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Spontaneous formation of supramolecular architectures by selfassembly of amphiphilic molecules is of great interest in areas
ranging from chemistry, biology, to materials science, driven by a
wide variety of potential applications.1 Extensive efforts thus have
been directed toward functional supramolecular systems for exploration of novel properties and functions that are difficult without
specific assembly of molecular components.2 Self-assembling
molecules based on p-conjugated rods are receiving increased
attention as building blocks for electrooptically active supramolecular structures, such as discrete bundles, cylinders, and vesicles.3
Recently, we have shown that incorporation of a conjugated rod
into an amphiphilic dumbbell-shaped molecular architecture gives
rise to the formation of a helical nanostructure, consisting of
hydrophobic aromatic cores surrounded by hydrophilic flexible
segments that are exposed to the aqueous environment.4
We present here the formation of discrete nanocylinders from
the self-assembly of a coil-rod-coil molecule (1) based on a
conjugated rod segment in aqueous solution and reversible bridging
between nematic gel and isotropic fluid triggered by addition of a
rod-coil-rod molecule (2b) in hierarchical self-assembly of
supramolecular nanocylinders (Figure 1). The coil-rod-coil
molecule (1) that forms the cylindrical aggregates consists of a hexap-phenylene rod and poly(ethylene oxide) chains (DP ) 17) that
are covalently linked at both ends of the rod segment. The synthesis
of the coil-rod-coil molecule started with a stepwise fashion
according to the procedure described previously.5 The rod-coilrod molecules were synthesized by etherification of a ditosylated
poly(ethylene oxide) with 4-hydroxy-4′-bromo-biphenyl and aromatic coupling with aryl boronic acid. The resulting molecules were
characterized by 1H and 13C NMR spectroscopy, elemental analysis,
and MALDI-TOF mass spectroscopy and are shown to be in full
agreement with the structures presented.

The coil-rod-coil molecule (1), when dissolved in a selective
solvent for one of the blocks, can self-assemble into an aggregate
structure because of its amphiphilic characteristics. 1 was observed
to self-assemble into discrete spherical micelles at the initial stage.
However, these micelles were shown to slowly change into
cylindrical objects on time scale of a week, indicating that
cylindrical aggregates are thermodynamically stable objects in this
system.6 Dynamic light scattering (DLS) experiments were performed with 1 in aqueous solution (0.1 wt %) in order to investigate
the aggregation behavior.7 The CONTIN analysis of the autocor14170
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Figure 1. Schematic representation of reversible bridging between isotropic
fluid and nematic gel of supramolecular nanocylinders.

Figure 2. (a) Angular dependence of the apparent diffusion coefficient
for 1 aqueous solution (0.1 wt %) and (b) TEM image of 1 with negative
staining (0.01 wt %, scale bar ) 50 nm).

relation function shows a broad peak corresponding to an average
hydrodynamic radius of approximately 158 nm. The angular
dependence of the apparent diffusion coefficient (Dapp) was
measured because the slope is related to the shape of the diffusing
species (Figure 2a). The slope was observed to be 0.03, consistent
with the value predicted for cylindrical micelles.8 The formation
of cylindrical micelles was further confirmed by the Kratky plot
that shows a linear angular dependence over the scattering light
intensity of the aggregates.9
The evidence for the formation of the cylindrical aggregates was
also provided by transmission electron microscopy (TEM) experiments. The micrographs with negative stained samples show
cylindrical aggregates with a uniform diameter of about 10 nm and
lengths up to several hundreds of nanometers (Figure 2b). Considering the extended molecular length (13 nm by CPK), the image
indicates that the diameter of the elementary cylindrical objects
corresponds to one molecular length.
Remarkably, addition of 2b at the concentrations from 2 to 30
wt % relative to 1 induces anisotropic gelation in the isotropic fluid
phase of 1 (Figure 3a).10 In the case of addition of 10 wt % of 2b
relative to 1, for example, the isotropic solution undergoes
spontaneous anisotropic gelation even at a total concentration as
low as 2.5 wt %. More importantly, the resulting gel was shown to
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Figure 3. (a) Phase diagram plotted in terms of the total concentration
versus the concentration of 2b in the total amphiphilic molecules (1 + 2b),
(b) a representative optical polarized micrograph of nematic gel phase, and
(c) TEM image of nematic gel with 10 wt % 2b relative to 1, with density
profile inset (scale bar ) 100 nm). (d) Reduced viscosities of solution of
1 and 10 wt % 2a and 2b relative to 1 versus concentration in water at 25
°C.

reversibly transform into a transparent fluid solution, upon slight
reduction in the amount of 2b from the gel. The polarized optical
micrograph (POM) of this reversible gel shows a threadlike texture,
characteristic of a nematic structure (Figure 3b).2b In the gel state,
the SAXS patterns showed a single broad peak centered at d-spacing
of 14 nm, corresponding to the distance between the cylinders in
the nematic structure, and the wide-angle X-ray scattering patterns
showed the peak at q ) 14 nm-1 associated with inter-rod distance
within the cylindrical micelles together with the two water peaks
at 20 and 27 nm-1.7
As shown Figure 3c, TEM performed with the solution of 10 wt
% 2b relative to 1 shows bundles of the cylindrical micelles aligned
in a parallel fashion, in contrast to the solution of 1. The density
profiles taken perpendicular to the long axis of the bundle show
inter-cylinders distance to be about 14 nm (Figure 3c, inset); that
is consistent with the SAXS result. These results demonstrate that
addition of 2b into the solution of 1 drives the isotropic solution
of the cylindrical micelles to the nematic gel state in which the
cylindrical micelles are aligned parallel to each other to form rigid
bundles. These bundles are likely to be responsible for the formation
of the anisotropic gel.
This result can be rationalized by considering the bridging of
the individual cylindrical micelles into bundles through coassembly
with 2b. The aromatic moieties of rod-coil-rod molecule 2b will
coassemble into the aromatic cores of the cylindrical micelles
through hydrophobic and π-π interactions.11 As a result, the
cylindrical micelles might be interconnected in enforced proximity
to each other to form anisotropic gels (Figure 1). The coassembling
behavior of 1 and 2b was confirmed by using fluorescence
spectroscopy. When the mixture solution of 1 and 2b was excited
at 290 nm, where most of the radiation is absorbed by 2b, the
emission spectrum exhibits only a strong maximum at 431 nm
corresponding to 1 with a complete lack of the emission at 398 nm
associated with the aromatic unit of 2b.12 This result indicates that
energy transfer takes place between the aromatic units of 2b and
those of 1 within the supramolecular cylinders, demonstrating that
the cylindrical micelles of 1 are effectively bound by 2b.

To further investigate bridging of the cylinders, the viscosities
of 1-15 g/L aqueous solutions of 1, 1‚2a, and 1‚2b, respectively,
were measured at 25 °C by means of a capillary viscosimeter
(Figure 3d). By increasing the concentration, essentially no change
in the viscosity was observed in the case of 1 and 1‚2a solutions.
In great contrast, the viscosity of 1‚2b abruptly increases above a
concentration of 8 g/L, indicative of the onset of effective bridging
between adjacent cylindrical micelles. These results imply that the
chain length of 2a is too short to interconnect the supramolecular
cylinders, while that of 2b is sufficiently long to interconnect
adjacent cylindrical micelles.13 This strongly supports that, as
expected, bridging the adjacent cylindrical micelles requires rodcoil-rod molecules above a certain coil length.
In summary, we have demonstrated that the cylindrical micelles
self-assembled from coil-rod-coil molecules can be interconnected
by addition of a small amount of rod-coil-rod molecule as a
bridging agent. Subsequently, these dynamic interconnections lead
to stiff bundles composed of cylindrical micelles that are responsible
for the formation of a reversible nematic gel. The results described
here represent a significant example that dynamic bridging of
supramolecular cylinders in aqueous solution can provide a useful
strategy to construct one-dimensional nematic structure with threedimensional elastic properties.
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