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Abstract: Liquid crystals bearing extended m-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 m-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 7-conjugated units are properly assembled. In this manuscript, optical and
electronic functions of these chiral m-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, A is described in Equation (1), where p, n and 6 are helical
pitch, refractive index, and incident angle, respectively.

2(g)nsin6 =mA 1

The width of reflection band AA is determined by the helical pitch and birefringence
An, as expressed in Equation (2).
AX = p-An 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 7-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 m-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 m-conjugated units [11].
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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 m-conjugated cores [31-34].
In chiral LC phases, electronic charge carrier transport should be possible if r-conjugated
moieties aggregate closely, resulting in a large overlap between the m-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 m-conjugated units in
the chiral LC phase. The electronic function of the assemblies of the 7-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
m-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.
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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 pm [35-38]. For the construction
of electrical-pumping systems based on N* liquid crystals, high density of m-conjugated
chromophores is required for efficient electronic charge carrier transport. In this section, CP
light emissions from N* liquid crystals containing extended 7-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 um-thick film at the maximum.
However, the width of the reflection band was only 60 nm and high g. 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 m-conjugated chromophores was
less than 1 mol %, and the LC glassy films were electrically insulative.
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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 I}, denote the spectrum of right-handed left-handed PL, respectively.
The spectra were reproduced from Reference [39] with the permission from Springer and Nature. (¢) 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 g. value of 0.4 at best. The switching between non-polarized
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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 m-conjugated unit is effective to increase the birefrin-
gence of the N* liquid crystals as well as 7-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 7-conjugated units aggregated in the glassy N* phase
with high intensity. These molecules had an extended 7-conjugated unit and high hole
mobility exceeding 10~% cm?V~1s~! at room temperature. Moreover, the long m-conjugated
system resulted in high birefringence and the width of the reflection band exceeded 300 nm
covering a wide region of visible light. The g. value of CP PL exceeded 1.5 from 457 to
561 nm in a sample with a thickness of 3 um. The reflection band can be tuned by mixing
compound 5 with compound 6.
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Figure 4. CP fluorescence from non-diluted m-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 m-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 7-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 um.
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 1073 to 10~2. Exceptionally, chiral Pt complex
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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 g. 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 m-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 g. value was 1.7 x 1072 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].
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Figure 5. (a) Chiral poly(p-phenylenevinylene) derivative as well as EL and PL spectra. The g 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).
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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 g. 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 10° 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.

(ﬂ)) emitting light reflecting light emitting light
, at whole FBBT layer from cathode at amitting zone

glass substrate.
ITO {100 nm).
CuPc (2 nm)—
2 ~~AL22636 (20 nm)”*|
I | cholesteric stacking 4
FEBT+R5011
{200 nm)

TPBi (20 nm)
LiF {1 nm)

® UV exposure Al (70 nm) — emitting zone

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].
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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 7-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 m-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 uCem ™2 in the B-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 10* 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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mi-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 mWem 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 MVem ™!, This material has 7-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 mCcem 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.
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Figure 7. Schematic illustrations for (a) a conventional photovoltaic effect based on a p-n junction. The parameters, V.,
¢1, ¢2, Pr, €0, &, 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
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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.
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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
mi-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 7-
conjugated systems and the FLC phases were electrically insulative. For the coupling
of the ferroelectricity with electronic functions, extended m-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 107* em?V~!s7! in the SmC* phase and 1072 cm?V~!s~! in the SmG* phase. The
spontaneous polarization reached 100 nCcm 2 in the SmC* phase.
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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.
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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.

(a) F F
3\\/0 N {
se I\ s O 7//(
n-CygHaz1~ A Q ~n-CyoH
10M21~0 2 W S \ [0} 10H21
23
(b)
100 7 y v . . .
¢ Dark Currentdensity (pA) I
oy 80 - - Photocurrent density (uA)l
5
E 60 R
2> 4« -
2
[ 20 . o
b e
& o odant
t .
= e ® *
o 20 P
.40 1 1 1 1
-15 -1 0.5 0 05 1 15

Applied Voltage (V)

o~ o

) e

(c)

@

Figure 13. (a) Molecular structure of double chiral 7-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.
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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 m-conjugated units have been
synthesized. In the studies, polar moieties and extended m-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 m-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 7-conjugated units form the N* and SmC*
phases, in which electronic function originated from the 7-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
m-conjugated units.
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