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Abstract

Perylene bisimide derivatives are typical n-type semiconductors as well as redox-active
materials. However, it has been difficult to produce thin films by solution processes
because of their low solubilities in organic solvents. Perylene bisimide derivatives bearing
oligosiloxane moieties exhibit columnar phases over wide temperature ranges, including
room temperature and high solubilities in organic solvents. The columnar phases are
stabilized by nanosegregation between crystal-like one-dimensional π-stacks and liquid-
like mantle consisting of oligosiloxane moieties. The electron mobility at room temperature
exceeded 0.1 cm2V−1s−1 in the ordered columnar phases of perylene bisimide derivatives
bearing four disiloxane chains. Uniaxially aligned thin films of the perylene bisimide
derivatives bearing oligosiloxane moieties could be produced by a spin-coating method.
The spin-coated films of the perylene bisimide derivatives bearing cyclotetrasiloxane rings
could be insolubilized via in situ ring-opening polymerization by the exposure of the thin
films to trifluoromethanesulfonic acid vapors. Uniaxially aligned thin films of perylene
bisimide derivatives bearing an ethylene oxide chain as well as cyclotetrasiloxane rings
could be doped in an aqueous solution of sodium dithionate, resulting in an anisotropic
electrical conductivity. Polymerized thin films of perylene bisimide derivatives bearing
a crown ether ring exhibited electrochromism in electrolyte solutions. These compounds
formed 1:1 complexes with lithium triflate, exhibiting columnar phases at room temperature.
The nanostructures of the complexes were stabilized by the electrostatic interaction between
cationic crown-metal units and triflate anions.

Keywords: liquid crystal; perylene bisimide; electron transport; redox activity; waxy
material; interstitial doping; electrochromism; alkaline crown complex

1. Introduction
Liquid crystals comprising extended π-conjugated units are known as liquid crystalline

semiconductors [1–5]. High charge carrier mobilities exceeding 0.1 cm2V−1s−1 have been
observed in ordered smectic and columnar phases [6,7]. Temperature-independent charge
carrier mobility over a wide temperature range was confirmed, indicating a band-like
conduction [8]. Applications to field-effect transistors, light-emitting diodes, and solar cells
have been investigated, aimed at solution-processable and flexible devices [9–17].
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In the design of liquid crystalline semiconductors, extension of the π-conjugated core
is indispensable for efficient carrier transport and red-shift in absorption bands. However,
extension of π-conjugated units causes severe problems with decreased solubilities in
organic solvents and increased phase transition temperatures due to strong π-π interaction.
One approach is the selection of convenient side chains that retain the materials’ solubilities
but do not perturb π-orbital overlaps at the same time.

Side chains of liquid crystal molecules play significant roles in the appearance of
mesophases. Thermal motion of the side chains of liquid crystal molecules inhibits the ag-
gregation of the molecules moderately, assisting the formation of fluidic and soft phases [18].
On the other hand, flexible side chains aggregate each other and promote nanosegrega-
tion from rigid core moieties to form lamellar, columnar, and network supramolecular
assemblies [19–23].

Typical side chains are linear alkyl chains. Branched alkyl chains are sometimes used
for liquid crystal materials with low phase transition temperatures and high solubilities
in organic solvents [18]. Oligoethylene oxide chains are also used as hydrophilic units for
liquid crystals with electrochemical functions. Oligoethylene oxide chains take a liquid-
like disordered conformation, compared to alkyl chains [24–26]. Bulky side chains are
effective in increasing the solubility and lowering the phase transition temperature of the
LC materials. However, bulky substituents usually inhibit intermolecular aggregation of
the π-conjugated units to perturb the efficient intermolecular charge transfer.

We have paid attention to oligosiloxane moieties as a convenient side chain. Oligosilox-
ane side chains have been utilized for side chains of conjugated polymers, promoting
crystallization of the π-conjugated chains [27–29]. Ferroelectric liquid crystals bearing
oligosiloxane chains exhibited the de Vries type chiral smectic C phase [30–32]. However,
the examples of oligosiloxane units used for the side chains of columnar phases were very
limited [33]. Si-O bond length is longer than C-C bond length, and the rotation potential
around a Si-O bond is lower than that around a C-C bond [34,35]. Oligosiloxane side
chains take a liquid-like disordered conformation, similarly to oligoethylene oxide chains;
however, unlike hydrophilic oligoethylene oxide chains, they are hydrophobic. They are
bulkier than alkyl chains, although nanosegregation between oligosiloxane moieties and
rigid cores promotes the formation of smectic and columnar phases, which are favorable
for efficient charge carrier transport [36]. In this article, we review a few recent topics
of liquid crystalline perylene bisimide derivatives bearing oligosiloxane moieties with
softness, efficient electron transport properties, and redox activities.

2. Liquid Crystalline Perylene Bisimide Bearing Oligosiloxane Units
2.1. Oligosiloxane Moiety as a Side Chain Unit and Perylene Bisimide as a Functional Unit

Only a few researchers have synthesized ferroelectric liquid crystals bearing 1,1,1,3,3-
pentamethyldisiloxane and 1,1,1,3,3,5,5-heptamethyltrisiloxane chains [30–32]. The
oligosiloxane-introduced liquid crystals tend to exhibit a thermodynamically stable
smectic phase, due to nanosegregation of the oligosiloxane moieties from rigid core
units. However, only one report on triphenylene derivatives bearing oligosiloxane
chains concerning a columnar liquid crystal has been published [33]. A 1,3,3,5,5,7,7-
heptamethylcyclotetrasiloxane ring has yet to be studied as a side chain of liquid crys-
tal materials.

Perylene bisimide is a typical pigment that shows various colors depending upon the
aggregation of the π-conjugated units [37–40]. Alkylated perylene bisimide derivatives are
used as n-type organic semiconductors. Vacuum-deposited thin films of dialkylperylene
bisimide derivatives were applied to field-effect transistors [41]. Because of low solubility
and inferior processability, thin-film deposition using solution processes is usually difficult.
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Oligosiloxane-functionalized perylene bisimide could be synthesized by a hydrosilyla-
tion reaction catalyzed by the Karstedt catalyst in good yields [42]. In contrast to conven-
tional perylene bisimide derivatives, the oligosiloxane-introduced perylene bisimide deriva-
tives were highly soluble in organic solvents, such as n-hexane, ether, dichloromethane,
acetone, and so on, although they are insoluble in methanol and ethanol. They exhibited
columnar phases over wide temperature ranges, including room temperature, and their
liquid crystalline thin films could be produced by a spin-coating method. Crude prod-
ucts obtained from the reaction mixtures were purified by column chromatography and
repeated reprecipitation from methanol [43,44].

2.2. Soft Columnar Phases of the Perylene Bisimide Derivatives Bearing Oligosiloxane Chains

Perylene bisimide derivatives bearing 1,1,1,3,3-pentamethyldisiloxane chains exhibited
ordered columnar phases at room temperature [45,46]. Compound 1 (Figure 1a) exhibited
a hexagonal ordered columnar phase between 138 ◦C and 47 ◦C, at which it transitioned
to a rectangular ordered columnar phase. Compound 1 exhibited a glass transition at
−56 ◦C and did not crystallize even when it was cooled to −100 ◦C. Figure 1b,c exhibit
the X-ray diffraction patterns of compound 1 at 30 ◦C and 70 ◦C, indicating rectangular
and hexagonal ordered columnar phases, respectively. The lattice constants estimated
from the diffraction pattern were 21.9 Å and 38.4 Å in the rectangular columnar phase
and 22.2 Å in the hexagonal columnar phase. These values are shorter than the molecular
size of compound 1, namely, 32 Å, with a fully extended conformation. A halo around
2θ ~ 15◦ indicated liquid-like packing of disiloxane chains. The wide-angle diffraction peak
at 2θ = 25◦ indicated a periodic π-π stacking structure within the columnar aggregates.
These results indicate that the disiloxane chains should interdigitate to form a core–shell
structure, in which one-dimensional crystal-like π-stacks were surrounded by liquid-like
siloxane mantle [46].

Figure 1. (a) Molecular structure of compound 1 and X-ray diffraction patterns of compound 1 at
(b) 30 ◦C and (c) 70 ◦C. Insets are schematics for supramolecular aggregation structures at 30 ◦C and
70 ◦C. Reproduced from [46], with permission from the Royal Society of Chemistry, 2012.

We synthesized fluorinated analog 2 bearing 1,1,1,3,3-pentamethyldisiloxane chains,
as shown in Figure 2a [47]. Figure 2b exhibits an X-ray diffraction pattern of compound 2
at room temperature. Compound 2 also exhibited a hexagonal ordered columnar phase
at room temperature. The lattice constant was 22.0 Å in the hexagonal columnar phase.
This value was shorter than the molecular size of compound 2 with a fully extended
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conformation. A halo around 2θ ~ 15◦ was also observed, indicating liquid-like packing
of disiloxane chains. The wide-angle diffraction peak at 2θ = 25◦ indicated a periodic π-π
stacking structure within the columnar aggregates. As compound 1, a core–shell structure
in which one-dimensional crystal-like π-stacks were surrounded by a liquid-like siloxane
mantle in the columnar phase of compound 2.

Figure 2. (a) Molecular structures of compounds 2 and 3. (b) X-ray diffraction pattern of compound 2
at room temperature. (c) The appearance of compound 2, illuminated by UV light at room temperature.
Reproduced from [47], with permission from Elsevier, 2024.

The appearance of the rectangular columnar phase of compound 1 at room tem-
perature was a fine red powder when the material was precipitated in methanol. After
melting the red powder and cooling it to room temperature, red soft solids that could
be pressed by a spatula were obtained, but they could not be deformed like clay. In con-
trast, the hexagonal ordered columnar phase of compound 2 at room temperature was
much softer than the rectangular ordered columnar phase of compound 1 at room tem-
perature. Compound 2 could be deformed by a spatula like clay, as shown in Figure 2c.
It should be noted that the ordered columnar structure based on π-stacks existed in the
hexagonal columnar phase of compound 2 at room temperature. Compound 3 bearing four
1,1,1,3,3,5,5-heptamethyltrisiloxane chains (Figure 2a) was also deformable at room tem-
perature. However, the columnar phase of compound 3 was a disordered columnar phase,
which did not have a periodical π-π stacking structure within the columnar aggregates [47].

2.3. Nanostructures of Perylene Bisimide and Difluoroperylene Bisimide Derivatives

Surface morphologies of spin-coated films of compounds 1 and 2 in the columnar
phases were studied by atomic force microscopy (AFM) [47]. Figure 3 shows height images
of the columnar phases of compounds 1 and 2. A spin-coated film of compound 1 had a
surface morphology with an uneven pattern with a periodicity of 500 ~ 700 nm. A stripe
pattern with a periodicity of around 50 ~ 100 nm was observed in each convex part with
a height of 6 ~ 9 nm, as shown in Figure 3a. The periodicity of the stripe patterns should
correspond to that of bundles of the columnar aggregates. The stripes bent at the center
of the convex parts at an angle of 18 degrees. This zig-zag bend should be related to the
structure of the rectangular columnar phase, in which the normal of the perylene bisimide
core is tilted from the columnar axis.
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Figure 3. AFM height images of the spin-coated thin films of (a) compound 1 and (b) compound 2.
Reproduced from [47], with permission from Elsevier, 2024.

In the spin-coated films of compound 2, stripe patterns on a nanometer scale observed
in the films of compound 1 were not formed. The surface morphology of thin films
of compound 2 was homogeneous, and any fine structures on a nanometer scale were
not observed on the film surface. However, some grooves were formed, as indicated in
Figure 3b. The depth and width of the grooves were around 1 nm and 100 nm, respectively.
The extraordinary softness of the columnar phase of compound 2 should be induced by
the formation of these characteristic nanogrooves. The nanogrooves should be related to
mesoscopic voids, which function as free volume for molecular motion.

2.4. Electron Transport in the Soft Columnar Phases of the Perylene Bisimide Derivatives

Measurements of temperature- and field-dependence of a charge carrier mobility over
wide temperature and field ranges are required for the determination of a carrier transport
mechanism in organic semiconductors. However, the mesomorphic temperature ranges of
liquid crystalline semiconductors are usually narrow for discussion on the carrier transport
mechanism. Therefore, the electron transport mechanism in liquid crystal phases has
not been discussed. Perylene bisimide derivatives bearing oligosiloxane moieties exhibit
exceptionally wide mesomorphic temperature ranges, and they are suitable for studies on
electron transport in the liquid crystal phases.

Efficient electron transport was confirmed in the columnar phases of compound 1
over a wide temperature range, including room temperature, by the time-of-flight (TOF)
technique [46,48,49]. Figure 4a shows transient photocurrent curves for electrons in the rect-
angular ordered columnar phase at room temperature. Non-dispersive transient photocur-
rents with plateaus lasting several µs indicated that photogenerated electrons moved with
constant velocities over 25 µm. The electron mobility was estimated to be 0.1 cm2V−1s−1 at
room temperature. This value was on the same order as aromatic molecular crystals such
as anthracene.

Figure 4b shows the electron mobility as a function of temperature. The high electron
mobility around 0.1 cm2V−1s−1 was retained between 10 ◦C and 50 ◦C, and it decreased
with the temperature above 50 ◦C, due to thermal fluctuation of the columnar aggregates.
Below 10 ◦C, the electron mobility decreased with the decrease in temperature. This behav-
ior should be attributed to a thermal excitation process from deep states to the transport
level in the density of states (DOS) in the electron hopping transport. From the temperature-
and field-dependence of the electron mobility, disorder parameters could be determined
based on the one-dimensional Gaussian disorder model [48]. Compound 3, bearing bulkier
trisiloxane chains, exhibited two orders of magnitude lower electron mobility than that of
compound 1 because the mesophase of compound 3 was a hexagonal disordered phase [45].
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Figure 4. (a) Transient photocurrent curves for electrons in the rectangular ordered columnar phase
of compound 1 at room temperature in a 25 µm thick cell. (b) Electron mobilities of compounds 1
(red) and 3 (light blue) as a function of temperature. Reproduced from [48], with permission from the
Royal Society of Chemistry, 2014.

In the hexagonal ordered columnar phase of compound 2, non-dispersive electron
transport was observed by the TOF method, as shown in Figure 5a [47]. The electron
mobility was 2 × 10−2 cm2V−1s−1 and depended weakly on the temperature. This value
was one order of magnitude lower than that in the ordered columnar phase of compound
1 and one order of magnitude higher than that in the disordered columnar phase of
compound 3 bearing four trisiloxane chains. Compound 2 had polar two C-F bonds, and
the disordered orientation of the polar bonds in the columnar aggregates should expand the
DOS for the electron transport, causing the weak temperature-dependence of the electron
mobility as shown in Figure 5b. However, intermolecular π-orbital overlap was retained in
the columnar phase, compared to the disordered columnar phase of compound 3.

Figure 5. (a) Transient photocurrent curves for electrons in the rectangular ordered columnar phase
of compound 2 at room temperature in a 15 µm thick cell. (b) Electron mobilities of compound 2 as a
function of temperature. Reproduced from [47], with permission from Elsevier, 2024.

It should be noted that the efficient electron transport proceeded in the soft columnar
phases of compounds 1 and 2. The efficient electron transport supports the presence of
the one-dimensional π-stacks within the columnar aggregates in these columnar phases
of compounds 1 and 2. In particular, compound 2 has exceptional softness. Structural
fluctuation is unfavorable for efficient electron transport. However, this soft columnar
structure should thermally anneal defects to inhibit the electron transport.

2.5. Polymerizable Perylene Bisimide Derivatives Bearing Cyclotetrasiloxane Moieties

The perylene bisimide moiety functions not only as an electroactive unit but also as a
redox-active site. To utilize a perylene bisimide unit for electrochemical materials, redox-
active perylene bisimide unit ion-conductive sites should be arranged on a nanometer
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scale. Moreover, polymerizable moieties are indispensable for the insolubilization of the
materials, because they are usually used in organic electrolyte solutions.

We have paid attention to cyclotetrasiloxane rings polymerizing via a ring-opening
mechanism. Moreover, the cyclotetrasiloxane ring is a bulky substituent to inhibit aggrega-
tion of π-conjugated cores and promote nanosegregation in the formation of liquid crystal
phases, although cyclotetrasiloxane rings have not been used as a side chain moiety.

We synthesized compound 4 bearing four 1,3,3,5,5,7,7-heptamethylcyclotetrasiloxane
rings, as shown in Figure 6a [50]. Compound 4 exhibited a hexagonal disordered columnar
phase below 72.3 ◦C. Figure 6b exhibits an X-ray diffraction pattern in the columnar phase
of compound 4 at room temperature. Similarly to compounds 1 and 2, the shorter lattice
constant than the molecular size indicated interdigitation of side chains to form a core–shell
structure in the columnar phase. The diffraction pattern lacked a peak derived from π-π
stacking of the perylene bisimide units around 25◦, indicating a disordered columnar phase,
which was unfavorable for efficient electron transport. However, the electron mobility in
the disordered columnar phase reached 0.1 cm2V−1s−1 at room temperature, as shown in
Figure 6c,d. Despite the bulkiness of a cyclotetrasiloxane ring and the absence of periodicity
within columnar aggregates, this high electron mobility indicated large π-orbital overlaps
in the columnar phase.

Figure 6. (a) Molecular structure of compound 4. (b) X-ray diffraction pattern of compound 4 at room
temperature. (c) Transient photocurrent curves for electrons at room temperature using a 25 µm thick
cell. (d) Electron mobility in the columnar phase of compound 4 at room temperature as a function of
the electric field. Reproduced from [49], with permission from the Royal Society of Chemistry, 2016.

Another characteristic feature of compound 4 is ring-opening polymerization cat-
alyzed by acid vapor in thin film states. Octamethyltetrasiloxane polymerizes in a solution
state in the presence of acidic or basic catalyst via a ring-opening mechanism. Compound 4
polymerized in organic solvents under acidic conditions to generate insoluble precipitates
because of the generation of network polymers. The polymerized products were insoluble
in organic solvents and could not be purified. Therefore, polymerized thin films could not
be deposited on substrates by a spin-coating or a solution-casting method.

However, compound 4 was soluble in various organic solvents except for alcohols, and
liquid crystalline thin films could be deposited by a spin-coating method. The spin-coated
film was insolubilized by exposure to trifluoromethanesulfonic acid vapors at 70 ◦C for
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5 min, as shown in Figure 7a [51]. The acid vapors should diffuse into the spin-coated film,
inducing ring-opening polymerization.

Figure 7. (a) Illustration of in situ acid-vapor-induced ring-opening polymerization in a thin film
state. Polarizing optical micrographic textures of a spin-coated film of compound 4 (b) before and
(c) after the in situ polymerization. AFM height images of spin-coated thin films of compound 4
(d) before and (e) after the in situ polymerization. Reproduced from [49], with permission from the
Royal Society of Chemistry, 2016.

As shown in Figure 7b,c, the polarizing micrographic textures of the thin film did not
change before and after polymerization, indicating the macroscopic molecular alignment
was retained during the in situ polymerization. However, fine structures of the thin film
on a nanometer scale could not be retained during the in situ polymerization process.
Figure 7d,e show the height images of the thin film of compound 3 before and after the in
situ polymerization. On the surface of the as-deposited film, terrace structures were ob-
served with a step height of 2.0 nm, which was comparable to the diameter of the columnar
aggregates of 2.4 nm. On the surface of the thin film after the in situ polymerization, only
ambiguous uneven structures were formed, indicating increased structural disorder of the
columnar aggregates by ring-opening of tetrasiloxane rings [51].

3. Perylene Bisimide Derivatives Bearing Oligoether Moieties as Well as
Oligosiloxane Units
3.1. Liquid Crystalline Perylene Bisimide Derivatives Bearing One Triethylene Oxide Chain

For combining the redox activity of perylene bisimide cores with ionic transport, we
synthesized perylene bisimide derivatives bearing hydrophilic triethylene oxide chains
and crown ether rings. Bart and coworkers have already reported mesomorphic perylene
bisimide derivatives bearing oligoethylene oxide chains and enhanced electrical conduc-
tion by doping metallic lithium. In our study, thin films of liquid crystalline perylene
bisimide could be produced by solution processes and insolubilized in thin film states.
Therefore, enhanced conductivity by doping in aqueous solution, anisotropic conductivity,
electrochromism, and ion selectivity could be achieved in thin film states.

First, we synthesized compound 5 bearing two disiloxane and one triethylene oxide
chains, as shown in Figure 8a [52]. Compound 5 exhibited a smectic phase with a layered
structure, unlike other perylene bisimide derivatives bearing four oligosiloxane moieties
exhibiting columnar phases. Compound 5 could be hybridized with lithium triflate (LiOTf)
up to 3 mol%, due to electrostatic interaction between triethylene oxide chains and lithium
cations, as indicated in the DSC thermograms in Figure 8b. In the presence of LiOTf with
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1 mol%, transient photocurrent curves were observed by the TOF measurement, although
the electron mobility decreased from 1 × 10−3 cm2V−1s−1 to 5 × 10−4 cm2V−1s−1.

Figure 8. (a) Molecular structure of compound 5. (b) DSC thermograms of compound 5 mixed with
LiOTf. Reproduced from [52], with permission from the Royal Society of Chemistry, 2013.

We also synthesized perylene bisimide derivatives 6 and 7 bearing two cyclotetrasilox-
ane rings as well as an alkyl chain or a triethylene oxide chain, as shown in Figure 9a [53].
These compounds exhibited columnar phases at room temperature. However, the nanos-
tructures of the columnar phases of these compounds were quite different. In the columnar
phase of compound 6 bearing an alkyl chain, perylene bisimide cores are stacked to form
one-dimensional electron transport paths (Figure 9b).

 

Figure 9. (a) Molecular structures of compounds 6 and 7. Schematics for supramolecular aggregation
in the columnar phases of (b) compound 6 and (c) compound 7. The areas with hatched with pink
color in the columnar aggregates indicate ion-conductive sublayers. Reproduced from [53], with
permission from the Royal Society of Chemistry, 2017.

In contrast, the columnar phase of the compound 7 chain had a dimeric structure
in which an ion-conductive sublayer as well as one-dimensional π-stacks were formed
within a columnar aggregate, due to hydrophilic interaction between triethylene oxide
chains (Figure 9c). These compounds were soluble in various organic solvents except
for alcohols, and thin films could be produced by a spin-coating method. On friction-
transferred substrates, uniaxially aligned thin films could be deposited [53].

3.2. Anisotropic Optical and Electronical Properties of Thin Films

A rubbing method using a polyimide alignment layer is effective to orient LC
molecules in a nematic and smectic A phases in one direction. However, it is generally
difficult to produce uniaxially aligned films of ordered smectic phases and columnar phases.

A friction transfer method is a kind of graphoepitaxy technique and is effective
to align conjugated polymers and phthalocyanine nanowires in a vacuum deposition
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process [54–56]. This method is also effective for producing uniaxially aligned columnar
LC thin films by the spin-coating method. In this method, a Teflon block is pressed on
a heated substrate over 150 ◦C, which moves in one direction. A solution of columnar
liquid crystal is spun on the substrate on which uniaxially aligned Teflon nanofibers
are adhered (Figure 10a). Figure 10b shows polarized UV-vis absorption spectra of as-
deposited uniaxially aligned films of compound 7. The absorption perpendicular to the
friction direction was fifteen times larger than that parallel to the friction direction. The
columnar axis was parallel to the friction direction, and the transition moments of perylene
bisimide cores were perpendicular to the columnar axis. The anisotropy in the absorption
was decreased to 4:1 in the polymerized film (Figure 10c). This decreased anisotropy should
be attributed to the increased structural disorder during the polymerization [53].

Figure 10. (a) Illustration of a friction transfer method for the production of uniaxially aligned
thin films. Polarized UV-Vis absorption spectra of uniaxially aligned thin films of compound 7 in
(b) the initial and (c) polymerized states. Red and black lines indicate the spectra polarized vertical
and parallel to the friction direction, respectively. Insets indicate polarizing optical micrographs
of uniaxially aligned spin-coated thin films of compound 7 before and after in situ polymerization.
Yellow arrows indicate the axes of polarizers. Reproduced from [53], with permission from the Royal
Society of Chemistry, 2017.

As shown in Figure 9c, it is noted that the ion-conductive sublayers are within the
columnar aggregates of compound 7. When a spin-coated film of compound 7 was dipped
in an aqueous solution of sodium dithionate, sodium cations and reductant dithionate
anions could penetrate into the thin film and dithionate anions reduced perylene bisimide
cores, changing the color of the thin film from red to blue-violet, as shown in Figure 11a.
In the polymerized thin films, the same color change was observed by the treatment with
sodium dithionate solution. This color change indicated the generation of dianions of
perylene bisimide units. On the other hand, a spin-coated film of compound 6 did not
indicate such a color change by the treatment of a sodium dithionate solution [53].

In the columnar phases of compounds 6 and 7, the TOF measurement revealed
the electron mobilities on the order of 10−2 and 10−3 cm2V−1s−1, respectively. An
anisotropic electrical conductivity was studied for uniaxially aligned doped thin films
of compounds 6 and 7. Under an inert gas atmosphere, the spin-coated film was dipped in
a sodium dithionate solution. The electrical conductivities along and perpendicular to the
columnar axis were determined, using substrates with patterned electrodes, as shown in
Figure 11b.
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Figure 11. (a) Photographs of non-doped and doped thin films of compounds 6 and 7. (b) The
patterned electrodes for the measurement of anisotropic electrical conductivity. Current–voltage
characteristics of the uniaxially aligned thin film of compound 7 (c) before and (d) after the in situ
polymerization. Reproduced from [53], with permission from the Royal Society of Chemistry, 2017.

In the case of the thin film of compound 7, the electrical conductivity along the
columnar axis was 1 × 10−10 S·cm−1 in a neutral state, but it increased to 3 × 10−4 S·cm−1

after dipping in the reductant solution. However, the conductivity of the thin film of
compound 6 indicated a little change from the order of 10−10 S·cm−1 to the order of
10−8 S·cm−1 by the treatment. The enhancement of the conductivity should be attributed
to the generation of anion radicals formed in perylene bisimide units. This behavior should
be an interstitial doping, in which the dopant ions are located within the ion-conductive
sublayers consisting of triethylene oxide chains [53].

Figure 11c shows current–voltage characteristics of the uniaxially aligned thin films
treated with sodium dithionate solution. The electrical conductivity parallel and perpen-
dicular to the columnar axis was 3 × 10−4 and 1 × 10−6 S·cm−1, respectively. Anisotropy
of the electrical conductivity should be attributed to the anisotropy of the electron mobility
in the columnar phase. This method was effective for polymerized uniaxially aligned films.
The electrical conductivity along the columnar axis for a doped film was 2 × 10−4 S·cm−1,
although the anisotropy of the conductivity decreased around 10 (Figure 11d) [53].

3.3. Perylene Bisimide Derivatives Bearing Crown Ether Rings

Compound 7 bearing one triethylene oxide chain was hybridized with LiOTf up to
5 mol%. To increase the concentration of alkaline metal salts in the LC perylene bisimide
derivatives, we synthesized perylene bisimide derivatives 8 and 9 bearing a crown ether
unit as well as cyclotetrasiloxane rings (Figure 12) [57,58]. Crown-ether-based liquid
crystals have been studied extensively by Laschat and coworkers [59]. However, their
crown-ether-based liquid crystals did not comprise electroactive groups.

 

Figure 12. Molecular structures of perylene bisimide derivatives bearing a crown ether ring.
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Compound 8 exhibited a rectangular ordered columnar phase at room temperature,
as shown in Figure 13a,b [57]. In the columnar phase, molecules of compound 8 stacked in
an antiparallel manner to form columnar aggregates, which were arranged in a rectangular
lattice. It is noted that a (001) diffraction peak indicating π-π stacking in the columnar
aggregates appeared despite the presence of bulky cyclotetrasiloxane and crown ether
rings. Figure 13c shows the phase transition temperature of compound 8 and its complex
with LiOTf and NaOTf as a function of the triflate concentration. The 1:1 mixture of
compound 8 with LiOTf, as well as NaOTf, exhibited a homogenous columnar phase at
room temperature, indicating the formation of a 1:1 complex, while compounds 5 and 7
bearing a triethylene oxide chain could not form 1:1 complexes. Electrostatic interaction
between crown-lithium or crown-sodium cations and triflate anions stabilized the 1:1
complex thermodynamically, resulting in the increased phase transition temperature of the
complex. For KOTf, a homogenous phase was not formed due to the segregation of KOTf.

Figure 13. (a) X-ray diffraction pattern of the columnar phase of compound 8 at 80 ◦C and
(b) schematic for the supramolecular structure of the columnar phase. (c) Phase transition tempera-
ture of the complexes of compound 8 with LiOTf and NaOTf, and mixtures of compounds 5 and 7
with LiOTf. Reproduced from [57], with permission from the Royal Society of Chemistry, 2022.

3.4. Nanostructures of Perylene Bisimide Derivatives Bearing a Crown Ether Ring

The spin-coated films of compound 8 and its complexes indicated characteristic nanos-
tructures [57]. The surface morphology of compound 8 itself exhibited flat domains with a
size of 1 ~ 2 µm without fine structures, as shown in Figure 14a. In the equimolar mixture
of compound 8 and KOTf, flat domains with a size of several µm were also exhibited
(Figure 14b). However, bending stripes were observed on the surface morphology of 1:1
complexes with LiOTf and NaOTf (Figure 14c,d). In the thin film of 1:1 complex with
LiOTf, the periodicity of the stripe pattern was 6 nm, which coincided with the lattice
constant of the complex. For the thin film of the complex with NaOTf, the periodicity was
21 nm, indicating the formation of bundles of columnar aggregates. In these complexes, the
electrostatic interaction between positively charged crown rings and triflate anions should
promote the formation of bundles of the columnar aggregates.

 

Figure 14. AFM height images of the spin-coated thin films of (a) compound 8 and (b) its equimolar
mixture of compound 8 and KOTf. The insets indicate surface height profiles along the black lines.
AFM phase images of 1:1 complexes of compound 8 with (c) LiOTf and (d) NaOTf. Reproduced
from [57], with permission from the Royal Society of Chemistry, 2022.
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Compound 9, having a smaller 12-crown-4 ring, also formed a 1:1 complex with
LiOTf, while it does not form a well-defined complex with NaOTf [58]. Compound 9
itself exhibited an extraordinarily linear periodic stripe structure over 1 µm on the surface
morphology (Figure 15a). In the surface morphology of the 1:1 complex with LiOTf, well-
defined bent stripes with a periodicity of 7 nm were formed (Figure 15b). However, the
periodic structure was ambiguous in the surface morphology of the equimolar mixture
with NaOTf, as shown in Figure 15c. In the case of LiOTf, the size of the lithium cation
matched the size of the 12-crown-4 ring to form stoichiometric 1:1 complexes, resulting in
the well-defined stripe structure in the surface morphology. In contrast, an equilibrium
mixture of non-coordinated compound 9 and the 1:1 and 1:2 complexes should be formed,
leading to the ambiguous nanostructure in the surface morphology.

Figure 15. AFM phase images and phase profiles along the white lines of the spin-coated films of
(a) compound 9, (b) 1:1 complex of compound 9 with LiOTf, and (c) equimolar mixture of compound
9 and NaOTf. Reproduced from [58], with permission from the Chemical Society of Japan, 2026.

Spin-coated thin films could be insolubilized by the in situ polymerization by exposure
to trifluoromethanesulfonic acid vapors at 60 ◦C. The nanostructures in the surface mor-
phologies of the spin-coated films of compounds 8 and 9 were not retained during the in situ
acid-vapor-catalyzed ring-opening polymerization (Figure 16a,d), due to the conformation
change in the oligosiloxane moieties [58]. However, the nanostructures for 1:1 complexes of
compound 8, with LiOTf and NaOTf, and of compound 9, with LiOTf, formed well-defined
stripe patterns, which were maintained during the in situ ring-opening polymerization
(Figure 16b,e,f). The ambiguous stripe pattern of the complex of compound 8 and NaOTf
was not retained during the polymerization (Figure 16c). These behaviors should be at-
tributed to the enhanced stability of the nanostructures by electrostatic interaction between
positively charged crown rings and triflate anions.

3.5. Electrochemical Properties of Perylene Bisimide Derivatives Bearing a Crown Ether Ring

The spin-coated films of compound 8 were insolubilized by the in situ ring-opening
polymerization, and they could be used in organic electrolyte solutions. The polymerized
thin film exhibited electrochromism between red color in a neutral state and blue-violet
in a dianion state under a negative bias application in organic electrolyte solutions [57].
Figure 17a shows a cyclic voltammogram of the polymerized thin film of compound 8 in an
acetonitrile solution (LiOTf 1 M). Scanning between 0 and −1.5 V vs. an Ag+/Ag standard
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electrode, redox peaks originated from the generation of radical anions and dianions were
observed, although the separation between one-electron and two-electron reduction pro-
cesses was not sufficient. Figure 17b presents UV-vis absorption spectra of the polymerized
thin film deposited on an ITO electrode in an acetonitrile solution containing 1M LiOTf. In
the electrochemical reduction, anion radicals with absorption peaks at 720 nm and 810 nm
were generated first, and then dianions with absorption peaks at 530 nm and 620 nm were
produced. Figure 17c exhibits the reversible electrochromic response of the polymerized
thin film of compound 8 in a LiOTf solution. In NaOTf solution, the polymerized thin film
exhibited the same behavior. However, the electrochromic response was not persistent in a
tetrabutylammonium perchlorate solution. In the polymerized films of compound 8, ion
channels should be formed by the aggregation of crown rings, and lithium and sodium
cations could penetrate reversibly. On the other hand, tetrabutylammonium cations had a
larger size than that of the ion channels consisting of the crown rings and could not pene-
trate into the thin films. Repeated application of the negative bias caused decomposition of
the thin films.

Figure 16. AFM phase images of the polymerized spin-coated thin film of (a) compound 9, (b) 1:1
complex of compound 9 with LiOTf, (c) equimolar mixture of compound 9 and NaOTf, (d) com-
pound 8, (e) 1:1 complex of compound 8 with LiOTf, and (f) 1:1 complex of compound 8 with NaOTf.
Reproduced from [58], with permission from the Chemical Society of Japan, 2026.

Figure 17. (a) A cyclic voltammogram, (b) UV-Vis absorption spectra, and (c) electrochromic response
of the polymerized spin-coated film of compound 8 in an acetonitrile solution of LiOTf (1 M).
Reproduced from [57], with permission from the Royal Society of Chemistry, 2022.
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4. Related Materials
Figure 18 exhibited the other examples of mesomorphic perylene bisimide derivatives

bearing oligosiloxane chains. Dibenzyl perylene bisimide derivative 10 bearing oligosilox-
ane chains was reported, and the material exhibited a columnar phase with a helical
structure at room temperature. In the columnar phase of compound 10, electron mobility
was determined to be 1.5 × 10−3 cm2V−1s−1 [60]. Polymer 11, consisting of perylene
bisimide units and oligosiloxane chains, also exhibited a mesophase at room temperature.
Photoconductivity in the thin films of polymer 11 was studied [61].

 

Figure 18. Molecular structures of related compounds consisting of perylene bisimide units and
oligosiloxane chains.

5. Conclusions
Oligosiloxane side chains are effective to promote self-organization of π-conjugated

units to form crystal-like electronic carrier transporting paths surrounded by a liquid-
like mantle consisting of oligosiloxane moieties. As a result, soft electronic systems with
waxy appearances were constructed, which indicated high electron mobilities on the order
of 10−2 ~ 10−1 cm2V−1s−1 over wide temperature ranges, including room temperature.
These compounds are highly soluble in organic solvents, and thin films could be pro-
duced by the spin-coating method. In particular, spin-coated thin films of the perylene
bisimide derivatives bearing cyclotetrasiloxane rings were insolubilized by exposure to
trifluoromethanesulfonic acid vapors via the in situ ring-opening polymerization. Perylene
bisimide derivatives bearing a triethylene oxide chain as well as cyclotetrasiloxane rings
exhibited increased electrical conductivity by interstitial doping in an aqueous solution of
sodium dithionate. Uniaxially aligned thin films exhibited anisotropic electrical conduc-
tivity. The conductivity along and parallel to the columnar axis in the non-polymerized
state was 10−4 and 10−6 S·cm−1, respectively. Polymerized thin films of perylene bisimide
derivatives bearing a crown ether ring as well as cyclotetrasiloxane rings exhibited re-
versible electrochromism between the neutral and dianion states in electrolyte solutions.
These compounds formed 1:1 complexes with lithium triflate, exhibiting columnar phases at
room temperature. The nanostructures of the complexes were stabilized by the electrostatic
interaction between cationic crown-metal units and triflate anions, and they were retained
during the in situ ring-opening polymerization. Oligosiloxane moieties are convenient side
chains for the construction of soft nanosegregated electronic systems with electronic and
electrochemical functions.
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