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Self-assembly is a powerful tool for constructing various types
of nano- and microstructures. Uniform self-assembled tubular
structures can potentially be applied in the controlled generation
of novel nano- or microscopic materials and devices.1 Moreover,
hollow tubular structures are abundant in nature and perform diverse
biological functions.2 Therefore, considerable attention is currently
being focused on the fabrication of uniform tubular structures. Since
the discovery of carbon nanotubes,3 there have been reports on a
variety of inorganic4 and organic tubules.5 Among them, self-
assembled organic tubular structures have a lot of advantages such
as a low-temperature fabrication process and easy modification.

Recently, there has been enormous interest in the development
of a low molecular weight gelator (LMWG) for use in organic
solvents.6 The gelation process is accompanied by one-dimensional
growth of the gelator in various types of fibers, strands, tapes, and
tubes. There are an increasing number of reports about nanotubular
structures being developed in the gelation process.7 However,
uniform microtubular structures are still rare.8 In contrast with single
LMWG gel systems, new gelation systems using two components
have been developed.9 In these systems, two components that serve
as gelators are held together by noncovalent interactions. The most
important feature of the two-component systems is the ease with
which the properties and structures of the gel can be modulated by
changing the molar ratio of the two components or by changing
one of the two components. Excellent examples have been reported
by Smith et al.9a-g They used a dendritic building block based on
an amino acid in combination with an aliphatic diamine and
examined the properties and structures of the resulting gel. In this
study, we report a two-component gel system in which an
amphiphile group and aromatic cores act as organic gelators by
the process of self-assembly. The shape and size of the aromatic
cores have a pronounced effect on the gel properties and on
structures such as fibers and microtubules.

A two-component gel system is composed of aromatic cores
(AC1, AC2) and amphiphile groups (AG1, AG2) (See Scheme 1).
We have selected phenyl- and naphthyl-based aromatic groups
(AC1, AC2). These two aromatic molecules are different in shape
and size and are expected to show different packing patterns and
strength when combined with the amphiphile groups. The aromatic
core has amine groups, which are able to interact with the benzoic
acid of the amphiphile group using hydrogen bonds. The amphiphile
group is composed of four parts: a carboxylic acid, amide group,
long alkyl chain (dodecyl), and phenyl ring. Benzoic acid forms a
hydrogen bond with the amine group of the aromatic core. The
amide groups act as additional hydrogen-bonding sites to enable
further assembly of the complex between AC and AG. AG1 has
one alkyl group, while AG2 has two alkyl groups.

The gelation behavior of the complexes between AC and AG
were tested in various organic solvents. Gelation did not occur in
polar protic and aprotic solvents because the hydrogen-bonded
complexes between AC and AG might be disturbed in the polar
solvents. Furthermore, gelation did not occur in aromatic solvents

such as toluene and xylene which disrupt the further stacking of
the complex between AC and AG. However, the complexes between
AG2 and the aromatic cores showed a high gelation behavior in
nonaromatic hydrocarbon solvents such as cyclohexane and decalin.
The complexes between AG1 and the aromatic cores showed a poor
gelation ability only in decalin. This indicates that an amide alkyl
chain plays an important role in the gelation ability of a two-
component system. Gelation was not observed when only one of
the two components was present. Thus, the complex between the
AC and AG groups is essential for gel formation.

The gelation ability of the two-component system in cyclohexane
was investigated under various concentrations (Figure 1). All the
gels were thermoreversible. The temperature (gel-to-sol temperature,
Tgel) at which the gel vanishes was investigated under various
concentrations. TheTgel value increased with the molar concentra-
tion. As reported elsewhere,Tgel reaches a plateau region above a
certain concentration. All mixtures have a similar threshold
concentration of approximately 25 mM, although they have different
shapes and sizes. Another interesting feature is thatTgel changes
according to the type of the aromatic core. In all the investigated
concentrations,Tgel increased with the aromatic size of the AC
group. TheTgel value of the complex between AC1 and AG2 is 42
°C at 10 mM, while that of the complex between AC2 and AG2 is
55 °C. The average change inTgel is approximately 15°C. A

Scheme 1

Figure 1. Effect of concentration on the gel-sol transition temperature of
the gel in cyclohexane. AC and AG were mixed in a ratio of 1:2 (b, AC1
+ AG2; 9, AC2 + AG2).
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dramatic change inTgel was observed by the addition of one
aromatic ring. Therefore, we can deduce that theπ-π interactions
between the aromatic cores may play an important role in stabilizing
the gel.

The microstructures of the two-component gel aggregates were
significantly changed by the replacement of the AC groups. The
scanning electron microscopy (SEM) image of the mixture of AC1
and AG2 in cyclohexane and decalin showed fiberlike structures.10

A 1:2 mixture of AC1 and AG2 results in a clear gel.
However, in the case of the mixture of AC2 and AG2 in

cyclohexane, fibrous structures in the gel medium, which were
revealed to be microtubules, were observed with the naked eye
(Figure 2, left). The SEM image of a dried gel shows two distinct
microstructures (fibrous and tubular structures). The fibrous
structures contribute to the gelation of cyclohexane and tubular
structures pass through them. Microtubules can be separated by
filtration after vigorously stirring the diluted gel. In most cases,
the microtubular structures were collapsed or were deprived of their
tubular function without a solvent. However, the separated micro-
tubules retained their hollow tubular structure without the solvent
and were stable in air. The photomicroscope and SEM images
clearly show hollow tubular structures with uniform external
diameters of 30-40 µm and wall thicknesses of 2-3 µm. The
length of the longest tubule is 5 mm. We performed the same tests
more than twenty times and obtained the same reproducible results.
The reproducible formation of microtubules implies that the tubular
structures have a definite composition of AC2 and AG2. The flat
structure and hydrogen-bonding sites in the amphiphile group (AG2)
are likely to facilitate theπ-π interactions of the aromatic cores.

We could also observe microtubules in the gel of AC2 and AG2
in delcalin, which were smaller than those in the cyclohexane gel.
The SEM images clearly show a hollow space (Figure 3).
Microtubules have external diameters of 5-10 µm, lengths of 20-
70µm, and wall thicknesses of 0.5-1 µm. The microtubules formed
in decalin are faceted, while those formed in cyclohexane show a
round shape. In the case of the delcalin gel, we failed to separate
the microtubules in the gel medium. The microtubules in decalin

have smaller external diameters and wall thicknesses than those in
cyclohexane. This implies that the solvent affects the microscopic
structure of the gelators.

In conclusion, we have developed a new gelation system for
organic solvents by the self-assembly of aromatic amines and
amphiphile groups. The thermal and morphological properties
dramatically changed according to the solvent and the size and shape
of the aromatic groups. The microtubular structure formed during
gel formation is unique and reproducible. We expect that our results
can be applied to the preparation of various types of microstructures
by using different aromatic cores and amphiphile groups.
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Figure 2. Gel images of the AC2 and AG2 mixture in an inversed vial
(left). The image was captured by a digital camera ([AC2+ 2AG2] ) 20
mM). SEM image of dried gel (right). (bar) 100 µm.) AC2 and AG2
were mixed in a ratio of 1:2 in cyclohexane.

Figure 3. SEM images of the dried AC2 and AG2 mixture in a ratio of
1:2 in decalin (left, bar) 50 µm; right, bar) 5 µm).
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