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Integration of electro-active π-conjugated units
in nanosegregated liquid-crystalline phases

Masahiro Funahashi

Unlike conventional liquid crystals bearing alkyl chains, perylene tetracarboxylic bisimide (PTCBI) derivatives bearing

oligosiloxane moieties were synthesized. The oligosiloxane moieties are bulky and have a tendency to form a liquid-like

conformation due to the low rotation potential of Si–O bonds. The PTCBI derivatives bearing oligosiloxane chains exhibit

the columnar phase at room temperature. They are soluble in various organic solvents, and thin films can be produced by a

spin-coating method. In the columnar phase, crystal-like π-stacks are surrounded by a liquid-like mantle consisting of the

oligosiloxane moieties of the PTCBI derivatives, resulting in efficient electron transport. Even the PTCBI derivatives bearing

polymerizable cyclotetrasiloxane rings show the liquid-crystalline (LC) phases at room temperature. The spin-coated films of

the LC PTCBI derivatives with cyclotetrasiloxane rings can be polymerized and insolubilized by exposure to the vapors of

trifluoromethanesulfonic acid. PTCBI derivatives bearing oligosiloxane moieties and a triethylene oxide chain coordinated to

ionic species exhibit a dimeric lamellar phase in which ion-conductive sublayers and electron-transporting π-stacks are

separately self-organized. Phenylterthiophene derivatives bearing oligosiloxane moieties show a ferroelectric smectic C* phase

in which the anomalous photovoltaic effect is observed.
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INTRODUCTION

Control of the self-organization of electro- and redox-active π-
conjugated units is indispensable to the design of organic functional
materials for electronic and optic applications. In particular, the
integration of these functional moieties in soft matrixes such as
polymers has great potential for use in flexible, lightweight devices.1

The self-organization of π-conjugated units in the liquid crystal
phase enhances carrier transport properties. Liquid-crystalline (LC)
semiconductors, including columnar, smectic and nematic com-
pounds, have been studied by European and Japanese researchers.2–5

In the LC phases, electronic charge carriers are transported by the
hopping mechanism, although band-like conduction has been
reported in ordered smectic phases.6,7 In addition to basic research,
the application of these materials to electronic devices, such as light
emitting diodes,8 field-effect transistors9 and solar cells,10,11 has been
studied. The self-organization of π-conjugated units also affects the
electronic properties of organo-gels12–15 and conductive polymers.16–18

Unlike organic crystals and amorphous solids, supramolecular
structures can be constructed in liquid crystal phases using nanose-
gregation between immiscible moieties built into LC molecules.19

Kato and coworkers reported one- and two-dimensional ionic
conduction in nanosegregated supramolecular liquid crystals.20

Rod-like LC molecules bearing polar oligoethylene oxide chains
form two-dimensional LC superstructures in which a liquid-like,
ion-conductive mantle of oligoethylene oxide chains are separated by

inactive sublayers consisting of rigid core moieties. Gallic acid
derivatives bearing long alkyl chains and an imidazolium moiety
assemble into one-dimensional columnar aggregates in the LC phases,
resulting in one-dimensional ionic transport.21

For LC electro-active materials, LC π-conjugated molecules bearing
immiscible moieties possess the remarkable feature in which nanos-
tructures can be constructed by nanosegregation.22 Polycatenar oli-
gothiophene derivatives demonstrate nanosegregated smectic, columnar,
micellar cubic phases depending upon the volume balance between the
aromatic and alkyl units.23 Oligoithiophene bearing lateral hydrophilic
substituents forms various supramolecular LC structures.24 Figure 1
displays an example of the functionalization of π-conjugated LC
materials based on nanosegregation. Phenylterthiophene derivatives
bearing an imidazolium unit exhibit nanosegregated smectic phases in
which hole-transporting redox-active layers and ion-conductive layers
are integrated separately.25,26 As shown in Figure 1, the DC bias
application induces the formation of an electrical double layer that
promotes hole injection from the anode to the redox active layers. This
coupling of the electronic function of the π-conjugated units with the
ionic conductivity causes anodic oxidation, resulting in electrochromism
without an electrolyte solution. Nanosegregated LC structures can
integrate molecular functions, resulting in multifunctional materials in
which electronic properties cooperate with other characteristics. In this
article, the recent results on the electronic functions of π-conjugated LC
materials based on nanosegregated dynamic structures are reviewed.
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NANOSEGREGATED COLUMNAR PHASES OF PERYLENE

BISIMIDE DERIVATIVES BEARING OLIGOSILOXANE CHAINS

In general, organic compounds comprised of extended π-conjugated
systems exhibit high crystallinity that results in low solubility
in organic solvents. This property makes it difficult to purify
the materials by column chromatography and recrystallization.
The melting points of these materials are sometimes higher than
their decomposition temperatures, and the thin film preparations
are difficult both by vacuum and solution processes. For liquid
crystal materials, we sometimes encounter difficulties in capillary-
filling of the sample into a liquid crystal cell or in the production of
thin films using a spin-coating method.27

In the field of organic electronics, the introduction of alkyl chains to
extended π-conjugated units is recognized as an effective method to
improve the processability of organic semiconductors, including
molecular crystals and conjugated polymers. Although alkyl chains
increase the solubility of the organic semiconductor molecules due to
their thermal motion,27 they also promote self-organization of the
organic molecules. This tendency is remarkable in π-conjugated
polymers.28 However, the introduction of alkyl chains is not sufficient
to increase the solubilities of organic semiconductors based on large
π-conjugated moieties, which are favorable for efficient charge carrier
transport and visible light absorption. The introduction of excessive
alkyl chains or bulky moieties often inhibit supramolecular packing of
π-conjugated systems, resulting in low carrier mobility.
Therefore, we have given higher consideration to oligosiloxane

chains. Cage-shaped silsesquoxane has been used as a integrating unit
in dendric LC oligomers.29 Linear oligosiloxane chains, such as
1,1,1,3,3,5,5-heptamethyl-2,4-trisiloxane and 1,1,1,3,3-pentamethyl-2-
disiloxane, were introduced to the terminals of the alkyl side chains
of rod-like LC molecules.30 Compared with alkyl chains, which
have a tendency to form an all-trans conformation, oligosiloxane
chains consist of Si–O bonds with longer bond lengths than C–C
bonds and low rotational potentials, resulting in their remarkable
thermal motion. However, layer structures of smectic phases are
thermodynamically stabilized by the effects of oligosiloxane chain
nanosegregation.30 In de Vries type ferroelectric liquid crystals, a
temperature-independent layer spacing of the ferroelectric LC
phase has been reported.31 Only one example of columnar liquid
crystals of triphenylene derivatives bearing six oligosiloxane chains has
been reported.32 For side chain polymers, high hole mobility was
observed in a nanosegregated smectic phase in which rigid side chain
mesogenic terthiophene units and liquid-like polysiloxane chains were
microscopically separated.33

Perylene tetracarboxylic bisimide (PTCBI) derivatives are typical
n-type organic semiconductors.34 To increase the solubility and
control the aggregation states of the π-conjugated units, various
alkylated derivatives have been synthesized. PTCBI derivatives bearing
branched alkyl chains were reported by Langhals and coworkers.35

Würthner and coworkers synthesized LC PTCBI derivatives bearing 4
or 6 alkyl chains.36 Supramolecular aggregations of PTCBI derivatives
based on hydrogen-bonding have also been reported.37 In this study,
we synthesized LC PTCBI derivatives bearing oligosiloxane moieties at
the terminal positions of the alkyl side chains.
The LC PTCBI derivatives bearing four oligosiloxane moieties were

synthesized by the hydrosilylation reaction between PTCBI derivatives
bearing alkenyl side chains and hydrooligosiloxane in the presence
of Karstedt’s catalyst. Column chromatography and repeated
re-precipitation gave sufficiently pure samples in good yields.38,39

These LC PTCBI derivatives bearing oligosiloxane chains exhibit
columnar phases at room temperature. The phase transition properties
are summarized in Figure 2. Although PTCBI derivative 1 bearing
trisiloxane chains exhibits a hexagonal columnar disordered phase,
compounds 2 and 3 bearing disiloxane chains exhibit the hexagonal
and rectangular ordered columnar phases.38,39 Compound 4, which
bears longer alkyl spacers, exhibits a disordered columnar phase. The
most prominent feature of these columnar phases is the interdigitation
of the oligosiloxane chains. Figure 3a displays the X-ray diffraction
patterns of the hexagonal columnar phases of compounds 1 and 2. In
the hexagonal phases, the lattice constants were 24.8 for compound 1
and 22.2 for compound 2. These values are shorter than the molecular
lengths (36 and 32 Å for compounds 1 and 2, respectively). Figure 3b
shows a schematic illustration of the hexagonal columnar phase of
compound 2. These results indicate that the oligosiloxane chains
interdigitate to stabilize the columnar aggregates due to the attractive
interaction between the oligosiloxane moieties, as shown in Figure 3b.
In other words, nanosegregation between rigid aromatic cores and
liquid-like oligosiloxane moieties should be a driving force of the
formation of the columnar aggregates.39

These compounds are soluble in organic solvents except for
alcohols. Notably, they are soluble in non-polar n-hexane and
cyclohexane. The solubility of compound 2 exceeds 30 wt% in toluene.
LC thin films of these compounds can be produced by a spin-coating
method. The thickness of the thin films can be controlled between
1 μm and several tens of nm by varying the concentration and the
rotation speed. In the spin-coated thin films, the columnar aggregates
align parallel to the surface of the substrate, whereas in sandwich-type
samples, the columnar aggregates sometimes stand perpendicular to

Figure 1 Schematic illustration of electrochromism in the nanosegregated smectic phase of a phenylterthiophene derivative bearing an imidazolium moiety.
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the substrate surface. Uniaxially aligned thin films can be produced
using the friction transfer method.39 The columnar phases of
compound 2 are thermodynamically stable, and columnar aggregates
in the thin film states do not crystallize.

The electron mobilities in the columnar phases were determined by a
time-of-flight method. The electron mobility exceeded 0.1 cm2 V− 1 s− 1

in the rectangular ordered columnar phase of compound 2 at room
temperature.39 In the rectangular ordered columnar phase, the

Figure 2 Phase transition behavior of the LC PTCBI derivatives. Colho, Colhd, and Colro denote columnar hexagonal ordered, columnar hexagonal disordered
and columnar rectangular ordered phases, respectively.
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Figure 3 (a) X-ray diffraction pattern of the hexagonal columnar phases of compound 1 at 27 °C and compound 2 at 60 °C. (b) Schematic illustration of the
hexagonal columnar phases of compounds 1 and 2.
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molecular position presents a periodical order within the columnar
aggregates, and the intermolecular distance is 3.48 Å, which is a typical
π–π stacking distance. These large intermolecular π-orbital overlaps
should contribute to the efficient electron transport in the columnar
aggregates in the LC phase of compound 2. The hole and electron
mobilities in the ordered columnar phases of hexaalkyloxytriphenylene
derivatives are on the order of 10− 2 cm2V− 1s− 1. The electron
mobilities in the ordered columnar phases of these LC PTCBI
derivatives bearing disiloxane chains are higher than those of the
ordered columnar phases of hexaalkoxytriphenylene derivatives.
The electron transport mechanism is discussed in section 4.
It should be noted that the PTCBI derivative 5 bearing branched

trisiloxane moieties also exhibits the rectangular columnar ordered
phase.40 In the presence of the bulky, branched trisiloxane units, a
periodical order of the molecular position within the columnar
aggregates based on π–π stacking was observed in the ordered
columnar phase of compound 5. In terms of the closed molecular
packing within the columnar aggregates, the electron mobility
exceeded 0.1 cm2 V− 1 s− 1 at the elevated temperature.

IN SITU POLYMERIZATION OF PTCBI DERIVATIVES BEARING

CYCLOTETRASILOXANE RINGS

Side chains of conventional LC molecules, including rod-like and
disk-like mesogens, have mainly consisted of linear alkyl groups,
although branched alkyl chains are sometimes used. An exception of
liquid crystals bearing crown ether moieties as either core or side chain
components have been reported.41,42

The classical description of the role of side chains in LC molecules is
that their thermal motion moderately weakens the strong interactions
between rigid core moieties to induce mesophases. Considering the
aspect of molecular motion, Ohta and coworkers designed ‘flying seed’
LC molecules to verify that mesophases can be induced by the thermal
motion of bulky units other than alkyl chains.43 We have given
consideration to another aspect of the role of the side chains.

As mentioned in the former section, nanosegregation is a main
driving force of the formation of columnar LC phases of the PTCBI
derivatives bearing oligosiloxane moieties.39 This nanosegregation
should be caused not only by linear oligosiloxane chains.
We synthesized PTCBI derivatives bearing cyclotetrasiloxane

rings, which are bulkier than linear oligosiloxane chains. By
the hydrosilylation reaction between commercially available
1,1,3,3,5,5,7-heptamethyl-2,4,6,8-cyclotetrasiloxane and PTCBI
derivatives bearing alkenyl chains, compounds 6–8 were obtained in
good yields.44,45

The phase transition behaviors of PTCBI derivatives 6–8 are
summarized in Figure 4. Compound 7 exhibits monotropic columnar
phases and the LC phases crystallizes immediately. In contrast,
compound 8 exhibits a metastable hexagonal columnar phase that
changes to a thermodynamically stable rectangular columnar phase at
room temperature in a couple of months. In these columnar
phases, the periodical order of the molecular position does not exist
within the columnar aggregates, and these LC phases are assigned to
hexagonal and rectangular columnar disordered phases. The bulky
cyclotetrasiloxane rings should inhibit close packing of π-conjugated
cores. However, the electron mobility exceeds 0.1 cm2 V− 1 s− 1 in the
disordered columnar phase of compound 8 at room temperature.
Compound 8 is also soluble in various organic solvents, and thin films
can be prepared by the spin-coating method. These deposited thin
films have thicknesses of several hundred nm and are in the hexagonal
columnar ordered phase, which is stable over several months.
Next, the in situ polymerization of the LC phase of compound 8

was investigated. Cyclotetrasiloxane moieties polymerized in the
presence of an acidic or basic catalyst through the ring-opening
mechanism. Compound 8 has four reactive sites, and due to the action
of an acid or base, it forms only insoluble precipitates in the solution
state. In the hexagonal columnar phase of compound 8, the lattice
constant is much shorter than the extended molecular length,
indicating interdigitation between the cyclotetrasiloxane rings.

Figure 4 Phase transition behaviors of LC PTCBI derivatives bearing cyclotetrasiloxane rings.
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Due to the nanosegregation between the π-conjugated cores and side
chains, the electron-conductive, one-dimensional π-stacks are
surrounded by a polymerizable mantle in the columnar phase.
This nanosegregated structure indicates that efficient ring-opening
polymerization is possible in the LC thin film state when an acidic or
basic catalyst is properly introduced into the thin films.45

We found that the exposure of the LC thin film to the vapors of
trifluoromethanesulfonic acid is effective for the in situ polymerization
of the LC thin films of compound 8, as shown in Figure 5. By
spin-coating a toluene solution of compound 8 onto glass substrates,
LC thin films with a thickness of 200 nm were produced. A small glass
tube containing a few drops of trifluoromethanesufonic acid was
placed in a Petri dish and covered with another dish. The dish was left
in an oven at 70 °C for 30 min, during which time the volume of the
Petri dish was saturated with the vapors of the acid. A spin-coated thin
film was placed in the dish, which was capped with another dish.
The capped dish was placed in the oven at 70 °C for 30 min, during
which time the spin-coated thin film was insolubilized by the acid
vapor-induced ring-opening polymerization.45

As shown in Figure 5, the optical textures of the thin films did not
change during the polymerization process, indicating the retention
of the columnar structures. The X-ray diffraction patterns, IR
transmission spectra and surface morphology observation by atomic
force microscopy indicate the presence of columnar structures in the
polymerized thin films of compound 8.
When non-treated substrates are used, the columnar aggregates

align parallel to the surfaces of the thin films. Uniaxially aligned thin
films can be produced by the friction transfer method. The polarized
absorption spectrum of the uniaxially aligned thin film reveals a
dichroic ratio larger than 5:1 before polymerization. After the
polymerization, the dichroic ratio decreases to 1:3, indicating an
increase in the structural disorder. However, the optical anisotropy is
retained during the polymerization.45

ELECTRON TRANSPORT CHARACTERISTICS IN

NANOSEGREGATED COLUMNAR PHASES OF LC PTCBI

DERIVATIVES

The time-of-flight measurement reveals the hopping nature of the
electron transport process in the nanosegregated columnar phases of
compounds 1 and 2.46 The charge carrier mobility determined by the
time-of-flight method is a drift mobility affected by disorder and
defects.47 The measurement of the carrier mobility over wide ranges of
temperatures and fields can provide information on the carrier
transport mechanism in organic semiconductors. Conventional LC
semiconductors exhibit LC phases within narrow, elevated
temperature ranges. The carrier transport characteristics of the
columnar ordered phases of LC triphenylene dimers,48 terthiophene6

and phenylterthiophene7 derivatives were studied over wide tempera-
ture ranges. In contrast to alkyl-substituted LC semiconductors with
rigid structures, the electron transport processes in the nanosegregated
columnar phases of oligosiloxane-substituted PTCBI derivatives are
affected by the dynamic softness of the columnar aggregates.
Figures 6a and b exhibits transient photocurrent curves for electrons

in the disordered and ordered columnar phases of compounds 1 and 2
at room temperature. In the disordered columnar phase of compound
1, transient photocurrents are slightly dispersive and the electron
mobility, which is temperature- and field-dependent, is ~ 1× 10− 4

cm2 V− 1 s− 1. In contrast, completely non-dispersive transient
photocurrent curves are observed for electrons in the ordered
columnar phase of compound 2, and the electron mobility at room
temperature exceeds 0.1 cm2 V− 1 s− 1. At approximately room
temperature, the electron mobility is independent of the electric field
and the temperature.
Figure 6c demonstrates the electron mobility of compounds 1 and 2

as a function of temperature. The electron mobility in the disordered
columnar phase of compound 1 decreases with decreasing
temperature, indicating the hopping transport of electrons. For the
ordered columnar phase of compound 2, the temperature range is

Ring-opening 
polymerization

Nanosegregation, polymerization

Electron transport

100 μm 100 μm

Figure 5 (a) Schematic illustration of the acid-vapor-induced in situ ring-opening polymerization of compound 8 in the thin film state. (b) Polarizing optical
micrographs of as-deposited and polymerized thin films deposited onto non-treated substrates.
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divided into three parts. Below 0 °C, the electron mobility decreases
with decreasing electric field strengths and temperatures. The field
dependence of the electron mobility increases with decreasing
temperature. This characteristic is typical of hopping transport, which
is affected by energetic disorder. The dependence on the electric field
and the temperature can be described by the Gaussian disorder model,
which has been used for the analysis of carrier transport characteristics
in organic amorphous semiconductors.47

The field- and temperature-dependence of the electron mobility was
analyzed based on a one-dimensional disorder model.48 In this model,
carrier mobility μ is described by equation (1), where T is the
temperature, F is the electric field, σ is the energetic disorder, Σ is the
positional disorder and C is a constant. The energetic disorder s
indicates the width of the Gaussian distribution of LUMO levels of the
PTCBI cores, and μ0 is a pre-exponential parameter corresponding to
the upper limit of the electron mobility without disorder.

m ¼ m0exp � 0:9
s

kBT

� �2" #
exp C

s
kBT

� S
� � ffiffiffi

F
p� �

ð1Þ

The fitting result afforded σ= 43 meV and μ0= 1.2 cm2 V− 1 s− 1.
The energetic disorder in the ordered columnar phase of compound 2
is comparable to those of the ordered smectic phases of LC
terthiophene derivatives and the ordered columnar phase of a
triphenylene dimer despite the presence of the bulky, thermally
mobile oligosiloxane moieties. The factor μ0 in 2 is one order

magnitude larger than μ0 in the ordered columnar phase of the
triphenylene dimer and is comparable to the values of μ0 in the
ordered smectic phases of terthiophene derivatives.
Above 50 °C, the electron mobility decreases with increasing

temperatures. This pattern could be attributed to thermal fluctuation
of the columnar aggregates. The charge carrier mobility is determined
by the intermolecular π-orbital overlap.49 Figure 6d displays a
diffraction peak of ~ 25° in the ordered columnar phase of compound
2 at various temperatures. This peak is attributed to the π–π stacking
distance within the columnar aggregates. With an increase in the
temperature, the diffraction angle decreases, indicating an increase in
the π–π stacking distance within the columnar aggregates. In
this temperature range, the increase in the temperature results
in the decrease of intermolecular π-orbital overlaps, which lowers
the electron mobility.39,46

Between 0 °C and 50 °C, the thermal fluctuation effect should be
canceled by the thermal activation process, resulting in field- and
temperature-independent mobility. This result was observed in the
band conduction of molecular crystals and the ordered smectic phase
of phenylterthiophene.7 However, the electron transport mechanism
in this ordered columnar phase is hopping transport in a disordered
system, but not band-like transport because the independence of
the electron mobility should be attributed to the balance between the
thermal activation effect that occurs in electron hopping and
the thermal fluctuation of the columnar aggregates.

Figure 6 Transient photocurrent curves for electrons in the columnar phase of (a) compounds 1 and (b) 2 at room temperature. The sample thicknesses were
15 μm for compound 1 and 25 μm for compound 2. (c) Electron mobility in the columnar phase as a function of temperature. (d) X-ray diffraction patterns
derived from π–π stacking in the columnar aggregates of compound 2 at various temperatures.
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A crystal-like π-stacking structure is indispensable to the efficient
transport of electronic charge carriers. In the ordered columnar phase,
high electron mobility is achieved despite the presence of the
oligosiloxane moieties, which are bulky compared with alkyl chains.
In the ordered columnar phase, a core-shell structure in which
crystal-like, one-dimensional π-stacks are surrounded by a
liquid-like oligosiloxane mantle should contribute to the high electron
mobility and the softness of the material. In other words, these
columnar phases can be regarded as bundles of one-dimensional
conductive nanowires surrounded by liquid-like, insulating cladding
tubes. Compounds 1–5 are waxy at room temperature after melting,
although red powders can be obtained by reprecipitation of com-
pounds 2 and 5 in methanol. It is surprising that high electron
mobilities that are comparable to those in molecular crystals are
observed in such waxy substances.

COUPLING BETWEEN ELECTRONIC FUNCTIONS AND POLAR

MOIETIES IN THE NANOSEGREGATED LC PHASES

The π-conjugated LC molecules bearing oligosiloxane moieties as well
as a polar moiety also form nanosegregated LC phases in which the
electronic properties can couple with the polar groups to produce new
functions.
In redox-active materials, efficient ionic transport and electronic

charge transport between π-conjugated chromophores are necessary.
The microscopic separation between ion-conductive and
electron-transporting domains should be effective for this purpose.
We synthesized the PTCBI derivative 9 bearing oligosiloxane moieties
as well as a triethylene oxide chain, which coordinates to metal ions, as
shown in Figure 7.50 The oligosiloxane moieties do not only increase
the solubilities of these compounds due to their thermal motion

but also promotes the formation of soft, ordered structures due to
nanosegregation.
As shown in Figure 8a, compound 9 exhibits a dimeric lamellar LC

phase due to the interaction between hydrophilic triethylene oxide
chains, which is in contrast to the monomeric LC phases of symmetric
PTCBI derivatives bearing four oligosiloxane moieties. The lamellar LC
phase is thermodynamically stable below 170 °C and does not crystal-
lize when cooled to − 100 °C. The layer spacing determined from the
X-ray diffraction pattern is longer than the extended molecular length
of compound 9 but shorter than double of that length. This result
indicates that the triethylene oxide chains interdigitate. In the lamellar
phase, the electron mobility, which is dependent on the electric field, is
1× 10− 3 cm2 V− 1 s− 1 at 105 V cm− 1 although the carrier mobilities
are field-independent in the smectic and columnar phases of conven-
tional LC semiconductors. The strong dipole moment of the triethylene
oxide chains should broaden the width of the density of states of the π-
conjugated PTCBI cores, resulting in the dependence of the electron
mobility on the electric field.50

Compound 9 can be mixed with lithium triflate at a concentration
of 3 mol%. In the dimeric lamellar phase of compound 9,
hydrophobic electron-conductive sublayers consisting of π-conjugated
PTCBI cores and hydrophilic ion-conductive sublayers formed by
polar triethylene oxide chains are laminated alternately. Lithium
triflate can penetrate into the hydrophilic sublayers, interacting with
the triethylene oxide chains. In the smectic phase of compound 9
containing lithium triflate, the electron mobility at room temperature
decreases to 5× 10− 4 cm2 V− 1 s− 1 at 105 V cm− 1. This decrease in
the electron mobility suggests the presence of Coulomb interactions
between electrons and ions. Compound 9 can exist as a LC mixed
conductor, which can transport electrons as well as ions.50

Figure 7 Phase transition behaviors of π-conjugated liquid crystals bearing polar moieties. SmC*, chiral smectic C phase; SmF*, chiral smectic F phase;
SmG*, chiral smectic G phase.
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The phase transition behaviors of the fluorophenylterthiophene
derivatives 10–12 bearing oligosiloxane moieties are displayed in
Figure 7. These compounds exhibit a ferroelectric smectic C*
(SmC*) phase. It should be noted that the fluorophenyl terthiophene
derivatives bearing a bulky cyclotetrasiloxane ring also exhibit the
enantiotropic SmC* phase.51,52

In the ferroelectric SmC* phase of compounds 10–12, the carrier
transport property derived from the lamellar aggregation of the
π-conjugated phenylterthiophene units couples with the internal
electric field produced by the ferroelectric spontaneous polarization,
thereby causing the anomalous photovoltaic effect.51,52 In the
conventional photovoltaic effect, the internal electric field is formed
by the p–n junction. Figure 8b displays a schematic illustration of
anomalous photovoltaic effect in the ferroelectric SmC* phase. Before
illumination with light, the biased application of DC produces an
internal field that is retained after the removal of the external DC bias.
In the anomalous photovoltaic effect, this internal electric field
contributes to the dissociation of the photogenerated excitons, the
transport of the holes, and the electrons to the anode and cathode. The
polarity of the photovoltaic effect can be inverted by changing the
polarity of the DC bias before illumination with light. Compared with
the weak built-in potential based on p–n junctions, strong internal
fields can be generated in ferroelectric materials. Compounds 10–12
are able to function as ferroelectric semiconductors, which have the
potential for use as new types of photovoltaic devices.

CONCLUSION

Conventional LC materials have alkyl chains that cause softness due to
their thermal motion. The oligosiloxane moieties are bulky and have a
tendency to form liquid-like conformations because of the low
rotation potential of Si–O bonds. However, the oligosiloxane moieties
promote nanosegregation between side chains and π-conjugated cores,
which is a main driving force of the appearance of the LC phases.
In the columnar phases of the PTCBI derivatives bearing the
oligosiloxane moieties, crystal-like π-stacks are surrounded by a
liquid-like mantle consisting of the oligosiloxane moieties, which
results in efficient electron transport, the appearance of LC phases at
room temperature, and high solubilities in organic solvents. Even the
PTCBI derivatives bearing polymerizable cyclotetrasiloxane rings
exhibit LC phases at room temperature. Moreover, the thin films of
the LC PTCBI derivatives with cyclotetrasiloxane rings can polymerize

and be made insoluble by exposure to trifluoromethane sulfonic
acid vapors. PTCBI derivatives bearing oligosiloxane moieties and
a triethylene oxide chain coordinating to an ionic species exhibit a
dimeric LC phase in which ion-conductive sublayers and electron-
transporting π-stacks are separately self-organized. Phenylterthiophene
derivatives bearing oligosiloxane moieties exhibit a ferroelectric SmC*
phase in which the anomalous photovoltaic effect is observed.
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