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Abstract

Self-organized structures of liquid crystals and self-assembled
fibers have great potential as new functional materials. This
article highlights self-organization of �-conjugated molecules,
leading to the induction of photonic, electronic, and electro-
chemical properties.

� Introduction

Soft materials such as polymers, gels, and liquid crystals
have attracted much attention because of their dynamic proper-
ties and easy processiblities.1–12 Our strategy has been to devel-
op new functional soft materials that show dynamic function
using ordered molecular assemblies.4–8,12 Liquid crystals are
unique because molecular order and dynamic states are com-
bined.3–8 Liquid crystals exhibit a variety of ordered nanostruc-
tures as well as the simplest nematic structures that are widely
used for informational display. Nanostructures of liquid crystals
such as bicontinuous cubic, smectic, columnar, and micellar
cubic phases (Figure 1) can serve as ordered functional materi-
als. Phase transitions of these liquid-crystalline (LC) structures
can also be used for the induction of dynamic properties. Uncon-
ventional molecular shapes as well as simple rod and disk shapes
can function as mesogens.3–7,13 Moreover, control of intermolec-
ular interactions such as hydrogen bonding, ionic interactions,
and charge-transfer interactions as well as �–� and van der
Waals interactions is important in the design of these ordered
soft materials.5–8 Physical gels are soft composite materials con-
sisting of solvents and self-assembled networks of gelators.10–12

These gels form microphase-separated structures (Figure 2a).
Gelators are low-molecular-weight molecules that form one-di-
mensional fibrous solid aggregates through hydrogen bonding
or �–� interactions. The physical gels show sol–gel transitions
because of noncovalent assembly. We have developed LC phys-
ical gels as a new class of soft materials (Figure 2b). For these
materials, anisotropic solvents serve as functional fluids or tem-
plates for ordering of fibrous aggregates.

In this highlight review, we focus on our recent development
of electro- and photofunctional liquid crystals and physical gels.
Our basic materials design is the introduction of electro- and
photoactive moieties such as �-conjugated systems into the mo-
lecular components of liquid crystals and physical gels. These
functional groups align in the LC nanostructures, which result
in the induction of anisotropy and enhanced functions. As the

first topic, we describe electroactive liquid crystals based on oli-
gothiophene, triphenylene, and viologen. We then show some
examples of photoactive LC materials. In the last section, elec-
tro- and photoactive gels are described.

� Electroactive Liquid Crystals

Introduction of electroactive moieties into self-assembled
structures is a promising approach toward the development of
new electroactive materials.14–16 If the electroactive molecules
form LC structures, anisotropic electrical and electrochemical
functions can be obtained. Tabushi and co-workers have report-
ed viologen-based liquid crystals.14a Deschenaux and co-work-
ers have prepared fullerene- and/or ferrocene-containing liquid
crystals which exhibit redox-active properties.14b,14c Chang,
Kitagawa, and co-workers have demonstrated cyclic voltammet-
ric responses of a PtII-containing metallomesogen in the LC
phase.14d We have reported columnar liquid crystals containing
redox-active units such as tetracyanoanthraquinodimethane
(TCAQ),15a viologen,15b and oligothiophene.16 All these com-
pounds are susceptible to electrochemical oxidations or reduc-
tions. For example, oligothiophene 1 (Figure 3), which exhibits
an LC columnar phase from 110 to 151 �C, is oxidized at the
half-wave potential (E1=2) of 0.35 and 0.61V vs. Fcþ/Fc, re-
vealed by cyclic voltammetry.

Electrochromism is one of the significant features of redox-
active materials. The spectroelectrochemical behavior of these
materials was investigated by UV–vis absorption spectrosco-
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Figure 1. Schematic representations of liquid-crystalline nano-
structures: bicontinuous cubic, smectic or lamellar, columnar,
and micellar cubic.

Figure 2. Schematic representations of (a) normal physical gels
and (b) LC physical gels.

Prof. Takashi Kato� and Kana Tanabe

Department of Chemistry and Biotechnology, School of Engineering, The University of Tokyo, Hongo, Bunkyo-ku,

Tokyo 113-8656

E-mail: kato@chiral.t.u-tokyo.ac.jp

634 Chemistry Letters Vol.38, No.7 (2009)

Copyright � 2009 The Chemical Society of Japan



py.16a For example, the neutral form of oligothiophene 1 exhibits
an absorption band centered at 440 nm. When the applied poten-
tial is increased from 0 to 0.6V, the intensity of this absorption
decreases and new absorption bands centered at 630 and
1130 nm emerge, which originate from the radical cation species
of the oligothiophene core, accompanied by evident color
change from yellow to blue. This electrochromic behavior of this
compound is also observed in the LC state.

The LC columnar structures of oligothiophenes are capable
of transporting charges. Oligothiophene 1 in the isotropic phase
shows slow hole-transporting properties of the order of 10�6

cm2 V�1 s�1, revealed by time-of-flight measurement. When
the sample is cooled to the isotropic–columnar phase-transition
temperature, the hole mobility of 1 discontinuously rises by
two orders of magnitude. On further cooling of 1 in the colum-
nar phase, the mobility gradually increases up to 7� 10�3

cm2 V�1 s�1 at 105 �C.
Introduction of fibrous networks into hole-transporting liq-

uid crystals is a new approach for the enhancement of hole-trans-
porting behavior.17 The hole mobilities of the discotic LC phys-
ical gels consisting of LC triphenylenes 2a–2e and a hydrogen-
bonded gelator 3 (Figure 4) are higher than those of LC tri-
phenylenes alone. The hole mobilities of 2a–2e are of the order
of 10�4–10�3 cm2 V�1 s�1, whereas those of the LC gels are
1{3� 10�3 cm2 V�1 s�1. It is noteworthy that the mobilities in
the LC gels are of the order of 10�3 cm2 V�1 s�1, while those
of liquid crystals 2a–2e varies over one order of magnitude de-
pending on the length of the alkyl chains (Figure 5). This behav-
ior suggests that finely dispersed gel fibers may properly sup-
press molecular fluctuation of the liquid crystals, resulting in
the formation of more rigid pathways for holes in the LC gels.

Electroactive moieties can also be incorporated into cyclo-
phane-based molecules. If redox-active cyclophanes form LC
structures, guest recognition in aligned self-organized structures
can be achieved. Recently, viologen-based LC cyclophanes have
been reported (Figure 6).18 Cyclophane 4.5 exhibits no meso-
morphic properties without further addition of surfactants,

whereas cyclophane 4.6 with longer alkyl chains exhibits LC
properties. It is revealed that compound 4.6 forms a rectangular
columnar structure and that when this compound is complexed
with equimolar tetrathiafulvalene (TTF), a lamello-columnar
phase is induced (Figure 7).

The existence of pseudorotaxanes where TTF molecules are
located in the cavities of cyclophanes in the condensed states has
been confirmed by cyclic voltammetry. Cyclic voltammogram
obtained for 4.5/TTF in a thin film state shows two successive
oxidation waves (Figure 8) and a reduction wave. The two con-

Figure 4. Molecular structures of LC triphenylenes 2a–2e and a
hydrogen-bonded gelator 3.

Figure 5. Dependence of the hole mobilities on the length of
the alkyl chains of LC triphenylenes and schematic representa-
tions of gelation of LC triphenylenes.

Figure 6. Molecular structures of viologen-based cyclophanes
and tetrathiafulvalene (TTF).

Figure 7. Schematic representation of the induction of the
lamello-columnar phase for 4.6/TTF (right) and the formation
of the rectangular columnar phase of 4.6 (left).

Figure 3. Molecular structures of an LC oligothiophene.
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secutive one-electron oxidations can be assigned to the forma-
tion of the radical cation and the dication species of TTF, respec-
tively. The first oxidation for 4.5/TTF occurs at the anodic peak
(Epa) of +0.56V vs. Ag/AgCl, which is more positive in the po-
sition than that of TTF alone by ca. 0.13V, suggesting that the
inclusion complex between TTF and the cyclophane exists even
in the condensed state.

� Photoactive Liquid Crystals

Use of LC materials for the development of photofunctional
systems is attractive because photofunctions can be enhanced
and tuned by molecular order and phase transitions.19 Uniaxial
molecular order of the LC structures induces such anisotropic
photofunctions. For LC oligothiophene 7 (Figure 9),16 which ex-
hibits a hexagonal columnar phase from 102 to 117 �C, uniaxial
orientation of the columnar structures is easily achieved by me-
chanical shearing of a polydomain sample of 7. This aligned
sample shows highly polarized red fluorescence with the peak
at 610 nm (Figure 10). The polarization ratio of photolumines-
cence is ca. 11, which is nearly the same as the dichroic ratio
of compound 7.

Luminescent organic salts are a new class of materials sens-
ing through electrostatic interactions.20 For example, Bielawski
and co-workers have reported luminescent ionic liquid crystals21

based on benzobis(imidazolium) salts.
Recently, luminescent ionic liquid crystals based on tripodal

pyridinium salts have been prepared (Figure 11).22 These pyridi-
nium salts 8a–8c form columnar and/or micellar cubic struc-
tures over wide temperature ranges including room temperature.
These pyridinium salts exhibit green photoluminescence (PL)
emission both in solution and in the condensed states. As shown
in Figure 12, the absorption and PL spectra of 8a in a condensed
state show peaks at 375 and 520 nm, respectively. These peak
positions are almost the same as those in solution. Even when
counter anions are changed, little change in the photophysical
properties is observed, suggesting that the chromophores are cat-
ionic 3,4,5-trialkoxyphenyl moieties, which are electronically

isolated from each other because of their mutual electrostatic re-
pulsion even in the condensed states.

� Electroactive Gels

Gelation of LC molecules is a promising approach toward
the fabrication of a new class of ordered functional materials.12

The formation of anisotropic phase-separated structures, which
consist of liquid crystals and fibrous aggregates, can induce
the enhancement of a variety of properties.

Figure 8. Cyclic voltammograms of 4.5/TTF (1:1) (solid line)
and TTF (dashed line) in thin films recorded in aqueous solutions
of LiCl (0.10M) with ITO working electrodes. The sweep rate is
30mV s�1.

Figure 9. Molecular structure of LC oligothiophene 7.

Figure 10. (a) Polarized photoluminescence spectra of a uniax-
ially aligned film of 7 under excitation at 488 nm, recorded
through an emission polarizer set to perpendicular (solid line)
and parallel (dashed line) to the shearing direction. (b) Photo-
graphs showing anisotropic emission of light from the aligned
sample. (c) Schematic representations of the alignment of LC
oligotiophenes.

Figure 11. Molecular structures of liquid-crystalline tripodal
pyridinium salts 8a–8c.
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TTF is known as an organic conductive material.23 The in-
troduction of electroactive moieties into self-assembled fibers
may be a promising approach to the fabrication of a new class
of functional materials.24 In particular, if TTF moieties form
one-dimensional stacks in liquid crystals, aligned electroactive
fibers can be obtained. TTF derivatives 9 and 10 and carbazole
derivatives 11a and 11b have amino acid scaffold as gel-forming
units (Figure 13). They self-assemble into fibrous aggregates,
resulting in gelation of aromatic liquid crystals.25 In a nematic
liquid crystal, randomly dispersed fibers are obtained, whereas
aligned fibers are formed in a homogeneously oriented smectic
liquid crystal 12, which functions as a template for the alignment
of the fibers. Polarized IR measurements of the oriented fibers
show that 9 and 10 form intermolecular hydrogen bonding in
the parallel �-sheet conformation and that the hydrogen-bonded
chains formed by amino acid moieties align along the fiber direc-
tion. TTF moieties form H-aggregates in the fibers, revealed by
UV–vis absorption measurements of TTF derivatives in the sol
and gel states.

The electrical conductivities of randomly dispersed fibers of
the TTF derivatives have been measured before and after iodine
doping. The doping of the fibers leads to the formation of charge-
transfer (CT) states, revealed by UV–vis–NIR measurements.

The conductivity of the fibers before doping is below 3�
10�10 S cm�1, suggesting that the fibers behave as insulators.
The conductivity increases immediately after doping up to
2� 10�7 S cm�1 with a new absorption band at 850 nm, which
suggests that a full CT state is formed. The full CT state changes
to a more stable mixed-valence state with a new absorption band
around 2300 nm. One week after doping, the maximum conduc-
tivity of 3� 10�5 S cm�1 is observed in the stable mixed-
valence state (Figure 14). The XRD measurements of the fibers
reveal that the molecular assembled structures are not disturbed
by iodine doping.

� Photoactive Gels

The modulation of luminescent properties is also an impor-
tant approach to the preparation of photofunctional materials.
Self-assembly of luminescent molecules often affect lumines-
cent color. Among self-assembled luminescent materials, fibrous
aggregates are considered to be promising materials.26 The lumi-
nescent properties can be tuned by their structures on the sol–gel
transition.

To prepare self-assembled fibers with tunable fluorescent
properties, luminescent pyrene units have been introduced
into dendritic amino acid derivative through amide bonds
(Figure 15a).27 Pyrene derivative 13 efficiently gelates a variety
of organic solvents. The infrared spectra of the gel of 13 indi-
cates that the intermolecular hydrogen bonds between amide
groups are formed, which promotes gelation. The XRD, UV–
vis, and circular dichroism (CD) measurements of pyrene deriv-
ative 13 reveal that the fibrous aggregates of 13 are composed
of self-assembled helical columnar structures, at the center of
which pyrene moieties are located.

Figure 12. (a) UV–vis absorption and PL spectra of 8a in a di-
chloromethane solution (solid line) and in a thin film (dashed
line). (b) Photographs showing PL emission of 8a in a solution
and in a thin film.

Figure 13. Molecular structures of electroactive gelators 9–11
and liquid crystal 12.

Figure 14. A photomicrograph and schematic representations
of the oriented fibrous aggregate in the LC physical gel of 9.
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Emission color changes are observed for compound 13 be-
tween sol and gel states under photoirradiation (Figure 15b).
For the emission spectrum of 13 in the sol state, a broad struc-
tureless emission band around 480 nm is seen. On the other hand,
the emission band of 13 in the gel state (�max ¼ 396 and 412 nm)
is blue-shifted from that of 13 in the sol state. This spectral shift
corresponds to the emission color change from bright-green to
violet. These results are indicative of the excimer emission of
pyrenes in the sol state and the monomeric emission of pyrene
in the gel state of 13. Due to the helical alignment in the gel state
of 13, pyrenes are located in the positions difficult to form exci-
mers.

The gel–sol transitions of gels containing photochromic ge-
lators can be induced by light irradiation as well as application of
heat. Several examples of such photoresponsive gel–sol transi-
tions have been reported.28–30 Shinkai and co-workers have dem-
onstrated that cholesterol derivatives containing azobenezene
moieties show photoinduced sol–gel transition, triggered by
cis–trans isomerization of azobenzene moieties.28a

Hydrogen-bonded gelator 14 containing two azobenzene
units has been prepared (Figure 16).29,30 This compound gelates
organic solvents such as cyclohexanone and dodecylbenzene
(Figure 17a) as well as liquid crystals by hydrogen bonding.
After UV irradiation upon a gel of 14, trans-to-cis isomerization
of azobenzene moieties are induced, leading to the gel-to-sol
transition (Figure 17a ! 17b) with the dissociation of hydrogen
bonding. When a visible light irradiates the sample in the sol

state, the hydrogen-bonding is recovered, which triggers the ref-
ormation of the gel (Figure 17b ! 17c). These properties are
caused by the change in the polarity of the gelator, due to photo-
isomerization of azobenzene moieties.

� Summary and Outlook

We have described our recent results of functional molecu-
lar assemblies of liquid crystals and physical gels. To achieve
anisotropic and enhanced properties, control of molecular order
of these materials is one important factor. For nematic liquid
crystals used for informational display, alignment is controlled
by an alignment polymer layer. The nematic monodomain is
formed and molecular order is dynamically switched by electric
fields. But for nanostructured liquid crystals, such as smectic,
columnar, and bicontinuous cubic phases, we cannot yet perfect-
ly control the molecular order and properties of liquid crystals.
Very recently, we have succeeded in the induction of columnar
order by applying electric fields.31 However, precise control of
molecular order is still challenging.

We would like to thank the Ministry of Education, Culture,
Sports, Science and Technology (MEXT; Grant-in-Aid for The
Global COE Program for Chemistry Innovation) and the Japan
Society of the Promotion of Science (JSPS; Grant-in-Aid for
Creative Scientific Research of ‘‘Invention of Conjugated Elec-
tronic Structures and Novel Functions’’ (No. 16GS0209) and
Grant-in-Aid for Scientific Research (A) (No. 19205017)) for fi-

Figure 15. (a) Molecular structure of a pyrene-containing ami-
no acid. (b) Photograph of the fluorescent gel (left) and sol
(right) states of 13 and schematic illustration of the self-assem-
bly in the gel state (left) and the excimer formation in the sol
state (right).

Figure 16. Molecular structure of a gelator containing azoben-
zene moieties.

Figure 17. Photographs of 14 in cyclohexanone in the (a) gel
state, (b) sol state after UV light irradiation, and (c) gel state after
visible light irradiation.
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