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ABSTRACT: Optically active polybithiophene is successfully prepared by electrochemical polymerization
in a chiral nematic liquid crystal field. Polarizing and phase-contrast optical micrographs of the polymer
reveal a well-resolved spiral morphology similar to the optical texture of the chiral nematic phase. Circular
dichroism measurements indicate the Cotton effect for the film. The polymer exhibits optically active
electrochromism and switching behavior. Synthesis in a thermotropic chiral liquid crystal field therefore
represents a new technique for the preparation of chiral conducting polymer films.

Introduction

There have been a great number of studies on
optically active polymers in relation to the synthesis of
polypeptides, vinyl polymers, and helical conjugated
polymers. Optically active polymers have been obtained
by several methods, including the polymerization of
optically active monomers,!~7 asymmetric selective po-
lymerization,®? and introduction of an chiral group into
an optically inactive polymer by polymer reactions.!?
The polymers prepared by such methods contain an
asymmetric carbon in the side chain or in the main
chain. Although it is also possible to synthesize a
conjugated polymer with one screw sense through the
use of an optically active catalyst, the chirality of such
polymers, without a bulky substituent, will be lost upon
melting and dissolution. Helical polyacetylene with
chiroptical properties has been synthesized in chiral
nematic liquid crystal as a reaction field.!1:12 The helical
polyacetylene prepared in this way exhibits relatively
stable chirality as a result of its insolubility and
infusibility. Scanning electron microscopy (SEM) of the
helical polyacetylene surface has revealed that the
polymer forms a clear helical morphology with hierar-
chy, strongly suggesting that the chirality of the helical
polyacetylene originates from the one-handed helical
form of the polymer main chain.

Chemical synthesis of a polymer such as polyacetylene
requires careful treatment using a highly air-sensitive
catalytic system composed of tetra-n-butoxytitanium/
triethylaluminum. In contrast, the equivalent electro-
chemical synthesis is simple and safe for the prepara-
tion of conjugated polymers. Electrochemical polymerization
can be used to produce many kinds of conjugated
polymers, such as polypyrrole, polythiophene, poly(3,4-
ethylenedioxythiophene) (PEDOT), and poly(3,4-ethyl-
enedioxypyrrole) (PEDOP).1? These polymers have been
investigated for potential application in electrochromic
devices,!* as the buffer layer of electroluminescent
devices,!®16 and in sensors.!” However, the polymer
films synthesized by electrochemical polymerization
usually exhibit neither linear nor circular dichroism. In
our previous work, a new electrochemical polymeriza-
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tion method employing a chiral nematic liquid crystal
(N*-LC) field was developed for the preparation of
nonsubstituted optically active PEDOT (PEDOT*) with
chirality.8 In this research, the electrochemical polym-
erization of bithiophene was performed using N*-LC as
an asymmetric and anisotropic reaction field for the
preparation of optically active polybithiophene (PBTh*)
without chiral and bulky substituents in the polymer.
The Cotton effect of PBTh* prepared in the N*-LC field
was stronger than that of PEDOT™, attributable to the
stronger affinity of the bithiophene monomer to the N*-
LC field (due to linearity and molecular shape) and the
resultant enhancement of field replication during
polymerization.

Preparation of Chiral Nematic Electrolyte

The addition of a small amount of an optically active
molecule as a chiral dopant to a nematic liquid crystal
(N-LC) can induce the formation of chiral N-LC (N*-
LC) with helical structures on a mesoscopic level.19-20
The director of N*-L.C rotates gradually in one screw
direction to form a helical structure. The liquid crystal-
linity of 4-cyano-4'-n-hexyl biphenyl (6CB) has been
confirmed to be maintained after the addition of tetra-
butylammonium perchlorate (TBAP) as a supporting
salt and bithiophene as a monomer, and the addition
of a small amount of chiral dopant has been found to
induce chiral nematic liquid crystallinity in the mixed
system. Although the chiral dopant itself exhibits no
liquid crystallinity, it induces a chiral nematic phase.
The material 6CB with thermotropic LC can be re-
garded as a solvent of fluidity, and the addition of a
supporting salt to 6CB provides ionic conductivity.
Therefore, a mixture of LC and a supporting salt can
be used as an electrolyte for electrochemical polymeri-
zation instead of normal systems such as TBAP or
lithium perchlorate in acetonitrile.

In the present synthesis, 6CB was adopted as the
solvent for asymmetric electrochemical polymerization.
The molecular structures of the materials used are
shown in Scheme 1.

A N*-LC mixture consisting of 42 mM of (R)- or (S)-
PCH506-Binol (chiral dopant), 0.48 M of bithiophene
(monomer), and 3 mM of TBAP (supporting salt) in 6CB
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(LC solvent) was prepared as the electrolyte. The N*-
LC mixture clearly displayed a chiral nematic LC
texture. The solution was heated once to 80 °C to
completely dissolve the TBAP, bithiophene, and chiral
dopant in the N*-LC solvent. Differential scanning
calorimetry (DSC) measurements and polarizing optical
microscopy (POM) observations confirmed that both the
(R)- and (S)-N*-L.C systems exhibited a thermotropic
N*-LC phase. A typical N*-LC fingerprint texture was
observed by POM (Figure la). The distance between
stripes in the texture corresponds to the helical half-
pitch.

Polymerization

Figure 2 shows the ionic conductivity of monomer-
free (R)-N*-LC electrolyte between indium titanium
oxide (ITO) glass plates as a function of frequency at
25 °C. The corresponding impedance spectrum has a
semicircular section in the Cole—Cole plot at higher
frequencies and a linear section at lower frequencies
(Figure 2a). On the basis of these results, the monomer-
free N*-LC electrolyte can be described by an equivalent
electrical circuit as a model of impedance, as shown in
Figure 2b. The low ionic dc conductivity (<108 S/cm) of
the LC electrolyte may result in a current-resistance
(IR) drop. To compensate for this drop, the electrochemi-
cal polymerization was carried out using a two-electrode
method with a narrow gap.

The N*-LC mixture was injected between sandwiched
ITO electrodes using a Teflon sheet (thickness: 0.19
mm) as a spacer (Figure 3). The reaction cell was heated
to 30 °C and then gradually cooled to 12 °C to obtain a
good fingerprint texture. A voltage of 4 V was then
applied to the cell. The optical texture of the N*-LC
mixture remained unchanged upon voltage application.
However, repeated voltage scanning by cyclic voltam-
metry during the polymerization process destroyed the
helical structure of the N*-LC, resulting in a transpar-
ent mixture. This can be attributed to the unwinding
of helicity under the alternating current, where the L.C
molecules are aligned normal to the substrate (homeo-
tropic alignment). The polymerization temperature was
maintained at a constant 12 °C through the use of a
custom-made temperature control stage with Peltier
element in order to preserve the N*-LC phase. After 30
min, an insoluble and infusible deep blue polymer thin
film of ~29 nm in thickness coated the anode side of

Macromolecules, Vol. 38, No. 4, 2005

the ITO electrode. After washing with methanol, water,
acetonitrile, methanol, water, and acetone in order, the
polymer film on the ITO was dried under reduced
pressure.

The transition temperatures of the N*-LC electrolyte
containing the monomer, determined by DSC, were
K-10(3):N*-16(14)-Iso* for the (R)-N*-LC electrolyte
before polymerization and K-11(3)-N*-16(15)-Iso* after
polymerization and K-10(4)-N*-16(15)-Iso* for the (S)-
N*-LC electrolyte before polymerization and K-11(5)-
N#*.17(16)-Iso* after polymerization (K, crystal; N¥,
chiral nematic; Iso*, isotropic). The transition temper-
atures of the N*-LC solution after electrochemical
polymerization were thus slightly higher than before
polymerization, suggesting that the monomer in the N*-
LC was consumed during polymerization since, in
general, impurities in the LC mixture lower the transi-
tion temperature. Note that polymerization of thiophene
as a monomer using this method did not give a stable
film, probably because thiophene has lower polymeri-
zation activity than bithiophene in the N*-LC medium.

Electrochemical polymerization of bithiophene was
also carried out in N*-L.C using (R)- or (S)- 4-cyano-4'-
(1-methylheptyloxy)-biphenyl (CB60*) or (R)- or (S)-1,1'-
bi-2,2'-naphthol (Binol*) as chiral dopants in place of
PCH506-Binol. In these cases, however, large amounts
of chiral dopant were required to induce formation of
the chiral nematic phase compared to the case for
PCH506-Binol. This is considered to be due to the lower
helical twisting power (S < 2) of CB60* and Binol*
compared to PCH506-Binol (fy = 22.5). Note that the
helical twisting power of the chiral dopant was evalu-
ated from the helical pitch of the N*-LC containing the
chiral dopant by the Cano wedge method. The addition
of a large amount of the chiral dopant to 6CB caused
the transition temperature of the N*-LC to be reduced
to less than 0 °C. Polymerization at such low temper-
ature suffered from poor polymerization activity, result-
ing in a fragile film.

Electrochemical polymerization was also performed
using chiral smectic LC composed of the following
system.

o} >‘C6H13
O

2: LC matrix (racemic)

*
B*Can

(R)- or (S)-CB60*: chiral molecule

Although the LC electrolyte containing TBAP and the
monomer (LC matrix, 5 mg; CB60*, 5 mg; TBAP, 0.03
mg; bithiophene, 0.1 mg) exhibited a chiral smectic
phase, no polymer film could be formed due to the high
viscosity of the chiral smectic phase at 7 °C. Deposition
was also inhibited by the low conductivity and low
mobility of the monomer in the chiral smectic matrix.
These results imply that electrochemical polymerization
in thermotropic L.C requires both a chiral dopant with
sufficient helical twisting power to form N*-L.C and an
N*-LC matrix of sufficiently low viscosity to transport
ions and monomers easily.
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Figure 1. (a) Polarizing optical micrograph of (R)-PCH506-Binol electrolyte at 10 °C. (b—d) Phase-contrast optical micrographs
(no polarizer) showing three areas of a (R)-PBTh* film at 25 °C (scale bar: 10 um): (b) fingerprint texture, (c¢) double spiral

texture, (d) fingerprint texture on polygonal texture.
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Figure 2. Ionic conductivity as a function of frequency. (a)
Cole—Cole plots for the electrolyte. (b) Equivalent electrical
circuit used to model the impedance.

Characterization

Optical Texture. Phase-contrast optical microscopy
(PCM) of the polybithiophene prepared in (R)-N*-LC
[(R)-PBTh*] (Figure 1b,c) revealed the spiral texture of
the polymer, resembling that of the original N*-L.C
system. Figure 1d shows another part of the same (R)-
PBTh* film. This image implies that the sample consists
of multiple layers and also reveals some overlap between
the spiral texture (upper layer) and the polygonal
network structure (lower layer) due to changes in the
LC anchoring condition. This unique pattern mimics the
N*-LC texture during electrochemical polymerization.
Thus, the present electrochemical polymerization method
also provides detailed information regarding the clas-
sification of the LC structure.

The PBTh* film exhibited no birefringence under
POM, suggesting that the texture is not due to the LC

but due to the polymer itself. The PBTh* thus synthe-
sized appears to replicate the structure of the N*-LC,
demonstrating that the N*-LC is effective as an asym-
metric reaction field.

Cyclic Voltammetry. Figure 4 shows the results of
cyclic voltammetry measurements of (R)-PBTh* films
(vs Ag/Ag™) at various scan rates in 0.1 M TBAP/
acetonitrile solution. The redox switching in monomer-
free electrolyte solution indicates a well-defined and
quasi-reversible redox process. The polymers prepared
in both (R)- and (S)-chiral electrolyte exhibited the same
redox behavior, suggesting that the polymers have
basically the same structure. Both are electroactive and
were well adhered to the ITO electrode.

Optical Properties. Circular dichroism (CD) spectra
of the polymers are shown in Figure 5.2! Both the (R)-
and (S)-PBTh* films exhibited strong mirror-image
bisignate Cotton effects in the 7—x* transition region
of the polymer main chain in the reduced state. This
means that (R)- and (S)-PBTh* have the same degree
of chirality but opposite sense. In the oxidized state, the
CD spectra of the polymers showed a decrease in
intensity and an inversion in the sign of the Cotton
effect. The mirror-image relationship between (R)- and
(S)-PBTh* cannot due to the chiral dopant employed in
polymerization because the Cotton effect of the chiral
dopant is only observed at shorter wavelengths between
240 and 340 nm, as shown in Figure 6. The phenomenon
of reversible inversion of the sign of the Cotton effect
at 592 nm in redox processes, via a change in the
electronic state of the polymer, indicates that the
polymers have an inherently chiral structure.

Figure 7 shows the ultraviolet and visible (UV—vis)
absorption spectra and CD spectra of (R)-PBTh* at
various voltages vs Ag/Ag' in monomer-free 0.1 M
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Figure 4. Cyclic voltammetry (vs Ag/Ag") of (R)-PBTh* thin

film deposited on ITO glass in monomer-free solution of 0.1

M TBAP/acetonitrile at scan rates of (a) 10 (b) 20, (c) 40, (d)

60, (e) 80 and (f) 100 mV s~ 1.

TBAP/acetonitrile solution. Upon oxidation, the peak at
492 nm in the absorption spectrum associated with the
m—a* transition of the polymer main chain becomes
weaker, while the peak at 680 nm (1.8 eV, mid-gap) due
to generation of radical cations on the polymer main
chain becomes stronger. The color of the polymer also
changes from red to dark blue (Figure 8) upon oxidation,
accompanied by the emergence of a broad absorption
band in the NIR region (Figure 9). This transition is
also marked by a weakening of the positive extremum
at 592 nm and the negative extremum at 410 nm in the
CD spectrum and the appearance of an isosbestic point
at 461 nm. Application of 0.83 or 0.15 V as a reduction
process leads to restoration of these peaks to the original
intensity in the reduced state in both the UV—vis and
CD spectra (Figure 7). This result indicates that the
polythiophene main chain itself'is a chiral structure and
that the Cotton effect of the polymer can be changed by
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Figure 5. (R)- and (S)-PBTh* films in oxidized and reduced
states. The oxidized and reduced states of the polymer were
produced by applications of potential (+1.3 V: oxidized state;
0.1 V: reduced state vs Ag/Ag™) in 0.1 M TBAP/acetonitrile
solution.

adjusting the conditions of electrochemical polymeriza-
tion. However, the redox process did not induce any
change in the optical texture or surface structure of
PBTh*s. The large change in the Cotton effect of the
polymer by redox reaction in TBAP/acetonitrile solution
is attributable to the weaker Cotton effect of the
oxidized state. This electrochemical process allows the
CD intensity to be controlled.

The CD spectra of the polymer in poor solvents or of
the film of polythiophene cast with an optically active
substituent have been interpreted as being due to
exciton coupling, usually with a Davydov splitting of the
same order as the vibronic splitting.2? Exciton coupling
requires the presence of an unconjugated chromophore
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Figure 7. In-situ CD spectra (top) and UV—vis absorption
spectra (bottom) of (R)-PBTh* on an ITO electrode at various
potentials vs Ag/Ag™ reference in a monomer-free 0.1 M TBAP/

acetonitrile solution: (a) 0.20, (b) 0.91, (¢) 1.07, (d) 1.30, (e)
0.83, and (f) 0.15 V.

Reduced state 0xidilzed state

Figure 8. Photographs of polymer on ITO glass in reduced
and oxidized state.

in the chiral arrangement, which can occur through
intrachain and interchain interaction in the aggregate
state.2325 The CD spectra of reduced PBTh* reveals a
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Figure 9. UV-vis—NIR spectrum of (R)-PBTh* in the
oxidized state.

bisignate Cotton effect, while that in the oxidized state
does not.

The observation of such a bisignate band for PBTh*
may suggest the presence of an intermolecular process
upon aggregate formation.?8 In this case, the aggregate-
induced band is a charge transfer-type 7—x* stacking
of the polymer backbone, arising due to electronic
communication.?” Alternatively, the conjugated polymer
main chain may be helically twisted, thereby producing
a chiral chromophore. In the helical aggregation state
of the polymer, several hierarchical levels of helical
structure, from molecular to macroscopic, are possible.
This redox-induced change in CD for PBTh* can there-
fore be reasonably explained as being due to the
intercalation of the perchlorate ion and solvent between
polymer main chains at the molecular level, resulting
in extension of the distance between polymer main
chains in the oxidized state. In the reduced state, (R)-
PBTh* shows a positive first Cotton effect at longer
wavelength and negative second cotton effect, and (S)-
PBTh* shows a negative first Cotton effect and positive
second Cotton effect. In this case, the exciton-coupled
bisignate couplet in the CD spectra indicates a one-
handed helical assembly, with a positive couplet (chiral-
ity of the transition moment is clockwise) for (R)-PTBh*
and a negative couplet (chirality of the transition
moment is counter clockwise) for (S)-PTBh*. In the
oxidized state, the polymers exhibit no such bisignate
character, and the sign of the Cotton effect at around
600 nm is the opposite to that in the reduced state. This
result implies that the helical aggregation is released
upon doping, losing the chiral aggregation structure.
However, the polymers still exhibit a Cotton effect
originating from the chiral structure of the polymer
main chain.

Another explanation is possible for this phenomenon.
It has been reported that a solid film of polythiophene
derivatives exhibits conformational-induced chromism
through a doping—dedoping redox process.28 This optical
effect was found to be reversible and could not be
attributed to any degradation of the polymer. Such
optical effects are considered to be related to a reversible
transition between the coplanar form of the highly
conjugated state and the nonplanar form of the less-
conjugated structure of the polymer main chain.2? The
electrochromism of PBTh*s in CD during the redox
process may therefore originate from small changes in
the dihedral angle between neighboring thiophene unit
cells.

In the case of helical polyacetylene, the dihedral angle
ranges from 0.02° to 0.23°, and the polymer displays a
strong Cotton effect in the CD spectrum. The small
sequential change in torsion angle in the one-handed
twist direction between neighboring units of the poly-
acetylene results in a consistent Cotton effect. It is
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Figure 10. Polymerization mechanism for PBTh* in N*-LC field.

possible that the change in the Cotton effect of PBTh*
in the film state is caused by small dihedral angle
changes as a result of the alternating potential during
the repeated redox doping—dedoping process. This
process generates polaron and bipolaron states in the
polymer. In the monomer unit, although the dihedral
angle must be very small, the small sequential change
in torsion angle in the one direction along the polymer
main chain as virtual chiral axis is considered to result
in strong chirality for PBTh*, representing a “polymer
effect” in chiral chemistry. This may be closely related
to the elastic behavior of the polymer during the redox
process, which would allow structural restoration be-
tween the doping and dedoping state in the film. The
phenomenon of reversible change in the Cotton effect
can therefore be regarded as a form of “electrochemical
isomerization”.

The PBTh* structure must be reflected in both the
molecular form and the N*-LC aggregation state. The
CD bands thus result from both intermolecular ag-
gregation of the chromophore and helical twisting of the
polymer main chain.

Electrochemical polymerization of bithiophene in the
LC mixture using the isotropic phase (30 °C) resulted
in a polymer that did not have a spiral structure. As
seen from the SEM photograph, the resultant PBTh had
a random globular structure, with no Cotton effect.
Similarly, no Cotton effect was exhibited by a polymer
synthesized by electrochemical polymerization using
nematic liquid crystal (N-LC) without a chiral dopant
under the same polymerization conditions as for N*-
LC. These results suggest that the chiral nematic LC
environment is essential for synthesis of chiral bithio-
phene. Thus, electrochemical polymerization in an N*-
LC field allows for the preparation of electrically and
optically active, solid-state conjugated polymers with
controllable Cotton effect.

Polymerization Model in N*-LC Field

The PBTh* film exhibited chiroptical properties and
formed a chiral structure similar to that of the N*-LC.
The structure formed during polymerization was pre-
served even after washing. None of the chiral molecules
reacted chemically with the monomer during polymer-
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ization, demonstrating that the electrolyte behaves as
a matrix only.!® The insolubility and infusibility of
PBTh* are essential for preservation of the metastable
chiral structure. Figure 10 shows a plausible polymer-
ization mechanism for PBTh* in a N*-LC field. In this
model, the polymer grows from the anode to the cathode
through the three-dimensional helical structure of the
N*-LC. The polymer main chain grows with a twist in
only one sense during the polymerization process,
forming a bundle structure through the aggregation of
twisted polymer chains by van der Waals forces. The
bundle forms a macroscopic cholesteric fingerlike struc-
ture. It should be emphasized that the polymerization
mechanism in an N*-LC field differs from that for an
achiral monomer using a chiral catalyst.

Repeating Redox Properties and CD

The large changes in both color and Cotton effect
through the electrochemical doping—dedoping process
suggest that PBTh* can be used as an electrochromic
material. The electrochromic switching behavior of
PBTh* was examined through observation of changes
in the absorption and CD spectra upon repeated changes
in the applied voltage between the reduced and oxidized
states. A platinum plate was used as the counter
electrode, and the sample of (R)- or (S)-PBTh* film was
prepared by deposition on an ITO-coated glass by
electrochemical polymerization in N*-LC. Figure 11
shows the absorption changes in (R)-PBTh* with a
repeating voltage scanning between 0.1 and 1.3 V vs
Ag/Agt in 0.1 M TBAP/acetonitrile electrolyte (100 mV
s™1). The absorption intensities were monitored at 492
and 680 nm at 12 s intervals. In the oxidization process
(1.3 V vs Ag/Ag™), the absorption intensity at 492 nm
weakened, while that at 680 nm became stronger. This
change in absorption intensity was found to be repeat-
able upon subsequent reduction. As shown in Figure 12,
the CD intensities of (R)- and (S)-PBTh* during voltage
scanning also underwent a reversible, symmetrical
change. The CD intensities at 592 nm were lowest at
1.3 V vs Ag/Ag™ (oxidized state), and both polymers
exhibited Cotton effects: negative for (R)-PBTh* and
positive for (S)-PBTh*. The application of 0.1 V vs Ag/
Ag™, giving the reduced state, leads to a subsequent
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Figure 11. Reversible change in UV—vis absorption intensi-
ties at 492 nm (upper) and 680 nm (lower) for an electrochro-
mic cell based on (R)-PBTh* at voltages of 0.1-1.3 V vs Ag/
Ag* (scan rate: 100 mV s71).
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Figure 12. Reversible change in CD intensity at 592 nm for
a chiral electrochromic cell based on (R)-PBTh* (upper) and
(S)-PBTh* (lower) at voltages of 0.1—1.3 V vs Ag/Ag* (scan
rate: 100 mV s™1).

increase in CD intensity at 592 nm, with opposite sign
of Cotton effect with respect to the oxidized state. Thus,
control of the redox process allows for a reversible
change in CD intensity.

Conclusion

PBTh was demonstrated to replicate the spiral mor-
phology of N*-LC used as a solvent in electrochemical
polymerization, affording an optically active conjugated
polymer (PBTh*) exhibiting optically active electro-
chromism. This method allows active control of the
optical activity of the polymer. The proposed synthesis
method provides new possibilities for chiral engineering,
allowing for the synthesis of a range of conjugated
polymers with chiroptical properties and extending the
applications of such polymers in bioscience and engi-
neering. This study also highlights the importance and
versatility of chiral reaction fields for chemical synthe-
sis.
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Experimental Section

Optical Measurements. Optical absorption spectra were
measured at room temperature using a HITACHI U-2000
spectrometer with a quartz cell. Circular dichroism (CD)
spectra were obtained by JASCO J-720. Infrared spectroscopic
measurements were carried out using a Jasco 550 Fourier
infrared (FT-IR) spectrometer. Differential scanning calorim-
etry (DSC) was performed using a TA instruments Q100 DSC
instrument at a rate of 10 °C/min under a N3 gas flow. Optical
textures were observed by polarizing optical microscopy (POM)
using a Nikon ECLIPS E 400 POL polarizing microscope
equipped with a Linkam TM 600PM heating-and-cooling stage.
Temperature control during polymerization was achieved
using a custom-made cooling stage based on a Peltier element.
Optical phase-contrast microscopy (PCM) observations of the
polymer were carried out using a WRAYMER BX-3500T
microscope equipped with a phase contrast optical unit.
Scanning electron microscopy (SEM) observations were carried
out using a JEOL ED electron microscope. Electrochemical
measurements of polymers were obtained using an ALS660A
electrochemical analyzer (BAS). Film thickness measurements
were performed using a ZYGO new view5032 3-D surface
structure analysis microscope with frequency domain analysis
method.

Materials. The chiral dopants, (R)- or (S)-1,1'-binaphthyl-
2,2'-bis[p-(trans-4-pentylcyclohexyl)phenoxy-1-hexyl] ether [ab-
breviated (R)- or (S)-PCH506—Binol], used for this study were
prepared by a Williamson etherification reaction of chiroptical
(R)-(+)- and (S)-(—)-1,1'-2-binaphthols with phenylcyclohexyl
derivatives, respectively, as described in the literature.!!
However, in this experiment, we carried out the synthesis by
using 18-crown-6-ether as a phase transfer catalyst in acetone
at 60 °C, instead of using potassium iodide in cyclohexanone
at 156 °C, to avoid partial racemization during the etherifi-
cation reaction. 1-[p-(trans-4-n-Pentylcyclohexyl)phenoxy]-6-
bromohexane was synthesized by the method described in the
literature.?! The chemical structure of the chiral dopants was
confirmed with NMR. 4-Cyano-4'-n-hexyl biphenyl (6CB) was
purchased from Merck Ltd. Bithiophene (BTh) was obtained
from Sigma Aldrich and was purified by recrystallization from
ethanol prior to use. The indium tin oxide (ITO) glass consists
of a 0.2—0.3 um thick ITO layer on glass (9 Q/cm?).

(R)-(+)-1,1'-Binaphthyl-2,2'-bis[p-(¢rans-4-pentylcyclo-
hexyl)phenoxy-1-hexyl] Ether [(R)-PCH506-Binol]. A so-
lution of (R)-(+)-1,1'-bi-2-naphthol (1 g, 3.5 mmol), 1-[p-(trans-
4-n-pentylcyclohexyl)phenoxy]-6-bromohexane (3.1 g, 7.3 mmol),
K2CO; (1.4 g, 10 mmol), and 18-crown-6-ether (46 mg, 0.2
mmol) in acetone (100 mL) was refluxed at 60 °C. After 24 h,
the solution was evaporated, thoroughly washed with water,
and extracted with ether. The organic layer was evaporated.
Crude product was purified by column chromatography (silica
gel, CHCls/n-hexane = 1) to afford 2.7 g of white solid (yield
= 82%). Anal. Caled for CesHg2O4: C, 83.90; H, 9.53. Found:
C, 84.02; H, 9.22. IR (KBr, cm™1): 2937, 2884, 1515, 1235 (COC
st). 'TH NMR (500 MHz, CDCl;, ppm): 0.87—1.87 (m, 33H, CH,
CH;, CHy), 2.35 2.45 (m, 1H, ph), 3.71 (t, J = 6.8 Hz, 2H,
CH;0), 3.9—4.0 (m, 2H, CH,0), 6.8—7.9 (m, 8H, ph). 3C NMR
(125 MHz, CDCls, ppm): 14.1,22.7,25.4, 25.5, 26.6, 29.0, 29.3,
32.2,33.6, 34.6, 37.3, 37.4, 43.7, 67.6, 69.6, 114.0, 115.7, 120.6,
123.2, 125.2, 125.8, 127.3, 127.5, 128.8, 129.0, 133.9, 139.6,
154.2, 156.9. [a]?®p = +22.5 ° (THF).

(8)-(—)-1,1'-Binaphthyl-2,2'-bis[p-(¢rans-4-pentylcyclo-
hexyl)phenoxy-1-hexyl] Ether [(S)-PCH506-Binol]. This
compound was prepared using a method similar to that
described for (R)-PCH506-Binol). Quantity used: PCH506Br
(4.4 g, 10.5 mmol), KsCO3 (1.4 g, 10.5 mmol), 18-crown-6 ether
(46 mg, 0.2 mmol), and acetone (100 mL). Yield: 57%, 1.9 g
(white crystal). Anal. Caled for CssHo2O4: C, 83.90; H, 9.53;
0, 6.57. Found: C, 83.92; H, 9.19. IR (KBr, cm™1): 2940, 2843,
1514, 1247 (COC st). 'H NMR (500 MHz, CDCl;, ppm): 0.87—
1.87 (m, 33H, CH, CH,, CHjy), 2.35—2.45 (m, 1H, ph), 3.72 (t,
J = 6.8 Hz, 2H, CH,0), 3.86—3.98 (m, 2H, CH;0), 6.76—7.90
(m, 8H, ph).
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13C NMR (125 MHz, CDCls, ppm): 14.1 (CH, CH,, CHy),
22.7, 25.4, 25.4, 26.6, 29.0, 29.3, 32.2, 33.6, 34.6, 37.3, 37.4,
43.7,67.6, 69.6, 114.0, 115.7, 120.6, 123.2, 125.2, 125.8, 127.3,
127.5, 128.8, 129.0, 133.9, 139.6, 154.2, 156.9. [a]2p = —23.3°
(THF).
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