan rate of 30 mV/s for 650 s were examined (Figure 8). The intensity changes are complementary shape between 465 nm (absorption of
main chain) and 600 nm (doping band).

Figure 5. FT-IR spectra of hydroxypropyl cellulose (black
line), monomer (green line), pure EFE film (blue
line), and PEFE/HPC composite film (red line)

stretching of cellulose unit. This result indicates that
PEFE/HPC is consisting of PEFE and HPC. PEFE entangles HPC, thus the HPC remained in the composite after washing. An absorption band at 1070 cm–1 is
due to absorptions of C–O–C of cellulose and EDOT.

3.3. UV-vis absorption
In situ UV-vis absorption measurements were carried
out by using cyclic voltammetry. UV-vis absorption
spectra of PEFE/HPC at various applied potentials
are shown in Figure 6. The polymer shows absorption
band at 465 nm due to -* transition of the main
chain. A new absorption band at 660 nm is due to polaron band (radial cations). Broad absorption at
>900 nm can be due to bipolarons (dications). The
absorption intensity of the band increases with application voltages, indicating electrochemical oxidation
(doping) is progressed with application of voltage.
Contrary, reduction process (Figure 6b) displays decrease of absorption intensity due to polarons and

Figure 7. UV-vis absorption spectra of PEFE/HPC and PEFE

Figure 6. UV-vis absorption spectra of PEFE/HPC at various applied potentials (vs. Ag/Ag+). Oxidation process (a) and reduction process (b)
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Figure 8. Time dependence of UV-vis absorption intensity
at 465 and 660 nm of PEFE/HPC during repeated
potential cycles. The potential was repeatedly applied between 0 and 0.5 V (vs. Ag/Ag+) with a
scan rate of 30 mV/s for 650 s.
Figure 10. CD spectra of PEFE/HPC. Solid line: as prepared
sample. Dashed line: reduced state.

3.4. Circular dichroism
Circular dichroism (CD) absorption spectroscopy
measurements were carried out for the PEFE film
and the PEFE/HPC composite film (Figure 9). The
PEFE film prepared in no HPC liquid crystal electrolyte solution shows no ellipticity. On the other
hand, the PEFE film prepared in HPC liquid crystal
electrolyte solution having chiral molecular order
shows optical activity. The optical activity is derived
from transcription of helical molecular order of HPC
to the product.
Furthermore, the CD measurements for as-prepared
sample (oxidized) and reduced sample were carried
out. The CD spectra of the PEFE/HPC film are shown
in Figure 10. The reduced sample was obtained with
treatment of the polymer film with hydrazine vapor
for 30 min. Signal intensity of the CD band at
537 nm is increased with treatment of hydrazine, indicating reduction induced increase of ellipticity of
the polymer composite.

structure in the molecular level, and the HPC aggregation forms helical structure in DMF at appropriate
concentration to show cholesteric liquid crystal. The
monomer is pre-oriented along the HPC prior to the
polymerization reaction. Then, electrochemical polymerization is carried out and the polymer grows
along the helical form of HPC to form 3-D helical
structure. The product is polymer composite consisting of the -conjugated polymer (PEFE) and the chiral non--conjugated polymer (HPC). The main
chain of the PEFE enwinds HPC. Optical activity of
the polymer film can be derived from formation of
helical structure of the main chain or inter-chain helicity. In this case, mechanical asymmetric induction
from HPC in molecular level and formation of helical aggregation with HPC occurred.

4. Conclusions
We achieved synthesis of electro-optically active
polymer in the HPC liquid crystal. HPC/DMF system allows polymerization of hydrophobic monomer

3.5. Possible structure
A possible structure of PEFE/HPC is shown in Figure 11. HPC forms asymmetric β-pleated sheet

Figure 9. Circular dichroism (CD) spectra of PEFE/HPC
and PEFE

Figure 11. A possible structure of PEFE-HPC composite
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