hpg)

Polymer Journal (2012) 44, 490-502
© 2012 The Society of Polymer Science, Japan (SPSJ) All rights reserved 0032-3896/12

www.nature.com/pj

FOCUS REVIEW

Liquid crystal supermolecules stabilizing an optically
iIsotropic phase with frustrated molecular organization

Atsushi Yoshizawa

Cubic and blue phases have attracted a significant amount of attention because of their unusual phase structures with optical
isotropy and because of their application to ion transfer in the cubic phase and to electrooptical switching in the blue phase.
However, the driving forces for the frustrated liquid-crystalline phases differ from those for a conventional liquid-crystalline
phase composed of rod-like molecules. We show that preprogrammed liquid-crystalline supermolecules can stabilize frustrated
molecular organization in optically isotropic phases. Competition between steric effects caused by a taper-shaped oligomeric
structure and segregation effects attributable to hydrocarbon/fluorocarbon amphiphilicity produces fluctuation of the layer
structure, inducing the lamellar-to-cubic phase transition. Cooperation between inherent molecular chirality and the chirality-

induced twist conformations of the mesogenic units stabilizes double-twist structures in blue phases. Furthermore, we
demonstrate high-transmittance, sub-millisecond responses and hysteresis-free switching in a room temperature amorphous

blue phase stabilized by a liquid crystal supermolecule.

Polymer Journal (2012) 44, 490-502; doi:10.1038/pj.2012.55; published online 9 May 2012

Keywords: blue phase; chirality; cubic phase; display; liquid crystal; molecular assembly; supermolecule

INTRODUCTION

Supermolecular assemblies with well-defined morphologies are fun-
damental components in the structural formation in biological
systems and in the production of novel functional materials. For
those reasons, an investigation of the driving forces underlying this
self-assembly process is important.!”'% The primary factor in the
thermotropic liquid-crystalline phases is the gross molecular shape of
compounds.’? Well-designed intermolecular interactions, that is,
metal-containing systems,>* charge-transfer systems® and hydrogen-
bonded systems,6 have been investigated. Furthermore, molecular
topology” and microsegregation® have been recognized as the origins
for producing novel self-organizing systems. These approaches have
produced functional liquid crystals as designed self-assemblies.”!!
Supramolecular assemblies comprising supermolecules,'? that is,
dimeric and oligomeric liquid crystals,’*!> and dendrimers'® have
been investigated extensively. Liquid crystal oligomers consist of
molecules containing two or more mesogenic units interconnected
via flexible spacers. Dimeric liquid crystals are attractive because they
exhibit different properties from those of conventional low-
molecular-mass liquid crystals and serve as models for main chain
liquid crystal polymers. For instance, the transition properties of
dimeric liquid crystals are known to depend on the length and parity
of the flexible spacer. Pronounced odd-even effects were observed for
transition properties of linear liquid crystal oligomers when the spacer
length was varied. The transition behavior is interpreted in terms of

how the spacers control the average molecular shape. Figure 1 depicts
some examples of liquid crystal oligomers and dendrimers. Nonlinear
molecular shapes in which one mesogenic unit is connected at a
lateral site produce A-shaped!”!® and T-shaped!®?! liquid crystals.
The descriptions of T-, U- and A-shaped molecules generally refer to
their schematic representations, but in a liquid-crystalline phase, the
molecules tend to adopt extended conformations in which the
mesogenic units try to align themselves to the director. Different
molecular arrangements of mesogenic units may lead to a rich
polymorphism. Monolayer organization vs the intercalation of the
dimesogens can engender commensurate and/or incommensurate
structuring.?? Coupling between chirality and oligomeric structures
can produce novel phenomena. Interesting odd-even effects were
observed for chiral properties of dimeric liquid crystals.?®**
Supermolecules comprising preorganized mesogenic units have been
designed because they can form secondary and tertiary structures with
unique physical properties. Particularly, the molecular design for
frustrated liquid-crystalline phases with a hierarchical structure has
become an attractive field of materials science.’> Among frustrated
phases, we specifically focus on optically isotropic phases, that is,
cubic and blue phases, in this review.

Liquid crystals are characterized by birefringence because they
have optical anisotropy. However, some liquid crystals, that is, cubic
and blue phases, exhibit optical isotropy. Cubic liquid-crystalline
phases, which represent three-dimensional-ordered supramolecular
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arrangements, such as interpenetrating networks and spheroids, have
recently attracted much attention.?®2® Cubic mesophases are
common in lyotropic systems, such as surfactant—solvent systems.
The mesophase morphologies of these amphiphilic systems are
governed mainly by the volume fraction of the two incompatible
segments combined in such molecules. Upon increasing the volume
fraction of one component, the phase sequence of lamellar (smectic,
SmA), bicontinuous cubic (Cub,), hexagonal columnar (Coly), and
micellar cubic (Cuby) is typical for the morphologies of the
mesophases of these systems (see Figure 2). The value of the interface
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curvature between hydrophilic regions and lipophilic regions is
recognized as the key factor determining the mesophase morphology
of these systems.?>3® Cubic structures can also be found in
amphiphilic block copolymers®! and polyelectrolytes.>? In contrast
to lyotropic cubic systems, some thermotropic compounds with a
cubic phase are also known. They have been found for nitro-
substituted and cyano-substituted biphenyl carboxylic acids,*-°
dibenzoylhydrazides,®  polycatenar ~ compounds,’”°  metal
complexes,?®*!  amphiphilic polyhydroxy —compounds**** and
carbohydrate derivatives.#* In most cases, bicontinuous cubic
mesophases have been found for these cubic phases. In the case of
polyhydroxy derivatives, as depicted in Figure 3, the same sequence of
SmA-Cuby-Coly-Cuby as that reported for lyotropic systems was
obtained.*>»** Mesophase morphologies are dominated by the
interface curvature between hydrophilic regions and lipophilic
regions.8 Furthermore, some chiral cubic phases have been
reported.*>™#” Chirality has an important role in the appearance of
the cubic phase. Lyotropic cubic systems are known to show
interesting biological activities. The inverse cubic phase derived
from the self-assembly of surfactants in water offers a unique three-
dimensional platform for protein binding. Cubic phase particles
(cubosomes) have been investigated extensively.*®%° However,
thermotropic cubic systems have high viscosity. Therefore, few
reports describe their application to electrooptical devices.”®
Recently, unique and interesting properties have been observed in
some cubic systems.’!> Sagara and Kato’! reported a new type of
cubic liquid crystal that exhibits three luminescent colors, which can
be switched by mechanical and thermal stimuli. Kato et al.>? reported
that 3D-interconnected ionic channels derived from the
polymerization of bicontinuous cubic liquid crystals function as
efficient ion-conductive pathways.
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Figure 3 The dependence of mesophase formation of the polyhydroxy
amphiphiles on the molecular structure.®43
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Figure 2 Schematic sketches for morphologies of lamellar (smectic, SmA), bicontinuous cubic (Cub,), hexagonal columnar (Coly) and micellar cubic (Cuby)

phases. A full color version of this figure is available at Polymer Journal online.
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Blue phases are of particular interest because they have a fluid lattice
with a structure stabilized by lattice defects. Believed to consist of
double-twist cylinders, they are classified into three categories, depend-
ing on the cylinders’ packing structure: blue phase I (BPI), blue phase II
(BPII) and blue phase III (BPII).>* Figure 4 presents schematic
representations of the blue phase structures. The packing structure of
BPI is a body-centered cubic structure; BPII has a simple cubic
structure.”>® BPI and BPII are highly ordered, their disclination
networks form a regular cubic lattice, and their physics are well
understood. By contrast, the structure of BPIII is unsolved. Theorists
have proposed that BPIII consists of double-twisted cylinders with
arbitrary orientation.>>”%® Recently, Henrich et al.*® proposed that
BPIII is an amorphous network of disclination lines that is
thermodynamically and kinetically stabilized over crystalline blue
phases at intermediate chiralities. Figure 5a shows an optical texture
of cubic BPI under crossed polarizers. A platelet texture with fine stripes
is characteristic of BPI. Figure 5b presents a fog texture of amorphous
BPIIL. BPI and BPII often appear as a display of many colorful platelets,
whereas BPIII appears as a foggy bluish substance. BPI and BPII are
cubic with lattice parameters on the order of visible wavelengths.
Therefore, there may be several selective reflection wavelengths corre-
sponding to various crystal planes. If the cubic blue phases contain
many domains that are oriented differently for each domain, their
textures show a mosaic of color.#%° Usually, blue phases are found in an
extremely narrow temperature range (ca. 1K) between the isotropic
liquid (Iso) and the chiral nematic (N*) phase of sufficiently short pitch.
Electric field effects in blue phases have been investigated.>* An applied
field can produce three distinct transformations: a local reorientation of
the molecules, distortion of the lattice (electrostriction) and phase
transition to lower symmetry phases.®’~%” Blue phases are potentially
useful for application as fast light modulators or tunable photonic

crystals, but their narrow temperature range presents a critical problem.
Therefore, stabilizing the blue phases has attracted much attention. The
most successful approach is polymer stabilization, as reported by
Kikuchi et al.%% Specific polymer networks can stabilize the lattice
defects of BPL.7® The temperature range of the polymer-stabilized BPT is
extended to more than 60K. Fast electrooptical switching with a
response time of 10 ~*s was demonstrated in the polymer-stabilized
BPI. Blue phases have several advantages: (1) they require no alignment
layer; (2) their response time is in the sub-millisecond range, which
enables color-sequential displays; and (3) their dark state is optically
isotropic so that its viewing angle is wide and symmetric without
optical-compensating filters.”! A BP liquid crystal display (LCD) mode
using polymer-stabilized BPI was developed in earlier studies.”>7 With
respect to a low-molecular-mass system, Coles and Pivnenko’’ reported
that eutectic mixtures of three homologs of a symmetric dimer doped
with a small quantity of a high-twisting chiral additive show BPI with a
very wide temperature range. Other approaches, for example, chiral
molecules,”® polymer network surfaces,”” nanoparticle stabilization,3*8!
hydrogen-bonded molecules®? and achiral bent-core molecules,>-87 are
also successful at broadening the blue phase range. In particular, doping
achiral bent-core molecules shows marked enhancement of the BPI
range. The effect is interpreted as a reduction in the free energy cost for
defects, stabilizing the double-twist cylinders. The stability of BPI is
enhanced when Kz is smaller than K;;.%7

LIQUID-CRYSTALLINE SUPERMOLECULES STABILIZING

A CUBIC PHASE

Amphiphilic-tapered compounds

Microsegregation produced by amphiphilicity is an important con-
cept for producing higher-ordered systems. Amphiphilicity is pro-
duced by incompatible units within a molecule. We designed tapered
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Figure 4 Schematic representations of the blue phase structures.

Figure 5 Optical textures of (a) BPI and (b) BPIIl under crossed polarizers.
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compounds possessing hydrocarbon/fluorocarbon incompatibility
and shape incompatibility.8 Figure 6 shows the molecular structures
and the phase transition temperatures of the amphiphilic liquid-
crystalline compounds 1-3 composed of cyanobiphenyl mesogenic
moieties and a semiperfluorinated alkyl chain.

The compounds showed an unusual phase sequence of lamellar-
columnar-bicontinuous cubic phases when the number of cyanobi-
phenyl moieties was increased. Figure 7 presents an optical texture of
the SmA-Cub phase transition for compound 3. In the amphiphilic
polyhydroxy derivatives, the phase sequence of SmA-Cuby-Col,-Cuby
was obtained by increasing the number and length of the aliphatic
chains to make them similar to surfactants of the lyotropic
systems.‘u’43 Moreover, the tetracatenar compounds showed the
phase sequence of SmC-Cuby-Col;, upon increasing the length of
the terminal aliphatic chains.>**! By contrast, the amphiphilic liquid-
crystalline compounds 1-3 showed a different phase sequence of
SmC-Col-Cub upon increasing the cyanobiphenyl mesogenic
moieties; the sequence of Col-Cub is opposite that of the ordinary
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1: Cry 110 °C SmC 140 °C Iso

CgF1,CH,CH,0
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Figure 6 Molecular structures and phase transition temperatures of
amphiphilic liquid-crystalline oligomers 1-3.88

Figure 7 Optical texture of the SmA-Cub phase transition for compound
3.88 A full color version of this figure is available at Polymer Journal online.
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sequence. Based on the X-ray analysis,® the Col phase of compound 2
has a rectangular 2D lattice, and the Cub phase of compound 3
belongs to a space group Ia3d, which represents a bicontinuous cubic
phase constructed from two interpenetrating networks of branched
cylinders (Figure 8).2° The SmA-to-Col transition of compound 2 is
explained by (1) the interfacial curvature between the region of the
fluorinated alkyl chains and that of the cyanobiphenyl cores and
aliphatic alkyl spacers and (2) layer deformation induced by the A-
shaped molecule. To understand the appearance of the cubic phase of
compound 3, we prepared compounds 4 and 5 (Figure 9). Com-
pound 4, which was formed by replacing the cyano unit with
hydrogen, showed a phase sequence of Iso-Col% Compound 5,
which was created by replacing the fluorocarbon with hydrocarbon,
showed a phase sequence of Iso-nematic (N).” XRD measurements
of compound 3 suggest that the SmA phase has a fluctuating layer
structure. The competition of two different molecular packings, that
is, (a) a segregation effect attributable to incompatibility between a
semiperfluorinated moiety and cyanobiphenyl mesogens and (b) a

Figure 8 Bicontinuous cubic phase with the pace group /a3d.26 A full color
version of this figure is available at Polymer Journal online.
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Figure 9 Molecular structures and phase transition temperatures of
compounds 4 and 5.
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steric effect attributable to the pronounced tapered shape of
compound 3, might give rise to that fluctuation. An undulatory
deformation mode for a nonequilibrium lamellar structure is known
to exist as the unstable transient state between the lamellar and the
Cub (Gyroid with a space group Ia3d) phases in some diblock
copolymers.®! Fluctuations of the lamellar structure before a lamellar-
to-gyroid transition in a nonionic surfactant system were observed.®?
An interesting explanation for the fluctuations has been proposed: (1)
amplitude modulation fluctuations appear in lamellae, (2)
modulation fluctuations increase their amplitude as the temperature
approaches the transition and (3) they develop into a perforation
fluctuation layer as an equilibrium structure.®? The fluctuated
lamellar structure in the SmA phase of compound 3 is most likely
stabilized by antiparallel dipole-dipole interactions between the
cyanobiphenyl groups in adjacent layers, which can produce the
Cuby phase (Figure 10).3%% This mechanism of the formation of the

Segregation effect

Competition
Steric effect

“% %ﬁ

Dipole-dipole interactions

Fluctuated lamellar structure

Cuby phase is a novel one in low-molecular-mass thermotropic
liquid-crystalline systems.

Next, we designed an amphiphilic liquid crystal hexamer (6)
possessing six cyanobiphenyl moieties and a semiperfluorinated alkyl
chain.®* Compound 6 has a dimeric structure in which two tapered
moieties of compound 6 are connected via a semiperfluorinated alkyl
spacer. Therefore, molecular packing by the steric effect attributable to
a pronounced tapering is regarded as inhibited. Compound 6
exhibited monotropic N and two SmA phases, designated as SmA
and SmA’, but not the Cuby phase. The layer spacings in the SmA
and SmA’ phases of compound 6 were found to be 443A and 17.94,
respectively. The molecular lengths estimated to be
approximately 65 A for elongated molecular conformation, 51 A for
the bent structure and 26 A for the folded structure. Figure 11 shows a
model for the lamellar-to-lamellar phase transition of compound 6.
In the higher-temperature SmA phase, the segregation effect is

were

Bicontinuous cubic phase

Figure 10 Schematic illustration of the driving forces for the fluctuated SmA phase and the bicontinuous cubic phase of compound 3.88:93(Reprinted with
permission from Takeuchi et al.93 Copyright 2010, Taylor & Francis). A full color version of this figure is available at Polymer Journal online.
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Figure 11 Molecular structure and phase transition temperatures of hexamer 6 and a model for the lamellar-to-lamellar phase transition.%4 A full color

version of this figure is available at Polymer Journal online.
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dominant. Therefore, the molecules are thought to adopt bent and/or
folded conformations. Moreover, they are organized into a layer
structure in which the cyanobiphenyl mesogenic units and the
semiperfluorinated unit are segregated into different sublayers. In
the lower-temperature SmA’ phase, the steric effect is dominant; the
molecules have an elongated conformation and form an intercalated
layer structure.

LIQUID-CRYSTALLINE SUPERMOLECULES STABILIZING BLUE
PHASES

Binaphthyl derivatives

The appearance of blue phases results from the competition between the
chiral twisting force and the desire for molecules to fill space uniformly.
Theoretical work suggests that biaxiality has an important role in the
blue phases.”> However, the biaxiality in most chiral rod-like nematic
liquid crystals is slight. For that reason, the double-twist structure cannot
exist over a wide temperature range in conventional liquid crystals.

We designed coupling between molecular biaxiality and chirality.
The first material is a binaphthyl derivative, 7-n (Figure 12).°° The
binaphthyl derivatives with odd-numbered spacers exhibited a blue
phase with a relatively wide temperature range between the Iso and
SmA phases, whereas those with even-numbered spacers showed an
N* phase, as shown in Table 1.

Induced pitches in a host nematic liquid crystal doped with each
odd dimer were longer than those with each even dimer, indicating
that the twisting power of the odd dimers is less than that of the even
dimers. Therefore, not only the twisting power of the chiral
compound but also the molecular shape affects the blue phase
stability. Actually, MM2 models of compounds 7-6 and 7-7 show
that the configuration of the mesogenic groups of the odd dimer is
more twisted than that of the even dimer (Figure 13). It is noteworthy
that the molecular shape obtained from the MM2 calculations does
not reflect a real structure of the chiral dimer in the liquid-crystalline
phase. The crystal structure of the chiral dimer provides some insight
into the molecular shape. However, we have not obtained the crystal
structure yet. We investigated the chirality transfer from a binaphthyl

Figure 12 Molecular structure of binaphthyl derivative 7-n.

Table 1 Transition temperatures (°C) on cooling for compounds 7-n%¢

n SmA N* BP i
6 . 63 . 113 .
7 . 94 . 103 .
8 . 105 . 124 .
9 . 116 . 120 .
10 . 108 . 122 .
11 . 127 . 127 .
12 . 135 .
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dimer possessing two biphenyl moieties to a host nematic liquid
crystal. The results showed that the binaphthyl dimer has two origins
for the twisting power: the asymmetric axis of the binaphthyl unit and
the twist conformation of the two biphenyl moieties.”” The appearance
of the BP of compound 7-n possessing odd-numbered spacers is
explainable in that the two origins for the twisting power are thought
to produce a biaxial helix (Figure 14), which can stabilize the BP.

To obtain a chiral compound possessing a wider temperature range
for the blue phase, we prepared a binaphthyl derivative (8-n)
possessing two 2,3-difluoro-1,4-diphenylbenzene units in each 2-posi-
tion (Figure 15).°%% The mesogenic unit is known to stabilize the
nematic phase. The transition temperatures of the binaphthyl
derivatives upon cooling are presented in Table 2. Compound 8-9

m MH 2ol

7-6

.,0 OH*“r
L R :*{\a‘ft’“u

‘!
.i\!,

7-7

Figure 13 MM2 models of compounds 7-6 and 7-7.96 (Reprinted with
permission from Rokunohe and Yoshizawa,®® Copyright 2005, The Royal
Society of Chemistry).

Biaxial helix

Figure 14 Two origins for the twisting power of the binaphthyl derivatives
with odd-numbered spacers. A full color version of this figure is available at
Polymer Journal online.

Figure 15 Molecular structure of binaphthyl derivative 8-n.
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Table 2 Transition temperatures (°C) of compounds 8-n°°
n Cry glass SmX N* BP /
8 e 103 [+124 e 925] o
9 e 1028 [¢7.7 *40.3 e712] o
10 e 86 [*13.6 *47.5] e 875 J
11 e 76 [*76 * 67.5] ¢ 822 o

Square brackets denote a monotropic transition. A bullet means existence of the corresponding
phase.

aSome regions in the crystal showed the phase sequence: Cry 68°C N* 71.5°C BP 73°C Iso
on heating, whereas others showed that of Cry 102 °C Iso. This unusual behavior is
independent of the position in the sample. Temperatures of the coexistence of crystal and
isotropic liquid were about 29 K.98

exhibited a phase sequence of Iso-BP-smectic phase. A platelet texture
characteristic of cubic BP was observed. The temperatures of the blue
phase with a cubic structure were approximately 30K.*® The
compound exhibits the widest temperature range for a cubic blue
phase upon cooling among the reported single compounds. However,
unusual hysteresis exists in the phase sequence between the cooling
and heating processes. The chiral nematic phase appeared instead of
the blue phase upon heating from the smectic phase.”® It is
noteworthy that the BP mixture reported by Coles and Pivnenko”’
shows the phase sequence of Iso-BPIII-BPII-BPI-unidentified smectic
phase upon cooling. However, upon heating, it shows the phase
sequence smectic-N*-Iso. The N* phase appears only during heating.

No binaphthyl derivative aside from 8-9 exhibited a blue phase.
The unusual hysteresis observed for 8-9 was not detected for
compounds 8-8, 8-10 and 8-11. The HTP (helical twisting power)
of 8-n was calculated using pitch in the mixture of 8-n (2wt%) and
4-hexyl-4'-cyanobiphenyl (98 wt%). The results are as follows:
39.0um ™! for 8-8, 9.9um~! for 8-9, 27.2pum~" for 8-10 and
2.1um~! for 8-10.° A marked odd-even effect was observed for
HTP. Compound 8-9 exhibiting BP shows a much smaller HTP value
than the other compounds. We next investigated the temperature
dependences of chiral nematic helical pitch values induced by each 8-
n with a host nematic liquid crystal: 4-(4-hexylphenyl)-1-(4-
propyloxyphenyl)-2,3-difluorobenzene.”  The = host  nematic
compound possesses the same mesogenic unit as the chiral
binaphthyl derivative 8-n. A reason for using the compound as a
host material is that favorable core—core interactions between a
terphenyl moiety of the host LC and each terphenyl moiety of 8-n
are expected to occur in the chiral nematic mixture. Helical pitches in
the chiral nematic phase of a mixture of 8-n (50 mol%) and the
nematic LC (50 mol%) were observed as a function of temperature.
The chiral compounds with even-numbered spacers (8-8 and 8-10)
were found to induce left-handed helical structures with short pitches.
The respective temperature dependences of the induced pitches were
small. However, the compounds with odd-numbered spacers (8-9 and
8-11) were found to exhibit temperature-dependent helical twist
inversion, which might be induced by competition in the twisting
power between the binaphthyl axis and the twisted conformation of
the mesogenic cores. Recently, the relation between the appearance of
a blue phase and twist inversion in a chiral nematic phase below the
blue phase was reported.!®® The relation supports the effect of the
biaxial helix on stabilizing blue phases. The two helical origins of
compound 8-9 can produce the biaxial helix to stabilize the double-
twist structures of the blue phase. With respect to compound 8-11,
the twisting power is too weak to induce a blue phase.
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Figure 16 Molecular organization model for the phase behavior of 8-9.99
Conformation of 8-9 in the BP (a), that in the SmX (b), that in the N*
phase (c) and that in the BP (d). (Reprinted with permission from Kogawa
and Yoshizawa,®® Copyright 2011, Taylor & Francis). A full color version of
this figure is available at Polymer Journal online.

Figure 16 portrays a molecular organization model for the unusual
phase behavior of 8-9. XRD studies of compound 8-9 revealed that
the SmX phase has a monolayer structure consisting of cisoid forms.”
In the BP, compound 8-9 is thought to exist as a cisoid form
possessing two origins for the twisting power: the binaphthyl axis and
the twisted conformation of the mesogenic units (Figure 16a). The
cisoid conformers can stabilize the blue phase. Cooling to the SmX
phase, the mesogenic units in the cisoid form prefer a parallel
alignment because of the favorable packing in each layer structure
(Figure 16b). During heating from the SmX phase, compound 8-9
might produce a cisoid form in which the two mesogenic units remain
aligned as parallel (Figure 16¢). The cisoid conformer does not have
two helical origins and cannot induce the biaxial helix. Therefore, the
N* phase appears instead of the BP phase. During further heating, the
two mesogenic cores can form a twisted conformation in the cisoid
form (Figure 16d), which produces the N*-to-BP transition.

Chiral T-shaped compounds stabilizing amorphous BPIII

We designed T-shaped chiral compound 9.1%! The molecular structure
and phase transition temperatures are shown in Figure 17a. Crystal
structure of its homolog is shown in Figure 17b.192 The blue-colored
phase showed fluidity, and it did not appear as platelets, which are
usually observed in BPI and BPII, thereby indicating that the blue
phase is BPIIL. The T-shaped compound exhibited BPIII with a wide
temperature range upon cooling. The crystal structure of the
T-shaped compound indicates that (1) the compound forms a A
shape instead of a T shape and (2) gauche and trans conformations
coexist in the central spacer.!> On decreasing the optical purity, the
Iso-BPIII transition temperature did not change; however, the BPIII-
N* transition temperature increased.!? The T-shaped system is
thought to have two origins of twisting power: the chiral center
and a twisted conformation of the two mesogenic moieties via
intramolecular chirality transfer, which can induce the biaxial helix
to stabilize the double-twist cylinders (Figure 18).

Then, we introduced a polar group into the chiral T-shaped system
to couple the molecule with an electric field. Figure 19 depicts the
molecular structures and transition temperatures of the polar chiral
compounds. Compound 10 possesses one terminal cyano group that
exhibited BPIII and N* phases on cooling.!%® Electrooptical switching
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Figure 17 (a) Molecular structure with phase transition temperatures of compound 9 and (b) the crystal structure for its homolog. A full color version of this

figure is available at Polymer Journal online.

Figure 18 Two origins of twisting power for the T-shaped system. A full
color version of this figure is available at Polymer Journal online.

was observed in BPIIL. Figure 20a portrays the cell geometry, and
Figure 20b presents the voltage-transmittance curve at 47 °C.103104
The dark state with a transmittance of 0.9% is obtainable in BPIII that
is macroscopically isotropic. The change in transmittance as a
function of an AC field is attributed to an electric-field-induced
phase transition from BPIII to N. With an applied field of 11V um ~},
the texture showed a homogeneous bright state with a transmittance
of 80%. The rise and decay times with an AC field at 12V pum~! at
49 °C were, respectively, 4 and 6 ms. The rise time is independent of
the temperature. However, the decay time lengthens with decreasing
temperature. Figure 21 presents a schematic representation of the
electric-field-induced phase transition between BPIII and N. Actually,
BPIII has a twisted-nematic order that exists microscopically,
although it appears to be macroscopically isotropic. The applied
electric field amplifies the nanometer-scale order of the twisted
organization in the BPIII to the micrometer-scale order of the
anisotropic nematic organization, which induces a marked change
in the birefringence. However, once the electric field is removed, the
molecules form the hierarchical double-twist structure in BPIIIL.

We introduced a flexible spacer into the T-shaped system to expand
the BPIII temperature range. Compound 11 exhibits BPIII with a
temperature range of 25K, including room temperature upon cool-
ing.1%° Furthermore, the BPIII changed to a glass phase. Electrooptical
switching was observed for almost all temperature ranges of BPIIL.
However, the response times for both the rise and decay processes
lengthened with decreasing temperature. The rise and decay times at
room temperature are unexpectedly long. Those times at 22 °C are
200 and 600ms, respectively. The response times for the chiral
T-shaped system are too long to use for display device applications.

CgH4,0

CN
10: Cry 63 °C [ N* 15 °C BP 28 °C] Iso

L

0" » "CgHy3

CgH470

CN

11: Cry 75 °C [ glass -8.2 °C BPIl1 24.7 °C ]Iso

Figure 19 Molecular structures and phase transition temperatures of polar
T-shaped compounds 10 and 11,103,105,

Binary system

We then designed a binary system of a host nematic liquid crystal and
a chiral compound. We prepared a nonchiral liquid crystal compound
in which a cyano-containing mesogenic moiety and a fluorine-
containing mesogenic moiety are connected via a flexible spacer.'%
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Figure 20 (a) Cell geometry for measurements of the electrooptical effect;
(b) optical transmittance as a function of an AC field at a frequency of
10Hz at 47°C. A full color version of this figure is available at Polymer
Journal online.

_n .
ON i
P
— —
_—
OFF - —
AC field
electrode ( electrode
BPIII (dark) polarizer N (bright)

Figure 21 Schematic representation of the electric-field-induced phase
transition between BPIIl and N. A full color version of this figure is
available at Polymer Journal online.

Compound 12 showed an enantiotropic nematic phase. We
investigated the phase transition behavior of binary mixtures of
compound 12 and a chiral smectic liquid crystal (S811). The
molecular structures and transition temperatures of compound 12
and S811 are shown in Figure 22. For mixtures containing 30—-60 wt%
S811, blue phases were induced. In a mixture of S811 (50 wt%) and

Polymer Journal

compound 12 (50 wt%), the isotropic liquid changed to BPIII at
49.3 °C. The BPIII changed to an N* phase at 41.2 °C. In a mixture of
S811 (40wt%) and compound 12 (60wt%), a platelet texture
characteristic of cubic BP appeared at 70.2 °C; it then changed to a
typical chiral nematic texture at 65.1 °C. The fluorine-containing LC
compound 12 stabilizes the blue phases. The rise and decay times in
the BPIII with an AC field of 13V um ! at 35°C are 1.6 and 3.9 ms,
respectively.'”” The binary system in which the T-shaped structure
and chiral portion are separated shows shorter response times than
those of the chiral T-shaped system.!%”

We then designed another binary system of biphenyl derivative 13
and chiral additive ISO-(60BA),.!%® The molecular structures are
shown in Figure 23. The chiral compound, which possesses high
twisting power,!?” is well known to induce blue phases in a mixture
with a nematic liquid crystal.®®773487 Compound 13 doped with
10wt% chiral additive showed phase transition temperatures of Iso
85.4 °C BPIII 70.6 °C cubic BP 47.3 °C N* 37.3 °C unidentified smectic
phase. The rise times in both BPIII and cubic BP were approximately
105, which is much longer than the T-shaped binary system because of
the negative dielectric anisotropy of compound 13. Comparing the
voltage-dependent transmittance in the BPIII and the cubic BP of the
single mixture, the BPIII shows the following advantages: 1) it is free
from hysteresis, 2) it has lower transmittance without an electric field, 3)
it has lower threshold and saturated voltages and 4) it has a higher
stability against an electric field.

Ternary system for the development of practical materials.
Compared with conventional nematic liquid crystal displays, BP LCDs
presents several advantages, as described above. However, important
problems, such as high operating voltages, hysteresis, residual
transmittance and stability, remain as areas requiring improvement
before BP LCDs can be applied to display devices. In particular,
voltage-induced hysteresis affects the accuracy of gray-scale control
and should therefore be eliminated. Not only a blue phase with a
cubic structure (BPI or BPII) but also an amorphous blue phase
(BPII) reportedly exhibits electrooptical switching. However, amor-
phous BPIII is thought to have a slower response speed than that of
cubic BP because the former has a longer correlation length than the
latter. Furthermore, the polymer stabilization is recognized as a
prerequisite for BP LCDs.

As discussed above, BPIII with the same symmetry as isotropic
liquid has favorable characteristics for application to display devices: it
is optically isotropic, hysteresis-free and stable in an electric field. To
evaluate the electrooptical switching in BPIII at room temperature, we
designed a ternary system consisting of a conventional nematic
mixture, a T-shaped BP stabilizer and a chiral dopant with high
twisting power.!'" We prepared a host liquid crystal consisting of
nematic liquid-crystalline mixture E7 (95mol%) and a newly
designed T-shaped compound 14 (5mol%). The molecular
structure of the T-shaped compound is shown in Figure 24. E7
consists of 4-pentyl-4’-cyanobiphenyl (51 wt%), 4-heptyl-4’-cyanobi-
phenyl (25wt%), 4-octyloxy-4'-cyanobiphenyl (16 wt%) and 4-pen-
tyl-4"-cyanoterphenyl (8 wt%). The T-shaped compound exhibiting
no mesogenic phase can stabilize a blue phase. The Iso-N transition
temperature of the host liquid crystal was 52°C. The dielectric
anisotropy was 12.2 in the N phase at 25 °C. The host liquid crystal
was doped with 15wt% of a chiral compound ISO-(60BA),. The
mixture showed phase transition temperatures of Iso 28.4 °C BPIII
21.2°C N* upon cooling.

Figure 25 portrays the electric-field dependence of transmittances
for the forward and backward processes in the BPIII at 26 °C. The
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Figure 23 Molecular structure with phase transition temperatures of
binaphthy! derivative 13 and molecular structure of 1SO-(60BA),.108

ramping rate was 0.2s per step. The cell gap was 5pum. The
transmittance without an electric field was 0%. The transmittance
increased with the increase of the electric field. With an applied field
of 14V um ~1, the texture showed a homogeneous bright state with a
transmittance of 89%, which decreased with the decrease of the
electric field. The backward curve was the same as the forward curve.
BPIII of the ternary system is free from both hysteresis and residual
transmittance. The respective rise and decay times with an AC field of
14V um ~! at 50 Hz were 0.4 and 0.8 ms. Sub-millisecond switching
in the BPIII is demonstrated. The decay time depends on the cell gap.
The decay time in a cubic BP is independent of the cell gap because
the correlation length is much shorter than the distance between the
glass substrates. However, with respect to amorphous BPIII, there is
no periodicity between defects. It should be noted that the rise time in
a blue phase is often affected by the cell gap. Increasing the distance
between two glass substrates of the in-plane-switching cell shown in
Figure 20a might induce an inhomogeneous electric field in the cell,

"\

Figure 24 Molecular structure of compound 14.
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Figure 25 Optical transmittances of the chiral mixture as a function of an
AC field at a frequency of 50Hz in BPIII at 26 °C. Open circles and crosses
denote ascending and descending processes, respectively.
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Figure 26 Viewing-angle dependence of transmittance in the BPIII cell. (a)
Front and (b) oblique views with a viewing angle of approximately 45°,110
(Reprinted with permission from Yoshizawa et al.ll0 Copyright 2011, the
Japan Society of Applied Physics).

resulting in a slower response. Figure 26 portrays front views
(Figure 26a) and oblique views with a viewing angle of approximately
45° (Figure 26b) of the evaluation BPIII cell sandwiched with cross-
polarized films. The BPIII cell has wide viewing angles because of the
optical isotropy of BPIIL. After the BPIII cell had been preserved for 1
month at 25°C, the electrooptical switching was confirmed as being
identical to that of the virgin state. We also presented a possible design
concept by which BPIII materials are obtainable, as follows: (1) develop
a basic nematic mixture possessing favorable physical properties, (2)
prepare a host LC by adding a small amount of a BP stabilizer to the
basic mixture and (3) dope a chiral additive to the host LC. The high
driving voltage and the narrow temperature range of the present BPIII
LC are expected to be improved through appropriate material design.
Amorphous BPIII, with a level of symmetry equal to that of an isotropic
liquid, has a superior potential for use in next-generation displays.

CONCLUSION

We described the molecular design of liquid crystal supermolecules
stabilizing cubic and blue phases. A cubic phase in amphiphilic
thermotropic liquid crystals is generally recognized as appearing
between lamellar and columnar phases by increasing the value of
the interface curvature between hydrophilic regions and lipophilic
regions. The present amphiphilic-tapered oligomeric system showed
an unusual phase sequence of lamellar-columnar-bicontinuous cubic
when the number of cyanobiphenyl moieties was increased. The
competition of two different molecular packings, that is, (a) a
segregation effect attributable to incompatibility between a semiper-
fluorinated moiety and cyanobiphenyl mesogens and (b) a steric
effect attributable to a pronounced taper liquid crystal oligomer,
might induce the fluctuating lamellar structure in the SmA phase. The
fluctuating structure is most likely stabilized by antiparallel dipole—
dipole interactions between the cyanobiphenyl groups in adjacent
layers. Competition between the oligomeric structure and hydrocar-
bon/fluorocarbon amphiphilicity can produce fluctuations to induce
the lamellar-to-cubic phase transition.

Polymer Journal

We presented successful approaches to stabilize the blue phases of
low-molecular-mass compounds. The binaphthyl derivative showed a
cubic BP with a temperature range of 30K, and the chiral T-shaped
compound showed amorphous BPIII with a temperature range of
25K. Cooperation between the inherent molecular chirality and the
chirality-induced twist conformations of the mesogenic units is
thought to stabilize double-twist structures in blue phases. Further-
more, we demonstrate the potentiality of BPIII for use in next-
generation displays.
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