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We demonstrate electrochemical polymerization of an aromatic conjugated monomer in a
macroscopically aligned nematic liquid crystal. This method is a combination of employment
of liquid crystal for electrolyte solution, rubbing technique, and electropolymerization. The
resulting polymer film shows linear dichroism and anisotropy. Polarizing optical microscopy
reveals that the polymer film is uniformly ordered on a macroscopic scale. These results
indicate that the conjugated main chains grow along a director of the aligned nematic liquid

crystal solvent.

Recently, many researchers have studied conjugated polymers for their applications as organic
electroluminescence devices,' organic transistors, and organic photovoltaics,” because of their
characteristic electronic and optical properties. In this research field, the control of polymer structure
represents one of the most significant current practical challenges because the molecular order of
conjugated polymers can impart anisotropy and improve not only mechanical, but also electronic and
optical properties. In order to obtain ordered conjugated polymers, researchers have developed many
approaches, such as tensile drawing,”” solid-state polymerization, alignment of liquid crystalline
conjugated polymers,®’ dissolution of conjugated polymers in a liquid crystal (LC), and
polymerization in a LC.

In our previous studies, electrochemical polymerization in cholesteric LC reaction fields afforded
helically ordered conjugated polymer films. Electrochemical polymerization is, industrially and
scientifically, one of the most useful methods for obtaining conjugated polymers because this
method is straightforward and can afford a polymer thin film directly. However, generally,
electrochemical polymerization can provide optically isotropic films without the possibility to orient
them after polymerization. Hence, structure-controllable electrochemical polymerization is required,

which can be a useful method for obtaining anisotropic conjugated polymer materials. In this
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research, we demonstrated that electrochemical polymerization in a macroscopically aligned nematic
liquid crystal (NLC) field obtained with simple rubbing method can yield macroscopically ordered
conjugated polymer films. Linearly polarized optical absorption spectroscopy and polarizing optical
microscopy (POM) suggest that the polymer film is optically uniaxial on a macroscopic scale.
Therefore, electrochemical polymerization in a macroscopically aligned NLC field is to be an
efficient method capable of simultaneous macroscopic alignment and polymerization process.

We used 2,7-di(2-furyl)fluorene as a monomer, which was synthesised by us previously.'” The
monomer was electrochemically polymerized to afford a linear aromatic conjugated polymer as
shown in Scheme 1. Electrochemical polymerization in an aligned NLC reaction field was
demonstrated by a following procedure. Firstly, the monomer and tetrabutyl ammonium perchlorate
(TBAP) were dissolved in 4-cyano-4’-n-hexylbiphenyl (6CB). This mixture was used as an NLC
electrolyte solution, in which TBAP and 6CB function as a supporting salt and an LC solvent,
respectively. Next, rubbing treatment using poly(vinylalcohol) was conducted on surfaces of indium
tin oxide (ITO) coated glass electrodes. The NLC electrolyte solution was injected between two
plates of the rubbed electrodes which were separated by a 190 um-thick Teflon spacer, and directed
their rubbing to one direction. The NLC electrolyte solution between non-rubbed substrates shows a
characteristic Schlieren texture (Fig. la), while that between rubbed substrates shows no
characteristic texture due to orientation (Fig. 1b). Then, an application of a 4 V bias between the
electrodes resulted in deposition of a polymer on the anodic electrode. After polymerization, residual
NLC electrolyte solution was rinsed off with hexane to afford a green thin film. The color of the
pristine polymer film is characteristic of the oxidized state due to doping of perchlorate anions for
the polymer. The polymer film was reduced with hydrazine for subsequent measurements. The
structure of the polymer was confirmed with IR absorption spectroscopy (Supplementary Data, Fig.
S1). Film thickness is ~275 nm (Supplementary Data, Fig. S2).

Fig. 2 shows the linearly polarized optical absorption spectra of the polymer film in the reduced
and oxidized states. In these spectra, the reduced polymer exhibits an absorption band at 360 nm due
to a m-m* transition of the conjugated main chain of the polymer, while the oxidized polymer exhibits
two absorption bands at 360 nm due to a n-n* transition and at around 700 nm due to radical cations
in the conjugated main chain (so-called “polarons”). In both the reduced and oxidized states, optical
absorption of the polymer film with an incident polarized light parallel to the rubbing direction was
more intense than in the case of the perpendicular direction. Linear dichroic ratios (Abs,/ AbsL) at
the maximum absorption wavelength (360 nm) in the reduced and oxidized states are 1.46 and 1.43,
respectively. A transition moment of n-conjugated polymers is usually along their conjugated main
chain. Therefore, these results indicate that conjugated main chains in the polymer film are aligned
in one direction. Interestingly, the oxidized polymer exhibits linear dichroism at the absorption band

due to the polarons as well as the n-n* transition. This result implies that the transition moment of
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the polarons is also along the conjugated main chains. The optical anisotropy of the polymer film
was also observable by a POM as shown in Fig. 3. Fig. 3a displays a POM photograph of the
unoriented polymer. The texture is very similar to that of the NLC electrolyte solution, showing
Schlieren texture. Usually electrochemically prepared polymers in isotropic solution such as
acetonitrile based electrolyte solution show no Schlieren texture. This result strongly indicated that a
transcription of macroscopic molecular order from NLC was occurred. While polymers prepared on
rubbed substrates show no characteristic texture (Fig. 3b, c). Here, perfect aligned LCs prepared by
electric or magnetic field show no characteristic texture due to complete orientation. In other words,
highly oriented LCs exhibited uniform and noncharacteristic optical texture. As for the present
polymer prepared in the oriented environment, the high degree of orientation led to the absence of
nematic-like texture. The absence of any characteristic features of the oriented polymer strongly
suggested good orientation obtained by polymerization along the oriented director field of NLC. The
uniform oriented environment provides the highly oriented electro-active polymer by the
transcription mechanism from the liquid crystal. Furthermore, the texture can be referred to as an
ultimate form of orientation.

The polymer on the rubbed substrate under crossed Nicols showed different transmitted light
intensity which depended on angles between the rubbing direction and the polarizer direction. When
the angle between the rubbing direction and the polarizer direction was 45 °, the light passed through
the polymer film (Fig. 3b). On the contrary, when the angle was 0 °, no light passed through (Fig. 3c).
These results suggest that the conjugated main chain grew along a director of the macroscopically
aligned NLC reaction field. Furthermore, the polymer film was uniformly aligned on a macro and
mesoscopic scale. Such uniformly ordered polymer films are preferable for applications as practical
electronic devices.26

In conclusion, we have demonstrated electrosynthesis of a uniaxially ordered conjugated
polymer film in a macroscopically aligned NLC reaction field. In the anisotropic NLC reaction field,
electrochemical polymerization of the monomer resulted in anisotropic elongation of conjugated
main chains of the corresponding polymer, which were along the director of the NLC. This
anisotropic electrosynthesis with rubbing treatment is a unique, convenient, and simple method for

obtaining macroscopically ordered conjugated polymer films without employment of external fields.
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Scheme 1 Electrochemical polymerization of 2,7-di(2-furyl)fluorene
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200 um

Fig. 1 Polarizing optical microscopic image of the nematic liquid crystal electrolyte solution

between non-rubbed sbstrates (a), and rubbed substrates (b)
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Fig. 2 Linear polarized optical absorption spectra of the polymer film in the reduced state (blue)
and the oxidized state (red) with the oscillation plane of the incident polarized light parallel

(solid line) and perpendicular (dashed line) to the rubbing direction
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Fig. 3 Polarizing optical microscopic images of the unoriented polymer (a), and the oriented
polymer film under the cross Nicol condition, in which angles between the rubbing direction and

the polarizer direction are (b) 45 °and (¢) 0 °
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