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One of the attractive subjects in areas such as materials
science, biomimetic chemistry, and molecular electronics is
concerned with the creation of supramolecular architectures with
well-defined shapes and functions.1-4 Self-organization of molecules through noncovalent forces including hydrophobic and
hydrophilic effects, electrostatic interactions, and hydrogen bonding has the great potential for creating such supramolecular
structures.5,6 An example of the self-assembling systems is
provided by rod-coil molecules that have a strong tendency to
self-organize into a variety of supramolecular structures in
nanoscale dimensions.7-12 Previously, we have explored a strategy
to control the domain structures self-assembled from molecular
rods through attachment of flexible coil segments to their ends.11,13
For a given molecular rod, the relative lengths of the coil segments
determine the resulting rod domain structures that include
infinitely long cylinders and disklike cylinders. These domains
subsequently self-organize into 2-D hexagonal and 3-D bodycentered tetragonal symmetries, respectively. We have also shown
that hydrophobic force induces the self-assembly of rod-coil
molecules into discrete supramolecular spheres with their diameters on the order of 12-14 nm, which aggregate with a lack of
long-range order.14
We present here an unusual example of supramolecular
honeycomb formation with in-plane hexagonal arrays of perforations based on the self-assembly of molecular rods in a rod-coil
system. The rod-coil molecules consist of two biphenyls and a
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Figure 1. Chemical structure and schematic drawing of rod-coil
molecules 1-3.

phenyl group connected through ester linkages as the rod segment
and a poly(propylene oxide) (PPO) as the coil segment (Figure
1). Rod-coil molecule 1, and its analogues with longer PPO coils,
2 and 3, were synthesized according to conventional procedures,
that we used.11 All of the analytical data are in full agreement
with the structures presented. The rod-coil molecules show a
narrow molecular weight distribution with polydispersity index
in the range of 1.04-1.05, as determined from gel permeation
chromatography (GPC) relative to polystyrene standards.
All of the rod-coil molecules show an ordered solid-state
structure that is retained up to a melting temperature in the range
of 88-122 °C, depending on the molecule. The ordered structure
is thermodynamically stable, as evidenced by differential scanning
calorimetry (DSC); however, a significant structural variation in
the rod-domain is observed as the length of the poly(propylene
oxide) block is varied. Small-angle X-ray diffraction revealed that
rod-coil molecule 1 has a layered structure in the crystalline state
with a primary spacing of 6.8 nm. However, the rod segments of
2 and 3 self-assemble into a supramolecular honeycomblike
layered structure, in which perforations are filled by coil segments.
These layers, in turn, are stacked spontaneously in ABAB fashion
to generate a 3-D order that is stable over a broad temperature
range (up to 98 and 88 °C for 2 and 3, respectively). When cast
from dilute chloroform solution onto a carbon support film,
honeycomblike supramolecular structure was observed, as revealed by the transmission electron microscopy (TEM) images
(Figure 2a). The contrast in these micrographs arises from the
aromatic phenyl segments, stained with RuO4 and thus appearing
dark. The image of the film shows a well-ordered array of light
PPO perforations in a dark, more stained rod matrix. The light
coil perforations are packed on a hexagonal symmetry with the
distance between perforations of ∼9.5 and ∼10.0 nm for 2 and
3, respectively. A selected-area electron diffraction (ED) pattern
from an unstained film in Figure 2b shows very well-oriented,
single crystal-like, reflections which index to the a*b* reciprocal
lattice section of a rectangular lattice (P2gg space group) with
lattice parameters of 0.81 and 0.56 nm.15 This result indicates
that the rod segments are aligned axially normal to the plane of
the micrograph with long-range order extending over areas of 20
µm diameter. Therefore, the shape of the perforation in three
dimensions can be readily imagined to be a disklike cylinder with
the height corresponding to rod length of 2.6 nm.
To corroborate the 3-D order of these films, we investigated 2
and 3 in their solid state by small-angle X-ray scattering (SAXS)
techniques. The SAXS patterns in their solid state show a number
of well-resolved reflections (Figure 3), which indicate the
existence of a highly ordered nanoscopic structure. These reflections can be indexed as a 3-D hexagonal structure (P63/mmc space
group symmetry) with lattice parameters a ) 9.7 nm, c ) 14.8
nm with c/a ) 1.52 for 2 and a ) 10.1 nm, c ) 17.0 nm with
(15) This diffraction pattern underwent no change irrespective of the sample
places, but only rotation of the pattern occurred. The angle between diagonal
axes of the ED pattern appears to be 69.3°.
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Figure 4. Schematic representation of supramolecular honeycomb
structure formed by rod-coil molecules. The honeycomb layers are
stacked in ABAB arrangement to give rise to 3-D order. The rod segments
are aligned axially perpendicular to the layer plane with a herringbone
arrangement.

Figure 2. (a) Transmission electron micrograph of solution-cast thin film
of rod-coil molecule 3 stained with RuO4, revealing the formation of a
well-ordered hexagonal structure with nanoscale dimensions. The light
regions correspond to the coil domains, the dark regions to the rod matrix.
(b) Selected-area ED pattern of an unstained film of rod-coil molecule
3 using an objective aperture of 20 µm, indicating a high degree of
crystalline order.

Figure 3. Small-angle X-ray diffraction pattern of rod-coil molecule
3. Inset, SAXS reflections for q ) 0.8-2.7 with an intensity (counts per
second) scale expansion of ×10.

c/a ) 1.69 for 3.16 These results indicate that the dimensions of
2 and 3 corresponding to a layer thickness are 7.4 and 8.5 nm,
respectively, less than the extended molecular lengths (11.3 nm
for 2 and 15.8 nm for 3), suggesting a monolayer packing
arrangement.
On the basis of the TEM images, ED patterns, and X-ray
diffraction data described above, the supramolecular structure can
be described as a honeycomblike crystalline layer of the rod
segments with in-plane hexagonal packing of coil perforations.
The consequent layers are stacked in ABAB arrangement to
generate 3-D order. The shape of the perforation can be considered
as a disklike cylinder since the stiff rod segments are aligned
axially with respect to the layer normal as revealed by ED patterns
(Figure 2b). From the lattice parameters determined from the
(16) Huo, Q.; Leon, R.; Petroff, P. M.; Stucky, G. D. Science 1995, 268,
1324.

X-ray diffraction patterns and the densities of each segment, the
perforation sizes in diameter are estimated to be 6.0 and 7.2 nm
for 2 and 3, respectively, which are consistent with those
determined from TEM images. This result suggests that the
diameter of a perforation can be controlled through the variation
of coil length in our rod-coil system. On the basis of the data
presented so far, the schematic representation of the honeycomblike layered structure can be illustrated as shown in Figure 4.
Formation of the honeycomblike supramolecular structure from
the rod-coil system is believed to arise from the tendency of
rod blocks to form anisotropic arrangement and consequent spacefilling requirements. A rod-coil molecular architecture comprising a stiff rodlike segment and a flexible coillike segment drives
a microphase separation into alternating layers of rod and coil
segments due to large chemical differences between each segment.
However, lamellar ordering of rods would confine rod-coil
junctions to a flat interface with a relatively high density of
grafting sites. With increasing volume fraction of coil segments,
space crowding in the coil domains would be larger, which forces
a strong stretching of the coils away from the interface. To
minimize coil deformation and fill space efficiently, the sheetlike
rod-domains would be perforated by splaying the coil segments.
The notable feature of the structurally simple rod building
blocks investigated here is their ability to self-assemble into a
supramolecular honeycomb, through the combination of shape
complementarity and phase separation of rod and coil segments
as an organizing force. It is also remarkable that the supramolecular honeycomblike structure is thermodynamically stable as
evidenced by DSC. The tendency of the rod segments to be
arranged into anisotropic crystalline order along their axes seems
to play an important role in the stability of the supramolecular
structure. These results demonstrate that this approach to controlling supramolecular structure allows a novel highly ordered
nanostructure to be produced, which potentially has applications
as diverse as biomimetic transport membrane,17,18 periodic porous
materials,16,19 and nanopatterning.20
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