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Preface to ”Symmetry and Liquid Crystals”

Liquid crystals (LCs) are aggregates of individual molecules due to moderate intermolecular

interactions, and are roughly divided into lyotropic LCs and thermotropic LCs. The latter includes

smectic, nematic, cholesteric, and discotic phases, depending on the molecular arrangement and

symmetry, and changes within the external field such as temperature and pressure.

Currently, the scale of the global LC industry is approximately USD 115 billion, most of

which is for display applications using nematic LCs (including chiral nematic LCs). The research

and development of cholesteric and smectic LCs are also actively carried out for sensors, organic

semiconductors, solar cells, and so on.

Generally, a LC device confines LC molecules in a cell and achieves a desired LC alignment via

interfacial force. LCs are inherently anisotropic media, causing symmetry/asymmetry configuration,

and can be controlled by an external field and used as an optical or electrical device. The purpose

of this Special Issue is to provide new knowledge and research tools as the application of LC devices

expands from flat displays to new fields such as 3D displays and sensors.

In this Special Issue entitled “Symmetry and Liquid Crystals”, 11 articles are collected. There, we

will focus on the symmetry of the chemical structure of LC molecules, the asymmetry of the alignment

process at the substrate interface, and the asymmetry of the electric field applied to the LC layer. This

Special Issue will provide LC researchers with ways to solve their problems.

This Special Issue contains five articles that focus on the chemical structure of LC materials and

dopants, where relating polymer LCs and elastomers are also mentioned. There, the relationship

between chemical structure and physical properties has been experimentally and theoretically

investigated in detail, and applications to light emitters, solar cells, actuators, etc., have been

proposed.

With the increase in the size and definition of liquid crystal displays (LCDs) and the expansion

of applications such as smart glasses and three-dimensional displays, the demand for high-speed

response and low-voltage driving is increasing. In this Special Issue, we can find another four articles

on LC devices which utilize blue-phase LC materials or interfacial alignment control technology

to meet these needs. Also, in one article of this issue, a unique approach to achieving high-speed

response by combining a normal nematic LCD with a dyanamic retarder is discussed.

In addition, in the in-plane switching (IPS) mode and fringe-field switching (FFS) mode, it was

difficult to evaluate the residual DC voltage (VrDC), which is a quantitative evaluation index for

image sticking generated by various factors. In this Special Issue, a new evaluation method for this

VrDC is proposed.

We want to express our great appreciation for the efficient assistance provided by Amelia Sun

and the Editorial Office of Symmetry.

Shoichi Ishihara and Sadahito Uto

Editors
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Abstract: Liquid crystals bearing extended π-conjugated units function as organic semiconductors
and liquid crystalline semiconductors have been studied for their applications in light-emitting
diodes, field-effect transistors, and solar cells. However, studies on electronic functionalities in
chiral liquid crystal phases have been limited so far. Electronic charge carrier transport has been
confirmed in chiral nematic and chiral smectic C phases. In the chiral nematic phase, consisting of
molecules bearing extended π-conjugated units, circularly polarized photoluminescence has been
observed within the wavelength range of reflection band. Recently, circularly polarized electrolumi-
nescence has been confirmed from devices based on active layers of chiral conjugated polymers with
twisted structures induced by the molecular chirality. The chiral smectic C phase of oligothiophene
derivatives is ferroelectric and indicates a bulk photovoltaic effect, which is driven by spontaneous
polarization. This bulk photovoltaic effect has also been observed in achiral polar liquid crystal
phases in which extended π-conjugated units are properly assembled. In this manuscript, optical and
electronic functions of these chiral π-conjugated liquid crystalline semiconductors are reviewed.

Keywords: liquid crystal; liquid crystalline semiconductor; chiral nematic phase; chiral smectic C
phase; ferroelectric liquid crystals; circularly polarized light; circularly polarized photoluminescence;
circularly polarized electroluminescence; bulk photovoltaic effect; shift current

1. Introduction
1.1. Chiral Liquid Crystalline Phases

Molecular chirality often breaks the symmetry of liquid crystalline (LC) phases to
induce twisted structures or electrical polarization. In the chiral nematic (N*) phase,
the nematic order is twisted along an axis perpendicular to the director, as shown in
Figure 1a [1]. The helical structure of the N* phase interacts with circularly polarized (CP)
light. When the wavelength of the incident light coincides with the helical pitch of the N*
phase, the CP light with the same handedness of the N* phase is reflected and that with
the opposite handedness is transmitted through the N* phase (Figure 1a). The wavelength
reflected from the N* phase, λ is described in Equation (1), where p, n and θ are helical
pitch, refractive index, and incident angle, respectively.

2
( p

2

)
n sin θ = mλ (1)

The width of reflection band ∆λ is determined by the helical pitch and birefringence
∆n, as expressed in Equation (2).

∆λ = p·∆n (2)

If fluorescent chromophores are doped in an N* film with a left-handed helical struc-
ture, a right-handed CP fluorescence is emitted from the sample and a left-handed one is
confined in the helical structure within the wavelength range of the reflection band of the
N* phase, as shown in Figure 1b.
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Figure 1. (a) Schematic illustration for supramolecular structures of a N* phase and selective reflection. Red and blue
arrows denote right- and left-handed CP light, respectively. (b) Relationship between a reflection band and CP PL spectra.
(c) Schematic illustration for molecular aggregation structures of SmC and SmC* phases. Red and blue lines indicate right-
and left-handed handed CP fluorescence spectra, respectively. Gray line denotes transmittance spectrum. (d) Schematic
illustration for spontaneous polarization in an SmC* phase.

In the smectic phase in which the director tilts from the layer normal, molecular
chirality induces a twisted structure, as shown in Figure 1c. In a smectic C (SmC) phase
consisting of achiral molecules, the director tilts from the layer normal and no positional
order within a layer. In the chiral smectic C (SmC*) phase formed by chiral LC molecules,
the director changes continuously along the layer normal so that the director draws a
helix [2]. In the twisted state, an electrical polarization is canceled. As shown in Figure 1d,
a DC voltage is applied in the direction perpendicular to the layer normal, the twisted
structure is unwounded to induce macroscopic electrical polarization, which does not
disappear after the removal of the DC bias. Therefore, the SmC* phase is ferroelectric.
Macroscopic electrical polarization can also be induced in the more ordered smectic phase
by the tilted director from the layer normal and chirality.

Blue phases [3] and twisted-grain-boundary (TGB) phases [4] appear under strongly
twisted conditions and formation of defects plays a significant role. Various unique optical
and electro-optical phenomena have been studied, although these phases are electrically
insulative and the author does not mention these phases in this review.

1.2. Liquid Crystalline Semiconductors

While conventional liquid crystals are electrical insulators, liquid crystals comprising
extended π-conjugated units exhibit electronic charge carrier transport, which is observed
in semiconductors [5–8]. Figure 2 shows molecular structures of typical LC semiconductors.
Electronic charge carrier transport has been confirmed in columnar and calamitic LC sys-
tems. Electroactive π-conjugated moieties are self-organized in columnar or layer structures
to form one or two-dimensional electronic systems. The electronic carrier transport in
the smectic or columnar phases proceeds by a charge hopping mechanism considering
energetic and positional disorders [9], although bandlike behavior was observed in or-
dered smectic and ordered columnar phases [10]. From the viewpoint of supramolecular
chemistry, LC assemblies can be regarded as a field for integration of electronic functions
of π-conjugated units [11].

2
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Figure 2. Molecular structures of typical liquid crystalline semiconductors.

As shown in Figure 2, triphenylene, hexabenzocoronene, phthalocyanine, perylene
bisimide derivatives are known as columnar LC semiconductors [12–16]. Phenylnaphtha-
lene and oligothiophene derivatives exhibit good carrier transport properties in smectic
phases [17–21]. The application of LC semiconductors to electroluminescence device [6,22],
field effect transistors [5,23–27], and solar cells have been investigated [28–30].

In the LC phases with a nematic order, ionic conduction had been predominant. How-
ever, electronic charge carrier transport has been confirmed in the nematic phases consisting
of the rod-like and disk-like molecules comprising extended π-conjugated cores [31–34].
In chiral LC phases, electronic charge carrier transport should be possible if π-conjugated
moieties aggregate closely, resulting in a large overlap between the π-conjugated units.

1.3. Chiral Liquid Crystalline Electronic Systems

Thus far, most of the studies on LC semiconductors have been limited to achiral
systems. In liquid crystal phases, molecular chirality can induce supramolecular periodicity
or electrically polarized structures, as mentioned in Section 1.1 Chiral liquid crystalline
electronic systems can be constructed by assembling electroactive π-conjugated units in
the chiral LC phase. The electronic function of the assemblies of the π-conjugated units is
coupled with the supramolecular structures induced by molecular chirality to produce new
optoelectronic properties. In this article, CP light emission in the chiral nematic phase and
bulk photovoltaic effect in the ferroelectric phases of LC molecules comprising extended
π-conjugated units are reviewed. Efficient CP light emitters are required for display and
telecommunication applications. The bulk photovoltaic effect is driven by the internal
electric field of ferroelectrics and has a potential to generate higher open-circuit voltages
than the band gaps. These topics are related to new applications of electroactive liquid
crystals beyond conventional display applications.

3
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2. Electronic Systems with the Chiral Nematic Order

The N* phase indicates anisotropic transmission for CP light and can be used for CP
light emitters. Conventional N* liquid crystals are electrical insulators. CP light emission
and lasing by optical pumping methods in dye-doped cholesteric liquid crystals have been
studied using thick samples in the order of 10 to 100 µm [35–38]. For the construction
of electrical-pumping systems based on N* liquid crystals, high density of π-conjugated
chromophores is required for efficient electronic charge carrier transport. In this section, CP
light emissions from N* liquid crystals containing extended π-conjugated chromophores
are reviewed.

2.1. Circularly Polarized Photoluminescence from N* Liquid Crystals

Chen et al. reported high quality CP photoluminescence (PL) from dye-doped N*
LCs, as shown in Figure 3a [39]. They used mixtures of achiral cyclohexane derivative 1
bearing three mesogens based on biphenylbenzoate and cyclohexane derivative 2 bearing
a chiral mesogen. The mixture formed N* glassy state and stable LC thin films were
produced. An oligofluorene dye 3 was dissolved in the N* matrices. Within the reflection
band, CP PL was obtained with the ge value of 1.8 in a 35 µm-thick film at the maximum.
However, the width of the reflection band was only 60 nm and high ge value was obtained
in 20 nm (Figure 3b). As indicated in Equation (2), the band-width is proportional to the
birefringence. This narrow region for the CP light emission was attributed to the small
birefringence of the matrix LCs. The concentration of the π-conjugated chromophores was
less than 1 mol %, and the LC glassy films were electrically insulative.

Figure 3. (a) Molecular structures of the components 1–3 of glassy N* films emitting CP fluorescence. (b) CP fluorescence
and absorption spectra from the glassy film. IR and IL denote the spectrum of right-handed left-handed PL, respectively.
The spectra were reproduced from Reference [39] with the permission from Springer and Nature. (c) CP light device using a
N* liquid crystal doped with a dye 4 exhibiting AIE activity. The images were reproduced from Reference [40] with the
permission from John Wiley and Sons.

Zhao et al. demonstrated an LC display using N* LC dissolving dye 4, which indicated
aggregation-induced emission (AIE) (Figure 3b) [40]. The photoluminescence spectrum of
the dye covered visible light (400~600 nm) and CP light emission was obtained in the region
of the photonic band with the ge value of 0.4 at best. The switching between non-polarized

4
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and CP light emission by the application of a DC voltage. They proposed a display that
used reflection of sunlight in the daytime and emission from the dye excited by UV light
at night.

The introduction of an extended π-conjugated unit is effective to increase the birefrin-
gence of the N* liquid crystals as well as π-orbital overlap to promote electronic charge
carrier transport. O’Neill and Kelly synthesized fluorene-based LC semiconductors 5 and
6 bearing chiral side chains, as shown in Figure 4a [41]. These materials formed glassy
N* film at room temperature and π-conjugated units aggregated in the glassy N* phase
with high intensity. These molecules had an extended π-conjugated unit and high hole
mobility exceeding 10−4 cm2V−1s−1 at room temperature. Moreover, the long π-conjugated
system resulted in high birefringence and the width of the reflection band exceeded 300 nm
covering a wide region of visible light. The ge value of CP PL exceeded 1.5 from 457 to
561 nm in a sample with a thickness of 3 µm. The reflection band can be tuned by mixing
compound 5 with compound 6.

Figure 4. CP fluorescence from non-diluted π-conjugated N* liquid crystals. (a) Fluorene derivatives, CP PL spectra, and g
factor as a function of wavelength. The spectra were reproduced from [41] with the permission from John Wiley and Sons.
(b) Phenylterthiophene derivatives and CP PL spectra. The inset is a photograph of the LC cell emitting CP light through a
CP filter. The spectra were reproduced from Reference [42] with the permission from the Royal Society of Chemistry.

Hamamoto and Funahashi synthesized dimeric N* LC based on phenylterthiophene
skeleton (Figure 4b) [42]. Due to the small volume of the side chain and chiral moieties, the
density of the π-conjugated chromophores was increased further. The LC 7 exhibited an
N* phase at room temperature and ambipolar electronic charge carrier transport. Due to
the extended π-conjugated system, the width of the reflection band was 100 nm. Within
the reflection band, the ge value of the CP PL reached 1.5 in a cell with a thickness of 9 µm.
Reflection band could be red-shifted by mixing (R)- and (S)-7. The N* phase of LC 7 was
fluidic at an elevated temperature and the switching between the CP and non-polarized
states by the application of an electric field.

2.2. Circularly Polarized Electroluminescence from Twisted Electronic Systems

CP EL has been confirmed in the devices with light-emitting layers, including chiral
rare-earth metal complexes, chiral conjugated polymers, and chiral low-molecular-weight
dyes. In the cases of chiral metal complexes and low-molecular weight-dyes, the ge values
of electroluminescence were in the order of 10−3 to 10−2. Exceptionally, chiral Pt complex

5
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works as effective CP light emitters in a few EL devices, indicating the ge value of 0.3 at
most. Chiral low molecular weight dye exhibiting thermally activated delayed fluorescence
has also been designed, but the ge values are less than 0.1 at the present stage [43–46].

Conjugated polymers bearing chiral alkyl chains form twisted aggregates by solution
processes. A few polymers exhibit the N* order in the thin film states. This helical structure
of π-conjugated aggregates enhances circularly polarization of the PL and EL.

The first CP EL device was reported by Meijer and coworkers in 1997 [47], as shown
in Figure 5a. They synthesized poly(p-phenylenevinylene) derivative 8 bearing chiral alkyl
chains and fabricated EL devices, including light-emitting layer of the conjugated polymers
with a thickness of 300 nm by a spin-coating method. The ge value was 1.7 × 10−3 at
600 nm. They improved the ge value to 0.35 in an EL device with a thickness of 70 nm
using a nonafluorene derivative bearing chiral alkyl chains [48].

Figure 5. (a) Chiral poly(p-phenylenevinylene) derivative as well as EL and PL spectra. The ge value
for EL as a function of the wavelength is also indicated. The spectra were reproduced from [47] with
the permission from the American Chemical Society. (b) Chiral polyfluorene and the ge value of the
EL from samples with various thicknesses as a function of the wavelength. EL spectra from samples
with various thicknesses are also indicated. The graphs were reproduced from Reference [49] with
the permission from the American Chemical Society (https://pubs.acs.org/doi/10.1021/acsnano.
7b07390 accessed on 1 January 2021).

6
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In 2017, Nuzzo and coworkers reported CP EL using a poly(fluorene-co-benzothia-
diazole) derivative 9 bearing chiral alkyl side chains [49], as shown in Figure 5b. The ge
value increased with the increase in the thickness of the light emitting layer, to be 0.8 at
500 nm with the thickness of 400 nm under pulse DC bias application. This result indicated
that the generation of CP light was related to the helical structure of the conjugated polymer
layer and relatively thick light emitting layer should be required for a high ge value.

CP EL was observed from the devices with light emitting layers using achiral conju-
gated polymer 10 doped with chiral inactive compound 11, as shown in Figure 6a. The CP
EL devices with the ge value approaching 1 and the luminance in the order of 103 cdm−2

were fabricated [50]. The ge value of EL is higher than that of PL and depended on the film
thickness and twist angle of the conjugated polymer orientation. As shown in Figure 6b,
light was emitted from the whole area of the sample in PL, while light was emitted from a
specific area in EL. Additionally, the ge value of EL changed depending on the distance
between the emission zone and the cathode, indicating the influence of the reflection of the
CPL at the cathode on the ge value [51,52]. In order to obtain high quality CP EL, reflection
from the cathode, as well as twisted angle of the conjugated polymer aggregation, should
be considered in the CP EL device design.

Figure 6. (a) Molecular structures of conjugated polymer 10 and chiral dopant 11 for CP EL devices.
(b) Schematic illustration for CP PL (left) and CP EL (right) affected by the twist angle of the
conjugated polymers, the position of light emission zone and reflection from the cathode. The image
was reproduced from Reference [51] with the permission from John Wiley and Sons.

3. Liquid Crystalline Electronic Systems with Ferroelectricity

Conventional ferroelectrics have large bandgaps, resulting in their low charge carrier
densities. Therefore, they are electrically insulative. However, electrical conductivity can be
induced if electronic charge carriers are injected into the ferroelectrics. In such a situation,
the electronic charge carrier transport can be coupled with the electrical polarization origi-
nating from the ferroelectricity. The bulk photovoltaic effect observed in lithium niobate
and bismuth ferrite is attributed to the coupling between the transport of photogenerated
charge carriers and the internal electric field produced by the spontaneous polarization [53].

7
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3.1. Bulk Photovoltaic Effect in Ferroelectric Solids

Figure 7a shows a schematic illustration of a photovoltaic effect based on a p-n
junction. The conventional photovoltaic effect is driven by local electric fields formed at
junctions between p- and n-type semiconductors in a case of a p-n junction, or a metal and
a semiconductor in a case of a Schottky junction. The built-in potential is determined by
the difference between chemical potentials of semiconductors and metals [54]. Therefore, a
built-in potential does not exceed a bandgap of a semiconductor. Open-circuit voltages of
solar cells based on inorganic and organic solar cells are typically around 1 V [55]. For solar
cells based on the p-n junction, series connection of solar cells is required for generation of
a high voltage larger than the bandgap. Tandem structures of photovoltaic components
using different active materials are also studied for the increase in the open circuit voltages
and conversion efficiencies of inorganic and organic solar cells [56,57].

In contrast to the conventional photovoltaic effect, a larger open-circuit voltage can
be generated in an anomalous or bulk photovoltaic effect because the driving force of the
photovoltaic effect is a strong electric field formed in the bulk of the materials because
the open circuit voltage is proportionate to the electric polarization of the material, as
shown in Figure 7b [53]. Crystalline films of lithium niobate and barium titanate exhibit the
bulk photovoltaic effect in which the open circuit voltages exceed their bandgaps [58,59].
However, the photocurrents were very low, resulting in low power conversion efficiency
because of their large bandgaps and low conductivities. Recently, the bulk photovoltaic
effect in bismuth ferrite has been studied. Bismuth ferrite exhibits a ferroelectric phase
at room temperature and has absorption edge around 560 nm. Choi et al. observed the
inversion of the polarity of rectification and photocurrent by the change of poling bias
polarity [60]. The significance of polarization boundaries is recognized for the generation
of high open-circuit voltages in the bulk photovoltaic effect, as shown in Figure 7c [61].

For organic electronic materials, the examples of the bulk photovoltaic effect have
been quite limited. First of all, the variety of organic ferroelectrics is limited compared
to inorganic materials [62]. A classical example is single crystals of tartaric acid salts.
Crystals in which hydrogen-bonding networks are formed, such as croconic acid, are
extensively studied [63]. Poly(vinylidene fluoride) films are typical ferroelectric polymers
and applications to sensors and memories are investigated [64]. Ferroelectric liquid crystals
are studied for display applications [65]. Above-mentioned organic ferroelectric materials
bear no or small π-conjugated systems and fundamentally electrical insulators. In these
materials, photovoltaic effect could not be expected because of low electrical conductivity
and no absorption in UV-visible light region. For this purpose, extended π-conjugated
systems, which absorb UV-visible light and contribute to electronic charge carrier transport,
should be built in the polar molecules.

Among organic systems, the first case of bulk photovoltaic effect was observed in
films of dye-doped poly(vinylidene fluoride) 12 (Figure 8a) by Sasabe and coworkers [66].
Poly(vinylidene fluoride) is a typical ferroelectric polymer exhibiting high spontaneous
polarization around 5 µCcm−2 in the β-form. However, it is an electrical insulator and has
no absorption bands in the visible and near UV region. Therefore, acridine orange absorbing
visible light was doped in the polymer films. In the poled films, photocurrent response
and pyroelectric effect were observed under open-circuit conditions, as shown in Figure 8a.
A high open-circuit voltage in the order of 104 was obtained, but the photocurrent was
too small, resulting in a low conversion efficiency of 0.25%. Moreover, the dye molecules
worked as carrier traps to decrease the photocurrent.

Tasaka and coworkers reported a bulk photovoltaic effect of which polarity could
be inverted by poling DC bias applications in a polycrystalline thin film of triphenylene
hexacarboxylic ester [67]. Figure 8b shows a molecular structure of the ferroelectric triph-
enylene derivative and the photocurrent response in the thin film state. In crystalline thin
films of 2,3,6,7,10,11-hexakis(4-octyloxybenzoyloxy)triphenylene 13, a macroscopic electric
polarization is induced by the orientation of dipole moments of the six carbonyl groups con-
necting to a triphenylene core, as shown in Figure 8b. A hole transport proceeded through
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π-stacks consisting of triphenylene units. In the crystal phase of this compound, the spon-
taneous polarization was 200 nCcm−2. When a UV light of the intensity of 10 mWcm−2

was illuminated, the photocurrent density reached 5 nAcm−2, as shown in Figure 8b. The
power conversion efficiency was 0.5% and the internal electric field should be deduced to
be 1.4 MVcm−1. This material has π-stacking structures, which is favorable for an efficient
electronic charge carrier transport. However, the carrier generation efficiency should not
be sufficiently high, resulting in low conversion efficiency.

Nakamura and coworkers confirmed a shift current in ferroelectric charge transfer
complex of tetrathiafulvalene 14 and chloranil 15, which formed a non-centrosymmetric
crystalline structure (Figure 9) [68]. In the single crystals, ferroelectricity was derived from
charge transfer between the electron-acceptor and donor. The spontaneous polarization
exceeded 5 mCcm−2 below 70 K. By visible light illumination, directional photocurrent
was observed and the polarity could be inverted by the change in the polarity of the
poling DC bias. However, the crystals exhibited a ferroelectric phase only below 80 K and
consequently this bulk photovoltaic effect disappeared at room temperature.

Figure 7. Schematic illustrations for (a) a conventional photovoltaic effect based on a p-n junction. The parameters, Voc,
φ1, φ2, Pr, ε0, εr, and d denote open circuit voltage, work functions of anode and cathode, residual polarization, dielectric
constants of vacuum, relative permittivity of the sample, and sample thickness, respectively. (b) a bulk photovoltaic effect in
a ferroelectric. (c) An example of the bulk photovoltaic effect in bismuth ferrite. A schematic illustration for a measurement
of the planar sample containing polarization boundaries and the current-voltage characteristics. The image and graph were
reproduced from reference [61] with the permission from Springer Nature.
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Figure 8. (a) Molecular structure of poly(vinylidene fluoride) 12 and the photocurrent response of the poled thin film under a
short-circuit condition. The graph was reproduced from Reference [66] with the permission from Springer Nature. (b) Molecular
structure of 2,3,6,7,10,11-hexakis(4-octyloxybenzoyloxy)triphenylene 13 and the photocurrent response under a short-circuit
condition. The graph was reproduced from Reference [67] with the permission from the American Physical Society.

Figure 9. (a) Molecular structures of a charge transfer complex between tetrathiafulvalene 14 and
chloranil 15 and the crystal structure of the charge transfer complex. (b) Current-voltage characteris-
tics of the charge transfer complex at 79 K. The image and graph were reproduced from Reference [68]
with the permission from Springer Nature.

3.2. Bulk Photovoltaic Effect in Liquid Crystalline Systems
3.2.1. Ferroelectric Liquid Crystals

Figure 10 shows molecular structures of typical Ferroelectric liquid crystals (FLCs).
FLCs were discovered by Meier and coworkers in 1975 [69] and applied to display devices
by Clark and Lagerwall in 1980 [70]. The first type of FLC molecules consisted of a rod-like
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rigid core and a chiral alkyl chain, which broke a centrosymmetry of the mesomorphic
system. The first example of FLC is compound 16. The FLC phases have a layer structure
in which the molecules are tilted to the layer normal. The typical FLC phase is a chiral
smectic C (SmC*) phase, as shown in Figure 1b.

Figure 10. Molecular structures of ferroelectric liquid crystals.

The second type of the FLC phase is columnar phases. Bock and Helfrich synthesized
and dibenzopyrene derivative 17 bearing chiral alkyl chains to exhibit ferroelectricity [71].
As observed in the SmC* phase, non-centrosymmetry induced by tilted normals of the
π-conjugated disks to the columnar axes as well as molecular chirality was the origin of the
ferroelectricity. The spontaneous polarization was induced perpendicular to the columnar
axes. In contrast, Kishikawa and coworkers synthesized achiral diphenyl urea derivatives
18 bearing long alkyl chains, which formed a polar columnar phase in 2005 [72]. In the
columnar phase, the origin of the electrical polarization was one-dimensional hydrogen-
bonding series to generate the polarization parallel to the columnar axes. Polarization
inversion was caused by the exchange of the hydrogen bonding between urea molecules.

In 2012, Miyajima et al. achieved the construction of ferroelectric columnar phase by
an approach from supramolecular chemistry [73]. They synthesized achiral phthalonitrile
derivative 19 bearing amide moieties and alkyl side chains. Four molecules of compound
19 form an umbrella-like aggregate via hydrogen bonding between amide moieties and
they stack in a one-dimensional manner to form columnar aggregates. The cyano groups of
phthalonitrile units generated a macroscopic electrical polarization parallel to the columnar
axes. They confirmed the ferroelectricity by a polarization inversion current technique and
second harmonic generation (SHG) measurement.

In the abovementioned studies, the LC molecules did not comprise extended π-
conjugated systems and the FLC phases were electrically insulative. For the coupling
of the ferroelectricity with electronic functions, extended π-conjugated units and polar
moieties should be integrated in the molecules and they should be organized properly in
the supramolecular structures.

3.2.2. Chiral LC Systems

Funahashi and coworkers have paid attention to chiral supramolecular systems. They
synthesized FLCs based on a phenylterthiophene skeleton [74]. A chiral alkyl chain
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and a fluorophenyl unit were connected to a terthiophene core, which exhibited good
carrier transport characteristics in smectic phases. Phenylterthiophene derivatives 20–22
(Figure 11a) exhibited a SmC* and SmG* phases and the hole mobilities were in the order
of 10−4 cm2V−1s−1 in the SmC* phase and 10−2 cm2V−1s−1 in the SmG* phase. The
spontaneous polarization reached 100 nCcm−2 in the SmC* phase.

Figure 11. (a) Molecular structure of ferroelectric LC semiconductors 20–22. (b) Photocurrent response in the SmC* phase of
compound 20 for UV light illumination under a short circuit condition. Black, red, and green lines denote a non-polarized
state, polarized state with the illuminated electrode charged positively, and polarized state with that charged negatively,
respectively. The graph was reproduced from Reference [74] with the permission from the Royal Society of Chemistry.

Figure 11b shows photocurrent response for UV light illumination in the SmC* phase
of compound 20 under a short circuit condition. For UV light illumination, a photocurrent
was induced under the zero bias after the application of a poling DC bias. The polarity of
the photocurrent was contrary to that of the poling bias and it was inversed by the change
in the polarity of the poling bias. The same photovoltaic behaviors were observed in the
SmC* phase of the other phenylterthiophene derivatives and the photocurrent response
was proportional to the spontaneous polarization in the SmC* phase [75].

The photovoltaic response of which polarization is contrary to the poling bias prior
to light illumination can be induced by an electrical polarization of ionic impurities. The
origin of the photovoltaic effect was confirmed by the comparison of photovoltaic behaviors
between the FLC samples with various enantiomer purities [76]. As shown in Figure 12a,
the photocurrent in the SmC* phase of compound 20 increased with an increase in the
enantiomer purity. The photovoltaic effect disappeared in the racemic mixture. This result
indicates that the photovoltaic effect should be attributed to the symmetry breaking by
molecular chirality in the SmC* phase, but not to contamination of ions.

These phenylterthiophene-based FLCs exhibit chiral ordered smectic phases below
the SmC* phase. If a sandwich type sample of the FLCs is cooled from the SmC* phase
to the ordered smectic phase under the DC bias application, the macroscopic electric
polarization in the SmC* phase is immobilized in the ordered smectic phase. The increase
of the carrier mobility in the ordered smectic phase compared to that in the SmC* phase
results in the enhancement of the photovoltaic effect in the ordered smectic phase, as shown
in Figure 12b [77].

Funahashi and coworkers synthesized a double chiral FLC 23 based on bisfluo-
rophenylterthiophene bearing lactic ester moieties, as shown in Figure 13a [78]. This
compound exhibited a chiral smectic A (SmA*) phase below which an ordered smectic
phase appeared. When a thin film sample was cooled from the SmA* phase to the ordered
smectic phase under the application of a DC bias, the macroscopic electrical polarization
was induced in the ordered smectic phase. Figure 13b shows a current-voltage characteris-
tic for UV light illumination in the polarized state of the chiral ordered smectic phase of
compound 23. Due to the internal electric field produced by the macroscopic polarization,
the bulk photovoltaic effect was confirmed in the ordered smectic phase of this compound
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with an open-circuit voltage of 0.8 V. Moreover, the electrical polarization in the ordered
smectic phase lowered the injection barrier from the cathode and anode to the FLC layer,
resulting in electroluminescence. From uniaxially aligned samples, linearly polarized
electroluminescence was obtained and the polarized plane of the electroluminescence was
rotated by 90 degrees. by the inversion of the poling bias polarity in the cooling process
from the SmA* phase to the ordered smectic phase, as shown in Figure 13c.

Figure 12. (a) Photocurrent under a short circuit condition in the SmC* phase of compound 20 as a function of the enantiomer
purity. The graph was reproduced from Reference [76] with permission from the PCCP Owner Societies. (b) Current-voltage
characteristics in the SmC* and SmG* phases of compound 20. The graph was reproduced from Reference [77] with the
permission from Elsevier.

Figure 13. (a) Molecular structure of double chiral π-conjugated FLC 23. (b) Current-voltage
characteristics in the chiral ordered smectic phases of compound 23. (c) Electric-field-induced
rotation of the polarized plane of the electroluminescence from the polarized ordered smectic phase of
compound 23. The photographs and graph were reproduced from Reference [78] with the permission
from the Royal Society of Chemistry.
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The bulk photovoltaic effect in the chiral ordered smectic phase of compound 20 was
enhanced by doping of fullerene derivative 24. With the concentration of 13 mol % of
compound 24 in compound 20, fullerene-rich domains were formed in the chiral ordered
phase. The photovoltaic effect was not so remarkably enhanced because the domain size
was much larger than the exciton diffusion length. However, the spectral sensitivity was
extended to the visible light area. The polarity of the effect could be inverted by the change
of the poling bias during the cooling process from the SmC* phase to the ordered smectic
phase, as shown in Figure 14a.

Figure 14. (a) Current-voltage characteristic in the polarized chiral ordered smectic phase of compound 20 doped with
fullerene derivative 24 (13 mol %) for white light illumination. The graph was reproduced from Reference [79] from the
permission of Elsevier. (b) Photocurrent response in the SmC* phase of the mixtures of compounds 25 and 26 under a short
circuit condition. The graph was reproduced from Reference [80] from the permission from the American Chemical Society.

This bulk photovoltaic effect was also observed in binary systems consisting of a chiral
and achiral FLCs [79]. The chirality induced by a small amount of chiral dopant can break
the centrosymmetry of the LC electronic system, resulting in the photovoltaic effect in the
ferroelectric LC phase [80]. As shown in Figure 14b, the photovoltaic effect was induced by
doping of chiral compound 26 to achiral LC 25.

3.2.3. Achiral LC Systems

A few ferroelectric columnar LCs comprising extended π-conjugated units have been
synthesized. In the studies, polar moieties and extended π-conjugated cores are integrated
artfully in one-dimensional columnar structures.

Akutagawa and coworkers reported ferroelectric columnar LC 27 consisting of pyrene
units and amide moieties to form one-dimensional hydrogen bonding network
(Figure 15a) [81]. The electronic charge carrier transport proceeded through π-stacks
consisting of pyrene cores while the hydrogen bonding networks between amide moieties
induced ferroelectricity. They confirmed a shift of the current-voltage characteristics by the
polarity inversion of a DC poling bias, as shown in Figure 15a, although no photovoltaic
effect was observed in the ferroelectric phase.
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Figure 15. (a) Columnar FLC 27 based on a pyrene moiety and the current-voltage characteristic in the ferroelectric
columnar phase. The graph was reproduced from Reference [81] with the permission of the American Chemical Society.
(b) Ferroelectric subphthalocyanine derivative 28 and the current voltage characteristic in the polarized columnar phase
of compound 28 for visible light illumination. The graph was reproduced from Reference [82] with the permission of the
American Chemical Society.

Miyajima and coworkers synthesized subphthalocyanine derivative 28 exhibiting a fer-
roelectric columnar phase (Figure 15b) [82]. This subphthalocyanine core including boron
atom was non-planar and stacked to form polarized columnar aggregates. For visible light
illumination, photoconductive behavior was observed in the polarized columnar phase.
The polarity of the photocurrent could be inverted by the change of the polling bias polarity
and the open-circuit voltage depended on the sample thickness, as shown in Figure 15b,
indicating that this photoconductivity should be attributed to a bulk photovoltaic effect.

4. Conclusions

Chiral liquid crystals based on extended π-conjugated units form the N* and SmC*
phases, in which electronic function originated from the π-conjugated moieties couples
with the molecular chirality to produce new optical and electronic functions. In the N*
phase, which has twisted structures, CP PL has been observed within the wavelength range
of the reflection band. Recently, CP EL has been confirmed from devices based on active
layers consisting of chiral conjugated polymers with twisted structures induced by the
molecular chirality. FLCs, consisting of phenylterthiophene skeleton and chiral alkyl side
chains, indicate a bulk photovoltaic effect, which is driven by spontaneous polarization.
The bulk photovoltaic effect is enhanced in the chiral ordered smectic phases and by
the formation of bulk heterojunctions with fullerene derivatives. This bulk photovoltaic
effect has also been observed in achiral ferroelectric columnar LCs, which has extended
π-conjugated units.
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Abstract: A series of non-symmetrical Schiff base liquid crystals were prepared and investigated.
Schiff bases of p-alkyloxy aniline derivatives and 4-phenyl pyridine-4′-carbaldehyde were synthe-
sized. The terminal alkoxy groups substituting aniline are of varied chain length, namely C6, C8,
and C16. The structures of the compounds were confirmed via 1H NMR and 13C NMR spectroscopy.
Different mesophases of the samples were thermally and optically characterized by differential
thermal analysis (DSC) and polarized optical microscopy (POM). All samples revealed enantiotropic
smectic B (SmB) and smectic A (SmA) mesophases. The results obtained were further correlated with
the density functional theory (DFT) theoretical calculations. The results are compared to a series
of compounds bearing biphenyl moiety in their mesogens. The thermal stabilities of the different
mesophase reduced upon the increment of the alkoxy chain length. The temperature ranges of both
the smectic mesophases of new compounds bearing the 4-phenyl pyridine moiety are generally
expanded higher than the other series. In addition, the total mesophase range is greater in the new
compounds when compared to their biphenyl analogues. The DFT results were investigated in terms
of the molecular geometries and the frontier molecular orbitals as well as the charge distribution
mapping to show and illustrate the difference in the mesomorphic properties.

Keywords: liquid crystal; schiff base; biphenyl; 4-phenyl pyridine; DFT

1. Introduction

A unique state of matter called the Liquid crystalline state gained much importance
and attracted considerable attention both in the basic sciences and technological appli-
cations because of a variety of advanced applications including digital displays, sensors,
liquid crystal displays (LCDs), high-performance polymers, transporting of electron, ion
or molecule and drug-delivery systems, and hybrid composites [1–5]. Rod-like liquid
crystalline materials called calamitic mesogens (possessing a rigid core with two or more
aromatic rings linked by connecting groups and flexible terminal chains), have attracted
remarkable attention over recent decades due to their ability to display a wide range
of technologically important liquid crystal phases [6–9]. With a variety of structures of
rod-like molecules, they display some potential applications by changing their physical
properties including dielectric anisotropy (∆ε), birefringence (∆n), rotational viscosity and
mesophase range for liquid crystal compounds [10–13].

It was observed that the mesomorphic properties of thermotropic calamitic LC are
mostly influenced by the nature of terminal chains including alkyl, alkyloxy, perfluorinated
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chain, ester or acyl group, or introduction of heteroatom into terminal chains [14–17].
Recently, a huge number of structurally varied thermotropic liquid crystals consist of polar
heteroatoms/heterocyclic systems were designed and synthesized [17–19]. A variety of
materials synthesized based on five and six membered heterocyclic rings comprising one,
two, or three nitrogen atoms gave rise to attracting mesomorphic properties. The enhanced
attractive forces and layer formation properties due to molecular stacking and packing of
these liquid crystals are attributed to the position of nitrogen atoms and the availability
of their lone pair of electrons. The inclusion of a heteroatom or heterocyclic unit induces
substantial effects such as polarizability, enhanced lateral and/or longitudinal dipole
moment, increased intermolecular interaction, and impact the mesophase stability, phase
transition temperatures and introduction of transverse dipole moment, often stimulating
negative dielectric anisotropic properties due to the existence of lone-pair electrons on
heteroatoms of rings [20]. The mesomorphic compounds with five-membered heterocyclic
units such as 1,3,4-oxadiazole [21–23], 1,2,4-oxadiazole [24,25], isoxazole [26,27], 1,3,4-
thiadiazole [28,29], and thiophene [30–32] showed interesting mesomorphic properties.
Recently, several structurally diverse liquid crystals based on pyridine were prepared and
studied for their mesomorphic properties [33–35].

Furthermore, several liquid crystalline compounds with connecting units including
imine, ester, ether, and azo to connect various aromatic rings were prepared and studied
for their liquid crystal behavior [36–40]. Since the discovery of 4-methoxybenzylidene-
4′-butylaniline at room temperature nematogen [41], much attention has been focused
by the researchers as the introduction of Schiff base unit (-CH=N-) promote the stability
of mesophase by maintaining the linearity and rigidity. Recently, several thermotropic
mesogens based on Schiff base with low molar mass have been synthesized, characterized
and investigated [32,42,43].

Mesomorphic behavior of rod-like liquid crystal compounds is essentially reliant
on the shape of molecule depending on molecular conformation [44,45]. Even a minor
alteration in the structure of mesogens results in changes in their mesomorphic proper-
ties significantly. Moreover, the formation of mesophase, type of phase and its thermal
stability largely dependent on the central connecting unit and the terminal groups/chains
attached to mesogenic compounds [44,46]. Consequently, in the design of new mesogenic
compounds the linking unit, terminal groups and flexible hydrocarbon chains are crucial.

2. Materials and Methods

All chemicals were purchased from TCI Company, Japan. Their purity is higher than
98%. Schiff bases were prepared and recrystallized twice from ethanol/water mixture and
were checked to be TLC pure, Scheme 1.

Scheme 1. Synthesis of N-arylidene-4-alkyloxbenzenamine 3a–f (samples 3.a, 3.b and 3.e are reported in Reference [47]).
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Synthesis of N-Arylidene-4-alkyloxybenzenamine (3a–f)

Alkyloxybenzaldehyde (4.1 mmol) and 4-arylamine (4.1 mmol) equimolar equivalents
were dissolved in ethanol (10 mL) and refluxed for two hours. The mixture was filtered after
cooling to room temperature. TLC analysis showed that the obtained solid was washed
with cold ethanol and recrystallized twice from hot ethanol to yield pure compounds.

(E)-N-(4-(Hexyloxy)phenyl)-1-(4-(pyridin-4-Yl)phenyl)methanimine (3.d)
Yield = 97%, IR (KBr, cm−1): 3041, 2952, 2851 (C-H), 1625 (CH=N), 1597, 1539, 1511,

1408, 1361, 1270, 1183, 1118, 887, 822, 808, 721; 1H NMR (400 MHz, CDCl3, δ ppm): 0.93 (t,
J = 7.2 Hz, 3H), 1.34–1.39 (m, 4H), 1.45–1.52 (m, 2H), 1.78–1.85 (m, 2H), 3.99 (t, J = 6.4 Hz,
2H), 6.96 (dd, J = 6.8 Hz, 2H), 7.29 (dd, J = 6.4 Hz, 2H), 7.57 (dd, J = 4.4 Hz, 2H), 7.77 (d,
J = 8.0 Hz, 2H), 8.01 (d, J = 8.4 Hz, 2H), 8.55 (s, 1H), 8.71 (dd, J = 4.4 Hz, 2H); 13CNMR
(100 MHz, CDCl3, δ ppm): 14.10, 22.65, 25.76, 29.28, 31.63, 68.29, 115, 121.57, 122.33, 127.35,
129.24, 137.12, 140.33, 144.30, 147.46, 150.42, 157.00, 158.17.

(E)-N-(4-(Octyloxy)phenyl)-1-(4-(pyridin-4-Yl)phenyl)methanimine (3.e)
Yield = 95%, IR (KBr, cm−1): 3045, 2951, 2852 (C-H), 1621 (CH=N), 1594, 1533, 1505,

1402, 1361, 1275, 1181, 1117, 889, 822, 804, 721; 1H NMR (400 MHz, CDCl3, δ ppm): 0.91 (t,
J = 6.8 Hz, 3H), 1.31–1.37 (m, 8H), 1.45–1.52 (m, 2H), 1.78–1.85 (m, 2H), 3.99 (t, J = 6.8 Hz,
2H), 6.96 (dd, J = 6.8 Hz, 2H), 7.29 (dd, J = 6.8 Hz, 2H), 7.57 (dd, J = 4.4 Hz, 2H), 7.75 (d,
J = 8.0 Hz, 2H), 8.02 (d, J = 8.4 Hz, 2H), 8.55 (s, 1H), 8.71 (dd, J = 4.4 Hz, 2H); 13CNMR
(100 MHz, CDCl3, δ ppm):14.16, 22.70, 26.08, 29.28, 29.32, 29.41, 31.85, 68.30, 115.00, 121.57,
122.33, 127.35, 129.24, 137.13, 140.34, 144.31, 147.46, 150.42, 157.00, 158.17.

(E)-N-(4-(Hexadecyloxy)phenyl)-1-(4-(pyridin-4-Yl)phenyl)methanimine (3.f)
Yield = 91%, IR (KBr, cm−1): 3038, 2955, 2847 (C-H), 1618 (CH=N), 1595, 1534, 1501,

1405, 1365, 1277, 1182, 1115, 887, 822, 804, 720; 1H NMR (400 MHz, CDCl3, δ ppm): 0.90 (t,
J = 6.4 Hz, 3H), 1.28 (m, 26H), 1.73–1.85 (m, 2H), 4.00 (t, J = 6.4 Hz, 2H), 6.96 (dd, J = 8.4 Hz,
2H), 7.29 (d, J = 8.4 Hz, 2H), 7.57 (d, J = 5.6 Hz, 2H), 7.77 (d, J = 8.4 Hz, 2H), 8.02 (d,
J = 8.0 Hz, 2H), 8.56 (s, 1H), 8.71 (d, J = 5.6 Hz, 2H).

1H NMR and 13C NMR results (Figures S1–S5) are given in the Supplementary Ma-
terials as following: Figure S1: 1H NMR of compound (OC6) 3.d; Figure S2: 13C NMR of
compound (OC6) 3.d; Figure S3: 1H NMR of compound (OC8) 3.e; Figure S4: 13C NMR of
compound (OC8) 3.e; Figure S5: 1H NMR of compound 3a (OC16) 3.f.

The phase changes in the materials were determined by means of differential scanning
calorimetry (DSC), DSC-60A, Shimadzu, Japan. The size of samples was in the range
of 2–3 mg. Samples were encapsulated in Al pans and were heated or cooled in inert
atmosphere (dry nitrogen atmosphere). Measurements were accomplished at 10.0 ◦C/min.
Samples were heated from room temperature to 200 ◦C and cooled back to room tem-
perature at the same heating. The transition temperatures for the various phase changes
were gained from the endothermic peak minima of enthalpy. The accuracy of temperature
recording was better than 1.0 ◦C.

3. Results and Discussion
3.1. Synthesis and Characterization

The 1H NMR of compounds showed that the terminal methyl group protons were
observed as a triplet at δ 0.91 ppm whereas the protons of methylene group directly
attached to the aromatic ring observed at δ 2.99 ppm as a triplet. The appearance of singlet
at δ 8.55 ppm corresponding to imine linkage proton (-CH=N-) confirmed the formation
of Schiff base for prepared compounds. The protons near the nitrogen of the pyridine
ring were observed as a doublet most upfield at δ 8.71 ppm. The rest of the aromatic
and aliphatic protons were observed as per the substitution pattern of compounds. In
the 13C NMR spectra of new compounds, the terminal methyl carbon was observed most
upfield δ 14.10 ppm while methylene carbon directly attached to oxygen were observed at δ
68.29 ppm. The carbon of the imine linkage was appeared most downfield at δ 158.17 ppm
whereas two carbons in vicinity to nitrogen of pyridine ring were observed at δ 150.42 ppm.
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The rest of the carbons were observed as per the substitution pattern and in agreement
with the structures of the new compounds.

3.2. Mesomorphic Behavior

Transition temperatures and the corresponding associated enthalpy changes of the
prepared compounds were measured by DSC and displayed in Table 1. The DSC thermo-
grams of the three new alkoxy derivative (3.d, 3.e and 3.f) are presented in Figure 1a–c. All
the prepared compounds exhibited dimorphic enantiotropic mesomorphic characteristics
whereby the corresponding endotherms were regarded as following according to the in-
crease in temperature: crystalline to smectic B (Cryst.-SmB), SmB to smectic A (SmB-SmA)
and SmA-isotropic (SmA-I) transitions. The SmB and SmA mesophases were specified by
the existence of the standard Schlieren and focal-conic fan textures.

Table 1. Phase transitions: temperatures (T, ◦C) and enthalpies (∆H, kJ/mol) for the prepared compounds 3.a–f. The
abbreviations Cr-SmB, SmB-SmA, SmB-I, SmA-I, SmA-N, and N-I refer to the crystalline to smectic B, smectic B smectic A,
smectic B to isotropic, smectic A to isotropic, smectic A to nematic and nematic to isotropic transitions, respectively. ∆H
refers to the enthalpy changes in kJ/mol for the different phase transitions.

Compound
◦C kJ/mol ◦C kJ/mol ◦C kJ/mol ◦C kJ/mol ◦C kJ/mol

TCr-SmB ∆HCr-SmB TSmB-SmA ∆HSmB-SmA TSmB-I ∆HSmA-I TSmA-N ∆HSmA-N TN-I ∆HN-I

3.a (C6) 86.2 28.09 128.0 —– 135.0 —

3.b (C8) 95.1 76.02 130.0 3.03 132.2 1.77 134.5 0.46

3.c (C16) 110.9 119.75 112.7 3.78 118.6 3.71

3.d (-OC6) 121.8 35.78 149.9 3.23 170.1 5.61

3.e (-OC8) 113.9 21.23 146.0 2.37 168.1 3.76

3.f (-OC16) 112.3 24.62 143.3 2.13 166.6 3.42

It is worth noting that this study presents a continuation of our systematic work in
which we investigate the effect of conjugation length on the mesomorphic behavior on
model examples of LCs. In a recent article, we have investigated the effect of introducing 4-
phenyl pyridine moiety on LC molecules terminated with alkyl group [48]. The mesophases
of new compounds were verified by observing their textures through POM (Figure 2).
Observation of mesomorphic behavior of the new compounds bearing the 4-phenylpyridyl
mesogens (3.d–f) under the POM showed enantiotropic dimorphic mesomorphism. After
heating from crystalline phase to isotropic liquid and again cooling it from its isotropic
liquid phase to crystalline phase, all new compounds verify the presence of two mesophases
both via POM and DSC thermograms (Table 1). First, SmB phase texture (Figure 2a appears
after melting, and later it turned out to SmA phase (Figure 2b) at elevated temperatures.
The SmB and SmA mesophases were identified by the appearance of the standard Schlieren
and focal-conic fan textures. All observed LC mesophase textures agree with the literature
both with respect to their textures and the associated enthalpy changes recorded by DSC
measurements (∆H values lies between 2.13 and 5.61 kJ/mol).
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Figure 1. (a–c) DSC thermograms of the new compounds 3.d, 3.e and 3.f during heating and cooling cycles (10 ◦C min−1).

Figure 2. Mesophase textures observed by POM during heating cycle of compound 3.d Smectic B phase at 130.0 ◦C (a), 3.e
Smectic A phase at 158.0 ◦C (b), 3.f Smectic A phase at 162.0 ◦C (c).

The effect of variation of the alkyloxy chain length on the mesomorphic behavior of
the new compounds is displayed in Figure 3.
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Figure 3. Dependence of the mesophase transition temperatures on the alkyloxy chain length.

It is observed that the transition temperatures of SmB/SmA mesophase transition
decreases as alkoxy chain length increase. In the same manner, the SmA-I transition
temperatures showed similar response upon the increase of the terminal alkoxy group (C6
to C16).

The variation of mesophase temperature ranges of the different observed textures
(SmB and SmA) in the new compounds 3.d to 3.f is compared to the results obtained for
mesomprohic compounds bearing biphenyl moiety and terminated with long chain alkyl
groups rather than our new series containing 4-phenyl pyridyl group in their mesogens
and terminated with long chains of alkoxy groups. The results are shown in Table 2.

Table 2. Variation of mesophase temperature ranges of the different observed textures for the
mesomorphic compounds bearing biphenyl group (alkyl terminated) rather than 4-phenyl pyridine
(alkoxy terminated) ends in their mesogens.

Alkyl Chain
Length

SmB Range (◦C) SmA Range (◦C)

Biphenyl 4-Phenyl
Pyridine Biphenyl 4-Phenyl

Pyridine

C6 41.8 28.1 – 20.2

C8 34.8 35.1 2.2 22.1

C16 1.8 31.0 5.9 23.3

The increased mesophase stabilities and broadening in the SmA mesomorphic tem-
perature range in the compounds 3d–f can be rationalized to two different factors. The first
factor is the increased pi-pi stacking arising from the extra contribution of the N-atom of
the pyridine ring to the total conjugated electrons along the mesogen. The second factor
is the presence of two lone pairs of electrons on the oxygen atom of the alkoxy chains
which is directly fused to the mesogenic group. The presence of the lone pairs of electrons
on the oxygen atom may lead to extra conjugation which in turn increases the length of
the mesogenic group (increased pi-pi stacking). Consequently, the mesophase stability
is largely increased in alkoxy terminated series of LCs compared to the biphenyl series
ended with alkyl chains. This elevation in pi-pi stacking can explain the promoted SmB
and SmA mesomorphic order rather than the nematic one even for the sample bearing
relatively short hexyloxy chain length (3.d). Comparing the effect in the present study with
LC having 4-phenyl pyridine and terminated with alkyl groups, the effects of introducing
the above explained two factors were more pronounced [48].
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3.3. DFT Calculations

Gaussian 9 was used to carry out theoretical DFT computations in the gas phase using
DFT and B3LYP 6-311g (d,p) base site. All optimized structures were found to be stable
due to the lack of the imaginary frequency. The results of the theoretical calculations of the
studied compounds 3.a–f reveal a non-planar geometry (Figure 4). The phenyl rings, on
the other hand, are not coplanar, and the twist angle of the CH=N is affected presence of
the pyridine atom that affect the degree of aromaticity conjugated arylidene component.
Furthermore, the biphenyl ring and its pyridyl derivative are significantly different in the
degree of the aromaticity and consequently the presence of N- heteroatom affects the angle
deviated from co-planarity. The twist CH=N angle (θ) = 7.8◦ for the hexyl derivative 3.a of
the biphenyl and 4.6◦ for its pyridyl derivative 3.d. The pyridyl derivative 3.e (θ) = 7.8◦

had the higher twist angle, while its longest chain length (C=16) derivative 3.f had twist
angle (θ) = 9.3◦. The result of the difference in twist angle of the alkoxy derivatives of the
pyridyl and its alkyl derivatives of the biphenyl one could be explained in terms of better
conjugation of the π-cloud of aromatic rings with the imino group with the alkoxy one of
higher mesomeric resonance effect rather than the hyper conjugated alkyl group, and as
a result of the high conjugation, arylidene system is more enforced to be more planar in
the case of the alkoxypyridyl derivatives. While these theoretical molecular geometries
may be a good predictor of the preferred molecular structure in the gas phase, the presence
of these compounds in liquid crystalline matter condensed phases with a different lowest
energy and more elongated species will be favored [49].

Figure 4. Optimized geometrical structure of the prepared compounds 3.a,d–f.

3.4. Frontier Molecular Orbitals (FMOs)

The results of the calculated plots of the synthesized compounds frontier molecular
orbitals HOMO (highest occupied) and LUMO (lowest unoccupied) are shown in Table 3
and Figure 5. Figure 5 shows how the electron densities of the sites involved in LUMO and
HOMO generation are localized on the pyridyl part and its conjugated rings. On the other
hand, the electron densities of the FMOs were affected by the degree of conjugated rings
affected by the polar alkoxy group as well as the presence of the hetaryl atom. Furthermore,
the degree of conjugation and the existence of the N-atom had a substantial impact on
the energy levels of the FMOs and the energy gap between them. The presence of a more
aromatic ring in the biphenyl derivatives affects the levels of the frontier molecular orbitals.
The energy level of the FMOs is dramatically reduced when the N-atom replaces the carbon.
Furthermore, the energy difference between the FMOs was significantly altered by the
extraconjugation of the alkoxy derivatives 3.d–f due to the resonance effect. The pyridyl
derivative, on the other hand, showed a greater decrease in the energy gap than the phenyl
derivative. This was demonstrated by increases in co-planarity in the case of the pyridyl
derivative with respect to its phenyl, which resulted in additional more conjugation and a
decrease in the FMOs energy gab. On the other hand, there is no difference in the FMOs
energy gab and energy difference with the longer chain lengths.
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Table 3. FMO Energies e. V. and their values for the prepared compounds 3.a,d–f.

Compounds HOMO LUMO ∆E

3.a −5.75 −1.85 3.90

3.d −5.77 −2.10 3.67

3.e −5.76 −2.10 3.66

3.f −5.77 −2.11 3.66

Figure 5. The calculated plots for the prepared compounds 3.a,d of the frontier molecular orbitals.

3.5. Molecular Electrostatic Potential (MEP)

According to molecular electrostatic potential (MEP), the charge distribution map for
the synthesized compounds 3.a,d–f was estimated using the same method of calculations
with the same basis sets as shown in Figure 6. Furthermore, the molecular electrostatic
potential (MEP) is an important parameter to understand when analyzing the electron
density distribution over molecules [49–51]. MEP is also one of the one of excellent tool to
predict the intermolecular and/or intramolecular interactions. The existence of the polar
N-atom and the connecting CH=N group of the examined compounds had an impact on
the localization of the iso-electronic density of the electron rich and electron deficient areas.
The Schiff base part CH=N group has the lowest electron density, whereas the terminal
alkoxy chain has the maximum electron density. The anticipated charge distribution
maps could be used to illustrate how liquid crystals molecular structure assist mesophase
behavior change.
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Figure 6. Molecular electrostatic potentials (Hartree) for the prepared compounds 3.a,d–f.

4. Conclusions

A novel series of Schiff base liquid crystals were prepared and investigated. Schiff
bases of p-alkyloxy aniline derivatives and 4-phenylpyridine-4′-carbaldehyde were synthe-
sized. The terminal alkoxy groups substituting aniline are of varied chain length, namely
C6, C8, and C16. All samples revealed enantiotropic smectic B (SmB) and smectic A (SmA)
mesophases. The results are compared to two series of compounds bearing pyridine and
biphenyl, respectively, in their mesogens. The thermal stabilities of the different mesophase
reduced upon the increment of the alkoxy chain length. The temperature ranges of both
the smectic mesophases of new compounds bearing the 4-phenyl pyridine moiety are
generally expanded higher than the other two series. In addition, the total mesophase
range is greater in the new compounds when compared to their biphenyl analogues. The
increased mesophase stabilities and broadening in the SmA mesomorphic temperature
range in the new compounds were rationalized to the increased pi-pi stacking arising
from the extra contribution of the N-atom of the pyridine ring. A second factor that may
contribute effectively is the lone pairs of electrons on the oxygen atom of the alkoxy chains.
The presence of the lone pairs of electrons on the oxygen atom imparted extra conjugation
and consequently, the mesophase stability increased. The results obtained were in a good
agreement with the density functional theory (DFT) theoretical calculations. The result of
DFT showed a difference in twist angle as well as the charge distribution maps of the alkoxy
derivatives of the pyridyl and its alkyl derivatives and this could explain the difference in
the mesomorphic properties.

Supplementary Materials: 1H NMR and 13C NMR results of the samples 3.d, 3.e and 3.f are given
as supplementary materials. They are available at https://www.mdpi.com/article/10.3390/sym131
01832/s1, Figure S1: 1H NMR of compound (OC6) 3.d; Figure S2: 13C NMR of compound (OC6) 3.d;
Figure S3: 1H NMR of compound (OC8) 3.e; Figure S4: 13C NMR of compound (OC8) 3.e; Figure S5:
1H NMR of compound 3a (OC16) 3.f.
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Abstract: Nematic liquid crystals (LCs) are known to undergo a phase transition to chiral nematic
LCs possessing helices upon doping with enantiomeric molecules known as chiral dopants. The
relationship between the helical pitch (p), the molar fraction (x), and the power of the chiral dopant
to induce a helix in a nematic solvent (βM) is expressed as p = 1/(x·βM). The helical pitch is easily
controlled by the concentration of the chiral dopant when the dopant molecule is miscible with the
host nematic LC. However, it has not yet been clarified what the miscibility of the chiral dopant
molecules with the nematic LCs depends. Therefore, we performed all-atom molecular dynamics
(MD) simulations for the system composed of both ∆ and Λ isomers of a chiral dopant molecule
dispersed in a nematic LC and investigated the relationship between the microdynamics of the
chiral molecules and their miscibility with the nematic solvent. The miscibility of the chiral dopant
molecules with the LC solvent was found to correlate with the diffusion coefficient of the LC solvent.
In the system where the chiral dopant molecules with high miscibility were added, the diffusion
coefficient of the LC solvents was comparable to that of the system in which the chiral molecule was
not doped. Furthermore, it was confirmed that more elongated chiral dopants were more miscible
with the nematic solvent consisting of calamitic molecules, and that these dopant molecules did not
have a significant effect on the diffusion behavior of the LC molecules.

Keywords: chiral nematic liquid crystals; molecular dynamics simulation; miscibility; diffusion
coefficient

1. Introduction

It is generally well known that a nematic liquid crystal (LC) undergoes a phase transi-
tion to a chiral nematic LC possessing a helix when doped with enantiomeric molecules
known as chiral dopants [1–4]. The chiral nematic LC exhibits selective reflection of circu-
larly polarized light corresponding to the helical pitch. The pitch of the induced helicoidal
superstructure is usually within the visible wavelength range. As the helical pitch can
be tuned by the type and concentration of the chiral dopants, chiral nematic LCs have
the potential to be utilized for photonic applications in areas of tunable mirrorless las-
ing [5–7], reflective colored displays [8–10], energy-saving smart windows [11–13], and
sensors [14,15].

The relationship between the helical pitch (p), the molar fraction (x), and the power
of the chiral dopant used to induce a helix in a nematic solvent (helical twisting power,
denoted as βM) is expressed as follows: p = 1/(x·βM). The sign of the βM value indicates
the helical direction, where positive and negative values correspond to P- and M-helical
structures, respectively.
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The rational prediction of βM of the chiral dopant is associated with the precise control
of the helical structure of chiral nematic LCs. Although the helix formation in chiral nematic
LCs is well understood as a macroscopic physical phenomenon, predicting the values of
βM rationally remains a challenging task based on the dopant and LC molecules. Slight
differences of the molecular structure of the dopant may sometimes lead to large differences
in the value of βM.

Unlike predicting the values of βM of the chiral dopant, the helical pitch is easily
controlled by the concentration of the chiral dopant when the dopant molecule is miscible
with the host nematics. However, the key factor determining the miscibility of chiral dopant
molecules with nematic LCs has not yet been clarified.

The molecular shape of the chiral dopant may be one possible factor affecting its
miscibility with nematics. To clarify the relationship between the molecular shape and
miscibility of the chiral dopant molecule, octahedral ruthenium complexes, especially
[Ru(acac)3] (acac = acetylacetonate ion), are suitable chiral dopants; they have rigid and C3
symmetric central cores, and their shapes can be systematically changed by the introduction
of elongated moieties to one of the acac ligands. In previous studies, the helical twisting
powers of ruthenium complex dopants were investigated using elongated ligands (Ru-
trop) [16] and simple bromo groups (Ru-Br0 and Ru-Br1) for comparison [17] (Figure 1).
Ru-Br0 and Ru-Br1 are miscible with N-(4-methoxybenzylidene)-4-butylaniline (MBBA),
which is well-known to show a nematic LC phase at room temperature, at no more than
0.2 mol%, while no precipitation of the dopant was observed using polarized optical
microscopy for ~4.0 mol% of Ru-trop in MBBA [16]. There was no significant difference in
the viscosity among these chiral LC mixtures with low concentrations of the chiral dopants.
The difference in the microscopic behavior of these ruthenium complexes may be the cause
of the difference in miscibility, but it is challenging to confirm this experimentally.
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Figure 1. Molecular structures of ∆-isomers of ruthenium complexes (Ru-trop, Ru-Br0, and Ru-Br1)
and an organic compound (811) used as a chiral dopant and the nematic LC (MBBA) used as a host.
The values in the brackets for the ruthenium complexes and organic compounds represent the aspect
ratio of the molecular length parallel to the C2 axis to that perpendicular to the C2 axis and that of the
molecular long axis to the short axis, respectively.

We herein present new insights into the dynamics of chiral dopants at the atomic level,
which are related to their macroscopic miscibility with nematic solvents. To achieve this,
we conducted all-atom molecular dynamics (MD) simulations.
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2. Models and Methods

In this study, all-atom MD simulations were performed using the program GROMACS
2016.3. The simulated racemic system consisted of both ∆- and Λ-enantiomers of a chiral
dopant molecule dispersed in the nematic LC molecules, as previously proposed. This
approach was taken because it is currently not realistic to perform all-atom MD simula-
tions for chiral nematic LC systems exhibiting a helical structure with a sub-micrometer
pitch [18]. While this approach cannot reproduce the macroscopic helical structure, it is
sufficient for investigating the microscopic behavior of the LC molecules and the dopants.
Three types of chiral ruthenium complex compounds, Ru-Br0, Ru-Br1, and Ru-trop, with
different solubilities in the nematic solvents, and one chiral organic compound, 811, with
high miscibility in the nematics, as shown in Figure 1 were selected as the chiral dopants.
The 811 compound has a mesogen core, which is expected to be miscible with a mesogenic
compound. The selected LC molecule was MBBA, which is well known as a room tempera-
ture LC. The diffusion coefficients of pure MBBA obtained from the experiments and the
MD simulation were found to be close each other, as described later. The 811 compound is
miscible with MBBA, with a miscibility of at least 20 mol%. For each simulated system, the
concentration of the dopant was set to ~0.1 mol%, and the number of molecules was listed
in Table 1. The number of LC molecules were set to approximately 2000, as the system with
this number of molecules can accurately reproduce the nematic-isotropic phase transition.

Table 1. Number of molecules in the five systems for pure MBBA, N-Ru-Br0, N-Ru-Br1, N-Ru-trop,
and N-811.

System LC Molecules Chiral Dopant Molecule

Pure MBBA 2016 0
N-Ru-Br0 2004 2
N-Ru-Br1 2006 2
N-Ru-trop 2002 2

N-811 2003 2

The initial structure was constructed according to the methodology previously pro-
posed [18]. In the initial structure of the pure MBBA, 2016 molecules were randomly placed
without overlapping in a cubic periodic boundary box with an 11.4 nm side length. For the
system in which ∆- and Λ-isomers were added to MBBA molecules, these isomers were
placed not to interact with each other at the initial state.

The generalized Amber force field [19] parameters were used for the force field pa-
rameters for MBBA and chiral dopant molecules, while the universal force field (UFF) [20]
parameters were applied to calculate the bond-stretching and bond-angle bending in-
teractions, including interatomic bonds between ruthenium and its neighboring oxygen
atoms. The partial atomic charges of the molecules were calculated using the restrained
electrostatic potential (RESP) methodology [21] based on density functional theory (DFT)
calculations (B3LYP/LANL2DZ for ruthenium atom and B3LYP/6-31G* for all other atoms)
with the GAUSSIAN 09 revision E01 program.

The simulation procedure proposed in the previous study [18] involved pre-equilibration
runs after the steepest energy minimization, which were performed as follows: 5 ns at 250 K
and 1 bar, 1 ns at 350 K and 1 bar, and 5 ns at 300 K and 1 bar. During the pre-equilibration
runs, the temperature and pressure were kept constant using a Berendsen thermostat and
barostat [22] with relaxation times of 0.2 and 2.0 ps, respectively. The equilibration run was
carried out for at least 300 ns at 300 K and 1 bar using a Nosé-Hoover thermostat [23–25]
and Parrinello-Rahman barostat [26] with relaxation times of 1.0 and 5.0 ps, respectively.
The time step was set to 2 fs, since all bonds connected to hydrogen atoms were constrained
with the LINCS algorithm [27]. The long-range Coulomb interactions were calculated using
the smooth particle-mesh Ewald method [28] with a grid spacing of 0.30 nm. The real space
cutoff for both Coulomb and van der Waals interactions was 1.4 nm.
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3. Results

Figure 2 shows the MD simulation snapshots of the simulated system, pure MBBA,
N-Ru-Br0, N-Ru-Br1, N-Ru-trop, and N-811. In all the systems, ∆- and Λ-isomers were
positioned away from each other, and no aggregations were formed. The MBBA molecules
appeared to be aligned in one arbitrary direction in the snapshots, but the order parameter
for the molecules must be calculated to understand the degree of molecular ordering.

Symmetry 2023, 15, x FOR PEER REVIEW 4 of 11 
 

 

spacing of 0.30 nm. The real space cutoff for both Coulomb and van der Waals interactions 
was 1.4 nm. 

3. Results 
Figure 2 shows the MD simulation snapshots of the simulated system, pure MBBA, 

N-Ru-Br0, N-Ru-Br1, N-Ru-trop, and N-811. In all the systems, Δ- and Λ-isomers were 
positioned away from each other, and no aggregations were formed. The MBBA mole-
cules appeared to be aligned in one arbitrary direction in the snapshots, but the order 
parameter for the molecules must be calculated to understand the degree of molecular 
ordering. 

 
Figure 2. MD simulation snapshots of pure MBBA, N-Ru-Br0, N-Ru-Br1, N-Ru-trop, and N-811 
after the equilibration MD run. The carbon atoms of Δ- and Λ-isomers are colored in magenta and 
cyan, respectively. MBBA molecules are illustrated by sticks. 

The order parameter S was estimated as the largest positive eigenvalue of the order 
parameter tensor 𝑷, as expressed below: 

where  𝑁 is the total number of the LC molecules, subscripts 𝛼 and 𝛽 represent the co-
ordinates 𝑥, 𝑦, and 𝑧, and 𝒏 is the normalized long axis vector of the ith molecule. The 
long axis was defined as the vector connecting two end carbon atoms of the rigid aromatic 
core, as referred to in the previous study [29]. The time dependence of the nematic order 
parameter for the MBBA molecules was analyzed for each simulated system, as shown in 
Figure 3. 

For the pure MBBA system, the order parameter averaged during the last 50 ns of the 
equilibration MD run was 0.57 ± 0.01 at 300 K. The system obtained from the MD simula-
tions could exhibit the characteristics of bulk nematics, as the simulated order parameter 
is consistent with the experimental value for MBBA [30]. 

To confirm the validity of the simulation model and conditions, the temperature de-
pendence of the order parameter for the pure MBBA system was also investigated, as 
shown in Figure 4. The order parameter at each temperature was the average of the last 

𝑃ఈఉ ൌ 1𝑁  12 ൫3𝑛ఈ𝑛ఉ െ 𝛿ఈఉ൯ே
ୀଵ  (1)

Figure 2. MD simulation snapshots of pure MBBA, N-Ru-Br0, N-Ru-Br1, N-Ru-trop, and N-811
after the equilibration MD run. The carbon atoms of ∆- and Λ-isomers are colored in magenta and
cyan, respectively. MBBA molecules are illustrated by sticks.

The order parameter S was estimated as the largest positive eigenvalue of the order
parameter tensor P, as expressed below:

Pαβ =
1
N

N

∑
i=1

1
2
(
3niαniβ − δαβ

)
(1)

where N is the total number of the LC molecules, subscripts α and β represent the coordi-
nates x, y, and z, and ni is the normalized long axis vector of the ith molecule. The long axis
was defined as the vector connecting two end carbon atoms of the rigid aromatic core, as
referred to in the previous study [29]. The time dependence of the nematic order parameter
for the MBBA molecules was analyzed for each simulated system, as shown in Figure 3.

For the pure MBBA system, the order parameter averaged during the last 50 ns of
the equilibration MD run was 0.57 ± 0.01 at 300 K. The system obtained from the MD
simulations could exhibit the characteristics of bulk nematics, as the simulated order
parameter is consistent with the experimental value for MBBA [30].

To confirm the validity of the simulation model and conditions, the temperature
dependence of the order parameter for the pure MBBA system was also investigated, as
shown in Figure 4. The order parameter at each temperature was the average of the last
50 ns of the equilibration MD run. Figure 4 indicates that the phase transition temperature
for the MD simulation was close to the experimental value of 318 K.
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Figure 3. Time dependence of the nematic order parameter for pure MBBA, N-Ru-Br0, N-Ru-Br1,
N-Ru-trop, and N-811. All the systems reached equilibration in the final 100 ns.
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Figure 4. Temperature dependence of the nematic order parameter for pure MBBA. The values of the
order parameter above 315 K were nearly zero, indicating that these systems were isotropic.

The order parameters averaged during the last 50 ns of the equilibration MD run were
0.57 ± 0.01, 0.54 ± 0.02, 0.57 ± 0.02, 0.58 ± 0.02, and 0.58 ± 0.02 for pure MBBA, N-Ru-Br0,
N-Ru-Br1, N-Ru-trop, and N-811, respectively. These values indicate that these systems
possessed the same degree of orientational order as that of the pure MBBA system.

The radial distribution functions are typically analyzed to investigate whether the
simulated system has positional order. The radial distribution function (RDF) of the LC
molecules, g(r), is defined as:

g(r) =
1

4πr2∆r
V
N

1
N

N

∑
i=1

∆Ni(r) (2)

where V is the total volume of the system, N is the total number of the LC molecules,
∆Ni(r) is the number of the LC molecules in the shell at a distance r from the ith molecule,
and ∆r is the thickness of the shell. As shown in Figure S1, the RDFs for all systems exhibit

37



Symmetry 2023, 15, 1092

similar curves, do not exhibit discrete sharp peaks, and asymptotically converge to 1. These
characteristics of the RDFs are typical of those in the liquid state. It is shown that the LC
molecules in the system were arranged in a disorderly manner without long-positional
order. However, each of the RDFs had the first broad peak at approximately 0.5 nm, which
is comparable to the length of the short axis of the MBBA molecule. This suggests a parallel
arrangement with short-range order.

The diffusion properties of LC can be analyzed through all-atom MD simulation,
providing important insights from a microscopic point of view [31]. The mean square
displacements (MSDs) of the host MBBA molecules were analyzed, and the diffusion
coefficients were calculated using Einstein’s relation defined by following equation:

D =
〈|ri(t0 + t)− ri(t0)|2〉i

6t
=

a
6

(3)

where ri(t0) is the molecular center-of-mass position at time t0, and a is the slope of the
linear fit of the MSD. Figure 5 indicates that the MBBA molecules in all the systems had
significant fluidity. The diffusion coefficients of the MBBA molecules listed in Table 2
were of the same order of the magnitude as those reported in previous experiments [32].
Although the diffusion coefficients of the pure MBBA system, N-Ru-trop, and N-811 were
close to each other, the values were higher than those of N-Ru-Br0 and N-Ru-Br1. Therefore,
the more soluble the chiral dopant was in the nematics, the larger the diffusivity of the host
LC molecules. This indicates that there is a correlation between the miscibility of the chiral
dopant in the host LC solvent and the diffusion coefficient of the LC molecules.
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Figure 5. MSDs of MBBA molecules during the last 50 ns of equilibration runs for pure MBBA,
N-Ru-Br0, N-Ru-Br1, N-Ru-trop, and N-811. The slope of the line was calculated using least square
fitting between 15 ns and 45 ns.

Table 2. Diffusion coefficients (m2/s) of MBBA in the five systems for pure MBBA, N-Ru-Br0,
N-Ru-Br1, N-Ru-trop, and N-811.

Pure MBBA N-Ru-Br0 N-Ru-Br1 N-Ru-trop N-811

D (m2/s) 1.99 ± 0.01 1.87 ± 0.02 1.84 ± 0.02 2.00 ± 0.02 2.06 ± 0.04

Total interaction energy, which is defined as the sum of the van der Waal and Coulomb
interaction energies, was calculated between the ∆-isomer of the chiral dopant molecule
and the surrounding LC molecules for each system, and the time dependence is shown in
Figure 6. There is little difference among the systems irrespective of the chiral ruthenium
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complexes doped. The total interaction energies for pure MBBA and N-811 were compa-
rable and lower than those for the other three systems. No significant difference in the
Coulomb interaction energy was seen among all the systems as shown in Figure S2. The
van der Waals interaction energies of Ru-Br0 and Ru-Br1, which are less miscible with LC,
were larger than those of Ru-trop and 811 with high miscibility. This suggests that the van
der Waals interaction energy between the chiral dopant and the host LC molecules affect
its miscibility with the LC solvents.
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molecule and the MBBA molecules for pure MBBA, N-Ru-Br0, N-Ru-Br1, N-Ru-trop, and N-811
during the last 50 ns of the equilibration runs.

The MD simulations were performed for the systems with twice the concentration of
Ru-Br0 and Ru-trop. The time dependence of the order parameter of MBBA molecules
for N-Ru-Br0_2 with 0.2 mol% of Ru-Br0 and N-Ru-trop_2 with 0.2 mol% of Ru-trop
is shown in Figure S4. The average order parameters of the LC molecules in the last
50 ns of the equilibration MD runs were 0.56 ± 0.01 and 0.59 ± 0.01, respectively. These
values were similar to those of N-Ru-Br0 and N-Ru-trop. From the slope of the MSD
shown in Figure S7, the diffusion coefficients of MBBA molecules were estimated as
(1.74 ± 0.01) × 10−11 m2/s and (1.88 ± 0.01) × 10−11 m2/s for N-Ru-Br0_2 and N-Ru-
trop_2, respectively. In both N-Ru-Br0_2 and N-Ru-trop_2, compared to N-Ru-Br0 and
N-Ru-trop in which the concentrations of the chiral dopant were 0.1 mol%, the diffusion
coefficients of the LC molecules were slightly smaller. Since the diffusion coefficient of
the LC molecules of N-Ru-trop_2 was significantly larger than that of N-Ru-Br0_2, the
correlation between the diffusion property of the LC solvent and the miscibility of the chiral
dopant was independent of its concentration. Figure S3 shows the time dependence of the
total interaction energies, the van der Waals interaction energies, and Coulomb interaction
energies between the ∆-isomer of the chiral dopant molecule and the LC molecules. There
were no significant differences in the interaction energies depending on the concentration
of chiral dopants.

In the initial structure of the systems described above, the chiral dopant molecules were
dispersed into the LC molecules and did not form any aggregates during the equilibration
runs. It is crucial to determine whether the dopants are dispersed in nematic liquid crystals.
To confirm the dispersibility of the dopants in detail, MD simulations were performed
for the systems in which a pair of ∆- and Λ-isomers was placed in the LC solvent as an
aggregated initial structure. The simulated systems are denoted as N-Ru-Br0_agg and N-
Ru-trop_agg, containing MBBA molecules and Ru-Br0 and Ru-trop, respectively. During
the pre-equilibrium and the following equilibration runs, a pair of ∆- and Λ-isomers was
restrained in the initial position by applying the harmonic potential with a force constant
of 1000 kJ/mol/nm2. After 200 ns, during which the system reached the equilibrated state
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(Figure S4), an equilibration run without any restraints was performed for 400 ns (Figure S6).
In both N-Ru-Br0_agg and N-Ru-trop_agg, the aggregation was not stable, and the two
isomers individually diffused in the nematic solvent (Figure 7). The distance between the
isomers was approximately 4.0 nm, as shown in Figure S9. The MSDs of MBBA molecules
for the last 50 ns of the equilibration run with no restraints were analyzed, as shown in
Figure S8, and the diffusion coefficients were estimated as (1.84 ± 0.02) × 10−11 m2/s and
(1.95 ± 0.01) × 10−11 m2/s for N-Ru-Br0_agg and N-Ru-trop_agg, respectively. The LC
molecules in N-Ru-trop_agg diffused slightly faster than those in N-Ru-Br0_agg. The
value of the diffusion coefficient of the LC molecules in N-Ru-trop_agg was nearly the
same as those in pure MBBA and N-Ru-trop. This indicates that the systems in which the
aggregate of ∆- and Λ-isomers was initially placed in the LC solvents exhibited the same
behavior as those in which the isomers were initially separated. Since the difference in the
formation of the chiral molecules in the initial structure had little effect on the physical
properties, the validity of the initial structures of N-Ru-Br0, N-Ru-Br1, N-Ru-trop, and
N-811 was also confirmed.
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4. Summary

In this study, all-atom MD simulations for the racemic systems in which both the
∆- and Λ-enantiomers of the chiral dopant molecule were doped into the nematic LC
molecul, for Ru-Br0, Ru-Br1, Ru-trop, and 811. By investigating the microscopic behavior
of the chiral dopant and LC molecules, we aimed to understand the factor that causes the
difference in the miscibility of the chiral dopant analogues in the nematic solvents.

The nematic order parameters of LC molecules for all the systems into which the
chiral dopant molecules were doped were the same as that of the pure LC system. At
low concentrations of the chiral dopants, such as 0.1 mol%, they had little effect on the
orientational order of the surrounding LC molecules.

By analyzing the MSDs and diffusion coefficients of the LC molecules, the miscibility
of the chiral dopant in the host LC solvent and the diffusion behavior of the LC molecules
were found to be correlated. In the system to which the chiral dopant molecules with high
miscibility were added, the diffusion coefficient of the LC solvents was comparable to that
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of the system without the chiral molecule. This indicates that the diffusion property, i.e.,
the viscosity of the LC molecules, was less affected by the chiral dopant molecule with
higher miscibility.

The analysis of the interaction energies between the chiral dopant molecule and LC
molecules showed that the van der Waals interaction energies were correlated with the
miscibility of the dopant molecule. The molecular shapes of Ru-trop and 811, which are
highly miscible with MBBA solvent, are more elongated compared to Ru-Br0 and Ru-Br1.
The aspect ratio of the molecular length parallel to the C2 axis to that perpendicular to
the C2 axis for each ruthenium complex molecule was approximately 1.6, 1.5, and 4.0 for
Ru-Br0, Ru-Br1, and Ru-trop, respectively. These molecules are derivatives with the same
rigid octahedral ruthenium core, but the shape of Ru-trop is more rod-like and anisotropic
compared to that of Ru-Br0 and Ru-Br1. This indicates that more elongated chiral dopants
were more miscible with the nematic solvent consisting of calamitic molecules, and that
those dopant molecules had little influence on the diffusion behavior of the nematic LC
molecules.

Moreover, it is of interest to investigate how the sign of dielectric anisotropy and the
abundance of the ion in the LC molecules influence on their diffusion behaviors. To address
these issues, we plan to conduct additional MD simulations using different solvents in the
future.

Several theoretical and computational methods to have been developed to accurately
calculate the thermodynamic and structural properties of solvation [33]. However, pre-
dicting the miscibility of organic molecules in anisotropic fluids remains challenging, even
though solvation free energies for small gas molecules have been calculated by determining
the free energy change for transferring each gas molecule from an ideal gas vapor phase to
bulk LC [34].

Performing MD simulations using the model and procedure presented in this pa-
per may enable us to predict the miscibility of a newly designed dopant molecule in
nematic LC solvents before synthesizing the dopant. This approach could help facilitate
the development of novel chemical compounds more efficiently than ever before.

Supplementary Materials: The following supporting information can be downloaded at https:
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Abstract: Diluters play a crucial role for reducing the rotational viscosity of liquid crystal (LC)
materials for improving the response property of LC displays (LCDs). However, conventional
diluters tend to deteriorate relatively easily under ultraviolet (UV) exposure, due to existence of
vinyl groups. Hence, it was difficult to prepare polymer layers in the LC cells by exposing UV for
polymerization regarding polymer-sustained vertically-aligned (PS-VA) and polyimide-free (PI-free)
technologies. In this study, however, we succeeded to develop a high stable diluter, which shows a
symmetrical structure and carries fluorinated groups for stable nematic phase and high affinity with
other fluorinated LC compounds. With the use of the symmetrical-structured diluter, we developed
the PS-VA and the PI-free in-plane switching cells with a fast response rate and high voltage holding
ratio, by combining a reactive monomer including an azobenzene moiety.

Keywords: liquid crystal display; liquid crystal mixture; diluter; stability; polymer-sustained
vertically aligned (PS-VA); PI-free

1. Introduction

Liquid crystal displays (LCDs), which show a high contrast ratio and utilize a fast
response speed have become significantly important in our lives. In particular, polymer-
sustained vertically-aligned (PS-VA) LC is useful for large sized LCDs [1–3]. The PS-VA
LCD shows high contrast ratio, fast response speed, and low driving voltage because LC
molecules exhibit a slightly inclined pretilt angle from homeotropic alignment [1,2]. In
addition, polyimide (PI)-free VA and in-plane switching (IPS) technologies are also paid
much attention because the PI-free LCDs are expected to prepare extremely narrow picture
frame LCDs [4–8]. In these techniques, ultraviolet (UV) light is generally exposed to prepare
polymer layers by polymerization of reactive monomers in the LC layer. However, the UV
exposure process for preparation of the polymer layer from the reactive monomers often
induces serious image sticking [2,9]. One of causes for the image sticking is presumed to
derive from a photo-chemical reaction between previous diluters carrying a vinyl group
and the reactive monomers [10,11]. In the case that the photo-chemical reaction takes place
in the LC layer, the image sticking tends to become observable. Hence, it is significantly
important to develop new diluters for preventing the unexpected photo-chemical reaction.
For this purpose, we developed a novel diluter with including two cyclohexane groups
and two saturated alkyl groups (R1-CyFF-Cy-R2 (R1, R2: saturated alkyl groups)), which is
depicted in Figure 1 [12]. We found that the number of saturated alkyl groups of R1 and
R2 should be same for stable nematic phase. This fact indicates a symmetrical structure
of the diluter is suitable for the LC materials. In addition, we prepared the LC mixtures,
which are constructed from the LC materials and the reactive monomer, for the PS-VA
and PI-free LC cells. In this study, we produced the PS-VA and PI-free IPS LC cells using
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the LC mixtures including the symmetrical diluter and various reactive monomers, and
evaluated voltage holding ratio (VHR). The VHR is generally known as the image sticking
parameter [13–16]. We confirmed that the combination of a newly developed diluter, and
the reactive monomer carrying an azobenzene moiety exhibited high alignment stability
and high VHR.
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2. Experimental
2.1. Preparation of a New Diluter C3-CyFF-CyC3

As one of diluters, C3-CyFF-Cy-C3 is focused here, and we show a preparation
procedure in the following Scheme 1. As the first step, a dehalogenation reaction between
the compounds (1) and (2) prepared the compound (3). Then, the deoxofluorination reaction
was performed by using diethylaminosulfur trifluoride (DAST) shown in the following
scheme [12]. The GC-MS chart of the final compound is shown in Figure 2. The peak
m/z 286 is observed, which is equal to the molecular weight of C3-CyFF-Cy-C3. Thus, we
confirm that the diluter C3-CyFF-Cy-C3 is successfully obtained.
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2.2. DSC Evaluation

DSC evaluation of the diluters R1-CyFF-Cy-R2 are performed by DSC7000X (Hitachi
High Tech Science Corporation, Japan). The weight of samples was in the range of ap-
proximately 3.5–4.0 mg. The samples were encapsulated in Al pans, and were heated and
cooled in dry nitrogen atmosphere. Measurements were carried out at 10.0 ◦C/min. The
samples were heated from room temperature to 100 ◦C and cooled back to −50 ◦C at the
same rate, and heated up to 100 ◦C again. The heat/cool cycles were repeated three times.
The transition temperatures for various phase changes were obtained from endothermic
peak of enthalpy, and determined from the third running.
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2.3. Evaluation of the LC Cells

The LC cells (PS-VA and PI-free IPS cells) were prepared described in the following
sections. The evaluation methods of each LC cell are described in the following sections.

The VHR measurements were carried out in a 70 ◦C controlled bath with a 6254-type
VHR meter developed by Toyo Technica. The VHR was evaluated during an open-circuit
period of 16.61 ms after ±5 V application.

A voltage-dependent transmittance curve (V-T curve) of the LC cells was measured
at 25 ◦C with a Photal 5200 electro-optical evaluation system manufactured by Otsuka
Electronics Corporation.

Response times, turn-on (τon) and turn-off (τoff) times, are determined as transient
times from 10% to 90% and from 90% to 10% of the maximum transmittance, respectively.
These were determined by Photal 5200 electro-optical evaluation system.

Polarized optical microscopic (POM) images were observed by an ECLIPSE E600 POL
system (Nikon Corp) in 25 ◦C controlled atmosphere.

3. New Developed Diluters

The newly developed diluters R1-CyFF-Cy-R2 illustrated in Figure 1 would be ex-
pected low rotational viscosity and low threshold voltage (Vth) because the diluters
would show weak interaction with other LC compounds [12]. Most LC compounds have
phenyl/phenylene rings, which usually interact with other conjugated LC compounds
such as π-π interaction. An affinity with other LC compounds having fluorinated units
(generally inducing dielectric anisotropy) increases by introducing di-fluorinated units
on one of the cyclohexane groups of the diluters [17]. Moreover, they are also expected
to show high level of photo and thermal stability because the diluters do not have the
photo-reactive groups such as the vinyl and the phenyl/phenylene groups [12]. Table 1 lists
transition temperatures of R1-CyFF-Cy-R2. Decomposition temperatures of most diluters
show more than 200 ◦C, anticipating that these diluters are thermally stable. In particular,
the diluters C3-CyFF-Cy-C3 and C2-CyFF-Cy-C5 show the decomposition temperature
over 210 ◦C. The nematic temperature range of C3-CyFF-Cy-C3 is between 28.6 ◦C and
42.3 ◦C, whereas that of C2-CyFF-Cy-C5 is between −23.3 ◦C and 20.0 ◦C. The result indi-
cates that the nematic temperature of C3-CyFF-Cy-C3 is higher than that of C2-CyFF-Cy-C5.
One of assumptions of this result is due to high thermal stability for the C3-CyFF-Cy-C3
since the chemical structure is more symmetrical than that of C2-CyFF-Cy-C5. Different
carbon number between two side alkyl groups would increase the steric disorder, leading to
relatively unstable nematic phase. Figure 3 indicates DSC thermograms of C3-CyFF-Cy-C3
and C2-CyFF-Cy-C5. The peak observed between crystal (C) and nematic (N) phases of
C3-CyFF-Cy-C3 is more obvious than that of C2-CyFF-Cy-C5, probably supporting our
assumption. Furthermore, C3-CyFF-Cy-C3 would be more suitable for often-used LCDs,
because the LCDs are generally used under the temperature range between 15 ◦C and 45 ◦C.
Hence, we decided to evaluate the more symmetrical-structured diluter C3-CyFF-Cy-C3
for application of the PS-VA and PI-free IPS LC cells.
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4. PS-VA Mode
4.1. Materials

In this part, we describe the PS-VA LC cell. For the production of the PS-VA cells, we
prepared the LC mixtures, which are consisted of a host LC, the diluter, and the reactive
monomer at first. We selected the following two diluters; one is the developed diluter
C3-CyFF-Cy-C3 (Figure 4a) in this study, and another is the diluter carrying the vinyl group
(C3-HH-V) shown in Figure 4b. In addition, we selected two reactive monomers; one is the
reactive monomer carrying the azobenzene moiety (Azo-RM; Figure 5a), and another is
the monomer carrying a bi-phenylene moiety (Biph-RM; Figure 5b). The monomer shown
in Figure 5b is conventionally used [2]. By combining the host LC, the diluters, and the
reactive monomers, three kinds of LC mixtures (LC Mixtures I, II, and III) were prepared,
as shown in Table 2.
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Figure 5. Chemical structures of the reactive monomers including (a) azobenzene (Azo-RM) and
(b) bi-phenylene (Biph-RM) moieties.
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Table 2. The LC mixtures I, II, and III including the diluters, host, and reactive monomers for PS-VA
LC cells.

I II III Wt% (LC) Wt%/LC

Diluter C3-CyFF-Cy-C3 C30HH-V C3-CyFF-Cy-C3 25.0 -
RM Azo-RM Biph-RM Biph-RM - 0.25

Host
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4.2. Preparation of the PS-VA LC Cells

The PS-VA LC cells were prepared as follows. The vertically-aligned PI material was
formed on top of ITO substrates, baked at 90 ◦C for 1 min and 200 ◦C for 60 min. After
baking, photo- and heat-curing sealing material was drawn, and three LC Mixtures, which
are shown in Table 2, were each dropped on these substrates. Then, the other substrates,
where the same vertically-aligned PI material was formed on them, were laminated on the
substrates and heated at 100 ◦C for 40 min. 10 V square waveform voltage (60 Hz) was
applied to each cell, and the black-light (FHF-32BLB developed by Toshiba, in Japan) was
exposed to the LC cells at 35 ◦C for 30 min for preparation of the polymer layers.

4.3. Evaluation of the PS-VA Cell

Response times of PS-VA LC cell were attempted to improve with using the conven-
tional diluter C3-HH-V [10]. However, image sticking has clearly appeared [10,11]. The
estimation of the image sticking is the following; the LC mixtures including the C3-HH-V
decrease the VHR after exposure of the UV.

Table 3 lists the VHRs of the PS-VA LC cells produced by the LC Mixtures I, II, and
III before and after exposure of the black-light. In the LC Mixture I, the VHR was kept
high value above 99.2% after exposure of the black-light. In contrast, the VHR decreased
significantly for the PS-VA LC cell produced by the LC Mixture II after the black-light
exposure. We presume that the result derives from the photo-chemical reaction of the
C3-HH-V with the reactive monomer. It was considered that the reactive monomers would
generate radicals due to photo-chemical reaction of the monomer with the vinyl group.
Hence, for preventing the photo-chemical reaction, we finally designed the symmetrical
diluter C3-CyFF-Cy-C3, which does not have the vinyl group and high affinity with the
fluorinated LC compounds. As shown in Table 3, the LC Mixture I, which has the diluter
C3-CyFF-Cy-C3 and the reactive monomer carrying the azobenzene moiety (Azo-RM),
shows high VHR even after the black-light exposure. Therefore, the result indicates that
the photo-chemical reaction does not occur between C3-CyFF-Cy-C3 and Azo-RM.

The VHR of the PS-VA LC cell produced by the LC Mixture III, which includes
C3-CyFF-Cy-C3 and the conventional-type monomer carrying the biphenylene moiety
(Biph-RM), also decreased after the black-light exposure though it was used C3-CyFF-Cy-
C3. Since a rate constant of polymerization is relatively slow for the Biph-RM compared
with the Azo-RM [18], we presume that unreacted radicals derived from the Biph-RM still
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exist in the LC layer after the black-light exposure, leading to a significant decrease in the
VHR. The results indicate that the LC Mixture I would be the most suitable among the LC
Mixtures I, II, and III for the PS-VA LCD.

Table 3. VHRs before and after exposure of the black-light to the PS-VA LC cells.

LC Mixture
(PSVA Mode Cell)

VHR (%)

Before UV Irradiation After UV Irradiation

I 99.4 99.2
II 99.3 93.0
III 99.3 97.2

Figure 6 shows the V-T curve of the PS-VA LC cell produced by the LC Mixture I. The
threshold voltage Vth indicates about 2.7 V, and the maximum transmittance reaches at
6.4 V. These voltages would be suitable for the real-use. The contrast ratio determined
from the ratio of the highest and the lowest transmittance of the V-T curve is over 3000, as
listed in Table 4. This is the high level compared with the generally-used LCDs.
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Figure 6. V-T curve for the PS-VA LC cell produced by the LC Mixture I.

Table 4. Contrast ratios and response times of the PS-VA LC cells produced by the LC Mixtures I and II.

Contrast Ratio τon (ms) τoff (ms)

LC Mixture I 3300:1 9.5 7.3
LC Mixture II 3300:1 9.9 6.7

Response times (τon and τoff) of the PS-VA LC cell produced by the LC Mixture I were
compared with those from the LC Mixture II. Results are also shown in Table 4. Both τon
and τoff are almost equal between the LC Mixtures I and II. The fact supports that the
developed diluter C3-CyFF-Cy-C3 would be significantly useful.

Figure 7a,b show the VHRs for the PS-VA LC cells as a function of aging per hour under
LED backlight exposure and stored in a 70 ◦C controlled bath, respectively. Regarding
the PS-VA LC cell produced by the LC Mixture I, the VHRs were kept at a high value
above 98.0% for 1000 h of the LED backlight exposure and then stored in a 70 ◦C controlled
bath. The result indicates that the photo- and thermal-stability of the LC Mixture I is
significantly high. In contrast, the VHRs of PS-VA LC cells produced by both the LC
Mixtures II and III decreased under the LED backlight exposure and the storage in 70 ◦C.
The results imply that the photo- and thermal-stability of the LC Mixtures II and III are
not enough compared with the LC Mixture I. The VHR of the PS-VA LC cell produced by
the LC Mixture II decreased remarkably under the LED backlight exposure. This would
be one of the supportive results that the photo-chemical reaction was progressed between
the conventional diluter C3-HH-V and the monomer Biph-RM. Thus, we confirm that the
combination of the new developed diluter C3-CyFF-Cy-C3 with Azo-RM is significantly
useful for the PS-VA LCD, because it shows both fast response speed and high stability.
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Figure 7. VHR as a function of aging time for PS-VA cells under (a) LED backlight exposure, and
(b) storage in a 70 ◦C controlled bath.

5. PI-Free IPS Mode
5.1. Materials

In this part, we will describe the PI-free IPS LC cells. For production of the PI-free IPS
LC cells, the LC mixtures were firstly prepared. We selected two diluters, C3-CyFF-Cy-C3
and C3-HH-V. The reactive monomer Azo-RM was also selected because the azobenzene
unit absorbs polarized UV and induces the uniaxial alignment of the LC [18,19]. For
producing the PI-free IPS LC cell, the LC Mixtures IV and V were prepared as shown
in Table 5.

5.2. Preparation of the PI-Free IPS Cell

The PI-free IPS LC cells were produced are follows. A pair of IPS mode substrates
were prepared; one side of the substrate has pixel and common electrodes, and the other
side does not have any electrode. Photo- and heat-curing type sealing material was drawn,
and the LC Mixtures IV and V were each dropped on these substrates. The other substrates
were then laminated on the substrates and heated at 100 ◦C for 40 min. The polarized
UV was exposed to the LC cell from the normal direction of the LC cell. The exposure
of the polarized UV was conducted above nematic-to-isotropic transition temperature
(TNI) [18,19]. The homogeneously aligned LC cells were finally obtained.

5.3. Evaluation of the PI-Free IPS Cell

Homogeneously aligned LC was convinced by POM observation, as shown in Figure 8.
Before exposure of the polarized UV, the transmittance at axes of 0◦ and 45◦ polarized
UV to the crossed polarizers are almost same level, and these are not uniform (Figure 8a).
This anticipates that the state of the LC alignment was random. After the polarized UV
exposure (1 J/cm2) at 95 ◦C (above the TNI of the LC composition), dark state was observed
at axis of 0◦ polarized UV to the crossed polarizer, whereas high and uniform transmittance
was observed at axis of 45◦ polarized UV to the crossed polarizers (Figure 8b). The result
indicates that the homogeneously aligned LC was obtained by the polarized UV exposure.
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Table 5. The LC mixtures IV and V including the diluters, host, and reactive monomers for PI-free
IPS LC cells.

IV V Wt% (LC) Wt%/LC

Diluter C3-CyFF-Cy-C3 C3-HH-V 25.0 -
RM Azo-RM Azo-RM - 1.0

Host
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at 70 °C, the VHR decreased, but only slightly, and the value was approximately 98.0% at 
1000 h storage. We estimate that the thermal stability is enough level for real use of the 
LCD. In the case of the LED backlight exposure, the VHR showed approximately 97.2% 
after 1000 h aging, indicating that the slight decrease of the VHR was obtained though it 
is relatively high value compared with the LC mixtures having the conventional diluters. 
We presume the reason in the following. Since the concentration of the Azo-RM in the 
Mixture IV is four times higher than that in the Mixture I (Table 2), unreacted monomer 
molecules and/or polymerized compounds, which are not incorporated into the polymer 
layer, would be easily remained in the LC layer of the LC Mixture IV. Hence, the residual 
monomer or polymerized compounds in the LC layer would induce the slight decrease of 
the VHR, as shown in this figure. Hence, further improvement of the VHR under the LED 
backlight exposure and the storage in the 70 °C atmosphere is now under consideration. 

Figure 8. POM images before (a) and after (b) 1 J/cm2 polarized UV to the PI-free IPS cells; the angles
between crossed polarizers and polarized UV are 0◦ and 45◦.

Table 6 lists the VHR of the PI-free IPS LC cells produced by the LC Mixtures IV and V
before and after the polarized UV exposure. Regarding the LC Mixture IV, decrease of the
VHR was only slightly after the polarized UV exposure. On the other hand, the VHR of the
LC cell produced by the LC Mixture V decreased obviously after exposure of the polarized
UV. We presume that the decrease of the VHR is derived from the photo-chemical reaction
of the C3-HH-V with Azo-RM. The photo-chemical reaction would induce a generation
of radicals, and these radicals would remain in the LC layer of the PI-free IPS LC cell.
Therefore, we confirm that using the developed diluter C3-CyFF-Cy-C3 is effective for
preventing the photo-chemical reaction with the Azo-RM.
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Table 6. VHR before and after exposure of the polarized UV to the PI-free IPS cells.

LC Mixture
(PI-Free IPS Cell)

VHR (%)

Before UV Irradiation After UV Irradiation

IV 99.2 98.8
V 99.0 97.3

Figure 9 plots the VHR of the PI-free IPS LC cell produced by the LC Mixture IV as a
function of aging hour under LED backlight exposure, and storage in a 70 ◦C controlled
bath, respectively. The VHRs were kept at a high value during 1000 h for both the LED
backlight exposure and the storage in the 70 ◦C atmosphere. In the case of the storage test
at 70 ◦C, the VHR decreased, but only slightly, and the value was approximately 98.0% at
1000 h storage. We estimate that the thermal stability is enough level for real use of the
LCD. In the case of the LED backlight exposure, the VHR showed approximately 97.2%
after 1000 h aging, indicating that the slight decrease of the VHR was obtained though it
is relatively high value compared with the LC mixtures having the conventional diluters.
We presume the reason in the following. Since the concentration of the Azo-RM in the
Mixture IV is four times higher than that in the Mixture I (Table 2), unreacted monomer
molecules and/or polymerized compounds, which are not incorporated into the polymer
layer, would be easily remained in the LC layer of the LC Mixture IV. Hence, the residual
monomer or polymerized compounds in the LC layer would induce the slight decrease of
the VHR, as shown in this figure. Hence, further improvement of the VHR under the LED
backlight exposure and the storage in the 70 ◦C atmosphere is now under consideration.
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would be due to high thermal stability. We estimate that this is derived from the fact that 
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to an extremely small level of image sticking. Moreover, since the diluter C3-CyFF-Cy-C3 
carries the di-fluorinated groups on the cyclohexane unit, it shows a high affinity to other 
fluorinated LC compounds and also shows a fast response speed. We finally succeeded in 
obtaining the PS-VA LC cell with both the fast response speed and high VHR under both 
the LED backlight exposure and the storage in the 70 °C controlled bath. We further 
developed the LC mixture including the Azo-RM for the PI-free IPS LC cell. As the 
azobenzene moiety absorbs the polarized UV and aligns the LC molecules uniaxially, the 
homogeneously aligned LC was successfully obtained by the polarized UV exposure to 
the cell without conventional PI alignment layer. The VHR was kept relatively high after 
the polarized UV exposure. Therefore, we expect that the high stability PI-free IPS LC cell 
can be produced by using the diluter C3-CyFF-Cy-C3 and the Azo-RM. As the final 
conclusion, the combination of the diluter C3-CyFF-Cy-C3 and Azo-RM is significantly 
useful for the PS-VA and PI-free LCDs. 
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and the storage in a 70 ◦C controlled bath.

6. Conclusions

We developed new diluters R1-CyFF-Cy-R2 to overcome the tradeoff between the
response speed and the image sticking parameter. The newly developed diluters are
constructed from two cyclohexane units (Cy) and two side saturated alkyl chains (R1 and
R2), which are symmetrical in structure. Di-fluorinated groups were introduced into one of
the cyclohexane units for increasing the affinity of the other fluorinated LC compounds,
which are shown to have negative dielectric anisotropy. The diluters are expected to be
significantly stable under the UV because they do not have vinyl groups. In the comparison
between two diluters C3-CyFF-Cy-C3 and C2-CyFF-Cy-C5, the temperature showing the
nematic phase of C3-CyFF-Cy-C3 is higher than that of C2-CyFF-Cy-C5. This would be due
to high thermal stability. We estimate that this is derived from the fact that the chemical
structure C3-CyFF-Cy-C3 is more symmetrical than that of C2-CyFF-Cy-C5.

Since the diluter C3-CyFF-Cy-C3 does not have the vinyl groups, the VHRs for both
the PS-VA and PI-free IPS LC cells were significantly high after the UV exposure, leading
to an extremely small level of image sticking. Moreover, since the diluter C3-CyFF-Cy-C3
carries the di-fluorinated groups on the cyclohexane unit, it shows a high affinity to other
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fluorinated LC compounds and also shows a fast response speed. We finally succeeded
in obtaining the PS-VA LC cell with both the fast response speed and high VHR under
both the LED backlight exposure and the storage in the 70 ◦C controlled bath. We further
developed the LC mixture including the Azo-RM for the PI-free IPS LC cell. As the
azobenzene moiety absorbs the polarized UV and aligns the LC molecules uniaxially, the
homogeneously aligned LC was successfully obtained by the polarized UV exposure to the
cell without conventional PI alignment layer. The VHR was kept relatively high after the
polarized UV exposure. Therefore, we expect that the high stability PI-free IPS LC cell can
be produced by using the diluter C3-CyFF-Cy-C3 and the Azo-RM. As the final conclusion,
the combination of the diluter C3-CyFF-Cy-C3 and Azo-RM is significantly useful for the
PS-VA and PI-free LCDs.
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Abstract: Flexoelectric polarization, which is caused by symmetry breaking in a distortion of material,
was investigated in liquid crystalline elastomers composed of wedge-shaped mesogens prepared
by cross-linking under horseshoe-shaped deformation. X-ray diffractometry suggested that splay
distortion along the depth direction was induced in the pseudo-isotropic phase. While almost no
electric charge was observed in the smectic A phase, an electric charge caused by polarization due
to the flexoelectric effect appeared and reached −1367 pC/mm2 in the pseudo-isotropic phase. We
tentatively conclude that the macroscopic polarization due to the flexoelectric effect emerged and
was fixed in the liquid crystalline elastomers by cross-linking under horseshoe-shaped deformation.

Keywords: cross-linked structure; cross section; flexoelectricity; liquid crystalline elastomers; splay;
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1. Introduction

Liquid crystalline elastomers have been attracting increasing attention as a novel class
of liquid crystalline materials because they give rise to new macroscopic features in soft
solids with the anisotropic properties of a liquid crystalline phases [1–9]. In particular, they
have attracted both scientific and industrial interest as ideal materials for the investigation
of piezoelectric and flexoelectric effects, because the polymer network prevents macroscopic
flow, which inhibits the emergence of piezoelectricity and flexoelectricity in conventional
low-molar-mass liquid crystals. To date, several research groups have demonstrated the
mechanical response to electric stimulation attributable to the inverse piezoelectric effect in
chiral smectic elastomers, focusing on their potential applications as electrically controllable
soft actuators [10–18].

Flexoelectricity, which is associated with the emergence of polarization caused by sym-
metry breaking by a distortion of material, in liquid crystals as well as liquid crystalline elas-
tomers has been examined in several studies since Meyer predicted its emergence [19–28].
Patel and Meyer [21] and Rudquist et al. [22] pointed out that a periodic splay-bend pat-
tern in the helix of cholesteric liquid crystal couples flexoelectrically to the electric field.
Popova et al. reported nonlinear electromechanical coupling due to a local flexoelectric
effect in chiral smectic liquid crystals [23]. Meyer et al. [24] predicted and demonstrated an
electroclinic effect due to the flexoelectricity in the twist–bend nematic phase. Sreenilayam
et al. [25] quantitatively estimated the magnitude of the flexoelectric polarization in bent-
core nematic liquid crystals. In addition, flexoelectricity in liquid crystalline elastomers has
gained increasing attention since the report of giant flexoelectricity in bent-core nematic
liquid crystalline elastomers by Harden et al. [26]. Recently, Hiraoka et al. have reported
that the macroscopic polarization due to the flexoelectric effect emerges and is fixed in the
liquid crystalline elastomers composed of wedge-shaped mesogens by cross-linking under
uniaxial deformation with splay distortion [27]. In addition, they observed an electric
field-induced polar deformation resembling the motion of the flukes of a dolphin in the
liquid crystalline elastomer [28,29].
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In this study, the polarization due to the flexoelectric effect is investigated in liquid
crystalline elastomers composed of wedge-shaped mesogens prepared by cross-linking
under horseshoe-shaped deformation. X-ray measurements of the cross-section of the
elastomer film revealed that the director uniformly aligns parallel to the surface in the
vicinity of the surface, while it partially inclines 65 degrees to the surface inside the
elastomer film. Although no polarization is observed in the smectic A (SmA) phase,
it is detected in the pseudo-isotropic phase in which the orientational order partially
remains. Here, smectic liquid crystal phases have a layer structure. In the case of the
smectic A (SmA) phase, inside the layers the molecules are parallel, on an average, one
to each other with their long axes perpendicular to the layer plane [20]. The emergence
of polarization suggests that the splay distortion along the depth direction is induced
through the transformation from the SmA phase to the pseudo-isotropic phase. The electric
charge due to the polarization increases with the temperature in the pseudo-isotropic
phase, reaching −1367 pC/mm2. We confirm that the macroscopic polarization due to
the flexoelectric effect emerges and is fixed in the liquid crystalline elastomers by cross-
linking under horseshoe-shaped deformation. The liquid crystal elastomers possessing
the spontaneous polarization are suitable for their applications as electrically controllable
soft actuators.

2. Materials and Methods

An elastomer was synthesized by a hydrosilylation reaction of liquid crystalline side
groups with a polysiloxane backbone via a well-known synthesis route [1]. Polymethyl-
hydrosiloxane (polymerization degree of 25–35), undecylenic acid cholesteryl ester, and
undecylenic acid 4-undec-10-enoyloxy-phenyl ester were used as the polymer backbone,
mesogenic monomer, and cross-linker, respectively. Their chemical structures are shown
in Figure 1a. It is noteworthy that the cholesterol-derived mesogen seems to be a wedge-
shaped molecule (Figure 1b). As previously reported, the electric dipole moment pi along
the molecular long axis of the cholesterol-derived mesogen was estimated to be about
1.1 D by calculation after the conformational structure of the mesogen was optimized by
the semiempirical molecular orbital method [27,29,30]. Wedge-shaped molecules carrying
permanent dipole moments, such as the cholesterol-derived mesogens used here, yield
macroscopic polarization P 6= 0 when splay distortion is imposed [19,20].

Symmetry 2023, 15, x FOR PEER REVIEW 3 of 10 
 

 

 

Figure 1. System used for investigation. (a) Chemical structures of polymer backbone, cholesterol-

derived mesogen, and cross-linker. (b) The cholesterol-derived mesogen is a wedge-shaped mole-

cule. The arrow indicates the direction of electric dipole moment. (c) Sample preparation of a horse-

shoe-like deformed liquid crystalline elastomer. 

The elastomer exhibited the following phase sequence [glassy state 25°C smectic A 

phase 110 °C pseudo-isotropic phase] upon heating. As already reported, these transition 

temperatures were determined by differential scanning calorimetry (DSC), thermome-

chanical analysis (TMA), and temperature-dependent X-ray diffractometry [27–29]. Be-

cause X-ray diffractometry has revealed that the orientational order partially remained at 

about S = 0.2, even in the temperature region of the isotropic phase of the liquid crystalline 

elastomers, as described in previous papers, the temperature region of the isotropic phase 

here is designated as the pseudo-isotropic phase in this report [27–29,31,32]. 

The elastomer film was prepared by a spin-casting technique in a solution containing 

the polysiloxane (2 mmol), the mesogen (1.6 mmol), the cross-linker (0.2 mmol), and a Pt 

catalyst [platinum (0)-1,3-divinyl-1,1,3,3-tetramethyl-disiloxane complex, Aldrich] in 2 

mL of toluene. The reaction was performed under centrifugation (6000 rpm) at 40 °C for 

4 h. Thereafter, the reaction vessel was cooled to room temperature and the elastomer, 

which was swollen with toluene, was carefully removed from the vessel. To obtain a splay 

distortion of the director, the swollen elastomer is deformed into a horseshoe shape by 

loading it with a stress of 89.5 mN/mm2 for 24 h at room temperature, as shown in Figure 

1c, in which the loading direction is indicated by a pair of arrows. During the deformation 

process at room temperature (25 °C), the toluene evaporated continuously from the net-

work, and successive phase transformations occurred from the isotropic phase of the gel 

to the liquid crystalline phase of the dry network during the sample preparation. Since 

the cross-linking reaction simultaneously proceeds in the deformation process, the aniso-

tropic orientation of the director in the horseshoe-shaped deformation is chemically 

locked in the polymer network.  

The electric charge was measured using a charge meter (Kistler, Charge meter type 

5015) by contacting the tip of a hand-made electrode assembled with a crocodile clip to 

the surface of a sample at the position marked by arrow A in Figure 1c. The contact area 

was estimated to be about 1.5 mm2. The sample was placed on a temperature-controlled 

hot plate.  

The molecular alignment and orientation in the horseshoe-shaped part of the de-

formed elastomer [arrow A in Figure 1c] were confirmed by X-ray diffractometry (Rigaku, 

Polymer backbone:

Cross-linker
COO OOC

H3C

Chiral mesogen 

COO

CH3 CH3

CH3CH3

H3C Si

CH3

CH3

O

25-35

Si O

CH3

H

Si CH3

CH3

CH3

(a) (b)
Dipole moment 

pi = 1.1 D H3C

COO

CH3 CH3

CH3
CH3

(c)

x
y

z
Load Load

elastomer

A Copper rod 

(5 f)

Figure 1. System used for investigation. (a) Chemical structures of polymer backbone, cholesterol-
derived mesogen, and cross-linker. (b) The cholesterol-derived mesogen is a wedge-shaped molecule.
The arrow indicates the direction of electric dipole moment. (c) Sample preparation of a horseshoe-like
deformed liquid crystalline elastomer.

56



Symmetry 2023, 15, 616

The elastomer exhibited the following phase sequence [glassy state 25 ◦C smectic A
phase 110 ◦C pseudo-isotropic phase] upon heating. As already reported, these transition
temperatures were determined by differential scanning calorimetry (DSC), thermomechan-
ical analysis (TMA), and temperature-dependent X-ray diffractometry [27–29]. Because
X-ray diffractometry has revealed that the orientational order partially remained at about
S = 0.2, even in the temperature region of the isotropic phase of the liquid crystalline
elastomers, as described in previous papers, the temperature region of the isotropic phase
here is designated as the pseudo-isotropic phase in this report [27–29,31,32].

The elastomer film was prepared by a spin-casting technique in a solution containing
the polysiloxane (2 mmol), the mesogen (1.6 mmol), the cross-linker (0.2 mmol), and a
Pt catalyst [platinum (0)-1,3-divinyl-1,1,3,3-tetramethyl-disiloxane complex, Aldrich] in
2 mL of toluene. The reaction was performed under centrifugation (6000 rpm) at 40 ◦C
for 4 h. Thereafter, the reaction vessel was cooled to room temperature and the elastomer,
which was swollen with toluene, was carefully removed from the vessel. To obtain a
splay distortion of the director, the swollen elastomer is deformed into a horseshoe shape
by loading it with a stress of 89.5 mN/mm2 for 24 h at room temperature, as shown in
Figure 1c, in which the loading direction is indicated by a pair of arrows. During the
deformation process at room temperature (25 ◦C), the toluene evaporated continuously
from the network, and successive phase transformations occurred from the isotropic phase
of the gel to the liquid crystalline phase of the dry network during the sample preparation.
Since the cross-linking reaction simultaneously proceeds in the deformation process, the
anisotropic orientation of the director in the horseshoe-shaped deformation is chemically
locked in the polymer network.

The electric charge was measured using a charge meter (Kistler, Charge meter type
5015) by contacting the tip of a hand-made electrode assembled with a crocodile clip to the
surface of a sample at the position marked by arrow A in Figure 1c. The contact area was
estimated to be about 1.5 mm2. The sample was placed on a temperature-controlled hot
plate.

The molecular alignment and orientation in the horseshoe-shaped part of the de-
formed elastomer [arrow A in Figure 1c] were confirmed by X-ray diffractometry (Rigaku,
Nanowier + Micro07HFM using a Cu-Kα beam filtered by a confocal mirror. X-ray wave-
length = 1.54 Å, X-ray power = 2.7 kW). The X-ray beam was narrowed by passing it through
a slit (0.4 mm φ). The X-ray measurements were performed using a two-dimensional hybrid
pixel array detector (Rigaku Oxford Diffraction, PILATUS200K). The X-rays scattered on
the y–z plane were measured after maintaining the measurement temperature for at least
10 min. The sample was mounted in a microfurnace (Mettler, FP82HT) during the X-ray
measurements.

3. Results and Discussion

X-ray diffractometry was performed at seven positions to investigate the cross-sectional
profile of the macroscopic orientation of the director in the horseshoe-like deformed part of
the elastomer at the arrow A position in Figure 1c. Figure 2a shows a photograph of the
cross-section of the sample. The observed seven positions are designated consecutively
from position 1 to position 7, as illustrated in Figure 2b. Position 1 is nearest the outer
surface and position 7 is nearest the inner surface. Position 4 is located near the center of
the depth profile. The places of position 5 and the position 6 are shown in Figure 2b. Here,
the interval between positions is 0.25 mm and the sample thickness is about 1.5 mm.

Figure 3 shows the results of a series of X-ray analyses at these seven positions. The
X-ray measurements were performed at room temperature. Figure 3(1-a)–(1-c) show the
X-ray diffraction pattern, the azimuthal X-ray intensity profile, and the molecular orienta-
tional model based on the X-ray results at position 1, respectively. As similarly reported
in previous papers on uniaxially deformed elastomers [27–29], the orthogonal alignment
due to the SmA structure is confirmed by the X-ray diffraction pattern in Figure 3(1-a),
in which the small-angle reflections due to the smectic layers and the wide-angle diffrac-
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tions associated with the molecular arrangement of the mesogenic side groups within
the smectic layers exist. From the analysis of the azimuthal intensity profile of the wide-
angle diffraction shown in Figure 3(1-b), we estimate the macroscopic order parameter
as S = (1/2) < 3cos2α−1 > = 0.83 [33]. The two characteristic reflections indicate that the
mesogens and smectic layers are macroscopically uniformly aligned near the surface at
position 1, as illustrated in Figure 3(1-c). Compared with the cross-sectional image in
Figure 2b, the direction of the director in Figure 3(1-c) seems to be almost parallel to the
sample surface.
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diffraction are designated consecutively from position 1 to position 7 as schematically shown.
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Figure 3. X-ray analysis of seven positions in cross-section of horseshoe-shaped part of deformed
liquid crystalline elastomer. X-ray diffraction patterns are shown in (1-a)–(7-a), azimuthal X-ray
intensity profiles are shown in (1-b)–(7-b), and molecular orientational models based on X-ray results
are shown in (1-c)–(7-c).

Figure 3(2-a)–(2-c) show the X-ray diffraction pattern, the azimuthal intensity profile,
and the molecular orientational model at position 2, respectively. The small-angle reflections
due to smectic layers and the wide-angle diffractions associated with the mesogenic side
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groups are also recognized in Figure 3(2-a),(2-b). It is noteworthy that two peaks are
observed in the azimuthal profile of layer reflection at a small angle (L1 and L2) and
mesogenic diffraction at a wide angle (M1 and M2) in Figure 3(2-b). The azimuthal profile
with two peaks indicates that two smectic domains exist. From the intensity ratio of peak
L1 to peak L2 in Figure 3(2-b), the volume ratio of two smectic domains can be estimated to
be 3:1, as illustrated in Figure 3(2-c). The X-ray analysis of the larger domain due to peak L1
indicates that the direction of the director seems to be almost parallel to the sample surface,
the same as the director at position 1, while the director of another smaller domain due
to peak L2 inclines at about qD degrees to the director of the larger domain parallel to the
surface. In addition, angle qD between the two domains is estimated to be about 65 degrees.

Figure 3(3-a)–(3-c) show the X-ray pattern, the azimuthal profile, and the molecu-
lar orientational model at position 3, respectively. Two peaks are also observed in the
azimuthal profile of layer reflection (L1 and L2) and mesogenic diffraction (M1 and M2)
in Figure 3(3-b). The intensity of peak L1 is almost the same as that of peak L2 in the
azimuthal profile in Figure 3(2-b). This means that the volume ratio of two smectic domains
can be estimated as 1:1 (=2:2) at position 3, as illustrated in Figure 3(3-c).

Figure 3(4-a)–(4-c) show the X-ray results at position 4 near the center of the depth
profile. Two peaks are also observed in the azimuthal profile of layer reflection (L1 and L2)
and mesogenic diffraction (M1 and M2) in Figure 3(4-b). The intensity of peak L2 becomes
higher than that of peak L1 at position 4. From the peak intensity ratio between peak L1
and peak L2 in Figure 3(4-b), the volume ratio of two smectic domains is estimated to be
1:3, as illustrated in Figure 3(4-c).

Figure 3(7-a)–(7-c) show the X-ray results at position 7 near the inner surface. Two
peaks are also observed in the azimuthal profile of layer reflection at a small angle (arrows
L1 and L2) and mesogenic diffraction at a wide angle (M1 and M2) in Figure 3(7-b). From
the peak intensity ratio between peak L1 and peak L2 in Figure 3(7-b), the volume ratio
of two smectic domains is estimated to be 1:3, as illustrated in Figure 3(7-c). In a similar
manner to the case of position 2 at the second nearest position from the outer surface, the
direction of the larger domain due to L1 is found to be almost parallel to the surface of the
inside diameter, as illustrated in Figure 3(7-c).

The X-ray results at positions 5 and 6 are shown in Figure 3(5-a)–(5-c),(6-a)–(6-c), re-
spectively. While the azimuthal intensity profiles at positions 5 and 6 in Figure 3(5-b),(6-b),
respectively, resemble that at position 7 in Figure 3(7-b), the direction of the X-ray pattern ro-
tates about 20 degrees clockwise from position 5 [Figure 3(5-a)] to position 7 [Figure 3(7-a)].
The molecular orientational models based on the X-ray results at positions 5, 6, and 7 are
illustrated in Figure 3(5-c),(6-c),(7-c), respectively.

The molecular alignment models shown in Figure 3(1-c)–(7-c) are combined in Figure 4a
to illustrate the cross-section of the elastomer film and discuss the depth profile of molecular
alignments. As mentioned above, molecules align uniformly and the direction of the director
is almost parallel to the surface in the area of the outer surface at position 1 in Figure 4a. Here,
the smectic domain, where the director is parallel to the surface, is tentatively designated
as “the parallel domain”. Another domain, where the director inclines at 65 degrees to the
director of the parallel domain, appears at position 2, which is a depth of 0.25 mm from the
surface. This new domain is designated as “the inclined domain”. The peak intensity ratio
between the inclined domain and the parallel domain, which is 1:4 at position 2 (0.25 mm
depth), increases as the observed position becomes deeper. It becomes 2:2 (1:1) at position
3 (0.50 mm depth) and then 3:1 at position 4 (0.75 mm depth). In other words, the inclined
domain, which does not exist at the surface, becomes larger than the parallel domain at the
center position in the cross-sectional profile (0.75 mm depth). In addition, the direction of
the domain rotates about 20 degrees clockwise from position 5 to position 7. The director of
the larger domain, indicated by L1, at position 7 is almost parallel to the inner surface.
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Figure 4. Molecular orientation model based on X-ray analysis of the horseshoe-like deformed liquid
crystalline elastomer. (a) Schematic model of molecular orientation in cross-section of the liquid
crystalline elastomer based on results of X-ray analysis. (b) Hypothetical model of the direction of
director in the pseudo-isotropic phase. (c) The flexoelectric polarization due to splay distortion may
be locally induced in the pseudo-isotropic phase.

Figure 4b shows a hypothetical model of the direction of local directors in the cross-
section of the elastomer in the pseudo-isotropic phase where the orientational order partially
remains. The direction of the local director at each position is thought to be governed by the
volume ratio of the parallel domain to the inclined domain in the SmA phase. The director
is uniformly parallel to the surface at position 1. The director at position 4 is assumed
to incline at about 48 degrees (=65◦ × 3/4) to the director of position 1, as illustrated in
Figure 4b, because three-fourths of the area at position 4 corresponds to the domain which
inclines 65 degrees relative to the surface. The change in the direction of the local director
from position 1 to position 4 seems to induce splay distortion in the pseudo-isotropic phase.
Here, splay distortion is defined as a distortion of the director n expressed by (div n)2 [20].
Because the mesogens used here are wedge-shaped, as shown in Figure 1b, the macroscopic
polarization Pout = ∑4

i=1 pi caused by the flexoelectric effect can simultaneously emerge in
the horseshoe-like deformed elastomer because the splay distortion is fixed by cross-links,
as illustrated in positions 1–4 in Figure 4c [19,20,28].

Subsequently, let us discuss the change in the direction of the local director from
position 5 to position 7 shown in Figure 4b. There is almost no change in the ratio of
the inclined domain to the parallel domain among positions 5–7, while the direction of
the local domain rotates about 20 degrees clockwise from position 5 to position 7. The
rotation of the director induces another splay distortion in the pseudo-isotropic phase. The
flexoelectric polarization Pin = ∑7

i=5 pi due to the splay distortion also emerges in the region
from position 5 to position 7, as illustrated in Figure 4c.

As the total polarization Ptotal (Ptotal = ∑7
i=1 pi = ∑4

i=1 pi +∑7
i=5 pi 6= 0) is apparently not

canceled out, the macroscopic polarization caused by the flexoelectric effect consequently
emerges in the horseshoe-like deformed elastomer in which splay distortion is fixed by
cross-links (Figure 4c). The temperature dependence of the surface charge density is
measured to confirm the emergence of the polarization in the liquid crystalline elastomer.
Two samples are used for investigation: silicone rubber with a thickness of 1.0 mm as the
reference sample and the horseshoe-shaped part of the deformed elastomer with splay
distortion. Figure 5 shows the temperature dependence of the surface charge density of
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these two samples. No electric charge is observed in the temperature region measured
between 20 ◦C and 160 ◦C in the silicone rubber. Electric charge is also not observed
below 100 ◦C in the horseshoe-shaped part of the deformed elastomer, because the layered
structure of the SmA phase disturbs the emergence of splay distortion of the director. An
electric charge appears and is estimated to be −410 pC/mm2 at 110 ◦C in the vicinity of the
transition temperature from the SmA phase to the pseudo-isotropic phase. The macroscopic
polarization probably emerges because of splay distortion in the pseudo-isotropic phase
with the partial orientational order of mesogens.
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Figure 5. Temperature dependence of surface charge density of two samples: silicone rubber used as
a reference sample and the horseshoe-shaped part of deformed elastomer.

Moreover, the surface charge density increases at a temperature above 110 ◦C. It
reaches −1367 pC/mm2 above 140 ◦C in the temperature region of the pseudo-isotropic
phase. In other words, the surface charge density starts to increase in the vicinity of the
transition temperature from the SmA phase to the pseudo-isotropic phase, and it reaches
−1367 pC/mm2 in the pseudo-isotropic phase in which the splay distortion of the director,
due to the remaining orientational order of mesogens, is allowed. As reported in a previous
paper [27], the uniaxially deformed liquid crystalline elastomer with uniform orientation of
the same mesogens and almost no and/or a small electric charge was observed in the same
measured temperature region including the SmA phase as well as the pseudo-isotropic
phase, because neither splay nor bend distortion occurred in the uniformly oriented sample.
In other words, macroscopic polarization hardly appears in the uniformly aligned liquid
crystalline elastomer, in which the dipole moment is macroscopically cancelled out in
the symmetric alignment. It may be safely concluded that the splay distortion of wedge-
shaped mesogens with a permanent dipole moment is fixed by cross-links in the pseudo-
isotropic phase with nematic order and brings about the macroscopic polarization due to
flexoelectricity, and that the observed electric charge is caused by the polarization.

4. Conclusions

A liquid crystalline elastomer with wedge-shaped mesogens derived from cholesterol
was synthesized with horseshoe-shaped deformation. X-ray diffractometry revealed a
cross-sectional profile of the director in the horseshoe-like deformed part of the elastomer
in the SmA phase; the director uniformly aligned parallel to the surface in the outer
surface area, while it was partially inclined about 65 degrees to the surface inside the
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elastomer film. Although no polarization was observed in the SmA phase, the polarization
was detected in the pseudo-isotropic phase of the horseshoe-like deformed part of the
elastomer. The emergence of polarization suggested that the splay distortion along the
depth direction is induced through the transformation from the SmA phase to the pseudo-
isotropic phase. The surface charge density due to the polarization increased with the
temperature in the pseudo-isotropic phase and reached −1367 pC/mm2. It was concluded
that the macroscopic polarization due to the flexoelectric effect emerged and was fixed
in the elastomer within the splay distortion cross-linked in the horseshoe-like deformed
liquid crystalline elastomer.
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Abstract: Blue phase (BP) liquid crystals, which self-assemble into soft three-dimensional (3D) pho-
tonic crystals, have attracted enormous research interest due to their ability to control light and
potential photonic applications. BPs have long been known as optically isotropic materials, but
recent works have revealed that achieving on-demand 3D orientation of BP crystals is necessary
to obtain improved electro-optical performance and tailored optical characteristics. Various ap-
proaches have been proposed to precisely manipulate the crystal orientation of BPs on a substrate,
through the assistance of external stimuli and directing self-assembly processes. Here, we discuss
the various orientation-controlling technologies of BP crystals, with their mechanisms, advantages,
drawbacks, and promising applications. This review first focuses on technologies to achieve the
uniform crystal plane orientation of BPs on a substrate. Further, we review a strategy to control the
azimuthal orientation of BPs along predesigned directions with a uniform crystal plane, allowing
the 3D orientation to be uniquely defined on a substrate. The potential applications such as vol-
ume holograms are also discussed with their operation principle. This review provides significant
advances in 3D photonic crystals and gives a huge potential for intelligent photonic devices with
tailored optical characteristics.

Keywords: blue phase liquid crystals; photonic crystals; 3D orientation control; photonic devices

1. Introduction

Blue phase (BP) liquid crystals (LCs), which are a kind of chiral LC state, have emerged
significant research interest in a variety of photonic applications owing to their three-
dimensional (3D) photonic structures. They are built by self-assembling so-called double
twist cylinders (DTCs) into two types of cubic symmetry: body-centered cubic (BP I, I4132)
and simple cubic (BP II, P4232), depending on the chiral twisting power and temperature
(Figure 1) [1–3]. The highly ordered structures of BPs give rise to a unique selective Bragg
reflection in the visible light region, which only reflect a circular-polarized (CP) light with
the same handedness as the helix [4,5]. The central wavelength of the selective Bragg
reflection (λc) is expressed as

λc =
2na√

h2 + k2 + l2
cos θ (1)

where n is the average refractive index of BPs, a is the lattice constant of BPs, (hkl) is
the Miller indices representing the crystal orientation, and θ is the propagation angle
of light in BPs with respect to the normal direction of a Miller plane. Because of the
external stimuli-responsivity of BPs, they can be easily switched and tuned by controlling
temperature [6,7], by applying an electric field [7–11], and by illuminating light [12,13],
making them applicable to various photonic applications such as displays [14], photonic
crystal lasers [6,15–18], biosensors [19,20], optical filters [21], polarization converters [22],
and diffractive optics with the capability of nonmechanical beam steering [23,24].
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Figure 1. (a) Temperature range in which BP I and BP II appear. (b) Structure of a double-twist cylinder (DTC) composed of
biaxial twist of the LC molecules. (c,d) Unit structures of body-centered cubic BP I (c) and simple cubic BP II (d), with their
dislocation lines (red lines).

Despite the technological potential of BPs, several issues have been raised to achieve
tailored light-matter interaction for practical applications. First, BPs typically appear in a
narrow temperature range of approximately 1–2 ◦C between cholesteric (Ch) and isotropic
state. BPs that exhibit over a wide range of temperature were obtained by adding a small
amount of photo-reactive monomers and in situ polymerization, providing a temperature
range of BPs over 50 ◦C including room temperature [25,26]. Other strategies have also
been proposed to extend the temperature range of BPs, by dispersing nanoparticles [27,28],
bent-core molecules [6,29], and T-shaped molecules [30], by confining BPs in the microsized
walls [31–33], and by designing the chemical structure of LC molecules [34]. Second, cubic
BPs generally exhibit polycrystalline structures, which are composed of small platelet
domains with different crystallographic orientations. Because of the complicated structures
of BPs, it is not a trivial task to achieve the uniform crystal orientation in the entire device
area. However, BPs with a uniform crystal plane orientation have shown superior optical
characteristics compared to multidomain BPs [35]. Moreover, it was found that BPs provide
a way to arbitrarily steer the wavefront of reflected light by azimuthally rotating the 3D
crystals [36], enabling us to fabricate various diffractive optical elements (DOEs), such as
light deflectors [36] and holograms [37]. Thus, it is necessary to accomplish the tailored 3D
orientation of BP crystals from the practical perspective.

In this review, we focus on recent developments to effectively produce monodomain
BPs in which a specific Miller plane is uniformly oriented parallel to a substrate. Various
approaches such as the assistance of external stimuli and directing the self-assembly
processes are discussed with the designs, mechanisms, and potential applications. While
the approaches allow monodomain BPs in a large area, they still exhibit grain boundaries
between the domains. An approach that realizes macroscopic single-crystal BPs using
nanopatterned templates is also discussed. Further, in contrast to the technologies that
allow only crystal plane orientation to be manipulated, we discuss a new strategy to
simultaneously control two crystal axes of BP I on a substrate. The method, which is
referred to as field-assisted directed self-assembly process, enables us to obtain a BP I
with the [110] crystal axis oriented perpendicular to the substrate and the [001] crystal
axis aligned along the predesigned surface anchoring. The mechanism with its potential
applications such as volume holograms is presented. In the following, we refer to the BP I
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and BP II with the (h k l) crystal plane oriented parallel to the substrate as BP I(hkl) and
BP II(hkl), respectively.

2. Crystal Plane Orientation-Controlling Technologies

In many researches, BPs are regarded as an isotropic material with scalar electro-optic
properties, thus less attention has been paid to the importance of controlling the crystal
orientation. However, considering that the wavelength of Bragg reflection depends on the
Miller planes (according to Equation (1)) and small platelet domains greatly degrade the
performance of BP-based optical devices, it is necessary to obtain the tailored 3D orientation
of BP crystals on a substrate. Belyakov et al. revealed that the optical rotatory power
of a single-crystal BP is significantly enhanced compared to the polycrystalline BPs [5].
Moreover, enlarging the domain size of polymer-stabilized BPs (PSBPs) enables hysteresis-
free electro-optical switching due to the reduced grain boundaries between the different
crystal orientations [38]. Thus, controlling the crystal orientation and understanding
the mechanisms are important from the fundamental and practical perspective. In the
following, we discuss recent developments to control the orientation of BP crystals over a
large area, including thermal control, the use of alignment layers, electric field treatment,
and the use of nanopatterned templates. It should be noted that we refer to BPs consisting
of small crystalline platelets with a uniform crystal plane orientation as monodomain BPs,
which still have grain boundaries between the platelets. The single-crystal BPs indicate
those consisting of a uniform crystal plane and an azimuthal orientation without the
grain boundaries.

2.1. Thermal Control

Chen et al. investigated a thermal recycling process to obtain enlarged domains of
BPs with a uniform crystal orientation [38]. By repeatedly performing the cooling and
heating process in a temperature range where BP I appears, the heterogeneous nucleation
(nucleation occurring at substrate surface) becomes dominant over the homogeneous
nucleation (nucleation occurring in the bulk) during the crystal growth. As a result,
the uniform BP I(220) was obtained with a domain size enlarged by approximately five
times compared to the initial state. The uniform BP I showed significantly improved
electro-optical hysteresis and higher transmittance due to the reduced light scattering,
demonstrating the capability of using them as photonic applications such as displays and
tunable LC lenses.

Extremely large monocrystalline BPs were attained by controlling the self-assembly
process of BPs [39]. A LC mixture was cooled from the isotropic state to a temperature
where BP I and BP II appear, and held for ten hours to induce the reassembly of the
BP platelets, as shown in the polarized optical microscope (POM) images in Figure 2a,b.
Interestingly, as a result of observing the crystal growth of BPs over time, only the domains
of the BP II were reassembled and grown larger, whereas no significant change was
observed in the domains of the BP I. This originates from the topological differences of
the lattice structure and dislocation lines between BP I and BP II. In a unit cell of BP II, all
dislocation lines are intersected at the center of the unit cell, playing as a single defect. Thus,
there exists only one minimum free energy for the formation of a monocrystal. On the other
hand, the BP I makes it difficult to form a monocrystal because the dislocation lines that
are separated from each other have many minimum free energies. Despite the difficulty
of forming a large BP I domain using a direct self-reassembly process, two approaches
were proposed: using a well-aligned BP II as a precursor for monocrystal BP I and a
gradient-temperature scanning (GTS) technique. A BP I with approximately mm2-sized
monodomains was obtained by rapidly cooling from enlarged BP II domains and holding
the temperature for 24 h. Further, for the GTS technique, the monocrystal BP I placed
on a low T-stage was exploited as a seed for nucleation (Figure 2c). When pushing the
sample towards the low T-stage, BP I was grown from the seed with a uniform crystal
plane orientation (Figure 2d). By adjusting the pushing direction two-dimensionally, a BP
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crystal having the size of 1200 × 700 µm2 with a thickness of ~300 µm was obtained. The
monocrystal BP I showed improved Bragg reflectivity, narrow bandwidth, and electrical
tunability over a wide range of wavelengths (~100 nm), demonstrating its ability as versatile
3D photonic crystal devices.

Figure 2. (a) Time evolutions of microscopic images of BP II (upper) and BP I (bottom) crystals. (b) Average domain
size of BP II and BP I at various holding times. (c) Experimental description to obtain large single-crystal BP I through
gradient-temperature scanning (GTS) method. (d) Polarized optical microscope (POM) image of single-crystal BP I obtained
by GTS method. Reproduced with permission from [39]. Copyright 2017, Nature Publishing Group.

It is possible to obtain enlarged domains of BPs using the aforementioned methods,
but only a slow rate of temperature control ensures the crystal orientation to be effectively
controlled. Thus, they are all time-consuming and require complex equipment to precisely
control the temperature.

2.2. Use of the Alignment Layer

One of the simplest methods to obtain monodomain BPs is to coat an appropriate
alignment layer on a substrate and imprint the orientational easy axis of the LC director.
Many researchers have obtained monodomain BPs particularly using a rubbing treatment
and demonstrated that they possess better electro-optical and photonic characteristics
than multidomain BPs. For example, Nayek et al. fabricated a monodomain BP using an
antiparallel rubbed cell, which showed a reduced operating voltage by 27% and hysteresis
by 63% due to the enhanced Kerr constant [40]. Similarly, a well-aligned BP II was obtained
by cooling from an isotropic state in a rubbed cell, providing significantly improved
reflectivity with a narrow photonic band gap [41]. A polarization-independent phase
modulator was also developed using monodomain PSBPs [42]. The monodomain PSBPs
showed a maximum phase shift higher than multidomain PSBPs by a factor of 1.5 under a
certain applied field. A well-aligned PSBP II has shown that the hysteresis for electro-optical
switching was drastically reduced compared to the multidomain PSBP I [43].

Further advanced capabilities of monodomain BPs as photonic applications were also
revealed. The threshold energy for laser emission from the well-aligned BP II was drasti-
cally reduced compared to multidomain BPs, as well as the full-width of half-maximum
(FWHM) of the emission became narrower by four times (Figure 3a–d) [18]. The reversibly
tunable emission wavelength over a range of 40 nm was realized by adjusting the lattice
constant of the well-aligned BP II through the thermal control.

A diffraction grating was demonstrated by inducing the local reorientation of the LC
director through the in-plane electric field (Figure 3e). The electric field induced the LC

68



Symmetry 2021, 13, 1584

birefringence owing to the Kerr effect, causing spatial modulation of the refractive index.
Because the regular arrangement of the monodomain BPs has a long coherence length,
the driving voltage was reduced by 29% with the improved diffraction efficiency by 9%
(Figure 3f,g) [44].

Figure 3. (a,b) Emission spectrum with POM texture (inset) of multidomain BP I (a) and monodomain BP II (b). (c,d) Output
intensity with respect to the input energy of multidomain BP I (c) and monodomain BP II (d). (e) Far-field diffraction spots
of multidomain (upper) and monodomain (lower) BP I upon applying voltage of 40 V. (f,g) Applied voltage dependent
diffraction efficiencies of multidomain (f) and monodomain (g) PSBP I. (a–d) Reproduced with permission from [18].
Copyright 2015, The Royal Society of Chemistry (RSC). (e–g) Reproduced with permission from [44]. Copyright 2020, John
Wiley and Sons.

The 3D orientation behavior of the BPs was investigated by observing the phase
transitions of the BPs using two types of unidirectionally anchored surfaces [45]. It was
revealed that the alignment of BP II obtained by cooling from the isotropic state was
extremely sensitive to the surface conditions because different crystal planes, BP II(110)
for rubbed substrate and BP II(100) for photo-aligned substrate, were obtained. Moreover,
it was found that BPs show the strong alignment hysteresis of which the orientations of
BP crystals are determined by the preceding structures. For example, BP I(110) becomes
dominant when transited from BP II(100), whereas BP I(211) is obtained when transited
from BP II(110). Additionally, BP I obtained from a planar cholesteric liquid crystal (ChLC)
showed the (100) crystal plane oriented parallel to the substrate. This result indicates that
the orientation of BPs can be easily directed by appropriately controlling the preceding
LC structures.

A facile method to pattern the crystallographic orientation of BPs was developed
by a photo-alignment technology [46]. A micropattern that exhibits alternate uniform
(exposed region) and random (unexposed region) crystal orientations of BP II was realized
by spatially illuminating a linear polarized light through a binary photo-mask as shown in
Figure 4a. The BP crystals can be deformed by electric field treatment due to the external
stimuli-responsivity of LCs, enabling the Bragg reflection wavelength to be tuned with a fast
response time. Figure 4b shows the far-field diffraction spot from the micropatterned BP II
when applying voltage of 0 V (Figure 4b(i,ii)) and 3.5 V (Figure 4b(iii,iv)). Before applying
electric field, the diffraction pattern appears when illuminated by light with wavelength
of 532 nm that corresponds to the Bragg reflection band of the device (Figure 4bi). On
the other hand, upon application of electric voltage, the Bragg reflection band red-shifts,
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resulting in the diffraction pattern appearing at a longer wavelength region. Moreover,
the rewritable capability of the azo-based alignment layer enables the micropattern to be
switched to other patterns by illuminating light through different binary photo-masks and
electric field treatment, as shown in Figure 4c. This method gives the capability to create
various far-field diffraction patterns such as gratings and vortex beams through the binary
reflection amplitude modulation.

Figure 4. (a) Micropatterned BPs fabricated by illuminating ultraviolet (UV) light through a binary photo-mask. The
region where UV light was illuminated has a uniform crystal orientation, whereas other regions have random oriented
BP crystals. (b) External stimuli-responsive far-field diffraction patterns. (c) Rewritable capability of the micropatterns by
illuminating non-polarized UV light and treating electric field treatment (ii,iii), and by illuminating UV light through a
striped photo-mask and treating electric field treatment (iv,v). Reproduced with permission from [46]. Copyright 2017,
John Wiley and Sons.

Otón et al. developed a method to predict the crystal orientation of monodomain
BPs on a rubbed surface by controlling the precursor materials formulation [47]. They
discovered that the crystal orientation of monodomain BPs depends on the lattice constant
of BPs, and thus, the tailoring of crystal orientation can be induced by knowing the chiral
twisting power of the system and adjusting the concentration of doped chiral dopants.

2.3. Application of Electric Field

The treatment of a vertical AC field in BPs enabled monodomain BPs to be obtained
without the need of alignment layers on a substrate [48]. By applying and removing the
electric field, the (110) crystal plane became dominant parallel to the substrate, resulting
a monodomain-like BP textures with uniform reflection colors (Figure 5). This approach
allows the crystal orientation to be maintained even when the temperature is raised to
an isotropic state and then cooled to BP I. Chen et al. discussed a mechanism of the
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field-reorientation process of BP crystals by repeatedly applying and removing a vertical
electric field [49]. When the field was applied, BPs were phase-transited to focal conic
and homeotropic state. As the field was removed from the sample, the focal conic state
transited to a BP with a uniform reflection color corresponding to the (110) crystal plane,
whereas the homeotropic state turned into the BP I(200) and BP I(211). When the field was
applied again, the portion of the focal conic state became wider than the first step, resulting
in the (110) crystal plane to be dominant over a larger area as the field was removed. Thus,
by repeating the electric field treatment, the growth of the different crystal planes was
suppressed and only a monodomain BP I(110) was obtained. The monodomain BPs showed
higher reflectivity with narrower bandwidth and less hysteresis compared to multidomain
BPs (Figure 5b).

Figure 5. (a) POM textures of BP I before applying electric field (left) and after removing electric field (right). (b) Reflection
spectra of multidomain and monodomain BPs. Reproduced with permission from [48], Copyright 2013, American Institute
of Physics.

A field-induced bistable effect in the crystal orientation of BPs and its phase-transition
mechanism were revealed using a host LC mixture with a negative dielectric anisotropy [50].
Obtaining BP I by removing the electric field from the field-induced planar ChLC state
enabled a BP I(200) to become dominant, because the helical structure of the planar ChLC
has a similar structure, with the DTC aligned perpendicular to the substrate. On the
other hand, a BP I(110) was obtained when the field was removed from the field-induced
flow state that was similar to Helfrich deformation induced by the electrohydrodynamic
effect. Because the electrohydrodynamic effect increases the temperature of the sample, the
field-induced flow state is phase-transited to the BP I(110) in a similar manner to the BP I
obtained from the BP II by cooling the temperature.

A monodomain BP was obtained by initiating and growing the nuclei of BP crystals
during an application of electric field [51]. When the electric field is applied at an isotropic
state and the temperature of the sample is decreased to initiate the nucleation of BP crystals,
heterogeneous nucleation plays a dominant role for the growth of BP crystals, while the
homogeneous nucleation is suppressed. The nuclei generated through the heterogeneous
process gradually grow as the temperature decreases, providing monodomain BPs in the
entire region where the field is applied. This phenomenon becomes dominant upon high
field intensity at a certain field frequency.

The orientation control using electric field treatment allows us to rapidly obtain
monodomain BPs over a large area, but many grain boundaries still exist between the
domains. Moreover, those methods can only enable a crystallographic axis of BPs to be
oriented perpendicular to the substrate (crystal planes), and other axes still remain random.
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2.4. Use of Nanopatterned Substrates

A new strategy to obtain single-crystal BPs was recently proposed by directing the
self-assembly process of BPs using lithographically nanopatterned substrates [52,53]. The
preferred orientation of the LC molecules descripted by the scalar order parameter (S)
was theoretically considered for each crystallographic orientation of BPs to minimize the
free energy density on a substrate. Based on simulation results, various nanopatterned
templates that periodically imposed the homeotropic (H) and planar (P) alignments were
designed (Figure 6a–c). For example, a striped pattern of which the H and P alignments
exist alternately and the sum of the width in two regions is equal to the lattice constant
of BP II was employed to obtain a single-domain BP II(100) over an entire patterned area
without grain boundaries (Figure 6d). The crystal orientations of the BP II(110) and BP II(111)
were also demonstrated using different nanopatterned templates designed in the same
manner, as shown in Figure 6b,c, respectively. This method enables the single-crystal BPs
to be grown up to a device thickness of approximately 20 µm [54]. The single-crystal BP II
showed a single and sharp reflection peak compared to polycrystalline BPs that exhibit
multiple reflection peaks due to the nonuniform lattice orientations.

The nanopatterned templates were also employed to investigate the phase transition
of BPs between two different crystallographic symmetries of single-crystal BP I(110) and
BP II(100) [55]. It was revealed that the transition from the single-crystal BP II(100) to BP I(110)
could be regarded as martensitic-like transformation. When the BP reaches the transition
temperature of BP II(100)–BP I(110), the DTCs are reorganized through the local reorientation
of the LC molecules, resulting in a smooth reconfiguration of the dislocation lines in a
diffusionless manner on a sub-micrometer scale. This process has a little thermal hysteresis,
enabling the BP crystals to be simultaneously grown in the entire patterned region. This
result gives an opportunity to investigate the crystal nucleation of BPs and control the
crystal growth dynamics in soft materials.

A strategy to precisely design the grain boundaries between two single-crystal BPs
that have different crystal orientations, referred to as soft heteroepitaxy, was investigated by
using the lithographically nanopatterned templates [56]. A C-shaped template of which the
inside had a striped pattern responsible for the orientation of BP II(100) and the outside had a
rectangular pattern responsible for BP II(110) was employed to observe the grain boundaries
between those of crystal planes. Despite the curved geometry, the grain boundary was
stabilized and elaborately sculpted on a scale similar to the lattice constant of BPs. This
method was applied to fabricating a 2D diffraction grating as an external stimuli-responsive
optical device. Because of the precisely sculpted grain boundaries, the signal-to-noise ratio
(SNR) of the far-field diffraction patterns was significantly improved compared to the 2D
diffraction gratings fabricated by controlling the crystal orientation using photo-alignment
technology [46]. This work accelerates the investigation in the nucleation and growth of
BP crystals between liquid−liquid interfaces, and the fabrication of intelligent photonic
crystal devices.
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Figure 6. (a–c) Designs of lithographically nanopatterned templates for the orientation of BP II(100) (striped pattern),
BP II(110) (rectangular pattern), and BP II(111) (circular pattern), with insets of S-map representing the preferred molecular
orientation of LCs on the templates. (d) The scanning electron microscope image of nanopatterned templates, the POM
texture of BPs, and Kossel diagrams corresponding to the BP II region, on the different templates, such as (i) striped
pattern, (ii) rectangular pattern, and (iii) circular pattern. Reproduced with permission from [52]. Copyright 2017, Nature
Publishing Group.

3. Azimuthal Orientation-Controlling Technologies of BPs

The aforementioned approaches mainly focus on obtaining monodomain-like BP
textures with a uniform crystal plane orientation. However, it is required to simultane-
ously manipulate two independent crystal axes of BPs to uniquely define the 3D crystal
orientation on a substrate. Recent studies to investigate the grain boundaries between
different orientations of BP crystals [56] or realize reflective volume holograms through
the Bragg−Berry (BB) effect [36] have emphasized the importance of simultaneously con-
trolling the crystal plane and azimuthal orientation of BPs. In the following, we discuss
strategies to uniquely define 3D orientation of BPs on a substrate, with its mechanisms and
perspective photonic applications.

The highly ordered structures of BPs with a periodicity of a few hundred nm give rise
to a unique CP-selective Bragg reflection in visible light region. With the external stimuli-
responsivity of LCs, many tunable devices have been proposed by modulating either the
intensity or wavelength of Bragg reflected light from BPs. On the other hand, it was recently
found that a 0–2π full wavefront control of reflected light can be attained by azimuthally
rotating BP crystals on a substrate, which is referred to as the BB effect. The simulations
revealed that both BP I(110) and BP II(100) show the BB effect in the same manner [36]. The
theoretical prediction was experimentally demonstrated by spatially rotating BP II crystals
on a substrate through photo-alignment technology. The orientation of the BP II(100) was
manipulated with a [100] axis (azimuthal orientation) to follow a predesigned surface
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anchoring and another [100] axis (crystal plane orientation) was aligned along the substrate
normal. Whether the wavefront was indeed being controlled was confirmed through the
observation of an interferometric microscope image. This result demonstrates that a full
0–2π phase-only modulation with a CP selectivity provides opportunities for advanced
DOEs, such as flat deflectors, lenses, and holograms.

While the azimuthal orientation of the BP II(100) can be made to follow the imprinted
surface anchoring on a substrate, it had still remained a challenge to attain the tailored
azimuthal orientation of BP I on a substrate. Recently, a strategy to control the azimuthal
orientation of BP I was proposed using a field-induced directed self-assembly process [37].
At a BP I(211) prepared by cooling from the isotropic state, an electric field was applied
to unwind the twist structures and gradually reduced to reorient the BP crystals. A BP
I with a different reflection color compared to the initial BP I(211) was obtained through
the phase transitions of homeotropic–chiral nematic–BP X–BP I (Figure 7a). The two-fold
symmetry of the Kossel diagrams revealed that the field-reoriented BP I has a (110) crystal
plane parallel to the substrate (Figure 7b). Further, the Kossel patterns were rotated with a
step of 45◦, indicating that the azimuthal orientation ( [001] crystal axis) was also controlled
to follow the imprinted surface anchoring. These results showed that two crystal axes of
BP I can be simultaneously controlled along the predesigned directions. The mechanism
was investigated by observing the two field-induced intermediate phases, chiral nematic
and BP X. The chiral nematic phase plays a key role to control the [001] axis along the
predesigned direction. The field-induced chiral nematic was composed of the uniformly
lying helix (ULH) with the helical axis perpendicular to the surface anchoring with LC
molecules aligned along the surface anchoring on a substrate, which is a similar structure
to a DTC. An additional twist of the LC molecules to create the DTC from the ULH was
formed perpendicular to those of the surface anchoring and helical axis, making the DTC
to be aligned along the surface anchoring. On the other hand, the field-induced BP X was
responsible for the (110) crystal plane orientation of the field-induced BP I. This result
was consistent with the simulation results which revealed that BP X can be obtained via
continuous reorganization from BP I(110) [57,58].

The field-assisted directed self-assembly process was applied to a fabrication of a
phase-only BP-based hologram based on the BB effect. The unique 3D chiral structure of
BPs gave a capability to play back the encoded light information for only a CP light in a
wide range of incident angles (Figure 7c), which were distinct from the holograms realized
by ChLCs [59,60]. The holograms were expected to have significantly high light-conversion
efficiency compared to binary-amplitude DOEs made by spatial control of only crystal
plane orientation of BPs [12,46,56].
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Figure 7. (a) The evolution of POM images of the field-induced phase transition when the field is applied to H phase and
gradually reduced. (b) Kossel diagrams of the field-induced BP I at each striped region marked as the Roman numeral
in (a). The double-sided white arrows and the yellow arrows show the imprinted surface anchoring in each region and
the [001] crystal axis of the field-induced BP I. (c) Holograms reconstructed at incident angles of 10◦, 29◦, and 40◦ for left
(L) and right (R) CP light illumination with wavelength of 580 nm, 520 nm, and 460 nm, respectively. Reproduced with
permission from [37]. Copyright 2021, Nature Publishing Group.

4. Discussion

In this paper, we have drawn recent research progress to direct the 3D orientation of
two types of cubic BPs: body-centered BP I and simple cubic BP II, along the predesigned
directions on a substrate. Various strategies have emerged to manipulate either the crystal
plane and azimuthal orientation of BPs, such as directing the self-assembly process and
external field treatments. Controlling the 3D orientation of the BPs is one of the important
steps in both science and industry fields, because it provides a degree of freedom to ma-
nipulate the light propagating through the medium, giving tailored optical characteristics
in a thickness of a sub-micrometer scale. By combining the external stimuli-responsivity
of BPs, various photonic devices that have not been discovered yet can be developed
with high-levels and integrated optical functionalities. For example, we expect that 3D
emission direction-controllable photonic crystal lasers can be achieved by introducing a
slanted crystal plane orientation and controlling its periodicity [61]. Moreover, BPs have a
great potential to fabricate flexible films by photo-polymerizing the LC materials [62–65],
making them applicable to wearable devices such as smart-glasses. Although there still
remain several questions that should be addressed such as the orientation behavior of the

75



Symmetry 2021, 13, 1584

LC molecules in grain boundaries, it is manifest that BPs have a great deal of potential in
various scientific research field and the development of practical devices in a wide range
from displays to holographic optical elements.
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Abstract: Polymer-stabilised blue phase (PSBP) could be employed in novel fast response optical
and photonic devices. It is inferred that inside PSBPs, the polymers are selectively aggregated by
location in −1/2 disclinations, which are defects coexisting with the blue phase as a periodic lattice,
thereby extending the temperature range of the blue phase. The polymer aggregate structure in PSBPs
strongly affects their physical properties. In this study, we employed a non-destructive synchrotron
ultra-small-angle X-ray diffraction analysis to investigate the effect of polymerisation rates on the
polymer aggregate structure in PSBPs prepared with monomers of different polymerisation rates and
examined the structure formation process of the polymer during polymerisation. When methacrylate
monomers, which exhibit a relatively low polymerisation rate, were used to form polymers in PSBP,
the resulting polymer was more selectively aggregated at disclinations in the PSBP. Furthermore, the
electro-optical effect in the PSBP was successfully improved by reducing the polymer concentration
in the PSBPs prepared with the optimised monomer combinations.

Keywords: liquid crystal; blue phase; polymer-stabilised blue phase; Kerr effect; electro-optics; discli-
nation

1. Introduction

Introducing chiral symmetry into nematic liquid crystals induces twisted molecular
arrangements. As the chirality increases, double-twisted arrangements, which cannot con-
tinuously fill the three-dimensional space, predominate over simple twists. The cholesteric
blue phase, hereafter referred to simply as the blue phase, is a liquid-crystal phase caused
by the frustration between double-twisted molecular arrangements and the uniformity of
the three-dimensional (3D) space, i.e., defect-free structure of molecular arrangement [1–3].
Since the blue phase is a result of the preference of the double-twisted structure over the
uniformity of the 3D space, it necessarily coexists with defects, i.e., −1/2 disclinations. The
main feature of the blue phase is that it spontaneously forms a three-dimensional periodic
lattice, which has been confirmed by real space observation [4], and thereby defects also
form a three-dimensional periodic lattice. The polymer-stabilised blue phase (PSBP) can
be obtained by in situ polymerisation of appropriate amounts of monomers in the blue
phase, and it is a liquid-crystal phase that dramatically extends the blue phase temperature
range without solidification [5]. Unlike ordinary liquid crystals, PSBP is optically isotropic
when no electric field is applied, and birefringence occurs when an electric field is applied.
The observed electro-optical behaviour is phenomenologically similar to the Kerr effect,
although the Kerr coefficient is many orders of magnitude higher than that of ordinary
polar liquids due to the cooperative change in molecular orientations, which is a unique
property of liquid crystals. In addition, its electro-optical response is much faster than that
of ordinary nematic liquid crystals [6–9]. Therefore, PSBP could be good for applications in

79



Symmetry 2021, 13, 772

high-performance displays, high-speed optical modulation devices, photonic devices, etc.,
which are difficult to achieve with conventional nematic liquid crystals [10–14]. When an
electric field is applied to PSBP and removed, the birefringence returns to zero; however,
a small residual birefringence is observed sometimes [15,16]. This could be a result of
insufficient stabilisation of the blue phase. Because the blue phase is easily supercooled [17],
the metastable supercooled state may be misidentified as PSBP, and such a metastable state
is prone to residual birefringence. Synchrotron ultra-small-angle X-ray diffraction (USAXD)
measurements have revealed that polymers are selectively aggregated by location along
disclinations in PSBP [18], and this aggregated structure of polymers is responsible for
the stabilisation of PSBPs [19,20]. A truly stable PSBP can be obtained when the polymer
correctly fills the disclinations. Controlling the polymer aggregate structure in PSBP is a
good technique to improve the performance of PSBP. This study aims to develop a method
for selectively aggregating polymers by location along disclinations with high order. As
disclinations tend to attract particles [21], herein polymers or oligomers undergoing poly-
merisation, if the particles are given enough time to diffuse to reach the disclination, they
would be properly trapped in the disclination. Here, we focused on the polymerisation
rate of monomers and investigated its relationship with the polymer structure in PSBP by
synchrotron ultra-small-angle X-ray diffraction analysis.

2. Materials and Methods

The PSBPs were prepared by irradiating a precursor solution with UV light at a
temperature that indicates a blue phase. The precursor solution was composed of nematic
liquid crystals, a chiral dopant, monomer, and a photoinitiator. We used an equal-weight
mixture of 4-cyano-4’-pentylbiphenyl (5CB, Aldrich) and JC-1041XX (JNC Petrochemical
Corp.) as the nematic liquid crystals and 2,5-bis-[4’-(hexyloxy)-phenyl-4-carbonyl]-1,4,3,6-
dianhydride-D-sorbitol (ISO-(6OBA)2: synthesised) as the chiral dopant. A blue phase was
obtained by mixing them in appropriate ratios. In all the samples used in this study, the
fraction of the chiral dopant was kept at 3.4 mole per cent of the total precursor solution.
An equal-weight mixture of monofunctional nonliquid and bifunctional liquid crystalline
monomers was used as the monomer to form the polymers inside the blue phase. The
four types of monomers were tagged with iodine to selectively extract only the polymer
structure by X-ray diffraction. The iodinated monomers were synthesised according to
the procedure in the Supplementary Information of reference [18] (also see Supplementary
Materials of this paper). The chemical structures of each liquid crystal and monomer are
shown in Figure 1. The molar ratio of the chiral liquid crystal (liquid crystals + chiral
dopant) to monomer was 91.6/8.4 in all samples. A photoinitiator of 2,2-dimethoy-2-phenyl
acetophenone (Aldrich) was used to photopolymerise the monomers in the blue phase. It
was added to the precursor solution at a rate of 0.1 mol% to the total solution.

Well-mixed precursor solutions of liquid crystals/chiral dopant/monomers with
0.1 mol% of photoinitiator were sandwiched between polyethylene terephthalate film sub-
strates at a temperature where the solution is in isotropic phase (60–70 ◦C), and the cell gaps
were fixed by 100-µm-thick film spacers to make the sample cells for X-ray measurements.
The cells were irradiated with UV light with an intensity of 1.5 mW cm−2 and wavelength
of 365 nm for 20 min to photopolymerise the monomers within the precursor solutions on
a hot stage at a temperature where each solution exhibited a blue phase.

USAXD measurements were performed using a BL40B2 beamline at the synchrotron
radiation facility of SPring-8 (JASRI, Hyogo, Japan). The camera length was 4297 mm, and
the X-ray wavelength was 0.155 nm. Two-dimensional (2D) diffraction images at small
angles were taken using an imaging plate. The diffraction intensity profiles were obtained
by circular integration of the 2D diffraction images. Diffuse scatterings by the direct beam
of X-ray and polyethylene terephthalate film substrates were subtracted using graphing
software.
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Figure 1. Chemical structures of materials for preparing PSBPs.

To determine the electro-optical properties of the PSBP, in-plane switching (IPS) cells
with a 10-µm cell gap were used. The width and distance of the IPS interdigitated striped
electrode were 5 and 10 µm, respectively. The cells were filled with each precursor mixture
in an isotropic phase by capillary action. A system composed of a function generator
(WF1974, NF Corp., Yokohama, Japan), a high voltage amplifier (2205, Trek Inc., Medina,
New York, NY, USA), a differential probe (9322, HIOKI E.E. Corp., Ueda, Japan), and a
data logger (GL-900-4, Graphtec Corp.) was used to apply and record an AC voltage of
1 kHz to the PSBP cells mounted on a temperature-controlled stage (10019 Peltier System,
Linkam Scientific Instruments Ltd., Tadworth, UK), which was sandwiched between
crossed polarisers. The data presented in this paper were measured at 23–25 ◦C. A white
LED light source, LS-L150 (SUMITA OPTICAL GLASS, Inc., Saitama, Japan), was employed,
and the changes in transmitted light due to the electric-field-induced birefringence of the
PSBP were recorded as colour movies using a colour-high-speed camera (SA4, Photron Ltd.,
Tokyo, Japan). The transmitted light intensity was calculated using the green brightness
component from the colour movie taken by the high-speed camera. The peak wavelength
and half-width of spectral sensitivity curve, which is the product of the light source
spectrum and the transmission spectrum of the green filter in the colour-high-speed camera,
were 545 and 70 nm, respectively.

3. Results and Discussion
3.1. The Monomer Species Dependence of USAXD

Polymerisation rates depend on monomer species, such as acrylate and methacry-
late. In general, the radical polymerisation rate is higher for acrylate monomers than
for methacrylate monomers. This is also the case even inside PSBPs [22]. PSBPs can be
prepared using a mixture of two monomers of monoacrylate with alkyl chains, such as
dodecyl acrylate and diacrylate having a mesogenic core such as RM257. In this study, we
used two types of monofunctional monomers (iodinated dodecyl acrylate and iodinated
dodecyl methacrylate) and two types of difunctional monomers (iodinated RM-257 diacry-
late and iodinated RM257 dimethacrylate). Iodine was chemically added to each monomer
to increase the X-ray diffraction intensity and enhance the polymer structural contrast in
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PSBP, according to Reference [18]. The chemical structures of the samples are shown in
Figure 1. Five types of samples with different combinations of monomers were prepared
for the USAXD measurements. The combinations are listed in Table 1.

Table 1. Combinations of monomers for preparing PSBPs.

Sample
No.

Sample
Symbol Mono-Functional Monomer Difunctional Monomer

1 mA/dA Dodecyl acrylate RM257

2 I-mA/I-dA Iodinated dodecyl acrylate Iodinated-RM257

3 I-mA/I-dMA Iodinated dodecyl acrylate Iodinated-RM257
dimethacrylate

4 I-mMA/I-dA Iodinated dodecyl
methacrylate Iodinated-RM257

5 I-mMA/I-dMA Iodinated dodecyl
methacrylate

Iodinated-RM257
dimethacrylate

Figure 2 shows the USAXD 2D images trimmed in a small-angle region for PSBPs
prepared using (a) mA/dA, (b) I-mA/I-dA, (c) I-mA/I-dMA, (d) I-mMA/I-dA, and (e)
I-mMA/I-dMA, which correspond to samples 1, 2, 3, 4 and 5, respectively. The images
were taken at room temperature around 20 ◦C using an imaging plate. The unexposed
circular area at the centre of each image is the shadow of a beam stopper with a diameter
of 2 mm. There were only very weak diffractions in sample 1, as shown in Figure 2a. On
the other hand, clear Debye rings were observed in iodinated samples (Figure 2b–e). There
were clearer and stronger Debye rings for samples 4 and 5, whereas, in samples 2 and 3,
the rings were weaker, and large central diffuse scatterings were observed. These results
revealed that the polymers in samples 4 and 5 exhibited higher structural order than those
in samples 2 and 3, and a considerable amount of polymers with the nonperiodic structure
were present in samples 2 and 3.
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Figure 3 shows the X-ray diffraction intensity profiles for each sample. In the body-
centred cubic lattice, which is the symmetry of blue phase I, diffractions occur in the order
of 110, 200, 211, 220, 310, 222, and 321 from small angles. However, in the disclination
lattice within blue phase I, 110, 200, 310, and 222 disappear, according to the extinction law
as calculated from its structure factor, and 211, 220, and 321 appear as diffractions. Because
the observed diffraction peaks around 0.080–0.085, 0.095–0.100, and 0.125–0.130 Bragg
degree are assigned to 211, 220, and 321, respectively, using the same analysis method as in
the literature [18], the peaks shown in Figure 3 are attributed to the disclination lattice of
blue phase I. This implies that the polymers were selectively aggregated into periodically
aligned disclinations within blue phase I. The diffraction peaks of sample 5 are sharper than
those of other samples, which implies that highly ordered polymers with an aggregated
structure closely fitted in the disclination lattice of blue phase I were formed in sample
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5. Polymers with more than a certain molecular weight are attracted to and trapped in
disclination lines [21]. During polymerisation for blue phase stabilisation, an increase in
the molecular weight of the polymer and a diffusion of the polymers occur simultaneously.
It could take a tangible amount of time for the polymer to reach the disclinations and be
trapped there. However, since cross-linking exponentially increases the molecular weight
of polymers, if the polymerisation rate is too fast, diffusion will stop before reaching the
disclination, resulting in a less ordered polymer structure. The polymerisation rate of
acrylate monomers is much higher than that of methacrylate monomers. Therefore, in the
methacrylate system, such as sample 5, the polymerisation speed is low enough; hence,
there would be enough time for the polymer to reach disclinations and form highly ordered
structures. On the other hand, the polymerisation is too fast in acrylate systems, like sample
2; thus, the molecular weight of the polymer increases rapidly and the diffusion stops
before the polymer reaches disclinations. Polymers that fail to reach the disclinations form
less ordered aggregates, which increases diffuse X-ray scattering.
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Figure 3. USAXD profiles of PSBPs prepared by using monomers with different combinations.

3.2. Temperature Dependence of USAXD

The temperature dependence of the polymer structure in PSBP was investigated for
sample 5. In a blue-phase temperature region (–40 to 46 ◦C), sample 5 showed a platelet
texture with green and blue colours, which is a typical optical texture of the blue phase I, in
a polarising optical microscope, as shown in Figure 4a. The texture turns into a dark field
when heated above 46 ◦C due to blue–isotropic phase transition, as shown in Figure 4b.
The USAXD images are shown in Figure 4c,d. Although the phases at 43 and 60 ◦C were
completely different, their diffraction images are almost identical. This implies that the
polymer structures formed along the disclination lattice in blue phase I were maintained,
even after the molecular orientational order completely disappeared in the isotropic phase.
This behaviour was reversible and repeatable, i.e., the same phenomenon was observed no
matter how many times the phase transition was repeated by increasing and decreasing
the temperature between 43 and 60 ◦C.
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Figure 4. Polarizing optical microscope images of PSBP (sample 5) at 43 ◦C (a) and 60 ◦C (b), and
USAXD images of PSBP (sample 5) at 43 ◦C (c) and 60 ◦C (d).

On the other hand, cooling the sample changed the diffraction intensity. Figure 5
shows the USAXD profiles of sample 5 at 25.5, 0, −10, −20, −30, and −40 ◦C. As the
temperature decreased, the diffraction peaks became smaller. In particular, the peak
intensities decreased significantly between −20 and −30 ◦C. This suggests that the order
of the polymer structure was reduced by cooling. However, when the temperature was
increased back to 25 ◦C, the profile almost returned to its original shape. Therefore, the
polymer cannot be permanently damaged by cooling, and the order of the polymer is
reversibly restored by reheating to room temperature.
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3.3. UV Exposure-Time-Dependence of USAXD

The polymerisation of acrylate and methacrylate monomers proceeds with UV-light
exposure time. Figure 6 shows the UV-light exposure-time-dependence of the USAXD
profiles for sample 5 measured at 32 ◦C. Almost no diffraction was observed in the initial
state (zero exposure time). This means that the monomers were dispersed randomly
and uniformly in the blue phase before polymerisation. As the UV exposure started, the
intensity of diffraction peaks gradually increased with an increase in the exposure time.
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The changes in diffraction peak areas and peak half widths for 211, 220, and 321
with time during the UV exposure are shown in Figure 7a,b, respectively. Each peak
area monotonically increased with exposure time and gradually saturated, whereas the
half-width of each peak was almost unchanged. Therefore, we infer that as polymerisation
begins, the polymers start to be trapped immediately in the disclinations, forming a highly
ordered structure, and as polymerisation progresses, the polymers in the disclinations
become highly aggregated, thereby increasing the contrast in the polymer concentration.
Figure 8 shows the schematic illustration of a possible monomer distribution state before
polymerisation in the initial and aggregated states of the polymers after polymerisation.
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of UV exposure.
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Figure 8. Schematic illustration of a possible distribution state of a monomer before polymerisation
in the initial state (left) and an aggregation state of a polymer after polymerisation (right).

3.4. Mechanism of Polymer-Stabilisation of Blue Phase

In general, the temperature range of a phase is determined by the relative thermo-
dynamic stability of the phase of interest with reference to other phases at the high- and
low-temperature sides. In the case of PSBP, since the temperature range on the low-
temperature side is extended, it is considered that the thermodynamic balance with the
chiral nematic phase, which is on the low-temperature side, is significantly altered by
the presence of a polymer. The blue phase and the chiral nematic phase conflict between
double- and simple-twist structures. The blue phase is stable when the double-twist struc-
ture, which is a locally stable structure, is dominant at the expense of defect (disclination)
generation, and the chiral nematic phase is stable when the simple-twist structure, which is
a defect-free state, is dominant at the expense of the locally stable structure. As temperature
increases and approaches the isotropic phase, defects exist more easily due to the decrease
in the orientational order. Thus, a blue phase generally appears just below the isotropic
phase. The experimental results obtained in this study show that when polymers are
generated and grown in the blue phase, they aggregate in the disclination, a defect in the
blue phase. This implies that the defects are immobilised by filling them with polymers,
and the defect-free state, which is the basis of stabilisation in the chiral nematic phase, is
lost. Therefore, the equilibrium state between the two phases is greatly disrupted, and
the relative stability of the blue phase at lower temperatures would increase. In other
words, the chiral nematic phase is replaced by the blue phase because the disadvantage
of defects has become a common expense not only in the blue phase but also in the chiral
nematic phase due to the immobilisation of defects. It could be inferred that breaking the
spatial uniformity destabilises the chiral nematic phase. Because the blue–isotropic phase
transition temperature, which is the higher temperature phase, is almost the same with and
without the polymer, the polymer does not affect the ordered structure of the blue phase.
This fact supports our hypothesis. In other words, the extension of the temperature range of
the blue phase is not attributed to the stabilisation of the blue phase but the destabilisation
of the chiral nematic phase. This can be expressed in terms of a free energy-based phase
transition phenomenon, as shown in Figure 9. That is, the blue phase originally exists
in a small temperature range between the chiral nematic and isotropic phases. However,
when the chiral nematic phase is destabilised (i.e., the free energy of the chiral nematic
phase increases), the transition temperature between the chiral nematic and blue phases
shifts to a lower temperature, whereas the blue–isotropic phase transition temperature
remains unchanged; thus, the temperature range of the blue phase is extended to the lower
temperature side. This agrees well with experimental observations [5].
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Figure 9. A possible explanation of expending blue phase temperature range in PSBP based on free
energy change.

3.5. Improvement of Electro-Optical Property of PSBP

The blue phases I and II are optically isotropic due to their cubic structure, and when
an external electric field is applied, they induce birefringence proportional to the square of
the electric field; this is called the electro-optical Kerr effect. Phenomena that can be induced
in the blue phases by applying an electric field include (1) phase transition to the chiral
nematic phase, (2) lattice rotation, (3) lattice deformation, (4) reorientation of local directors
in the lattice, and (5) changes in molecular orientation; (1–3) generally result in responses
slower than milliseconds. In PSBPs, such slow responses are suppressed because the lattice
is immobilised by the polymer; only fast responses, (4) and (5), occur. Since the change in
birefringence resulting from (5) is small, the Kerr effect in PSBPs is mainly attributed to
(4). As revealed by the USAXD experiments, inside PSBPs, there are polymers formed in a
well-ordered structure along the disclinations and those aggregated in a disordered state.
The latter inhibits the electro-optic effect of PSBPs and reduces the induced birefringence.
Eliminating the disordered polymer aggregates in PSBPs would reduce the drive voltage,
which is a major issue in PSBPs. Simply reducing the polymer fraction in PSBPs would
lower the drive voltage, but there is a trade-off below which further reduction would
reduce the stability of PSBPs. The decrease in the stability of PSBPs appears as residual
birefringence after removing the electric field. It is essential to properly present polymers
in the disclinations to prevent a decrease in the stability of PSBPs. As revealed in this study,
sample 5 contains the highest ordered polymer structure, which is considered to be properly
distributed along the disclinations in the PSBP. Therefore, we investigated the possibility
of reducing the driving voltage while maintaining the stability of a PSBP by reducing the
polymer fraction in sample 5. Figure 10 shows the polymer-fraction-dependence of applied
voltage vs. transmittance curves for PSBP prepared with dodecyl methacrylate and RM257
dimethacrylate (noniodinated). Since the transmittance was obtained by extracting and
analysing the data at a wavelength of 545 nm, the transmitted light repeatedly increased
and decreased due to the interference with the induced birefringence. Here, the voltage at
the first maximum transmittance is defined as the driving voltage. By reducing the polymer
fraction by about 13% (from 7.7 to 5.7 wt %), the driving voltage was reduced by about
29%. Almost no residual birefringence was observed in all the samples. This shows that the
conventional trade-off can be overcome and the driving voltage can be effectively reduced
in PSBP prepared with dodecyl methacrylate and RM257 dimethacrylate (noniodinated)
where the polymer should be more properly formed in disclination. Although the measured
driving voltage itself is large for a distance of 10 µm between electrodes because we used a
general-purpose material as the liquid crystal, the methodology employed in this study
can be applied to other liquid crystals. The driving voltage would be sufficiently reduced
if a liquid-crystal material with a high Kerr coefficient developed for PSBP is used.
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Figure 10. Polymer fraction dependence of the applied voltage vs. transmittance curves for PSBP
prepared using dodecyl methacrylate and RM257 dimethacrylate (noniodinated). An electric voltage
of 1 kHz was applied between electrodes 10 µm apart. The transmittance was measured at a
wavelength of 545 nm.

4. Conclusions

The aggregation structures of polymers inside PSBPs were evaluated by synchrotron
USAXD analyses. The PSBPs were prepared with various combinations of acrylate and
methacrylate monomers with high and low polymerisation rates, respectively. Using the
methacrylic monomers with low polymerisation rates resulted in the formation of highly
ordered polymer aggregates that closely fit the defect lattice in the PSBP. The structure
of the polymer inside the PSBP remained almost unchanged even after repeated heat-
ing of the PSBP to the isotropic phase and cooling to the original temperature. On the
other hand, when the PSBP was cooled to −20 ◦C and below, the order of the polymer
aggregation structure decreased, but when reheated to the original temperature, the poly-
mer aggregate structure also returned to its original state. The driving voltage of the
Kerr effect was effectively reduced by reducing the polymer concentration in the PSBPs
prepared with methacrylate monomers, which exhibited the highest ordered polymer
structure. There was almost no residual birefringence in the PSBP; hence, we conclude
that the conventional trade-off between the driving voltage and residual birefringence was
successfully overcome.
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Abstract: A liquid crystal (LC) director distribution was numerically analyzed in 90-degree twisted
nematic (TN) LC cells with a symmetric and an asymmetric azimuthal anchoring strength of the
alignment substrate and the influence of anchoring strength on the electro-optical property of the
TN cell was evaluated. The twist angle decreased with decreasing azimuthal anchoring strength
and the LC orientation changed to a homogeneous orientation with the twist angle of 0 degrees in
the LC cell with asymmetric azimuthal anchoring strength, specifically with the strong anchoring
substrate and the weak anchoring substrate below a critical strength. The asymmetric anchoring LC
cell was fabricated by using a poly (vinyl cinnamate) alignment substrate as the weak anchoring
surface and a polyimide alignment substrate as the strong anchoring surface. The LC cell performed
the dark–bright–dark switching of the transmittance in the crossed polarizers, since the homogeneous
LC orientation changed to the TN orientation again with increasing the applied voltage. Therefore, it
was experimentally confirmed that LC molecules rotated at 90 degrees in the plane on the alignment
surface by the electric field perpendicular to the weak anchoring substrate.

Keywords: liquid crystal; polar anchoring; azimuthal anchoring; twisted nematic; homogeneous
orientation; voltage–transmittance curve

1. Introduction

Twisted nematic liquid crystal (TN LC) configurations [1] are still the most widely
used form of liquid crystal display mode. The LC director distribution and electro-optical
characteristics of the TN cell are generally determined by the following three features:
elastic forces in the LC which are described by Oseen-Frank free-energy density [2], an
electric field generated by applying a voltage to electrodes, and anchoring strength of the
LC molecules on substrate boundaries [2,3]. The anchoring strength is one of the important
design parameters for practical applications. Commercially available TN displays have
usually been manufactured using strong azimuthal and polar anchoring surfaces at both
sides of the substrate, for example, rubbed polyimide (PI) coated substrates, since the strong
anchoring enables fast relaxation from field-driven states. On the other hand, an application
of the weak polar anchoring interface has been proposed to decrease the driving voltage of
the LC cell. The numerical analysis of the electro-optical property has been reported in the
TN display mode [4–7]. Conversely, the increase in the threshold voltage has been reported
if the azimuthal anchoring strength reduces by more than one order of magnitude from
2.0 × 10−3 to 5.0 × 10−5 N/m [8]. These studies have usually been carried out the same
anchoring strength on both sides of the substrate.

An in-plane switching (IPS) mode [9] is another LC display mode currently used in
producing televisions, monitors of personal computers, and various instruments. The IPS
mode exhibits a wide viewing angle and a small color shift because LC molecules are
initially homogeneously aligned and rotate within a plane parallel to the substrates when
an in-plane field is applied. Weak azimuthal anchoring interfaces in the IPS mode have
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been reported to enlarge the allowable range of marginal variation in the cell gap [10].
Moreover, a threshold behavior has been analyzed in the IPS mode LC cell with asymmetric
azimuthal anchoring strength [11]. When the weak azimuthal anchoring alignment film is
coated on the interdigital electrode substrate and the counter substrate has strong anchoring
strength, the LC molecules glide on the weak azimuthal anchoring surface parallel to the
in-plane field direction, which results in the decrease in the driving voltage and the increase
in the maximum transmission in the bright state [12–14]. The asymmetrical azimuthal
anchoring configuration has also been applied to a fringe-field switching (FFS) mode [15].
Higher transmittance was obtained by lower driving voltage compared to the cell with the
symmetrical anchoring configuration [16].

We numerically investigated the LC director distribution and electro-optical character-
istics in a hybrid-aligned nematic cell with asymmetric anchoring strength [17]. When the
planar alignment substrate with the strong polar anchoring and the homeotropic alignment
with the weak polar anchoring substrate were combined, the hybrid orientation turned to
the homogeneous orientation, which was called a quasi-homogeneous (Q-Homo) cell. A
conventional homogeneous LC cell has a threshold voltage of about 1–2 V. However, the
Q-Homo cell had no threshold voltage, and neither did the hybrid-aligned nematic cell.
Moreover, a large retardation variation was also obtained compared to that in both the
hybrid-aligned and homogeneous cells with symmetric strong anchoring. In a guest–host
mode, a higher contrast ratio by lower driving voltage was compatible.

The 90-degree TN orientation also changed to the homogeneous orientation between
strong anchoring and weak azimuthal anchoring substrates. We called the cell a quasi-
homogeneous TN (Q-Homo-TN) cell. The electro-optical characteristics were theoretically
estimated in the Q-Homo-TN cell and a unique voltage–transmission curve of 0–100–0%
was obtained under the crossed polarizers. The infinite strength of the polar anchoring and
the pretilt angle of 0 degrees were set at both sides of the substrate in the above calculations
to simplify the analytical model.

In the present paper, finite values of polar and azimuthal anchoring strengths were
utilized in the numerical analysis of the LC director distribution in the 90-degree TN and
the Q-Homo-TN cells. The finite polar anchoring strength and the non-zero pretilt angle
were also considered. Experimentally, a photo-crosslinked poly (vinyl cinnamate) (PVCi)
alignment film was used as a variable azimuthal anchoring strength surface. The 90-degree
TN and Q-Homo-TN cells were fabricated by adjusting the anchoring strength of the PVCi
film surface. Electro-optical characteristics were investigated and voltage–transmission
curves were obtained, as well as the theoretical curves.

2. Principle
2.1. Free Energy of TN LC Cell

The LC director distribution was calculated, which is based on the continuum theory.
Figure 1 shows the definition of the LC director n, with a tilt angle θ, and a twist angle φ,
in the TN cell. Wp_0 and Wp_d are the polar anchoring strengths and Wa_0 and Wa_d are
azimuthal anchoring strengths at the lower and upper side of the substrates, respectively.
The total free energy per unit area, F, in the TN LC cell is given by

F = Fbulk + Felectric + Fsurface

Fbulk + Felectric =
∫ d

0
1
2{(K11 cos2 θ(z) + K33 sin2 θ(z))( dθ(z)

dz )2 + (K22 cos2 θ(z) + K33 sin2 θ(z)) cos2 θ(z)( dφ(z)
dz )2

−ε0(ε⊥ + ∆ε sin2 θ(z))( dV(z)
dz )2}

Fsurface = 1
2 Wp0

sin2(θ0 − θ(0)) + 1
2 Wpd

sin2(θd − θ(d)) + 1
2 Wa0 sin2(φ0 − φ(0)) 1

2 Wad sin2(φd − φ(d)),

(1)

where K11, K22, and K33 are the splay, twist, and bend elastic constants; ε⊥ is the dielectric
constant of the short axis; ∆ε is the dielectric constant anisotropy; d is the thickness of the
LC layer; V(z) is the voltage potential. θ0 and φ0 are polar and azimuthal easy axis angles of
the lower side of the substrate, respectively. θd and φd are angles of easy axes at the upper
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side of the substrate. In this study, φ0 and φd are set to 0 and 90 degrees; θ0 and θd are the
pretilt angles generally caused by the rubbing treatment on the polymer surface.
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Figure 1. Definition of the LC director, n, and surface alignment conditions of the substrate in the
TN cell.

2.2. Critical Anchoring

The liquid crystal director distribution was obtained by minimizing the total free
energy of the cell. The finite difference method was used to estimate θ(d) and φ(z) in
the LC cell. Table 1 shows the physical parameters of 5CB (4-n-pentyl-4′-cyanobiphenyl)
which was used in the calculation and the cell fabrication. The cell thickness was 8 µm.
Figure 2a,b show the φ(0) and φ(d) as a function of azimuthal anchoring strength. The polar
anchoring strengths and the tilt angles of both sides of the substrate were 1.0 × 10−3 N/m
and 0 degrees, respectively. When the azimuthal anchoring strengths are the same for the
substrates (Wa_0 = Wa_d), φ(0) increases from 0 degrees, and φ(d) decreases from 90 degrees
with decreasing the azimuthal anchoring strength, as shown in Figure 2a; φ(0) and φ(d)
reached close to 45 degrees at Wa_d of 1.0 × 10−10 N/m and the twist angle was, however,
about 0.01 degrees.

Table 1. Physical parameters of the LC.

K11 K22 K33 [pN] ε// ε⊥ no ne (550 nm)

6.3 4 8.4 17.9 6.9 1.540 1.724

On the other hand, in the TN LC cell with the asymmetrical anchoring condition with
small Wa_d (weak anchoring) and large Wa_0 (strong anchoring), φ(0) and φ(d) decreased
with decreasing Wa_d, as shown in Figure 2b. The twist elastic torque in the bulk overcomes
the surface anchoring torque. Thus, the LC director on the weak anchoring surface turns to
the direction of the easy axis at the counter strong anchoring substrate [17–19]; φ(d) was 0
degrees when Wa_d was less than a certain value, which is called the threshold anchoring
strength, a critical anchoring strength [17]. The critical anchoring strength was estimated
to be 5.0 × 10−7 N/m (=K22/d) with the infinitely strong Wa_0 [17,19]. When Wa_0 was
set to be 1.0 × 10−4 N/m, which was the typical azimuthal anchoring strengths= of the
rubbed PI alignment surface [7], the φ(d) curve almost overlapped with that estimated
using infinite anchoring strengths (see also the extended figure shown in Figure 2b). To
be precise, φ(d) was not zero but 4.9 degrees at Wa_d of 5.0 × 10−7 N/m. If Wa_0 is set
to be 1.0 × 10−5 N/m, the critical anchoring strength is estimated to be 4.8 × 10−7 N/m;
φ(0) was 4.1 degrees at Wa_d of 1.0 × 10−5 (=Wa_0) N/m and it decreased to 0 degrees
as well as φ(d) at the critical anchoring strength of 4.8 × 10−7 N/m. Then, the absolute
homogeneous LC orientation, that is the Q-Homo-TN, was created by the asymmetric
azimuthal anchoring strength.
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Figure 2. The φ(0) and φ(d) as a function of Wp_d in the TN cell with (a) symmetric and (b) asymmetric
anchoring strengths of the alignment surfaces with the parameter of Wa_0.

We also calculated φ(d) in the case with non-zero pretilt angle surfaces. When the pretilt
angle on both sides of the substrate was 2 degrees, calculated results with an extremely
small difference were obtained as those shown in Figure 2a,b. As the pretilt angle increased
more, we confirmed the increase in the twist angle between weak anchoring substrates.
As the pretilt angle increased from 0 degrees to 10 degrees, the twist angle increased from
42.3 degrees to 43.1 degrees in the TN cell with symmetric azimuthal anchoring strength
of 1.0 × 10−6 N/m, since the twist elastic torque of the LC orientation decreased with
increasing the pretilt angle.

3. Electro-Optical Characteristics
3.1. Theoretical Electro-Optical Characteristics

The electro-optical property of the TN cell was estimated by using Jones matrix
calculus at the wavelength of 550 nm. The cell was placed between crossed polarizers and
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the transmission axes of the polarizer were arranged with the easy axes of the alignment
substrate. Figure 3 shows the electro-optical characteristic of the TN cell with the symmetric
azimuthal anchoring strength. The polar anchoring of both sides of the substrate was
1.0 × 10−3 N/m. The tilt angle was set to be 2 degrees assuming the typical rubbed PI
surface. The voltage–transmission (V-T) curve with the azimuthal anchoring strength of
1.0 × 10−4 N/m was almost the same as the V-T curve with using the infinitely strong
anchoring. When the anchoring was 1.0 × 10−5 N/m, the twist angle in the absence of
the applied voltage decreased to 81.8 degrees and the curve slightly shift to the right,
which has already been reported by Inoue et al. [8]. The driving voltages V10, that is
the voltage necessary to obtain the transmittance of 10% in a “black on white mode”,
were 1.66 V and 1.71 V in the TN cells with the anchoring strength of 1.0 × 10−4 and
1.0 × 10−5 N/m, respectively. The twist angle without the voltage application decreased to
42.4 and 25.8 degrees when the anchoring became symmetrically weak to 1.0 × 10−6 and
5.0 × 10−7 N/m 1.0 × 10−5 N/m, respectively, and V-T curves were significantly changed
from the normal V-T curve of the TN mode.
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Figure 4 shows the tilt and twist angle distributions in the Q-Homo-TN cell with the
asymmetric azimuthal anchoring strength under the voltage application. The azimuthal
anchoring strengths of Wa_0 and Wa_d were set to be 1.0 × 10−4 and 5.0 × 10−7 N/m,
respectively. The θ0 at the strong azimuthal anchoring surface was 2 degrees; θd at the weak
azimuthal anchoring surface was 0 degrees assuming a very weak rubbed PI or a photoalign-
ment surface. The polar anchoring of both sides of the substrate was 1.0 × 10−3 N/m. The
LC molecules were homogeneously oriented in the voltage-off state. The threshold voltage
at which the LC tilt angle at the center of the LC layer began to increase was about 0.4 V
and was the same as that in the TN cell using the symmetric strong azimuthal anchoring
strength of 1.0 × 10−4 N/m. The distributions of θ with the respective voltage application
were also almost the same as that in the TN cell. On the other hand, φ(d) increased with
the voltage in the Q-Homo-TN cell, because LC molecules glide on the weak anchoring
surface due to the twist torque reduction in bulk [17]. When the applied voltage was 3 V,
φ(d) reached 90 degrees and the φ distribution in the Q-Homo-TN cell was almost identical
to that in the TN cell with the symmetric strong anchoring.

Figure 5 shows V-T curves of the TN cells with the parameter of Wa_d. Wa_0 was set
to be 1.0 × 10−4 N/m. The transmittance without the voltage decreased to 0% since the
twist angle also decreased to 0 degrees with decreasing Wa_d. In the Q-Homo-TN cells
with Wa_d of 5.0 × 10−7 N/m, θ and φ distribution shown in Figure 4 produced the V-T
curve which exhibited 0–98.8–0% shift of the transmittance with the applied voltage. The
V-T curve shows a display device operating in a “white on black mode” in the drive at
the low-voltage side. The driving voltage of V90, which is the voltage necessary to obtain
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the transmittance of 90%, was about 1.40 V, which shows the lower driving voltage of
bright/dark switching compared to that in the TN cell. The maximum transmittance was
obtained at 1.50 V and then decreased to 0% again because of the loss of optical rotation.
When Wa_d was lower than the critical anchoring of 5.0 × 10−7 N/m, the threshold voltage
and the driving voltage were increased, and the maximum transmittance decreased.
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Figure 5. Voltage–transmittance curves of the TN cell with the asymmetric azimuthal anchoring strength.

V-T curves at 640 nm (∆n = 0.170), 550 nm (∆n = 0.184), and 460 nm (∆n = 0.204)
corresponding to red, green, and blue wavelengths are shown in Figure 6. The wavelength
dependence of the transmittance was small in the usual TN cell using strong anchoring
substrates due to the contribution of optical rotation characteristics, as shown in Figure 6a.
In the TN cell using symmetrically weak anchoring substrates, the wavelength dependence
was large especially on the low voltage side by a birefringence effect of the LC, as shown
in Figure 6b. The V-T curves of the red and green lights were very close, but not for the
blue light in the Q-Homo-TN cell, as shown in Figure 6c. The incident light of 460 nm was
close to the fourth Mauguin minimum conditions of the 90-degree TN cell [20]. The peak
transmittance was improved from 83.5% to more than 90% by using the LC material with
smaller ∆n such that the second and third Mauguin minimum conditions are satisfied.
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Figure 6. Voltage–transmittance curves at the wavelength of 640, 550, and 450 nm in the TN cell
with the symmetric anchoring strength of (a) 1.0 × 10−4 N/m, (b) 5.0 × 10−6 N/m, and (c) in the
Q-Homo-TN cell with the asymmetric anchoring strength of 1.0 × 10−4 and 5.0 × 10−6 N/m.

3.2. Cell Fabrication

It is known that the azimuthal anchoring strength of the PI film depends on the
rubbing strength and the amount of UV irradiation in a photoalignment technology [21,22].
However, these surfaces have usually a strong surface memory effect even without the
alignment treatment and have a certain strong azimuthal anchoring strength. The PVCi
film is well known as the LC photoalignment fabricated by irradiating with a linearly
polarized UV light [23–27]. The azimuthal anchoring of the PVCi surface increases to about
5.0× 10−6 N/m with the UV dose [24,28], the strength of which is insufficient to achieve
the twist angle of 90 degrees. In addition, it was reported that the anchoring strength
increased to about 2.0× 10−5 N/m when the rubbed PVCi film was exposed with linearly
polarized UV light [29]. We also exposed the film with unpolarized UV light and obtained
the same azimuthal anchoring strength of 2.0× 10−5 N/m [19].

Figure 7a shows a schematic model of the fabricated LC cell with asymmetric az-
imuthal anchoring substrates using the rubbed PI (AL-1254 from JSR Corp. Japan) and
PVCi surfaces. The cell thickness was controlled by using 9 µm ball spacers. The anchoring
strength of the PVCi surface without the UV irradiation was about 8 × 10−8 N/m. We
controlled the anchoring strength by the irradiation time of the UV light from a super-
high-pressure Hg lamp source [19]. The UV power was 10 mW/cm2. The left-half part
of the rubbed PVCi surface was irradiated with the UV light for 20 s to obtain a target
anchoring strength of 4.5 × 10−7 (=K22/d) N/m. The right-half side was irradiated for
120 s and the anchoring strength was about 1.0× 10−5 N/m. The easy axis of the rubbed
PVCi surface is perpendicular to the rubbing direction [30–32]. Accordingly, 5CB was
sandwiched between PVCi and PI substrates whose rubbing directions were parallel to
each other. Figure 7b shows optical polarizing microscope images of the fabricated LC cell
placed between crossed and parallel polarizers. The homogeneous orientation without the
twist deformation and the optical rotation of roughly 90 degrees were confirmed on the
weak and strong anchoring PVCi surfaces, respectively.

3.3. V-T Curves

Figure 8 shows the voltage–transmittance curves of the fabricated LC cell. The trans-
mitted light intensity through parallel polarizers in the absence of the LC cell was defined
as 100%. The wavelength of the incident light was 640 nm. The rate of the voltage sweep
was 2 V/min. When the Q-Homo-TN cell was placed between crossed polarizers, the
transmittance increased from 0% to 60% and then decreased to 0% again with increasing
the voltage. This indicates that the in-plane rotation of the LC on the weak anchoring PVCi
surface occurred, and the LC orientation changed from the homogeneous to TN orientation,
as shown by the numerical results in Figure 4b. The hysteresis characteristics were observed
with increasing and decreasing voltages. The in-plane switching mode cell using the PVCi
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surface has also been reported to exhibit a hysteresis characteristic [33,34]. It has also been
reported that the high viscosity of the gliding LC molecules on the surface caused a very
slow response [35–37]. Therefore, the hysteresis characteristic of the Q-Homo-TN cell might
be caused by the slow response of the in-plane rotation of the LC on the PVCi surface.
On the other hand, in the TN orientation between rubbed PI and fully crosslinked PVCi
surfaces, a common V-T curve of the TN cell without hysteresis was obtained when the
voltage sweep rate was 5 V/min.
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We calculated the theoretical V-T curves using the following data: the polar and
azimuthal anchoring strengths of the rubbed PI are 1.0× 10−3 and 4.0 × 10−4 N/m, re-
spectively. The pretilt angle is about 2 degrees. The polar anchoring strength of PVCi is
1.0× 10−4 N/m [27]. The pretilt angle of the PVCi surface is 0 degrees since the LC aligns
perpendicular to the rubbing direction. Converting the peak value of the measurement
curve to 100%, the V-T curve of the fabricated TN cell was in close agreement with the
calculated value at 640 nm. In the Q-Homo-TN cell, the measured peak transmittance
was obtained at 1.46 V with the voltage increase, which almost coincides with the cal-
culated peak voltage, even though the peak value in the fabricated cell was lower than
the calculated peak value of 99.0%. Some alignment defects generated through the rub-
bing treatment on the uncrosslinked PVCi surface resulted in a lower peak value of the
transmittance. In addition, the transmittance became maximum at 1.33 V and the peak
value was higher than that increasing the voltage. The calculated results of the director
distributions shown in Figure 4 were in the steady-state liquid crystal reorientation states,
and the hysteresis properties as reported in highly twisted nematic cells [38,39] were not
confirmed in our calculation.

Another problem with using the weak anchoring surface has been reported as an
alignment memory effect [12,40]. Some kinds of alignment film have been proposed as the
weak anchoring surface without the memory effect, for example a para-PVCN-F [12] surface
and a high-density, concentrated brush poly (n-hexyl methacrylate) grafted substrate [13,14].
These alignment films and further studies on relations between the weak anchoring surface
and the liquid crystal interface will lead to better performance of this device.

4. Conclusions

The electro-optical characteristics in the TN cell with symmetric and asymmetric
anchoring strength were investigated. The Q-Homo-TN orientation was successfully
fabricated using the rubbed PI surface and the PVCi surface, in which azimuthal anchoring
strength was adjusted to the critical value. The dark–bright–dark switching of the Q-Homo
TN cell was observed in the crossed polarizers when applying the voltage, which indicates
the 90-degree in-plane rotation of LC molecules by the electric field perpendicular to the
substrate. The hysteresis characteristics of the V-T curve were observed in the fabricated
Q-Homo-TN cell, which was not shown in the claustration. In future work, we intend to
further investigate response and decay times at various anchoring strengths by changing
the crosslinking degree.
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Abstract: Liquid crystal director distributions have been numerically analyzed between asymmetric
anchoring surfaces, that is, infinitely strong and very weak anchoring strength interfaces. In a hybrid
aligned nematic (HAN) cell and a twisted nematic (TN) cell, HAN and TN orientations turn to a
homogeneous orientation when the weak anchoring strength is lower than a critical one. Relationships
between the anchoring strength and elastic constants of the liquid crystal were analyzed to be of
a quasi-homogeneous orientation. The quasi-homogeneous orientation returned to the original
HAN and TN orientations under voltage application. Low-driving electro-optical properties with no
threshold voltage can be obtained in a quasi-homogeneous HAN cell. A unique voltage–transmission
curve of 0–100–0% appeared in a quasi-homogeneous TN cell between the crossed polarizers.

Keywords: nematic liquid crystal; polar anchoring; azimuthal anchoring; hybrid aligned nematic;
twisted nematic; homogeneous orientation; threshold voltage; transmittance

1. Introduction

Nematic liquid crystals (NLCs) are widely applied to information displays and optical
devices of adaptive lenses, polarization grating, spatial light modulators, etc. [1]. The NLC
is usually sandwiched between two glass substrates, the surfaces of which are covered
with an alignment film. The alignment film surface has an easy axis and controls the NLC’s
orientation in the bulk of the LC cell. Conventional NLC displays are fabricated using a
strong anchoring alignment surface on both sides of the substrate to maintain a specific
NLC orientation. A Fréedericksz transition is one of the most famous electro-optical
switching mechanisms for NLCs [2], and a typical threshold voltage is approximately
1–2 volts between strong anchoring alignment surfaces. Therefore, the driving voltage for
an LC display is three times the threshold voltage or more in a typically twisted nematic
(TN) display mode.

On the other hand, some types of LC displays using asymmetric anchoring strength
surfaces, that is, infinitely strong and very weak anchoring alignment surfaces, have been
proposed to reduce the driving voltage [3–5]. Interdigital electrodes have been fabricated
on weak azimuthal anchoring substrates. A homogeneous (or TN) LC orientation in an
initial state changes to a TN (or homogeneous) orientation by in-plane field, since the LC
glides on the weak anchoring surface [6–8]. A polarization rotator has also been reported
by using asymmetric azimuthal anchoring surfaces. LC molecules glide to the in-plane
field direction on the weak anchoring surface, and LCs on the counter-strong anchoring
substrate are fixed. Then, the twist angle changes, which rotates the polarization direction
of the incident light [9].

Another interest for asymmetric anchoring surfaces with strong and weak anchoring
strengths is the competition between the anchoring effect and elastic torque. Although the
LC director prefers to align to the easy axis with the alignment surface, the actual director
at the weak surface may glide from the easy axis to minimize the free energy of the LC
cell, even if without an external field. The asymmetric polar anchoring strength has been
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theoretically investigated in a hybrid aligned nematic (HAN) cell. The HAN orientation
changes to the homogeneous or homeotropic orientation when the thickness of the LC
layer decreases to a critical thickness [10–12]. Papers have discussed the tilt angle on the
weak anchoring substrate as a function of the external electric field or magnetic field. A
flexo-electro-optic effect has also been investigated theoretically and experimentally in a
HAN cell with asymmetric polar anchorings [13]. Moreover, Strigazzi analyzed the effect
of weak azimuthal anchoring in a TN cell and the existence of the critical thickness limiting
the TN orientation construction [14].

In this paper, critical anchoring is theoretically discussed instead of the critical thick-
ness in HAN and TN cells. The LC director distributions and electro-optical properties were
numerically estimated as a function of the applied voltage. A threshold-less electro-optical
curve and a low-driving voltage voltage–transmission curve were obtained.

2. Principle
2.1. Free Energy of LC Cells

Figure 1 shows the definition of the liquid crystal director, n, with a tilt angle, θ, and a
twist angle, ϕ. Wp_0 and Wp_d are the polar anchoring strengths, and Wa_0 and Wa_d are
azimuthal anchoring strengths of the lower and upper substrates, respectively.

Figure 1. Definition of the liquid crystal director, n, and anchoring strength, W.

When Wp_0 and Wa_0 of the lower side of the substrate are strong (infinite), the total
free energy per unit area, F, in the LC cell [10,13,14] is given by:

F = Fbulk + Felectric + Fsurface
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∫ d
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F surface = 1
2 Wp_d sin2(θd − θ(d)) + 1

2 Wa_d sin2(φd − φ(d)),

(1)

where K11, K22, and K33 are the splay, twist, and bend elastic constants; d is the thickness of
the LC layer; V(z) is the voltage potential. θd and ϕd are easy axis angles of the upper side
of the substrate. θ(0) and φ(0) at the lower side of the substrate are fixed at 0.

In the case of the HAN cell, θd is π
2 , and ϕd is 0. Without the field, the Euler–Lagrange

equation leads to the splay-bend torque balance equation [13] at the homeotropic surface
as follows:

(
K11 cos2 θ(d) + K33 sin2 θ(d)

) θ(d)
d
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2
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In the TN cell, θd is 0 and ϕd is π
2 . Therefore, the twist torque balance equation [9,15]

is given by:

K22
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d
= Wa_d sin

(π
2
− ϕ(d)
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cos
(π

2
− ϕ(d)

)
. (3)
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2.2. Critical Anchoring

In the case of the asymmetrical anchorage effect, the upper substrate was so weak that
the LC on the upper substrate could not keep the splay-bend and twist elastic torque in
bulk. Consequently, the HAN and TN orientations turned to the homogeneous orientation
without the orientation distortion as shown in Figure 2. The homogeneous orientation,
shown in Figure 2c, may be termed as quasi-homogeneous (Q-Homo) orientation.

Figure 2. Schematic models of the (a) HAN, (b) TN, and (c) Q-Homo cells.

Table 1 shows the physical parameters of the LC used in the numerical calculations,
which were typical values from a practical point of view. θ(d) was estimated as a function
of the homeotropic polar anchoring, Wp_d, using Equation (2) in the HAN cell as shown in
Figure 3a. The cell thickness, d, was 8 µm. θ(d) decreased with the decrease in the anchoring
strength and was zero at a Wp_d of 1.5 × 10−6 N/m. Such a critical value was estimated
as K11/d and was independent of K33 as also shown in Figure 3. The twist angle ϕ (d)
also decreased with decreasing Wa_d in the TN cell as shown in Figure 3b. The critical
anchoring was estimated as K22/d (=1.0 × 10−6 N/m) using Equation (3). The change in
the twist angle was experimentally confirmed by controlling the anchoring of a poly(vinyl
cinnamate) film [15].

Table 1. Physical parameters of the LC.

K11 K22 K33 (pN) ε// ε// no ne

12 8 18 15 5 1.5 1.7

Figure 3. (a) Wp_d vs. tilt angle θ(d) in the HAN cell and (b) Wa_d vs. twist angle ϕ(d) in the TN cell.F.
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3. Electro-Optical Property in the Q-Homo Cell
3.1. Q-Homo–HAN Cell

Figure 4 shows θ(d) as a function of the applied voltage in the HAN cell with the
parameter of Wp_d. The LC’s physical properties, as shown in Table 1, were used in this
section. θ(d) increased with the applied voltage and reached 90◦ at an applied voltage
higher than 3 V. In the Q-Homo state of the HAN (Q-Homo-HAN) cell with an anchoring of
1.5 × 10−6 N/m (=Wc), θ(d) increased from 0◦ without the threshold voltage. The threshold
voltage, Vth, appeared when Wp_d was less than Wc. Vth was 0.48 V in the cell when Wp_d

was 0.1Wc = 1.5 × 10−6 N/m.

Figure 4. θ(d) as a function of the applied voltage.

Figure 5a shows the LC director distributions of θ in the Q-Homo-HAN cell with the
parameter of the applied voltage. Wp_d was 1.5 × 10−6 N/m (=Wc). The LC tilt angle at the
center of the cell was 30◦ by applying a voltage of only 0.5 V. Moreover, the θ distribution
at 4 V was almost the same as that in the conventional HAN cell with infinite anchoring
on both sides of the substrate. From these curves, an effective extraordinary refractive
index < ne > was estimated as follows:

< ne >=
1
d

∫ d

0

neno√
cos2 θ(z)no2 + sin2 θ(z)ne2

dz, (4)

where no and ne are ordinary and extraordinary indices, respectively. Figure 5b shows
< ne > vs. applied voltage in Q-Homo-HAN cells with a Wp_d of Wc and 0.1 Wc. Conven-
tional Homo and HAN cells are also shown in Figure 5a. The Homo cell had a threshold
voltage of approximately 1.16 V when using the LC parameters shown in Table 1. In the
Q-Homo-HAN cell with Wc, < ne > decreased without the threshold voltage and was
approximately 1.53 at 2 V, which was almost the same value as the HAN cell. Therefore, a
large index change of approximately 0.17 was obtained in the Q-Homo-HAN cell compared
to 0.06 in the HAN cell and 0.10 in the Homo cell at 2 V.

Figure 5. (a) LC director distributions of θ in the Q-Homo–HAN with a Wp_d of 1.5 × 10−6 N/m
(=Wc). (b) Effective extraordinary refractive index vs. applied voltage in Q-Homo, HAN, Homo, and
HAN cells.
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A guest–host (GH) mode of the electro-optical property in the Q-Homo–HAN cell was
also compared with the HAN and Homo cells. Typical absorption coefficients of 0.03 and
0.3 µm−1 for short and long axes of a dichroic dye were used, respectively [16]. The incident
light was polarized parallel to the LC director of the planar aligned surface. In this case,
the maximum (homeotropic orientation) and the minimum (homogeneous orientation)
transmittances were estimated at 78.7 and 9.1%, respectively. Figure 6 shows transmittance
vs. applied voltage curves in three cells. In the HAN cell, the transmittance in the voltage
on state was higher than that in the Homo cell. However, the transmittance in the off state
was also high, and the contrast ratio was very low. The transmittance in the on state of the
Homo cell was lower, since the LCs did not reorient on both the strong anchoring planar
surfaces. The driving voltage, V90, at which the transmittance increased to T90 (=~72%) was
approximately 13 V. On the other hand, V90 could decrease to 7 V in the Q-Homo-HAN cell.

Figure 6. Transmittance as a function of the applied voltage in the GH mode.

3.2. Q-Homo-TN Cell

Figure 7 shows ϕ(d) as a function of the applied voltage in the TN cell with the
parameter of Wa_d. Elastic constants and dielectric constants shown in Table 1 were used
in this section. The polar anchoring of both sides of the substrate was infinite. ϕ(d) on
the weak azimuthal anchoring surface increased with the applied voltage, since the twist
torque in bulk decreased with the reorientation of the LC perpendicular to the substrate.
Therefore, curves had a threshold voltage which corresponded to the voltage when the tilt
angle started to increase. Vth was 1.16 V in the TN cell as well as in the homogeneous cell
when using the cell parameter shown in Table 1. When Wa_d was less than Wc, for example,
0.5 Wc, Vth increased to approximately 2.4 V. ϕ(d) turned to the original easy axis ϕd of π

2
by applying a voltage of more than 5 V. Figure 8 shows the schematic models of LC director
distribution when the voltage was applied. Its starts from the homogeneous orientation to
the TN orientation, and I call this type of LC cell a Q-Homo-TN cell.

Tilt and twist angle distributions were numerically estimated with the applied voltages
and are shown in Figure 9. The polar anchoring strength was infinite and the pretilt angles
θ (0) and θ (d) were 0◦. The distributions of θ with the respective applied voltages were
almost the same as those in a conventional TN cell using both strong anchoring surfaces.
On the other hand, the ϕ distribution changed from the homogeneous state to the TN state.
Both the θ and ϕ distributions were exactly the same as those in the conventional TN at
5.0 V.
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Figure 7. ϕ(d) as a function of the applied voltage.

Figure 8. Schematic model of LC director distribution under the respective applied voltages in
Q-Homo–TN cell (left side) and the conventional TN (right side) cell.

Figure 9. Director distributions of (a) θ and (b) ϕ.

Subsequently, the voltage–transmittance curves of the cell between the crossed po-
larizers were estimated using Jones matrix calculus [17,18] as shown in Figure 10a. The
wavelength was 550 nm, which is very close to the third minimum condition; therefore,
the transmittance in the voltage off state was 100% in the 90◦ TN cell. When the voltage
was applied, the LC director reoriented along the electric field as shown in Figure 9a,
and the twist angle distribution also changed. Thus, the polarization guiding effect was
destroyed, and the transmittance reduced to 0%. On the other hand, in the Q-Homo-TN
cell, it increased from 0 to 98.4% at 2.35 V, which was approximately two times that of the
threshold voltage. Then, it decreased to 0% again because of the same circumstances of the
TN cell. IF ∆n is 0.18, 100% transmittance can be obtained at 2.31 V. The polarization states
of the transmission light with the respective applied voltages are also shown in Figure 10b.
When the lineally polarized light parallel to the x-axis was incident on the cell, the major
axis of the elliptical polarized transmission light rotated to the y-axis when the voltage
increased to 2.3 V and then returned to the x-axis again when the voltage increased to 4.0 V.
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Figure 10. (a) Voltage–transmittance curves in Q-Homo–TN and TN cells. (b) Polarization states of
the transmission light in the Q-Homo–TN cell with the respective applied voltages.

4. Conclusions

Electro-optical properties were numerically analyzed in liquid crystal cells with asym-
metric anchoring strengths. The hybrid orientation turned to the homogeneous orientation
when the polar anchoring of the homeotropic alignment surface reduced to the critical
anchoring of K11/d. The quasi-homogeneous HAN cell had no threshold voltage. Larger
optical variations could be obtained by using a lower applied voltage compared to the
conventional homogeneous cell. The twisted orientation turned to the homogeneous ori-
entation when the azimuthal anchoring of the one side of the planar alignment surface
reduced to the critical anchoring of K22/d. The transmittance of the quasi-homogeneous TN
cell between the crossed polarizers increased from 0% to approximately 100% at a voltage
of approximately 2Vth. Liquid crystal display modes with low-driving voltages can be
clarified by using asymmetric anchoring strength.
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Abstract: This paper reports the generation of an extra phase and the accompanying temporal effects
in an asymmetric optically compensated in-pane-switching (IPS) liquid crystal (LC) system and a
fringe-field-switching (FFS) liquid crystal display (LCD) exhibiting a twofold faster response speed
in the switching-off process compared with that in single and symmetric IPS-LCDs and FFS LCDs for
the first time. To explain the experimental results, we derived an approximate analytical formula for
the optical output intensity that includes an extra phase advancement and conducted simulations to
achieve normally black operation using a dynamic optical retarder.

Keywords: IPS; FFS-LCD; asymmetric optical -LCD system; optical compensation; response time

1. Introduction

Liquid crystal displays (LCDs) are widely used as information displays for televisions,
computer monitors, and various instruments. Among the various LCD operation modes,
in-plane-switching (IPS) [1] and fringe-field-switching (FFS) [2] are currently widely used
because of the excellent wide viewing angles of IPS and FFS displays. However, their
response speed needs further improvement. To solve this problem, several methods have
been adopted (1) using liquid crystal (LC) materials with low viscosity [3,4], (2) devising
electrode structures [5,6], (3) doping with chiral agents [7], (4) doping with nanoparticles [7],
(5) using ferroelectric LC materials [8,9], (6) using an LCD with a narrow gap cell [10], and
(7) overdriving to enhance the response speed in the switching-on process [11].

Our approach reported in the present paper represents an alternative to the above-
mentioned approaches. In a preliminary previous work, we reported the electro-optical
performances of asymmetric optically compensated tunable birefringent (TB) mode LCD
exhibiting two-fold fast response speed in the switching off process [7]. For this reason,
this present work was conducted aiming at the extension of the previous work to this
proposed asymmetric optically compensated IPS and FFS LCDs (Asymmetric OC-IPS
and FFS-LCD). The present work is related to the geometry phase, originally described
by Pancharatnum [12] and Berry [13] in their historically representative papers. The
present paper also updates previous work by introducing a dynamic optical retarder [7]
for realizing electro-optical characteristics with by introducing a dynamic retarder, we
realized normally black state normally black operation, accompanying with a simulation
utilizing a simulator, SHINTECH LCD MASTER. In conjunction with a simulation using a
SHINTECH LCD MASTER simulator, we introduce a dynamic retarder, to realize normally
black operation.
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2. Theory
2.1. Optical Configuration of our Asymmetric IPS-LC System

In Figure 1, angle ϕ1 is the switching azimuthal angle of LC molecules and ϕ2 is the set-
ting azimuthal angle of a compensator (+A Plate) whose angle is set to ϕ2 = 3π/4 − α, which
can be controlled using a dynamic retarder, when we use an IPS cell for the compensator.
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Figure 1. Optical configuration of our asymmetric IPS-LCD (FFS-LCD) system.

The whole system is sandwiched between crossed polarizers, where the incident
light field into the LCD system is polarized in the x-direction and the transmitted wave
is polarized in the y-direction. Labels e1 and o1 in Figure 1 indicate that the axes of the
extra-ordinary wave and the ordinary wave, respectively, and labels e2 and o2 indicate
those of the compensator, respectively.

When ϕ2 = 3π/4 and ϕ1 = π/4, the system is symmetric and generates a black state;
under these conditions, the extra phase is not generated and the high response speed is not
achieved.

2.2. Analytical Derivation of Normalized Optical Transmission of a Single IPS-Cell

Using the system shown in Figure 1, we here carry out a 2 × 2 Jones matrix calcula-
tion [14] for I1 of a single cell.

The input electrical field is [
1
0

]
E

We then have a projected field in the x-y coordinate:
[

E1(x)
E1(y)

]
=

[
c1 −s1
s1 c1

][ −G11 0
0 G12

][
c1 s1
−s1 c1

][
1
0

]
E0 sin(ωt) (1)

where c1 and s1 are cos(ϕ1) and sin(ϕ1), respectively, here G11 = exp(−i Γ11) and
G12 = exp(−i Γ12); in addition, δ1 = Γ11 − Γ12, where each of which is the phase delay
in the e1 and o1, from the incident wave, respectively.

We have the x-y components such that:

E1(x) = [(c1)2 exp(−iδ1) + (s1)2]E0, (2)

E1(y) = [s1c1(exp(−iδ1) − 1)]E0, (3)

Then,
E1(y) = E0 sin(ϕ1)cos(ϕ1) exp(−iδ1). (4)

= 2E0 sin(2ϕ1)exp(−iδ1). (5)
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Thus, we have the optical output intensities and the normalized optical transmission
for the single cell:

I1 = I0 sin2(2ϕ1) sin2(δ1/2). (6)

The normalized transmission is then

T1 = sin2(2ϕ1). (7)

A δ1 = 1.3π for n-IPS and n, p-FFS and 1.04π for p-IPS were determined based on the
properties of the LC materials and the LCD cell fabrication details (Section 3.3).

2.3. Derivation of Normalized Optical Transmission Intensity of OC-IPS with 2 × 2 Jones
Matrix Calculations

We here derive the equation for the proposed asymmetric OC-IPS and FFS shown in
Figure 1. This derivation is carried out by replacing the c1 and s1 terms in Equation (1) with
c2 and s2 and Γ21 − Γ22. In addition, by inserting E1(x) and E1(y), we obtain

E1(x) = (s1)2 − (c1)2 and E1(y) = −2s1c1

We derive E2(y) as follows:
[

E2(x)
E2(y)

]
=

[
c2 −s2
s2 c2

][ −G21 0
0 G22

][
c2 s2
−s2 c2

][
E1(x)
E1(y)

]
(8)

where δ2 is again the difference in phase delay between the e2 and o2 axes:

δ2 = Γ21 − Γ22.

We then have:

E2(y) = 2[s2c2(c1
2 − s1

2) − s1c1(c2
2 − s2

2)] exp(−iδ2). (9)

And δ2 = δ1 = 1.3π for n-IPS and n, p-FFS and 1.04π for p-IPS as evaluated based on the
physical properties and the LCD cell fabrication conditions described in Section 3.3. Then,
with sin2(ωt) = 1/2 and without exp(−iδ2) to normalize the optical intensity and transmission.

I2 = I0 sin2(2ϕ2 − 2ϕ1) sin2(δ1/2)sin2(δ2/2) (10)

T2 = sin2 (2ϕ2 − 2ϕ1), (11)

If we substitute ϕ2 = π/4 − α into Equation (11), we obtain an equation with a
phase-advancement shift, of 2α:

T2 = I0 cos2(2ϕ1 + 2α) (12)

In our system, the symmetry breaking introduces a phase shift, which leads to a fast
response in the switching-off process. This effect is shown later in Figure 3. When LC-cell
and the A-plate are crossed, ϕ1 = ϕ2 = π/4 and δ1 = δ2 = 1.3π, the symmetric system then
produces the black (dark) state and no ultrafast switching process occurs.

3. Results and Discussion
3.1. Optical Configurations and Switching of Single and OC-IPS, and OC-FFS Cells with ∆ε > 0
and ∆ε < 0

Figure 2a,b show the optical configurations and switching of single and OC-IPS and
OC-FFS-LCD cells used in the present research, where p and n denote ∆ε > 0 and ∆ε < 0,
respectively.
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Figure 2. Optical configuration of switching in single and optically compensated IPS- and FFS-LCDs
with negative dielectric anisotropy.

We next explain the switching process in our OC-LCDs, along with the contents of
Figure 2.

Figure 3 shows simulation results for the normalized transmission and compares T1
(I1) with T2 (I2) against the switching angles calculated using Equations (7) and (12). The
top and central parts in this figure show the behaviors in the switching-off process, and the
bottom and right parts show the behaviors in the switching-on process. Thus, the ϕ1 for T2
(I2) starts from a degree of −α, and the ϕ1 for the T1 (I1) starts from −45◦.

The results in Figure 3 are interpreted as follows (1) The T2 (I2) has a phase advance-
ment of α over the I1(T1), (2) According to the top area, the T2 (I2) starts the decay process
with a finite inclination, whereas the T1 (I1) starts the decay process with no inclination.
This decay in the absence of inclination is attributed to the fast response in the decay pro-
cess, which was experimentally demonstrated in the present research. This phenomenon is
a purely optical effect, where the decay process occurs as the common molecular relaxation
for both the symmetric and asymmetric systems. (3) The I2 (T2) has a finite value at the right
bottom because of energy conservation, which means that the operation is not normally
black. The realization of a normally black operation will be described in Section 3.4.
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Figure 3. Simulation results of a comparison of switching characteristics of I1 (T1) with I2 (T2) starting
from the switching off process.

3.2. V-T Curves of Single p-IPS and p-OC-IPS Devices

Figure 4 shows the experimentally obtained transmittance-voltage (V-T)-curves of IPS
LCDs, as recorded at 25 ◦C using a DMS-703 (Autronic Melchers, GMb) instrument. Inter-
estingly, in the symmetric compensation system, the introduction of optical compensation
introduces a wide operating voltage range, as shown in Figure 4. Regarding the V-T curve,
refer to [14], where the Freedericksz transition is described.
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Figure 4. Experimentally obtained V-T curves for p-IPS (∆ε > 0) and p-OC-IPS devices with α = 0
(symmetric).

Figure 5 shows the V-T curves of the p-OC-IPS device without optical compensation
(α = 0) and the p-OC-IPS device with optical compensation, (α = −6.8◦). The proposed
asymmetric OC-IP produces T = 0 at 4 V; which means a non-normally black operation. In
general, an LCD is operated normally black or normally white; thus, a dynamic optical
compensator, which has been updated from the device described in our previous work [7],
was used (see Section 3.5).

3.3. Experimental Results of Response Time

The physical properties of the LC materials and the specifications of the LCD cells
used in the present work are described as follows: The cell gap of the sample cells was
3.5 µm and the wavelength of the optical light source was 589 nm. The anisotropy of
refractive index,

∆n (at 589 nm, 25 ◦C) and ∆ε (25 ◦C) (After Datasheet of DIC)
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p-IPS 0.088 6.2
n-IPS 0.110 −4.1
p-FFS 0.110 11.9
n-FFS 0.110 −4.1

Using these quantities,
The experimental results in Tables 1 and 2, indicate that the response time of the

proposed asymmetric OC-IPS and OC-FFS devices are reduced by 42–56% compared with
those of single cells and symmetric OC-IPS and OC-FFS devices. Approximately the same
results were obtained for the OC-FFS device, and we will report the corresponding data
elsewhere. These results indicate that the response time in the switching-on process will be
greatly reduced by adopting the overdriving technique [12].
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Table 1. Results of response time for the n-OC-IPS device.

Single n-IPS n-OC-IPS
(α = 0◦)

n-OC-IPS
(α = −6.8◦)

τoff (msec) 25.6 25.1 14.9 (42% decrease)
Vop (V) 6.8 9.1 15.0

Table 2. Results of response time for the p-OC-IPS device.

Single p-IPS p-OC-IPS
(α = 0◦)

p-OC-IPS
(α = −6.8◦)

τoff (msec) 18.3 14.1 8.1 (56% decrease)
Vop (V) 4.0 4.5 5.5

3.4. Temporal Derivatives of I1 and I2 and Their Comparison

We here derive temporal derivatives of I1 and I2

∂I1

∂t
=

∂I1

∂ϕ1

∂ϕ1

∂t
= 2I0 sin(4ϕ1)

∂ϕ1

∂t
(13)

For an OC-IPS:

∂I2
∂t = ∂I2

∂ϕ1

∂ϕ1
∂t = −2I0 sin(4ϕ2 − 4ϕ1)

∂ϕ1
∂t

= −2I0 sin(4ϕ1)[cos(4α)− sin(4α) cot(4ϕ1)]
∂ϕ1
∂t

(14)
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Thus, we obtain a formula, the F-function, by taking the ratio between Equations (13)
and (14) as follows, where the two minus signs cancel each other:

F = cos(4α)− sin(4α) cot(4ϕ1)

The F-function ( ∂I2
∂t / ∂I1

∂t ) is shown in Figure 6.
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Figure 6 shows that the temporal derivative of I2 is much larger than that of I1
during the switching-off process, consistent with the experimental results obtained in
the present work. However, it also shows that this effect terminates at a switching angle
of 15◦ and that the relation is thereafter inverted. However, if necessary, a dynamic
compensator can be used to eliminate the phase-advancement after the decay process
for the switching-on process, the removal of the applied voltage causes an overvoltage,
resolving this problem [11].

3.5. Dynamic Compensator

A dynamic compensator changes the azimuthal angle of the e-axis, ϕ2 = 3π/4 − α, by
applying a computer-controlled electric voltage, Vappl, according to the following equation:

α = α0 exp [1 − kVth/Vappl], k > 1 (k = 2.5) (15)

(1) For the switching-on operation (starting from Vappl ≈ 0), normally black operation
will be induced with α = 0 (ϕ2 = 3π/4).

(2) For the switching-off operation, where Vappl = kVth (k = 2.5), then α = α0 (~7◦), extra
phase, α, is generated.

This practice is demonstrated in Figure 7.
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4. Conclusions

1. The optical output intensities were formulated using a slightly modified Jones matrix
calculation, and the results showed that an extra phase accompanying temporal
behavior is generated in the switching angle for the proposed asymmetric optically
compensated IPS -LCD and FFS-LCD systems.

2. Experiments showed that the optically compensated IPS-LCD has a broad dynamic
range beyond the sine-squared oscillation in the ordinary IPS-LCD.

3. Simulation results revealed the existence of phase advancement in the optical output
intensity of the proposed asymmetric OC-IPS relative to that of symmetric OC-IPS,
depending on the selected optical retardation in the compensator.

4. Experimentally measured values of the response time of the proposed asymmetric
OC-IPS-LCD and OC-FFS were reduced by 42–56% compared with those of symmetric
OC-IPS, and OC-FFS, LCDs, and single IPS and FFS-LCDs.

5. Temporal derivatives of the optical intensity for the proposed asymmetric OC-IPS
were shown to be larger than those of the symmetric OC-IPS.

6. By adopting a dynamic compensator, we demonstrated normally black operation for
the proposed asymmetric OC-IPS.
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Abstract: Generation of residual direct-current (DC) voltage (VrDC) induces serious image sticking
of liquid crystal displays (LCDs). In this study, a novel technique to determine the VrDC of LC cells is
proposed. We found that the VrDC could be determined from a current-voltage (I-V) curve obtained
by the application of triangular voltage. In the case of a vertically aligned twisted nematic (VTN)
mode LC cell, where a vertical electric field is applied, the I-V curve shows maximum and minimum
current peaks owing to rotation of an LC director, and the VrDC is able to be determined from an
average value of the two peaks. On the other hand, in the case of a fringe field switching (FFS) mode
LC cell, where an in-plane (lateral) electric field is applied from comb electrodes, the current peaks
derived from the rotation of the LC director do not appear. Therefore, we could not adopt the same
way with that of the VTN mode LC cell. However, we found that there were two minimum current
peaks derived from minimum capacitances of the FFS mode LC cell, and could determine the VrDC

by using these two current peaks. The proposed technique would be useful for the evaluation of the
VrDC of the LCDs, where the electric field is applied both vertically and laterally.

Keywords: liquid crystal display; residual direct-current voltage; I-V curve; triangular voltage
application; vertically aligned twisted nematic (VTN) mode; fringe field switching (FFS) mode

1. Introduction

In recent years, the progress for the display performance of liquid crystal displays (LCDs)
is remarkable with high contrast ratio, wide viewing angle, and fast response owing to
significant advancement of liquid crystal (LC) alignment control technology [1–5]. Therefore,
the application of the LCDs extends to many fields: smartphone, watch, tablet, television,
automobile display, and so on. With the significant progress of the above image quality, there
is a possibility that quite a small level of image defect becomes observable [6–10]. Image
sticking is a particularly serious problem because the human eye generally distinguishes
quite a small level of image sticking. Hence, a solution to this problem is necessary. It is
known that image sticking is the phenomenon in which the previous pattern is visible whilst
the next pattern is addressing [11]. One of the reasons for the image sticking of the LCDs
is the generation of residual direct-current voltage (VrDC) [12–18]. The VrDC is the internal
voltage being generated in the LC cell and is estimated to be derived from the following
mechanisms [14–18]. One of the mechanisms is that an impurity ion in an LC layer of an LC
cell adsorbs on a surface of an alignment layer under application of external DC offset voltage,
and then the adsorbed ion does not desorb from the surface for a long period even after the
DC offset voltage is removed [14–17]. Hence, the adsorbed ion on the surface of the alignment
layer is one of the roots of the VrDC. The other mechanism of the VrDC is the generation of
charged voltage in the LC cell, as depicted in Figure 1 [18]. The LC cell generates the charged
voltage by the application of the DC voltage because both the LC layer and the alignment
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layer are composed of dielectric compounds. During the open circuit period after a period of
discharge, the charged voltages generated both in the LC layer and the alignment layer relax.
However, the relaxation time for the charged voltage of the alignment layer is generally long
because the resistance of the alignment layer is relatively high. Thus, the residual charged
voltage in the LC cell is another root of the VrDC [18].
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Figure 1. Shift of the charged voltage of the LC cell during the periods of the DC voltage application, discharge, and open
circuit [18].

So far, several measurement techniques have been proposed for the evaluation of
VrDC, as listed in Table 1. One is the capacitance-voltage (C-V) hysteresis technique: the
VrDC is determined by the C-V curve shift after applying the DC voltage [19,20]. In this
technique, square wave voltage is applied to the LC cells [19]. The second technique
is the flicker minimization technique: the VrDC is determined by minimizing an optical
flicker by optimizing the DC offset voltage [16,21]. The last one is the dielectric absorption
technique: the VrDC is determined by the residual charged voltage after application of the
DC voltage and its discharged process [18]. In these techniques, we usually used the flicker
minimization technique for evaluation of the VrDC of the LC cells such as twisted nematic
(TN), electrically controlled birefringence (ECB), vertically aligned (VA), and VA-TN (VTN)
mode cells because this optical evaluation technique was empirically coincidence with the
image sticking of the LCDs. Figure 2a shows an example of the flicker generation due to
the VrDC. Though the LC cell is applied AC voltage without the DC offset, the existence
of the VrDC induces frequently different voltage applications to the LC layer. Therefore,
the transmittance changes frequently, inducing the flicker. However, the flicker is not
detected when the VrDC is 0 V, as shown in Figure 2b. Regarding this technique, there is a
problem that it is not easy to determine the accurate VrDC because the flicker is gradually
shifted during the adjustment of the flicker minimum point. In particular, it is extremely
difficult to determine the VrDC by this technique for the LC cell with the lateral electric
field such as in-plane switching (IPS) or fringe-field switching (FFS) modes because the
generation of the flicker is derived not only from the VrDC but also from a flexoelectric
field [22–27]. In this study, we will focus on the VrDC, and the purpose is to propose an
alternate technique to determine the VrDC of the LC cell especially with the lateral electric
field more accurately. In particular, we will focus on the FFS mode because most of the
LCDs adopted in various applications are the FFS mode. The proposed technique is the
current-voltage (I-V) curve shift technique by the application of a triangular voltage to
the LC cells. By applying the triangular voltage to the LC cell, the current shift can be
monitored owing to capacitance shift, resistance originated from Ohm’s law, and motion of
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the LC directors [18]. Therefore, the I-V curve obtained by the application of the triangular
voltage gives us various properties of the LC cell.

Table 1. Conventional evaluation techniques for VrDC.

C-V Hysteresis [19,20] Flicker Minimization [16,21] Dielectric Absorption [18]
(Refer to Figure 1)

Measuring method Electrical Optical Electrical

Measurement item Shift of C-V curve Offset voltage to
minimize optical flicker

Change of
electrical potential

Correlation with the image
sticking High High Middle

Convenience for measurement Easy Difficult Easy
Adaptivity to the LC cells
with vertical electric field

(TN, ECB, VA, VTN modes)
Applicable Applicable Applicable

Adaptivity to the LC cells
with in-plane electric field

(IPS and FFS modes)
No Data Difficult Applicable
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Figure 2. Schematic illustrations for (a) the generation of the flicker due to generation of VrDC, and
(b) the minimization of the flicker.

2. Two Types of the LC Cells

We selected two types of LC cells; one is the VTN mode cell where the electric field
is applied vertically, and the other is the FFS mode cell where the electric field is applied
laterally on one substrate with electrodes. These are shown in Figure 3a,b, respectively.
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Figure 3. (a) The LC cell with vertical electric field owing to the upper/lower electrodes, and (b)
the LC cell with the in-plane electric field owing to the comb electrodes on one side of the pair of
the substrates.

In the case of the VTN mode LC cell, LC directors inside the LC layer rotate vertically
and uniformly due to the application of voltage (Figure 3a). On the other hand, the FFS
mode LC cell shows the lateral rotation of the LC directors only in the neighborhood
area of the electrodes under application of the voltage (Figure 3b) [5,28]. The different
behaviors of the LC directors in two LC modes are explained in the following. In the
case of the VTN mode, the electric field appears uniformly and symmetrically in the LC
layer as the simulation result is shown in Figure 4a,b. The physical properties of the
LC material used for this simulation are listed in Table 2, and the layer thickness and
pretilt angle of the LC materials are 4.0 µm and 88.5◦, respectively. In contrast, the elec-
tric field appears non-uniformly for the FFS mode, and then the distribution of the LC
director under application of the voltage is non-uniform in the in-plane area, as shown in
Figure 5a,b. The simulation was performed under the line/space = 3.5 µm/4.5 µm, the di-
electric constant of the passivation layer is 7, and its thickness is 200 nm. In this simulation,
the same LC material as that of the VTN mode is used, and the pretilt angle is 0.1◦. The
density of the electric field in the neighborhood area of the electrodes is high, and that of
the electric field around the opposite substrate is low. In other words, the electric field of
the LC cell with the comb electrodes shows non-uniform and asymmetry.
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Figure 4. (a) The electric field distribution of the LC cell with the upper/lower electrodes, and (b)
the LC director distribution of the VTN mode.

124



Symmetry 2021, 13, 816

Table 2. Physical properties of the nega-LC material used in this study.

Nega-LC

TNI (◦C) 90
ε‖ 3.6
ε⊥ 7.8
∆ε −4.2
∆n 0.083

ρ (Ωcm) 1.8 × 1013
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Figure 6 indicates the simulation result for rates of change of dC/dV as a function
of the applied voltage in the VTN and FFS modes. The VTN mode shows a sharp and
large peak at around 2.5 V, whereas the FFS mode shows only a small peak at around 1 V.
This indicates that, in the VTN mode, the sharp increase for the capacitance of the LC cell
appears due to response of the LC director under application of the voltage. On the other
hand, in the FFS mode, only the slight increase for the capacitance of the LC cell appears
probably due to the non-uniform electric field.
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3. Preparation of LC Cells

The fabrication procedure of the VTN-LC cell is in the following. First, the polyimide
material for the VA mode, purchased from JSR Corporation, was coated on a pair of glass
substrates carrying transparent indium-tin-oxide (ITO) electrodes on the whole area. Then,
linearly-polarized UV of 20 mJ/cm2 was irradiated at a 30 ◦C atmosphere from an oblique
direction for obtaining a slightly inclined pretilt angle [29,30]. Two glass substrates were
assembled together for showing π/2 twist configuration of the LC directors with seal
adhesive. The cell gap was maintained at 4.0 µm with glass fiber, and the LC material
with negative dielectric anisotropy (nega-LC; Table 2) was injected into the empty cell by
vacuum filling method, being obtained the VTN-LC cell.

In the case of the FFS-LC cell, horizontal alignment material purchased from JNC
Corporation was coated on the pair of the substrates for the FFS mode. One side of the
substrates carries the comb ITO electrode and a passivation layer, and the other substrate
does not carry any electrode. The line and space of the electrodes were 3.5 µm and 4.5 µm,
respectively. The thickness and dielectric constant of the passivation layer were 200 nm
and 7.5, respectively. The linearly-polarized UV of 5 J/cm2 was then irradiated from the
normal direction to the substrates. Two glass substrates were assembled together with the
seal adhesive. The cell gap was maintained at 4.0 µm, and the nega-LC material, whose
physical properties are shown in Table 2, was injected into the empty cell by the same
method described above. Finally, we obtained the FFS-LC cell. The parameters of the LC
cells are listed in Table 3. Specific capacitance (“C”) and resistance (“R”) of the LC cells
were determined by the current-voltage (I-V) curve by the application of 30 Hz triangular
voltage from −10 V to +10 V at 25 ◦C. Voltage holding ratios (VHRs) were determined
during an open-circuit of 16.61 ms after application of ±5 V for 60 µs, at 70 ◦C, with a
6254 type VHR meter developed by Toyo Corporation [18]. The specific capacitance of
the VTN-LC cell is five times larger than that of the FFS-LC cell. On the other hand, the
specific resistance of the VTN-LC cell is between 1/4 and 1/5 compared with that of the
FFS-LC cell. This is probably due to the difference in the average distance of the electrodes
between the VTN-LC and FFS-LC cells. The VHRs for both LC cells were almost equal,
assuming that the amount of impurity ion in the LC layers of both LC cells are almost
equal, as presented in Table 3.

Table 3. Parameters of the LC cells (VTN-LC cell * 1 and FFS-LC cell * 1) used in this study.

VTN-LC Cell FFS-LC Cell

d (µm) 4.0 4.0
C * 2 (nF) * 2 /25 ◦C 1.3 0.28
R (GΩ) * 3 /25 ◦C 0.76 3.68

VHR/70 ◦C 98.4 98.1

* 1 Electrode area is 1 cm2. * 2 Capacitance “C” is determined by the average capacitance value when +10 V is
applied and −10 V is applied. * 3 Resistance “R” is determined from the average slopes of positive and negative
sides when −10 V and + 10 V are applied.

4. Measurement of VA-LC Cell
4.1. I-V Curve

Figure 7 indicates the I-V curve of the VTN-LC cell obtained by the application of
the 30 Hz triangular voltage from −10 V to +10 V at 25 ◦C. The slope of the I-V curve
indicates an inverse of the resistance between the electrodes [18]. Generally, the slope of
the I-V curve becomes small with increasing the resistance of the LC cell. The distance
between the positive and negative current sides is attributed to the capacitance of the LC
cell [18]. This increases with increasing the absolute value of applied voltage because the
LC material shows the anisotropy of the dielectric constant [18]. Moreover, one can observe
the maximum current peak in the range from +4 V to +7 V, and the minimum current peak
in the range from −7 V to −4 V. These two peaks are attributed to a rotation of the LC
director due to the anisotropy of the dielectric constant [18].
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Figure 7. I-V curve for the VTN-LC cell and illustration of capacitance s (C⊥ and C‖), resistance (R),
and maximum and minimum current peaks; the triangular voltage from −10 V to +10 V was applied
with 30 Hz at 25 ◦C.

4.2. Determination of VrDC

For the determination of the VrDC from the I-V curve, the maximum and minimum
current peaks derived from the rotation of the LC director are used. Before the application
of DC offset voltage for stress, we can estimate that the VrDC does not generate (VrDC = 0 V).
Figure 8a shows the I-V curve of the VTN-LC cell before application of the DC offset
voltage, and we can observe the maximum and minimum current peaks at +5.38 V and
−5.38 V, respectively. By using these two current peaks, the VrDC can be determined from
the average value, which is 0.00 V. In the next step, the DC offset voltage of +5 V for 180 min
(3 h) was applied to the cell for the stress, and then the I-V curve was measured, which is
shown in Figure 8b. The voltages of the maximum and minimum current peaks are +5.69 V
and −5.25 V, respectively. The result that two current peaks are shifted indicates that the
VrDC is generated by the application of the DC offset voltage. We determined that the VrDC
was 0.22 V from the average voltage of the two current peaks. The determination of the
VrDC by using this method would be reasonable because the rotation of the LC director is
induced by the application of the voltage to the LC layer. In the case that the internal DC
voltage is generated in the LC layer, the application voltage to the cell would be shifted.
We decide to call the method the “I-V curve shift” technique.
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4.3. Comparison of VrDC Determined by I-V Curve and Flicker Minimization

The comparison of the VrDC determined from the I-V curve shift technique proposed in
this report and the flicker minimization was carried out under application of the DC offset
voltage as the stress. Figure 9 presents the time profile t of the application voltage to the
LC cell for the stress test. The DC voltage applied to the LC cell was fixed at +5 V, and the
alternate current (AC) voltage was 3.3 V at 30 Hz, which is the AC voltage showing the 50%
transmittance [14–16]. The I-V curves obtained by the application of the triangular voltage
before and after application of the DC offset voltage are presented in Figure 10. The current
maximum and minimum peaks are gradually shifted toward high voltage, indicating that the
VrDC is generated under application of the DC offset voltage to the VTN-LC cell and that the
VrDC is gradually increased with increasing the period of the stress.
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Figure 9. Square waveform of the applied DC offset voltage to the LC cell as the stress test.
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Figure 10. I-V curve shift of the VTN-LC cell with a parameter of time t applying +5 V DC offset voltage as the stress test;
the triangular voltage in the range from −10 V to +10 V was applied with 30 Hz at 25 ◦C.

In Figure 11, the VrDC values determined both from the I-V curve shift and flicker
minimization are plotted as a function of time t. The time dependence of the VrDC deter-
mined from the I-V curve shift is nearly coincident with the VrDC determined from the
flicker minimization. Therefore, the proposed technique, the I-V curve shift technique, is
useful for the evaluation of the VrDC of the LCDs. Furthermore, we are convinced that
the proposed technique would be more convenient than the flicker minimization because
the measurements of the I-V curve are automatically performed by using the instrumental
setup developed by the Toyo Corporation [18].
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Figure 11. VrDC of the VTN-LC cell as a function of time t applying +5 V DC offset voltage as the
stress test; (•) the VrDC determined from the I-V curve shift, and (4) the VrDC determined from the
flicker minimization.

5. Measurement of FFS-LC Cell
5.1. I-V Curve

Figure 12 indicates the I-V curve of the FFS-LC cell obtained by the application of the
30 Hz triangular voltage at 25 ◦C. The applied voltage is swept between −10 V to +10 V.
The behavior of the FFS-LC cell is different from that of the VTN-LC cell. The I-V curve
of the FFS-LC cell does not show any specific maximum and/or minimum current peaks.
We consider that the current value derived from the rotation of the LC director is so small
that no current peak is observed. The rotation of the LC director seems to be slight and
limited to the narrow area of the electric field because the electric field concentrates only
around the electrodes, as shown in Figure 4. Though we cannot observe maximum and
minimum current peaks, a slight shift of the current derived from the anisotropy of the
dielectric constant is observed in Figures 12 and 13.
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Figure 12. Typical I-V curve for the FFS-LC cell; the triangular voltage from −10 V to +10 V was
applied with 30 Hz at 25 ◦C.
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Figure 13. I-V curves for the FFS-LC cell (a) before and (b) after application of the +5 V DC offset
voltage for 3 h (180 min) as the stress test; (condition of the measurement) the triangular voltage from
−10 V to +10 V was applied with 30 Hz at 25 ◦C.

5.2. Determination of VrDC

Regarding the FFS-LC cell, the maximum and minimum current peaks did not appear,
as described previously. Thus, we considered another method for determining the VrDC
from the I-V curve. As shown in Figure 13, two slight minimum current peaks were

130



Symmetry 2021, 13, 816

observed for the positive and negative sides. In Figure 13a, two minimum current peaks for
the positive and negative sides are +0.72 V and −0.74 V, respectively. The average value of
these two voltages is −0.01 V, which is the VrDC before application of the DC offset voltage.
Then, the DC offset voltage of +5 V for 180 min was applied to the cell, and the I-V curve
was measured, as shown in Figure 13b. Two minimum current peaks were also observed,
which are +1.94 V and +0.06 V, respectively. Therefore, the average voltage, which indicates
the VrDC, becomes 1.00 V. The result indicates that the VrDC of the LC cell with the in-plane
electric field can be determined by the method of the I-V curve obtained by the application
of the triangular voltage.

5.3. VrDC as a Function of Stress Time Measured by I-V Curve

The stress test was performed under application of the +5 V DC offset voltage for
180 min, using the FFS-LC cell. The time profile of the stress test is the same as that of
Figure 9. The I-V curves before and after application of the DC offset voltage are presented in
Figure 14. In the case of the FFS-LC cell, the current minimum peaks are gradually shifted
toward high voltage, indicating that the VrDC is gradually increased with increasing the stress
time. Figure 15 indicates that the VrDC is a function of the stress time, t. The result indicates
that the VrDC of the FFS-LC cell is gradually increased with increasing the stress time. This is
the same tendency with the result of the VTN-LC cell, implying that the VrDC of the FFS mode
cell can also be determined by using the I-V curve method though it was difficult to determine
by the flicker minimization. In the case of the VTN-LC cell, the VrDC determined from the I-V
curve shift was coincident with the VrDC determined from the flicker minimization technique.
Moreover, the VrDC could also be determined for both the VTN- and the FFS-LC cells by
the I-V curve shift. These results intimate that the VrDC determined from the I-V curve shift
reflects the internal voltage generated from the adsorption of the ion on the surface of the
alignment layer.
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Figure 14. I-V curve shift of the FFS-LC cell with a parameter of time t applying +5 V DC offset voltage as the stress test; the
triangular voltage in the range from −10 V to +10 V was applied with 30 Hz at 25 ◦C.
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Figure 15. VrDC of the FFS-LC cell as a function of stress time t applying +5 V DC offset voltage.

6. Characteristics of the I-V Curve Shift Technique by the Triangular Voltage
Application for Determination of the VrDC

In this study, we proposed a novel technique to determine the VrDC. This is the method
to evaluate the I-V curves by the application of the triangular voltage after application of
the DC offset voltage as the stress. The technique is especially useful for the determination
of the VrDC because we can not only perform it automatically but also evaluate the VrDC of
the FFS mode LC cell, having the lateral electric field. The following table (Table 4) lists the
characteristics of the newly proposed technique for the measurement of the VrDC.

Table 4. Proposed evaluation techniques for VrDC.

I-V Curve Shift

Measuring method Electrical

Measurement item Shift of current maximum and/or minimum
peaks

Correlation with the image sticking High
Convenience for measurement Convenient and easy

Advantage compared with the other
techniques

Could be evaluated for both the LC cells with
vertically- and in-plane electric fields

7. Conclusions

The VrDC could be determined by the I-V curve obtained by the application of the
triangular voltage. In the case of the LC cell with the vertical electric field such as the VTN
mode, the I-V curve shows the maximum and minimum current peaks for the positive and
negative sides due to the rotation of the LC director. Therefore, we can determine the VrDC
as the average value of these two current peaks. The result of the VrDC evaluated by the
proposed method is fairly coincident with the VrDC evaluated by the flicker minimization,
which is the optical method. In addition, the proposed method could be applied to the
LC cell with the lateral electric field such as the FFS mode though the VrDC could not be
determined by the flicker minimization for the FFS mode LC cell. In the case of the FFS
mode LC cell, the I-V curve shows two minimum current values due to the minimum
capacitances of the positive and negative sides. Thus, the VrDC can be determined by using
these two minimum current values in a similar manner to the VTN mode LC cell. By
using the flicker minimization to the FFS mode LC cell, the VrDC could not be determined
because the flicker is generated by not only the generation of VrDC but also the flexoelectric
effect. Thus, our proposed technique would be particularly useful for the LC cell with the
lateral electric field. Furthermore, the I-V curve shift technique has superior characteristics
to conventional techniques as shown in Table 4. We believe that the proposed technique is
significantly useful for the evaluation of the image sticking of the LCDs.
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