
[AWARD ACCOUNT: SPSJ WILEY AWARD (2005)]

�-Electronic Soft Materials Based on Graphitic Nanostructures

Takanori FUKUSHIMA
y

ERATO-SORST Aida Nanospace Project, Japan Science and Technology Agency,

National Museum of Emerging Science and Innovation, 2-41 Aomi, Koto-ku, Tokyo 135-0064, Japan

(Received May 24, 2006; Accepted June 19, 2006; Published July 24, 2006)

ABSTRACT: This review focuses on our recent studies on the development of soft materials consisting of graphitic

nanostructures. We found that single-walled carbon nanotubes, when suspended in imidazolium ion-based ionic liquids

and ground in an agate mortar, form physical gels (bucky gels), where entangled nanotube bundles are exfoliated to

give highly dispersed, much finer bundles. The use of polymerizable ionic liquids as the gelling media leads to the for-

mation of highly electroconductive polymer/nanotube composites, which show a dramatic enhancement in mechanical

properties. Bucky gels allow the fabrication of the first printable actuator that operates for a long time in air at low

applied voltages. We also succeeded in the development of a new family of nanotubular graphite through self-assembly

of amphiphilic hexabenzocoronene derivatives. The nanotube consists of a graphitic wall formed from a great number

of �-stacked hexabenzocoronene units, which provide a charge carrier transport pathway. Suitable chemical modifica-

tions of the amphiphile resulted in the formation of nanotubes with various interesting properties. Details of the design,

properties, and scope of such �-electronic soft nanomaterials are described herein. [doi:10.1295/polymj.PJ2006042]
KEYWORDS Nanotube / Nanomaterial / Soft Material / Graphene / Self-Assembly / �-Electronic

System / Ionic Liquid /

A two-dimensional (2D) honeycomb network of
sp2-hybridized carbon is known as graphene, which
stacks in a three-dimensional regular order to form
graphite, a traditional carbon material. While the iso-
lation and electronic properties of a single-layered
graphene was reported quite recently,1–3 the 2D car-
bon layer has drawn considerable attention in relation
to carbon nanotubes. Carbon nanotubes are cylindrical
carbon nanoclusters with an extremely high aspect
ratio, which are formed by rolling-up of a graphene
sheet (Figure 1).4 Since their discovery,5,6 not only
such an interesting structural aspect but also the extra-
ordinary electronic and mechanical properties of car-
bon nanotubes have fascinated researchers in many
fields, thereby leading to remarkable advances in
nanoscience and nanotechnology over the last decade.

On the other hand, graphene can be regarded as one of
the ultimate structural aspects of �-conjugated system.
Although any methodologies in organic synthesis are
currently inaccessible to the infinite 2D carbon layer,
organic chemists can design its molecular fragments,
i.e., polycyclic aromatic hydrocarbon (PAHs), bearing
desired functions. As graphene stacks to form graph-
ite, PAHs possess strong tendency to form one-dimen-
sional columnar structures via �-stacking interactions.
Since such unidirectionally aligned assemblies of
PAHs can provide anisotropic charge carrier and ener-
gy transport pathways, PAHs have been considered as
promising components for molecular electronic and
optoelectronic devices.7–10 We were motivated to
explore novel materials based on graphitic nano-
structures, in particular, focusing on one-dimensional

(a) (b) (c)

Figure 1. Schematic structures of (a) graphene, (b) carbon nanotube, and (c) hexa-peri-hexabenzocoronene (a molecular graphene).
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objects including carbon nanotubes and columnar
assemblies derived from graphene-like molecules
(Figure 1). This Account will give an overview of
our recent works on the development of soft �-elec-
tronic materials in view of the fabrication, properties,
and scope of the applications.

SOFT MATERIALS COMPOSED OF CARBON
NANOTUBES AND IONIC LIQUIDS

Carbon Nanotube Gel of Ionic Liquids (Bucky Gels)
Due to their extraordinary electronic and mechani-

cal properties as well as the unique structural aspect,4

numerous potential applications of carbon nanotubes
have been proposed.11 However, for practical applica-
tions, one of the essential problems arises from their
extremely poor processability. Carbon nanotubes usu-
ally exist as bundles, which are heavily entangled with
one another to form agglomerates. For a better ability
of processing as well as chemical and physical modi-
fications of nanotubes, adsorption of organic mole-
cules onto the surface via van der Waals and �-stack-
ing interactions has been investigated,12–15 yet the
development of facile and practical processing meth-
ods still remains as a challenging issue. In this regard,
we were interested in the use of ionic liquids for the
processing of the nanotubes, with an expectation that
cationic species potentially interact with the �-elec-
tronic surface through so-called cation-� interaction.16

In the course of this study, we serendipitously found
an unexpected phenomenon that imidazolium ions-
based ionic liquids17–19 (Figure 2) form physical gels,
upon grinding with single-walled carbon nanotubes
(SWNTs).20 SWNT gels of ionic liquids, which we
call ‘bucky gels,’ can readily be prepared by grinding
suspensions of SWNTs (HiPco SWNT) in ionic liq-
uids, followed by the removal of excess liquid compo-
nents. The gelation takes place with 0.5–1wt% of
SWNTs. Bucky gels thus obtained, can readily be

processed. For example, via extrusion from a syringe,
one can fabricate a bucky gel string, which is not easi-
ly broken even when suspended (Figure 3a). Due to
the non-volatility of ionic liquids, bucky gels, in sharp
contrast with ordinary organo- and hydrogels, are
highly stable and can retain their physical properties
even under a reduced pressure.
Interestingly, upon gelation, the heavily entangled

SWNT bundles exfoliate to give highly dispersed,
much finer bundles, as observed by TEM microscopy
(Figures 3b and 3c). On the other hand, electronic ab-
sorption and Raman spectral profiles SWNTs did not
show any disruption of SWNTs, indicating that the
gelation is triggered only physically. Based on the
results of DSC and X-ray diffraction analyses in con-
junction with the rheological properties of the bucky
gels, we presume that the system is more likely ruled
by a great number of weak physical crosslinks among
the SWNT bundles, for which molecular ordering of
ionic liquids is considered responsible. SWNTs may
orient imidazolium ions on their �-electronic surfaces
via a possible cation-� interaction. Such a molecular
ordering may trigger clustering of the surrounding imi-
dazolium ions in the bulk solvent phase and intercon-
nect neighboring SWNT bundles to form a physical
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Figure 2. Molecular structures of imidazolium ion-based ion-

ic liquids.
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Figure 3. (a) Photograph of a bucky gel. (b) TEM micrograph of SWNTs obtained by dispersion of a bucky gel of BMIBF4 in deion-

ized water. (c) TEM micrograph of as-received SWNTs as reference, after sonication in ethanol.
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crosslink. Namely, the bundles are weakly interlocked
with one another, and the system therefore behaves as
a gel. Upon grinding, the large bundles of SWNT are
disentangled into many finer bundles, which efficient-
ly promote the ordering of ionic liquids. This phenom-
enon is reminiscent of biological mineralization,
where local clustering of inorganic salts on the surface
of an organic scaffold triggers controlled nucleation
and growth of inorganic crystals.

Carbon Nanotube-Reinforced Polymeric Materials
Derived from Ionic Liquids
SWNTs have been expected to behave as excellent

dopants for the fabrication of electroconductive poly-
mer materials with enhanced mechanical properties.21

Young’s modulus of individual SWNTs was reported
to be as large as �1TPa,22–24 which is even compara-
ble to that of graphite in-plane, and the electrical
conductivities of bulk SWNTs are very high in an or-
der of 102–103 S cm�1.25 However, a strong tendency
of SWNTs to form agglomerate hampers homogene-
ous doping in polymers, giving rise to rather poor en-
hancement of mechanical and conductive properties.
Hence, it is important to seek materials that allow ef-
ficient dispersion of SWNTs into polymer. Moreover,
if polymers themselves can disperse SWNTs by their
strong interfacial interactions, one can expect much
greater effects of doped SWNTs on the resulting poly-
mer materials.
We anticipated that the use of polymerizable imida-

zolium ion-based ionic liquids as gelling media allows
fabrication of a mechanically reinforced, electrocon-
ductive soft material. In fact, when the bucky gels pre-
pared from acrylate- or methacrylate-appended ionic
liquid (Figure 4) were subjected to in-situ free-radical
polymerization, the resulting polymeric materials
(bucky plastic) exhibited dramatically enhanced me-
chanical and conductive properties.26 For example, a
film sample (Figure 5a) of a bucky plastic prepared
from the methacrylate monomer, displayed an excel-
lent conductivity of 1 S cm�1 and a 120-fold enhance-
ment of Young’s modulus at a 7wt.% content of

SWNTs. Such a large enhancement of tensile modulus
by SWNTs has not been reported for SWNT-doped
polymeric materials. Furthermore, the observed con-
ductivity is one of the highest values so far reported
for SWNT-doped polymers (s < 10�2 S cm�1) at com-
parable loading levels of SWNTs. SEM and AFM
micrographs of the bucky plastic film displayed the
presence of crosslinked networks consisting of finely
dispersed SWNTs (Figure 5b). Such nanotube net-
works that develop in the polymer matrix may not
only suppress slipping of entrapped polymer mole-
cules via a strong interfacial interaction, but also facil-
itate an intertubular charge carrier transport.

Bucky Gel Actuators
Since bucky gels are a soft composite consisting of

a nano-electrode (SWNT) and a non-volatile electro-
lyte (ionic liquid), they are promising material for
the component of electrochemical devices.27–29 We
indeed succeeded in the development of the first dry
actuator, which can be simply fabricated by casting.30

Our bucky gel actuator adopts a bimorph configura-
tion (Figure 6) with a polymer-supported internal ion-
ic liquid electrolyte layer, sandwiched by bucky gel
electrode layers, which allows quick and long-lived
operation in air at low applied voltages.
The actuator film can be readily fabricated by layer-

by-layer casting of the electrode and electrolyte com-
ponents in gelatinous PVdF(HFP)-containing 4-meth-
yl-2-pentanone. In sharp contrast with precedent con-
jugated polymer actuators, the fabrication process
includes neither deposition of metallic layers nor elec-
trochemical polymerization. In a typical example, the
bucky gel electrode layers include 13wt% of SWNTs,
54wt% of BMIBF4, 33wt% of PVdF(HFP), and the
electrolyte layer contains 67wt% of BMIBF4 and
33wt% of PVdF(HFP). When an electric potential
of �3:5V was applied with a frequency of 0.01Hz,
an actuator strip underwent bending motion toward
the anode side (Figure 7) with the maximum displace-
ment of 5mm. The strain and stress generated in the
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Figure 4. Molecular structures of imidazolium ion-based

polymerizable ionic liquids.
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Figure 5. (a) Photograph of a bucky plastic film. (b) AFM

phase image of the film surface. Scale bar, 1 mm.
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bucky gel electrode layer were determined as 0.9%
and 0.1MPa, respectively. Baughman and co-workers
reported that SWNT sheets, laminated together with a
double-sided Scotch tape, show an electrochemical
actuation in aqueous electrolyte solutions, where the
SWNT sheets not only serve as electrodes but also
undergo elongation/contraction upon charge injection
into the nanotubes.31 However, taking the low loading
level of SWNTs (13wt%) into account, such a large
strain (0.9%) cannot be explained only by the elonga-
tion/contraction of SWNTs. We rather consider that
volume changes of the electrode layers, caused by
an interlayer ion transport, possibly contribute to the
actuation.
The actuation took place quickly and perfectly

responded to an alternating voltage (�3:0V) even at
30Hz. In the actuator, the electrode and electrolyte
layers are seamlessly connected with one another,
thereby facilitating intra- and interlayer ion transports,
essential for the quick response. We also confirmed
that the actuation (�2:0V, 0.1Hz) could be repeated
at least 8,000 cycles in air without notable decay
(20%). The above observations are outstanding, be-
cause no polymer actuator that demonstrates such a
prominent overall performance in air has yet been de-
veloped. Furthermore, soft matter-based, easy proc-

essing of bucky gel actuator allows for the fabrication
of actuators with desired shapes, which could be com-
bined with printing technologies for patterning.

SELF-ASSEMBLED GRAPHITIC
NANOTUBES FROM AMPHIPHILIC

MOLECULAR GRAPHENES

Design of Self-Assembled Nanotubes with Electronic
Functions
Carbon nanotubes are certainly superb nanomateri-

als in view of physical properties, whereas they have a
drawback arising from difficulty of chemical function-
alization. In the course of the studies on bucky gel, we
were motivated to elaborate new �-electronic soft
nanotubes with chemically accessible surfaces using
self-assembly of chemically programmed molecular
building blocks. Although such bottom up, supramo-
lecular approaches have shown potentials for the con-
trolled synthesis of nanotubular objects,32–34 those
possessing tailored electronic functions had not yet
been developed. To this end, we chose hexa-peri-
hexabenzocoronene (HBC) (Figure 1) as a building
block. HBC is a graphene fragment and known to
have a strong tendency to stack together via �-stack-
ing interactions. The first synthesis and characteriza-
tion of HBC was reported by Clar and coworkers.35

Müllen and coworkers have discovered that chemical
modification of its periphery with long alkyl chains
leads to the formation of discotic liquid-crystalline
materials, which exhibit high charge-carrier mobili-
ties.7–10 On the other hand, we introduced an amphi-
philicity into HBC skeleton as a programming for
controlled self-assembly. We expected that amphi-
philic HBC could self-assemble in polar solvents to
form a bilayer tape consisting of �-stacked HBC units,
a potential precursor for tubular structure.36 After
many attempts along this concept, we eventually suc-
ceeded in the fabrication of well-defined, non-cova-
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Figure 6. Schematic representation of an actuator strip consisting of a polymer-supported ionic liquid electrolyte layer sandwiched by

bucky gel electrode layers.
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Figure 7. Bending motion of an actuator strip (15mm in

length, 1mm in width, 0.28mm in thickness) at an applied voltage

of �3:5V with a frequency of 0.01Hz.
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lent graphitic nanotubes using Gemini-shaped amphi-
philic HBC 1 (Figure 8).37 The wall of the nanotube
consists of a great number of the molecular graphene
stacked parallel to the longer axis of the tube.

Synthesis and Characterization of Self-Assembled
Graphitic Nanotubes
The controlled self-assembly of HBC amphiphile 1

into the graphitic nanotubes can be triggered when a
THF solution of 1 (1mg/mL) is heated at 50 �C and
allowed to cool to room temperature. Filtration of
the resulting suspension allows the isolation of the
nanotube as a yellow-colored solid substance (Figure
9a), which shows characteristic red-shifted absorption
bands at 426 and 459 nm. As displayed by TEM mi-

crograph (Figure 9c), the nanotubes have a uniform
diameter (20 nm) and wall thickness (3 nm). Hence,
the diameter of graphitic nanotube is one order of
magnitude larger than single-walled carbon nano-
tubes. It is also worth noting that only a few tubular
assemblies of small organic molecules have been ob-
tained in this size regime. Electron diffraction analysis
indicated the presence of �-stacked HBC units in the
nanotube with a plane-to-plane separation of 3.6 Å.
This value is comparable with that of the (002)
diffraction of graphite (3.35 Å). A SEM micrograph
allows the visualization of the hollow morphology
(Figure 9b). We assumed that the graphitic nanotubes
are formed by rolling-up of a two-dimensional pseu-
do-graphite tape composed of �-stacked 1 (Figure
10). Fortunately, this was confirmed by the presence
of both coiled and tubular objects in the TEM micro-
graphs (Figures 9d) observed when 1 was self-assem-
bled in a mixture of THF/water (80/20 v/v). Consid-
ering the molecular structure and dimension of 1, the
wall thickness of the nanotube (3 nm) suggests a bi-
layer structure of the precursor tape (Figure 10b). This
bilayer tape most likely consists of two single-layered
graphitic tapes, each composed of bilaterally coupled
one-dimensional HBC columns. Here, the long alkyl

O

O O O OCH3

O O OCH3

1

Figure 8. Molecular structure of Gemini-shaped hexa-peri-

hexabenzocoronene (HBC) amphiphile 1.
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Figure 9. (a) Photograph of a filtered sample of graphitic nanotubes formed from 1. (b) SEM and (c) TEM micrographs of graphitic

nanotubes formed by self-assembly of 1 in THF. (d) TEM micrograph of self-assembled 1, obtained as a suspension in water-containing

THF/water (80/20 v/v).
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chains are interdigitated to hold the bilayer structure,
while the hydrophilic TEG chains, located on the sur-
face of the tape, should suppress the formation of mul-
tilayer structures in a polar solvent such as THF.

Structural Aspects of Self-Assembled Graphitic Nano-
tubes
From a topological point of view, multi-walled car-

bon nanotubes can be thought of a family of graphite,5

because they possess structural characteristics of
graphite in their tubular architectures, where curved
graphene sheets stacked perpendicularly to the longer
axis of the tubes. In this sense, our nanotube is a new
family of molecularly-engineered, one-dimensional
graphite. Our molecular design strategy takes full ad-
vantage of the amphiphilic HBCs, which prohibits the
three-dimensional growth of a self-assembled struc-
ture, which is commonly observed for non-amphiphil-
ic HBC molecules. Given that the precursor bilayer
tape is 22 nm wide, a 10 mm-long nanotube roughly
consists of 2� 16 unidirectionally aligned �-stacked
columns, each composed of 5� 104 molecules of
HBC. Such a discrete, defect-free, long-range molecu-
lar ordering is outstanding.

Electrical Properties of Self-Assembled Graphitic
Nanotubes
Since HBC derivatives are redox active,38 charge

carriers should be generated in the graphitic nanotube
upon oxidation. Thus, we investigated if a single piece
of our graphitic nanotube is electroconductive. For
this conductivity measurement, a single piece of the
nanotube was positioned by chance across Pt nano-
gap (180 nm) electrodes on a SiO2 substrate. While
the intact nanotube was essentially insulating, the
nanotube after oxidation with NOBF4 clearly showed
a conducting I–V profile with an ohmic behavior. The
conductivity decreased as the temperature was low-
ered, indicating that the oxidized nanotube is a semi-

conductor. From the I–V profile, the resistivity at
285K was determined to be 2.5M�. The electrical
conduction observed for our nanotube is rather inter-
esting because it is realized by a long-range intermo-
lecular electronic communication through the graphit-
ic molecular arrays.39

Graphitic Nanotubes with One-Handed Helical Array
of HBC
Hexa-peri-hexabenzocoronene graphitic nanotubes

consist of helically rolled-up bilayer tapes formed
from bilaterally coupled columns of �-stacked HBC
units. Hence, they have chirality as a structural ele-
ment. While self-assembly of an achiral component
should give a racemic mixture of right- and left-hand-
ed helical nanotubes, incorporation of a stereogenic
center into the hydrophobic or hydrophilic side chains
of HBC 1 is expected to cause a stereochemical bias to
either the right- or left-handed helical HBC array in
the resulting nanotubular assembly (Figure 11). To
examine this idea, we designed chiral HBC amphi-
philes 2 and 3 (Figure 12) that bear a point chirality
in the hydrophilic and hydrophobic side chains,
respectively.
Controlled assembly of 2 takes place in 2-methyl-

tetrahydrofuran (MeTHF) to form a nanotubular ob-
ject whose size regime is identical to that of graphitic
nanotube derived from 1. We found that translation of
the point chirality of 2 into supramolecular helical
chirality occurs to form the nanotubes with either
right- or left-handed helical senses.40 For example, a
hot MeTHF solution of 2S (3mg/mL), when rapidly
cooled to 20 �C, showed a time-dependent spectral
change, where red-shifted absorption bands at 398
and 421 nm, characteristic of graphitic nanotubes, ap-
peared with an isosbestic point at 382 nm (Figure
13a). While the solution of 2S at 50 �C was silent in
circular dichroism (CD) spectroscopy, cooling of the
solution resulted in the appearance of positive CD
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Figure 10. Schematic structures of (a) HBC amphiphile 1, (b) self-assembled bilayer tape, and (c) graphitic nanotube.
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bands at 389, 400, and 423 nm (Figure 13b). Since the
red-shifted absorption bands are CD-active, the opti-
cal activity of the system is originated from the
�-stacked HBC units in the nanotubular assembly.
We also confirmed that the CD spectral profiles of
the enantiomer 2R (Figures 13c and 13d) are perfect
mirror images of those observed for 2S. On the other
hand, chiral HBC amphiphile 3 bearing branched
asymmetric centers in the paraffinic side chains hardly
gave nanotubular assemblies. It is plausible that the
branched side chains of 3 prevent the formation of a
bilayer tape, essential for nanotube formation.

Conductive polymers with helical architectures
have attracted attention in view of the concept of mo-
lecular solenoids.41,42 However, this concept has not
yet been realized because there are no molecular ob-
jects that fulfill certain requisites for conductivity
and helicity. This work demonstrated the first example
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Figure 12. Molecular structures of chiral HBC amphiphiles 2

and 3.
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Figure 11. Formation of chiral graphitic nanotubes via trans-

lation of point chirality of HBC amphiphile into supramolecular

helical chirality of the nanotube.
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of conductive tubular objects possessing a helical
chirality, and therefore may also provide a synthetic
strategy toward realization of molecular solenoids.
In this system, we also found an interesting phenom-
enon that the (S)- and (R)-enantiomers co-assemble at
varying mole ratios to give nanotubes. Even though
the enantiomeric excess of the chiral amphiphile
was changed over a wide range from 20 to 100%,
the CD spectrum of the suspension remained almost
unchanged, resulting in a sigmoidal response of the
CD intensity (423 nm) against the optical purity of 2
(Figure 14). The chiroptical profiles also suggest the
absence of enantiomerically enriched domains in the
helical nanotubes. Such a non-linear phenomenon is
referred to as majority rule-type chirality amplifica-
tion,43–46 where the major enantiomer incorporated
into each nanotube determines the helical sense. Al-
though chirality amplification under the operation of
the majority rule is well known for covalent helical
polymers, this had been unprecedented in supramolec-
ular systems.47,48

Covalent Stabilization of Graphitic Nanotubes
Self-assembly of preprogrammed molecular build-

ing blocks has been recognized as a useful method
for the synthesis of soft materials with a nanometric
precision.49,50 However, a lack of structural robustness
inherent to non-covalent architecture could be one of
the drawbacks of such supramolecular materials.
Thus, physical stabilization of self-assembled nano-
objects through covalent bonds is an important subject
for practical applications of supramolecular chemis-
try.51–53 Along this line, we designed HBC amphiphile
4 bearing allylic functionalities at the termini of the
oxyalkylene chains.54 Since the hydrophilic chains
cover both inner and outer surfaces of graphitic nano-
tubes (Figure 10), we initially expected that acyclic
diene metathesis (ADMET)55 of preformed nanotubes
of 4 (Figure 15) can lead to the formation of surface-
polymerized nanotubes (Figure 16). Although com-

pound 4 self-assembled in THF to yield a nanotubu-
lar object, ADMET of the resulting nanotubes using
a Grubbs catalyst55 was sluggish. As a result, the
reaction mixture showed, even after 4 days, a major
MALDI-TOF MS peak due to the monomer along
with small peaks corresponding to short-chain oligo-
mers. On the other hand, we noticed with a big sur-
prise that ADMET of 4 in CH2Cl2 resulted in the for-
mation of graphitic nanotubes with a polymerized
surface with a nearly quantitative conversion of the
allylic functionalities into internal olefins. The TEM
and SEM micrographs of surface-polymerized nano-
tubes are depicted in Figure 17. It should be noted that
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compound 4 is highly soluble in CH2Cl2, where no
tubular assemblies forms even by slow evaporation
(Figure 17c). These facts indicate that the ADMET
triggers spontaneous formation of the polymerized
nanotubes from 4, assembled only dynamically in
solution, if any. The surface polymerization signifi-
cantly enhances the thermal stability of the graphitic
nanotube. DSC analyses showed that the polymerized
nanotubes possess a higher softening temperature
(244 �C) than that of the non-polymerized version
(195 �C). Furthermore, polymerized nanotubes pre-
served their hollow structure much longer upon heat-
ing. For example, most of the polymerized nanotubes
survived though heating at 175 �C for 24 h, whereas
the morphology of the non-polymerized nanotubes
was completely disrupted within 2 h.
Our finding of ADMET-triggered formation of

polymerized nanotubes is remarkable, considering a
general understanding that polymerization of dynamic
assemblies usually gives rise to irregular aggregates.
Although a large number of examples are known for
the covalent stabilization of self-assembled molecular
objects by post polymerization or crosslinking,56–60

controlled self-assembly triggered by bond-forming
chemical reactions is unprecedented. The polymerized
graphitic nanotubes possess chemically accessible ole-
finic functionalities on the surface, which may allow
the fabrication of composites with a variety of sub-
stances with different functions.

NEW APPLOARCHES TOWARD ONE-
DIMENSIONAL COLUMNAR ASSEMBLIES
FORMED FROM MOLECULAR GRAPHENES

Stabilization of One-Dimensional Columnar Assembly
by Interionic Interactions
Due to their one-dimensional charge or energy

transport capabilities,61,62 discotic liquid crystals63

consisting of polycyclic aromatic hydrocarbons
(PAHs) are promising materials for the application

of molecular electronic and optoelectronic devices.9,10

From this point of view, development of discotic liq-
uid crystals having a broad mesophase range as low as
room temperature is an important subject.64,65 How-
ever, such liquid crystals generally possess high crys-
tal-to-mesophase transition temperatures. In addition,
attempts to lower the crystallization temperature usu-
ally result in lowering the clearing temperature. We
envisioned that incorporation of imidazolium ions to
the alkyl side chains of PAH-based liquid crystals al-
lows the stabilization of the mesophases. Since ionic
liquids are liquid over a wide temperature range, even
at cryogenic temperatures, such functionalities could
prevent crystallization of the side chains. Further-
more, interionic interactions among them may stabi-
lize the columnar assembly of a PAH moiety.
A new class of triphenylene (TP) 5 thus designed

(Figure 18), whose termini are covalently attached to
1-methylimidazolium tetrafluoroborate (BF4), indeed
forms a columnar LC mesophase over a wide temper-
ature range (47–111 �C) (Figures 19a and 20a).66 This

200 nm50 nm100 nm

(a) (b) (c)

Figure 17. (a) SEM micrograph of a solid product isolated from the ADMET mixture of 4 in CH2Cl2 at 25
�C for 3 d. (b) TEM micro-

graph of an air-dried ADMET mixture of 4 in CH2Cl2 at 25 �C for 3 d. (c) TEM micrograph of an air-dried CH2Cl2 solution of 4.

BF4
–

RH2C(H2C)9O

O(CH2)9CH2R

O(CH2)9CH2R

O(CH2)9CH2R
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Me5: R =
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Figure 18. Molecular structures of triphenylene derivatives 5

and 6.
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observation is outstanding because paraffinic TP 6
(Figure 18) without imidazolium ion functionalities
has been reported to form a columnar mesophase only
in a much narrower temperature range (58–69 �C).67

Interestingly, upon mixing with an equimolar amount
of 1-hexyl-3-methylimidazolium tetrafluoroborate
(HMIBF4, Figure 2), the temperature range of the
columnar LC phase is significantly expanded from
47–111 to 4–117 �C (Figures 19b and 20b). We pre-
sume that the imidazolium salt functionalities of 5 in
the LC mesophase form a pseudo network by their
interionic interaction, which stabilizes the columnar
assembly to a certain extent. When an appropriate
amount of HMIBF4 is added to the system, it presum-
ably participates into and reinforces the interionic
network, so that the columnar mesophase is retained
even at 4 �C. Although the mesophase of 5, in the ab-
sence of HMIBF4, displayed only weak XRD peaks,

the combination of HMIBF4 with 5 resulted in a
notable enhancement of the diffraction intensity. The
XRD pattern is assignable to a hexagonal columnar
mesophase with a lateral core-to-core separation of

17.8 Å, which is in good agreement with the diameter
of 5 with tightly folded side chains (19 Å). The above
finding is not only important for a new possibility of
ionic liquids in materials science, but may also con-
tribute to the development of novel anisotropic soft
materials for directional ion conductivity and charge
transport.68

Mesoporous Silica Composite Films with One-Dimen-
sional Columnar Assemblies of Molecular Graphenes
Hexagonal mesoporous silica films have been ex-

pected as attractive materials for use in optical and
optoelectronic applications because of their microme-
ter-scale thickness, high transparency, and capability
of unidirectional alignment of guest substances in
nanoscopic channels.69 By using �-conjugated amphi-
philic molecules derived from TP 7 and HBC 8 as
templates (Figure 21), we have succeeded in the de-
velopment of novel mesoporous silica film whose
channels are completely filled with one-dimensional
columnar assemblies of disc-like molecules.70 For
the fabrication of mesoporous silica film with a high
structural regularity, we demonstrated a very simple
and versatile method, which involves a maturing proc-
ess by an EtOH vapor. Figure 22a shows a TEM mi-
crograph of a mesoporous silica film containing self-
assembled HBC 8, which clearly displays honeycomb
architecture. The hexagonal regularity of the film was
also confirmed by XRD analysis (Figure 22b). Since
mesoporous silicates containing organic guests are
interesting as they are potential precursors for low-di-
mensional carbon materials. For instance, pyrolysis of
organic substances such as sucrose71 and acetylene72

in the mesoporous silicate channels has been reported

(a) (b)

Figure 19. Optical textures of (a) 5 at 103 �C and (b) an equi-

molar mixture of 5 and HMIBF4 at 25
�C, observed under crossed

polarizing conditions of a microscope on cooling from the isotrop-

ic liquids at a rate of 1 �Cmin�1.
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Figure 20. DSC profiles (second heating/cooling cycle, scan

rate; 10 �Cmin�1) of (a) 5 and (b) an equimolar mixture of 5

and HMIBF4. G, glassy state; M, mesophase; DCol, discotic col-

umnar mesophase; Iso, isotropic liquid.
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Figure 21. Molecular structures of amphiphilic triphenylene

(TP) 7 and hexa-peri-hexabenzocoronene (HBC) 8.
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to give mesoporous carbon and carbon nanotubes,
respectively. Being motivated by these examples, we
investigated pyrolysis of the �-stacked TP and HBC
amphiphiles in the silicate channels.73 While no nano-
structured carbon materials were obtained upon heat-
ing of these mesoporous silica composites, we noticed
an unexpected phenomenon that the amorphous sili-
cate framework was converted at � 900 �C into cristo-
balite, a form of crystalline silica that appears at
1470–1713 �C in the phase diagram under an atmo-
spheric pressure. Such a low-temperature formation
of cristobalite promoted by amorphous carbon has
never been reported. We consider that the radical
character of the in situ generated amorphous carbon
is likely responsible for this interesting phenomenon.

In fact, ESR spectroscopy indicated that the pyrolyzed
silica contains carbon radical species with a spin con-
centration of 1:6� 1020 spins/g-carbon.

Mesoporous Silica Composite Films with Charge-
Transfer Assemblies
Doping of suitable electron acceptors to paraffinic

triphenylenes is known to result the formation colum-
nar assemblies with an enhanced stability though
charge-transfer (CT) interaction.74,75 We reported the
first example that mesoporous silica films can be
fabricated using triphenylene-based CT complexes
as templates for sol-gel synthesis, where amphiphilic
triphenylene 7 (Figure 21) was used as an electron
donor, while TNF, HAT, TCNQ, CA, and TCNB were
employed as electron acceptors (Figure 23).76 By
virtue of the inorganic channels, we attained a long-
range structural ordering of CT assemblies. The mes-
oporous silica films were highly transparent and color-
tunable from blue-to-red depending on the intercalat-
ing electron acceptor, and showed red-shifted CT ab-
sorption bands in the aligned silica nano channels.
The hexagonal structure of the film was confirmed
by TEM microscopy and XRD analysis. For example,
a magnified TEM micrograph of the film (Figures 24),
fabricated by 1:1 complex of 7 and TNF as a template,
clearly displays hexagonally packed channels with a
diameter of approximately 3 nm. The honeycomb ar-
ray is regularly aligned parallel to the substrate. The
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Figure 22. (a) TEM micrograph and (b) XRD pattern of a

mesoporous silica film hybridized with 8.
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Figure 23. Molecular structures of electron donor and acceptors, and schematic representation of a mesoporous silica film containing

one-dimensional columnar charge-transfer assemblies immobilized in a hexagonal array of nanoscopic channels.
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observed pore diameter is comparable to the molecu-
lar dimension of 7 with shrunk side chains, indicating
that each silicate channel contains only one CT col-
umn. The donor/acceptor molar ratio can be varied
over a wide range from 1:1 to 9:1.
CT absorption spectra of the silica films prepared

with equimolar mixtures of 7 and TNF, TCNB,
HAT, CA, and TCNQ showed absorption maxima
at 490, 548, 615, 700, and 890 nm, respectively. As
exemplified by the case of silica film prepared with
an equimolar mixture of 7 and TCNB, the CT absorp-
tion band (548 nm) were obviously red-shifted from
those of the CT complexes in MeCN (2.0mM, 505
nm) and bulk phase (a cast film on a cover glass;
526 nm) (Figure 25). Furthermore, the spectral profile

of the composite silica film, prepared with 7/TCNB
(1:1), remained unchanged when immersed for 12 h
in MeCN and even in an MeCN solution of HAT, a
stronger electron acceptor than TCNB. These observa-
tions indicate a defect-less structure of the composite
silica film, where the included CT complex is highly
stabilized within the nanoscopic channels and isolated
from outer environments. The red shifts of the absorp-
tion maxima for the silica-immobilized CT may be
due to an enhanced, long-range structural ordering
of densely packed donor/acceptor assemblies within
the nanoscopic silicate channels. CT complexes in
solution and in the crystalline state have attracted
much attention in the fields of organic chemistry, pho-
tochemistry, solid-state physics, and so forth.77 There-
fore, immobilization of columnar CT assemblies in
optically transparent solid supports may be one of
the interesting subjects for materials sciences and
device fabrications.

CONCLUSIONS

This review article describes our recent studies on
novel soft materials consisting of graphitic nanostruc-
tures. Single-walled carbon nanotubes, when suspend-
ed in imidazolium ion-based ionic liquids and ground
in an agate mortar, yield physical gels (bucky gels). In
the gel, heavily entangled bundles of carbon nano-
tubes are exfoliated to give highly dispersed, much
finer bundles. The use of polymerizable ionic liquids
as the gelling media results in the formation of elec-
troconductive polymer/nanotube composites with en-
hanced mechanical properties. Bucky gel is also an
interesting material in view of the component of
novel electrochemical devices. For example, bucky
gels allow for the fabrication of a soft actuator, which
operates in air for a long time without any external
electrolytes. This article also highlights a new family
of nanotubular graphite, which fabricated though
self-assembly of amphiphilic hexabenzocoronene de-
rivatives. The nanotubes consist of a graphitic wall
composed of a great number of �-stacked hexabenzo-
coronene units and are electroconductive upon oxida-
tion. The use of amphiphilic hexabenzocoronenes
with functional groups results in the formation of
nanotubes with various interesting properties. Am-
phiphilic modifications of graphene-like molecules
also allow the fabrication of mesoporous silica com-
posites whose nanoscopic channels are completely
filled with one-dimensional columnar assemblies of
the �-electronic molecules. We believe our work will
provide new strategies for the elaboration of new
�-electronic soft nanomaterials that can be applica-
ble to molecular-based electronic and optoelectronic
devices.

50 nm

Figure 24. TEM micrographs of a cross-section of a mesopo-

rous silica composite film prepared from an equimolar mixture of

7 and TNF.
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Figure 25. (a) Photograph of mesoporous silica films hybri-

dized with CT assemblies composed of 7 and electron acceptors.

(b) CT absorption bands of 7/TCNB complexes in a mesoporous

silica film, a silica film with a lamellar structure, a cast film with-

out silica, and an MeCN solution.
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