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Several proteins are known to exhibit unique dynamic self-
organization processes involving ring-shaped and extended nano-
structures triggered by chemical stimuli. An excellent example is
tobacco mosaic virus coat protein, in which the ring (disk)-to-
helical-coil transition can be regulated by pH or ionic strength even
in the absence of RNA." The f3 protein of the bacteriophage A self-
assembles into rings that are transformed into helically elongated
filaments by the action of DNA.? Exploitation of synthetic molecular
building blocks that show such smart self-organization processes
leading to dynamically tunable nanostructures® is therefore an
important step toward the mimicking of artificial biological sys-
tems.* Several self-assembling systems, such as amphiphilic triblock
copolymers,” amphiphilic dumbbell-shaped small molecules,® pro-
teins,” organometallic complexes,® and hydrogen-bonded supramo-
lecular disks,” have been shown to spontaneously form ring-shaped
nanostructures.'® However, transformation of rings into coils as
observed in biological assemblies has never been realized with
artificial systems. Herein we demonstrate an unprecedented dynamic
self-assembly of a synthetic rigid molecule into either nanorings
or nanocoils driven by a concentration gradient in an aliphatic
solvent.'’

Compound 1'% consists of a barbituric acid (BAR) hydrogen-
bonding headgroup, an oligo(p-phenylenevinylene) (OPV) 7zz-con-
jugated segment,'® and a wedge-shaped tridodecyloxybenzyl (TDB)
tail (Figure 1).'* 1 is considerably soluble (cpa = 1 x 1073 M) in
methylcyclohexane (MCH) upon gentle heating. The resulting
orange solutions of 1 are stable for over 1 month. UV —vis spectra
of the MCH solutions showed a strong hypochromic effect relative
to those of THF solutions (¢ = 43 100 — 24 300 M~! cm™'; Figure
S1 in the Supporting Information), indicating the self-assembly of
1. Temperature-dependent UV —vis measurements in MCH (¢ = 1
x 1073 M) gave a reversible spectral change between 60 and 110
°C, below which only a marginal spectral change was observed.
This observation demonstrates the formation of fairly stable
assemblies.

To our surprise, closed ring-shaped nanostructures (nanorings)
were visualized by atomic force microscopy (AFM) analysis when
1 was drop-cast or spin-coated onto highly oriented pyrolytic
graphite (HOPG) from an MCH solution at ¢ = 2 x 1075 M (Figure
2a). Spinning did not induce any morphological differences (Figures
S2 and S3). The dimensions of nanorings were surprisingly uniform,
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Figure 1. (left) Molecular structure and (right) CPK model of 1.
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Figure 2. (a, b, e—g) AFM height images of a sample prepared by drop-
casting of an MCH solution of 1 (¢ =2 x 107> M) onto HOPG (z scale:
20 nm). Panel (b) is a magnified image of the circled region in (a), and its
inset shows the cross section along the white line in (a). (¢) Schematic
illustration and typical dimensions (nm) of the nanoring as estimated by
AFM. (d) TEM image of a single nanoring.

and the average values are shown in Figure 2¢. The outer and inner
diameters were typically 38 and 14 nm, respectively. The typical
cross-sectional width and thickness were 8.0 and 2.6 nm, respec-
tively,'> demonstrating a flat, tapelike organization of 1. Spontane-
ous formation of nanorings in solution without the aid of a dewetting
process on the substrate'® was evident from the observation of two
partially overlapping nanorings, and the overlapping part gave a
height of 4 nm (Figure 2b). This is further supported by the AFM
observation using hydrophilic mica as a substrate, which showed
almost the same ring-shaped nanostructures (Figure S4). Transmis-
sion electron microscopy (TEM) observations of the assemblies
dip-coated on a carbon film also confirmed the formation of
nanorings (Figure 2d and Figure S5).

Open-ended nanofibers with a variety of morphologies, such as
curved fibers (Figure 2e), spirals (Figure 2f),'” and double spirals
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Figure 3. (a) AFM height images of a sample prepared by drop-casting of
an MCH solution of 1 (¢ = 1 x 10~* M) onto HOPG (z scale: 20 nm). (b)
Cross section along the white line in (a). (¢) Schematic illustration of a
nanocoil constructed by coiling of open-ended fibers.

with opposite rolling directions (Figure 2g), were found in the same
sample as minor structures (10—20%). The formation of these
curved nanostructures suggests that the existence of spontaneous
curvature is encoded in the self-assembly of 1. The open-ended
nanostructures almost entirely disappeared when the concentration
of 1 was decreased to less than 1 x 1073 M by addition of solvent
(Figure S6), revealing that the closed nanostructures are preferen-
tially formed under diluted conditions. Although such a concentra-
tion-dependent ring—chain equilibrium has been reported in
supramolecular polymers,'® to the best of our knowledge, this has
never been visualized for nanoscopic multiply hydrogen-bonded
self-assemblies. The critical concentration is thus considered to be
~2 x 1075 M.

When the concentration of 1 was increased to 4 x 107> M by
evaporation of the solvent from the above solution, a considerable
number (>70%) of open-ended nanostructures emerged (Figure S7).
Remarkably, a further increase in the concentration to 1 x 107* M
resulted in the evolution of rodlike nanostructures (nanorods)
reminiscent of tobacco mosaic virus (Figure 3a). The contour
lengths of the nanorods ranged from 100 to 300 nm, whereas the
widths and the heights were uniform at ~25' and ~5 nm,
respectively (Figure 3b). These short-axis dimensions did not vary
from nanorod to nanorod, strongly suggesting that the rods are not
formed by the bunching of open-ended fibers but instead are
organized through their helical folding to form coils (Figure 3c).'*-*°
The significant difference between the widths and the heights could
be attributed to the hollow structure, which is susceptible to
deformation by the evaporation process and the AFM tip force.
The helical pitch may correspond to the thickness of the nanofibers,
which was too short to be visualized by either AFM or TEM. These
nanorods were transformed into rings when the concentration was
decreased to 2 x 107> M by addition of solvent, demonstrating the
reversible transformation between them. Coexistence of nanorods
and other nanostructures persisted when the solution of 1 became
saturated (c = 1 x 107° M; Figure S8).

Dynamic light scattering (DLS) measurements on MCH solutions
of 1 at various concentrations corroborated the occurrence of the
concentration-driven transformation of the nanostructures in solu-
tion. For the solution with ¢ =2 x 107> M, stable assemblies with
hydrodynamic diameters (Dy) of ~60 nm were reproducibly
detected in every measurement (Figure S9a), demonstrating the
presence of discrete nanostructures. In a larger-sized region,
assemblies having irregular Dy values were randomly observed,
which could be attributed to the existence of open-ended assemblies.
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Figure 4. (a) FT-IR spectrum of a thin film of 1 prepared from its saturated
MCH solution. (b) Schematic illustration of an open-ended fiber. Blue arrows
indicate the direction of curvature. (c) Linear hydrogen-bonding motifs [—IV
found from crystal structures of barbituric acid derivatives (see ref 21).
The dimeric and tetrameric units surrounded by red dashed lines are possible
oligomeric building blocks that may stack to form open-ended fibers.

At ¢ = 4 x 10* M, nanorings were still observed, but the Dy
values of the other assemblies lacked reproducibility between the
measurements (Figure S9b), reflecting the formation of flexible
open-ended assemblies with nonequilibrated morphologies. Notably,
a further increase in the concentration to 1 x 107 M led to the
integration of the Dy of the randomly observed assemblies into
the 100—300 nm range (Figure S9c). This observation clearly shows
the evolution of nanorods with a relatively narrow size distribution
in their counter lengths (see Figure 3a).

Diverse hydrogen-bonding motifs have been found for numerous
single crystals of 5,5-disubstituted BAR derivatives.*! FT-IR studies
have shown that the C=O stretching vibrations of BAR moieties
in their single crystals are sensitive to the hydrogen-bonding
motifs.”* A thin film of 1 prepared from its saturated MCH solution
containing all the aforementioned nanostructures exhibited three
sharp C=0 stretching vibrations at 1750, 1704, and 1672 ¢cm™!
(Figure 4a) ascribable to the three C=O groups. Thus, only one
type of hydrogen-bonding motif is responsible for producing all of
the nanostructures of 1.

Open-ended fibers (Figure 2e) are obviously the intermediate
species between nanorings and nanorods. They have a tapelike
morphology with a thickness of 2.6 nm and a width of 8.9 nm
(Figure 4b). Of the diverse hydrogen-bonding motifs found for BAR
derivatives, the one-dimensional ones listed in Figure 4c are
candidates that could be responsible for the open-ended fibers.?'
However, it seems unlikely that self-assemblies of 1 comprising
such rigid hydrogen-bonding motifs would curve sharply in the
lateral direction (blue arrows in Figure 4b). The rings, which
measure 29 nm in body-to-body width, are formed by ring closure
of fibers measuring 91 nm in length, and this process apparently
involves significant strain energy. Furthermore, molecular modeling
showed that neighboring OPV segments in the self-assemblies of
1 based on these hydrogen-bonding motifs are separated by at least
6 A, which does not permit the strong 7-electronic interactions
observed by UV —vis spectroscopy. We thus believe that a different
type of supramolecular organization occurs with 1.

When the thin film of 1 was heated above 230 °C, a liquid-
crystalline mesophase was observed up to 250 °C by differential
scanning calorimetry and polarized optical microscopy. X-ray
diffraction of the mesophase confirmed the formation of a body-
centered rectangular columnar (Col,) structure with lattice constants
a =83 nm and b = 7.5 nm (Figure S10). The formation of a Col,
structure strongly suggests discotic association of 1 followed by
stacking of the resulting disks with translational and most likely
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Figure 5. Schematic illustration of a proposed mechanism for organization
of 1 into nanorings, open-ended nanofibers, and nanocoils through the cyclic
hexamer 1.

rotational displacements, affording columns with an ellipsoidal
cross-section that favors rectangular packing in the bulk state.?
For such a disk, dimeric or tetrameric units in the linear hydrogen-
bonding motifs shown in Figure 4c can be potential candidates.**
However, these oligomeric units possess at least two free NHCO
hydrogen-bonding sites, the presence of which is enthalpically
unfavorable in aliphatic solvents. We rather propose that a
hexameric disk of 1 (15) shown in Figure 5a is the primary
supramolecular species in the present system.

The complex self-organization process of 1 is summarized in
Figure 5. In aliphatic solvents, columnar stacks of 1 are isolated
by solvation and behave as tapelike nanofibers (Figure Se). At
concentrations below 2 x 107> M, the lengths of columns are
moderate (~90 nm as judged from the circumferences of the
nanorings), allowing intrachain end-to-end interactions to form rings
(Figure 5d). Such a ring closure of short columns consisting of
m-conjugated supramolecular disks (rosettes) is similar to our earlier
observation that the oligo(p-phenyleneethynylene) rosette provides
nanorings with widths of 40 nm as a result of “biased stacking”
between the rosettes.’ In the present case, it is most likely that
translational and rotational offsets upon stacking of 1 units are
responsible for the spontaneous curvature of columns (Figure 5b,c).
A surprising uniformity in the size of the present nanorings indicates
that such offsets between 14 disks evolve with a specific distance
and angle. At concentrations above 1 x 10™* M, the columns further
extend over 200 nm, which eventually leads to their folding into
nanorods to minimize the surface free energy (Figure 5f).

The perfect morphological features of the present nanorings and
nanorods make them particularly attractive as nanomaterials with
unique electronic, magnetic, and optical properties. Further inves-
tigation of the packing structure, selective formation of a single
nanostructure through changes in the external environment (e.g.,
solvent), exploration of their conductive properties, and the
diversification of nanostructures by addition of complementary
melamine components® are currently underway and will be reported
in due course.
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