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harge transfer (ICT) of a
chiroptically active conjugated polymer showing
green colour

Hirotsugu Kawashima, Kohsuke Kawabata and Hiromasa Goto*

A donor–acceptor type achiral monomer 4,7-bis(2,3-dihydrothieno[3,4-b]-1,4-dioxin-5-yl)-2,1,3-

benzothiadiazole was synthesised and electrochemically polymerised in a cholesteric liquid crystalline

(CLC) medium. This film exhibits a fingerprint pattern under the polarised optical microscopic

observation. A possible mechanism of the fingerprint structure formation through a procedure of

electrochemical polymerisation in a CLC medium is presented. The preparation of chiral polymer films

even from achiral monomers is demonstrated. The film shows green colour in the reduced state and

blue in the oxidised state. Changes in colour and CD signals of the film are repeatable with

electrochemical oxidation and reduction. The presence of radical cations in the chiral environment,

referred to as chiralions, distributed along chiral polymer chains is proposed.
1 Introduction

Conjugated polymers have attracted much attention because of
their characteristic optical, electrochemical and magnetic
properties.1–4 Applications of these materials in photovoltaic
cells,5,6 light-emitting diodes,7 organic eld-effect transistors,8

and opto-electronic devices9–11 have motivated the development
of synthesis and processing methods for conjugated polymeric
materials. Electronic characters of these materials are primarily
governed by the nature of the molecular conjugation. In addi-
tion, intramolecular and intermolecular interactions have
considerable inuence on the properties.12,13 Higher-order
structures of organic materials are dependent on these inter-
actions and molecular shapes. A precise molecular design can
lead to desirable, highly ordered structures for various appli-
cations. Therefore, micro- or mesostructural control of the
materials is one of the key issues for obtaining the desired
performance.

Liquid crystals (LCs) are considered mesophases between
solid and liquid states. LCs have both uidity and crystallinity;
LC molecules can ow like a liquid, but are oriented like solid
crystals at the mesoscopic level.14–16 The cholesteric liquid
crystalline (CLC) state is one of the chiral liquid crystalline
states with a helical structure. This CLC state exhibits a twist
between the individual molecules perpendicular to the director
(a vector of molecular orientation). Assimilation of the asym-
metric packing of CLC molecules affords formation of a longer-
range helical chiral structure.17,18 It is known that some insects
such as golden beetles and jewel beetles have this kind of
ure and Applied Sciences, University of
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periodic, anisotropic structure on their body surface.19 Har-
iyama et al. implied that the photonic insects use such struc-
tures for recognition of their sex.20 Thus, the mesoscopic
structures of CLC are involved in biological activity and in some
biomimetic technologies.21

Electrochemical polymerisation is one of the methods to
produce conjugated polymer lms deposited directly on the
electrodes.22–24 Monomers in electrolytic solution are oxidised
with application of potential. Then, radicals are generated on
active sites of the monomers at the molecular level. Subse-
quently, radical polymerisation of the monomers proceeds on
the electrode. Polymer lms are thus deposited on the elec-
trodes during polymerisation. Polymer lms prepared by elec-
trochemical polymerisation can be puried easily by washing
with water and an organic solvent. The resultant lms can be
used for electro-optical devices such as electrolytic capacitors
and display devices.25–27

The geometric structure of polymer lms prepared by elec-
trochemical polymerisation depends strongly on the conditions
of the electrolytic solution and electrode surfaces.28,29 Precise
control of the conditions leads to favourable structures – regular
and highly ordered.30,31 Employment of CLC as a solvent of
electrochemical polymerisation, in place of isotropic liquid
solvents such as acetonitrile, allows us to transcribe the
ngerprint texture of a CLC medium to a resulting lm.32–34

Textures of the lm surfaces reect CLC properties both struc-
turally and optically, except that the textures are no longer
owing. Therefore, electrochemical polymerisation in a liquid
crystalline medium can control meso- or macroscopic struc-
tures of the resultant polymer lms.35

One of the important advantages of this method is to
generate chiroptically active polymer lms even from achiral
This journal is © The Royal Society of Chemistry 2015
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Scheme 1 Synthetic routes to polyEBECLC and polyEBEACN.
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monomers. In this research, we prepared an achiral monomer
4,7-bis(2,3-dihydrothieno[3,4-b]-1,4-dioxin-5-yl)-2,1,3-benzo-
thiadiazole (EBE), consisting of an electron-donor–acceptor
chemical structure, as shown in Scheme 1. Benzothiadiazole, as
an electron acceptor, is sandwiched between two 2,3-dihy-
drothieno[3,4-b][1,4]dioxine (EDOTs), serving as electron
donors. The low oxidation potential of EDOT units allows
polymerisation under appropriate conditions.36 Rod-like struc-
tures like EBE can show good affinity towards LCs, because LCs
consist of rod-like molecules.37 Therefore, EBE can be a suitable
monomer for electrochemical polymerisation in a CLC
medium.

Levent et al. previously demonstrated that a polymer result-
ing from EBE by electrochemical polymerisation exhibited
green colour in the reduced state.38,39 Green colour polymers are
required for green pixels of full-colour electrochromic displays.
The production of a green polymer requires an appropriate
molecular design.40–44 The absorption band of green polymers is
in the blue and red ranges, with green light reected. Our
motivation in this study is to create low-bandgap, highly
sensitive, and optically active polymer lms for the realisation
of full-colour chiral electrochromic displays.

2 Experimental section
Materials and methods

Chemicals were purchased from Tokyo Kasei Japan (TCI) and
Merck. The reagents were used as received. ITO-coated glass (9
U cm�2) was purchased from Furuuchi Chemical Corporation.
1H NMR spectroscopy measurements were performed in CDCl3
with an ECS 400 spectrometer (JEOL). Chemical shis are
reported in ppm downeld from SiMe4 as an internal reference.
Optical texture observations were carried out using an ECLIPS
LV 100 high-resolution polarizing microscope (Nikon) with a LU
This journal is © The Royal Society of Chemistry 2015
Plan Fluor lens and a CFIUW lens (Nikon). Digital pictures were
recorded by using an Optio RZ10 (Pentax). FTIR absorption
spectra were obtained with an FT/IR-300 spectrometer (Jasco)
using a KBr method. UV-vis absorption spectra were recorded
on a V-630 UV-vis optical absorption spectrometer (Jasco).
Electrochemical measurements were performed using an elec-
trochemical analyzer, PGSTAT 12 (AUTOLAB). CD spectra were
obtained with a J-720 spectrometer (Jasco).

Synthesis of tributyl(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)
stannane

This compound was prepared by a previously reported
method.45 Quantities used: 2,3-dihydrothieno[3,4-b][1,4]dioxine
(10.2 g, 71.4 mmol), tributylstannyl chloride (19.0 mL, 70.0
mmol), n-butyllithium (26.0 mL, 70.2 mmol), tetrahydrofuran
(80 mL), and a colourless oil (4.93 g, 11.4 mmol, 16.3%). 1H
NMR (400 MHz, d from TMS (ppm), CDCl3): d 0.89 (t, 9H, –Sn–
(CH2)3–CH3, J ¼ 7.2 Hz), 1.09 (m, 6H, –Sn–(CH2)2–CH2–CH3),
1.32 (m, 6H, –Sn–CH2–CH2–CH2–CH3), 1.55 (t, 6H, –Sn–CH2–

C3H7, J ¼ 8.0 Hz), 4.16 (s, 4H, –O–CH2–CH2–O–), 6.57 (s, 1H, 2H
(thiophene)).

Synthesis of 4,7-bis(2,3-dihydrothieno[3,4-b]-1,4-dioxin-5-yl)-
2,1,3-benzothiadiazole (EBE)

A solution of tributyl(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)
stannane (285.6 mg, 0.66 mmol) and 4,7-dibromo-2,1,3-benzo-
thiadiazole (101.9 mg, 0.37 mmol) in toluene (2 mL) was stirred
for 30 min at 50 �C. Then, tetrakis(triphenylphosphine)palla-
dium(0) (19.9 mg, 0.017 mmol) was added to the solution and
reuxed for 1 day at 90 �C. Aer cooling, the mixture was
washed with water, extracted with dichloromethane, and dried
over MgSO4. Aer ltration, the solvent was removed in vacuo
and the crude material was puried by column chromatography
J. Mater. Chem. C, 2015, 3, 1126–1133 | 1127
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(silica gel, ethyl acetate : n-hexane ¼ 2 : 1). The product was
dried in vacuo and isolated as a deep red solid (65.4 mg, 47.4%)
1H NMR (400 MHz, d from TMS (ppm), CDCl3): d 4.33 (m, 4H,
–O–CH2–CH2–O– (outer)), 4.40 (m, 4H, –O–CH2–CH2–O–
(inner)), 6.57 (s, 2H, 2H (thiophene)), 8.39 (s, 2H, 5,6H
(benzene)).
Fig. 1 Polymerisation procedure of EBE in CLC electrolytic medium.
(a) Change of the reaction mixture (liquid phase) in a polymerisation
cell. (b) Phase change of the mixture from liquid to cholesteric liquid
crystal. (c) Colour change indicates successful progress of polymeri-
sation. (d) Resulting polymer film after washing with n-hexane.
3 Results and discussion

Constituents of the LC electrolytic solution for the reaction
mixture for electrochemical polymerisation of EBE in a CLC are
summarised in Table 1 (EBE, 0.89 wt%; 4-cyano-40-n-hexyl-
byphenyl (6CB), 89.3 wt%; cholesterol oleyl carbonate (COC),
8.93 wt%; tetrabutylammonium perchlorate (TBAP), 0.89 wt%
as a supporting electrolyte salt). 6CB, which exhibits liquid
crystallinity at room temperature, is employed as an achiral
liquid crystalline molecule. The addition of a small amount of a
chiral compound as a chiral inducer to a nematic liquid crystal
induces a cholesteric liquid crystal phase with structural
chirality from an achiral nematic phase.46

The polymerisation process is summarised in Fig. 1. This
reaction mixture was charged between transparent indium-tin-
oxide (ITO) coated glasses, as an anode and a cathode (Fig. 1a).
Visual inspection of the cell indicates the formation of a LC
phase at room temperature (Fig. 1b). Then, a DC potential of
4.0 volts was applied across the cell and the polymerisation
reaction was initiated for 30 min. The colour change of the cell
indicates progress of the polymerisation (Fig. 1c). The remain-
ing reaction mixture on the electrode (anode side) aer the
polymerisation was removed by washing with n-hexane
(Fig. 1d).

Polarised optical microscopy (POM) observation reveals that
the polyEBE lm shows ngerprint textures, indicating
Table 1 Contents of the reaction mixture

Reagent

4-Cyano-40-n-hexylbiphenyl (6CB, liquid crystal)

Cholesteric oleyl carbonate (chiral inducer)

Tetrabutylammonium perchlorate (supporting electrolyte salt)

EBE (monomer)

1128 | J. Mater. Chem. C, 2015, 3, 1126–1133
transcription of the CLC texture to the polymer lm (Fig. 2). We
propose a mechanism of transcription of the CLC ngerprint
texture during electrochemical polymerisation in CLC medium,
as illustrated in Fig. 3. In a reaction mixture, monomers align
along the directors of the LC before polymerisation (Fig. 3b).
Electrochemical polymerisation progresses on the anode
surface. The polymer grows along the orientation with an
imprinted 3D aggregation structure of CLC. In this polymeri-
sation process, the main chain grows independently with phase
separation against 6CB and COC (Fig. 3c). The polymer lm
appears on the anode side in the electrochemical
Chemical structure wt%

89.3

8.9

0.9

0.9

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 POM images of the (a) fingerprint texture of the reaction
mixture at room temperature and (b) transcribed fingerprint texture of
polyEBECLC at room temperature.

Fig. 4 FT-IR absorption spectra of polyEBECLC, EBE, 6CB and COC.
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polymerisation. During the process, 6CB and COC can be
removed during polymerisation by a phase-separation process.
This mechanism can be the same as the results reported by
Kihara et al.47 Besides, washing with water and organic solvents
ushes remaining 6CB, COC, TBAP and unreacted monomers
from deposited polymers. The polymer thus obtained forms an
intermolecular twisted structure (helical structure, Fig. 3d),
which is similar to that of CLC. Such a process would be
expected to produce a ngerprint structure in the polymer.37

This polymer thus prepared in CLC is abbreviated as
polyEBECLC.

Fourier transform infrared (FT-IR) absorption spectra of
polyEBECLC, EBE (monomer), 6CB liquid crystal (matrix), and
COC (a chiral inducer) are shown in Fig. 4. The CN triple bond
vibration of the matrix LC appears at 2200 cm�1 for 6CB and
Fig. 3 Illustration of the mechanism of helical structure formation durin
molecules (blue) and monomers (yellow); sticks are polymers.

This journal is © The Royal Society of Chemistry 2015
C]O vibration at 1700 cm�1 for COC. PolyEBECLC has no peaks
at around 2200 cm�1 and 1700 cm�1 in the spectrum. The
absence of these signals for polyEBECLC in the FT-IR spectra
indicates that neither 6CB nor COC remain in the polyEBECLC

lm. This result conrms that the ngerprint texture of the
polymer is derived from a pure polyEBECLC lm.

Electrochemical properties of polyEBECLC were examined by
cyclic voltammetry (Fig. 5). As a reference, we additionally
prepared a polyEBE lm by normal electrochemical polymeri-
sation in acetonitrile solution. This polymer is abbreviated as
polyEBEACN. Electrochemical measurements for the resultant
polymer were carried out at scan rates of 10 to 100 mV s�1,
respectively, in acetonitrile containing 0.1 M TBAP. The poten-
tials are estimated relative to a silver–silver ion (Ag/Ag+) refer-
ence electrode. Cyclic voltammograms of polyEBECLC and
polyEBEACN show oxidation and reduction signals at the same
position. The polyEBECLC lm shows the same electrochemical
response as polyEBEACN. This reects that the redox properties
depend on the primary structure of the polymers.

UV-vis absorption changes of polyEBECLC with electro-
chemical oxidation and reduction were observed (Fig. 6). In the
reduced state, two absorption maxima appeared near 725 nm
and 425 nm (Fig. 6a). The 425 nm band is assignable to the
p–p* transition. The 725 nm band is due to an intramolecular
charge transfer (ICT) band typically observed from donor–
acceptor structures. The band-edge bandgap of the polymer is
estimated by the onset of the optical absorption to be 1.24 eV.
This absorption band is changed drastically by the
g electrochemical polymerisation in a CLC medium. Ellipsoids are CLC

J. Mater. Chem. C, 2015, 3, 1126–1133 | 1129
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Fig. 5 Cyclic voltammograms of polyEBE observed by electro-
chemical polymerisation. (a) A polymer prepared in a cholesteric liquid
crystalline medium and (2) a polymer prepared in acetonitrile elec-
trolytic solution.

Fig. 6 Changes of UV-vis absorption spectra of a polyEBECLC film in
electrochemical reduction and oxidation (vs. Ag/Ag+).
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electrochemical redox process. In the oxidised state (Fig. 6b),
the two bands decrease in intensity and a polaron band (doping
band) appears at long wavelengths. This change is repeatable
under electrochemical redox. Electrochromism of polyEBE
lms was observed during the electrochemical process. The
change in colour is visually conrmed, as shown in Fig. 7b and
d. The lm exhibited green colour in the reduced state and blue
colour in the oxidised state. This colour change is repeatable by
electrochemical redox switching. The mesoscopic ngerprint
structure of the lm is maintained over several electrochemical
redox processes (Fig. 7a and c). The same UV-vis observation
was demonstrated for polyEBEACN for comparison. As shown in
Fig. 8, UV-vis absorption behaviour of polyEBEACN by an elec-
trochemical redox process is identical to polyEBECLC.

Circular dichroism (CD) of polyEBECLC is also tunable by an
electrochemical redox process, as shown in Fig. 9. CD spectra of
polyEBECLC have several peaks overlapping each other near
absorption maxima. As a result, the observation showed two
negative bisignate Cotton effects. These Cotton effects appear at
around 720 nm and 440 nm, respectively. These values are in
excellent agreement with the two peaks of UV-vis spectra
(725 nm, 425 nm). Therefore, these Cotton effects can be
1130 | J. Mater. Chem. C, 2015, 3, 1126–1133
attributed to ICT and p–p* transitions, respectively. Both the
Cotton effects are strengthened from the oxidised state to the
reduced state. This CD observation results indicate that poly-
EBE has structural chirality derived from its aggregated helical
structure transcribed by CLC.

These changes of the CD spectra suggest that structural
changes in the aggregated form of the helical structure may
occur due to the electrochemical redox process, because the
optical activity of the polymer derives from the structural
chirality in a manner similar to CLC. Moreover, repeated
changes in ellipticity at 860 nm and 410 nm in electrochemical
oxidation and reduction were obtained as shown in Fig. 10.
Applied voltages were cyclically swept 10 times from �1.0 V to
0.4 V at 50 mV s�1 with automatic control by the instrument.
The ellipticities were retained completely aer 10 cycles. This
suggests that the polyEBE lm is mechanically stable and can
maintain its optical properties against an applied voltage within
�1.0 V to 0.4 V.

A broad UV-vis absorption band in a longer wavelength
region (800 nm) appearing in the oxidised state indicates the
generation of polarons. In this state, a pair of a radical and a
cation is generated along p-conjugated polymer chains. This
behaviour can be detected by using electron spin resonance
(ESR) spectroscopy. Fig. 11 shows changes in the ESR signals
derived from radicals on polyEBE in the electrochemical redox
processes. Both in reduction and oxidation processes, the signal
displays the maximum value. In the oxidation process, further
This journal is © The Royal Society of Chemistry 2015
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Fig. 7 POM and visual observation of electrochromism of polyEBECLC
in green (a and b) and blue (c and d) colours.

Fig. 8 Changes of UV-vis absorption spectra of a polyEBEACN film in
electrochemical reduction and oxidation (vs. Ag/Ag+).

Fig. 9 CD spectra of polyEBECLC with applied voltage (vs. Ag/Ag+).

Fig. 10 Repeating changes in the ellipticity of polyEBECLC at 860 nm
(a) and 410 nm (b) in electrochemical oxidation and reduction. Applied
voltage was cyclically swept 10 times from�1.0 V to 0.4 V at 50mV s�1

(vs. Ag/Ag+).
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electron extraction from the polaron state results in the gener-
ation of bipolarons. In this state, the main charge carrier is a
pair of two cations (dications) in place of radical cations. Thus,
the ESR intensity is decreased from the maximum in the
oxidation process due to the change of species of the carrier
from radical cations to dications. Aer the oxidation, the ESR
This journal is © The Royal Society of Chemistry 2015
signal was repeatedly changed in the redox process. This
repeated change can be performed in further cyclic sweeps, as
well as change in the UV-vis and the CD.

Focusing on differences between electrochemical reduction
and oxidation of polyEBECLC, changes in the g-value and peak
height of ESR spectra were examined. These changes are sum-
marised in Fig. 12, exhibiting hysteresis behaviour. This
hysteresis may be due to the difference in the diffusion rate
J. Mater. Chem. C, 2015, 3, 1126–1133 | 1131
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Fig. 11 Changes of ESR spectra of the polyEBECLC film in electro-
chemical reduction (a) and oxidation (b) (vs. Ag/Ag+).

Fig. 13 A graphic image of “chiralion,” a radical cation moving along
the polyEBECLC chain with a helical aggregation structure.
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between intrusion and extrusion (doping–dedoping or oxida-
tion–reduction) of ions. The same behaviour can be observed in
the UV-vis absorption and the CD. Compared to those of
polyEBEACN, responsiveness to the change in applied voltage is
fast. This means that hysteresis in the applied voltage of
polyEBECLC is smaller than that of polyEBEACN. Differences in
the crystallinity of these polymer lms might affect the diffu-
sion of the ions.
Fig. 12 ESR changes of peak height (a) and g-value (b) of polyEBECLC (abo

1132 | J. Mater. Chem. C, 2015, 3, 1126–1133
PolyEBE lms prepared by electrochemical polymerisation
using CLC medium have an ordered structure consisting of
polymer chains, which is transcribed from the CLC medium.
The ngerprint structure should be twisting along with the CLC
order. Charge carriers such as radical cations (polarons) and
dications (bipolarons) can move along the helical chains. Such
charge carriers delocalised along the chiral conjugated system,
referred to as “chiralions,” are observed (Fig. 13).
4 Conclusions

A donor–acceptor type chiral polymer lm showing a ngerprint
surface structure was prepared successfully by electrochemical
polymerisation in a cholesteric liquid crystalline medium. This
polymer lm appears green in the reduced state and blue in the
oxidised state. Colour changes and CD signals of the lm are
repeatable aer electrochemical oxidation and reduction. The
generation of charge carriers in polaron and bipolaron states
was conrmed by using the ESR. Chiralions, charge carriers
delocalised along the optically active p-conjugated system, are
ve) and polyEBEACN (below) in electrochemical reduction and oxidation.

This journal is © The Royal Society of Chemistry 2015
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proposed. This polyEBECLC may be the rst example of an ICT-
type conjugated polymer with electro-optical activity.
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