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Abstract — Heteroaromatic skeletons are important functional units for optic and
electronic materials. For the construction of novel functional soft matter, the
self-assembled system utilizing the heteroaromatic molecules bearing various
substituents provide an effective approach. Recently, a lot of liquid crystals and
fibrous aggregates with electronic functions have been developed. Among them,
liquid-crystalline (LC) semiconductors are well-known examples. LC
semiconductors are hopeful candidates which cope with both carrier transport
property and solubility. Although the optimization of the chemical structures of
the central aromatic core has been mainly considered in the past study, side chains
also play a key role to form the well-defined nanosegregated superstructures. The
structural optimization of the side chains as well as the rigid cores contributes to
the developments of the “soft matter electronics”. Herein, we will review the
recent research trend on functional m-conjugated liquid crystals focusing on the
flexible side chains. Furthermore, we will describe the importance of the

nanosegregation for the design of soft materials having electronic functions.

1. INTRODUCTION

Heteroaromatic compounds possessing heteroatoms such as nitrogen, sulfur and oxygen show quite
different features from those of aromatic hydrocarbons. For instance, the introduction of heteroatoms to
the aromatic backbones affects their reactivities, redox activities, metal coordination abilities and

hydrogen bonding properties. Heteroaromatic moieties are significant parts in organic functional
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materials and numerous studies have been performed for aiming at the application to functional dyes,
optical and electronic materials based on unique heteroaromatic cycles.!

On the other hand, soft matter represented by block copolymers, physical gels consisting of fibrous
aggregates and liquid crystals are characterized by self-assembled supramolecular structures of functional
moieties. Molecules functionalized with heteroaromatic cycles, amide groups, alkyl chains etc. form the
various supramolecular self-assemblies depending on the volume fractions of the incompatible units and
intermolecular interactions. Figure 1 demonstrates a schematic illustration of supramolecular structures
constructed by the molecules bearing incompatible functional moieties. In general, rod-like molecules
form layer structures while fan-shaped molecules assemble into cylindrical structures. In the case of the
LC molecules bearing incompatible side chains with a large difference of the free volumes, a large
curvature should be generated, so that the layer or cylindrical structures are disturbed and gyroid or
spherical structures are formed. The self-assembled systems provide an effective methodology for the

construction of the novel functional materials based on bottom-up approach.?*
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Figure 1. A schematic illustration of various self-assembled structures composed of incompatible parts

These LC molecules to produce self-assembled supramolecular structures are composed of several
incompatible segments. In general, LC molecules have flexible chains and a rigid core. Rigid cores are
usually comprised of aromatic moieties and determine the optical and electronic property of the
supramolecular assemblies. In contrast, flexible units are associated with the softness and flexibility of the

assemblies. Dynamic ordered structures of LC phases are originated from the thermal motion of the
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flexible units. The freedom of the molecular motion is strongly associated with one of the most
significant property of LC materials, the formation of large-area homogeneous thin films.

LC semiconductors exhibit good carrier transport properties comparable to organic polycrystalline
semiconductors and conjugated polymers. From the viewpoint of the carrier transport property, a
single-crystal structure in which m-conjugated molecules are stacked closely in a crystal lattice is most
favorable because intermolecular m-orbital overlaps are maximized and structural disorder to inhibit
charge carrier movement is minimized. However, the single-crystalline materials generally have a
difficulty in the preparation of the thin film with the low defect density. Polycrystalline thin films can be
produced by a vacuum process. However, their carrier transport properties are inferior to
single-crystalline materials, due to the domain boundaries, which are inconsistency of the molecular
orientation and are regarded as a major problem on the carrier transport property. In contrast, LC
semiconductors are less affected by the domain boundaries due to their dynamic ordered structures.

In addition, LC materials have good solubility in conventional organic solvents, due to the thermal
motion of the flexible side chains. In the processability, crystalline materials are unfavorable because of
their poor solubility and the difficulty in the preparation of homogeneous thin films. In contrast, LC
semiconductors provide the good solubility and homogeneous thin film formation property, and are
suitable for device production with solution processes including a printing technology.

Up to now, the design of aromatic cores has been studied mainly for LC semiconductors. However, the
roles of side chains are not negligible. The side chains of LC molecules not only disturb the molecular
aggregation by their thermal motion, but also promote the formation of supramolecular assemblies
through nanosegregation. Thus, the optimization of the chemical structures of the flexible side chain units
as well as the rigid cores contributes to the developments of the novel multifunctional materials.
Especially, the organic electronic materials based on the concept of nanosegregation will contribute to the
development of the “soft matter electronics”.*

In this highlight paper, we will focus on the LC semiconductors among the various functional liquid
crystals. We will describe the novel molecular designs for them based on the flexible side chains, but not
conventional aromatic cores. We will review the recent research trend on functional n-conjugated liquid
crystals and emphasize the significance of the nanosegregation for the design of soft materials having

electronic functions.

2. CLASSICAL LC SEMICONDUCTORS
2-1. LC SEMICONDUCTORS BASED ON AROMATIC HYDROCARBONS
Chemical structures of representative LC semiconductors are shown in Figure 2. In the aromatic

hydrocarbons, triphenylene, phenyl naphthalene and perylene tetracarboxylic acid bisimide (PTCBI) are
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typical mesogens for LC semiconductors. Haarer’s and Boden’s groups reported LC semiconductors
based on the triphenylene core with high carrier mobilities in their LC phases.>*® Disk-like shaped LC
triphenylene derivatives generally form columnar structures. 2,3,6,7,10,11-Hexahexyloxytriphenylene (1),
and 2,3,6,7,10,11-hexahexylthiotriphenylene (2) are well-known examples. The triphenylene cores stack
and form one-dimensional conduction paths of electronic charge carriers in their columnar LC phases.
The triphenylene cores are an electron-rich aromatic unit and favorable for hole transport. The hole
mobilities of these triphenylene-based LC were on the order of 102 - 102 cm? V! s determined by
time-of-flight (TOF) method. 3¢

In addition to columnar phases consisting of disk-like LC molecules with extended m-conjugated systems,
efficient carrier transport was observed in smectic phases consisting of the LC hydrocarbons having
relatively small w-conjugated systems. The phenyl naphthalene derivatives (3) bearing simple alkyl chains
exhibit several smectic LC phases and the hole and electron mobilities in their ordered smectic phases
reach the order of 102 cm? V! s71.¢ The PTCBI is well-known as a representative mesogenic core which
shows the electron transporting property.”8 The PTCBI core has an electron-deficient nature because of
four electron-withdrawing carbonyl groups. Most of LC PTCBI derivatives exhibit the columnar
phase. 742 Besides, LC PTCBI derivatives with the asymmetrical side chains or long alkyl chains form
the lamellar LC structures.”»¢ Sudhélter and coworkers reported a LC PTCBI derivative bearing two
octadecyl chains, which form a smectic phase. The electron mobility in the LC phase was evaluated by
the pulse-radiolysis time resolved microwave conductivity (PR-TRMC) method and the electron mobility
reaches the order of 107! cm? V! 571 72

It 1s noted that the carrier mobility estimated by PR-TRMC method is higher than the value estimated by
a TOF method. A carrier mobility obtained by the PR-TRMC method is a band mobility, which
corresponds to the rate of intermolecular charge transfer without a carrier trapping process. The value
determined by the TOF technique is a drift mobility, which involves detrapping processes of charge

carriers from localized states formed by impurities and defects.

2-2. LC SEMICONDUCTORS BASED ON HETEROAROMATIC MOIETIES
Not only the aromatic hydrocarbons, but heteroaromatic LC semiconductors also have been reported.’
Ohta and coworkers synthesized symmetrical and asymmetrical phthalocyanine derivatives (6, 7) which

formed the columnar LC structures. They evaluated their carrier transport properties by TOF or

PR-TRMC methods 2194
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Figure 2. Chemical structures of representative LC semiconductors
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Swarts and Cook’s group also synthesized LC metal-free phthalocyanines.!% Cook, Ozaki and coworkers
developed a LC phthalocyanine derivative (8) octa-substituted at non-peripheral positions. They
evaluated the drift carrier mobility in the crystalline and hexagonal disordered columnar phases of the
phthalocyanine 8, which increases to the order of 10! cm? V' s71.1% In addition, they fabricated the bulk
heterojunction organic photovoltaic cells using the LC phtharocyanin derivative 8 as a hole-transport
material.!% The LC zinc porphyrin oligomer (9) was synthesized by Aida’s group. The metalloporphirin 9
exhibited rectangular columnar phases in which band mobilities were on the order of 102 cm? V! s1.10
Wiirthner et al. synthesized an asymmetrical zinc chlorophyll derivative (10), of which carrier mobility
evaluated by the PR-TRMC method were on the order of 10 cm? V! s! in the columnar LC phase.t%
Shimizu and coworkers developed a LC dithienonaphthalene (DTN) derivative (11) and fabricated the
high performance thin film transistors whose active layer composed of the LC DTN.1% Funahashi, Hanna
and coworkers synthesized phenylbenzothiazole derivatives (12) which exhibited smectic LC phases.
Ambipolar carrier transports were observed in their smectic LC phases. The hole and electron mobilities
were of the order of 107 cm? V! 71 610kl

In this way, the chemical structure of the central aromatic core has an impact on the self-assembled
structure, influencing on carrier transport property. The closed packing of the m-conjugated moieties is
required for the efficient carrier transport and high carrier mobilities have been observed in ordered LC
phases. LC compounds bearing heteroaromatic cores exhibit redox activity,'l mechanical
stimuli-responsiveness'? as well as carrier transport property.>® Especially, oligothiophene frameworks
are considered as a substructure of polythiophenes, which are typical n-conjugated polymers. Based on
the idea that organization of the oligothiophene cores in LC phases should enhance the electronic

properties, LC oligothiophene have been studied for the alternative materials.*>1

The thiophene rings
prefer all-trans (transoid) conformation to all-cis (cisoid) or twisted conformations generally. As the
expanding the m-conjugated planes with increasing the number of thiophene rings, the planarity of the
aromatics are maintained. The extended m-conjugated system is preferable for the efficient charge carrier
transport, leading to the bathochromic shift of the absorption maxima. However, the melting points of the
compounds are remarkably raised and their solubilities are reduced due to the enhanced self-association
of the extended m-conjugated plane.

Low solubility of the extended m-conjugated materials causes difficulties in the synthetic and purification
processes. For the fabrication of practical electronic devices using wet processes represented by a printing
technique, m-conjugated materials with high solubilities are indispensable. One method to increase their
solubilities is the introduction of the linear alkyl chains to the heteroaromatic cores. Conventional LC

molecules consist of aromatic cores and alkyl chains, and exhibit good solubility in organic solvents.
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A lot of LC oligothiophene derivatives have been reported up to the present time.l* McCulloch et al.
reported that the quaterthiophene derivatives (13) bearing the polymerizable acrylate groups in the
terminal of the side-chains exhibit the LC properties. In the report, they prepared the field-effect
transistors (FETs) with using the LC qurterthiophenes as the active layers and demonstrated the
performances of the devices.!*® Garnier and Horowitz et al. reported that 5,5"-dihexyl-2,2":5', 2":5" 2"
quarterthiophene (DH4T) shows a smectic phase, indicating the formation of the layer structure at an
elevated temperature. They also demonstrated the performance of the FETs based on the DH4T and
showed that the field-effect mobility reached on the order of 102 cm? V! s1.14¢ Although various
symmetrically alkylated quaterthiophene (14) and terthiophene (15) derivatives have been
synthesized,!4¢13 the melting points of these compounds are generally above 100 °C and
room-temperature LC oligothiophenes are quite limited.

Funahashi ef al. have synthesized room-temperature oligothiophene liquid crystals (16, 17) bearing the
normal linear alkyl chains.!® Especially, 3-TTPPh-5 (18) shows the ordered smectic phase in a wide
temperature range including room temperature. We have observed that high hole mobility in the ordered
smectic phase of 3-TTPPh-5 exceeding 10”! cm? V! 5”1, We have explained that the hole transport in the
LC system of 3-TTPPh-5 is based on the band-like conduction mechanism by the observation of
temperature- and field-independent mobility over wide temperature range.!® Using this compound,
field-effect transistors were produced by a spin-coating method. When the transistors were fabricated on
polymer films, their performance was retained under the application of the strain around 10%.
Heteroaromatic LC semiconductors with heavy chalcogens have an advantage over aromatic
hydrocarbon-based LC semiconductors because they have relatively large van der Waals’ radii. Increase
in the overlaps between the m-molecular orbitals enhances the carrier transport. In fact, high carrier
mobilities comparable to those of amorphous silicon have been achieved in the crystal phase of
heteroaromatic compounds.

Recently, organic crystalline semiconductors based on thienothiophene units have been reported. The
representative crystalline semiconductors based on sulfur containing aromatics are shown in Figure 3.17-20
Takimiya’s group reported that the preparation of the high performance organic field-effect-transistors
using the [1]benzothieno[3,2-b][1]benzothiophene (BTBT) derivatives for crystalline active layer..Z The
high carrier mobility in this system derived from the large transfer integral which is affected by the large

van der Waals’ radius of sulfur atoms on the BTBT core and the Sulfur-Sulfur interaction.
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Figure 3. Crystalline semiconductors based on sulfur-containing aromatics-2

Bao’s and Tsukagoshi’s groups reported that the achievements of high field-effect mobiliies on the order
of 10! cm? V! st by controlling the molecular orientations with
2.7-dioctyl[ 1 ]benzothieno[3,2-b]-[1]benzothiophene (C8-BTBT) and the analogues (19) for active
layers.!® Dinaphtho[2, 3-5:2°, 3’-f]thieno[3, 2-b]thiophene derivatives (20) also have good field-effect
mobilities up to the order of 10! cm? V! 5122 In addition, Yasuda and Adachi’s group recently reported
fast carrier transport in the crystal phases of sulfur-containing aromatics (21-23) expanded the m-electron

system of the dithienothiophene (DTT) skeleton utilizing the S-S contact.2

Thus, it is significant to
optimize the intermolecular interactions which directly contribute to the self-assembled structures of low
molecular-weight heteroaromatic compounds for the carrier transport property.

Single-crystalline materials are the most suitable for high performance devices at the sacrifice of their
processability. In polycrystalline materials, the grain boundaries are an obstacle to efficient carrier
transport. In contrast, LC semiconductors have a big advantage over crystalline materials in the
film-forming property and processability.

In the conventional molecular design of LC semiconductors, flexible long alkyl chains are introduced to
the central extended m-conjugated aromatic core. It is reported that C8-BTBT and the analogous
compounds Cn-BTBT (n = 6, 10, 12) form smectic mesophases.2! In the C8-BTBT system,
liquid-crystallinity of the C8-BTBT improves the solubility in the organic solvents and the molecular
orientation. The DTT derivatives (21) also form smectic phases?® and the same effect should contribute
to their processability. The LC systems can be considered for the construction strategy on the low-cost
and high-performance electronic devices. lino, Hanna and coworkers ascertained the effect of the LC
property to the device performance. They fabricated thin film transistors using C10-BTBT, whose active
layers prepared by a spin-coating technique in different temperatures at crystalline and LC phases. The
device based on polycrystalline thin films spin-coated in the LC phase exhibited superior performance to

the devices using the active layers spin-coated at room temperature.’2 Gomez and coworkers
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demonstrated the optimization of the quenching temperature from melting state to crystalline phase on the
C8-BTBT system. They obtained the thin film with suitable morphology for field-effect transistors by
controlling of crystallization.2

As shown in Figure 4, BTBT-based LC compounds were synthesized aiming for the improvement of the
device performance by structural reorganization effect in the LC system.?* Iino, Hanna and coworkers
synthesized a thienyl substituted BTBT derivative (24), which exhibits smectic A and smectic E phases.
They fabricated thin film transistors whose active layer was composed of the thienyl-BTBT derivative.
The active layers were prepared by the spin-coating technique in the LC temperature range. They also
studied on the thermal treatment effect upon the film morphology and the device performance.'® A
phenyl substituted BTBT derivative (25), which exhibits smectic A and smectic E phases, was also
synthesized by the same group. The device performance of the thin film transistors based on the
phenyl-BTBT derivative were evaluated in wide temperature range including the LC phase
temperature.?*®> Hasegawa et al. synthesized analogous phenyl-BTBT derivatives. They studied on the
influence of the alkyl chain length upon the solubility and thermal property.2* Méry, Shimizu and
coworkers synthesized a dialkenyl substituted BTBT derivative (26), which forms the lamella-columnar
LC structure. They evaluated the carrier transport property by time-of-flight technique. The drift mobility
in the LC phase of the compound was on the order of 102 cm? V! s71.2%4 Choi’s group synthesized
thienylethenyl-BTBT derivatives (27), which exhibit smectic phases. They fabricated thin film transistors

based on the thienylethenyl-BTBT derivatives.2*
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Figure 4. BTBT-based LC semiconductors®*

On the other hand, the various aromatic systems behave as the rigid core. The aromatic rings are also
electronically and spectroscopically active units due to the m-electrons. From these characteristic
properties of aromatic rings, the aromatic cores have been mainly focused upon for the conventional
molecular design of the functional soft materials. So far, the expansion and modification of n-conjugated
moiety have been studied for the tuning of HOMO and LUMO energy levels and/or the intramolecular

charge-transfer. As a result of these studies, the tuning of the redox activities and absorption properties as
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well as the enhancement of the carrier mobilities have been achieved.!%1%25 [n these molecular designs,
not only the aromatic hydrocarbons but also heterocycles and fused aromatic rings are used for a central

COI'G.E

3. SELF-ORGANIZATION WITH POLAR SIDE CHAINS OR POLAR UNITS

3-1. POLAR SIDE CHAINS

Conventional LC molecules consist of rigid aromatic cores and flexible side chains. The side chains
weaken the strong interaction between the aromatic cores by their thermal motion to form LC phases. In
conventional molecular designs of the LC compounds, non-polar alkyl chains are usually used as flexible
units.

The thermodynamic stability of the LC phases has generally explained by a few models based on the
classical Onsager hard-rod, Maier-Saupe (MS), and Gay-Bern (GB) models.2? All these models assume
simple rigid molecules with a cylindrical symmetry and single intermolecular interaction. They are not
proper for the LC molecules consisting of a few incompatible parts causing a competition of plural
intermolecular interactions.

Some characteristic unconventional LC systems, which are not possible to be explained by the classical
theoretical models, have recently reported.2® For the explanation of these unconventional LC systems, the
concept of nanosegregation has been proposed.?? This model describes that the various LC structures are
formed by the nanosegregation between the incompatible segments (e.g. polar and non-polar units) of the
LC molecules. In the molecules having both the polar ionic unit and non-polar alkyl chains, the
incompatible units are independently assembled to form the nanosegregated structures. We focus on the
structures of side chains of the LC molecules and describe the LC material design based on
nanosegregation.

The LC systems based on the polar side chains such as oligo(ethylene oxide) units,?? propylene oxide
units,* fluoroalkyl chains®? and perfluoroalkyl chains have been reported.?> These polar side-chains
having larger dipole moments compared to the non-polar aliphatic and/or aromatic rings. Therefore, the
side chains are immiscible with aromatic cores and aliphatic side chains, resulting in microscopic
segregation on the order of nm scale. It has recently been pointed out that the nanosegregation strongly
contributes to the stabilization of the LC phases.®*

Figure 5 exhibits molecular structures of n-conjugated LC’s bearing polar side chains. Tschierske et al.
reported that oligothiophene derivatives (28) bearing glycerol groups and lateral alkyl chains formed the
hexagonal and tetragonal columnar superstructures.®> Schenning and Meijer et al. synthesized
sexithiophene derivatives (29) functionalized by oligo(ethylene oxide) chains. These compounds formed

the smectic layer structures associated with coiled aggregates. In the self-assembled coils, n-conjugated
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Figure 5. Nanosegregated m-conjugated LC compounds®>-4
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rigid cores and flexible polar side chains were separately assembled.®® Gregg et al. synthesized LC
PTCBI derivatives (30, 31) bearing the linear or branched oligo(ethylene oxide) chains. These compounds
formed interdigitated or tilted lamellar structures. Moreover, they also evaluated the electronic properties
of the PTCBI derivatives.*’ Shimizu and coworkers developed the perfluoroalkyl-substituted LC
triphenylene (32)*® and phthalocyanine (33).32 Aida’s group synthesized an LC metalloporphyrin dyad

(34) asymmetrically substituted by polar and non-polar side chains.*

3-2. SIDE CHAINS WITH IONIC MOIETY

Other than the polar side chains described in the preceding section, LC molecules having an ionic unit at
the terminal of the alkyl side chain have been reported so far. The LC molecules having ammonium,*
phosphonium,*¢ sulfonium,?? imidazolium,* and pyridinium moieties** have been synthesized. The main
driving force of the formation of their LC phases is nanosegregation.> This phenomenon is similar to the
micelles and vesicles in water in the surfactant systems.

Figure 6 shows molecular structure of LC semiconductors bearing ionic moieties at the terminals of the
alkyl chains. Funahashi and Kato ef al. synthesized a phenylterthiophene derivative (35) having ionic
imidazolium units at the terminal of side chains. These compounds formed nanosegregated smectic layer
structures, in which ionic units and rigid n-conjugated aromatic cores were separately assembled. In these
LC systems, the electrochromism was observed under the application of a DC bias without any
electrolytes. In the nanosegregated smectic phases, ions can be transported within the two-dimensional
mantles while the electronic charge carriers can also move within the layers made from aromatic cores.*®
Fukushima et al. synthesized triphenylene derivatives (36), in which six imidazolium groups and central
aromatic core were connected via aliphatic linkers. These compounds exhibited columnar LC phases.
Moreover, the triphenylene derivative having the tetrafluoroborate anions as counterparts can be

hybridized with ionic liquids and carbon nanotubes. 3847
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Figure 6. Chemical structures of m-conjugated LC compounds bearing the side chains with ionic
moieties324347

4. SELF-ORGANIZATION WITH NON-POLAR SIDE CHAINS
As mentioned in section 2, nanosegregation effect is remarkable in the formation of the LC phases of the

molecules bearing polar functional groups. Even in the LC phases of the molecules bearing non-polar side
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chains, this nanosegregation effect is also significant. Non-polar side chains do not only weaken the

strong interaction between w -conjugated cores to induce LC phase, but also promote structural formation

by their attractive interaction.

4-1. LINEAR ALKYL CHAINS

Most general flexible units are linear alkyl chains while rigid cores are often heteroaromatic units.

Thermal motion of the alkyl chains weaken the strong interaction between the heteroaromatic cores,

resulting in the appearance of LC phases and increase in the solubility. On the other hand, heteroaromatic

cores are self-organized in soft aggregates by the attractive interaction and nanosegregation of the alkyl

chains.

Yasuda and Kato et al. synthesized LC oligothiophenes (37-39) with polycatenar structures, as shown in

Figure 7. It should be noted that various LC structures such as miceller cubic (0D), columnar (1D) and

smectic (2D) phases were formed due to the nanosegregation between n-conjugated oligothiophene units

and alkyl side chains. In addition, they verified the ambipolar carrier transporting properties in the

columanr and smectic phases.!1¢14

In the polycatenar LC molecules, nanosegregation effect of alkyl chains should be more remarkable,

compared to the classical LC molecules bearing one or two alkyl chains.
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Figure 7. The chemical structure of LC oligothiophene derivatives!l¢142

Ohta et al. reported an evidence of an attractive interaction between alkyl chains in LC systems. They

synthesized  octaalkoxy  bis(diphenyldioximato)  metal

bis(diphenyldithiolene) metal complexes (41) (Figure 8

)4

complexes (40) and octaalkoxy

The alkylated complexes exhibited
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bathochromic shift in UV-VIS absorption spectra compared to non-alkylated analogues. This result is

attributed to the compression of the columnar aggregates by the attractive interaction between the alkyl

chains.?8¢
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Figure 8. The chemical structure of LC metal complexes*®

4-2. BRANCHED ALKYL CHAINS*

Branched alkyl chains are more bulky than the linear alkyl chains. The branched chains have low
interfacial free volumes and high surface coverage. Therefore, the aggregation of the molecules bearing
the branched alkyl chains should be relatively weakened compared to those bearing linear alkyl chains.
Figure 9 demonstrates the molecular structures of LC semiconductors bearing branched alkyl chains.
Funahashi and Kato reported that phenylterthiophene derivative (42) with 3,7,11-trimethyldecyloxy
groups exhibits a nematic phase around room temperature.>® This report provides one example of the
effectiveness of the branched alkyl groups for the formation of LC phases with the low order. The
introduction of the branched aliphatic unit results the appearance of the nematic phase around room
temperature. The hole mobility in the nematic phase of the compound was 4 X 10* cm? V! 5”1, Recently,
Isoda and Tadokoro ef al. reported that tetraazanaphthacene (TANC) derivatives (43) bearing the
3,7,11-trimethyldecyloxy or 3,7-dimethyloctyloxy group as branched chains show the smectic phases.>!
In spite of the high crystallinity of the TANC core, the compounds surprisingly shows the mesomorphism.
The electron mobilities of these LC TANC derivatives are of the order of 10 cm? V! 57!

@EITJ
W% Y YT

Figure 9. Photoconductive LC compounds bearing the branched alkyl chain®%3!

4-3. CHIRAL ALKYL CHAINS
Among branched alkyl chains, chiral alkyl chains play significant roles in the living body systems.
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Formation of supramolecular aggregates of chiral molecules for chiral molecular recognition has been
main research topics in biology, physics, pharmacy and chemistry. In chiral LC systems, helical structures
are formed so that in order to minimize the elastic free energy in the system. The helical structure and
helical axis reflect the absolute configuration of the molecules labeled (R) or (S).

When a chiral alkyl chain is introduced to the LC molecule which has a tendency to exhibit a nematic
phase, it twists around the axis perpendicular to the director, resulting in the formation of a helical
structure spontaneously (Figure 10a). This twisted nematic phase is called as a chiral nematic (N*) or a
cholesteric phase. (The name of cholestric phase is derived from the fact that this phase was first
discovered for cholesteryl esters.)

In the N* phase, specific selective reflection is observed. The characteristic phenomenon is originated
from the helical structure of the N* phase and the helical pitch depends on the temperature of the LC
system. Therefore, it has been demonstrated for the application to the thermal sensor. Moreover, the
design of the luminescent LC molecules offers materials emitting circularly polarized light (CPL) and
organic lasing media.

In the smectic phases, chiral alkyl side chains often generate a helical axis along the layer normal. In the
smectic phases in which the director tilts to the layer normal, the director changes periodically along the
layer normal (Figure 10b). Such a phase is called as a chiral smectic C (SmC*) phase. This phase exhibits

ferroelectricity and the application to high speed displays was attempted.>2

(a) (b)

Figure 10. Schematic illustrations of the helical structures in (a) N* and (b) SmC* phases

Figure 11 shows molecular structures of chiral LC semiconductors. Kelly, O’Neil and coworkers
developed a photoluminescent chiral nematic LC material 44, as shown in Figure 11. Compound 44
exhibits glassy N* phase at room temperature and its thin film exhibits a reflection band with a wide
wavelength range covering visible light region. The thin film emits high quality CPL fluorescence over a
wide wavelength range. They have also studied on the carrier transport properties in the N* phase of the

compound.>?
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Figure 11. Photoconductive LC compounds bearing the chiral alkyl chain><>*=>

Recently, we reported that (R)- and (S)-dimers (45) based on phenylterthiophene skelton exhibit the N*
phases. In the mixtures of the (R)- and (S)-enantiomers, the helical pitches were tuned by changing the
composition ratio of the both enantiomers. As optimizing the composition so that the reflection band
covers the luminescent band of the phenylterthiophene core, the prominent CPL emission was observed.
The CPL dissymmetry factor indicating the quality of CPL reaches 1.5. The LC dimers showed an
ambipolar carier transport property. Both hole and electron mobilities of the dimers were around 3 X 10
cm? Vgl

Another function of the chirality is breaking the symmetry of the systems. In the ferroelectric phase, a
macroscopic polarization is induced by the application of the DC bias and the spontaneous polarization is
maintained after switching off the bias. We have recently synthesized the fluorophenylterthiophene
derivatives (46) exhibiting the hole transport property in the ferroelectric SmC* phases (Figure 11).>> In
this system, we observed an anomalous photovoltaic (APV) effect, which has been reported in very few
organic materials. This APV effect is caused by the internal electric field derived from the spontaneous
polarization of the ferroelectric materials while the conventional photovoltaic effect is originated from the
built-in potential formed at p-n junction.®

As we describes in this section, the introduction of chirality to LC systems leads to the formation of the
helical structures in which optical and electronic properties couple to create new opto-electronic

functions.

5. SELF-ORGANIZATION WITH SILOXANE MOIETIES
5-1. LINEAR SILOXANE CHAINS
Goodby et al. first reported the LC compounds (47-49) bearing the disiloxane and cage-shaped
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silsesquioxane units in 1999 (Figure 12).27 In this report, the cyanobiphenyl as the representative mesogen
with the side chain modified by the siloxane moieties were synthesized and they studied the influence of
the siloxane moieties on their LC properties. The stabilization of LC phases and drops of their melting
points were observed. Their mesomorphisms are based on the formation of core-shell structures resulting

from the nanosegregation between the siloxane moieties and the rigid biphenyl cores.
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Figure 12. Chemical structures of LC cyanobiphenyl derivatives having oligosiloxane moieties>

In past years, it has been revealed that the linear siloxane chains instead of the alkyl chains are effective
to the stabilization of the LC phases. The rotational barrier of the siloxane bond is lower than that of the
carbon-carbon bonds of the alkyl groups, and the dimethylsiloxane unit is bulkier than the methylene unit
in alkyl chains. Apparently oligosiloxane units should have a tendency to destabilize the formation of LC
phases. However, some experimental results described later have indicated that linear siloxane units
contribute to the stabilization of the LC phases. This remarkable stabilization of LC phases should be
owing to the nanosegregation between dynamic siloxane units and closely aggregated cores. The
nanosegregation was driven by difference in the van der Waals interactions between the siloxane units
and the m-m interactions between the cores. Based on this idea, we have designed and synthesized some
LC m-conjugated materials bearing the siloxane units. As shown in Figure 13, Ferroelectric LC molecules
(50-52) bearing a disiloxane or trisiloxane unit have been reported these ferroelectric LC materials exhibit
temperature-independent interlayer distances.?® Unlike the conventional ferroelectric LC materials which
are insulators, we synthesized ferroelectric LC semiconductor (53) based on a fluorophenylterthiophenes
core and observed lowering the transition temperatures by introduction of a disiloxane unit in the system
based on the FLC. We observed that the bilayer structure was formed in the SmC* phase of the FLC
compound bearing the disiloxane chain due to the nanosegregation between the alkyl units and the

siloxane moieties.>>
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Figure 13. FLC compounds bearing a linear oligosiloxane chain®>2®

In another LC system, we also observed the stabilization of columnar phases by the introduction of the
linear siloxane moieties. Figure 14 shows molecular structures of LC PTCBI derivatives bearing
oligosiloxane chains. LC PTCBI derivatives (54, 55) bearing four linear siloxane units were synthesized
in our group. The LC PTCBI derivative (55) connected four trisiloxane moieties via swallow tail type
linkers has lower melting point than the PTCBIs functionalized with normal alkyl chains. The columnar
phases of LC PTCBIs are thermodynamically stable in a wide temperature range including a room
temperature. They exhibit high electron mobilities up to 10! cm? V! s in the columnar phase at room
temperature. In spite of this high electron mobility comparable to those of molecular crystals, the LC
phases are soft at room temperature and soluble even in nonpolar solvents. Uniaxially aligned thin films
can be produced on friction-transferred substrates by a spin-coating method. This efficient electron
mobility should be attributed to a nanosegregated columnar structure. In the LC phase, one-dimensional
stacking aggregates of m-conjugated cores is formed and they are surrounded by liquid-like mantle

consisting of disordered oligosiloxane chains.>
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Figure 14. LC PTCBIs bearing linear oligosiloxane chains®*%
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Moreover, a hybridized LC system with a polar substituent and oligosiloxane units has been reported. The
PTCBI derivative (56) bearing two disiloxane units and a triethylene oxide chain was synthesized. This
PTCBI derivative exhibits a smectic phase at room temperature, which has a bilayer structure and can
form the complex with Li ion maintaining the LC structures.®? In this LC phase of this compound,
ion-conductive and electron-conductive layers are assembled separately on nanometer scale through

nanosegregation.

5-2. CYCLIC SILOXANE MOIETIES

Not only linear oligosiloxane chains, but cyclic oligosiloxane moieties can also function as side chains of
LC molecules. We have demonstrated the introduction of polymerizable siloxane rings to PTCBI and
oligothiophene skeletons in order to stabilize the LC structures (Figure 15). The PTCBI derivative (57)
bearing the four cyclotetrasiloxane units through the branched linkers exhibit the rectangular columnar
disordered (Col:q) phase in a wide temperature range including room temperature. Interestingly, the LC
PTCBI derivative transitions around -35 °C to the LC glass state without crystallization. While
maintaining the softness originated from core-shell type supramolecular organization, the electron
mobility at room temperature exceeds the order of 102 cm? V! g1

Furthermore, the ferroelectric LC fluorophenylterthiophene derivative (58) having a cyclotetrasiloxane
unit exhibit smectic phases in a wide temperature range including room temperature. The phase transition
temperature was also lowered. This compound maintains LC phase in low-temperature region without
crystallization.>> Apparently the cyclotetrasiloxane rings are bulky and should inhibit LC molecular order.
However, LC phases are stabilized over wide temperature ranges for oligothiophene and PTCBI
derivatives. We can design electronic functional materials which exhibit the LC phases over wide

temperature ranges, considering the volume balance between the core, chains and rings.
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Figure 15. LC m-conjugated compounds bearing cyclic siloxane units synthesized in our group®>¢!

5-3. CONJUGATED POLYMERS BEARING OLIGOSILOXANE MOIETIES

Recently, some m-conjugated polymers bearing siloxane units have been reported (Figure 16).%2 These
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reports revealed the siloxane units play a crucial role in the improvement of the solubility without
inhibiting the aggregation of m-conjugated units. Mori et al. synthesized a solubilized polythiophene (59)
bearing the disiloxane moiety at the terminal of the side chain. The polymer has a high head-to-tail
regioregularity and high solubility to hexane.®** Bao and coworkers synthesized isoindigo-based polymers
bearing a trisiloxane unit (60-62), which exhibited high field-effect mobilities as well as high solubilities

in conventional organic solvents.®?® Especially, the terthiophene-based polymer (61) shows ambipolar

carrier transport property.®? Furthermore, they fabricated bulk-heterojunction organic solar cells using a
bithiophene-based polymer (60). The active layer of the cell was composed of the mixture of the polymer
(60) and solubilized fullerene derivative (PC71BM), which gave the ideal film morphology leading to the
good device performance.®d Oh and Yang’s group synthesized a diketopyrrolopyrrole-selenophene
polymer (63) having a trisiloxane unit. They observed the ambipolar carrier transport property in a field
effect transistor based on the polymer. The field-effect mobilities of hole and electrons are on the order of

100 cm? V! g1 02
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Figure 16. Chemical structures of n-conjugated polymers bearing oligosiloxane units®?

These results show that the optimization of side chain unit with siloxane units contributes to the
compatibility for the device performance and the processability not only in LC materials but also in

conjugated polymers.

6. SUMMARY AND OUTLOOK
LC semiconductors exhibit high carrier mobility as well as solution-processability. Moreover, various
electronic and optical functions can be created based on the flexible and dynamic nanostructures formed

through nanosegregation. In this sense, design of side chains is more significant than that of n-conjugated
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cores although main trend of the researches have been concentrated on the design of aromatic cores in this

research field. In addition to designs of m-conjugated cores, engineering of side chains of LC molecules

should be effective to develop new soft-electronic materials.
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