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Catenation of Self-Assembled Nano ACHTUNGTRENNUNGrings
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Construction of complex nanoscale architectures from
small molecular building blocks (SMBBs) by programmed
hierarchical organization processes is one of the most excit-
ing frontiers of supramolecular chemistry and self-organiza-
tion.[1] Understanding the complexity in the self-organiza-
tion of biopolymers by using simplified artificial molecules
in addition to discovering novel physicochemical functions
in extended or discrete nanoarchitectures are major objec-
tives in these studies. Among the various nanoarchitectures
based on SMBBs,[2] toroidal or ring-shaped structures
(nanorings) formed by end-to-end closing of fibrous supra-
molecular polymers (self-assembled nanofibers)[3] are new
types of discrete nano-objects that have been reported by
Lee et al. for amphiphilic molecules,[4] by the present au-
thors for hydrogen bonded supermacrocycles (rosettes),[5]

and by Parquette et al. for amphiphilic naphthalene dii-
mides.[6] Although microscale circular architectures based on
SMBBs have been previously reported, the formation mech-
anisms were explained by dewetting processes on the sub-
strates.[7] In contrast, nanorings are believed to be already
present in solution on the basis of dynamic light scattering
(DLS) experiments, similar to the nanorings formed by am-
phiphilic block copolymers.[8] However, no direct evidence
can be obtained by light scattering studies of solutions. In
the present study, we report the formation of a topologically
nontrivial nanostructure that can be regarded as visual evi-
dence for the formation of nanorings in solution.

The nanorings under investigation are composed of p e-
lectronic SMBBs, and are unique because they are formed
hierarchically by hydrogen bonded supermacrocycles.[5] The
formation of nanorings is believed to be caused by the spe-
cific curvature encoded within the p–p stacked columnar
nanostructures of the supermacrocycles formed in nonpolar

solvents under dilute conditions. The system that meets the
three requirements for further advance of this nanoring re-
search, that is: 1) simple molecular design, 2) uniformly
sized nanorings, and 3) mechanical stiffness against atomic
force microscopy (AFM) imaging, is evolved from the
oligo(p-phenylenevinylene) 1, which is asymmetrically sub-
stituted with a barbituric acid (BAR) hydrogen bonding
group and a wedge-shaped[1c] aliphatic tail (Figure 1 a).[5b]

This “BAR-p-wedge” molecule[9] forms nanorings with di-
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Figure 1. a) Chemical structures of 1–3. b) Proposed mechanism for the
formation of nanorings and nanofibers by hydrogen bonded supermacro-
cycles. Other hydrogen bonding patterns can also produce supermacro-ACHTUNGTRENNUNGcycles, see Figure S1 in the Supporting Information. c) Molecular mod-
eled hexameric supermacrocyles of 1–3. d) Comparison of nanoring size
(estimated by AFM) formed by 1–3 with typical edge-to-edge widths and
concentration threshold for their predominant formation (cring).
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ameters of about 40 nm when dissolved in methylcyclohex-
ane (MCH). However, the nanorings are predominantly
formed only at very low concentrations of less than 4 �
10�5

m, and upon increasing concentration, a transition to
open-ended nanofibers and to stiff nanorods resulted (Fig-
ure 1 b). We herein report that the attempt to refine the mo-
lecular structure toward the exclusive formation of nanor-
ings leads to compounds 2 and 3, which predominantly
afford nanorings in a significantly higher concentration
regime compared to 1, due to weakened p–p stacking inter-
actions (thus, a reduction in the degree of supramolecular
polymerization of the supermacrocycles). Furthermore,
nanorings formed by 2 are of similar size to those of 1, and
they are formed in solution at higher concentrations, and
thus allow the interlocking (cat-
enation) of two self-assembled
nanorings. The formation of
self-assembled catenane is prima
facie evidence for the formation
of these nanorings in solution.

Compounds 2 and 3 formed
thermotropic liquid crystals be-
tween 144–162 and 109–138 8C,
respectively, which exhibited bi-
refringent textures characteris-
tic of the columnar organization
of discotic entities.[10] These
mesophases had X-ray diffrac-
tion peaks that were assignable
to rectangular columnar (Colr)
ordering with lattice parameters
a/b= 6.7/6.1 nm for 2 and 5.8/
5.1 nm for 3 (Figure 2 a). The
formation of Colr structures
with relatively large lattice pa-
rameters compared to their ex-
tended molecular lengths (2 :
3.7 nm, 3 : 3.1 nm) demonstrates
the columnar organization of
these molecules through the
formation of hydrogen bonded
supermacrocycles (Fig-
ure 1 b).[11] Furthermore, the
rectangular ordering of the col-
umns is indicative of slipped
stacks of the supermacrocy-
cles,[11c–e] which is similar to that
observed for 1.[5b]

Both the Colr structures of 2
and 3 did not exhibit intraco-
lumnar periodicity correspond-
ing to the lattice parameter c
(center-to-center distance of the
supermacrocycles). Therefore,
we calculated the number of
molecules per unit slice of a
column (Z value)[12] by varying

c values from 3.5 to 6 � and assuming a density of
1.0 g cm�3.[13] For 2, the Z value changed from 4.4 to 7.6, and
for 3, it changed from 3.5 to 6.0 (Figure 2 b). For 1 with lat-
tice parameters a/b= 8.3/7.5 nm,[5b] Z varied from 6.1 to 10.
All the compounds most likely form supermacrocycles
based on the same hydrogen bonded motif (i.e., the same
Z values); therefore, the analysis illustrates that the reduc-
tion of p segments (1!2!3) results in augmentation of the
c values (3.4!4.8!6.0 � when Z is fixed to 6). This result
is reasonable because the peripheral wedges in the superma-
crocycles become crowded upon reducing the p segments
(Figure 1 c); this enlarges the slipping and/or the interdisc
distance within columns (Figure 2 c). Such a modulatable
stacking fashion of the supermacrocycles by the alteration

Figure 2. a) X-ray diffraction patterns of 2 at 150 8C (top) and 3 at 130 8C (bottom). Insets: polarized optical
micrographs (scale bar: 50 mm). b) Plot of calculated number of molecules per unit slice of column (Z value)
versus intracolumnar periodicity c (3.5–6.0 �) for the Colr structures of 1–3. c) Schematic representation of
stacked discotic supermacrocycles. Hydrodynamic diameter (DH) distributions measured by DLS of MCH sol-
utions of: d) 2, and e) 3 at three different concentrations of (from left to right) 2� 10�5, 1 � 10�4 and 1 � 10�3

m.
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of the p conjugation length has a significant impact on the
solution phase organization, as described below.

Nanostructures of 2 and 3 were prepared by dissolving
small amounts of the compounds in MCH with heating, and
then cooling the resulting homogeneous solution to room
temperature. Temperature-dependent UV/Vis spectroscopy
showed the growth of red-shifted absorption bands upon
cooling from 90 to 20 8C (Figure S2 in the Supporting Infor-
mation); this indicates the formation of p–p stacked aggre-
gates. DLS measurements of 2 �10�5

m solutions indicated
only small aggregates (or monomers) with hydrodynamic di-
ameters (DH) less than 4 nm (Figure 2 d and e). Upon in-
creasing the concentrations above 1 � 10�4

m, both com-
pounds showed the formation of nanostructures with aver-
age DH of 30 nm for 2 and 20 nm for 3. Interestingly, the DH

of these compounds did not change when the concentrations
were increased to 1 � 10�3

m. These results are in sharp con-
trast to that of 1, which displayed a significant increase of
DH when the concentration was increased from 2 � 10�5

m

(ca. 60 nm, nanoring) to 1 �10�4
m (ca. 300 nm, open-ended

nanostructures).
The nanostructures formed by 2 and 3 in MCH were spin-

coated onto highly oriented pyrolytic graphite (HOPG) and
imaged by using AFM. Although the specimens prepared by
drop-casting displayed nanostructures identical to those pre-
pared by spin-coating, we avoided the former preparation
method to prevent unfavorable agglomeration of nanostruc-
tures. The specimens prepared from a 1 �10�4

m solution of 2
displayed a large number of nanorings with high uniformity
of size and shape (Figure 3 a and Figure S3 in the Supporting
Information). Open-ended structures, such as curved fibrils,
spirals and stiff rods, which were all observed for 1 at the
same concentration, were rarely found in repeated imaging
of the specimens. The typical width of nanorings (edge-to-
edge distance) was 36 nm, which is slightly shorter than that
for 1 by 4 nm (Figure 1 d).

A considerable amount of nanorings (ca. 60 % of all nano-
structures) was imaged even for specimens prepared from
5 � 10�4

m solution of 2 (Figure 3 b). This situation is compa-
rable to the specimen prepared from a 4 � 10�5

m solution of
1. Closer inspection of the AFM images revealed the pres-
ence of interlocked structures of two nanorings (circled
areas in Figure 3 b).[14] Figure 3 c–e show magnified images
of the catenated nanostructures. One of the two contact
parts of the interlocked nanorings, for example, the contact
point x of rings A and B in Figure 3 d, has identical height to
the main body of nanorings (ca. 1.8 nm). At such a point,
the upper-lying nanoring is clearly discernible from the
AFM image (i.e., ring A). Another contact point, that is,
point y, exhibits a higher height (2.6 nm) than the main
body of nanorings. For such a point, cross-sectional analyses
along to ring A (Figure 3 f) and B (Figure 3 g) gave different
height profiles, and revealed that ring B is the upper-lying
nanostructure at this contact point. It can be concluded
from these analyses that the two nanorings are interlocked
with each other and not simply overlapped nanostructures.
Approximately one or two catenanes were found in every

200 � 200 nm area (Figure S4 in the Supporting Information).
Because single nanorings are composed of approximately
1300 molecules of 2,[15] this finding indicates an unprece-
dented type of supramolecular catenanes that consists of
more than 2000 molecules of the SMBBs.

Further reduction of the p segments in the present “BAR-
p-wedge” system resulted in the almost exclusive formation
of nanorings. Thus, specimens of 3 exhibited a number of
nanorings, despite being prepared from 5 � 10�4

m solutions
(Figure 4 a). Although other open-ended structures are
rarely found, the presence of small spherical nanostructures
should be noted. Such nanostructures can be produced

Figure 3. AFM height images of nanostructures of 2 spin-coated
(3000 rpm) from MCH solutions at concentrations of: a) 1� 10�4, and
b) 5� 10�4

m onto HOPG (z scale: 20 nm). c)–e) Magnified images of the
catenated nanorings found in the circled areas in (b); scale bar: 20 nm.
f), g) Cross-sectional analysis of the catenane in (d).

Figure 4. a) AFM height image of a sample prepared by spin-coating of a
MCH solution of 3 (5 � 10�4

m) onto HOPG; z scale: 20 nm. b), c) Magni-
fied images of the square areas indicated in (a).
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through the nonspecific aggregation of monomeric 3 (or its
hydrogen bonded supermacrocycles) upon evaporation of
the solvent. Another notable feature of the nanorings of 3 is
that they tend to be closely arranged on the surface and ex-
hibit pseudohexagonal packing motifs (Figure 4 b and c).
This is different from that of 1 and 2 and could be related to
the degree of shape-persistence of the toroidal nanostruc-
tures. The typical size of the nanorings of 3 is 25 nm, which
is significantly smaller than that of 2 (Figure 1 d). The size
reduction could render stiffer nanorings, which would
enable their two-dimensional organization. As a result of
the size reduction, catenation was not observed for 3.

Catenane, an interlocked structure of two or more macro-
cyclic molecules, has attracted the attention of chemists not
only for topological curiosity, but also from a functional
viewpoint.[14,16] Catenation of macromolecular entities, such
as DNA, has long been known[17] and has been analyzed by
AFM.[18] Recently, Deffieux et al. have succeeded in visual-
izing catenation of grafted polymers by using AFM.[19] To
our knowledge, the present study is the first time catenation
of purely self-assembled nanofibers has been visualized by
AFM. Arguably, the formation of self-assembled catenanes
composed of SMBBs requires the occurrence of a large
number of well-defined toroidal aggregates in solution upon
cooling for statistical reasons. Such requirements are fulfil-
led in the present study by the reduction of p segments in
“BAR-p-wedge” designed molecules. The supramolecular
organization of “BAR-p-wedge” molecules could, therefore,
provide further unique nanostructures by minor structural
modulation that could exhibit interesting nanoscopic func-
tionality.

Keywords: catenane · hydrogen bonds · nanostructures ·
self-assembly · supramolecular chemistry
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