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ABSTRACT: The formation mechanism of helical polyacetylene (H-PA) in chiral nematic liquid crystal
(N*-LC) used as an asymmetric reaction field was investigated by taking into account the relationship in
morphology between the H-PA and N*-LC. The spiral texture characteristic of N*-LC observed in polarized
optical microscopy was examined and compared with the spiral morphology of the resultant H-PA. The
distance between the fibril bundles of H-PA was determined to be half of a helical pitch of N*-LC; in addition,
the helical axis of H-PA is orthogonal to that of N*-LC. Interestingly, the screw direction of the H-PA fibrils
was found to be opposite to that of N*-LC. On the basis of these experimental facts, we propose a chemically

graspable formation mechanism of H-PA in N*-LC.

1. Introduction

Helical conjugated polymers' are useful for various applications,
such as nanowires,” electrical and magnetic devices,3 chiral resolu-
tion reagents,* and biotechnologies.” Polyacetylene (PA) is the
simplest conjugated éaolymer and a prototype of an electrical
conductive polymer.® ® Because helical polyacetylene (H-PA)
was synthesized in chiral nematic liquid crystal (N*-LC) used
as an asymmetric reaction field,”' substituted PA derivatives of
helical conformations have been extensively studied.*'" The N*-LC
can be prepared by adding a small amount of chiral compound as
a chiral dopant into a nematic LC (N-LC)."? The helical pitch of
N*-LC is controlled by changing the helical twisting power and the
concentration of the chiral dopant.'* The helical sense of N*-LC is
regulated by the chirality of the chiral dopant. Therefore, the
induction of chirality in N-LC with a chiral dopant is a type of
chiral amplification.'* In addition, it was recently reported that
helix formation is possible for not only PA but also other aromatic
mr-conjugated polymers without chiroptical substituents by using
N*-LC as an asymmetric polymerization solvent.'>'®

Polarizing optical microscopy (POM) revealed a fingerprint
texture of N*-LC and that the helical axis is in the plane of the
plates.'”'® The H-PA film contains a polydomain with spiral
morphology, and each domain is composed of a fibril bundle with
a one-handed screw direction.” The spiral structure of H-PA is very
similar to the spiral morphology of N*-LC, and it seems that the
spiral morphology of H-PA is formed by replicating that of the
N*-LC structure through interfacial acetylene polymerization.
Although many studies have aimed to elucidate the formation
mechanism of H-PA in the N*-LC, a thorough understanding is
still lacking. It is essentially important for extending the versatility
of the asymmetric polymerization using the N*-LC to rationalize
unambiguously how the achiral monomer is polymerized to gen-
erate the helical conjugated polymer with a spiral morphology.

In this work, the structure of N*-LC was investigated with POM,
and a model structure of the self-assembled N*-LC is proposed.
The H-PA films synthesized in N*-LC as an asymmetric reaction
field, and the morphologies of the films were investigated by
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scanning electron microscopy (SEM). In addition, the relationship
between the spiral structures of N*-LC and H-PA was elucidated.
On the basis of experimental evidence, a chemically graspable
description of the formation mechanism for H-PA in the N*-LC
is proposed. The present formation mechanism should be applic-
able for other helical conjugated polymers synthesized in the asym-
metric reaction fields consisting of N*-LCs or cholesteric LCs.

2. Experimental Section

2.1. Synthesis of N-LCs and Chiral Dopants. An N*-LC to be
used as an asymmetric solvent was prepared by the addition of a
small amount of chiral compound to an N-LC solution. To be
the medium, the N*-LC must be chemically stable. Phenylcy-
clohexyl (PCH) derivatives, 4-(trans-4-n-propylcyclohexyl)-
ethoxybenzene [PCH302] and 4-(trans-4-n-propylcyclohexyl)-
butoxybenzene [PCH304] were synthesized by Williamson
etherification. Molecular structures of these N-LCs are shown
in Scheme S1 of the Supporting Information. The N phase of an
equimolar mixture of two LCs, PCH302 and PCH304, was
exhibited from 20 to 35 °C.

The mesophase temperature region of N*-LC depends on the
concentration of the chiral dopant. With increasing concentration,
the region narrows; in addition, the mesophase is destroyed when
the concentration approaches a critical value. Because of the limita-
tion of the concentration method, an alternative approach of using a
chiral dopant with large twisting power was adopted. Axially chiral
binaphthyl derivatives were used as chiral dopants because they
have been reported to possess larger twisting powers than those
of asymmetric carbon-containing chiral compounds. Binaphthyl
derivatives, (R)- or (S)-1,1’-binaphthyl-2,2’-bis-[para-(trans-4-n-
penthylcyclohexy-l)phenolxy-1-hexyllether [(R)- or (S)-PCH506-
Binol], were synthesized by Williamson etherification between
chiroptical (R)- or (S)-1,1-bi-2-naphthols and PCH derivatives.
The substituent contains a PCH moiety, n-pentyl group (with five
carbons), and a hexamethylene chain linked with an ether-type
oxygen atom [—(CH,)¢O—, 06] and is referred to as PCH506.

2.2. Preparation of N*-LC. We prepared the N*-LCs by
adding 0.5 to 1.5 mol % of axially chiral binaphthyl derivatives
[(R)- or (S)-PCHS506-Binol] as chiral dopants to an equimolar
mixture of the N-LCs, PCH302, and PCH304. The N*-LCs
induced by (R)- and (S)-PCHS506-Binol, which are abbreviated

Published on Web 09/28/2010 pubs.acs.org/Macromolecules



8364 Macromolecules, Vol. 43, No. 20, 2010

Mori et al.

Table 1. Helical Pitches of N*-LCs and Interdistance of the Fibril Bundle of Helical Polyacetylene

(R)-N*-LC (R)-H-PA
. - Distance
al . . L
. Helical pitch Screw direction between fibril Helical sense
(um) bundles
(£0.2 um)
1 9.1 42
2 4.6 n 24 n
Right-handed Left-handed
3 3.1 1.6

“Variable n is mole ratio of (R)-PCH506-Binol as chiral dopant [PCH302/PCH304/(R)-PCH506-Binol 100:100:7]. > Measured with Cano’s wedge
method at room temperature. “ Determined with the contact method, in which cholesteryl oleyl carbonate is used as a standard N*-LC.

as (R)-N*-LC and (S)-N*-LC, respectively, exhibited finger-
print textures in POM. As shown in Figure S1 of the Supporting
Information, the formation of an N*-LC was confirmed based
on the appearance of Schlieren characteristics in the fingerprint
texture by POM. The microscopic observation was carried out
under crossed Nicol prisms with a Nikon ECLIPSE E 400 POL
polarizing optical microscope equipped with a Nikon Coolpix
950 digital camera and a Linkam TH-600PM and L-600 heating
and cooling stage with temperature control. Thermal transition
behaviors were determined with a Perkin-Elmer differential
scanning calorimeter (DSC) at a rate of 10 °C min~! under an
argon atmosphere. The temperature range of the N* phase was
14 to 32 °Cin the heating process and —12 to 31 °C in the cooling
process. Accounting for the effect of supercooling on the LCs,
the catalyst solution consisting of the LC mixture and the chiral
dopant was available for polymerization from 5 to 25 °C. This
sufficiently wide temperature region enabled us to perform the
acetylene polymerization in the N* phase.

2.3. Synthesis of H-PA in N*-LC. The prepared N*-LCs were
used as asymmetric solvents for a reaction with a Ziegler—Natta
catalyst of Ti(O-n-Bu), and Et;Al. The typical concentration of
Ti(O-n-Bu), was 20 mmol/L, and the mole ratio of [Al]/[Ti] was
4. The catalyst containing N*-LC was aged for 30 min at room
temperature. During the aging, the catalyst containing N*-LC
showed no noticeable change in optical texture and only a slight
lowering of the transition temperature by 2 to 5 °C, and thus the
N*-LCs were confirmed to be chemically stable in the presence
of the catalyst.

After aging, the N*-LC was moved via a syringe to a flat-
bottomed container placed in a Schlenk flask. The Schlenk flask
was connected to a vacuum line via a flexible joint and then
degassed. We carried out the acetylene polymerization by introdu-
cing acetylene gas to the catalyst-containing N*-LC. The polymer-
ization temperature was Kept constant at 14 °C to maintain the
N* phase by circulating cooled ethanol through an outer flask
enveloping the Schlenk flask. Acetylene gas (six-nine grade) was
used without further purification. We maintained the polymeriza-
tion temperature by immersing the Schlenk flask in a temperature-
controlled alcohol bath. The initial acetylene pressure was about
20 to 30 Torr, and the polymerization time was 15 to 30 min. After
polymerization, the PA film was washed with purified toluene
several times and then with a | N HCl—methanol mixture and THF
under argon at room temperature. The film was dried on a Teflon
sheet through vacuum pumping and stored in a freezer at —20 °C.

3. Results and Discussion

3.1. Characterization of N*-LC. The helical pitch ({79) of the
N*-LC was evaluated using Cano’s wedged method.”” When
the N*-LC sample was inserted into wedge-type cell with
gradient thickness, the discontinuity lines named the Cano lines
appeared on the surfaces of cell under crossed Nicols.”*~?* We
determined the helical pitch by measuring the distance (@) bet-
ween Cano lines as follows: p = 2a tan 6, where 6 is the angle of
the wedge of the cell. Table 1 shows the changes of helical pitch

of the (R)-N*-LC as a function of mole ratio of the chiral
dopant. For instance, when the concentrations of PCH302 and
PCH304 and the chiral dopant were 100:100:1 in molar ratio,
the concentration of the chiral dopant was 0.5 mol %, and the
helical pitch of the (R)-N*-LC was evaluated to be 9.1 um. As
the concentration of the chiral dopant increased, the helical
pitch of the N*-LC decreased, indicating an increase in the
degree of the helical twisting for the N*-LC.

Cholesteryl oleyl carbonate is known to be a left-handed
N*-LC (cholesteric LC) and is useful as a standard LC in the
miscibility test (contact method) for examining the helical sense
of the N*-LC.>® The miscibility test 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 area is continuous;
otherwise, it is discontinuous. As shown in Figure 1a, a mixture
of (R)-N*-LC and cholesteryl oleyl carbonate exhibited a
boundary of Schlieren texture in POM. In contrast, as shown
in Figure 1b, a mixture of (S)-N*-LC and cholesteryl oleyl
carbonate showed no change in the optical texture. These results
demonstrate that the screw directions of (R)-N*-LC and (S)-
N*-LC are opposite to and the same as that of cholesteryl oleyl
carbonate, respectively. The (R)-N*-LC and (S)-N*-LC are
right-handed and left-handed N*-LCs, respectively.

3.2. Model Structure of N*-LC. To gain insight into
constructing a model of the N*-LC structure, we first examined
how the spiral domain of the N*-LC changes under POM
observation. Figures 2 and 3 show POM photographs of the
N*-LC [PCH302/PCH304/(R)-PCH506-Binol 100:100:1] at a
temperature close to the clearing point (34.5 °C) between the
N*-LC and isotropic phases. Movies of POM observations are
also provided in the Supporting Information as Figures S2 and
S3. Changes of the spiral domain spontaneously occurred upon
a slight change in temperature around the clearing point. The
domain grew from the center of the swirl and gradually increased
in size, exhibiting a spiral texture with a left-handed direction
(Figure 2). The newly formed spiral domain diminished in size
by unfolding in the right-handed direction (Figure 3).

Figure 4 shows a POM photograph of the (R)-N*-LC
domain that formed a left-handed double spiral structure. On
the basis of this POM photograph, we proposed a model of the
(R)-N*-LC domain, as shown in Figure 4. In our model, the
spheroids are the N*-LC molecules, and the long axes of the
spheroids are parallel to the director (an averaged direction for
the LC molecules within a domain) of the N*-LC. The LC
molecules are orthogonal to the chiral axis of the N*-LC, and
the LC molecules rotate around the chiral axis of N*-LC. The
double spiral is formed in the same direction as the N*-LC.

On the basis of our model, the (R)-N*-LC has a left-handed
double spiral structure at the free surface, and the spatial period
of the N*-LC is equal to one-half of the pitch. Therefore, the
distance between the striae of the spiral domain corresponds to
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Figure 1. Miscibility tests between (a) (R)-N*-LC or (b) (S)-N*-LC and the standard LC (cholesteryl oleyl carbonate) with a left-handed screw
direction at r.t. SEM images of fibril bundles of the H-PA film synthesized in (c) (R)-N*-LC and (d) (S)-N*-LC [PCH302/PCH304/(R)- or
(S)-PCHS506-Binol 100:100:2]. The distances of fibril bundles are ~2.4 um, and the helical half pitch of (R)-N*-LC is ~2.3 um.

10 um

Figure 2. POM photographs of growing behaviors of (R)-N*-LC [PCH302/PCH304/(R)-PCH506-Binol 100:100:1] at 34.5 °C in the cooling process
from the isotropic to N*-LC phase. The temperature of 34.5 °C corresponds to the clearing point between the N*-LC and isotropic phases.

one-half of the helical pitch of N*-LC. In the POM of the
N*-LC domain, the dark and bright lines correspond to regions
where N*-LC is perpendicular and parallel to the substrate,
respectively. The helical axis of N*-LC is parallel to the
substrate and expands from the center of the swirl.

3.3. Characterization of H-PA Films. The H-PA films
synthesized in the (R)- and (S)-N*-LCs are abbreviated as
(R)-H-PA and (S)-H-PA, respectively. The SEM images of

the H-PA films are shown in Figure 5. A polydomain with
spiral morphology was formed with each domain composed
of a helical bundle of fibrils with one-handed screw direction.
The (R)-H-PA has a spiral morphology with a left-handed
screw direction. The spiral direction of the H-PA synthesized
in the N*-LC is the same as that of the N*-LC because the
(R)-N*-LC showed a left-handed spiral structures. The
polydomain-type fibril morphology of H-PA appears to
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Figure 3. POM photographs of the diminishing behaviors of (R)-N*-LC [PCH302/PCH304/(R)-PCH506-Binol 100:100:1] at 34.5 °C in the heating
process from the N*-LC to isotropic phase. The temperature of 34.5 °C corresponds to the clearing point between the N*-LC and isotropic phases.
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Figure 4. POM photograph of the spiral morphology of (R)-N*-LC at 14.0 °C and a model of the left-handed double spiral morphology of N*-LC.

replicate that of N*-LC during the interfacial acetylene
polymerization.

As shown in Figure lc,d, (R)-H-PA and the (S)-H-PA
exhibited helical fibrillar morphologies with left- and right-
handed screw directions, respectively. These results imply that
the screw direction of H-PA is controlled by the helicity of the
chiral dopant, that is, the optical configuration of the chiral
dopant, so long as the N*-LC induced by the chiral dopant
is employed as the asymmetric polymerization solvent. For
(R)-H-PA, the fibrils screw in a left-handed manner, but the
miscibility test showed that (R)-N*-LC has a right-handed
helical structure (Figure 1a). Namely, the screw direction of the
H-PA fibrils is opposite to that of the N*-LC used as the
polymerization solvent. This was an unexpected result, especially
to be solved unambiguously. (The more detailed arguments
are cited in the Supporting Information. See also Figure S4,
Table S1, and Schemes S2 and S3.)

As shown in Figures lc,d, the fibril bundles of H-PA are
aligned parallel to each other. Therefore, the distance be-
tween the fibril bundles remains unchanged. The morphol-
ogy of the fibril bundles of H-PA is similar to the fingerprint
texture observed in the N*-LC. We examined the distance
between the fibril bundles of PA through magnified SEM
images and compared it with the helical pitch of the N*-LC
(Table 1). The distance between the fibril bundles of H-PA
was 4.2 um when the N*-LC with a helical pitch of 9.1 um

was used as the asymmetric reaction field. The distance
between the fibril bundles is equal to about one-half of the
pitch of the corresponding N*-LC.

Figure 6 shows circular dichroism (CD) spectra of the
H-PAs. Positive and negative Cotton effects for (R)- and
(S)-H-PA were observed, respectively, in the region from 450 to
800 nm, corresponding to a t—* transition of the PA chain.
These results indicated that the PA main chain is helically
screwed, despite the absence of chiroptical side chains.

3.4. Formation Mechanism of the H-PA in the N*-LC.
Figure 7 shows a POM photograph of the spiral morphology
of (S)-N*-LC and an SEM image of (S)-H-PA. The spiral
morphology of H-PA resembles that of N*-LC. The relation-
ship between the H-PA and the N*-LC is as follows: (i) The
twist direction of (R)-N*-LC is right-handed, whereas the
screw direction of the (R)-H-PA is left-handed. The screw
direction of the H-PA fibrils is opposite to the twist direction
of the N*-LC. (ii) The half-helical pitch (4.6 um) of N*-LC
is close to the distance between the H-PA fibril bundles
(4.2 um). (iii) The screw direction for H-PA having spiral
morphology is the same as that of N*-LC. Therefore, the
H-PA grows along with the striae of the fingerprint texture
of N*-LC. As seen in Figure 7, the helical axis of H-PA is
parallel to the PA chain, and the helical axis of N*-LC is
perpendicular to the striae of the N*-LC. Therefore, the
helical axis of H-PA is perpendicular to that of the N*-LC.
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Figure 5. (a,b) POM photographs of spiral morphologies of (R)-N*-LC at 14.0 °C and (c,d) SEM images of hierarchical spiral morphologies of H-PA
film synthesized in (R)-N*-LC [PCH302/PCH304/(R)-PCH506-Binol 100:100: 3]. The distance between fibril bundles is ~1.6 um, and the helical half
pitch of (R)-N*-LC is ~1.5 um. (See Figure 8, as for the helical half pitch of N*-LC.)
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Figure 6. CD spectra of H-PA thin films ((R)-H-PA and (S)-H-PA)
synthesized in (R)-N*-LC and (S)-N*-LC, respectively [PCH302/
PCH304/(R)- or (S)-PCH506-Binol 100:100:3].

When discussing the formation mechanism of the H-PA in the
N*-LC, we must consider the free surface structure of the N*-
LC because the acetylene polymerization occurs interfacially
between the gas and liquid phases. Experimental evidence from
acetylene })olymerizations using gravity flow and magnetic field
methods®** revealed that the PA chains grow along the LC
molecules. This is easily understood by viewing the external
force-oriented LC reaction field, where the aligned LCs form so-
called “one-directionally lined guardrails” and the PA chains are
allowed to grow only along and between the guardrails, as
shown in Figure S5 of the Supporting Information.

Therefore, the formation mechanism of the H-PA in the
N*-LC was examined by accounting for both the acetylene
polymerization process and the relationship between the

morphology of the H-PA and the helical structure of the N*-
LC. Figure 8 shows a plausible mechanism for the interfacial
acetylene polymerization in the N*-LC, which is based on the
model structure of the N*-LC previously shown in Figure 4. In
Figure 8, the H-PAs are represented as blue ribbons, and they
are assumed to grow along the N*-LC molecules (yellow
spheroids) horizontal to the substrate. The H-PA chains grow
with a helically twisted structure and form helical fibrils through
van der Waals interactions. The fibrils further gather to form a
bundle of fibrils. (See Figure 12.) It is apparent from Figure 8
that the distance between the fibrils in a bundle corresponds to
the helical pitch of the N*-LC. The helical axis of the N*-LC
radiates in all directions out of the central vortex, whereas the
H-PA helical axis is along the tangential line of the vortex.
Therefore, the helical axes of the N*-LC and H-PA are ortho-
gonal to each other.

In the case of right-handed N*-LC, the H-PA chain grows
from the catalytic species in a left-handed manner. The distance
of the H-PA fibrils corresponds to one-half of the pitch of
N*-LC. Because it is difficult for PA to be orthogonal to the LC
molecule, it grows parallel to the LC molecules. The helical axes
of the H-PA are aligned parallel to the striae and thus the
director of N*-LC. The director and the helical axis of N*-LC
are perpendicular to each other. Therefore, the helical axis of PA
is perpendicular to that of N*-LC. The H-PA chains with a
screw direction opposite to that of N*-LC smoothly propagate
along the LC molecules, as shown in Figure 9a. When the H-PA
chains with the same screw direction as that of the N*-LC
encounter the LC molecules, a sterically unfavorable polymer-
ization results, as shown in Figure 9b.

The present polymerization mechanism for H-PA resem-
bles that of a so-called “spiral bevel gear”,?” as shown in
Figure 10, in which two gears are orthogonally arranged with
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Figure 7. (a) POM photograph of spiral morphology of (S)-N*-LC, [PCH302/PCH304/(S)-PCH506-Binol 100:100:2] at 14.0 °C. (b) SEM image of
spiral morphology of H-PA film. The helical half pitch (p/2) of (S)-N*-LC is ~2.3 um, and the distance between the fibril bundles (d) is ~2.4 um. The
arrows in the Figures indicate (a) the helical axis of N*-LC and (b) the helical axis of H-PA.

Figure 8. Schematic representation of the mechanism for acetylene polymerization in N*-LC (upper right and lower). H-PA chains with a left-handed
screw direction grow and extend in the right-handed N*-LC. An SEM image of H-PA film is shown for comparison (upper left).

spiral directions opposite to each other. The rotation torque
of the gear can be transferred to another gear with an
opposite rotation direction. In the spiral bevel gear, two
gears are set to be orthogonal, and their spiral rotation
directions are opposite to each other. If the gears have the
same spiral directions, then the rotation torque of one gear
cannot be transferred to another one. Similarly, the spiral
axis of the H-PA is orthogonal to that of the N*-LC, and
hence the spiral directions need to be opposite to each other;
otherwise, the H-PA cannot grow in the N*-LC. Hereafter,
the present acetylene mechanism is called the “bevel-type
screw arrangement” mechanism between the forming PA
fibrils and the LC twist.

To prove the proposed formation mechanism more di-
rectly and evidently, we attempted to observe in stepwise the
in-site growth of PA chains and fibril bundles by using CCD
camera under POM. However, the in-site observation failed
because (i) the interfacial acetylene polymerization is in-
stantly completed, the speed of which is too fast to be
observed by CCD camera, and (ii) the N*-LC including
Ti(O-n-Bu)4-AlEt; catalyst is black in color, prohibiting the
observation of the polymerization surface itself.

Therefore, instead we depicted a plausible overall acety-
lene polymerization in the N*-LC reaction field on the
basis of the “bevel-type screw arrangement” mechanism.
As shown in Figure 11, the PA chain grows along the twisted
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Figure 9. Schematic representation of the mechanism for acetylene polymerization in N*-LC. H-PAs with (a) left-handed and (b) right-handed screw
directions are assumed to grow in the right-handed N*-LC. The PA chain can grow along the director of N*-LC when the helical direction of H-PA and
the screw direction of the N*-LC are opposite to each other (a). However, the PA chain cannot grow along the director of N*-LC when the helical

direction of PA is coincident with the N*-LC direction (b).

Left-handed
H-PA

Right-handed
N*-LC
(Reaction filed)

Right-handed
Spiral Bevel Gear

Figure 10. Relationship between helical axis of the N*-LC and that of H-PA and illustration of spiral bevel gear.?®

LC molecules, particularly around the LC molecules hor-
izontally placed to the substrate to give a helical chain (a).
Note that horizontally aligned LCs (represented by yellow)
are much more favorable for the growing of PA chains than
the vertically aligned ones (represented by red color) because
the PA growth along the latter LC molecules needs the
diffusion of acetylene into the N*-LC solution and becomes
less active compared with the interfacial polymerization
mainly contributed by horizontally placed LC molecules.
The neighboring helical chains spontaneously form a helical
fibril through van der Waals interaction (b). Besides, the
neighboring helical fibrils are gathered through van der
Waals forces to produce a bundle of fibrils with helically

twisted structure (c). Similar growths of helical PA chains,
fibrils, and bundle of fibrils should occur simultaneously
around the horizontally aligned LC molecules, which are
separated by a half helical pitch of the N*-LC (d), and hence
the bundles of fibrils are separated by a half helical pitch of
the N*-LC (e). Because the horizontally aligned LC mole-
cules exhibit a spiral structure, the bundle of fibrils also
forms spiral morphology (f). The helical axes of N*-LC and
H-PA are orthogonal to each other.

Figure 12 shows the superhierarchical helical structures in
the H-PA. The H-PA main chain is twisted with a one-
handed direction. There is also a screwed structure and a
bundle of fibrils with the same screw direction as that of the
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Figure 11. Plausible overall acetylene polymerization in the N*-LC reaction field on the basis of the “bevel-type screw arrangement” mechanism.
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Figure 12. Hierarchical helical structures from the primary to the higher-order structure in helical polyacetylene.

fibril. The higher-order structure gives the characteristic
spiral morphology, which is scarcely observed in synthetic
polymers. Such a helical structure is due to the asymmetrical
polymerization using the N*-LC as a reaction field.

The present mechanism is also applicable for the acet-
ylene polymerization in magnetically aligned N*-LC.?’
When a magnetic field of 5 T was applied to the N*-LC of
polydomain structure, N*-LC macroscopically aligned to
form a monodomain structure (Figure 13a,b). The helical
axis of N*-LC is perpendicular to the direction of the
magnetic field (Figure 13a). The acetylene polymerization
in the N*-LC of monodomain structure produces a macro-
scopically aligned H-PA. Whereas the helical axis of the
fibril bundle of H-PA is parallel to the direction of the mag-
netic field, it is perpendicular to the helical axis of the

N*-LC. Similarly to the case of the polydomain N*-LC,
the orthogonal relationship in the direction of the helical
axis between the N*-LC as a reaction field and the H-PA as
a reaction product is observed in the monodomain reaction
field. The polymerization results of Figure 13 are consistent
with the results depicted in Figures 8, 9, and 11; the H-PAs
grow along the N*-LC molecules in each domain. Figure 14
shows a schematic representation of the acetylene polym-
erization in the macroscopically aligned N*-LC with a
monodomain structure. In this Figure, the H-PAs with a
left-handed screw structure grow in the right-handed
monodomain N*-LC. The H-PAs are gathered through
van der Waals interactions to form helical fibrils, and the
helical fibrils further form helical fibril bundles to produce a
macroscopically aligned morphology (Figure 13).
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Figure 13. (a,b) POM photographs of N*-LC with a monodomain under a magnetic field of 5 T for 5 min at 14.0 °C. (c,d) SEM images of H-PA film
synthesized in the aligned (R)-N*-LC with a monodomain under a magnetic field [PCH302/PCH304/(R)-PCH506-Binol 100:100:3 molar ratio].
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Figure 14. Schematic representation of the mechanism for acetylene polymerization in the macroscopically aligned N*-LC under a magnetic field.
H-PAs with left-handed screw direction grow in the right-handed N*-LC. Helical axes of H-PA are perpendicular to those of N*-LC.

4. Conclusions

The formation mechanism of the H-PA in the N*-LC used as
an asymmetric reaction field was clarified by taking into account
the relationship in morphology between the N*-LC structure
and the H-PA. The interdistance of the fibril bundles of the
H-PA is nearly equal to the half helical pitch of the N*-LC.
The helical axis of H-PA is orthogonal to that of the N*-LC. The
helically twisted direction of the H-PA fibrils is opposite to that of
the N*-LC. The model for the spiral morphology of N*-LC was
presented, and the chemically graspable picture for the mechan-
ism of the acetylene polymerization in the N*-LC was provided.

The present formation mechanism should be applicable for other
helical conjugated polymers synthesized in the asymmetric reac-
tion fields composed of N*-LCs or cholesteric LCs.
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