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1. Introduction

1.1. Prologue

Because the synthesis of polyacetylene (PA) thin film and
the discovery of chemical doping disclosed the uncultivated
field of conductive polymers,'—2 conductive polymers have
been extensively investigated and widely used in such
products as electrolytic capacitors and secondary batteries.*~®
Today, polymers have become essential for lightweight, high-
performance batteries used in notebook computers, cellular
phones, and other portable equipment. Much research and
development has also been conducted on polymer light-
emitting diodes, organic solar cells that are anticipated for
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use in next-generation displays, and energy sources.® Con-
ductive polymers are also being studied for their use as
materialsin molecular devices, called the ultimate electronic
devices.” Thus, athough many conductive polymers have
been developed for various applications, PA is dtill the
highest conductive polymer, showing an electrical conductiv-
ity of 10° S/cm after iodine doping.8°

Helica PA (H-PA) is a unique conductive polymer
because it has a superhierarchical helical structure forming
aspira morphology, and it is synthesized in an asymmetric
reaction field consisting of a chiral nematic liquid crystal,
even though an acetylene monomer has no chiral moiety.°
Despite the helical structure, the relatively high conductivity
of 10° S/cm allowed us to anticipate that H-PA might be a
prototype exhibiting novel electromagnetic properties such
as a nanosize polymer solenoid. It is intriguing to elucidate
H-PA from an interdisciplinary viewpoint between polymers,
liquid crystals (LCs), and synthetic metals.

The purpose of this review is to delineate the current
progress of H-PA and the chiral liquid-crystal reaction field
for asymmetric polymerization. The goa of this review is
to develop a promising method for precise helicity-control-
lable helical conjugated polymers and also to expand the
possibility of application of helical conjugated polymers such
as helical graphites.

Chemical Reviews, 2009, Vol. 109, No. 11 5355

The review is organized as follows. Section 1 shows a
genera introduction concerning the background of PA and
the origin of H-PA. Part 1, consisting of sections 2 and 3,
describes the asymmetric reaction field constructed with a
chiral nematic liquid crystal (N*-LC) for synthesizing H-PA.
Part 2, consisting of sections 4, 5, and 6, focuses on the
control of fibril structure and orientation of the morphology
of H-PA. Part 3, consisting of sections 7, 8, and 9, deals
with the control of the helical twisting power and helical
sense of the N*-LC and H-PA. Part 4, consisting of sections
10 and 11, describes the extension of H-PA, perspective of
the N*-LC, and conclusions. The literature cited in the text
has been chosen for didactical purposes and cannot reflect
the chronology of the research field nor does it clam
completeness. The interested reader is referred to the vast
amount of quality papers published in this field during the
past decade.

1.2. Background of Polyacetylene (PA)

PA is the ssimplest linear conjugated macromolecule and
is representative of conducting polymers.!! Pristine PA is a
typical semiconductor, but its electrical conductivity can be
varied by over 14 orders of magnitude through doping.*2%3
The maximum conductivity reported to date is more than
10° S/cm, which is comparable to that of copper and gold.®®
Strong interchain interactions give rise to a fibrillar crystal
consisting of rigidly s-stacked polymer chains.~%6 This
makes PA infusible and insoluble in any kind of solvent.
This means that the solid-state structure and morphology of
PA are determined during polymerization, which is not the
case for substituted PAs.2’~2 The fibril morphology of PA
film is randomly oriented, as shown in Figure 1a. The random
morphology, as usually encountered in ordinary polymers,
depresses the inherent one-dimensionality of the conductive
polymer. Several polymerization methods for the macro-
scopic alignment of the polymer have been developed to
achieve higher electrical conductivity with its anisotropic
nature.

One approach is the mechanical stretching of an as-grown
PA film.2921=27 The conductivity of the film is enhanced
through a uniaxial alignment of the fibrils associated with
the mechanical stretching of the film. It is therefore desirable
to develop highly stretchable PA films with high-modulus
and high-tensile properties that might prevent the cleavage
of fibrils and/or of PA chains during mechanical stretching.
In other words, profound mechanical strengths such as
Young's modulus and tensile strength are responsible for
the uniaxial alignment and hence the electrical conductivity
of the stretched film.

Actually, Naarmann and co-workers®? synthesized highly
stretchable PA films using a high-temperature aged Ziegle-
Natta catalyst, Ti(O-n-Bu), and AlEts, dissolved in viscous
silicone ail or toluene, and reported high conductivities of
10° S/cm after iodine doping. Tsukamoto et al.° modified
Naarmann’s method using a higher temperature aged catalyst
dissolved in decaline and employing acetylene gas under low
pressure, and obtained conductivities of higher than 1.2 x
10° Slem. Akagi et al.?»?® developed two solvent-free
acetylene polymerization methods. a solvent evacuation
method and an intrinsic nonsolvent (INS) one. In the former,
cumene, used as a solvent, is evacuated after the high-
temperature aging of the catalyst. In the latter, no solvent is
used from the preparation and high-temperature aging of the
catalyst to the polymerization. PA films synthesized by these
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Figure 1. Random fibril morphology of PA film synthesized in toluene (a) and aligned PA film synthesized in nematic L C under magnetic

field (b).

methods exhibit extremely high mechanical strengths char-
acterized by a Young's modulus of 100 GPa and a tensile
strength of 2.1 GPa, in addition to a high bulk density of
more than 1.0 g/cm3. The films show reproducible and high
conductivities of 2.0—4.0 x 10* S/cm, which are enhanced
by the uniaxia alignment of polymer chains associated with
a mechanical stretching of eight to nine times. It can be
remarked from these results that the high mechanical strength
is a prerequisite for the achievement of high electrical
conductivity, and that in the INS polymerization, the co-
catalyst of AlRs, by virtue of its liquidity, plays the role of
a solvent toward catalytically active complexes formed
between Ti(OR), and AlR3, which guarantees the homogene-
ity of the catalyst system in spite of the absence of solvent.

Another approach is to introduce a liquid-crystal (LC)
group into the side chain and then to align the L C-substituted
polymer under an externa force such as shear stress, rubbing,
or amagnetic field.*~43 Although PA is the most conducting
polymer, it isinsoluble and infusible. This prevents us from
explicitly evaluating its molecular weight and conjugation
length and also processing it in solution, as in casting. The
introduction of alkyl or aromatic substituentsinto a PA chain
makes the polymer soluble in organic solvents when the alkyl
chain length islong enough, i.e, with hexyl, pentyl, and octyl
groups. However, the main chain of the polymer is still
randomly oriented even in substituted PA, which further
depresses the observed electrical conductivity of this polymer.

If the substituent is a LC group, the polymer not only is
soluble in organic solvents but also can be aligned by
spontaneous orientation of the LC group. Besides, it can be
macroscopically oriented by an external perturbation, such
as shear stress, an electric field, or a magnetic force field.
As a result, the main chain is aigned following the
orientation of the LC side chain. This means that a mon-
odomain structure of the LC phase is constructed at the
macroscopic level. Under such a circumstance, the polymer
is expected to show higher electrical conductivity than with
arandom orientation. At the same time, one can control the
macroscopic orientation and, hence, the electrical conductiv-
ity of the polymers by an external force. The LC PA
derivatives were synthesized using both a Fe-based Ziegler—
Natta catalyst and a Mo-based metathesis catalyst. 30343739
The polymers showed an enantiotropic smectic A phase, by
virtue of the spontaneous orientation of LC side chains

composed of phenylcyclohexyl or biphenyl mesogenic
moieties. The electrical conductivities of the polymers were
1078—-10"7 S/em upon iodine doping of the cast films. The
alignment of the polymer chain, accompanied by the side-
chain orientation in an external magnetic force of 0.7—1.0
T, increased the conductivities to 107 S/cm and gave rise
to notable electrical anisotropies. It should be remarked that
the substituted PAs, including LC ones, have lower electrical
conductivities than nonsubstituted PA. The large difference
in conductivity between the substituted and nonsubstituted
PAs can be rationalized by taking account of two factors
such as intrachain and interchain conductivities. In cases of
the substituted PAs, the smaller degree of coplanarity of the
main chain arising from steric repulsions between substitu-
ents results in a higher ionization potential and a lower
electron affinity. This situation leads to an increase of the
band gap (a decrease in generation of charge carrier such as
a hole) and a narrowing of the sr-electron valence band (a
decrease of mohility of the charge carrier due to an increased
localization), which makes the intrachain conductivity of the
substituted PA much lower than that of nonsubstituted PA.
Besides, the main chains of the substituted PA are more
largely separated from each other because of the substituents
being side chains compared to those of the nonsubstituted
PA, which suppresses an interchain hopping of the charge
carriers to cause a lowering in interchain conductivity.
The third approach is a direct alignment of the film using
a liquid crystal as an anisotropic solvent for acetylene
polymerization under an external perturbation such as gravity
flow and magnetic force field.**~* This approach affords an
alignment of even ultrathin films with semitransparency that
is suitable for measurements of nonlinear optics.* The
macroscopicaly aligned PA films prepared in a nematic
liquid crystal under the gravity flow and magnetic field show
high conductivities of 10* S/cm after iodine doping, and
anisotropies of ca. 5 defined as a ratio of parallel-to-
perpendicular to the aligned fibril direction (Figure 1b). The
unexpectedly small anisotropy is attributed to the relatively
high conductivity in the perpendicular direction. This is
because the aligned film has highly condensed fibril mor-
phology and hence the interchain and even interfibril hopping
of the charged carrier are largely enhanced. The degree of
alignment of the film is governed by that of the liquid crystal
used as the solvent. That is, the morphology and therefore
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Scheme 1. Overview of the Origins of H-PA as Well as the Related Conjugated Polymers
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the macroscopic properties of the film are crucially dependent
on the anisotropic polymerization field.%%5 This situation is
common to an epitaxial polymerization, where acetylene
polymerization is carried out on the substrate crystal with a
homologous isomorphic compound such as naphthalene,
anthracene, biphenyl, or terphenyl.5? The fibril orientation
is strongly dependent on the lattice matching between PA
and the substrate crystals.

1.3. Origin of Helical PA (H-PA)

It has been generally accepted that PA has a planar
structure, irrespective of the cis and trans forms, because of
the 7-conjugation between the sp? hybridized carbon atoms
in the polymer chain.*! If it were possible to modify such a
planar structure of PA into a helical one,> one might expect
novel magnetic and optical properties.>~5 Here, we review
the polymerization of acetylene in an asymmetric reaction
field constructed with N*-LCs and show that it is possible
to synthesize PA films formed by helical chains and
fibrils.1%57~% The polymerization mechanism giving helical
structure from primary to higher order and hierarchical spiral
morphology is also discussed. It is useful to first give an
accounting of theinitial synthesis of H-PA that is anecdotal
in nature. The overview of the origins of H-PA, as well as
the related conjugated polymers, is shown in Scheme 1.

In the early 1990s, new types of conjugated polymers
bearing liquid-crystalline groups in side chains were syn-
thesized. The polymers synthesized first were monosubsti-
tuted PAs with liquid crystallinity and were abbreviated as
LC-PAs.3~% The LC-PAs were soluble in organic solvents
and fusible, and they showed thermotropically smectic phases
with an enantiotropic nature. Subsequently, the LC-PAswere
macroscopically aigned through shear stress, rubbing, or a
magnetic force field under LC phases.®°¢! The aligned LC-
PAs exhibited anisotropies in electrical conductivities and
optical properties. However, the macroscopic alignment of

[ induction
v

Chiral N-LC
(N*-LC)

— |
Synthesis in N*-LC —
v

Synthesis in N*-LC under__|
external force field

v

the polymers was time-consuming because of their high
viscosities, which was inevitable for macromolecules and
polymers. This made it difficult to achieve control of the
alignment or the dynamic switching of anisotropic conduc-
tivities and linearly polarized optical properties by means
of external forces.

One of the promising approaches to solve this problem
was to add ferroelectricity to the LC-PAs since this should
enable a quick response to the electric field by virtue of the
strong interaction between the spontaneous polarization and
the electric field. Thus, the ferroelectric LC (FLC) group was
designed and synthesized, where an asymmetric carbon was
neighbored to a polarized moiety composed of a carbonyl
group with a mesogenic biphenyl group core. The FLC-PA
derivative, bearing the FLC group in the side chain, showed
a chiral smectic C (SmC*) phase necessary for generation
of the ferroelectricity.5? However, the temperature region
giving the SmC* phase was 5 °C, i.e,, from 95 to 100 °C.
Such a narrow temperature region was less practical for the
achievement of the macroscopic alignment and the dynamic
switching using an electric force field under the SmC* phase.

It should be noted that FLC-PA with awider temperature
region of SmC* phase was successfully synthesized afterward
by using a novel FLC group, which replaced the carbonyl
group with a highly polarized fluorine moiety and three-
membered phenylene rings for a rigid mesogenic core.®35
Other FLC conjugated polymers such as polythiophene,® ¢
poly-para-phenylenevinylene,®® and poly-para-phenylene or
poly-meta-phenylene®® followed the synthetic development
of the FLC-PA.

An dternative attempt to prepare the FLC-PA was made
by adding a chiral compound to the LC-PA to induce
chirality since it has been known that the FLC compound
could be easily prepared by the addition of small amounts
of achiral inducer (chiral dopant). To do this, novel axialy
chiral binaphthyl derivatives with highly helical twisted
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Figure 2. N*-LC induced by an addition of chiral dopant into nematic LC. Schlieren texture (left) and fingerprint texture (right) are
observed for nematic and N*-LCs, respectively, in a polarized optical microscope.

powers were synthesized by introducing LC groups com-
posed of phenylcyclohexyl (PCH) mesogenic cores into the
2- and 2-positions of the binaphthyl rings, as will be
mentioned later. The chiral binaphthyl derivative was added
as a chiral dopant (chiral inducer) to the LC-PA. However,
the prepared mixture failed to show the SmC* phase
necessary for the generation of ferroelectricity. This is
because the chirality induction giving the SmC* phase is
possible only when the parent LC compound has a SmC
phase, and LC-PA has a SmA rather than a SmC phase.

At this point, it was required to consider another possibility
for the usage of the chiral binaphthyl derivative. It was
helpful to remember that the highly aligned PA film was
synthesized through acetylene polymerization in macroscopi-
cally oriented nematic liquid crystal (N-LC) used as an
anisotropic solvent.*~* It has been elucidated that the
formation of directly aligned PA is due to a so-called
epitaxial growth,% where acetylene is interfacially polym-
erized through duplication of the macroscopically oriented
morphology of the N-LC. Taking into account the above
experimental results, one can hypothesize that if the N-LC
could be twisted in a one-handed direction, as seenin achiral
nematic (N*) or acholesteric LC, the PA synthesized therein
might also be twisted or screwed to form a peculiar structure.

Thus, the chiral binaphthyl derivative was used as a chiral
dopant (chiral inducer) and added to the N-LC to prepare
an induced N*-LC that might be available for asymmetric
reaction field. The PA film synthesized in the N*-LC was
examined with a scanning electron microscope (SEM). Very
interestingly, it was found that the PA fibrils in certain
regions of the film are loosely bundled and slightly twisted
to form swirls, though those in the main region of the film
show arandomly oriented fibril morphology as usually seen
in ordinary films synthesized in organic solvent. The finding
of the dightly twisted and swirled fibrils in a SEM
photograph became a starting point to pursue the H-PA. More
than 1 year was required to optimize the experimental
conditions that make it reproducible to synthesize the H-PA
film with well-controlled spiral morphology in each domain.

Part 1. Chiral Liquid-Crystal Field

2. Asymmetric Reaction Field

2.1. Chiral Dopants and Chiral Nematic Liquid
Crystals (N*-LCs)

The N*-LC to be used as an asymmetric solvent is
prepared by adding a small amount of chiral compound, as
achiral dopant, into N-LC (Figure 2). The formation of N*-
L C is recognized when a Schlieren texture characteristic of
nematic LC changes into a striated Schlieren or afingerprint
texture in viewing with a polarized optical microscope
(POM). The distance between the striae corresponds to a
half helical pitch of the N*-LC. Note that as the degree of
twist in the N*-LC increases, the helical pitch observed in
POM decreases.

The helical pitch of the N*-LC can be adjusted by two
methods: (i) changing the concentration or (ii) the twisting
power of the chiral dopant.”® However, the mesophase
temperature region of the N*-LC is affected by changing
the concentration of the chiral dopant. That is, it becomes
narrow as the concentration increases, and finally, the
mesophase is destroyed when the concentration approaches
acritical value.”*"™ Owing to the limitation of the concentra-
tion method, an alternative approach of utilizing the chiral
compound with large twisting power was adopted. Axially
chiral binaphthyl derivatives were used as chiral dopants as
they have been reported to possess larger twisting powers
than asymmetric carbon-containing chiral compounds. The
N*-LCs using the latter chiral compounds will be presented
later.

(R)- and (9-1,1-binaphthyl-2,2'-di[ para-(trans-4-n-pen-
tylcyclohexyl)phenoxy-1-hexyl]ether were synthesized through
the Williamson etherification reactions of chiroptica (R)-
(+)- and (9-(—)-1,1'-bi-2-naphthols, respectively, with phe-
nylcyclohexyl derivatives. The products will be hereafter
abbreviated as (R)- and (S-PCH506-Binol (Figure 3). The
substituent is composed of phenylcyclohexyl (PCH) moiety,
n-pentyl group (the number of carbons, 5), and hexameth-



Asymmetric Polymerization in Chiral Liquid Crystal Chemical Reviews, 2009, Vol. 109, No. 11

Asymmetric Reaction Field

N*-LC

Catalyst

Ti(O-n-Bu),
+

C3 0-C3Hs
PCH302 QO ot O~ ot H,
3 4Hg ©© @ . sH1 Hy
PCH304

(R)-, (S)-PCH506-Binol (R)-, (S)-PCH308*

Nematic LCs Chiral dopants

5359

Figure 3. Asymmetric reaction field for acetylene polymerization prepared by dissolving Ziegler—Natta catalyst, Ti(O-n-Bu),—AlEts, into

the N*-LC. The N*-LC includes an axially chiral binaphthyl derivative, or asymmetric carbon-containing chiral compound.
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Figure 4. Miscibility test between the N*-LC induced by (R)- or (S-PCH506-Binol and the standard LC, cholesteryl oleyl carbonate of

|eft-handed screw direction.

ylene chain linked with an ether-type oxygen atom,
[—(CH2)eO—, 06], and thus abbreviated as PCH506.

To prepare an induced N*-LC, 5—14 wt % of (R)- or (S-
PCH506-Binol was added as a chiral dopant to the equimolar
mixture of the nematic LCs 4-(trans-4-n-propylcyclohexy-
[)ethoxybenzene (PCH302) and 4-(trans-4-n-propylcyclo-
hexyl)butoxybenzene (PCH304). The PCH506 substituent
group in the (R)- and (S§-PCH506-Binol enhances the
miscibility between the nematic LC mixture and the binaph-
thyl derivative used as the chiral dopant. Usage of similar
substituent with a shorter methylene spacer such as PCH503
or normal alkyl substituent gave insufficient miscibility,
yielding no chiral nematic phase.

In polarizing optical micrographs of the mixture of
PCH302, PCH304, and (R)-PCH506-Binol (abbreviated as

(R)-1) and that of PCH302, PCH304, and (S)-PCH506-Binal
(abbreviated as (9-1), a striated Schlieren or fingerprinted
texture characteristic of N*-LC phases is observed (Figure
2). Cholesteryl oleyl carbonate is known to be aleft-handed
N*-LC, and therefore it is available as a standard LC for a
miscibility test with the present LCs. The miscibility test
method is based on the observation of the mixing area
between the N*-LC and the standard LC in POM, where
the screw direction of the standard LC is known. If the screw
direction of the N*-LC is the same as that of the standard
LC, the mixing area will be continuous. Otherwise, it will
be discontinuous as a Schlieren texture of the N-LC.

As shown in Figure 4, the mixture of ((R)-1)-N*-LC and
cholesteryl oleyl carbonate lost the striae characteristic of a
chiral nematic phase in the POM, yielding instead features
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Figure 5. Hierarchical spira morphologies of H-PA film. Parts (a) and (b) show scanning electron microscope (SEM) photographs of
multidomain spiral morphology and left-handed screwed bundles of fibrils in a domain, respectively.

corresponding to an ordinary nematic phase. In contrast, the
mixture of ((§-1)-N*-LC and cholesteryl oleyl carbonate
showed no change in optical texture, keeping a chira nematic
phase. The results demonstrate that the screw directions of
the ((R)-1)- and ((§-1)-N*-LCs are opposite to and the same
asthat of cholesteryl oleyl carbonate, respectively. Namely,
they are right-handed and left-handed N*-L Cs, respectively.

2.2. Acetylene Polymerization in N*-LC

First, it should be noted that although each component
(PCH302 or PCH304) shows a L C phase, the L C temperature
region is very narrow, i.e., less than 1—2 °C. This is not
suitable for acetylene polymerization in an N or N*-LC
reaction field because the exothermal heat evoked during the
acetylene polymerization would raise the temperature inside
a Schlenk flask and easily destroy the LC phase, becoming
an isotropic one. Hence, the LC mixture is prepared by
mixing two equimolar LC components. In the LC mixture,
the nematic—isotropic temperature, Ty, and the crystalline—
nematic temperature, Tc_n, might be raised and lowered,
respectively. In fact, the mixture exhibited the LC phase in
the region from 20 to 35 °C. Subsequently, the change of
Tn-1 Upon an addition of Ti(O-n-Bu),—AlEt; catalyst was
examined through differential scanning calorimeter (DSC)
measurement. Taking into account the effect of supercooling
for LCs, the catalyst solution consisting of the LC mixture
and the chiral dopant was found available for room temper-
ature polymerization ranging from 5 to 25 °C. This suf-
ficiently wide temperature region enabled us to perform the
acetylene polymerization in the N*-LC phase.

The Ziegler—Natta catalyst consisting of Ti(O-n-Bu), and
AlEt; was prepared using the ((R)-1)- or ((9-1)-N*-LC asa
solvent (Figure 3). The concentration of Ti(O-n-Bu), was
15 mmol/L, and the mole ratio of the cocatalyst-to-catalyst,
[AIEt3]/[Ti(O-n-Bu)y], was 4.0. The catalyst solution was
aged for 0.5 h at room temperature. During the aging, the
N*-L C containing the catalyst showed no noticeable change
in optical texture, and only a dight lowering of the transition
temperature by 2—5 °C: The transition temperature between
the solid and chiral nematic phases was 16—17 °C, and that
between the chiral nematic and isotropic ones was 30—31
°C. No solidification was observed down to —7 °C as aresult
of supercooling. Thus, the ((R)-1)- and ((S-1)-N*-LCs are
confirmed to be chemically stable to the catalyst. These LCs
can therefore be used as asymmetric solvents for acetylene
polymerization.

Acetylene gas of six-nine grade (99.9999% in purity) was
used without further purification. The apparatus and proce-
dure employed were similar to those in earlier studies,*

except for the polymerization temperature. Here, the polym-
erization temperature was kept between 17 and 18 °C to
maintain the chiral nematic phase, by circulating cooled
ethanol through an outer flask enveloping the Schlenk flask.
The initial acetylene pressure was 11.6—22.6 Torr and the
polymerization time was 10—43 min. After polymerization,
PA films were carefully stripped from the container and
washed with toluene several times under argon gas at room
temperature. The films were dried through vacuum pumping
on a Teflon sheet and stored in a freezer at —20 °C.

2.3. Characterization of H-PA Film

SEM images of PA films show that multidomains of spiral
morphology are formed (Figure 5a), and each domain is
composed of a helical structure of a bundle of fibrils with a
one-handed screwed direction (Figure 5b). The multidomain-
type fibril morphology of PA seems to replicate that of the
N*-LC during the interfacial acetylene polymerization.

A closer observation of SEM images indicates that H-PAs
synthesized in the ((R)-1)- and ((§-1)-N*-LCs form the
screwed bundles of fibrils and even screwed fibrils with left-
handed and right-handed directions, respectively (Figure 6).
This result implies that the screw direction of H-PA is
controllable by choosing the helicity, i.e., optical configu-
ration of the chiral dopant, so far as the N*-LC induced by
the chiral dopant is employed as an asymmetric polymeri-
zation solvent. Besides, it is of keen interest that the screw
directions of bundle and fibrils are opposite to those of the
((R)-1)- and ((9)-1)-N*-LCs used as solvents (see Figure 4).
This is an unexpected and even surprising result, requiring
a sound interpretation, which will be discussed below.

The helical pitch of the N*-LC depends on the helical
twisting power of the chiral dopant, and also its concentration
and optical purity. This means that the helical pitch of the
PA chain can also be varied by changing the helical twisting
power of the chiral dopant. Another axially chiral dopant,
(R)- or (9-6,6'-PCH506-2,2-Et-Binol, abbreviated as (R)-
or (9-2 (Scheme 2),”>7 gave a shorter helical pitch of N*-
LC by 0.3 um than the corresponding (R)- or (S-PCH506-
Binol. Acetylene polymerizations using these sorts of highly
twisted N*-LCs, designated ((R)-2)- and ((9-2)-N*-LCs,
afforded clearer spiral morphologies consisting of helical
bundles of fibrils (Figure 7). Namely, these bundles are
aligned parallel to each other in the microscopic regime, and
form spiral morphologies in the macroscopic regime. It is
noteworthy that the hierarchical higher order structures
observed in Figure 7 resemble the helical self-assembled
microstructure of biological molecules such as lipids,”” but
they, as well as those of Figure 5, are rarely formed in
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Figure 6. SEM photographs of H-PA films synthesized in the N*-LCs including (R)- and (S-PCH506-Et-Binol. The left- and right-
handed screw directions of H-PAs are determined by the chirality of the chiral dopants with (R)- and (S)-configurations, respectively.

Scheme 2. Axially Chiral Binaphthyl Derivatives Used as
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synthetic polymers. This indicates a validity of N*-LC as a
template polymerization medium for controlling a higher
order structure of synthetic polymer.

The bundles of fibrils for H-PAs synthesized in the ((R)-
2)- and ((9-2)-N*-LCs are screwed left-handed and right-
handed, respectively: The screw directions of H-PA are
opposite to those of the corresponding ((R)-2)- and ((S)-2)-
N*-LCs whose directions are confirmed to be right-handed
and |eft-handed, respectively, through the miscibility test with
cholesteryl oleyl carbonate. Thisis the same situation as the
case of the ((R)-1)- and ((9-1)-N*-LCs including (R)- and
(9-PCH506-Binal.

It has been elucidated so far that the PA chains propagate
along the director (an averaged direction for the LC
molecules within a domain) of the N*-LC. Since the helical

fibril bundle
Figure 7. SEM photographs showing hierarchical spiral morphol-
ogy of H-PA film synthesized in the N*-LCs including (R)-6,6'-
PCH506-2,2'-Et-Binol. The multidomain spiral morphology consists
of one-handed screwed bundles of fibrils. The bundle is composed
of helically twisted fibrils.

fibril

axis of PA is parallel to the PA chain, and the director of
the N*-LC is perpendicular to the helical axis of N*-LC,
the helical axis of PA is perpendicular to that of N*-LC.
Taking these aspects into account, one can describe a
plausible mechanism for interfacial acetylene polymerization
in the N*-LC, as shown in Figure 8. In the case of aright-
handed N*-LC, for instance, the PA chain would propagate
with aleft-handed manner, starting from the catalytic species,
but not with a right-handed one. This is because the PA
chains with the opposite screw direction to that of the N*-
L C could propagate along the LC molecules, but those with
the same direction as that of the N*-LC would encounter
LC molecules, making the propagation stereospecifically
impossible. The detailed mechanism of acetylene polymer-
ization in N*-LC has to be elucidated.
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Figure 8. Schematic representation of mechanism for acetylene polymerization in the N*-LC. The H-PA with |eft-handed screw direction

grows starting from the catalytic species in the right-handed N*-LC.
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Figure9. CD spectraof H-PA films. The PA films synthesized in
the ((R)-2)- and ((9-2)-N*-LCs including (R)- and (9-6,6-
PCH506-2,2'-Et-Binol are designated as “PA by (R)-2” and “PA
by (9-2", respectively.

In circular dichroism (CD) spectra of the PA thin films
synthesized under the ((R)-2)- and ((§-2)-N*-LCs, positive
and negative Cotton effects are observed respectively in the
region from 450 to 800 nm corresponding to @ — x*
transition of PA chain (Figure 9), despite the absence of a
chiroptical substituent in side chains. This indicates that the
PA chain itself is helically screwed. It is evident that the
above Cotton effect is not due to the chiral dopant [(R)- or
(9-6,6'-PCH506-2,2'-Et-Binol] because the Cotton effect of
the chiral dopant is observed only at shorter wavelengths
such as 240—340 nm.

From the results mentioned above, it can be stated that
left-handed and right-handed H-PA chains are formed in (R)-
and (S)-N*-LCs, respectively, and that these helical chains
are bundled through van der Waals interactions to form

Primary Higher Order
Structure Structure
' Splrﬂl ~SEM 2um
’ form photograph
Planar Helical  Fibril Bundle
chain  chain of

Fibrils

Spiral SEM 15gm
morphology  photograph

Figure 10. Hierarchica helical structures from primary to higher
order in H-PA.

helical fibrils with screw directions opposite to those of the
N*-LCs. The bundles of fibrils further form the spiral
morphology with various sizes of domains (Figure 10).
The dihedral angle between neighboring unit cells,
(—=CH=CH-), of the H-PA was estimated to be from 0.02°
to 0.23°. Although such a very small dihedral angle may
allow usto regard the present PA as an approximately planar
structure, the polymer isrigorously screwed by a one-handed
direction with the nonzero dihedral angle. The present H-PA
films have high trans contents of 90% and become highly
conductive upon iodine doping. In fact, the electrica
conductivities of the doped films are 1.5—1.8 x 10% S/cm at
room temperature, which are comparable to those of metals.
The iodine-doped PA showed the same Cotton effect as that
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of nondoped PA, athough the CD peak was slightly shifted
to shorter wavelengths. This indicates that the helical
structure is preserved even after iodine doping. Furthermore,
CD and X-ray diffraction measurements showed that the
helical structure was also preserved after heating up to 150
°C (which corresponds to the isomerization temperature from
cis to trans form). The most stable structure of PA is the
planar one. However, since the PA is actually insoluble and
infusible, the helical structure formed during the polymeri-
zation can be preserved even if it is washed by toluene or
thermally heated below the isomerization temperature. In
other words, the insolubility and infusibility of PA are
indispensable for preserving the metastable helical structure.

Here, it is worthwhile to emphasize the following experi-
mental results. First, acetylene polymerization was carried
out under a N*-LC environment using the equal weighted
mixture of PCH302 and PCH304, but without the chiral
dopant. The PA film showed neither helical morphology in
the SEM photograph nor Cotton effect in the CD spectrum:
The morphology observed was composed of fibrils that were
locally aligned because of the spontaneous orientation of the
LC solvent. This has also been confirmed in previous
works.'? Second, acetylene polymerization was performed
in toluene and a small amount (less than 10%) of the chiral
dopant. The PA synthesized showed usually encountered a
randomly oriented fibrillar morphology, but not a helical one.
At the same time, the PA showed no Cotton effect in the
CD spectrum, athough the characteristic very broad absorp-
tion band due to the 7 — z* transitions in the conjugated
polyene chain was observed in the region from 450 to 800
nm. Third, the acetylene polymerization at 35—40 °C, where
the LC mixture including the chiral dopant was isotropic,
produced the PA with no helical morphology. These results
demonstrate that the N*-LC environment is essential for
producing H-PA.

In summary, H-PA with a superhierarchical structure was
synthesized in an asymmetric reaction field consisting of N*-
LC. The N*-LC was prepared by adding a chiroptical
binaphthyl derivative as a chiral dopant to a mixture of two
N-LCs. Acetylene polymerizations were carried out using
the catalyst of Ti(O-n-Bu),—AlEt; dissolved in the N*-LC
solvent. The PA film consisted of a right- or left-handed
helical structure of fibrils, as seen in the SEM. The Cotton
effect was observed in the region of &7 — z* transition of
the PA chain in the circular dichroism spectrum. The high
electrical conductivities of 1.5—1.8 x 10° S/cm after iodine
doping and the chiral helicity of the present films should be
available for novel electromagnetic properties such as an
induced solenoid magnetism. Macroscopic aignment of
H-PA has also been successfully carried out to prepare the
samples available for examinations of electromagnetic and
optical properties. It is worth noting that by using the N*-
LC as an asymmetric polymerization solvent, the helix
formation is possible not only for PA but also for szz-conju-
gated polymers without chiroptical substituentsin side chains.
In fact, very recently, other kinds of spiral morphology
containing conjugated polymers such as polybithiophene,
polyethylenedioxythiophne derivatives, and phenylene—
thiophene copolymers™ -8 were synthesized through chemical
or electrochemical polymerization in the N*-LC 88
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3. Advances in N*-LC Reaction Field

3.1. Liquid-Crystalline Binaphthyl Derivatives

Chird nematic liquid crystals (N*-L Cs) have been drawing
substantial interest for their potential applicationsin circularly
polarized light,’®8 reflectable polarizer,®# liquid-crystal
laser 22 asymmetric synthesis,**~%" and chirality induction
for conducting polymers.’9%-101 There are many kinds of
chira liquid crystals in terms of chiral LC phase, i.e,
cholesteric or N*, blue phases,'%>1% and twist grain boundary
phases.1%41% Especially, the N*-LC can be easily induced
by adding a small amount of chiral compounds as a chiral
dopant into nematic liquid crystal (N-LC). The helical pitch
of the N*-LC can be easily adjusted by changing the
concentration of chiral dopant or by modifying the helical
twisting power (HTP) of the chiral dopant itself.” Most chiral
dopants have no liquid crystalinity and relatively large
molecular weights. It follows that an addition of a large
amount of the chiral dopant to the host N-LC causes a
lowering of phase transition temperature from an isotropic
to a nematic phase and an increase in viscosity of the liquid
crystal, and also an occurrence of crystallization.”* ™ The
chiral dopant with large HTP can prevent the degradation
of the N*-LC because the desired helical pitch can be
obtained by adding arelatively small amount of chiral dopant
to the host N-LC. Thus, it may be more preferable for
induction of a highly twisted N*-LC to change the HTP of
the chiral dopant rather than the concentration of the chiral
dopant.1%

It is known that the binaphthyl derivatives have large
twisting powers. This property comes from large steric
repulsions between hydrogen atoms at the 8,8'-positions of
the naphthyl rings.’®” Many types of binaphthyl derivatives
with different substituents in the 2,2'-positions,08-115
2,2',6,6-positions, >116117 or 2,2' 5 5',6,6'-positions 8 have
been examined for usages of chiral dopants to induce N*-
LC. Particularly, the binaphthyl derivatives, substituted with
liquid-crystalline groups at the 2,2',6,6'-positions of binaph-
thyl rings, have a good miscibility toward the host N-LC
because of their liquid crystallinities, and also they have high
HTPs based on axial chirality. However, in spite of usage
of the binaphthyl derivatives with high HTPs, it was difficult
to induce the N*-LCs with nano-ordered helical pitches.
Thus, both the miscibility and the high HTP are required
for the effective transfer of the axia chirality of the
binaphthyl derivatives to the host N-LCs.

It has been reported that the rigid aromatic substituents
generate large HTPsin a, a0 o' -tetra-aryl-1,3-dioxolan-4,5-
dimethanol derivatives, and that the HTPs increase with the
rigidity of substituents.***~1?2 Here, to investigate an ampli-
fication of HTPsin the axially chiral binaphthyl derivatives,
several rigid substituents were introduced into the 2,2',6,6'-
positions of the binaphthyl rings. Among them, the tetra-
substituted binaphthyl derivative, D-8, which has the direct
linkage between the para-hexaoxybiphenyl moieties and the
6,6"-positions of the binaphthyl rings, showed an extremely
high HTP of 757 um™. The roles of HTP and liquid
crystallinity of the chiral dopant ininduction of highly twisted
N*-LC were elucidated.

N-LCs of phenylcyclohexane derivatives, 4-(trans-4-n-
propylcyclohexyl)ethoxybenzene (PCH302) and 4-(trans-4-
n-propylcyclohexyl)butoxybenzene (PCH304), and aso di-
substituted binaphthyl derivatives [(R)-, (9-2,2'-PCH506-
1,1'-binaphthyl, abbreviated as (R)-, (9-D-1] (shown in Table
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1), were synthesized according to a previous report.’° The
tetrasubstituted binaphthyl derivatives, D-2 to D-8, were
synthesized by substituting aromatic moieties into the 6,6'-
positions of the binaphthy! rings without methylene spacers.
The chiral binaphthyl derivative of D-9 was synthesized by
means of a previously reported procedure.”?® It should be
mentioned that to improve the miscibility of achiral dopant
to the host N-LCs, PCH moieties are introduced into the 2,2'-
positions of binaphthyl rings (D-1) or into the 2,2',6,6'-
positions of the binaphthyl rings (D-2, D-3, and D-9).

3.1.1. Mesomorphic Properties of Chiral Dopants

Mesomorphic properties of the binaphthyl derivatives were
investigated with DSC, POM, and X-ray diffraction (XRD).
Among the chiral dopants synthesized here, D-3 and D-9
showed liquid crystallinity. On one hand, the phase transition
temperatures of D-3 were as follows. G — 79 °C — S, —
99°C—1land G—52°C— S~ 63 °C~1 in the heating
and cooling processes, respectively (Figure 11). Note that
G, S, and | denote glassy, smectic, and isotropic phases,
respectively. The POM of D-3 showed afocal conic texture
characteristic of smectic (S;) phase (Figure 12a). The XRD
of D-2 measured at 90 °C gave a sharp diffraction peak in
the small angle region (26 = 2.4°), corresponding to 36.8
A, which is ascribed to the interlayer distance. The diffraction
peak in the wide angle region (26 = 18—22°) was assigned
to the intermolecular distance of LCs (from 4.9 to 4.07 A).
From the POM and XRD results, the LC phase of D-3 was
assigned to the smectic one. On the other hand, the phase
transition temperatures of D-9 were as follows: G — 79 °C
=S —9°C—1landG—52°C~—S,—63°C~—1in
the heating and cooling processes, respectively (Figure 11).
POM of D-9 showed a fan-shape texture characteristic of
smectic A (Sa) phase (Figure 12b).

3.1.2. Amplification of HTP

The N*-LCs were prepared by adding a small amount of
chiral dopant into an equimolar mixture of the N-LCs of
PCH302 and PCH304. The molecular structures of PCH302
and PCH304 are shown in Figure 3 in section 2. It should
be noted that although each component (PCH302 or PCH304)
shows a L C phase, the L C temperature region is very narrow,
i.e., lessthan 1—2 °C. Thisis not suitable for evaluating the
properties of N*-LC because even a smal change in
temperature easily destroys the LC phase, changing into an
isotropic one. Hence, a mixture is prepared by using two
N-LCs with equimolar concentration. In the mixture, the
nematic to isotropic temperature, Ty—;, and the crystalline
to nematic temperature, Tc—y, might be raised and lowered,
respectively. In fact, the mixture exhibited N-LC phase in
the region from 0 to 30 °C.%5%

The helical pitch of N*-LCs were precisely evaluated by
measuring the distance between Cano lines appearing on the
surface of awedge-type cell under a POM microscope.*24~127
Meanwhile, when the helical pitch was smaller than 1 um,
it was evaluated with the selective light reflection method.
The helical pitch was evaluated according to the equation

P = /N

where Ama 1S the wavelength for the reflected light and n is

the mean refraction index of N*-LC (n = 1.5).1%®
Subsequently, HTP (5y) of the chiral dopant, i.e., an ability

to convert N-LC into N*-LC, was evaluated using the

Akagi
equation

P = [(1/p)/c] o

where p isthe helical pitch in um and c is the mole fraction
of the chiral dopant in the N*-LC.10"122129 The inverse of
pitch (1/p) is plotted as a function of the mole fraction of
the chiral dopant, and obtained linear relationship between
1/p and c in the low-concentration regime.

The relationship between the number of substituents and
HTP was investigated. D-1 and D-9 have the PCH substit-
uents at the 2,2-positions of the binaphthyl rings but the
latter (D-9) has furthermore the same PCH moieties at the
6,6'-positions of the binaphthyl rings. Therefore, there is a
difference between the HTPs of D-1 (171 um™%) and D-9
(200 um™Y) (see Table 1). Besides, all the HTPs of the
tetrasubstituted chiral dopants (D-2 to D-9) are larger than
that of D-1. This may be rationalized with a difference in
the number of substituents. Namely, the axialy twisting
torque of the tetrasubstituted chiral dopants are more
effectively transferred to the environmental N-LC molecules,
by virtue of intermolecular interactions between four PCH
substituents and the host N-LC molecules, rather than in the
case of D-1 bearing two PCH substituents.

Interestingly, D-3 showed ahigh HTP of 449 ym™?, which
is about 2.2 times larger than that of D-9 (200 um™2). The
PCH moieties of D-3 and D-9 are linked directly and
indirectly to the 6,6'-positions of the binaphthyl rings,
respectively. To €elucidate the relationship between the
molecular structure and HTP, it is helpful to show equilib-
rium geometries of D-3 and D-9. It can be understood that
absence of the hexamethylene spacer, [—(CHy)e—], in D-3
leads to a large rigidity in the linkage between the PCH
moieties and the binaphthyl rings.

When the substituent group changes from PCH moiety
(D-3) to phenyl (D-5), p-hexaoxy-phenyl (D-7), and p-
hexaoxy-biphenyl one (D-8), the HTPs of these binaphthyl
derivatives changed from 449 to 183, 192, and 757 um™,
respectively. Interestingly, a close relationship between the
length of aromatic group and the HTP was observed (see
Table 1). The molecular extension increased as follows. para-
hexaoxy-biphenyl > PCH > para-hexaoxy-phenyl > phenyl.
The HTPsincreased in proportion to the molecular extension.
Asaresult, one obtained the HTP of 757 um™t in D-8, which
is about 4 times larger than that (183 um™2) of D-5.

D-3 has arigid linkage between the 6,6'-positions of the
binaphthyl rings and the PCH moieties, similar to that of
D-2. Thus, it hasalarge HTP (449 um™1), athough the value
is dightly smaller than that (510 um™) of D-2. The
difference is due to an increase in the length of methylene
spacer between the 2,2'-positions of the binaphthyl rings and
the PCH moieties. The dodecamethylene spacer [—(CHy)1o—]
in D-3 makes the PCH fragments at the 2,2'-positions of the
binaphthyl rings more flexible than the case of D-2. This
results in a slightly smaller twisting power than D-2.

3.1.3. Role of Liquid Crystallinity of Chiral Dopant in
Induction of N*-LC

Since the helical pitch of the N*-LC is a primarily
important index for practical use, we examined the role of
the HTP and the miscibility of chiral dopant to the host N-LC
in induction of N*-LC. It is useful to focus on the helical
pitch of the N*-LC as a function of mole percentage { mole
of chiral dopant/(mole of PCH302 + mole of PCH304)} of
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Table 1. Comparison of Rigidity, Helical Twisting Power (HTP, fu), and Liquid Crystallinity between Several Types of
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Figure 11. Differential scanning calorimetry thermographs of
tetrasubstituted binaphthyl derivatives, D-3 and D-9.

the chiral dopant. Higher concentration and high HTP of the
chiral dopants make the helical pitches smaller. However,
the N*-L.C becomes a solid state through the phase separation
over an upper limit of concentration of the chiral dopant. In
spite of high HTP of D-2, its miscibility to the host N-LC is
low due to the rigidity, depressing the maximum concentra-
tion to 0.25 mol %. However, because of the increase in the
flexibility, D-3 hasliquid crystallinity itself. Then the liquid
crystallinity raises the miscibility of D-3 to the host N-LC,
giving a maximum concentration of 1.5 mol %. Conse-
quently, both the high HTP and the high miscibility of D-3
allowed us to prepare highly twisted N*-LC whose helical
pitch is nano-order, i.e., 270 nm.

Figure 13 shows POMs of the N*-LCs, which are induced
by 0.05, 0.125, and 1.5 mol % of chiral dopant (R)-D-3,
respectively. Figure 13ab gave a fingerprint texture with
striae. The distance between the striae corresponds to a half
of the helical pitch in N*-LC. Meanwhile, the POM of Figure
13c gave a fan-shaped texture, but no striae were observed.
This is due to the fact that the distance between the striae
formed in N*-LC including 1.5 mol % of chiral dopant (R)-
D-3istoo small to be detected in the POM microscope with
aresolution limit of ca. 1 um. It should be emphasized here
that although the liquid crystallinity of the chiral dopant has
no direct influence on the HTP, it plays the important role
of increasing the miscibility of the chiral dopant, leading to
an increase of the upper limit concentration usable for the
chiral dopant to the host N-LC.

The phase transition temperature (clearing temperature)
from N*-LC to isotropic phase depends on the molecular
structure and the mole concentration of the chiral dopant,
and also the intermolecular interactions between the chiral
dopant and the N-LCs.*3%71% The N*-LC-isotropic phase
transition temperatures of the mixed systems as a function
of mole concentration of the chiral dopant is examined. Since
the chiral dopants of D-3 and D-9 have liquid crystallinity
themselves, the intermolecular interactions between the chiral
dopants and the N-LCs should be larger than those in the
case of D-1 and D-7 having no liquid crystallinity. Thus,
the increases in mole concentration of D-3 and D-9 raise
the clearing point.’*® This suggests a thermal stability of the
N*-LC phase including D-3 or D-9. However, the N*-LC
including D-1 or D-7 showed areversetrend, i.e., alowering
of the clearing temperature with increasing mole concentra-
tion. It isalso found that the N*-L Cs induced by D-3 showed
selective light reflectionsin the visible region. The reflection
color depends on the helical pitch of the N*-LC. Because
of a high upper limit (1.5 mol %) in mole concentration, it
is possible to adjust the helical pitches of N*-LCs. The N*-

Akagi

LCs with blue, green, and red colors in the selective light
reflection were prepared by using the chiral dopant D-3 of
0.75, 1, and 1.5 mol %, respectively.

The helical sense of the N*-LCs was examined through
the miscibility test. The mixing area between the N*-LC and
astandard L C was observed under the POM. When the screw
direction of the N*-LC is the same as that of the standard
L C, the mixing area should be continuous. However, there
should appear a discontinuous boundary (a Schlieren texture
characteristic of N-LC) between the N*-LC and the standard
LC when they have opposite screwed directions. The
cholesteryl oleyl carbonate was used as the standard LC for
the miscibility test. There appeared a discontinuous or
continuous area between the N*-LC with (R)- or (S-D-3
and the standard LC, respectively. Because the screw
direction of the standard LC is known to be left-handed, the
screw directions of the N*-LCs induced by (R)- and (9-
D-3 can be deduced to be opposite to and the same as that
of the standard LC, i.e,, right- and |eft-handed, respectively.

In summary, axially chiral binaphthyl derivatives with
highly twisting powers were synthesized by substituting PCH
mesogenic moieties into 2,2'-positions or 2,2',6,6'-positions
of binaphthyl rings. The di- and tetrasubstituted binaphthyl
derivatives were adopted as chiral dopants to induce chiral
nematic liquid crystals (N*-LCs). The helical twisting power
(Bm) of tetrasubstituted binaphthyl derivative, D-3, having
direct linkages between the PCH moieties and the binaphthyl
rings at the 6,6-positions, was 449 um%. Thisis ca. 2.6
times larger than that (171 um™?) of the disubstituted one,
D-1. Interestingly, D-3 and D-9 showed liquid crystallinity.
Although the liquid crystallinity of the chiral dopant has no
direct influence on the helical twisting power of the N*-LC,
it plays the role of increasing the miscibility of the chiral
dopant to host N-LC, leading to an increase of the upper
[imit concentration of the chiral dopant. Consequently, both
the highly helical twisting power and the high miscibility of
D-3 alowed us to prepare highly twisted N*-LC, whose
helical pitch is nano-order, i.e., 270 nm.

Part 2. Control of the Morphology

4. Control of the Fibril Morphology

4.1. Bundle-Free Fibril Morphology of H-PA

There has been increasing interest in chiral conducting
polymers because of their potential application for nano-
wires, 556134136 gl ectrodevices,**"1% and biological techno-
logies.'®~14! Since H-PA characterized by a hierarchical
spiral morphology was synthesized in a chiral nematic liquid
crystal (N*-LC), the N*-LC has been currently focused on
an asymmetric reaction field to produce chiral conducting
polymers. It has been found that the chirality of the H-PA is
controllable by selecting the chirality of the chiral dopant to
be added to the nematic LC (N-LC). H-PA is anticipated to
be a prototype of a molecular solenoid owing to its helical
structure and high electrical conductivity. It is therefore
desirable to synthesize a highly screwed H-PA for inducing
the solenoidal magnetism. To this end, it is essentialy
important to construct a more highly twisted LC reaction
field. Howeer, from a nanoscience point of view, it is very
intriguing to elucidate the physical properties of the single
helical fibril. The H-PA chains are self-assembled owing to
van der Waals interactions forming a helical fibril, which is
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Figure 12. Polarizing optical micrographs of D-3 at 62 °C in the cooling process (a) and D-9 at 83 °C in the heating process (b).

50um

Figure 13. Polarizing optical micrographs of N*-LCs at 27 °C. The helical pitches of N*-LC are 5.3 (a), 2.3 (b), and 0.27 um (c),
respectively. The N*-LCs of (a), (b), and (c) contain 0.05, 0.125, and 1.5 mol % of chiral dopant (R)-D-3, respectively.

a bundle of polymer chains. In addition, the helica fibrils
are gathered to form a bundle of fibrils. The bundles of fibrils
give a spiral morphology in a domain, resulting in a
multidomain of helical structure. However, the insolubility
and infusibility of PA makeit difficult to separate the bundle
of fibrils into single fibrils. This situation is similar to the
case of carbon nanotubes; because of substantial van der
Waals attractive interactions, carbon nanotubes tend to form
aggregates that can hardly be separated into single tubes.1#2143

The only way to obtain asinglefibril that has been recently
put forward is to soak a piece of PA film in N,N-
dimethylformamide solution, including a surfactant such as
hexaethylene glycol monododecy! ether, and then to ultra-
sonicate it for dispersion.5>%6133134 However, this procedure
might lead to cleavage and/or damage of the fibrils during
ultrasonication. This would prevent us from evauating the
intrinsic electromagnetic properties of the single fibril of
H-PA. Here it is found that the H-PA film, which consists
of only single fibrils but not the bundle of fibrils, can be
synthesized by using a highly twisted N*-LC reaction field.

The helical pitch of the N*-LC can be adjusted by
changing the concentration of the chira dopant or by
changing the helical twisting power of the chiral dopant
itself.”® However, the mesophase temperature region of the
N*-LC is aso affected by the concentration of the chiral
dopant. Namely, it becomes narrow as the concentration of
the chiral dopant increases, and finally the mesophase will
be destroyed when the concentration is close to a critical
value.¥ 147 Therefore, the latter approach of utilizing chiral
dopants with various helical twisting powers might be
preferable. It has been elucidated so far that the binaphthyl
derivatives have not only good miscibility toward the N-LC
by virtue of their LC moieties but also a higher helical
twisting power than asymmetric center-containing chiral
compounds dueto axia chirality 1711148151 However, even
when a binaphthyl derivative with a high twisting power was
used, the helical pitch of the induced N*-LC was not in the
nano-order range, but nearly equal to or larger than 1 um.
Thus, to affect the axial chirality more effectively to the
environmental LC molecules, a high miscibility, reinforced
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by the liquid crystallinity of the chiral dopant itself, and a
high helical twisting power were required.

This section focuses on novel di- and tetrasubstituted
binaphthyl derivatives, where the phenylcyclohexyl (PCH)
moieties are substituted at the 2,2'- or 2,2',6,6'-positions of
the binaphthyl rings. Among them, the tetrasubstituted
binaphthy! derivative (D-2), having a direct linkage between
the PCH moieties and the binaphthyl rings at the 6- and 6'-
positions, gave nano-order (270 nm) helical pitches when
added as a chiral dopant into the N-LC.**? Thus, the prepared
N*-LC enabled usto synthesize a highly twisted nano-single
fibril of H-PA.

4.1.1. Highly Twisted Chiral Dopants and N*-LCs

The tetrasubstituted binaphthyl derivatives [(R)-, (9-2,2'-
PCH5012-6,6'-PCH5-1,1'-binaphthyl, abbreviated as (R)-,
(9-D-2] were synthesized by substituting the PCH moieties
without methylene spacers into the 6,6'-positions of the
binaphthyl ring. As reference compounds to the D-2, [(R)-
2,2',6,6'-PCH506-1,1'-binaphthyl, abbreviated as RC-1] and
[(R)-2,2'-PCH506-6,6'-PCH5-1,1'-binaphthyl, abbreviated as
RC-2] were synthesized by means of the previously reported
procedure’” and a synthetic method similar to that used for
D-2, respectively.

The mesomorphic properties of the binaphthyl derivatives
were investigated with a DSC, POM, and XRD measure-
ments. Although the disubstituted binaphthyl (D-1) and
tetrasubstituted (RC-2) derivatives showed no mesophase,
the tetrasubstituted derivatives (D-2 and RC-1) showed liquid
crystallinity. The phase transition temperatures of D-2 were
asfollowss G—79°C— S —9°C—landG—52°C
— S — 63 °C — | in the heating and cooling processes,
respectively. Note that G, S, and | denote glassy, smectic,
and isotropic phases, respectively. The POM of D-2 showed
afocal conic texture characteristic of a smectic (S,) phase.
The XRD of D-2 measured at 90 °C showed the sharp
diffraction peak in the small-angle region, 260 = 2.4°,
corresponding to 36.8 A, which is ascribed to the interlayer
distance. The diffraction pesak in the wide-angle region (26
= 18°—22°) was assigned to the intermolecular distance of
LCs (from 4.9 to 4.07 A). From the POM and XRD resullts,
the LC phase of D-2 was assigned to the smectic phase.

The N*-LC was prepared by adding a small amount of
chiral dopant into an equimolar mixture of the N-LCs of
PCH302 and PCH304. It should be noted that although each
component (PCH302 or PCH304) shows an LC phase, the
LC temperature region is very narrow, i.e., less than 1-2
°C. This is not suitable for acetylene polymerization ir-
respective of the N-LC or N*-LC reaction field because the
exothermal heat evoked during the acetylene polymerization
would raise the temperature inside a Schienk flask and easily
destroy the LC phase, becoming an isotropic one. Hence, a
LC mixture was prepared by mixing the two equimolar
nematic LCs. In the N-LC mixture, the nematic to isotropic
temperature, Ty—, and the crystalline to nematic temperature,
Te—n, Might be raised and lowered, respectively. In fact, the
mixture exhibited the LC phase in the region from 20 to 35
°C. The change of Ty-; upon the addition of Ti(O-n-
Bu),—AlEt; catalyst was examined through DSC measure-
ments. Taking into account the effect of supercooling LCs,
the catalyst solution consisting of the LC mixture and the
chiral dopant was found available for room-temperature
polymerization ranging from 5 to 25 °C. This sufficiently
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wide temperature region enabled us to perform the acetylene
polymerization in the N*-LC phase.

The molecular fragmentsin both the nematic liquid crystals
and the chiral dopants (binaphthy! derivatives) are composed
of only phenyl, cyclohexyl, and alky moieties and also ether-
type oxygen. These molecular fragments are chemically
stable toward not only extremely reactive Ziegler—Natta
catalysts, such as triethylaluminum and tetrabutoxytitanium,
but also other kinds of transition-metal (Ni, Pd, Pt) com-
pounds. This means that the present chiral nematic liquid
crystal is available as an asymmetric reaction solvent for
other kinds of polymerizations, and even for chemical
reactions of chiral compounds. The potential versatility as
an asymmetric reaction solvent in the present chiral nematic
liquid crystal is worth emphasizing from the viewpoint of
further application.

The helical pitch of N*-LCs were precisely evaluated by
measuring the distance between Cano lines appearing on the
surface of awedge-type cell under the POM microscope. 4127
Meanwhile, when the helical pitch was smaller than 1 um,
it was evaluated with the selective light reflection method.
The helical pitch was evaluated according to the equation

P = /N

where An IS the center wavelength for the maximally
reflected light and n is the mean refraction index of the N*-
LC (n = 1.5).181%8

Subsequently, the helical twisting powers (5u) of the chiral
dopant, i.e., the ability to convert the N-LC into the N*-LC,
was evaluated using the equation

P = [(AIp)/c] o

where p isthe helical pitch in micrometers and c is the mole
fraction of the chiral dopant in the N*-LC.29"2 The inverse
pitch (1/p) was plotted as a function of the mole fraction of
the chiral dopant, and alinear relationship between 1/p and
c in the low-concentration regime was obtained. The helical
twisting powers of D-1 and D-2 were 171 and 449 um™,
respectively. It is clear that the helical twisting power of the
chiral dopant D-2 is ca. 2.6 times larger than that of D-1.
This may be rationalized with a difference in the number of
substituents. Namely, the axially twisting torque of D-2 is
more effectively transferred to environmental nematic LC
molecules by virtue of intermolecular interactions between
the four PCH substituents of D-2 and the PCH moieties of
the LC molecules, rather than in the case of D-1 bearing
two PCH substituents. Note that although the chiral dopant
of the (§-configuration should have the same helical twisting
power as that of the (R)-configuration, the former gave a
smaller value in the helical twisting power than the latter,
irrespective of the di- or tetrasubstituted binaphthyl deriva-
tives. Thisis due to the fact that the (S-binaphthol used as
a starting compound has lower optical purity than (R)-
binaphthol, although both binaphthols are commercially
available.

4.1.2. Contribution of the HTP and Miscibility of a Chiral
Dopant in the Helical Pitch of the N*-LC

Sincethe helical pitch of the N*-LC might be essentia to
control the morphology of H-PA, it isworthwhile to examine
in more detail how the helical twisting power (5yv) and the
miscibility of the chiral dopant affect the helical pitch of



Asymmetric Polymerization in Chiral Liquid Crystal

Table 2. Comparison between Several Types of Tetrasubstituted
Axially Chiral Binaphthyl Derivatives (R-Configuration)

RC-1 RC-2 D-2
rigidity® low high high
helical twisting power (Bwv) 200 um™t 510 um™t 449 yum=!
liquid crystallinity® yes no yes
maximum mol %° 15 0.25 15
helical pitch of induced N*-LC? 940 nm  13um 270 nm

aRigidity in linkages between the 6- and 6'-positions of the
binaphthy! rings and the PCH moieties. ° Liquid crystallinity of chiral
dopant itself. ¢ Maximum mole percentage of chiral dopant, over which
N*-LC changes into the solid state through phase separation. Mole
percentage = mole of chira dopant/(mole of PCH302 + mole of
PCH304) x 100. ¢ Helical pitch of N*LC induced by the chiral dopant
of maximum mole percentage.
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the N*-LC. Table 2 shows some properties of the tetrasub-
stituted binaphthyl derivatives.

The structural difference between RC-1 and RC-2 is that
the PCH moieties are indirectly and directly linked with the
6,6"-positions of the binaphthyl rings, respectively. That is,
the absence of the hexamethylene spacer, [—(CH.)s—], leads
to arigidity in the linkage between the PCH moieties and
the binaphthyl rings, resulting in ahigh helical twisting power
of 510 um™tin RC-2, which is about 2.5 times higher than
that of RC-1 (200 um™t). However, RC-2 has no liquid
crystallinity owing to its rigidity, which depresses the
miscibility of the chiral dopant to the parent N-LC. In fact,
the maximum mole percentage (0.25 mol %) usable as the
dopant was one-sixth that of RC-1 (1.5 mol %) having liquid
crystallinity. As a result, the N*-LC induced by the chira
dopant of RC-2 has alonger helical pitch (1.3 um) than that
by the dopant of RC-1 (910 nm), in spite of the larger helical
twisting power of RC-2 (510 um™?).

Meanwhile, D-2 shows rigidity in the linkage between the
6,6"-positions of the binaphthyl rings and the PCH moieties,
similar to that of RC-2. Thus, it has a higher helical twisting
power (449 um™1), although the value is dightly smaller than
that of RC-2 (510 um™?). The difference is due to an increase
in the length of the methylene spacer between the 2,2'-
positions of the binaphthyl rings and the PCH moieties; the
dodecamethylene spacer [—(CH,)1.—] in D-2 makes the PCH
fragments at the 2,2'-positions of the binaphthyl rings more
flexible than in the case of RC-2. This results in a slightly
smaller twisting power than that of RC-2. At the same time,
however, owing to the increase of the flexibility, D-2 has
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liquid crystalinity itself, similar to the case of RC-1
Actualy, the liquid crystallinity increased the miscibility of
D-2 to the parent N-LC, yielding a maximum concentration
of 1.5 mol %. As a consequence, both the high helical
twisting power and the high miscibility of D-2 allowed us
to prepare a highly twisted N*-LC, whose helica pitch is
nano-order, i.e., 270 nm. It should be emphasized here that
although the liquid crystallinity of the chiral dopant has no
direct influence on the helical twisting power of the N*-LC,
it plays the role of increasing the miscibility of the chiral
dopant, leading to an increase of the upper limit concentration
usable for the chiral dopant to the parent N-LC.

4.1.3. Asymmetric Reaction Field Constructed with the
N*-LC

We examined the changes of helical pitches in N*-LCs
as a function of mole percentage of the chiral dopants D-1
and D-2. The PCH moieties substituted in the binaphthyl
derivatives enhance the miscibility of the chiral dopants D-1
and D-2 in the nematic mixture of PCH302 and PCH304,
even at a relatively high mole percentage (1.5 mol %) of
the binaphthyl derivatives. The helical pitches of N*-LCs
varied from 9.4 to 3.2 um with a change in the mole
percentage of D-1 (from 0.25 to 1.5 mol %) and from 5.24
um to 270 nm with D-2 (from 0.05 to 1.5 mol %). This
result shows that the chiral dopant D-2 has a highly helical
twisting power, enough to give the nano-order helical pitch
in the N*-LC. It is also confirmed that the N*-LCs induced
by D-2 showed selective light reflectionsin the visible region,
as shown in Figure 14. The color depends on the helical
pitch of the N*-LC. The N*-LCs with blue, green, and red
colorsin the selective light reflection were prepared by using
the chiral dopant D-2 of 0.75, 1, and 1.5 mol %, respectively.

The phase transition temperature (clearing temperature)
from chira nematic to isotropic phase depends on the
molecular structure and the mole percentage of the chiral
dopant, and a so the intermolecular interactions between the
chiral dopant and the N-LCs.*3071%2 The N*-LC isotropic
phase transition temperatures of the mixed systems as a
function of mole percentage of the chiral dopant were
examined. Since the chiral dopant of D-2 has liquid crystal-
linity itself, the intermolecular interactions between D-2 and
the nematic molecules should be larger than those in the case
of D-1. Thus, the increase in mole percentage of D-2 raises
the clearing point.*® This suggests a thermal stability of the
N*-LC phase including D-2. However, the N*-LC including
D-1 showed a reverse trend, i.e., alowering of the clearing
temperature with increasing mole percentage of D-1.

From the reaction field point of view, the stable and highly
twisted N*-LC is preferred. The N*-LC including D-2 of
1.5 mol % showed thermal stability and asmall helical pitch
of 270 nm. Meanwhile, the N*-LC including D-1 of 1.5 mol
% showed a relatively larger helical pitch of 3.2 um and
lower thermal stability than in the case of D-2. Hence, the
N*-LCs including D-1 of 1 mol % { PCH302/PCH304/D-1
= 100:100:2 (moleratio)} and D-2 of 1.5 mol % { PCH302/
PCH304/D-2 = 100:100:3 (mole ratio)}, abbreviated as
System 1 and System 2, respectively, were prepared as the
asymmetric reaction field for acetylene polymerization. The
helical pitches of System 1 and System 2 were 5 um and
270 nm, respectively. Figure 15 shows POMs of the N*-
LCs, System 1 and System 2. System 1 gave a fingerprint
texture with striae (Figure 15a). The distance between the
striae (2.5 um) corresponds to half of the helical pitch in
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Figure 14. Selective light reflection spectra of N*-LCs. The N*-LCs of curves (a), (b), (c), and (d) contain 1.5, 1.0, 0.75, and 0.5 mol %
of chiral dopant (R)-D-2, respectively. Photographs of the selective light reflections, wavelengths of the selective light reflection, and

helical pitches of N*-LCs are shown on the right side.

Figure 15. Polarizing optical micrographs of N*-LCs at 27 °C.
The insets show the magnified photographs. (a) (§-System 1
containing 1.0 mol % of chiral dopant, (9-D-1. (b) (R)-System 2
containing 1.5 mol % of chira dopant, (R)-D-2.

the N*-LC. Meanwhile, the POM of System 2 gave a fan-
shaped texture, but no striae were observed (Figure 15b).
This is due to the fact that the distance between the striae
formed in System 2 is too small to be detected in the POM
microscope with a resolution limit of ca. 1 um.

The helical senses of the N*-L Cs were examined through
amiscibility test'> and a selective light reflection in circular
dichroism (CD) spectra 1521515 Whereas the miscibility test
can be used regardless of the length in helica pitch, the
selective light reflection method can be used only when the
helical pitch is between the UV and near-infrared regions
(from 250 nm to 1 um). Thisis the reason why both methods
are used to evaluate the helical sense for System 1f (helical
pitch of 5 um) and System 2 (helical pitch of 270 nm).
However, we will hereafter focus only on the results of the
selective light reflection method. It is known that the
cholesteryl oleyl carbonate is a left-handed cholesteric LC
showing a selective light reflection in the visible region.
Therefore, cholesteryl oleyl carbonate was used as areference
for determining the handedness of the N*-LC. As shown in

Figure 16, the N*-LC inducing (R)-D-2 showed a negative
sign, whereas the N*-LC including (S)-D-2 and cholesteryl
oleyl carbonate showed positive sign peaksin the CD spectra.
These results indicate that the handed senses of the (R)- and
(S-N*-LCs are right- and left-handed, respectively.

4.1.4. Synthesis of HP with Bundle-Free Morphology

The N*-LCs of System 1 and System 2 can be regarded
as weakly and highly twisted asymmetric reaction fields,
respectively. Thus, two kinds of N*-LCs were prepared as
solvents using a Ziegler—Natta catalyst consisting of Ti(O-
n-Bu), and AlEts. The concentration of Ti(O-n-Bu), was 50
mM, and the mole ratio of the cocatalyst to catalyst, [AlEts]/
[Ti(O-n-Bu)4], was 4.0. The catalyst solution was aged for
30 min at room temperature. The polymerization temperature
was kept constant at 20—21 °C to maintain the N*-LC phase.
Theinitial pressure of acetylene gaswas 140—150 Torr, and
the polymerization time was 3—5 min. After polymerization,
PA film was carefully stripped off from the container and
washed with toluene several times and subsequently with a
methanol solution of hydrochloric acid (1 N) under argon
gas at room temperature. The film was dried with vacuum
pumping on a Teflon sheet and was stored in a freezer at
—20 °C.

Figure 17 shows SEM photographs of the H-PA films
synthesized in right-handed N*-LC with a helical pitch of 5
um [(R)-System 1] and left-handed N*-LC with a helical
pitch of 270 nm [(S)-System 2], respectively. The hierarchi-
cal helical structures are observed in both H-PA films. It is
confirmed that the screw directions of the fibril and even
the bundle of fibrils are opposite to the helical sense of the
N*-LC. For instance, in the right-handed N*-LC of (R)-
System 1, the fibrils are screwed left to form the bundle of
fibrils. Similarly, in the left-handed N*-LC of (S-System
2, thefibrils are screwed right, although no bundleis formed.
The relationship between the screw direction of the fibril
and the helical sense of the N*-LC has been partly rational-
ized.™" It is of particular interest that the highly twisted N*-
LC (System 2) gave the fibrils but not the bundle of fibrils
(Figure 17c). Thisisin contrast to the morphology of H-PA
synthesized in the moderately twisted N*-LC (System 1). It
is evident that the PA fibrils synthesized in (S)-System 2
are more highly twisted than those in (R)-System 1.
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Figure 16. Reflection CD spectra of the cholesteryl oleyl carbonate and the N*-L Csinduced by (R)-D-2 and (§-D-2. (R)-N*-LC, PCH302:
PCH304:(R)-D-2 = 100:100:2 (mole ratio). (S)-N*-LC, PCH302:PCH304:(9-D-2 = 100:100:2 (mole ratio).

Figure 17. SEM micrographs of H-PA film synthesized in the
left-handed (9-System 2 { PCH302:PCH304:(S)-D-2 = 100:100:3
(mole ratio)} with a helical pitch of 270 nm. The photographs of
(b) and (c) show the magnified one of (a).

To elucidate the relationship between the degree of helical
pitch of the N*-LC and the morphology of H-PA, various
N*-LCs with helical pitches (2.3 um, 850 nm, and 470 nm)
between 5 um and 270 nm were prepared by changing the
mole percentage of the chiral dopant of D-2. A series of
SEM photographs of H-PA films synthesized in the above-
mentioned N*-LCs were examined. The N*-LC with a
helical pitch of 2.3 um gave the bundle of fibrils in the
morphology of H-PA. In the case of the N*-LC with ahelical
pitch of 850 nm, bundles consisting of severa fibrils were
observed. The interdistance between the bundles was less
than 550 nm. When the N*-LC of ahelical pitch of 470 nm
was used, amost single fibrils were observed, but part of
the fibrils overlapped. These results indicate that the mor-
phology of H-PA is dominated by the degree of helical pitch
of the N*-LC but not by the species of the chiral dopant.

Figure 18 shows a schematic representation of the
relationship between the twisting degree of the N*-LC and
the hierarchical morphology of H-PA. In the weakly twisted
N*-LC, PA fibrils (whose diameters are from 70 to 120 nm)
are gathered to form the bundle of fibrils (whose diameters
areup to 1 um). Interestingly, the interdistance between the
bundles of fibrils is close to haf of the helical pitch. The
bundle of fibrils can be formed in the N*-LC whose helical
pitches are up to 1 um. However, in the highly twisted N*-
LC (whose helical pitch is narrower than 1 um), PA has
highly screwed fibrils, but not the bundle of fibrils. Therein,
the diameters of the fibrils are in the range from 70 to 120
nm. This may be due to the fact that the helical pitch of 270

nm in the strongly twisted N*-LC is smaller than the diameter
(ca. 1 um) of the bundle of fibrils. This situation might
prevent the formation of the bundle of fibrils. The morphol-
ogy free from the bundle of fibrils should make it much easier
to evaluate the electromagnetic properties of the screwed
fibril.

The H-PA films with morphology free from the bundle
of fibrils have high trans contents of 90%. This is mainly
due to polymerization temperatures such as 20—21 °C. It is
known that the cis form of the PA segment is a kinetically
favorable product because of the so-called cis opening
mechanism of acetylene polymerization, whereas the trans
form is a thermodynamically stable product.'* The cis form
is actually transformed to the trans form, depending on the
degree of the exothermal heat during the acetylene polym-
erization. Since exothermal heat evolves in the polymeriza-
tion at 20 °C, the cis—trans isomerization is enhanced to
give high trans content in the present H-PA. H-PA showed
high electrical conductivities such asca. 1.8 x 10°t0 2.0 x
10% S/lcm at room temperature after iodine doping. Mean-
while, the PA films synthesized in System 1 and System 2
have bulk densities of ca. 0.5 and 0.96 g/cm,? respectively.
This indicates that the single fibrils give a more closely
packed morphology than the bundle of fibrils.

In summary, the N*-LC induced by the novel tetrasub-
stituted binaphthyl derivative (D-2) used as a chiral dopant
gave rise to helical pitches of 270—850 nm, depending
on the concentration of the chiral dopant. By virtue of
the high helical twisting power and liquid crystallinity of
D-2, the N*-LC with a nano-order helical pitch can be
prepared by adding a high mole percentage of the chiral
dopant to the nematic LC without destruction of the liquid-
crystalline phase. The helical pitches (270—850 nm) are
smaller than the radius (1 um) of the bundle of fibrils of
PA. Especially, the highly screwed chiral nematic liquid
crystal with a helical pitch of 270 nm depresses the
formation of the bundle of fibrils, resulting in a bundle-
free fibril morphology consisting of single fibrils. Thus,
it isfound that the degree of screwing in the chiral nematic
reaction field is a key factor to control the bundle
formation and/or depression in the fibril morphology of
PA. It is expected that the highly twisted H-PA without
the bundle of fibrils might be feasible for the evaluation
of unprecedented electromagnetic properties of a single
fibril of conducting polymer.
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Figure 18. Relationship between the twisting degree of N*-LC and the morphology of H-PA.
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5. Orientation-Controllable N*-LC Field

5.1. Aligned H-PA Synthesized in N*-LC Using
Orientation Dopant

The fibrils of the H-PAs synthesized hitherto are horizon-
tally aligned because the N*-LC used for acetylene polym-
erization has a horizontal alignment (see Figure 19d).
However, the vertically aligned fibril morphologies of H-PA
are not comprehensively exploited. It is therefore desired to
develop the vertical N*-LC useful for the synthesis of
verticaly aligned H-PA. Previously, it was found that the
vertically aligned PA is synthesized in the N-LC including
avertical orientation inducer which has two PCH mesogenic
moieties linked with a flexible methylene chain.®"% The
preliminary study indicated that the vertically aligned H-PA
can also be synthesized in the vertical N*-LC, when it is
prepared by adding both the chiral dopant and the vertical
orientation inducer into the parent N-L C. However, through
the above preliminary study, one encountered several subjects
to be solved for the construction of the orientation-controlled
asymmetric reaction field: (i) No chemically graspable
description of the vertical N*-LC is given, as a guideline,

making it difficult to disclose the synthetic conditions for
the vertically aligned H-PA. (ii) The helical twisting power
of the axially chiral disubstituted binaphthyl derivative, used
asachira dopant, is not strong enough for giving sufficiently
screwed fibrils of H-PA in the existence of the vertica
orientation inducer. (iii) The formation of the vertical N*-
LC is less reproducible because it sensitively depends on
the relative concentration of the vertical orientation inducer
and the chiral dopant in the N*-LC. Here, the systematic
studies of the N*-L Cs and the resultant H-PAs are presented,
by focusing on the relative concentrations of the vertical
orientation inducer and the chiral dopants in N*-L Cs,159160

5.1.1. Comprehensive Description of N*-LC Fields and
Resultant Products

The comprehensive description of the N*-LC fields and
the polymerization products are shown in Figure 19. Parts
(@) and (b) of Figure 19 show the vertical (homeotropic)
N-LC and the verticaly aligned PA, respectively. The vertical
N-LC can be prepared by adding the vertical orientation
inducer into the horizontal (homogeneous) N-LC used as a
parent N-LC. Parts (c) and (d) of Figure 19 show the
horizontal N*-LC and the H-PA (H-PA), respectively. The
horizontal N*-LC can be prepared by adding the chiral
dopant into the horizontal N-LC. The H-PA islying on the
substrate; namely, the helical axis of the H-PA is parallel to
the surface of the substrate. It should be emphasized that
the H-PA grows along the direction orthogonal to the helical
axis of the N*-LC and that the helical sense of the H-PA
and that of the N*-LC are opposite each other. Parts (e) and
(f) of Figure 19 show the vertical N*-LC and the vertically
aligned H-PA, respectively. The vertical N*-LC can be
prepared by adding both the chiral dopant and the vertical
orientation inducer into the parent N-LC under appropriate
mole ratios for them. The helical axis of the vertically aligned
H-PA is also orthogonal to that of the vertical N*-LC. It is
of importance that the “ orthogonal” relationship in the helical
axis between the H-PA and N*-LC holds, irrespective of
the alignment of the N*-LCs.

Table 3 shows the molecular structure of the N-LC, the
vertical orientation inducers, and the chiral dopants. The
vertical orientation inducers with hexa- and octamethylene
chains, (PCH50),6 and (PCH50),8, were synthesized using
the methods similar to that for PCH506. Axialy chiral
binaphthyl derivatives, bearing LC substituents at the 2,2'-
positions of the binaphthyl rings, (R)- or (S-2,2'-PCH506-
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Table 3. Molecular Structures of Parent Liquid Crystal, Vertical Orientation Inducers, and Chiral Dopants

Parent liquid crystal

CsH11_<:>_©_°CsH13

PCHS506

Vertical orientation

inducers

(PCH50),n, (1 = 6, 8)

O O 0/(CH2)G°_©_<:>_C5H11
(o)
O O \(CH2)6°—©_'<:>_CSH11

(R)- or (5)-D1

Chiral dopants

cs“ﬁ"o_@"o(c"'z)s
OO o/(CHz)eo
Cs”ﬁ—o—@—o(c"'z)s

0.
ALY oo

(R)- or (5)-D2

CsHqq

CsHyy . O O O
OO 0\(CH2)12°‘©"‘<:>"C5H11
Dad

o/(CHz)uo‘@"‘O‘csHﬁ

(R)- or (5)-D3

1,1'-binaphthyl [abbreviated as (R)- or (9-D-1], and LC
substituents at the 2,2'- and 6,6'-positions of the binaphthyl
ones, (R)- or (9-2,2'-6,6'-PCH506-1,1'-binaphthy! [abbrevi-
ated as (R)- or (9-D-2], and (R)- or (§-2,2'-PCH5012-6,6'-
PCH5-1,1'-binaphthyl [abbreviated as (R)- or (9-D-3], were
synthesized along the previously reported procedure.”15?

The concentration ratios and the helical pitches of the N*-
LCs are examined. The N*-LCs of System 1 and System 2
were respectively prepared by adding 3 mol % of the vertical
orientation inducers, (PCH50),6 and (PCH50),8, and 1—2
mol % of the chiral dopant, D-1, into the parent L C, PCH506.
The N*-LCs of System 3 to System 7 were prepared by
adding 3—10 mol % of (PCH50),6 or (PCH50),8 and 0.5—1
mol % of D-2 into PCH506. The N*-LC of System 8 was
prepared by adding 10 mol % of (PCH50),6 and 0.5 mol %
of D-3 into PCH506.

The helical pitches of N*-LCswere evaluated with Cano’s
wedge method, which was based on the observation of
discontinuity lines that appeared when an N*-LC was
inserted into a cell with a gradient thickness.**~127 Mean-
while, when the helical pitch was smaller than 1 um, it was
evaluated with the selective light reflection method.?81%3 The
helical pitch was evaluated according to the equation p =
Amax/N, Where g iS the center wavel ength for the maximally
reflected light and n is the mean refraction index of N*-LC
(n= 1.5). The absolute value of HTP (By), defined as iy =

(pc) ™%, was eval uated as the reciprocal of the product between
the helical pitch (p) and the mole fraction of the chiral dopant
(c).122

Characterization of N*-L Cs. The screw directions of the
N*-L Cs were determined through the miscibility test (contact
method). 516! The miscihility test is based on the observation
of the mixing area between the N*-LC and the standard LC
in POM. Cholesteryl oleyl carbonate is known to be a left-
handed N*-LC (cholesteric LC), and therefore it is useful
for the standard LC for the miscibility test. If the screw
direction of the N*-LC is the same as that of the standard
LC, the mixing area will be continuous. Otherwise, it will
be discontinuous (shown as a Schlieren texture of the N-LC).
The miscibility test indicated that the N*-LCs induced by
(R)-chiral dopants (D-1 to D-3) have right-handed screw
structures and those by (S)-chiral dopants have left-handed
ones.

Table 4 summarizes the phase transition temperatures of
the N*-LCs. System 1 to System 7 showed N* and smectic
(S) phases in a cooling process, but only the N* phase in
the heating process. System 8 showed N* and S phases in
both cooling and heating processes. The temperature region
of the N* phase becomes narrow as the concentration of the
chiral dopant increases. For instance, System 2-1 [PCH506:
(PCH50),8:(R)-D-1 = 100:3:1] showed the N* phase in the
region of 37—47 °C in the heating process. However, System
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Table 4. Phase Transition Temperatures of N*-LCs
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System| Mole ratios between components of N*-LCs | Phase transition temperature (°C)*®
0 ? 40
| 3 | 50
1 |PCHS506 : (PCH50),6 : (R)-D1=100:3:2 | 19 30 |45 I
|
[ | 37| a7 [
2-1 |PCHS506 : (PCH50),8 : (R)-D1 = 100: 3 : : 15 | 32 | a7 |
| 35 42 [
| |
2-2 ibid. =100:3: | T |
| 32 54|
3-1 |PCH506: (PCHS50).6 : (R)-D2=100:5:0.5 : g 15 [ 30 54 |
| | 31 52 |
|
3-2 ibid. =100:5: | 5 | a0 51|
I_*l 28 -52
4 PCH506 : (PCH50),6 : (R)-D2=100:10: | 8 29 61
. 1 [ 3 | 48
5-1 |PCH506 : (PCH50),8 : (R)-D2=100:3:0.5 :_ 4 34 | a9 |
. i 30 50 |
| l
5-2 ibid. =100:3: | 0 I 34 50 |
L =6 | Bt |
6-1 |PCH506 : (PCH50),8 : (R)-D2 =100:5:0.5 : [ 4 | 34 | 82 |
[ [ a1 | & |
6-2 ibid. =100:5: : 0 [ AR = |
| ' 1t} 3
7-1 |PCHS506 : (PCH50),8 : (R)-D2 =100:10: 0.5|_ Ta [ 30 I 57
[ [ % 55 |
7-2 ibid. =100:10: |l 0 [ ap | 55 |
. | 26 35 50|
8 PCHS506 : (PCH50),6 : (R)-D3=100:10: 0.5:' 15 | a5 | 51|
0 20 40 60
a C: crystal, S: smectic, N*: chiral nematic, I: isotropic.. € | 8§ N* |

b Upper and lower bar graphs indicate the heating and cooling processes, respectively.

2-2 [PCH506:(PCH50),8:(R)-D-1 = 100:3:2] showed the N*
phase in the region of 35—42 °C in the heating process. This
is because the miscibility of the chiral dopant itself to the
parent N-LC decreases.

On one hand, the helical pitches of System 1 to System
7 (including D-1 and D-2) were evauated with Cano’s wedge
method. This method was based on the observation of the
distance between discontinuity lines that appeared when the
N*-LC was inserted into a cell with a gradient thickness.
The helical pitches of N*-LCs varied from 5.6 to 3.0 um
with a change of the mole percentage of D-1 (from 1.0 to
2.0 mol %) and from 2.4 to 1.1 um with D-2 (from 0.5 to
1.0 mol %). On the other hand, the helical pitch of System
8 (including D-3) was evaluated with the selective light
reflection method because the helical pitch of System 8 is
too short to be observed in the Cano’s wedge method. The
center wavelength for the maximally reflected light (Ama)
was 1380 nm. Thus, the helical pitch of System 8 was
evaluated to be 920 nm by using the equation p = Ama/n (N
= 1.5). The HTPs (By) of D-1 and D-2 were 18 and 90 um ™4,
respectively. It is clear that the HTP of the chiral dopant
D-2 is 5 times larger than that of D-1. This may be

rationalized with a difference in the number of substituents.
Namely, the axially twisting torque of D-2 is more effectively
transferred to environmental N-LC molecules, by virtue of
intermolecular interactions between four PCH substituents
of D-2 and the PCH moieties of LC molecules, rather than
in the case of D-1 bearing two PCH substituents. Besides,
the HTP of D-3 was evaluated to be 240 um™, which is ca
2.7 times larger than that (90 um™?1) of D-2. The structural
difference between D-2 and D-3 is that the PCH moieties
are indirectly and directly linked with the 6,6"-positions of
the binaphthyl rings, respectively. That is, the absence of
the hexamethylene spacer, [—(CHy)s—] leads to a rigidity
in the linkage between the PCH moieties and the binaphthyl
rings of D-3, resulting in alarger HTP of D-3 than that of
D-2.

Liquid Crystallinity of the Chiral Dopant. Here it is
important to emphasize the liquid crystallinity of the chiral
dopant itself. The helical pitches of the N*-LCs induced by
D-2 and D-3 (System 3 to System 8) were shorter than those
by D-1. Thisis partly because D-2 and D-3 have larger HTPs
than D-1, and partly because they have a higher miscibility
to the parent N-LC than D-1. The latter is due to the fact
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H-PA. The H-PA film was synthesized in the N*-LC, System 1 [PCH506:(PCH50),6:(R)-D-1 = 100:3:2]. (c) Schematic representation of

vertically aligned H-PA fibrils with left-handed screw direction.

S5 pm

1 pm

Figure 21. SEM images showing hierarchical spiral morphology of vertically aligned H-PAs synthesized in the N*-LC including (R)-D-2,

System 5-1, [PCH506:(PCH50),8:(R)-D-2 = 100:3:0.5].

that D-2 and D-3 have liquid crystalinity. The high miscibil-
ity of the chiral dopant allows the concentration of the chiral
dopant to be increased for preparation of highly twisted N*-
LC and also the temperature region of the N* phase to be
enlarged. The wide range of temperature for the N*-LC is
favorable for the acetylene polymerization because the
exothermal heat inevitably produced in the acetylene po-
lymerization might raise the temperature inside a Schlenk
flask and easily destroy the LC phase, becoming an isotropic
one (Table 4). Therefore, the high miscibility based on the
liquid crystallinity of the chiral dopants, and also the high
HTPs, are important factors in preparing highly twisted N*-
LCs, irrespective of a horizontaly or vertically oriented
reaction field.

M orphologies of H-PAs. Figure 20 shows a SEM image
of the H-PA synthesized in System 1 [PCH506 + (PCH50),6
+ (R)-D-1]. The fibrils of the H-PA are vertically aligned
and screwed with left-handed direction. The helical axis of
the fibril bundle is perpendicular to the film surface. Thisis
in contrast to the case of the horizontally aligned H-PA,
wherethe helical axisis paralél to the film surface. Asfound
in Figure 20, the fibrils of the H-PA grow perpendicular to
the helical axis of the N*-LC in which the screw direction
of the fibril bundle is opposite that of the N*-LC. Thisisin
accordance with the mechanistic picture of Figure 19f. The
height of the vertically aligned fibril is estimated to be about
2 um on the basis of the TEM image of Figure 20b.

We examined the SEM images of the H-PA films
synthesized in System 2 [PCH506 + (PCH50),8 + (R)-D-
1]. The fibrils are vertically aigned but loosely screwed,
forming a swirl of thefibril bundle. When the concentration
of the chiral dopant increases, the fibrils are highly screwed
and grow rather parallel to the surface of the film. It may be
argued that System 1, using (PCH50),6 as the vertical
orientation inducer, is more favorable than System 2, using
(PCH50),8, so far as the formation of the vertically aligned
and twisted fibril morphology is concerned.

Figures 21 and 22 show SEM images of the H-PA films
synthesized in System 5-1 [PCH506 + (PCH50),8 + (R)-

D-2]. The bundle of fibrils of the H-PA are vertically aigned
and highly twisted in the left-handed direction. The hierarchy
in the helical structure is observed in the vertically aligned
H-PA. Namely, the H-PA has a spiral morphology (Figure
21a), and each spiral is composed of bundles of vertically
aligned fibrils with one-handed screwed direction (Figure
21b), and furthermore the fibril itself is screwed with the
same direction of the bundles (Figure 21c). It is confirmed
that the screw directions of the fibril and the bundle are
opposite to the helical sense (right-handed screw direction)
of the N*-LC. As clearly seen in Figure 22, even the left-
and right-handed screw directions of the vertically aligned
fibrils are controllable by the chiral dopants with (R)- and
(9)-configurations, respectively.

5.1.2. Horizontal and Vertical Alignments of N*-LC and
H-PA

The interdistances (d = 0.6—1.2 um) between the fibril
bundles and the helical pitches (p = 1.1—2.4 um) of the
fibrils of the H-PAs synthesized in System 3 to System 7
are shorter than those (d = 1.7 um, p = 3.6 um) in System
1 or those (d = 1.5—2.8 um, p = 3.1—5.8 um) in System 2.
Thisis because System 3 to System 7 have the chiral dopant
of D-2 whose HTP (By = 90 um™Y) is much larger than that
of D-1 (8w = 18 um™?) used in System 1 or System 2, and
therefore, they serve for highly twisted N*-LCs. However,
it should be emphasized that the synthesis of the vertically
aligned H-PA is not always guaranteed even if the chira
dopant with large HTP, such as D-2, is used to prepare the
N*-LC. For instance, the SEM image of the H-PA synthe-
sized in System 5-2 [PCH506:(PCH50),8:(R)-D-2 = 100:
3:1] shows that the helical pitch is 1.2 um. Although the
H-PA has a spiral morphology consisting of helical fibrils,
the fibrils are not vertically aligned, but horizontally aligned,
i.e., lying on the surface. This may be due to the fact that
the nature of the horizontal N*-LC became too strong due
to the relatively high concentration of the chiral dopant with
large HTP and that the concentration of the vertical orienta-
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Left-handed
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Figure 22. SEM images of the vertically aligned H-PAs synthesized in the N*-LCs with opposite screwed structures. () System 5-1
[PCH506:(PCH50),8:(R)-D-2 = 100:3:0.5]; (b) System 5-1 [PCH506:(PCH50),8:(S)-D-2 = 100:3:0.5].

tion inducer [(PCH50),8] istoo low to change the horizontal
N*-LC into the vertical one.

Let us see the SEM images of the H-PAs synthesized in
System 6-1 [PCH506:(PCH50),8:(R)-D-2 = 100:5:0.5] and
System 6-2 [PCH506:(PCH50),8:(R)-D-2 = 100:5:1]. It is
evident that the combination of the orientation inducer
(PCH50),8 and the chiral dopant D-2 enabled us to control
not only the vertical orientation but aso the horizontal one,
even in the N*-LC, and therefore those of the H-PAs. At
the same time, it was found that that the vertical and
horizontal orientations in the present systems sensitively
depend on the relative concentration of the orientation
inducer and the chiral dopant. For instance, in aconcentration
where the nature of the orientation inducer (PCH50),8
becomes stronger than that of the chiral dopant D-2, the LC
shows a vertical orientation of helically twisted structure.
However, in another concentration where the nature of the
former becomes weaker than that of the latter, the LC shows
a horizonta orientation of helically twisted structure. The
chiral dopants (D-1 and D-2) have a tendency to align the
parent LC horizontally as well as a tendency to twist it in a
one-handed direction. Therefore, a certain amount of the
vertical orientation inducer, (PCH50),6 or (PCH50),8, is
required to prepare the vertically aligned and helically twisted
N*-LC.

Let us examine the SEM images of the H-PA films
synthesized in System 4 [PCH506:(PCH50).6:(R)-D-2 =
100:10:1] and System 7-2 [PCH506:(PCH50),8:(R)-D-2 =
100:10:1]. Although both systems have the same components
and concentrations except the vertical orientation inducer,
System 4 and System 7-2 gave the vertically aligned and
horizontally aligned H-PAs, respectively. As far as the
synthesis of vertically aligned H-PA is concerned, the former
(System 4) is more preferable than the latter (System 7-2).

In the vertical but nonhelically twisted orientation of N-LC,
(PCH50),8 shows a stronger ability to align the parent LC
molecules [PCH506] than (PCH50),6. In contrast, (PCH50),8
shows less ahility as a vertical orientation inducer than
(PCH50),6 in the case of the vertical and helically twisted
orientation, as clarified here. This indicates that the ability
of the vertical orientation inducer depends on the matching
in molecular structure between the chiral dopant and the
parent LC in a nonhelical or helical LC environment.

We are concerned with the helical pitches of N*-LCs
(System 1 to System 7) and the structural parameters, such
asthe interdistances between the fibril bundles, the diameters

of thefibril bundle and those of thefibrils, and the directions
of fibril alignment of the H-PAs. It is confirmed through the
table that the interdistance (d) between the fibril bundles
almost equals half of the helical pitches (p), d = p/2, and
that this relationship holds irrespective of the direction of
the fibril alignment.

Besides, it is worth noting that although the fibril bundles
decrease in diameter with decreasing helical pitch (i.e., with
increasing helical twist) of the N*-LC, the fibril remains
unchanged, keeping the diameter in the range of 150—250
nm. This suggests that when acetylene polymerization is
carried out in the highly twisted N*-LC, the resultant H-PA
may not form the bundle of the fibrils, but give bundle-free
fibrils, as currently found in the ordinary (horizontally
aligned) H-PA. This motivates us to use the chiral dopant
with much larger HTP, as will be discussed below.

The SEM image of the H-PA film synthesized in System
8 [PCH506:(PCH50),6:(9)-D-3 = 100:5:0.5] was examined.
System 8 is a highly twisted N*-LC having a helical pitch
of 920 nm because it includes the tetrasubstituted binaphthyl
derivative (D-3) as a chiral dopant, whose HTP (240 xm™2)
is ca. 2.7 times larger than that (90 um™) of D-2, as
mentioned before. The H-PA has right-handed and vertically
aligned fibrils, but it has no bundle of the fibrils. Thisisin
quite contrast to the morphology of other H-PAs synthesized
in System 1 to System 7. Such a difference in morphology
may be explained as follows.

In the weakly twisted N*-LCs (System 1 to System 7)
whose helical pitches are larger than 1 um, the fibrils of the
resultant H-PA are gathered, owing to van der Waals
interactions, to form the bundle of fibrils. Therein, the
diameters of the fibril and the bundle are 150—250 nm and
about 1 um, respectively. On the other hand, in the strongly
twisted N*-LC (System 8) whose helical pitch is smaller
than 1 um, the resultant H-PA has highly screwed fibrils
but not the bundle of fibrils. Thisis because the helical pitch
of 920 nm of System 8 is too small to form the bundle of
fibrils. The morphology free from the bundle of fibrils might
be useful in evaluating electromagnetic properties of the
vertically aligned and screwed fibril.

In summary, macroscopically aligned H-PAs are synthe-
sized in the orientation-controlled N*-LCs. The N*-LCs are
prepared by adding the vertical orientation inducer
[(PCH50),6 or (PCH50),8] and the chiral dopant (the
binaphthyl derivatives such as D-1, D-2, or D-3) into the
parent N-LC [PCH506]. It is found that the horizontal or
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Catalyst solution (N*-LC + cat.)

Figure 23. Apparatus for acetylene polymerization in N- and N*-LC solvents under a vertically applied magnetic field.

vertical orientation of the N*-LC crucialy depends on (i)
the relative concentrations of the vertical orientation inducer
and the chiral dopant, (ii) the miscibility of the vertical
orientation inducer to the parent N-LC, and (iii) the helical
twisting power of the chiral dopant. In other words, the
balance in effectiveness of the roles between the vertical
orientation inducer and the chiral dopant dominates the
macroscopic orientation of the N*-LC and hence the
morphological alignment resultant of the H-PA. The present
orientation controllable N*-L Cs are useful for the synthesis
of macroscopically aligned conjugated polymers, allowing
morphological control without any external force or oriented
substrate.

5.2. Aligned H-PA Synthesized in a N*-LC under
a Magnetic Field

The morphology of PA film is determined during the
polymerization owing to itsinsolubility and infusibility. Now
we aim to prepare a macroscopicaly aligned H-PA film to
draw on the intrinsic electromagnetic properties such as
induced solenoid magnetism. Note that although there is a
choice for synthesizing horizontally*“® or vertically62163
aligned PA film, only the latter is focused onin this section.

Previously, the vertically aligned PA film was synthesized
in a homeotropic L C.*8 The homeotropic LC was prepared
by adding a so-called orientation dopant into the nematic
LC, where the orientation dopant is composed of two
mesogenic cores linked with a hexamethylene spacer.
Although the orientation dopant technique gave us a very
convenient and easy way to achieve the homeotropic
alignment of the LC, it prevented us from obtaining highly
homogeneous vertically aligned fibrils. This is because the
effect of the orientation dopant in the N-LC is sensitively

affected by changes of temperature and pressure during
acetylene polymerization.

Therefore, it is desirable to employ an alternative method
for the construction of the homeotropic LC phase. In this
study, a magnetic field of 5 T was applied as an externa
perturbation to the vertical direction of the PA film (parallel
to film thickness), as shown in Figure 23. Under such an
external force field, the N-LC and N*-LC were vertically
aligned. These reaction fields were used to synthesize
macroscopicaly verticaly aigned PA and H-PA films,
respectively. 1%

N*-LCswere prepared by adding a small amount of chiral
dopant (0.5—1 mol %) into an equimolar mixture of two
kinds of N-LCs, 4-(trans-4-n-propylcyclohexyl)ethoxyben-
zene [PCH302] and 4-(trans-4-n-propylcyclohexyl)butoxy-
benzene [PCH304]. The binaphthyl derivatives, (R)- or (S)-
(PCH506),-Binal (n = 2, 4), were used as chiral dopants,
where the binaphthyl rings have substitutions of PCH
moieties at the 2,2'-positions (n = 2) and 2,2'- and 6,6'-
positions (n = 4), respectively.

These di- and tetrasubstituted binaphthyl derivatives were
miscible in the N-LC of PCH320 and PCH304 and exhibited
large twisting powers owing to their axial chirality. The
helical pitches of N*-LCs were measured using the Cano-
Grandjean method.*?® The N*-LCs including the di- and
tetrasubstituted binaphthyl derivatives showed helical pitches
of 5um (1 mol %) and 1.5 um (0.5 mol %), respectively.
This indicates that the tetrasubstituted binaphthyl derivative
has a larger twisting power than the disubstituted one.

Figure 24a shows SEM photographs of PA films synthe-
sized in a homeotropic N-LC under a verticaly applied
magnetic field of 5 T. It is clearly observed that the fibrils
are vertically aligned. Thisimplies that the nematic LCs are
aligned parallel to the magnetic field, giving rise to the
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: : = 10 um
Figure 24. SEM photographs of PA film synthesized under a
magnetic field. (a) Verticaly aigned PA film in N-LC; (b) H-PA
film in N*-LC including disubstituted binaphthyl derivative, (R)-
(PCH506),-Binal; (c) H-PA film in N*-LC including tetrasubstituted
binaphthyl derivative, (S)-(PCH506),-Binol.

monodomain structure of homeotropic alignment. The fibril
length was in the range of 5—15 um, depending on the
polymerization time, acetylene gas pressure, and catalyst
concentration.

Parts (b) and (c) of Figure 24 show SEM photographs of
H-PA films synthesized in N*-LCs including the di- and
tetrasubstituted binaphthyl derivatives, respectively, under
a vertically applied magnetic field of 5 T. It is seen from
Figure 24b that the fibrils form twisted bundles of fibrils
with a counterclockwise screw direction. The bundles are
aligned horizontally (perpendicular to the magnetic field),
and at the same time the fibrils grow vertically toward the
inside of the film (parallel to the magnetic field). In the case
of a highly twisted N*-LC (Figure 24c), however, the
vertically aligned fibril morphology is not observed, although
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Scheme 3. Chiral Nematic LCs Including the Parent LCs
and Asymmetric Center-Containing Chiral Compounds
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the twisted bundles of fibrils with clockwise screw direction
are aligned horizontally. The results suggest that the magnetic
field of 5T is not enough for the complete alignment of the
N*-LC, especially in the case of a highly twisted N*-LC.
Sophisticated control of the alignment in the region of the
free surface of the N*-LC is also required.

It is interesting to find the relationship between the
orientation of N*-LCs and H-PAs under avertically applied
magnetic field. It is helpful to keep in mind that the helical
axes of N*-LCs are aligned perpendicular to the direction
of the magnetic field, when the magnetic field is applied.
This explains the fibril morphology formed in the N*-LC
under a vertically applied magnetic field. The homeotropic
N-LC of monodomain structure was constructed with a
vertically applied magnetic field. The macroscopically verti-
caly aligned PA film was synthesized using this homeotropic
N-LC as a solvent. Next, H-PA films were synthesized in a
N*-LC under a vertically applied magnetic field. The
magnetic field of 5 T is sufficient for the alignment of the
N*-LC including the disubstituted binaphthyl derivative, but
not so for the complete alignment of a more highly twisted
N*-LC including the tetrasubstituted binaphthyl derivative.

In summary, PA films with vertically aligned fibril
morphology were synthesized in homeotropic N-L C solvent
by using amagnetic field of 5 T as an external perturbation.
Next, H-PA films with vertically aligned and screwed fibril
morphology were synthesized in a macroscopically aligned
N*-LC under a magnetic field. A scanning electron micro-
graph indicated that the lengths of the fibrils from the
substrate were 5—20 um, depending on the polymerization
time, acetylene pressure, and catalyst concentration.

6. Extension in the N*-LC Reaction Field

6.1. Polymerization in a N*-LC Including an
Asymmetric Center-Type Chiral Dopant

This section aims to elucidate the fact that the N*-LC
available for synthesis of H-PA can also be prepared with
other types of chiral dopants, except for the axialy chiral
binaphthy! derivatives. Here, the asymmetric center, includ-
ing the phenylcyclohexyl derivatives, designated as (R)- and
(S)-PCH308*, are subjected (Scheme 3).1%° Through char-
acterizations of catalyst dissolved in N*-LC solvent and PA
films, the feasibility of the PCH308* as the chiral dopant
was examined.

The coupling reaction between para-(trans-4-propylcy-
clohexyl)phenol (PCH300) and (S)-(+)-2-octanal or (R)-(—)-
2-octanol was carried out according to the Mitsunobu
reaction with diethyl azodicarboxylate and triphenylphos-
phine, producing a chira phenylcyclohexyl derivative, (R)-
(—)- or (9-(+)-2-(4-(trans-4-n-propyl cyclohexyl) phenoxy)-
octane. For simplicity, they are abbreviated as (R)-PCH308*
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Figure 25. Polarizing optical micrographs of N*-L Cs with Ti(O-n-Bu),—AlEt; catalyst including (R)-PCH308* (a) and (S)-PCH308* (b).
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Figure 26. Scanning electron micrographs photographs of H-PAs films synthesized in N*-L Csincluding (R)-PCH308* (a) and (9-PCH308*

(0).

and (S-PCH308*, respectively. Note that this kind of
coupling reaction is of the Sy2 type, and the steric config-
uration is inversed.

The CD spectraof (R)- and (9-PCH308* showed negative
and positive Cotton effects, respectively. The specific rotatory
powers, [a]p, for (R)- and (S-PCH308* were respectively
—9.2° and +9.2° (c = 1, THF). It should be noted that
although the absolute values of the specific rotatory powers
are substantially smaller than those of chira binaphthol
derivatives ([a]p = +24.0°), the chiral PCH308* derivatives
were confirmed to be feasible for the chiral dopant to the
nematic LC, as will be shown below.

Next, the chiral nematic LC was prepared by adding 5 wt
% of the (R)- or (§-PCH308* into the equiweighted mixture
of nematic LCs, PCH302 and PCH304. To elucidate the
screw direction of the N*-L C, the miscibility test was carried
out using cholesteryl chloride, which is a representative
cholesteric (N*) LC with aright-handed screw direction. The
mixture of the (R)-N*-LC and cholesteryl chloride showed
no changein optical texture, keeping a chiral nematic phase.
In contrast, the mixture of the (S)-N*-LC and cholesteryl
chloride lost the striae characteristic of a chira nematic phase
in the optical microscope, yielding instead a feature corre-
sponding to an ordinary nematic phase. The results demon-
strate that the screw directions of the (R)- and (9-N*-LCs
are the same as and opposite to that of cholesteryl chloride,
respectively. Namely, the (R)- and (S-N*-LCs are screwed
clockwise and counterclockwise, respectively.

The (R)- and (9-N*-LCs were used as solvents for a
Ziegler—Natta catalyst consisting of Ti(O-n-Bu), and AlEts.
The concentration of Ti(O-n-Bu), was 20 mmol/L, and the
mole ratio of the cocatalyst-to-catalyst, [AIEL)/[Ti(O-n-Bu),],
was 4.0. Figure 25 shows polarizing optical micrographs of

(R- and (9-N*-LC systems including the Ti(O-n-
Bu),—AlEt; catalyst. In both cases striated Schlieren textures
characteristic of chiral nematic phases were observed. The
catalyst solution was aged for 0.5 h at room temperature and
was moved, using a syringe, into the flat-bottom container
inside a Schlenk flask.

The polymerization was carried out by introducing acety-
lene gas into the catalyst solution. The polymerization
temperature was kept at 18 °C to maintain the chiral nematic
phase. The initial acetylene pressure was 130 Torr, and the
polymerization time was 5—8 min. After polymerization, the
PA film was carefully stripped off from the container and
washedwithtolueneand subsequently withal N HCl—methanol
mixture under argon gas. The film was dried through vacuum
pumping on a Teflon sheet and stored in a freezer at —20
°C.

Figure 26 shows scanning electron micrographs of PA
films. The bundles of PA fibrils synthesized under the (R)-
and (S-N*-L Cs are screwed clockwise and counterclockwise,
respectively. In addition, the screw directions of the bundles
of the fibrils coincide with those of the N*-LCs used as
polymerization solvents. The locally aligned fibril morphol-
ogy is due to spontaneous orientation within the LC domain.

The (R) and (S-PA films showed negative and positive
Cotton effects, respectively, in the region from 400 to 800
nm corresponding to the r — z* transition of the PA chain.
This indicates that the PA chan itself is also helicaly
screwed. The right-handed direction of the (R)-PA is
determined by the (R)-N*-LC, similar to the left-handed
direction of the (S)-PA by the (9-N*-LC.

It is worth noting that the present PA film showed high
electrical conductivities of 1.5—4.0 x 10° S/cm after iodine
doping. The high conductivity and the helical structure may
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Table 5. Helical Pitches of N*-LCs
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N*-LCs (R-1lsystem  (9-1system  (R)-2 system

(9-2system  (R)-3system  (9-3 system  Poly-(R)-4 system

helical pitch (um) 8.4 10.0 5.2

7.7 24 2.8 4.7

Scheme 4. Chiral Titanium Complexes with Chiral Center-Containing Groups [(R)-, (S)-1] and Axially Chiral 1,1'-Binaphthyl

Derivatives [(R)-, (S)-2; (R)-, (9)-3; Poly-(R)-4]
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allow us to expect that the present PA could be available
for molecular solenoid in which an induced magnetic field
is generated by virtue of the solenoidal current at the
molecular level. As another application, the H-PA is
anticipated to be a second-order nonlinear optical material,
and also athird-order nonlinear one.

In summary, H-PAswere synthesized under an asymmetric
and anisotropic reaction field constructed with the chiral
nematic LC. It is expected that the present polymerization
method using the chiral nematic LC might be applicable even
for the synthesis of other kinds of helical s-conjugated
polymers without chiral substituents.

6.2. Chiral Titanium Catalysts

The N*-LC used in the asymmetric polymerization,
however, requires at least the following four components:
nematic liquid crystal, chiral dopant, catalyst, and cocatalyst.
This made the polymerization conditions difficult to optimize.
The current aim is to develop a new compound that can be
used for both the chiral dopant and catalyst. Chiral titanium
complexes are suitable for this aim because of their well-
confirmed catalytic activity for acetylene polymerization.
Such titanium complexes could not only make it much easier
to optimize the polymerization conditions, owing to a
substantial decrease of parameters, but a so should be helpful
in understanding a mechanism for the formation of the helical
structure in a chiral mesophase.!®® At the present stage, it
seems undeniable that the reaction field available for the
synthesis of H-PA requires the following four components:
nematic LC, chiral dopant, catalyst, and cocatalyst. However,
if there existed a compound that could be used as both the
chiral dopant and the catalyst, it could become much easier
to optimize the polymerization conditions owing to a
substantial decrease of the parameters. Such a compound
would be helpful in understanding a mechanism for the
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formation of the helical structure. This is because there are
at least two factors to be elucidated, such asloca asymmetry
on the catalytically active species, and a helical environment
affecting the propagation processes of polymer chains and
fibrils. Thus, the preparation of a compound satisfying the
above-mentioned requirement is desirable. The most con-
vincing approach should be to synthesize chiral dopants with
catalytic activity by introducing chiral ligands into titanium
complexes.

We synthesized a series of chiral titanium complexes with
chiral center-containing groups [(R)-, (§-1] and axially chiral
1,1-binaphthyl ones [(R)-, (9-2; (R)-, (9-3; Poly-(R)-4] as
coordination ligands to develop catalytically active chiral
dopants feasible for the synthesis of H-PA. As shown in
Table 5, the chiral titanium complexes with axially chiral
1,1-binaphthyl groups, (R)-2, (9-2, (R)-3, (9-3, and Poly-
(R)-4 systems, have shorter helical pitches than those with a
chiral center [(R)-, (9-1 system]. This indicates that the
former has a larger helical twisting power than the latter.
Such a difference in the catalyst solutions should influence
the formation of the helical structure of PA.

Here we focus on novel chira titanium complexes, 1 and
2, as shown in Scheme 4. Chiral center-containing (R)- and
(9-2-octanol and axially chiral binaphthol derivatives, (R)-
and (9)-6,6'-di-[4-(trans-4-n-pentylcyclohexyl)phenoxy-1-
hexyl]-2,2'-dihydroxy-1,1'-binaphthyl, were adopted as co-
ordination ligands of titanium complexes to yield novel
titanium complexes, (R)- and (9-Ti(O-2-octyl)4 [(R)-, (-
1] and (R)- and (9)-Ti(O-6,6'-PCH506-Binaphthyl), [(R)-,
(9-2]. It was found that these complexes exhibit not only
the N* phase when dissolved in a mixture of nematic LCs
of phenylcyclohexane derivatives, 4-(trans-4-n-propylcyclo-
hexyl)ethoxybenzene (PCH302) and 4-(trans-4-n-propylcy-
clohexyl)butoxybenzene (PCH304), but also the catalytic
activity for acetylene polymerization.
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Figure 27. POMs of N*-LCs including (9-1 and (§-3. (1) PCH302:PCH304:(9-1 = 100:100:10 (weight ratio), [Al]/[Ti] = 4, at 4 °C;
(2) PCH302:PCH304:(9)-3 = 100:100:15 (weight ratio), [Al]/[Ti] = 4, at 18 °C.

The enantiotropic N*-L Cswere prepared by adding asmall
amount (10—20 wt %) of chiral titanium complex 1 or 2 as
a dopant into an equiweighted mixture of two kinds of
nematic LCs of PCH302 and PCH304. The N*-LCs were
used as an asymmetric reaction field including polymerization
solvent and catalytic species. The concentrations of chiral
titanium complexes 1 and 2 used as catalysts were 35—77
mmol/L, whereas the concentration ratio of cocatalvst-to-
catalyst, [AlEt:)/[Ti], was kept at 4. The catalyst solution
was aged for 0.5—1.0 h at room temperature. Even after
aging, the N* phase remained unchanged in the temperature
range from —5 to 34 °C.

The polymerization temperature was controlled between
0 and 20 °C to maintain the N* phase. The initial acetylene
pressure was 15—50 Torr and the polymerization time was
1—20 min. After polymerization, the PA filmswere carefully
stripped off from the container and washed with toluene
several times, and subsequently with methanol solution of
hydrochloric acid (1 mol/L) under argon gas at room
temperature. The film was dried through vacuum pumping
on a Teflon sheet and stored in a freezer at —20 °C.

Figure 27 shows a polarizing optical micrograph of the
N*-LC including (§-1 and (9-2. Fingerprinted textures
observed for the catalyst solutions are characteristic of the
N*-LC phase. The distance between the striae in the texture
correspondsto ahelical half pitch, and thus (S)-1 has alonger
helical pitch than that of (S-2. In other words, the degree
of helicity in the former [(S)-1] isless than that of the latter
[(9-specific rotatory 2]. This is well rationalized with the
powers of (§-1 and (9)-2, where [a]p are +17.9° and
+25.0°, respectively. To elucidate the screw directions of
the present N*-L Cs, miscibility tests were carried out using
cholesteryl chloride, which isaclockwise cholestric LC. The
mixture of the N*-LC including (R)-Ti complex [(R)-1 or
(R)-2] and cholesteryl chloride lost the striae characteristic
of the N* phasein the polarizing optical microscope, yielding
a texture of an ordinary nematic phase. In contrast, the
mixture of the N*-LC including (9-Ti complex [(S-1 or
(9-2] and cholesteryl chloride showed no change in optical
texture, keeping the N* phase. The results indicate that the
screw directions of the (R)- and (S)-N*-LCs are opposite to
and the same as that of cholesteryl chloride, respectively.
Namely, they are counterclockwise and clockwise, respec-
tively. The SEM photograph of H-PA film synthesized under
the N*-LC including (9-2 shows that the fibrils, bundles of
PA chains, are further gathered to each other to form helical
fibrils with clockwise direction, although the formation of
the helical fibrils remains intermediate. Nevertheless, it is
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Figure 28. CD spectra of the chiral titanium complexes 3 in THF
(upper) and H-PA films synthesized under the N*-LC including 3
(lower).

worth noting that the screw direction of the fibril isthe same
as that of the (§-N*-LC.

Figure 28 shows the CD spectra of the chiral titanium
complexes [(R)-, (9-2] and the H-PA films [(R)-PA, (9-
PA] synthesized under the N*-LCs including the (R)-2 and
(9-2. The (R)-PA and (9)-PA exhibit positive and negative
Cotton effects, respectively, in the region of 450—800 nm
corresponding to the = — x* transition of the PA chain.
The signs of these Cotton effects are coincident with those
of the chiral titanium complexes, (R)-2 and (9-2. Thus, itis
evident that the PA chain itself is helically screwed with the
same direction as that of the N*-LC. Furthermore, it may
be argued that the helical chains are bundled through van
der Waals interaction to form helica fibrils. It should be
noted that the substituent group such as 4-(trans-4-n-
pentylcyclohexyl)phenoxy-1-hexyl (PCH506) in the chiral
titanium complexes enhances the miscibility between the
nematic LCs. In fact, usages of other chiral titanium
complexes such as (R)-Ti(O-binaphthyl), and (R)-(O-binaph-
thyl)(O-i-Pr), gave insufficient miscibility, yielding no N*
phase. This resulted in PA with no helica morphology.
Meanwhile, acetylene polymerization in isotropic solution,
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such as toluene, including the chiral titanium complex
produced no helical structure.

In addition, it is worthwhile to reintroduce the previous
experimental results: acetylene polymerization was carried
out by using a Ti(O-n-Bu),—A1Et; catalyst in anematic LC
solvent consisting of an equally weighted mixture of PCH302
and PCH304, but without a chiral dopant. The resultant PA
film showed neither helical morphology in SEM micrographs
nor a Cotton effect in the CD spectrum. The observed
morphology was composed of fibrilsthat werelocally aligned
owing to the spontaneous orientation of the LC solvent.
These resultsindicate that the N*-LC environment is essential
for the formation of the H-PA. It has been confirmed from
the present study that the chiral titanium complexes, 1 and
2, not only serve as chiral dopantsto nematic LCs giving an
induced N* phase but also play the role of catalysts for
acetylene polymerization. The H-PA film showed high
electrical conductivities of 2.0 x 10° Slcm after iodine
doping.

In summary, a series of chira titanium complexes with
chira center-containing groups or axially chiral 1,1'-binaph-
thyl groups as coordination ligands were synthesized to
develop catalytically active chiral dopants feasible for the
asymmetric polymerization of acetylene. It has been found
that these chiral titanium complexes not only serve as chiral
dopants to nematic L Cs giving an induced N* phase but also
play the role as catalysts for acetylene polymerization. The
synthesized H-PA films showed spira fibril morphologies
and high electrical conductivities of 2.0 x 10° S-cm™! after
iodine doping.

Part 3. Control of Helicity

7. Control of the Helical Twisting Power

7.1. Chiral Dopants of Crown Ether-Type
Binaphthyl Derivatives

H-PA films consist of a clockwise or counterclockwise
helical structure of fibrils, which are the bundles of polyene
chains. H-PA is anticipated to show novel electromagnetic
and optical properties, and these properties are considered
to depend on the screw degree of the fibrils. The morphology
and the screw degree of the fibrils of H-PA are determined
by the helical pitch of the N*-LC. An N*-LC is prepared by
adding a small amount of chiral dopant into a nematic LC.
The helical pitch (p) of the N*-LC can be adjusted by two
methods: changing the twisting power or changing the
concentration of the chiral dopant.” However, the mesophase
temperature region of the N*-LC may also be affected by
changing the concentration of the chiral dopant, which often
becomes narrow as the concentration increases. Finally, the
mesophase will be destroyed when the concentration is close
to a critical value.”*~"

Addressing the limitation of the concentration method, this
section focuses on an approach of utilizing chiral dopants
with large twisting power for H-PA synthesis. Axially chiral
binaphthyl derivatives have been reported to possess larger
twisting powers than the compounds having asymmetric
carbon atoms. Meanwhile, crown ethers are well-known to
have the ability of forming complexes with akali, alkaline
earth, or a primary ammonium cations.*®” This interaction
between the crown ether and cation is named a host—guest
effect.’® Here, a series of crown ether-type binaphthyl
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Scheme 5. Crown Ether-Type Binaphthyl Derivatives
(CEBDs9)
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derivatives (CEBDs) were synthesized in which one or two
binaphthyl moieties were linked to a crown ether, with LC
substituents being introduced to the 6,6'-positions of the
binaphthyl moiety.

The aim is to control the twisting power of the CEBDs
for the nematic LC, by optimizing the ring size of the crown
ether. Additionally, the twisting powers of the CEBDs might
be controlled through the host—guest interaction between the
crown ether and cation. The target of this research is to
control the helical pitch of N*-LCs by changing the twisting
power of the CEBDs, through which the morphology of
H-PA can be controlled.

7.1.1. Synthesis of CEBDs

Two types of CEBDs, mono- and disubstituted CEBDs,
were synthesized in which one and two binaphthyl moieties
were linked to a crown ether, respectively. Their molecular
structures are shown in Scheme 5. To improve their
miscibility with the PCH-derived nematic LCs used for
acetylene polymerization, LC substituents having a PCH
mesogen core were introduced to the 6,6'-positions of the
binaphthyl group. For the investigation of the effect of the
methylene spacer length in the LC substituents on the
twisting powers of the CEBDs, two kinds of methylene
spacers (m = 6, 12) were designed.

The helical pitch of the N*-LC was evaluated with Cano’s
wedge method,*?*1% ysing a polarized optical microscope
under temperature control (heating and cooling rate of 10
°C/min). The Cano’s wedge method is schematically de-
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Scheme 6. Cano’'s Wedge Method for the Helical Pitch (p)
and Twisting Power (by) of Chiral Dopant in N*-LC

Cano's wedge
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1 optical micrograph of Cano's line of N*-LC

scribed in Scheme 6. When the N*-L C sample was inserted
into a wedge-type cell with gradient thickness, the discon-
tinuity lines named Cano lines appeared on the surface of
the cell under crossed nicols.5#16%170 The helical pitch (p)
was evaluated by measuring the distance (a) between the
Cano lines as follows:

p=2atan 0

where 0 is the angle of wedge of the cell. The twisting
power (Syv) of the chiral dopant was evaluated with the
following equation: 24125127

Bw = 1 (per)

where c is the molar concentration of the chiral dopant and
r is the enantiometric purity of the chiral dopant, and where
r is assumed to be 1. The concentration of the chiral dopant
was 5 mmol %, where the concentrations of PCH302 and
PCH304 and the chiral dopant were 100:100:1 in molar ratio.

7.1.2. Twisting Power and Specific Rotation of the
CEBDs

The twisting powers (6y) of the CEBDs were evaluated
with Cano’'s wedge method, which was based on the
observation of the appearance of discontinuity lines when a
N*-LC was inserted into a cell with gradient thickness. Table
6 shows the variation of twisting powers of the CEBDs
having (R)-configuration with their structures.

As shown in Table 6, the twisting power (3) increased
with the decrease of ring size of the crown ether for
disubstituted CEBDs ((R)-1, (R)-2, and (R)-3). Thering size
of the crown ether is expressed with the number of
oxidimethylene repeat units (n) in the crown ether. Disub-
stituted CEBD ((R)-1, (R)-4) showed alarger twisting power
than the monosubstituted one having the same substituent
((R)-6, ((R)-7). For both mono- and disubstituted CEBDs,
the shorter the methylene spacer (m) in the LC substituents,
the larger the twisting power ((R)-1 and (R)-4, (R)-2 and
(R)-5, (R)-6 and (R)-7).

Besides the twisting power, the specific rotation ([o]p%)
can also be used to characterize the optical activity of achira
compound.’®® To investigate the relationship between the
twisting power and specific rotation, it is useful to measure
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the specific rotation for the CEBDs at 23 °C. The results
are shown in the fourth column of Table 6. For disubstituted
CEBDs, the specific rotation increased with decreasing crown
ether ring size. It also tends to increase with shortening of
the methylene spacer (m) in the LC substitution of the
biphenyl moiety. A similar tendency seems to be seen in
the cases of monosubstituted CEBDs. Note that although the
twisting power of monosubstituted CEBD (R)-7 is about one-
third of that of disubstituted CEBD (R)-4, the specific rotation
of (R)-7 is comparable to that of (R)-4 in absolute value. A
similar situation can be seen between monosubstituted CEBD
(R)-6 and disubstituted CEBD (R)-1. This implies that the
twisting powers of the CEBDs have no direct relationship
with their specific rotations.!>*'© Nevertheless, one may
remark that the relatively small size of the CEBD is suitable
for generating alarge specific rotation and/or twisting power.

It is interesting to note that the monosubstituted and
disubstituted CEBDs having the same (R)-configuration show
different symbols in specific rotation, the former a negative
value and the latter a positive value. Thisimplies that these
two kinds of CEBDs have different screw directions. In fact,
it is confirmed by the miscibility test that the N*-LCsinduced
by the mono- and disubstituted CEBDs exhibit different
screw directions, i.e., left-handed and right-handed ones,
respectively, as shown in Table 6. Before the above result
is discussed, it is helpful to note that (R)-(+)-1,1"-bi-2-
naphthol and (R)-(—)-1,1'-binaphthyl-2,2'-diyl-hydrogen-
phosphate are dextro-rotatory (+) and levo-rotatory (—),
respectively, in spite of the same (R)-configuration.*”* The
latter has a bridged structure linking two oxygen atoms at
the 2,2'-positions of the binaphthyl rings viaa —P(O)(OH)—
moiety (see Scheme 7).

This implies that the axial chirality of the binaphthyl
derivative sensitively depends on the local structure around
the 2,2"-positions of the binaphthyl rings, and also on the
change of the dihedral angle defined by two binaphthyl rings.
This situation is similar to the present case where the mono-
and disubstituted CEBDs with the same (R)-configuration
give an opposite sign in specific rotation. It is expected that
the larger crown ether-type cyclic ring of the disubstituted
CEBD, compared with the monosubstituted CEBD, might
lead to more flexibility in the dihedral angle. Although the
specific rotation (specific rotatory power) is determined by
the scalar product of the transition electric dipole moment
and magnetic dipole moment, it is difficult here to argue how
both the bridged structure and the change of the dihedral
angle affect the sign of the specific rotation since this requires
rigorous theoretical calculations.

The twisting power of the CEBDs may also be affected
by temperature, and the affecting degree depends on the ring
size of the crown ether. On one hand, the twisting power of
(R)-1, which has the smallest ring size of any crown ether
studied here (n = 1), decreased from 78 to 63 um~* when
the temperature increased from 10 to 32 °C. On the other
hand, the twisting powers of (R)-2 and (R)-3, which have
larger crown ether ring sizes (n = 2 and 3), almost did not
change with temperature. Because the helical pitch of a N*-
LCisinversely proportional to the twisting power of achira
dopant,” it can be deduced that the helical pitch of the N*-
LC induced by (R)-1 will be shortened with a temperature
decrease. That is to say, the acetylene polymerization
temperature needs to be set at the lower side of the
mesophase temperature region for the N*-L C to improve the
screw degree of the PA fibrils. But, for the N*-LCs induced
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Table 6. Twisting Power (Bu), Specific Rotation ([a]p?) of CEBDs with (R)-Configuration, Helical Pitch, and Screw Direction of the

Corresponding N*-LCs

CEBDs with (R)-configuration N*-LCs
type n? CEBD (methylene spacer) [a]p® B (um~H)P helical pitch (um)® screw direction®
disubstituted CEBDs 1 (R-1 (m=#6) +48.7 64.3 31 right-handed
2 (R)-2 (m=6) +24.5 51.3 4.2 right-handed
3 (R-3 (m=6) +15.3 154 13.0 right-handed
1 (R-4 (m= 12) +22.8 53.2 3.8 right-handed
2 (R-5(m=12) +75 35.0 5.7 right-handed
monosubstituted CEBDs 1 (R)-6 (m= 6) —-39.1 20.6 9.7 |eft-handed
1 (R-7 (m= 12) —25.0 16.1 124 left-handed

an is the number of oxidimethylene repeat units in crown ether. ® Measured with Cano’s wedge method at room temperature (see Scheme 6).
¢ Composed of PCH302, PCH304, and chiral dopant with the mole ratio of 100:100:1. ¢ Determined with miscibility test in which cholesteryl oleyl

carbonate is being used as standard N*-LC.

Scheme 7. (R)-(+)-1,1"-Bi-2-naphthol (L eft) and
(R)-(—)-1,1'-Binaphthyl-2,2'-diyl Hydrogen Phosphate (Right)
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by (R)-2 and (R)-3, the polymerization temperature can be
set at any point in the mesophase temperature region because
the helical pitch will amost not change with temperature.

It is well-known that the conformation of the crown ether
can be changed by adding a cation of a suitable size (e.g.,
K*, Cu?") into solution. The twisting power of the CEBDs
may be controlled through this conformational change of the
crown ether. Here it is desirable to examine the host—guest
reactivity of CuCl, with the CEBDs. When CuCl, was added
into the CHCI; solution of the CEBDs, the color of the
solution changed from colorless to red. The DSC results
showed that the original peaks of the CEBDs disappeared,
whereas new peaks appeared with the addition of CuCl.,.
Meanwhile, the *H NMR spectra showed that the peaks
derived from the chemical shifts of protons in the crown
ether broadened with the addition of CuCl,. These results
implied the formation of a host—guest complex between the
crown ether and Cu?*. The twisting powers of the disubsti-
tuted CEBDs decreased slightly by 4—6 um™ after complex
formation with CuCl,. It islikely that the degree of decrease
in the twisting power is larger in the CEBD with a smaller
crown ether ring size. This suggests that complex formation
tends to weaken the axia chirality of the CEBD by
depressing the twisting of the binaphthyl dihedral angle, and
that thisis more effective in the CEBD with asmaller crown
ether ring size. One may remark that the twisting power of
the CEBDs can be adjusted to some extent through the
host—guest interaction between the crown ether and the
cation.

7.1.3. Spiral Morphologies of N*-LCs and H-PAs

Asshown in Table 6, the helical pitch of N*-LCsinduced
by CEBDs varied from 3.0 to 13.1 um upon changing the
ring size of the crown ether, methylene spacer, and the
number of binaphthyl moieties. The helical pitch of the N*-
LC induced by (R)-1, which is the shortest one studied here,
further decreased from 3.2 to 2.6 um when the temperature
decreased from 32 to 10 °C. In this way, the N*-LC with
the shortest helical pitch could be obtained.

The screw direction of the N*-LCsinduced by the CEBDs
were determined through the miscibility test method.*? This

method is based on the observation of the mixing area
between a N*-LC and a standard LC through a POM in
which the screw direction of the standard LC is known. If
the screw direction of the N*-LC is the same as that of the
standard L C, the mixing area will be continuous. Otherwise,
it will be discontinuous (shown as Schlieren texture of the
nematic LC). The POM image of the mixture of the N*-LC
induced by (R)-2 and a standard LC of cholesteryl oleyl
carbonate (left-handed) shows that there appeared a discon-
tinuous area between the N*-LC and the standard LC.
Because the screw direction of the standard LC is known to
be left-handed, the screw direction of the N*-LC induced
by (R)-2 can thus be deduced to be opposite to that of the
standard LC, i.e., right-handed.

The screw direction of the N*-LCs induced by disubsti-
tuted and monosubstituted CEBDs are listed in the last
column of Table 6. The N*-LCs induced by disubstituted
CEBDs having (R)-configuration all showed a right-handed
helical structure, but those induced by monosubstituted
CEBDs having the same (R)-configuration showed a left-
handed helical structure. These results coincide with the
opposite symbols in specific rotation of these two kinds of
CEBDs (the fourth row in Table 6). Using the disubstituted
CEBDs of (R)-1, (R)-2, and (R)-3 for the induction of N*-
L Cs, and the thus obtained N*-L Cs as the reaction field for
acetylene polymerization, PA filmswith helical morphology
were synthesized. Note that there were not enough amounts
of (R)-4 to (R)-7 to carry out the polymerization reaction,
owing to their low reaction yields. Figure 29 shows SEM
photographs of PA film synthesized under a N*-LC induced
by (R)-2. As shown in this figure, there existed many spiral
domains in the film, and the fibrils screwed in a counter-
clockwise direction to form a bundle, which then screwed
in the same direction to form the spiral domain.

It isinteresting to investigate the parameters (such as the
interdistance between the fibril bundles and diameter of a
fibril bundle and that of a fibril) of these H-PAs through
magnified SEM images. The parameters of the H-PAs
synthesized in the N*-LCsinduced by (R)-1, (R)-2, and (R)-3
are summarized in Table 7. The interdistance between the
fibril bundles of H-PA decreased with an increase in the
twisting power of the CEBDs (decrease of the helical pitch
of the N*-LC), and equaled about half the helical pitch of
the corresponding N*-LCs. Although the diameter of the
fibril bundles decreased with increasing twisting power of
the CEBDs, that of afibril did not change, being in the range
of 120—130 nm.

For H-PAs synthesized in the N*-LCs induced by disub-
stituted CEBDs having (R)-configuration, (R)-1 to (R)-3, the
fibrils screwed in a counterclockwise direction (left-handed).
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Figure 29. SEM images of the H-PA synthesized in N*-LC
induced by (R)-2. (b) is the magnified image of (a).

However, the miscibility test showed that the N*-LCs
induced by these CEBDs had aright-handed helical structure
(the last column of Table 7), from which one can deduce
that the screw direction of the fibrils of H-PA is opposite to
that of the N*-LC used as the polymerization solvent. This
is an unexpected and even surprising result, requiring a sound
interpretation. It has been elucidated so far that the PA chains
propagate along the director (an average direction for LC
molecules within a domain) of the N*-LC. Since the helical
axis of PA is paralel to the PA chain, and the director of
the N*-LC is perpendicular to the helical axis of the N*-
LC, the helical axis of PA is perpendicular to that of the
N*-LC. Taking into account these aspects, a plausible
mechanism for interfacial acetylene polymerization in the
N*-LC can be drawn (see Figure 8 in section 2). In the case
of aright-handed N*-LC, for instance, the PA chain would
propagate in aleft-handed manner, starting from the catalytic
species, but not with a right-handed one. This is because
PA chains with the opposite screw direction to that of the
N*-LC could propagate along the LC molecules, but those
with the same direction as that of the N*-L C would encounter
LC molecules, making the propagation stereospecifically
impossible.

Based on the results above, it is possible to derive the
relationship between the morphology of H-PA and the helica
structure of the N*-LC used as the polymerization solvent;
i.e., the interdistance between the fibril bundles of H-PA is
equal to about half of the helical pitch of the N*-LC, and
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the screw direction of the PA fibrils is opposite to that of
the N*-LC. These results are very important hints for
clarifying the formation mechanism of H-PA in the asym-
metric reaction field of the N*-LC.

H-PA films synthesized in this research were trans-rich
polymers because a relatively high polymerization temper-
ature of 16—18 °C was adopted to maintain the N* phase.
The electrical conductivities of the films were in the range
of 1.5—2.0 x 10° S/cm after iodine doping. With such a
high electrical conductivity, H-PA has become one of the
most prospective electrical conductive polymers for applica-
tion. Research on the helical structure control and application
of H-PA are ongoing.

In summary, a series of crown ether-type binaphthyl
derivatives were synthesized and used as chiral dopants to
induce N*-LCs. The twisting powers of the CEBDs for
phenylcyclohexane-derived nematic LC were evaluated. It
was found that the twisting power of the CEBDs increased
with decreasing crown ether ring size. With increasing
twisting power of the CEBDs, the interdistance between the
fibril bundles of H-PA decreased, and the diameter of afibril
bundle decreased, but the diameter of a fibril showed no
change. The interdistance between fibril bundles of H-PA
equaled about half of the helical pitch of the N*-LC, and
the screw direction of the fibrils was opposite to that of the
N*-LC. The CEBDs should be promising chira dopants to
precisely control the screwed structures of the conjugated
polymers, by virtue of the ring size effect of the crown ether
and the host—guest interaction.

8. Control of the Helical Sense

8.1. Chiral Dopants of Bridged- and
Nonbridged-Type Binaphthyl Derivatives

One of the currently rejuvenated interests on the science
of chiraity is a chiral induction on a LC through chiral
transcription from a chiral compound to an achiral nematic
LC (N-LC). It has been elucidated that the chiral nematic
LC (N*-LC) or cholesteric LC induced by the addition of
the chiral compound, as a chiral dopant, into the N-LC is
available for construction of the asymmetric reaction field,
which enables us to synthesize helical conjugated poly-
mers.*”® Chiral dopants are mainly employed as chiral center-
containing compounds and axially chiral ones.®®'* The
axially chiral binaphthyl derivatives are found to be feasible
for the control of the helical sense and strength of the N*-
LC, especidly when they are chemically modified in
molecular structure, such as by the introduction of long alkyl
chains or mesogenic substituents into the binaphthy! rings.
Besides, these chira dopants play an essential role in
determining the twisting direction of the helical conjugated
polymer and even its spiral morphology synthesized in the
N*-LC.152

It is well-known that the chiral binaphthyl derivatives are
atropisomers, and they are classified into (R) [rectus; right-
handed or clockwise] and (S [sinister; left-handed or
counterclockwise] configurations, according to a difference
in the twisting direction of the dihedral angle between the
1,1'-positions of the binaphthyl rings. It seems that the
chirality is straightforwardly determined by the twisting
direction of the dihedral angle. However, there is some
experimental evidence to be taken into account when one
judges the chirality. One example is that (R)-(+)-1,1"-bi-2-
naphthol and (R)-(—)-1,1'-binaphthyl-2,2'-diyl-hydrogen-



5386 Chemical Reviews, 2009, Vol. 109, No. 11

Akagi

Table 7. Parameters of Helical PAs Synthesized in N*-LCs Induced by Disubstituted CEBDs with (R)-Configuration

chira dopant N*-LC helical PA
CEBD twisting power helical pitch interdistance between fibril bundles diameter of a fibril bundle diameter of a fibril
(um™h) () (£0.2 um) (£0.2 um) (£20 nm)
(R-1 64.3 31 16 0.5 120
(R-2 51.3 4.2 2.0 0.6 120
(R-3 154 130 7.0 25 130

Scheme 8. Structures of Nematic Liquid Crystals and Chiral Binaphthyl Derivatives
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phosphate are dextro-rotatory (+) and levo-rotatory (—),
respectively, despite having the same (R)-configuration. The
former has anonbridged structure, and the latter has a bridged
structure linking two oxygen atoms at the 2,2'-positions of
the binaphthyl rings via a —P(0O)(OH) moiety.!”* Another
example is as follows. the mono- and disubstituted crown
ether-type binaphthyl derivatives having the same (R)-
configuration give rise to opposite signs in specific rotation
(specific rotatory power), though both of them have bridged
structures. These experimental facts suggest that the chirality
(helicity) of the binaphthyl derivative sensitively depends
on the local structure around the 2,2'-positions of the
binaphthyl rings, such as bridged structure, and also on the
twisting direction and degree of the dihedral angle defined
by the binaphthyl rings. Namely, it remains unsolved how
both the bridged structure and the change of the dihedral
angle affect the helicity of the N*-LC.

This section focuses on the nonbridged and bridged-type
binaphthy! derivatives, where the latter has alinkage between
the 2- and 2-positions of the binaphthyl rings through a
tetramethylene chain.'”® By focusing on these binaphthyl
derivatives with the same configuration, one can rationalize
why and how they give rise to N*-LCs with opposite helical
twisting directions when used as chiral dopants to N-LCs.
H-PA synthesized in N*-LCs thus prepared are examined
in terms of the helical screw direction of the fibril bundles
by means of SEM and CD measurements.

8.1.1. Synthesis and Characterization of Chiral Binaphthyl
Derivatives

Scheme 8shows the molecular structure of the binaphthyl
derivatives. (R)- or (§-1,1'-Binaphthyl-2,2'-bis-[para-(trans-
4-n-penthylcyclohexyl)phenolxy-1-hexyl]ether (abbreviated
as (R)-1 or (9-1) and (R)- or (§-6,6"-bis-[para-(trans-4-n-
penthylcyclohexyl)phenol xy-1-hexyl]-2,2'-diethoxy-1,1'-bi-
naphthyl ((R)-2 or (S-2) were synthesized as the nonbridged
binaphthyl derivatives. (R)- or (S)-6,6'-Bis-[para-(trans-4-
n-penthylcyclohexyl)phenoxy-1-hexyl]-2,2'-butyl-bridged-
1,1'-bi-2-naphthol ((R)-3 or (S§-3) was synthesized as the

bridged binaphthyl derivatives. Bromination of (R)-(—)-1,1'-
bi-2-naphthol in CH,Cl, gave (R)-(—)-6,6'-dibromo-1,1"-bi-
2-naphthol ((R)-4) as a white solid.1”® Williamson etherifi-
cation between (R)-4 and 1,4-dibromobutane gave compound
(R)-5 as a white solid. A Grignard reaction between (R)-5
and 1-[para-(trans-4-n-pentyl cyclohexyl) phenoxy]-6-bromo-
hexane [PCH506Br] gave (R)-3 asapaeydlow solid. Figure
30 shows the UV—vis and CD spectra of the present
nonbridged ((R)-1, (R)-2) and bridged ((R)-3) binaphthyl
derivatives. The bands associated with the transitions of the
binaphthyl rings are shown: the B, transition at 200—250
nm, the 1L, transition at 250—300 nm, and the L, transition
at 300—350 nm. In the CD spectra, the nonbridged ((R)-1,
(R)-2) and bridged ((R)-3) binaphthyl derivatives with an
(R)-configuration show a negative Cotton effect for the B,
transition and intense positive Cotton effects for the *L, and
1L, transitions.

N*-LCs were prepared by adding 1.5 mol % of axially
chira binaphthyl derivatives ((R)-1, (R)-2, (R)-3; (9-1, (9-
2, (9-3) aschiral dopants to the equimolar mixture of N-LCs,
4-(trans-4-n-propyl cyclohexyl)ethoxybenzene [PCH302] and
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(=}
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Figure 30. UV—visand CD spectra of the nonbridged ((R)-1, (R)-
2) and bridged ((R)-3) binaphthyl derivatives in n-heptane.
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Figure31. Structuresof cisoid and transoid forms of the binaphthy!
derivatives with an (R)-configuration.
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4-(trans-4-n-propyl cyclohexyl)butoxybenzene [PCH304]. The
N*-LCs induced by (R)-1 and (S)-1, abbreviated as ((R)-1)-
LC and ((9-1)-LC, respectively, showed fingerprinted
textures in the POM. Similar fingerprinted textures were also
observed in the N*-LCs induced by (R)-2, (R)-3, (9-2, and
(9-3. The temperature range of the N* phase was 14—32
°C in the heating process and —12 to 31 °C in the cooling
process.

The binaphthyl derivative has restricted freedom in internal
rotation along the carbon—carbon bond between the 1- and
1'-positions of the binaphthyl rings. The helicity of the
binaphthyl derivative therefore depends on the dihedral angle
(0) between the two binaphthyl rings. For instance, the (R)-
binaphthyl derivative of the cisoid conformation (0° < 6 <
90°) and that of the transoid one (90° < 6 < 180°) have (M)-
and (P)-helicity, respectively, as described in Figure 31. It
has been clarified so far that the binaphthyl derivatives of
(M)- and (P)-helicity induce N*-L Cs with counterclockwise
and clockwise twisting directions, respectively, when they
are added as chiral dopants into a N-LC,110.111177-178

The CD spectrum can be interpreted in terms of the exciton
coupling theory.'8-1®2 The sign and intensity of the CD
couplet are related to the value of the dihedral angle (6)
between the two binaphthyl rings. The (R)-binaphthyl
derivatives give a negative couplet for 6 in the range from
0° to 110° and a positive couplet from 110° to 180°, with
negativeand positivemaximaat 60° and 140°, respectively. #3188
The values of De at approximately 230 nm become larger
in the order of the nonbridged (R)-1 and (R)-2 and the
bridged (R)-3 binaphthyl derivatives, as shown in Figure 30.
Thus, the dihedral angles become smaller in this order. The
nonbridged ((R)-1, (R)-2) and bridged ((R)-3) binaphthyl
derivatives show positive couplets around 230 nm, indicating
(M)-helicity. It is therefore implied that (R)-1, (R)-2, and
(R)-3 should form cisoid conformations in isotropic solvent
like n-heptane. It is worth noting that this argument is
supported by the results of the CD spectra of (R)-1, (R)-2,
and (R)-3 in cyclohexane, one of the isotropic solvents.
Positive couplets were also observed in these nonbridged
binaphthyl derivatives, confirming the favorableness of the
cisoid conformation in an isotropic solvent.

8.1.2. Characterization of the N*-LC

The helical pitch of the N*-LC was determined using the
Cano method,*® by means of POM under temperature
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Figure 32. Contact method between the N*-LC induced by (R)-2
or (R)-3 and the standard LC, cholesteryl oleyl carbonate of the
counterclockwise screw direction.
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control. The Cano’s wedge was warmed up in a hot stage to
the preset temperature at the heating rate of 10 °C/min. After
enough time passed and a heat equilibrium state was reached,
the helical pitch of the N*-LC was measured by using the
Cano method. The absolute value of the helical twisting
power (HTP; Bu), defined as By = (pc) %, was calculated
as the reciproca of the product between the helical pitch
(p) and the mole fraction of the chiral dopant (c). The
concentration of the chiral dopant was 15 mmol %, where
the concentrations of PCH302 and PCH304 and the chiral
dopant were 100:100:3 in molar ratio, respectively.

We examined the temperature dependence of HTP (8y)
of (R)-1, (R)-2, and (R)-3. It is found that HTP depends on
the dihedral angle between the two naphthyl moieties. The
HTPs of the nonbridged binaphthyl derivatives ((R)-1, (R)-
2) largely decrease with increasing temperature. Meanwhile,
the HTP of the bridged binaphthyl derivative ((R)-3) dlightly
decreases with increasing temperature. This is due to the
rigidity between the two naphthyl rings, where the 2- and
2'-positions of the binaphthyl rings are bridged with a
tetramethylene chain.

Cholesteryl oleyl carbonate is known to be a counter-
clockwise N* (cholesteric) LC, and it is useful for the
standard LC in the contact method to examine the helica
sense of the N*-LC.?® This method is based on the
observation of the mixing area between the N*-LC and the
standard LC using POM. When the screw direction of the
N*-LC is the same as that of the standard LC, the mixing
areawill be continuous. Otherwise, it will be discontinuous.
As shown in Figure 32, the mixture of ((R)-1)-LC or ((R)-
2)-LC and cholesteryl oleyl carbonate gave the boundary of
the Schlieren texture in POM. In contrast, the mixture of
((R)-3)-LC and cholesteryl oleyl carbonate showed no change
in the optical texture. These results indicate that the screw
direction of the ((R)-1)-LC or ((R)-2)-LC induced by the
nonbridged binaphthyl derivative is opposite to that of
cholesteryl oleyl carbonate. On the other hand, the screw
direction of ((R)-3)-LC is the same as that of cholesteryl
oleyl carbonate. That is, the screw directions of the ((R)-1)-
LC and ((R)-2)-LC are clockwise and that of ((R)-3)-LC is
counterclockwise. Thus, the N*-LC induced by (R)-1 or (R)-2
and that by (R)-3 have opposite screw directions from each
other, though the nonbridged ((R)-1, (R)-2) and bridged ((R)-
3) binaphthyl derivatives have the same configuration.

Figure 33 show UV —visand CD spectra of the nonbridged
((R)-1, (R)-2) and bridged ((R)-3) binaphthyl derivativesin
N-LC solvent. The nonbridged ((R)-1, (R)-2) binaphthyl
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Figure 33. UV—visand CD spectra of the nonbridged ((R)-1, (R)-

2) and bridged ((R)-3) binaphthyl derivatives in LC (PCH302/

PCH304 = 1:1) at room temperature.

derivatives showed positive Cotton effects in the region of
250 nm, and the bridged (R-3) derivative showed a negative
Cotton effect. This result implies that the nonbridged ((R)-
1, (R)-2) and bridged ((R)-3) binaphthyl derivatives have
different conformations in LCs. Namely, the experimental
facts that the nonbridged binaphthy! derivatives ((R)-1, (R)-
2) showed positive Cotton effects and that they showed a
clockwise screw direction in LC solvent indicate that they
have (P)-hdlicity (transoid). On the other hand, the fact that
the bridged binaphthy! derivative ((R)-3) showed a negative
Cotton effect and a counterclockwise screw direction in LC
solvent indicates that it has (M)-helicity (cisoid).

8.2. Helical Twisting Directions of N*-LCs and
H-PAs

The stable conformations of the binaphthyl derivatives are
examined by molecular mechanics (MM) calculations.*® In
the nonbridged binaphthyl derivative (R)-2, both the cisoid
conformation (6 = 66°) and the transoid one (6 = 108°)
have almost the same stability. In the bridged binaphthyl
derivative (R)-3, the cisoid conformation (6 = 61°) is more
stable by 21.3 kcal/mol than the meta-cisoid one (0 = 84°).
The dihedral angle (6 = 66°) of the nonbridged binaphthyl
derivative (R)-2 is larger than that (6 = 61°) of the bridged
binaphthyl derivative (R)-3.

MM calculations indicated that, in the nonbridged binaph-
thyl derivative (R)-2, the stability of the cisoid and transoid
conformations is almost equal. In the bridged binaphthyl
derivative (R)-3, the cisoid conformation is the stable one.**
Such a difference between the nonbridged and bridged
binaphthyl derivatives may cause opposite screw directions
of the N*-LCs, though they have the same configuration.
The nonbridged binaphthy! derivatives ((R)-1, (R)-2) showed
negative Cotton effects in n-heptane, whereas they showed
positive Cotton effectsin the N-LC. This suggests that (R)-1
and (R)-2 have cisoid conformations ((M)-helicity) in n-
heptane, but they have transoid ones ((P)-helicity) in the
N-LC. It is shown that (R)-2 has two possible conformations,
cisoid and transoid, where the former is slightly more stable
by 2.4 kcal/mol than the latter. It is evident that the cisoid
conformation is favorable in isotropic solvent such as
n-heptane. Nevertheless, although it is not so clear at present,
there isa possibility that (R)-2 takes the meta-stable transoid
conformation in a specific environment like a LC. It is
important to account for entropy effects in the molecular
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interactions between the nonbridged binaphthy! derivatives
of the transoid conformation and the surrounding self-
assembled LC molecules.

On the other hand, the bridged binaphthyl derivative ((R)-
3) has strictly restricted freedom in the internal rotation of
the binaphthyl rings, giving a stable cisoid conformation, as
found in Figure 35. Thus, (R)-3 shows (M)-helicity due to
the cisoid conformation, resulting in a negative Cotton effect,
irrespective of the isotropic (n-heptane) and anisotropic (N-
LC) solvent.

As shown in Figure 34, PA films synthesized in ((R)-1)-,
((R)-2)-, and ((R)-3)-LCs showed helical fibrillar morphol-
ogies with counterclockwise and clockwise directions,
respectively. Thus, the nonbridged ((R)-1, (R)-2) and bridged
((R)-3) binaphthyl derivatives give rise to H-PAs with
opposite screw directions to each other, in spite of the fact
that both of them have the same chirality. It should be noted
here that the twisting direction of ((R)-1)-LC is clockwise,
for instance, and the screw direction of the H-PA synthesized
under ((R)-1)-LC is counterclockwise.

Figure 35 shows the CD spectra of H-PA films synthesized
in N*-L Cs including the nonbridged [((R)-2)-, ((9-2)-LCs]
or bridged [((R)-3)-, ((9-3)-LCs] binaphthyl derivatives. It
is evident that PA films have Cotton effects in the region
from 450 to 800 nm, corresponding to ax — s* transition
of the conjugated PA chain, and that the signs of the Cotton
effects are opposite to each other between the PA films
synthesized in the N*-LCs, including the nonbridged and
bridged binaphthy| derivatives. These results are consistent
with those of the helical twisted directions of the PA fibrils
observed in SEM photographs, as shown in Figure 34.

It is useful to summarize the signs of the Cotton effects
and the screw directions of the binaphthyl derivatives, N*-
LC and H-PAs. The chira dopants, (R)-1 to (R)-3, showed
anegative CD couplet (240 nm) in the CD spectra, as shown
in Figure 30. This means that the nonbridged ((R)-1, (R)-2)
and the bridged ((R)-3) binaphthyl derivatives have the same
chirality. However, the N*-LCs induced by the nonbridged
binaphthyl derivatives, ((R)-1) and ((R)-2)-LCs, showed
clockwise screw directions, which are opposite to that of
((R)-3)-LC. As shown in Figure 33, ((R)-1)- and ((R)-2)-
L Cs showed positive Cotton effects around 250 nm, and ((R)-
3)-LC showed a negative Cotton effect.

The CD spectra of H-PA films synthesized in ((R)-1)- or
((R)-2)-LCs showed positive Cotton effects in the region
from 450 to 800 nm. On the other hand, the CD spectrum
of aH-PA film synthesized in ((R)-3)-L C showed a negative
Cotton effect. PA films synthesized in ((R)-1)-, ((R)-2)-, and
((R)-3)-LCs showed helical fibrillar morphologies with
counterclockwise and clockwise directions, respectively. This
can be understood by the fact that H-PA is formed by
replicating the screwed structure of the N*-LC used as an
asymmetric reaction field, and hence the screwed directions
of the H-PA synthesized in the N*-LCs including the
nonbridged ((R)-1, (R)-2) and bridged ((R)-3) binaphthyl
derivatives are counterclockwise and clockwise, respectively.
This also holds in the case of the chiral dopants of
(9-configuration, (-1 to (9-3.

Figure 36 shows the structures of the nonbridged and
bridged binaphthyl derivative with an (R)-configuration in
the N*-LC and SEM images of the H-PA synthesized in the
N*-LC induced by these binaphthyl derivatives. The non-
bridged and bridged binaphthy! derivatives with (R)-config-
uration take the transoid conformation due to (P)-helicity



Asymmetric Polymerization in Chiral Liquid Crystal

counterclockwise

(a)

counterclockwise

Chemical Reviews, 2009, Vol. 109, No. 11 5389

clockwise

(c)

Figure 34. SEM photographs of H-PA synthesized in (a) ((R)-1)-LC, (b) ((R)-2)-LC, and (c) ((R)-3)-LC.
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Figure 35. CD spectra of H-PA films synthesized in (a) ((R)-2)-
LC and ((9-2)-LC and (b) ((R)-3)-LC and ((9-3)-LC.

and the cisoid conformation due to (M)-helicity in the N*-
LC, respectively. Therefore, the N*-LCs induced by these
types of binaphthyl derivatives show clockwise and coun-
terclockwise screw directions. The screw directions of the
N*-LC and H-PA fibril are opposite to each other, respec-
tively. Namely, it follows that PA films synthesized in the
N*-LC induced by the nonbridged and bridged binaphthyl
derivative with an (R)-configuration have fibril morphologies
with counterclockwise and clockwise screwed directions,
respectively.

In summary, the nonbridged and bridged binaphthyl
derivatives were synthesized and used as chiral dopants to
N-LCs. The bridged structure has a linkage between the 2-
and 2'-positions of the binaphthyl rings through a tetram-
ethylene chain. It is found that the conformation of the
nonbridged binaphthy! derivative changes between isotropic
and N-LC solvents to give a different helicity, athough its
configuration remains unchanged. Namely, the nonbridged
binaphthyl derivative exhibits cisoid (most stable) and
transoid (metastable) conformations in isotropic and N-LC
solvents, respectively. Meanwhile, the bridged derivative
forms a cisoid conformation irrespective of solvent, as
expected by the strictly restricted internal rotation of the
binaphthyl rings. As a consequence, the nonbridged and
bridged binaphthyl derivatives with an (R)-configuration take
on (P)-helicity due to the transoid conformation and (M)-
helicity due to the cisoid conformation in N-LCs, respec-
tively. This leads to oppositely screwed N*-L Cs when these
binaphthyl derivatives are added as chiral dopants into
N-LCs, though they have the same configuration. Concomi-
tantly, H-PAs synthesized in the N*-L Cs a so have oppositely
screwed structures in fibril bundles. The usage of the
nonbridged and bridged binaphthyl derivatives, as chiral
inducers having the same configuration but the opposite
helical sense, affords a convenient way to construct the
helicity-controlled LC reaction field.

9. Control of the Helical Twisting Power and
Helical Sense

9.1. Chiral Dopants of Double Chirality-Based
Binaphthyl Derivatives

Asymmetric polymerization in a chiral nematic liquid
crystal (N*-LC), used as an asymmetric reaction field, has
attracted current interest since it has been demonstrated to
be promising for providing not only helical structure but also
spiral morphology in rigid z-conjugated polymers composed
of nonchiral repeating units. In fact, several types of helical
conjugated homopolymers and copolymers have been suc-
cessfully synthesized through chemical or electrochemical
polymerization in aN*-LC. The N*-LC itself can be prepared
by adding a small amount of chiral compound, as a chiral
dopant or a chirality inducer, into a nematic liquid crystal
(N-LC). It has been elucidated that the screw direction of
the helical conjugated polymer is determined by the helical
sense of the N*-LC, and that the helical sense itself is
controllable by selecting the chirality of the chiral dopant.™
However, the spiral morphology and even the screw direction
of the helical conjugated polymer cannot be changed nor
modified after polymerization because the conjugated poly-
mer, if without side chains,'®30:31.381921% j5 infusible and
insoluble in organic solvent.™® This means that two kinds of
N*-LCs with opposite helical sense might be required for
synthesizing helical conjugated polymers with opposite screw
directions such as right- and left-handed screw structures. It
istherefore required to create an advanced chiral dopant that
can afford both a helical sense and helical pitch-controllable
N*-LC, so far as one tries to control the helical sense of the
conjugated polymer by using only one kind of N*-LC.

The thermally induced chiral inversion reported so far can
be classified into two categories. One isto mix two kinds of
N*-LCs and another is to use one kind of N*-LC with a
peculiar temperature dependence in the helical sense. The
former is furthermore classified into three approaches: (i)
two kinds of cholesterol derivatives with different helical
twisting powers are added into the N-L C,150.170.195.1% (jj) two
kinds of cholesteric LCs with opposite helical sense are
mixed,*’ or (iii) two kinds of cholesteric LCswith the same
helical sense are mixed.'%1% On the other hand, the latter
is aso classified into two approaches. (iv) a N*-LC
composed of a double chira center-containing compound
with opposite helicity, different twisting power, and different
temperature dependence is used®®@®?! or (v) a N*-LC
composed of a single chiral center-containing compound is
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Figure 36. Model structures of the nonbridged (top left) and bridged (top right) binaphthyl derivative with an (R)-configuration in N*-LC.
The nonbridged and bridged binaphthyl derivatives take the transoid conformation due to (P)-helicity (clockwise) and the cisoid one due
to (M)-helicity (counterclockwise) in N*-LC. The SEM images of PA films synthesized in N*-LC induced by the nonbridged (bottom left)
and bridged (bottom right) binaphthyl derivative showed helical fibrillar morphologies with counterclockwise and clockwise directions,

respectively.

used.??-2%* The mechanism for the helical inversion using
one kind of N*-LC till remains unclear.

The above-mentioned N*-LC or cholesteric LC, however,
would not be available for an asymmetric reaction field since
the molecular species in the N*-LCs include severa kinds
of functional groups such as ester, carbonyl, ene, yne, and
chlorine atom. Namely, these functional groups should be
reactive to catalyst and/or monomers, which might cause a
subreaction and even the destruction of the LC reaction field.
From the viewpoint of an asymmetric reaction field, where
the helicity of the N*-LC isreplicated to the reaction product,
it is essential to prepare a N*-LC composed of chemically
stable and nonreactive L C molecules and chiral compounds.
It isalso desirable for practical use that the N*-LC is highly
twisted, and that the temperature of the N*-LC is close to
room temperature for the sake of safety, especialy in the
case of acetylene polymerization.

This section focuses on an axially chiral binaphthyl
derivative as well as an asymmetric center-containing chiral
compound. The former (binaphthyl derivative) is known to
possess a large twisting power and thermal stability.”™ These
properties are attributed to large steric repulsions between
hydrogens at the 2- and 2'-positions and those at the 8- and
8'-positionsin the naphthyl rings.1%"1%148 |t is suggested that
the twisting power of the binaphthyl derivative might be
almost independent of temperature, owing to itslarge thermal
stability. Meanwhile, the latter (the asymmetric center-
containing chiral compound), such as D-1, isfound to exhibit
an opposite temperature dependence in helical twisting
power, 164205206 compared with that of the binaphthyl deriva-
tive. Hence, it might be possible to obtain ahelical inversion-
controllable N*-L C by mixing both the binaphthy! compound
and the asymmetric center-containing chiral one. Up to now,
the helical inversion attributable to the binaphthyl derivatives
by modifying the molecular structure has been reported, 315
However, the helical inversion from the temperature depen-
dence has not been reported.

To achieve the large temperature dependence in helical
twisting power of the binaphthyl derivative, a novel chiral
compound is designed where the binaphthyl moiety is linked
with the asymmetric carbon moiety through flexible meth-
ylene chains in a molecule (Scheme 9).27 This is because
the combination of the binaphthyl derivative with large
temperature dependence and the asymmetric center-contain-

Scheme 9. Design of Double Chirality-Based Chiral
Compound
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ing compound should enable us to control the helical pitch
of the N*-LC and even to enable the helical inversion, by
virtue of the different temperature dependence in twisting
power between the two moieties. Scheme 9 describe novel
N*-LCs that exhibit not only an extraordinarily large
temperature dependence in the helical pitch but also a
temperature-dependent helical inversion.

9.1.1. Synthesis of Double Chirality-Based Binaphthyl
Derivatives

The asymmetric center-containing PCH derivative, 4-(trans-
4-n-propylcyclohexyl)-[ (9)-2-methyl]heptyloxybenzene, is
abbreviated as D-1. The novel double chiral-based binaphthyl
derivatives are abbreviated as D-2 to D-5, where the
biphenyl-type mesogenic moieties linked with chiral nonyl
terminal group of (S)-, (R)-, or racemic configuration via a
hexyl- or dodecylmethylene spacer are substituted at the 2,2'-
positions of the binaphthyl ring, as shown in Scheme 10.
For instance, D-3 is a (9-1,1-binaphthyl-2,2'-bis{ para-[4-
(9-(2-methyl)-octyl oxy] biphenyloxy-dodecyl} ether. It isalso
useful to abbreviate the name of the liquid crystals as
PCH302 and PCH304, which stand for 4-(trans-4-n-propy-
Icyclohexyl)ethoxybenzene and 4-(trans-4-n-propylcyclo-
hexyl)butoxybenzene, respectively.

9.1.2. Preparation of the N*-LC

The N*-LCs were prepared by adding a small amount of
chiral dopant into an equimolar mixture of two kinds of
N-LCs of PCH302 and PCH304. It should be noted that
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Scheme 10. Nematic LCs and Chiral Dopants, D-0 to D-5
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although each compound (PCH302 or PCH304) shows a
N-LC phase, the LC temperature region is very narrow, i.e.,
less than 1—2 °C. This is not suitable for acetylene
polymerization in a nematic or chiral nematic LC reaction
field because the exothermal heat evoked during the acetylene
polymerization would increase the temperature inside the
polymerization vessel and easily destroy the LC phase.
Hence, the L C mixture was prepared by using two equimolar
LCs. In the LC mixture, the nematic—isotropic temperature,
Tn-1, and the crystalline—nematic temperature, Tc—y, were
raised and lowered, respectively. Actualy, the mixture
exhibited the N-LC phase in the temperature region from
200 35 °C. Three kinds of N*-LCs were induced by adding
asmall amount of chiral dopants into the equimolar mixture
of PCH nematic LC. Due to the effect of supercooling, the
N*-LC phase consisting of the LC mixture and the chiral
dopants were maintained in the temperature range from 0 to
30 °C. This sufficiently wide temperature region enabled us
to examine the feasibility for the helical sense inversion in
the present N*-LC system.

9.1.3. Temperature Dependence of N*-LCs

Figure 37 shows the temperature dependence of the helical
pitch (p) and helical twisting power (By) of the N*-LC,
which was induced by adding the axially chiral binaphthyl
compound PCH506-Binol of (R)-configuration (abbreviated
as D-0) into the equimolar mixture of PCH nematic LC. The
PCH506-Binol was synthesized according to the previously
reported procedure.’®” It is clear that the binaphthyl deriva-
tive possesses a large twisting power and thermal stability.
These properties are attributed to large steric repulsions
between hydrogens at the 8- and 8'-positions in the naphthyl
rings.1°7111148 |t is also confirmed from this figure that the
helical twisting power of the binaphthyl derivative dightly
decreases with increasing temperature.

Next, the N*-LC including the asymmetric center-type
chiral dopant was prepared by adding D-1 to the equimolar
mixture of PCH nematic LC (System 1). The N*-LC induced
by the D-1 of (S)-configuration was found to have a right-
handed screw structure, and it showed a noteworthy tem-
perature dependence in helical pitch.202% Namely, the helical
pitch (twisting power) decreases (increases), with increasing
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Figure 37. Temperature dependence of the helical pitch (p) and
helical twisting power (Su) of N*-LC induced by the axially chiral
binaphthyl derivative, PCH-506-Binal of (R)-configuration (D-0)
(PCH302:PCH304:D-0 = 100:100:2 in mole ratio) and the asym-
metric center-containing chiral compound, (D-1) (System 1). The
helical pitch was determined by Cano’s wedge cell method. The
twisting power (Bu) was calculated as By = (pcr)~1, where ¢ is
the molar concentration of the chiral dopant and r is the enantio-
metric purity of the chiral dopant; here, r is assumed to be 1.

temperature, as also shown in Figure 37. This unusual
temperature dependence of D-1 is probably due to the fact
that the miscibility of the chira dopant (D-1) in the host
nematic LC increased with increasing temperature. Better
miscibility enablesthe chiral dopant to more effectively affect
its helicity to the environmental host N-LC, which leads to
an increasing twisting power (decreasing in helica pitch).
It is noteworthy that the asymmetric center-containing chiral
compound, such as D-1, has an opposite temperature
dependence in helical twisting power (Su), compared with
the binaphthyl derivative, although the absolute value of Sy
in the former is considerably smaller than that of the latter.
Hence, if two kinds of chira moieties with opposite
temperature dependence and different twisting powers are
linked by aflexible molecular chain, the resultant compound
having a double chirality might exhibit novel temperature
dependence.

Then the novel double chiral compounds D-2 to D-5 are
designed and synthesized, where the axially chiral binaphthyl
moiety is linked with the asymmetric carbon moiety through
flexible methylene chains in a molecule (Scheme 9 and
Scheme 10).

Four kinds of N*-LCs were prepared by adding the chiral
dopants of double chirality-based binaphthyl derivatives (D-2
to D-5) into the equimolar mixture of PCH nematic LC
(PCH302:PCH304:(D-2 to D-5) = 100:100:2 in moleratio).
It is known that the axially chiral binaphthyl derivatives of
(9-configuration and the asymmetric center moiety contain-
ing chiral dopants of (S)-configuration induce left- and right-
handed N*-LCs, respectively, when each chiral dopant is
added to the N-LC. Interestingly, the dopants D-2 to D-5,
bearing both the binaphthyl moiety and the asymmetric
center-containing moiety, induced left-handed N*-LC. This
result indicates that the helicity of the binaphthyl moiety is
much larger than that of the asymmetric center-containing
moiety, as also shown in Figure 9.2. Therefore, the chiral
dopant of D-3 induces a left-handed screw structure, even
after apart cancellation of helicity between the two moieties.
The temperature dependence in the helical pitch for the N*-
LCs was investigated. In the Cano wedge-type cell, the
helical pitch of the N*-LC with D-3 (System 2) notably
changed from 3.7 to 9.4 um with increasing temperature from
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Figure 38. Temperature dependence of the helical pitch of the
N*-LCs induced by the chiral dopant of D-2 to D-5 (PCH302:
PCH304:chiral dopant = 100:100:2 in mole ratio).

0to 30 °C, whereas the left-handed screw structure remained
unchanged through the whole range of temperature. It is
useful to examine the effect of the spacer length (n) that
links the binaphthyl moiety and the asymmetric center
moiety. The methylene spacers of the chiral dopants D-2
and D-3 are 6 and 12, respectively. The longer spacer allows
both chiral moietiesto be less restricted in molecular motion,
giving more free arrangement toward the environmental
parent LCs. Taking into account that the binaphthyl and
asymmetric center moieties with the same configurations give
opposite helical twisting directions, the helical cancellation
in D-3 with the spacer length of 12 should be larger than
that in D-2 with the spacer length of 6. Namely, both the
chiral moieties, especialy the asymmetric center moiety, in
D-3 are more effectively enhanced in molecular motion with
increasing temperature, leading to alarger helical cancellation
and hence a more drastic increase in the helical pitch of the
N*-LC than in the case of D-2. Moreover, since the
binaphthyl moiety of (S)-configuration and the asymmetric
moiety of (R)-configuration induced the same direction (left-
handed) of the N*-LC, no cancellation occurred in the case
of D-4. Thus, the temperature dependence of the N*-LC with
D-4 is the smallest one (Figure 38).

Figure 39 shows POMs of the N*-LC induced by D-3 at
5 and 30 °C in the cooling process. The interdistance of the
striae, which corresponds to a half helical pitch of the N*-
LC, was 21 um a 5 °C. It increased to 4.6 um with
increasing temperature up to 30 °C. We examined the
temperature dependence of the N*-L C induced by the chiral
dopant of D-3 (System 2). The helicity of the binaphthyl
moiety and that of the asymmetric moiety decreased and
increased with increasing temperature, respectively. Although
the sum of the helicity becomes smaller due to a part
cancellation between the two moieties of opposite helical
sense at each temperature, it exhibits an unprecedented
temperature dependence in the helical twisting power of the
N*-LC including D-3.

Figure 40 shows changes in the ratios of the helical pitches
(P/Py) as a function of temperature, where P and P, are the
helical pitches of the N*-LC at an arbitrary temperature and
at 0 °C, respectively. It has been reported that the value (P/
Po) of the N*-LC induced by the binaphthyl derivative,
bearing two LC moieties at the 2- and 2'-positions of the
binaphthyl rings, is 1.2 (see Figure 37). Meanwhile, the value
of the N*-LC induced by D-3 (System 2) was over 2.5,
indicating a large temperature dependence. It should be
emphasized that the N*-LC with D-1 (System 1) and those
with D-2 to D-5 showed opposite temperature dependencies
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Figure 39. Fingerprint textures with striae observed in POM
measurements for the N*-LC with D-3 (System 2) at 5 °C (a) and
at 30 °C (b).
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Figure 40. Changes of the variations in helical pitch defined as

P/P, as afunction of temperature. P and P, are the helical pitches

of the N*-LCs at arbitrary temperature and O °C, respectively. The

N*-L Cswere prepared by D-1 (System 1) or D-2 to D-5 (PCH302:

PCH304:chiral dopant = 100:100:2 in mole ratio).

in the change of the helical pitch, and that the temperature
dependence of the N*-LC with D-3 (System 2) was much
larger than those of the others. Thus, it is expected that the
chiral dopants of D-1 and D-3 might be promising for
realizing the helical inversion of the N*-LC when the two
chiral dopants are mixed together.
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9.2. H-PAs in Helical Pitch and Helical
Sense-Controllable N*-LCs

9.2.1. Helical Pitch-Controllable N*-LC

The helical pitch-controllable N*-LC (System 2) was
actually used as areaction field for acetylene polymerization.
The acetylene polymerizations were carried out at 0, 10, and
20 °C, where the half helical pitches of the N*-LC were
1.9, 2.6, and 3.4 um, respectively.

Figure 41 shows POMs of the N*-LCs (System 2) and
SEM photographs of the H-PA films. The PA films exhibit
spira fibril morphologies, which are quite similar to those
of the N*-LCs. It was confirmed that the fibrils screwed
clockwise to form helical bundles of fibrils and that the
bundles gave rise to the spiral morphology with one-handed
screw direction.

It has been elucidated hitherto that the interdistance (a)
between the fibril bundles of the H-PA is correlated with
half of the helical pitch (p) of the N*-LC, i.e., a= p/2. This
means that the interdistance of the fibril bundles can be an
index to evaluate not only the degree of the twisting of the
H-PA but also that of the N*-LC used as a solvent. The
interdistances obtained for the present H-PAs synthesized
at 0, 10, and 20 °C were 2.1, 2.9, and 3.6 um, respectively.
They are very close to half of the helical pitches (1.9, 2.6,
and 3.4 um) of the N*-LC observed at 0, 10, and 20 °C,
respectively (see Figure 41). This result demonstrates that
the screw structure and the spiral morphology of the H-PA
are well controlled by changing only the polymerization
temperature, when the present helical pitch-controllable N*-
LC is used as the asymmetric reaction field. Note that the
dightly larger values of the interdistances for the H-PAS, in
comparison with the halves of the helical pitches of the N*-
L Cs, are probably due to the exothermic heat evolved during
the acetylene polymerization. Namely, the exothermic heat
might raise the polymerization temperature to increase the
helical pitch of the N*-LC used as the polymerization
solvent.

9.2.2. Helical Sense-Controllable N*-LCs

The curves of the helical pitches of the N*-LCs induced
by D-1 (System 1) and by D-3 (System 2) are crossed at 26
°C, as shown in Figure 42. This suggests that the helical
inversion might occur in the N*-LC including both D-1 and
D-3 as chira dopants. The N*-LC is prepared by adding
these chiral dopants with appropriate ratios into the N-LCs.

The changesin the helical pitch of the N*-LC (System 3)
as a function of temperature are shown in Figure 43. The
polarized optical micrographs of System 3 are shown in
Figure 44. The helical pitch of 4.7 um at 0 °C increased
and became undetectable near 16 °C, as the temperature
increased. On further heating, the fingerprint texture reap-
peared near 20 °C, and the helical pitch decreased to 15 um
at 25 °C. Above 25 °C, the N*-LC phase changed into an
isotropic one. The N*-LC showed not only a fast response
to temperature change but also good reversibility in the
temperature range from 0 to 25 °C. The curvesfor the helical
pitches of System 1 and System 2 are crossed at 26 °C, but
the N-LC phase appeared from 16 to 19 °C, as seenin Figure
42. This temperature region can be regarded as the com-
pensation point between the two kinds of chiral dopants with
opposite helical sense (D-1 and D-3) when dissolved in one
N-LC.
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Figure4l. POM textures of N*-LC with D-3 (System 2) at 0 °C (left), 10 °C (middle), and 20 °C (right) and SEM photographs of H-PA
synthesized in N*-LC with D-3 at 0 °C (left), 10 °C (middle), and 20 °C (right).
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Figure 42. Temperature dependence of the helical pitches of the
N*-LCs with D-1 (System 1) and D-3 (System 2).
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Figure 43. Temperature dependence of the helical pitch of the
N*-LC with both D-1 and D-3 (System 3).

Subsequently, the helical sense of the N*-LC with both
D-1 and D-3 (System 3) was examined through the miscibil-
ity test. The POM photographs of the mixing area between
the N*-LC and the cholesteryl oleyl carbonate as a standard
LC is aso shown in Figure 44. The mixing area was
continuous from 0 to 15 °C, indicating that the screw
direction of the N*-LC in this temperature range is the same
asthat of the standard LC. However, from 16 to 19 °C, there

0 5 10 15

appeared a discontinuous boundary, showing a Schlieren
texture characteristic of a nematic LC, between the N*-LC
and the standard LC. The fingerprint texture reappeared in
the range from 20 to 25 °C, and the screw direction was
found to be opposite to that of the standard LC, i.e., right-
handed. This means that the screw directions of the N*-LC
below and above the compensation point (from 16 to 19 °C)
are opposite each other, indicating an occurrence of helical
inversion.

A schematic representation of the helical inversion in the
N*-LC with both D-1 and D-3 (System 3) is shown in Figure
45. 1t should be noted that the temperature region above the
compensation point is not entirely due to D-1 and that below
the compensation point is not entirely due to D-3. At low
temperature, the twisting power of D-3 is larger than that of
D-1; thus, the sum of twisting power gives the same screwed
direction of the N*-LC induced by D-3. The twisting power
of D-1 increases with increasing temperature, and then
becomes equal to that of D-3 at 16 °C. At this point
(compensation point), the twisting powers with opposite
directions for D-1 and D-3 cancel out each other, giving a
nematic phase. With further increasing temperature, the
twisting power of D-1 increases and becomes larger than
that of D-3. This leads to a helical inversion in the N*-LC.
Acetylene polymerization using the helical inversion-control-
lable N*-LC is now underway and the results are to be
reported in the near future.

In summary, helical pitch and helical sense-controllable
N*-LCs were prepared by using the newly synthesized two
types of chiral compounds, D-1 and D-2 to D-5. Therein,
D-1isan asymmetric center-containing chiral compound and
D-2 to D-5 are so-called “double chiral” compounds consist-
ing of an axialy chira binaphthyl moiety and asymmetric
center moieties, linked with methylene spacers. The N*-LC
including D-1 (System 1) shows an opposite temperature
dependence in helical twisting power to those of the N*-
LCs including D-2 to D-5. The chiral dopant D-3, where
both the binaphthyl moiety and the asymmetric center have
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Figure 44. POM textures of N*-LC with both D-1 and D-3 by changing temperature (upper), and the miscibility tests between the N*-LC
and standard cholesteric LC (lower). The helical sense of the N*-LC (System 3) was examined through the miscibility test. The observation
of the mixing area between the N*-LC and a cholesteryl oleyl carbonate as a standard L C was carried out through a POM. The mixing area
was continuous from 0 to 15 °C. However, from 20 to 25 °C, a discontinuous boundary appeared (a Schlieren texture characteristic of
nematic LC) between the N*-LC and the standard LC.
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Figure 45. Schematic representation of helical inversion of N*-
LC with both D-1 and D-3 (System 3). The arrows represent the
screw directions of the N*-LCs, and the sizes of the arrows represent
the degree of twisting powers of the chiral dopants.

(9)-configuration, was most effective for generating a N*-
LC (System 2) with extraordinarily large temperature
dependence. Thisis due to a substantial cancellation in the
helical twisting power between the double chiral moieties
having opposite screw directions, although both of them have
the same configuration. The helical pitch-controllable N*-
LC (System 2) enabled us to control the screw structure and
the spiral morphology of H-PA by changing only the
polymerization temperature. It is further elucidated that the
N*-LC including the two types of chiral dopants of D-1 and
D-3 (System 3) exhibited a temperature-dependent helical
inversion. The changes in helical sense and helical pitch in
the N*-LC were thermally reversible. It is anticipated that
the helical sense-controllable N*-LC (System 3) may serve
as the advanced asymmetric reaction field, which makes it

Pitch = o (16 °C)

3«"“

Standard LC:
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Pitch = 15 um (25 °C)

possible to control the screwed direction of conjugated and
nonconjugated polymers through the change of the polym-
erization temperature.

Part 4. Extension

10. Extension of H-PA

10.1. Morphology-Retaining Carbonization for
Helical Graphite

Carbon films are interesting materials because of their
special physicochemical and mechanical properties. They
have been used in various applications such as el ectrochemi-
cal energy storage®?® field-effect transitors,?:9?1 cell
electrodes, %212 catalyst supports,?*® gas-absorbent materi-
als,?® and wear-resistant coating.?** Many carbon thin films
or membranes supported by substrata have been reported that
consist of evaporated amorphous carbon?® and macroscopi-
cally aligned or random networks of carbon nanotubes,?*5-28
The freestanding carbon thin film, with a peculiar spira
structure such as hierarchical helical bundles of nanofibrils,
is expected to afford novel electrical and electro-magnetic
properties. However, it has been considered difficult to
prepare a freestanding carbon thin film through the carbon-
ization of an organic polymer film.?%220 This is because
carbonization at high temperature?®* causes thermal decom-
position and volatilization of hydrocarbon gases, destroying
the morphology of the original film. On the other hand, since
iodine doping of the PA film results in aremarkable increase
in electrical conductivity, iodine doping has been generally
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Figure 46. (a) SEM image of the H-PA film and (b) enlarged one. (c) Schematic representation of the helical morphology consisting of
twisted bundles of the PA nanofibrils. (d) SEM image of helical graphitic film prepared through a morphology-retaining carbonization of

iodine-doped H-PA and then heat treatment at 2600 °C.

adopted to increase the electrical conductivity of a variety
of conjugated polymers.?22-22

This section focuses on a new aspect of the iodine doping
by disclosing its indispensable role in maintaining the
nanostructure and morphology of precursors during carboniza:
tion.?25226. The nanofibril-fabricated H-PA films (Figure
10.1a—10.1c) are used to prepare the freestanding helical
carbon thin film. The H-PA film has spiral morphology in
which bundles consisting of nanofibrils with diameters below
100 nm are twisted and concentrically curled.

The helical carbon thin films were prepared by carboniza-
tion of the iodine-doped H-PA film at high temperature. The
atomic ratio of doped iodine-to-carbon in the PA film was
about 0.25. The thermal behaviors of the undoped and doped
PA films during carbonization were examined using ther-
mogravimetry and differential thermal analysis (TG-DTA).
The outgases generated during the heating of the doped PA
film up to 500 °C were aso examined using gas chroma
tography-mass spectrometry (GC-MS).

The doped PA film is almost completely carbonized at
temperatures above 800 °C. The thermal behavior observed
inthe TG-DTA curve for the doped PA filmis quite different
from that of the undoped film. No indication of the thermal
decomposition is observed in the DTA curve for the doped
PA film. The fibrous morphology of the origina structure
remains unchanged even after the carbonization and then the
heat treatment (Figure 46d). In addition, the weight loss of
the films due to carbonization at 800 °C is very small,
amounting to only 20% of the weight of the film before
iodine doping. Thus, the nanofibril-fabricated carbon filmis
obtained through the carbonization of the doped PA film.
X-ray diffraction of the carbon film prepared from the doped
PA film at 800 °C has no crystalline reflection (Figure 47a).
The Raman scattering spectrum of the carbon film shows a
strong, broad peak at 1350 cm™* attributed to the disordered
structure (D-band), together with a comparable peak at 1580
cm™* corresponding to the structure of the sp? hexagonal
carbon bond network (G-band)® (Figure 47b).

- 2600 "C - 2600 “C
-800 °C (b) = 800 °C

= 2T

g 2

2 2

z £

2 2

= |

10 20 30 1600 1400 1200

28 (degree) Wave number (cm")

Figure 47. (a) X-ray diffraction intensity curves and (b) Raman
scattering spectra for the films carbonized at 800 °C (black) and
those heat-treated at 2600 °C after the carbonization (red).

It is apparent that the iodine doping prevents the PA film
from thermally decomposing at high temperature. According
to the structural model of the iodine-doped PA film,?’
polyiodide ions such as I3~ and |5~ are situated between the
PA chains, forming a charge transfer complex (Figure 48a).
lodine tends to react with hydrogen at high temperature.?®
Since an outgassing of hydrogen iodide has been detected
by GC-MS during heating of the doped PA film, it can be
assumed that hydrogen contained in the doped PA isremoved
to some extent as hydrogen iodide from the PA chains, and
that the PA chains partially cross-link between the neighbor-
ing chains (Figure 48b). Furthermore, most of the hydrogens
are removed with increasing temperature. As a result, the
networks of sp? hexagonal carbon bonds are formed during
carbonization (Figure 48c). These results indicate that the
carbon film prepared from the iodine-doped PA film at 800
°C exists in an almost amorphous state.

The carbon film prepared at 800 °C can be further
graphitized by heat treatment at 2600 °C, as shown in Figure
47. The two peaks at 1350 and 1580 cm™* become sharp in
the Raman spectrum (Figure 47b). The sharp diffraction peak
corresponding to the (002) face of a graphitic crystal??®
indicates that the graphitic crystallization occursin the carbon
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Figure 48. (a) Structural model of the iodine-doped PA. (b) Hypothetical molecular model of the specimen formed on the way to the
dehydrogenation reaction from the iodine-doped PA film shown in Figure 48a. (c) Hexagonal carbon bond network formed at 800 °C after

passing through the model shown in Figure 48b.

diffraction pattern (inset). (c) High-resolution TEM image of the helical graphitic nanofibril. (d) Schematic representation of the helical
structure consisting of graphitic nanofibrils.

film through the heat treatment at 2600 °C (Figure 47a). It
should be emphasized that the carbon film heat-treated at
2600 °C has amost the same helical structure as those of
the original H-PA film and the carbon film prepared at 800
°C (Figure 46c,d).

Anindividual nanofibril in the carbon film can be dispersed
by ultrasonicating the carbon film in ethanol. A TEM image
of carbon nanofibril and its electron diffraction pattern (EDP)
are shown in parts (a) and (b), respectively, of Figure 49.
The EDP shows two pairs of the (002) reflection of the
graphitic crystals, having an intersection angle in the range
of 45—60° along the fibril axis (Figure 49b). From the results
of the EDP and a high-resolution TEM image (Figure 47c),
a schematic representation of a single helical graphitic
nanofibril can be deduced (Figure 47d). The origina undoped
H-PA film has an electrical conductivity of less than 10°°
S/em.t Meanwhile, the carbon film and the graphitic one
have the conductivities on the order of 10 and 10° S/cm,
respectively.

It is demonstrated that the iodine doping is quite effective
inincreasing carbon yield, and in preserving both the helical
nanofibril structure and the spiral morphology of the H-PA

films. Moreover, the carbon film obtained by carbonization
at 800 °C can be graphitized by heat treatment at 2600 °C
while still retaining their original nanofibril-fabricated struc-
tures. As-synthesized PA film and even iodine-doped PA one
are unstable under atmospheric conditions. Thisisthe reason
why the PA films are less feasible for practical use. However,
the carbon and graphitic films prepared from the iodine-
doped PA films are stable under atmospheric conditions. It
istherefore expected that these carbonized films might exhibit
intrinsic functions characteristic of the helical structure, and
that they might also be used in practical carbon materials.

In summary, the carbonizations of H-PA films by way of
iodine doping afford carbon and graphitic films which
completely preserve morphologies and even helical nanofibril
structures.

11. Conclusions

We summarize the new progress in the hierarchicaly
controlled H-PAs synthesized in the asymmetric reaction field
consisting of N*-LC.
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Part 1 described the advanced asymmetric reaction field
constructed with an N*-LC. The novel tetrasubstituted LC
axialy chiral binaphthyl derivatives with high helical twisting
powers were explored to be useful for inducing a highly
twisted N*-LC. The liquid crystallinity of the chiral dopant
has no direct influence on the helical twisting power of the
N*-LC; it plays the important role of increasing the miscibil-
ity of the chiral dopant to host N-LC, leading to an increase
of the upper limit in concentration of the chiral dopant. Both
the highly helical twisting power and the high miscibility of
the chiral dopant are promising for highly twisted N*-LCs.

Part 2 focused on the control of fibril structure and
orientation of the morphology of H-PA. It is found that the
highly screwed N*-LC with a helical pitch of 270 nm
depresses the formation of the bundle of fibrils of H-PA,
resulting in a bundle-free fibril morphology consisting of
single fibrils. This indicates that the degree of screwing in
the N*-LC is a key factor to control the bundle formation
and/or depression in the fibril morphology of H-PA. The
orientation-controllable N*-LCs enable us to synthesize
macroscopically aligned H-PAs with vertically or horizon-
tally oriented fibril morphology. It is found that the chiral
titanium complexes, having chiral center-containing groups
or axially chiral binaphthyl ones as coordination ligands, not
only serve as chiral dopants to N-LCs, giving induced N*-
LCs, but aso play the role of cataysts for acetylene
polymerization.

Part 3 was concerned with the control of the helical
twisting power and helical sense of the N*-LC and H-PA.
The twisting power of the crown ether-type binaphthyl
derivativesincreases with decreasing ring size of crown ether.
It isfound that the bridged- and nonbridged-type binaphthy!
derivatives are useful for the control of helical sense of the
N*-LC and H-PA because they show oppositely screwed N*-
L Cswhen added as chira dopantsinto N-L Cs, although they
have the same configuration. The helical pitch and helical
sense-controllable N*-LCs can be prepared by using the
double chiral dopants with opposite temperature dependence
in helical twisting power and opposite screw directions. It
is anticipated that the helical sense-controllable N*-LC serves
as the advanced asymmetric reaction field, enabling us to
control the screwed direction of conjugated and nonconju-
gated polymers through the change of the polymerization
temperature.

Part 4 described the morphology-retaining carbonization
for helical graphite using H-PA as a carbonization precursor.
The carbonizations by way of iodine doping afford carbon
and graphitic films with completely preserved morphologies
and even helical nanofibril structures of H-PA films.

It is demonstrated that the asymmetric liquid-crystal
reaction field composed with N*-LC and Ziegler—Natta
catalyst is promising for controlling the hierarchical structure
of H-PA. It is worth noting that by using the N*-LC as an
asymmetric polymerization solvent, the helix formation is
possible not only for PA but also for sz-conjugated polymers
without chiroptical substituents in the side chains. In fact,
very recently, other kinds of spiral morphology containing
conjugated polymers such as polybithiophene, polyethylene-
dioxythiophene derivatives, and phenylene—thiophene co-
polymers were synthesized through chemical or electro-
chemical polymerizations in N*-LCs.8-8 The asymmetric
L C reaction field should be readily applicable to producing
next-generation conjugated polymers with innovative func-
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tion?39-2% gnd a wide range of polymeric materials through
control of their chirality and hierarchy.
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