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Functional dyes have gained increased attention because of
the growing demands for low-cost and low-molecular-weight
materials applicable to organic photovoltaic devices.[1] The
major appealing features of these materials are the variable
optical and electronic properties obtained through intermo-
lecular electronic interactions.[2] Although this feature
demands careful molecular design of the dyes, including
taking their stacking arrangements into consideration for
obtaining the desired optical and electronic properties, it
offers a new possibility for tuning the properties by engineer-
ing specific noncovalent interactions.[1] Furthermore, tailoring
of well-defined nanostructures by the bottom-up approach
based on engineered noncovalent interactions[3] is emerging
as a powerful strategy for increasing the number of potential
applications of functional dyes. Dimension- and shape-
controlled nanostructures consisting of optically and elec-
tronically active elements would show specific functions such
as dimension-controlled transportation of excitons and
charges.[4] Thus, simultaneous control over stacking arrange-
ments and self-assembled architectures of functional dyes
would produce organic optoelectronic materials with
enhanced functionality. The stacking arrangements of various
functional dyes have been controlled by modifying peripheral
substituents,[5] host–guest complexation,[6] and hydrogen
bonding.[7] For functional dyes having a strong dipole
moment such as merocyanines, control of the stacking
arrangement is particularly challenging because aggregation

of this type of chromophore is susceptible to strong dipolar
interactions, thus resulting in antiparallel face-to-face stack-
ing arrangements (H-type aggregation).[8] The head-to-tail
orientation (J-type aggregation) of merocyanine dyes[9] have
been accomplished by Bosshard and co-workers[10] and Marks
and co-workers[11] in vapor-phase deposited films, and by
W�rthner et al.[12] in a thermodynamically equilibrated
system using hydrogen-bonding interactions. Herein, we
report a novel supramolecular strategy to obtain J- and
H-type aggregates of a dipolar dye using multiple hydrogen-
bonding interactions, thereby leading to the formation of
rationally organized vesicular and ribbonlike self-assembled
architectures[13] with distinct optical and electronic properties
(Scheme 1).

The merocyanine dye 1 bearing a barbituric acid (BA)
group,[14] was synthesized as a hydrogen-bonding dipolar dye
(m = 10.9 D). Previous studies have shown that the BA group
is a useful supramolecular binding moiety that leads to the
assembly of functional building blocks into well-defined
nanostructures through self-complementary hydrogen
bonds.[15] Self-aggregation of dye 1 proceeds through two
intermolecular hydrogen-bonding interactions between each
BA moiety, and subsequent hierarchical organization of the
resulting hydrogen-bonded species through dipolar interac-
tions (J-type aggregation). Upon addition of receptor 2,[16] the
BA group of 1 is capped, thereby shifting its aggregation
mode through dipolar interactions (H-type aggregation).

The hydrogen-bonding pattern of 1 was studied by
scanning tunneling microscopy (STM) at the liquid–solid
interface. Figure 1a shows the STM image of 1 obtained at
1-phenyloctane/highly oriented pyrolytic graphite (HOPG)
interface. Unidirectional lows of bright spots corresponding
to the stilbene moiety of 1 were observed, indicating the
formation of a linear hydrogen-bonding motif.[17] The periodic
distance between the bright spots within the lows is
(1.0�0.1) nm, which corresponds well to the hydrogen-bond-
ing motif shown in Figure 1b which is among the various
tapelike supramolecular structures found for the single
crystals of barbituric acid derivatives (see Figure S1 in the
Supporting Information).[18] The lows are separated alter-
nately by the darker regions with a width of (1.0� 0.1) nm
(L1) and the darkest regions with a width of (1.5� 0.1) nm
(L2). The former regions correspond to linear hydrogen-
bonded arrays of barbituric acid moieties, whereas the width
of L2 is in good agreement with the length of dodecyl chains,
suggesting the interdigitation of dodecyl chains between the
hydrogen-bonded tapes (Figure 1b). One of the two alkyl
chains of 1 is thus considered to be not physisorbed to the
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surface. The interlayer spacing of hydrogen-bonded tapes
(L3) is estimated to be (4.1� 0.1) nm.

In nonpolar solvents
such as methylcyclohexane
(MCH), hierarchical organ-
ization of the hydrogen-
bonded tapes of 1 could
take place, leading to a
higher-order structure. 1 is
poorly soluble in MCH (cmax

� 1 � 10�5
m). The absorp-

tion spectrum of the c = 1 �
10�6

m solution exhibits
vibronic transitions at
lmax = 509 and 541 nm (Fig-
ure 2a). Upon increasing
the concentration to c = 1 �
10�5

m, a new band emerged
in the red-shifted region
around l = 600 nm as a
shoulder. The new band
(J-band) disappeared upon
heating to 90 8C (data not
shown), suggesting that it
originates from J-type
aggregates of 1. Notably,
the observation of the
J-band indicates that the
hierarchical organization of
the hydrogen-bonded tapes
into two-dimensional sheets
occurs through dipolar p–p

stacking interactions
because the distance
between the neighboring
stilbene moieties within the
hydrogen-bonded tapes
exceeds 10 �.

Cooling of a hot
(100 8C), homogeneous
MCH solution of 1 (c = 3 �
10�5

m) to ambient temper-
atures results in a purple
suspension. The absorption
spectrum of the suspension
shows an additional increase
in the intensity of the J-band
(lmax = 595 nm, Figure 2a).
Dynamic light scattering
measurements demon-
strated that the formation
of particles having uniform
hydrodynamic diameters
(Dh) at around 600 nm (Fig-
ure 2b). Remarkably, scan-
ning electron microscopy
(SEM) of the particles
revealed a coffee-bean-like
ellipsoidal morphology (Fig-

ure 2c). The longer diameters of the ellipsoids are approx-
imately 1 mm, which is larger than the Dh value in solution.

Scheme 1. Schematic representation of the self-organization process of 1 and subsequent J-aggregation into
vesicles, and the formation of complex 1·2 and subsequent H-aggregation into ribbons.
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The morphology of the ellipsoids was also visualized by
transmission electron microscopy (TEM) after sputtering
with Ir/Pt from an angle of 458 on a carbon-coated TEM grid.
The image confirmed the presence of central concavity which
shows a higher degree of penetration of electrons as a result of
a low sputtering efficiency compared to that of the peripheral

parts. Atomic force microscopy (AFM) revealed that the
ellipsoids are between 100 and 200 nm in height with a
concavity of 50 nm in depth (Figure 2e). On the basis of these
microscopic observations, it is most likely that 1 self-
assembles into vesicular (or erythrocytelike) aggregates in
the solvent, which are deformed by the evaporation process.

X-ray diffraction of the vesicular aggregates exhibited
explicit d-spacings at 29.4, 14.6, and 9.6 � (Figure 2 f), thus
demonstrating that they are constructed by multilamellar
organization of 1. The interlayer spacing of 2.94 nm is shorter
than that of the monolayer (L3) formed at liquid–solid
interface (4.1 nm, Figure 1). Therefore, a tilted packing of the
hydrogen-bonded tapes with respect to the lamellar normal
by an angle of 448 is suggested for a higher-order organization
of 1 (Scheme 1). The tilted packing is rationalized by
observation of the J-band, which indicates an offset stacking
of the tapes along to their short axes. Notably, the J-type
aggregation of 1 is supramolecularly engineered by the
formation of the antiparallel hydrogen-bonded tape which
does not allow face-to-face stacking because of the unfavor-
able parallel orientation of the dipole moments (Scheme 1).

The addition of 0.2 equivalents of the barbituric acid
receptor 2 to the MCH suspension of 1 results in the
dissolution of vesicular aggregates, thus affording a trans-
parent purple solution (Figure 3 a). Interestingly, the UV/Vis
spectrum of this solution retained the J-band (lmax = 585 nm;
Figure 3b). This observation implies that a small amount of 2
fragments the large vesicular aggregates into soluble J-type
aggregates. Further addition of 2 resulted in an abrupt
decrease in the intensity of the J-band and an increase in
the intensity of a new absorption band at lmax = 514 nm,
exhibiting a prominent color change from purple to red
(Figure 3a). The intensity of the new band was at a maximum
when [2] = [1], which suggests a 1:1 complexation.

Figure 1. a) STM image of 1 at the 1-phenyloctane/HOPG interface. L1
and L2 show the widths of the barbituric acid and alkyl-tail arrays,
respectively. L3 corresponds to the interlayer spacing of the hydrogen-
bonded tapes. b) Proposed molecular arrangement of 1.

Figure 2. a) UV/Vis absorption spectra of homogeneous MCH solu-
tions of 1 at concentrations of c= 1 � 10�6

m (dotted line) and
c =1 � 10�5

m (solid line), and its MCH suspension (purple line,
c =3 � 10�5

m) at 25 8C. Arrow indicates the J-band. b) Dynamic light
scattering analysis of the MCH suspension (c= 3 � 10�5

m). c) SEM
image of vesicular aggregates of 1 drop-cast from the MCH suspen-
sion onto a silicon substrate. d) TEM image of vesicular aggregates of
1 dip-coated from the MCH suspension onto carbon-coated TEM grid.
The sample was sputtered by Ir/Pt at an angle of 458. e) AFM image of
vesicular aggregates of 1 drop-cast from the MCH suspension onto
the HOPG surface. z scale = 200 nm. Inset: three-dimensional AFM
image of a single vesicle. f) XRD pattern of vesicular aggregates of 1.

Figure 3. a) Color change of MCH solution of 1 (c = 3 � 10�5
m) upon

increasing the equivalents of 2. b) UV/Vis spectra of 1 (c = 3 � 10�5
m,

l = 1 cm) with 2 in MCH. Arrow indicates the spectral change upon
increasing the amount of 2 (purple to red lines; 0.2!1 equiv). The
normalized spectrum at 0 equiv of 2 (a; vesicular aggregates), and
the normalized spectrum of 1·2 gel (blue line; c = 2 � 10�3

m) are
shown. c) Polarized optical micrographic image of the 1·2 gel. Inset:
picture of the gel in a vial. d) Optical and e) polarized optical micro-
scopic images of the dried 1·2 gel.
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The supramolecular species absorbing at lmax = 514 nm is
considered to be the hydrogen-bonded complex 1·2 that is
free from dipolar aggregation because of its small red-shifted
absorption maximum from that of the monomeric 1 in MCH
(lmax = 509 nm). The 5 nm red-shift would be a result of the
polarizing effect by hydrogen-bonding interactions.[19] Addi-
tional association of this complex takes place upon increasing
concentration, leading to gelation of the solutions at a
concentration above c = 2 � 10�3

m and a blue-shift of the
absorption maximum to lmax = 474 nm (Figure 3 b).[20] This
observation illustrates that the packing arrangement of the
merocyanine chromophores is shifted to an H-type arrange-
ment. Polarized optical microscopic observation of the
pristine gels showed a threadlike birefringent texture which
is characteristic of the formation of nematic gels (Fig-
ure 3c).[21] Upon drying the gel between glass substrates,
intertwined macroscopic fibers were generated and showed a
maximum birefringence when they were aligned 458 relative
to the polarizers (Figure 3d,e). This result suggests that
p planes of the discotic complex are almost perpendicular to
the long axis of the fibers.

AFM analysis of the dried gels of 1·2 showed flat
ribbonlike nanostructures with widths of 50–200 nm lying on
top of one another (Figure 4a). Notably, the individual
ribbons are comprised of thinner fibrils arranged in side-by-
side fashion (Figure 4 b), consistent with the formation of the
nematic gels. The body-to-body distance between neighbor-
ing fibrils is estimated by cross-sectional analysis to be 6 nm
(Figure 4d; along i), which might correspond to the width of
the fibrils. Remarkably, magnified phase imaging revealed
that the elementary fibrils have either right- (P) or left-
handed (M) helical structures with a regular pitch of 7.5 nm
(Figure 4c and Figure 4 d; along ii). Thus, it is strongly
suggested that a rotational displacement of the discotic
complex around the stacking axis occurs, leading to the

formation of twisted ribbons (Scheme 1).[5a,22] The occurrence
of the rotational displacement was supported by the electro-
absorption spectroscopic analysis of the dried gels, which
showed the presence of the transition to a lower-lying exciton
state (at 550 nm), as well as the major transition to a higher-
lying one (at 474 nm).[2] The transition to the theoretically
forbidden lower-lying exciton state in the H-type aggregates
originate from an imperfect H-type stacking arrangement
with a rotational displacement (see Figure S5 in the Support-
ing Information).[23] Since the helical pitch corresponds to a
1808 rotation of the discs, approximately 21 disks are involved
in one pitch by assuming p–p stacking distance of 3.5 �. Thus,
the rotational angle between the neighboring disks is
calculated roughly to be 98.

Molecular arrangement in semiconducting materials can
have a significant impact on their charge-carrier mobilities
and electrical conductivities.[24] We thus evaluated the mobi-
lities of photogenerated charge carriers of self-assembled
vesicular and ribbonlike aggregates by flash-photolysis time-
resolved microwave conductivity measurement (FP/
TRMC).[25] Upon excitation with a 355 nm laser pulse, the
vesicular aggregates of 1 showed the maximum transient
conductivity (fSm) of 4.4 � 10�6 cm2 V�1 s�1, which is lower
than the fSm of 5.2 � 10�6 cm2 V�1 s�1 observed for the
ribbonlike aggregates of 1·2 (see Figure S6 in the Supporting
Information). The photocarrier generation yields (f) of the
aggregates were determined to be 3.3 � 10�3 for 1 and 3.0 �
10�3 for 1·2 by photocurrent integration measurements (see
Figure S7 in the Supporting Information). Thus, isotropic
mobilities of photogenerated charge carriers within the
aggregates (Sm) were determined to be 1.3 � 10�3 and 1.7 �
10�3 cm2 V�1 s�1 for 1 and 1·2, respectively. Taking into
account the one-dimensional columnar structure of the
latter, charge-carrier transport is assumed to occur along the
one-dimensional stacking axes directed randomly in the
present case. Therefore, Sm of 1·2 was multiplied by a factor
of three,[26] thus giving the one-dimensional mobility (m1D) of
5.1 � 10�3 cm2 V�1 s�1. The higher mobility of the binary
system is consistent with the efficient overlap of p-conjugated
chromophores in the H-type aggregates.

Previous studies have shown that complementary multiple
hydrogen-bonding interactions are a powerful tool for con-
trolling either stacking arrangements[7b,d,g] or self-assembled
structures[27] of functional dyes. Herein we have demonstrated
that not only the aggregation mode of a dipolar dye but also
the resulting self-assembled architectures can be rationally
controlled by this supramolecular approach. As a result,
optical and electronic properties of a single dye component
can be tuned without any synthetic modifications. This study
clearly demonstrates that supramolecularly engineered aggre-
gation of functional dyes enhance the potential utility of these
materials in optoelectronic applications.
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Figure 4. AFM images of dried MCH gel of 1·2 (c = 2 � 10�3
m).

a) Height image, b) amplitude image, c) phase image, and d) cross-
sectional profiles across the lines i and ii in b) and c), respectively. In
c), the right- and left-handed twisted ribbons are designated by “P”
and “M”, respectively.
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