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Introduction

The construction of well-defined nanostructures from p-con-
jugated molecules is a subject of increasing research interest
and underpins supramolecular electronics and photonics.[1]

Whereas p-conjugated molecules have the intrinsic ability to
self-assemble into extended 1D structures through p–p

stacking interactions,[2] more precise control of their dimen-
sionalities might be possible by using directional noncova-
lent interactions.[3] In this context, multiple hydrogen-bond-
ing interactions between heterocyclic compounds are partic-
ularly appealing because of their selectivity and directionali-
ty,[4] offering shape-persistent supramolecular p-conjugated
species that are capable of hierarchically assembling into
well-defined functional nanostructures through p–p stacking
interactions.[5] The elegance of this approach has been exem-
plified by the self-assembly of oligo(p-phenylenevinylene)
(OPV) derivatives equipped with ureidotriazine[6] or mela-
mine moieties.[7] The former OPV derivatives dimerize
through quadruple hydrogen-bonding interactions, and sub-

sequently organize to form twisted helical nanofibers. The
latter OPV derivatives were found to form cylindrical nano-
tubes due to the formation of a cyclic hexamer (rosette)
through double hydrogen bonding between melamine units.
Thus, proper selection of a hydrogen-bonding motif enables
the construction of different types of p-conjugated nano-
structures.

We have been exploring two-component functional supra-
molecular assemblies based on multiple hydrogen-bonding
interactions[8] due to their capability to produce diverse
supramolecular species by minor structural modifications of
either one of the two components,[9] or by changing their
mixing ratio.[10] Self-assembly and photochemical properties
of merocyanines and perylene bisimides have been success-
fully controlled through complementary triple hydrogen-
bonding interactions between melamine donor–acceptor–
donor (DAD) and imide acceptor–donor–acceptor (ADA)
hydrogen-bonding units. We have recently shown that the
self-assembly of the OPV 1 a, capped on one end by a mon-
otopic melamine hydrogen-bonding module and the other
end by a tridodecyloxyphenyl wedge,[11] can be controlled by
complexation with cyanuric acid (CA) or substituted CA de-
rivatives (ddCA or dCA) possessing differing numbers of
ADA hydrogen-bonding sites (Scheme 1).[12] A particularly
salient result was observed for the 3:1 mixture of 1 a with
CA; this mixture provided organogels at millimolar concen-
trations as a consequence of columnar organization of the
resulting complex. The self-aggregation of 1 a was also evi-
denced from the UV/Vis spectral study, but no morphologi-
cal study has yet been addressed. Herein, we report a ra-
tional approach to control the self-aggregation of the mela-
mine-capped OPV 1 a and its coaggregation with CA. To en-
hance the aggregation abilities of 1 a and its complex with
CA, we have synthesized 1 b, which possesses an amide
group as an additional hydrogen-bonding site.[13] In the pres-
ent study, we underline that the presence of the amide
group in 1 b dramatically affects the self- and coaggregation
behavior leading to the controlled formation of rings and
fibers.
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Results and Discussion

Synthesis : Compound 1 b was synthesized by the stepwise
introduction of the aniline derivative 3 and dioctylamine
onto the previously reported OPV 4 (Scheme 2).[14] Because
of the relatively low reactivity of 3, the synthesis of 1 b was

carried out at 100 8C. After purification by column chroma-
tography, compound 1 b was obtained in 45 % yield. The
chemical structure of 1 b was confirmed by 1H NMR spec-
troscopy and MALDI-TOF and atmospheric pressure chem-
ical ionization (APCI) mass spectrometry.

Optical properties : The UV/Vis and fluorescence spectra of
dilute solutions of 1 a and 1 b (c=1 � 10�5

m) in chloroform
and methylcyclohexane (MCH) were measured to compare
their self-aggregating behavior. Both 1 a and 1 b, when dis-
solved in chloroform, show similar absorption and fluores-
cence bands arising from the p–p* transition of the molecu-
larly dissolved OPV chromophores (Figures S1 and S2 in
the Supporting Information).[14] This indicates that the phe-
nylamido substituent of 1 b does not affect the intrinsic opti-
cal properties of OPV chromophores.

The OPV 1 a in MCH showed the p–p* transition at
lmax =376 nm, which is identical to that observed in chloro-
form (lmax = 377 nm), indicating that 1 a exists in the molecu-
larly dissolved state (or more precisely, free from p–p stack-
ing interactions) at this concentration (Figure S1 in the Sup-
porting Information). The fluorescence spectrum of the so-
lution in MCH is structured (lem max = 415 and 439 nm) when
compared with that of the solution in chloroform (Figure S2
in the Supporting Information), however, no noticeable
change is found for the peak positions, which again illus-
trates the absence of aggregation. Self-aggregation of 1 a
starts to occur at around c=5 � 10�4

m, shifting the p–p*
transition to lmax =365 nm.[12] The fluorescence spectrum at
this concentration (see Figure 2 a, 0 equiv) does, however,
show only a slight increase in the relative fluorescence in-

tensity of the peak at 439 nm
compared with that of the 1 �
10�5

m solution (Figure 1). This
observation indicates that the
365 nm absorbing species are
weakly interacting molecular
assemblies, which undergo
rapid exchange with molecular-
ly dissolved species.

Interestingly, the p–p* transi-
tion of the amide-functionalized
1 b in MCH at c=1 � 10�5

m dis-
played a large shift towards
lmax =350 nm with an apprecia-
ble hypochromic effect com-
pared with that of 1 a
(Figure 1). In the fluorescence
spectrum, a significant decrease
in the peak intensities at l =

415 and 439 nm are observed
when compared with that of 1 a,
whereas peaks in the longer
wavelength region (at l= 469,
500, and 540 nm) had increases
in their intensities. These spec-
tral changes are characteristic

Scheme 1. Chemical structures of the melamine–oligo(p-phenyleneviny-
lene) conjugates 1 and the complementary cyanurates.

Scheme 2. Synthesis of 1b : a) dodecylamine, pyridine, toluene, 80 8C, 3 h; b) hydrazine monohydrate, Pd/C,
ethanol, 80 8C, 1 h; c) 3, diisopropylethylamine, 1,4-dioxane, 100 8C, 12 h and then dioctylamine, reflux, 24 h.
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of the p–p stacking of OPV chromophores[6a,14, 15] and dem-
onstrate that the amide moiety of 1 b enhances the self-ag-
gregation propensity of the melamine-capped OPV building
blocks.

CA is a tritopic ADA-type hydrogen-bonding module
that enables the trimerization of the melamine-capped
OPVs through complementary hydrogen bonding.[16] The re-
sulting 3:1 complex of 1 with CA has an expanded p surface,
shifting the aggregation equilibrium towards a p–p stacked
state, compared with 1 alone. We thus investigated the com-
plexation of 1 with CA by using fluorescence spectroscopy
because of its susceptibility to p–p stacking interactions. Fig-
ure 2 a shows the fluorescence spectral change of 1 a with an
increasing concentration of CA. The concentration of 1 a
was set to 5 � 10�4

m to ensure the presence of sufficient hy-
drogen-bonding interactions. Upon increasing the concentra-
tion of CA, the fluorescence peak at l=417 nm derived
from molecularly dissolved OPV chromophores decreased,
and concurrently a new peak at l=463 nm emerged as a
result of p–p stacking of the OPV chromophores. When the
ratio of these fluorescence peak intensities (I463/I417) was
plotted against the molar ratio [CA]/[1a] the maximum was
observed at [CA]/[1a]=0.33 (Figure 2 b), suggesting a 3:1
complexation between 1 a and CA. The quantitative binding
of 1 a to all the ADA binding sites of CA under the present
condition should, however, not be allowed if DAD–ADA
hydrogen bonding is the only intermolecular interaction.[8c,17]

Thus, it is believed that the resulting complexes were further
stabilized by p–p stacking interactions as shown by the ap-
preciable fluorescence spectral changes.

Of further interest is the reappearance of the fluorescence
peak of the monomeric species at l= 417 nm upon the addi-
tion of greater amounts of CA ([CA]/[1a]>0.33, Figure 2).
This finding suggests that the mixing of the two components
with the exact 3:1 molar ratio is a prerequisite for the for-
mation of the complex 1 a3·CA. In the presence of greater
amounts of CA, additional hydrogen-bonded complexes,
such as 1 a2·CA and 1 a·CA, which have less tendency for ag-
gregation through p–p stacking interactions, might be

formed. These may even behave as terminating species in
the hierarchical organization of 1 a3·CA as inferred from the
abrupt increase of the I463/I417 value at [CA]/[1a]=0.33.

For the complex 1 a3·CA, the formation of the two stereo-
isomers i and ii, shown in Figure 3 a, should be considered
with respect to the binding orientation of the three 1 a mole-
cules. The stereoisomer i has a C3-symmetrical structure,
whereas ii is characterized by the presence of a p–p stacked
OPV dimer within the structure. Such a dimeric unit can be
produced by the 2:1 complexation of 1 a with the ditopic
dCA (stereoisomer iv of 1 a2·dCA in Figure 3 b). To obtain
information on the supramolecular structure of complex
1 a3·CA, we compared the UV/Vis and fluorescence spectra
of this complex with those of 1 a2·dCA (Figure 3 c and d). It
has been revealed in a previous study that the 2:1 mixtures
of 1 a and dCA in MCH show relatively sharp absorption
spectra with blue-shifted maxima at around l=355 nm over
a wide concentration range ([1a]= 1 � 10�6 to 5 � 10�4

m, see
Figure 3 c for the spectrum of the 1 � 10�5

m solution).[12] The
large blue shift (l=376!355 nm) and the concentration in-
dependence is consistent with the formation of the stereo-
isomer iv in which a p-stacked OPV dimer is locked by
dCA through triple hydrogen-bonding interactions. In sharp

Figure 1. The UV/Vis (left axis) and fluorescence (right axis; lex =

349 nm) spectra of 1a (solid line) and 1 b (dashed line) in MCH at 20 8C.
Concentration: 1 � 10�5

m.

Figure 2. a) Fluorescence titration of 1a ([1a]=5 � 10�4
m) with CA (0 to

1 equiv) in MCH; lex =349 nm. The spectra were normalized at their
maxima. Arrows indicate the changes upon an increase in the concentra-
tion of CA. b) Plot of the ratio of fluorescence intensities at l=463 and
417 nm versus the [CA]/[1a] ratio. Dotted line indicates [CA]/[1a]=0.33.

Chem. Eur. J. 2010, 16, 8652 – 8661 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 8655

FULL PAPERNanofibers and Nanorings of Functional p Systems

www.chemeurj.org


contrast, the absorption maxima of the 3:1 mixtures of 1 a
and CA remain at l= 376 nm up to 1 � 10�4

m, and shift to
l=363 nm at [1a]=5 � 10�4

m. A further increase in the con-
centration no longer impacts the absorption maximum.
These observations clearly demonstrate that complex
1 a3·CA does not feature a p-stacked OPV dimer locked by
CA. Moreover, the complex 1 a2·dCA emanates in a more
red-shifted region than complex 1 a3·CA (Figure 3 d; lem

max =476 nm for 1 a2·dCA and 463 nm for 1 a3·CA). The
larger Stokes shift of 1 a2·dCA (121 nm) than that of 1 a3·CA
(100 nm) can be rationalized by the formation of the stereo-
isomer iv in which the two OPV chromophores are strongly
stacked within the complex (Figure 4 a). A closer inspection
of the fluorescence spectrum of the complex 1 a3·CA re-
vealed that there was no contamination of the fluorescence

from such tightly interacting di-
meric OPVs. Thus, it was con-
cluded that complex 1 a3·CA
does not form the stereoiso-
meric ii, and the observed spec-
tral features of this complex
emerging in [1a]>5 � 10�4

m are
purely attributed to a hierarchi-
cal stacking of stereoisomer i.
Why the complex 1 a3·CA does
not take the stereoisomeric
form ii is most likely to be due
to the effective hierarchical or-
ganization of the C3-symmetri-
cal discotic structure of the ste-
reoisomer i (Figure 4 b).

The complexation of 1 b with
CA was also investigated with
fluorescence spectroscopy, how-
ever, no notable spectral
changes were observed. Two
possibilities might be suggested
for this result: 1) CA does not
bind to 1 b due to the strong
self-aggregation of 1 b ; 2) CA
binds to 1 b to form some kind
of coaggregates in which the
OPV chromophores are fully
p–p stacked as in self-aggregat-
ed 1 b. This point is investigated
by using AFM (see below).

AFM analysis of nanostruc-
tures : Solutions of 1 a (c=5 �
10�4

m) and 1 b (c= 1�10�4
m) in

MCH were spin-coated onto
highly oriented pyrolytic graph-
ite (HOPG) and the resulting
nanostructures were visualized
by AFM. The OPV 1 a, for
which the UV/Vis data at this
concentration showed the pres-

ence of p–p stacking, exhibited ill-defined nanostructures
(Figure S3 in the Supporting Information). This observation
indicates that 1 a has a low propensity to assemble well-de-

Figure 3. The possible stereoisomers of complexes a) 1 a3·CA and b) 1 a2·dCA. c) UV/Vis and d) fluorescence
spectra of 1 a (dashed line, [1a] =1� 10�5

m), 1 a2·dCA (dotted line, [1a]=1 � 10�5
m), and 1a3·CA (solid line,

[1a]=5 � 10�4
m) in MCH; lex = 349 nm. Different concentrations were chosen for the respective samples (see

the text).

Figure 4. The energy-minimized structures of a) 1a2·dCA (stereoisomeric
form iv) and b) 1a3·CA (stereoisomeric form i) obtained by molecular
mechanical calculations.
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fined nanostructures and hence nondirectional association
occurs. On the contrary, well-defined fibrillar morphologies
were visualized for 1 b (Figure 5 a and b). The height of the
elementary rod-shaped nanostructure is 8 nm (Figure 5 c, d),
twice the molecular length of 1 b with extended alkyl chains
(see Figure 9 f below). Thus, it is likely that 1 b forms dimers
by hydrogen-bonding interactions between melamine moie-
ties[7a,18] and the resulting dimers stack to form nanofibers
that are stabilized by hydrogen bonding between amide
groups (Scheme 3 a). FTIR spectroscopy of thin films of 1 b
exhibited an amide I band at 1631 cm�1, confirming the for-
mation of the hydrogen-bonding interaction. The dimeriza-
tion of 1 b is further confirmed by the XRD study of the
bulk material (see below).

Solutions of the melamine-capped OPVs (c=2 � 10�4
m) in

MCH containing 1/3 equivalents of CA were also spin-
coated onto HOPG and imaged by AFM. Remarkably, the
samples prepared from the mixtures of 1 a and CA showed
agglomerated and isolated ring-shaped nanostructures (Fig-
ure 6 a). Similar ring-shaped nanostructures have recently
been discovered for small amphiphilic molecular building
blocks[19] and several hydrogen-bonded disc-shaped assem-
blies (rosettes) by our group.[20] High-resolution AFM imag-
ing of the nanorings revealed the size range of 20–50 nm
with an average height of 3–4 nm. In sharp contrast to 1 a,
CA had a negative effect on the self-assembly of the amide-
functionalized 1 b. AFM images of the 3:1 mixture of 1 b

and CA exhibited only amorphous structures. The fibrous
nanostructures of 1 b completely disappeared upon the addi-
tion of CA (Figure S4 in the Supporting Information). This
observation indicates that 1 b binds with CA, but the result-
ing coaggregates lack the ability to organize into well-de-

Figure 5. AFM a) height and b) phase images of self-aggregated 1b spin-
cast from a solution in MCH (c =1.0 � 10�4

m) onto HOPG. c) Magnified
AFM height image of elementary nanofibers of 1b and d) cross-sectional
analysis along the white line in c). z scale =30 nm in a) and 12 nm in c).

Scheme 3. Schematic representation of the a) self-aggregation of 1 b and b) coaggregation of 1a with cyanuric acid (CA).
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fined nanostructures. Nonspecific hydrogen bonding be-
tween CA and the amide group of 1 b might occur to form
various hydrogen-bonded coaggregates.

Gelation : Gelation of solvents by self-assembled, low-mo-
lecular-weight compounds is a good indicator of the forma-
tion of elongated fibrous nanostructures.[21] Furthermore,
the formation of an organogel as a result of supramolecular
organization of a small functional molecule, such as an
OPV, allows the formation of optically and electronically
active soft materials.[1,22] Appropriate amounts of 1 a, 1 b,
and their 3:1 mixtures with CA were dissolved in MCH with
heating, and the resulting homogeneous solutions were
cooled to room temperature to examine the gelation behav-
ior. Amide-functionalized 1 b instantly formed transparent
gels with a concentration above 2 � 10�3

m. This observation
is in good agreement with the formation of 1D nanostruc-
tures visualized by AFM (Figure 5). In contrast, neither gels
nor viscous liquids were formed for 1 a when homogeneous
solutions (�5�10�3

m) were kept for several days. This ob-
servation is also consistent with the formation of ill-defined
nanostructures revealed by AFM (Figure S3 in the Support-
ing Information).

Remarkably, the gelation abilities of 1 a and 1 b are re-
versed in the presence of 1/3 equivalents of CA. When a ho-
mogeneous solution of the 3:1 mixture of 1 a (c= 5�10�3

m)
and CA in MCH was kept at room temperature, a transpar-
ent gel was formed after one day. The AFM observation of
a dried gel did not show any fibrous structures typically ob-
served for low-molecular-weight gels (Figure 7 a). Subse-
quently, the gel was diluted to c= 5�10�4

m. The AFM
images of the spin-cast solution exhibited short wormlike
structures (Figure 7 b), which are considered to be inter-
mediate species between the gel-forming extended columnar
structures and the nanorings formed in solutions at lower
concentration (Scheme 3 b). These structures were <300 nm
in length and 10–30 nm in width.

DLS analysis of nanostructures : To support the formation of
the nanostructures in solution, solutions of self- and coag-
gregates in MCH were assessed by dynamic light scattering
(DLS). No analyzable particle was detected for the solutions
of 1 a and 1 b3·CA in the concentration ranging from 1 � 10�4

to 5 �10�4
m, which is consistent with the results of the AFM

studies. For a 1 � 10�4
m solution of the amide-functionalized

1 b, however, extended assemblies with hydrodynamic diam-
eters (DH) close to 1 mm were detected (top data in Fig-
ure 8 a). Interestingly, the average DH of the assemblies

showed a time-dependent increase that exceeded 2 mm after
50 min (from top to bottom in Figure 8 a). This is an indica-
tion of the presence of nonequilibrated extended supra-
molecular assemblies.

In contrast, solutions of 1 a3·CA exhibited equilibrated,
time-independent DLS results. For a 1 �10�4

m solution, as-
semblies for which the DH values were 60–90 nm were de-
tected in addition to larger assemblies around 300–400 nm
(Figure 8 b). The former assemblies are believed to be the
ring-shaped nanostructures observed by AFM. The smaller
sizes of the rings observed by AFM compared with those
from the DLS studies might be due to shrinkage of the
sample during the evaporation of the solvent.[20a] The larger
assemblies are, on the other hand, considered to be open-
ended fibrous assemblies that are not detected by AFM.
Upon increasing the concentration to 5 � 10�4

m, the smaller
assemblies clearly decreased, and the larger assemblies were
the predominantly existing species (Figure 8 c). These results
agree well with the result of AFM studies and clearly dem-
onstrate the concentration-dependent formation of closed
and open structures of columnar stacks of the discotic supra-
molecular species 1 a3·CA.[20b]

Packing structures of OPV self-aggregates : To gain a deeper
insight into the dramatically different self-aggregation abili-
ties of 1 a and 1 b, solid-state packing structures of these
OPVs were investigated with polarized optical microscopy
(POM), differential scanning calorimetry (DSC), and XRD
techniques. The POM and DSC observations revealed that
1 a exhibits shearable birefringent mesophases between 71
(2.5 kJ mol�1) and 85 8C (25.4 kJ mol�1), and 1 b between 53

Figure 6. a–c) AFM height image of 1a3·CA spin-coated from a solution
in MCH (c=2.0 � 10�4

m) and d) cross-sectional analysis along the white
line in c). z scale=6 nm in a) and 5 nm in b).

Figure 7. a) AFM height image of methylcyclohexane gel of 1 a3·CA. z
scale= 10 nm. Inset shows a picture of the gel. b) AFM height image of
1a3·CA spin-cast from a solution in MCH (c= 5.0� 10�4

m). z scale=

6 nm.

www.chemeurj.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 8652 – 86618658

S. Yagai, A. Ajayaghosh et al.

www.chemeurj.org


(1.1 kJ mol�1) and 158 8C (10.3 kJ mol�1). In the temperature
ranges stated, the observed textures were easily broken by
shearing. Above the temperature ranges, both compounds
exist as isotropic liquids. The considerably different clearing
temperatures suggest that the intermolecular interactions in-
volved in the two mesophases are dramatically different.
Upon cooling the isotropic liquids, shearable birefringent
textures were observed for 1 a and 1 b (Figure 9 a and b).
These textures are considerably different from those of the
columnar liquid crystalline mesophases of quadruply hydro-
gen-bonded OPV dimers.[23] The more well-defined fibrous
texture of 1 b than that of 1 a is indicative of a higher degree
of molecular ordering in the former mesophase.

The XRD pattern of 1 a in the mesophase showed broad
reflections at 45.3, 22.6, and 17.8 � (Figure 9 c), demonstrat-
ing the formation of a lamellar structure with interlayer
spacings around 45 �. Since the molecular length of 1 a with
a fully extended conformation is around 58 �, a multilamel-
lar packing of 1 a with interdigitation of alkyl chains is
strongly suggested (Figure 9 e).[24] This observation excludes
the possibility of dimerization of 1 a by melamine–melamine
hydrogen-bonding interactions. In contrast, compound 1 b
showed much sharper XRD peaks at 73.6, 36.3, and 25.0 �
with several unidentifiable peaks, indicating the formation
of a more ordered multilamellar structure (Figure 9 d). Inter-
estingly, the interlayer spacing of 1 b (73.6 �) is much longer
than that of 1 a. Significantly, different interlayer spacings
between the two compounds cannot be explained by the dif-
ference in their molecular lengths (1 a= 58 and 1 b= 65 �).
Combined with the formation of fibrous nanostructures with
the width of 8 nm (Figure 5), it is strongly suggested that 1 b
dimerizes by hydrogen-bonding interactions between the
melamine moieties, and the resulting dimer is the building
block for the extended self-assembled architectures (Fig-
ure 9 f). The occurrence of dimerization in the self-aggrega-

tion of 1 b might be due to the
stabilization of the resulting
dimers by hierarchical organiza-
tion through two-point hydro-
gen-bonding interactions be-
tween amide functionalities and
p–p stacking interaction
(Scheme 3 a).

Conclusion

By the exploitation of the exist-
ing knowledge of the self-as-
sembly behavior of OPVs in
conjunction with the multiple
hydrogen-bonding melamine
moiety, we could rationally
design molecular systems that
self- and coassemble into supra-
molecular architectures with
distinct morphologies. Thus, we

could demonstrate that the melamine-capped OPV 1 a self-
aggregated to form ill-defined structures, and coaggregated
with CA at low concentrations to form nanorings and at
high concentrations to form open structures, leading to the
gelation of solvents. On the other hand, the OPV 1 b, which
has an additional amide group, self-assembled to form nano-
fibers, leading to gelation of solvents. The coassembly of CA
with 1 b resulted in ill-defined structures with gelation abili-
ties. By using spectroscopic, DLS, and AFM analyses, it was
revealed that the amide group strongly enhances the self-ag-
gregation of the melamine-capped OPV building blocks.
XRD in the liquid-crystalline state suggested that dimeriza-
tion by melamine–melamine hydrogen-bonding interactions
occur only for the amide derivative, thereby enhancing its
self-aggregation ability. The poor aggregation ability of the
melamine-capped OPV lacking the amide group could be
improved by the addition of 1/3 equivalents of CA due to
the formation of C3-symmetrical hydrogen-bonded discs.
Such discs possessing three OPV p systems hierarchically or-
ganized in a nonpolar solvent to form a ring-shaped mor-
phology at micromolar concentrations and gel-forming ex-
tended columnar structures at millimolar concentrations.
Thus, the present study demonstrates the possibility of con-
structing defined supramolecular architectures with mela-
mine-capped p-conjugated molecules. We are currently ap-
plying the present molecular design strategy to the creation
of various p-conjugated functional architectures with de-
fined size and shape.
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