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Supramolecular assembly of p-conjugated molecules is
important for organic optoelectronic devices where the
intermolecular interaction and ordering at the different
length scales determine the electronic properties.[1] In molec-
ular semiconductors, p-conjugated molecules are the building
blocks of solid-state architectures instead of atoms as in
traditional semiconductors. While atoms are linked covalently
in crystalline inorganic semiconductors, relatively weak p–p

interaction and van der Waals forces play a crucial role in
defining the electronic properties in molecular semiconduc-
tors.[2]

Conjugated molecules, depending on their molecular
structures and processing conditions, self-assemble into
a variety of nano/microscale structures, such as spheres,[3]

wires,[4] ribbons,[5] tubes,[6] helices,[7] disks,[8] sheets,[9] tor-
oids,[4b, 10] barrels,[11] vesicles,[12] and honeycombs.[13] In partic-
ular, rod–coil molecules, consisting of rigid rod and flexible
coil segments, are one of several self-assembling building
blocks for creating well-defined supramolecular structures in
selective solvents for the flexible coil segments.[1a, 5e,14] In
contrast to coil–coil systems,[15] the rod–coil systems can form
well-ordered structures even at relatively low molecular
weights of each block, because the stiff rod-like conformation
of the rod segments imparts orientational organization.[16]

Herein we extended the concept of the rigid segment to
a plate endowed with p–p attractive interactions and report
the colloidal self-assembly of a coil–plate–coil emeraldicene
derivative 1, synthesized by Mohebbi et al. using a modified
literature procedure.[17] The molecular structure of 1 is shown

in Figure 1a. Our initial objective was to reveal the self-
assembly behavior of this novel coil–plate–coil emeraldicene
derivative, in comparison with those of conventional rod–coil
molecules. We also characterized the charge transport proper-
ties of the elongated self-assembled structures (i.e. ribbons) to
demonstrate how the supramolecular organization of the p-
conjugated moieties determines the inherent electronic
properties (see below).

Emeraldicenes are heteroaromatic p-conjugated mole-
cules with extended p-electron structures and high electron
affinities, and have potentials in optoelectronic applica-
tions.[18] These molecules, depending on the alkyl substituents,
form face-to-face and/or edge-to-face p–p stacking motifs in
single crystals.[17b] Nevertheless, it remains unknown whether
such a p–p stacking interaction assists the formation of micro/
nanostructures in solvents.

The covalent attachment of dodecyl and octyl chains to
emeraldicenes led to increased solubility of 1, compared to
that of the nonsubstituted emeraldicenes. Differential scan-
ning calorimetry (DSC) measurement of 1 gives a melting
point at 118 8C, accompanied by a small shoulder at 108 8C in
the heating cycle (Figure S1 in the Supporting Information).
The suspension of 1 in THF shows a broad absorption band in
the UV/Vis range, with an onset at 690 nm (Figure 1 b).
Similar absorption feature was observed in chloroform.

Figure 1. a) The molecular structure of the coil–plate–coil emeraldi-
cene derivative 1. b) The UV/Vis absorption spectrum of 1 in THF. The
inset shows a digital photograph of the solution in THF at
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When 1, isolated from dichloroethane, was dissolved in
tetrahydrofuran (THF) at a concentration of 2.0 mgmL�1,
a visually transparent deep-blue solution was obtained. After
standing in a sealed vial at room temperature overnight,
a suspension of tiny particles was observed, thus suggesting
the aggregation of 1. Under excitation with 520–550 nm light,
red-fluorescent fibrillar aggregates were observed by using
a fluorescence microscope (Figure S2 in the Supporting
Information). These fibrillar aggregates, stored over one
year in the dark in a capped and sealed vial, still retained their
morphologies and optical properties, thereby implying that
these structures are thermodynamically stable.

When a solution of 1 (2.0 mgmL�1) in THF was drop-cast
on a precleaned silicon substrate and subsequently dried in air
at room temperature, flexible ribbons with a high aspect ratio
were observed by scanning electron microscopy (SEM;
Figure 2a, b). These ribbons appear relatively uniform in
width ((0.9� 0.2) mm) and in thickness ((0.15� 0.05) mm,

measured by atomic force microscopy (AFM; Figure S3 in
the Supporting Information). The twisting feature of the
ribbons allows one to see their edges by SEM (Figure S4 in
the Supporting Information), which gives an average thick-
ness of (0.18� 0.03) mm. The ribbons extend in one dimension
up to tens of micrometers or even longer. In high-resolution
SEM images (Figure 2b), the corrugating feature is obvious
for most of these ribbons, reminiscent of flat Asian noodles.
Similar morphology was observed by transmission electron
microscopy (TEM; Figure 2c) in a film formed from the same
solution on a carbon-coated copper grid. In some areas,
labeled by dashed circles in Figure 2c, the ends of the ribbons
can be discerned, where the ribbons become sharper and
focus gradually to a point at the end. The electron diffraction
pattern (Figure S5 in the Supporting Information) indicates
that the ribbons are crystalline, with the p–p stacking aligned
along the long axis of the ribbons (Figure 2d). A proposed
packing model of 1 along the individual ribbons is presented
in Figure 2d. We believe that the p–p interaction between the

aromatic core of 1, as demonstrated in the single-crystal
structures of emeraldicene derivatives,[17b] provides a major
driving force to direct the formation of the ribbons. This
conclusion is also supported by the following charge transport
measurements.

The elongated supramolecular structures of the ribbons
described above raised our interest to characterize their
charge transport properties in field-effect transistor (FET)
devices. The devices were fabricated by drop-casting an
aliquot of 1 in THF (2.0 mgmL�1) onto SiO2/Si substrates that
were prepatterned with interdigitated gold electrodes, then
coated with a monolayer of n-octyltrichlorosilane, and sub-
sequently dried in air at room temperature. From the
saturated regime of the I–V transfer plots, the estimated
hole mobility was 2.1 � 10�6 cm2 V�1 s�1, when assuming a full
coverage of the sample in the channel (5 mm in length)
between the two electrodes (Figure S6 in the Supporting
Information). Though the mobility measured here is com-
parable to other 1D self-assembled nanostructures of p-
conjugated molecules,[19] it should be noted that the actual
mobility was underestimated here since the channels were
only partially (ca. 40%) covered by the sample. A more
accurate measurement of a single ribbon in the future should
give a higher mobility than the value estimated above.[4f]

Interestingly, after the film was annealed at 120 8C in N2

atmosphere for five minutes, the SEM image (Figure S6 in the
Supporting Information) shows that the ribbons collapsed
into irregular smooth domains. The I–V transfer plot (Fig-
ure S6) shows that the hole mobility of the film decreased to
5.2 � 10�10 cm2 V�1 s�1. Such a dramatic decrease of the charge-
carrier mobility upon the morphological change demonstrates
that the well-defined supramolecular organization of 1 and
the oriented p–p stacking in the ribbons play a crucial role in
determining the electronic properties in devices.

Solvent plays an important role in the formation of the
well-defined aggregates. For example, when the solvent was
changed to chloroform, in contrast to THF, the solution with
the same concentration (i.e. 2.0 mg mL�1) remained trans-
parent. No aggregation was observed by using an optical
microscope even after the solution was stored in a capped and
sealed vial in the dark for up to one year. Furthermore, when
a chloroform solution of 1 (2.0 mg mL�1) was drop-cast on
a silicon substrate, irregular smooth films without defined
morphologies (Figure S7 in the Supporting Information) were
observed by SEM. This result is consistent with the aggrega-
tion-free state of 1 in chloroform.

To understand the effect of concentration on the assembly
of 1, we prepared a solution at 0.2 mgmL�1 in THF and
followed the same procedure as described above for SEM and
TEM measurements. While 1 at 2.0 mg mL�1 formed ribbons
over the whole silicon substrate (Figure 2), two domains with
different morphologies formed in the film drop-cast from the
0.2 mgmL�1 solution (Figure 3). Figure 3 a shows a low-mag-
nification SEM image of the film where both networks of
ribbons (Region 1, the edge of the film) and smaller-size
discrete aggregates (Region 3, the center of the film) as well
as the boundary (Region 2) can be discerned. The high-
resolution SEM image (Figure 3b) of the boundary clearly
shows the transformation from networks of ribbons to

Figure 2. a,b) SEM images and c) TEM image of 1 in films drop-cast
from an aliquot of 2.0 mgmL�1 in THF. The dashed cycles in (c)
highlight the ends of some nanoribbons. d) Schematic presentation of
the molecular packing of 1 along the nanoribbon.
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discrete aggregates with varying sizes and shapes. Some
detailed morphologies of the aggregates formed in Region 3
can be seen in representative high-resolution SEM images
shown in Figure 3c–f. In the center of the film (Region 3) the
ribbons curved and self-wrapped into baskets with open ends.
Some baskets have relatively thick walls and are open at only
one end (Figure 3e), while some (i.e. toroids) have relatively
thin walls and remain open at both ends (Figure 3 f).

The structural characteristics of the baskets presented in
Figure 3d,e can be further discerned by TEM (Figure S8 in
the Supporting Information). The relatively low-magnifica-
tion image (Figure S8-a) shows the presence of partially
deformed ribbon-like aggregates attached by baskets that
appear darker in the image. The high-resolution TEM image
(Figure S8-b) shows the interior structure of some basket-like
aggregates, where the hollow feature and the open-ended
structure can be seen. Furthermore, one can see that the wall
of some baskets consists of double-layer or multilayer sheets,
consistent with the results observed by SEM (Figure 3 e, f).

To identify the assembled structure of 1 at a concentration
between 2.0 and 0.2 mg mL�1 in THF, as an example, we
characterized a sample at 0.5 mgmL�1. The SEM images of
the film drop-cast from this solution on a silicon substrate are
shown in Figure 4. In regions close to the edge of the film
(Region 1, Figure 4d), the coexistence of ribbons, open-
ended baskets, and shell-closed capsules was observed (Fig-
ure 4a). In contrast, in the central regions of the film
(Region 3, Figure 4b), capsules and irregular pieces of
sheets were observed. In some regions (e.g. Region 2)
between the center and the edge of the film, exclusive
formation of discrete collapsed capsules was observed (Fig-

ure 4c and Figure S9 in the Supporting Information). A size
analysis of eighty capsules[20] gives an average diameter of
(606� 182) nm. A more accurate size analysis of these
capsules was difficult owing to the irregularity caused by the
collapse of these hollow structures under high vacuum
condition of the SEM measurement. Meanwhile, the col-
lapsed feature of these capsules (Figure 4b,c) proves the
hollow nature of these aggregates, that is, vesicles.

We further characterized 1 at 0.5 mg mL�1 in THF by
using confocal fluorescence microscopy. Here the sample was
sealed in a capillary glass tube and then imaged in the wet
state, thus the effect of solvent evaporation was avoided. The
results (Figure S10 in the Supporting Information) indicate
that the major population of the aggregates includes vesicles
with relatively strong fluorescence, irregular sheets with
relatively weak fluorescence, accompanied by a minor pop-
ulation of short ribbons.

Although the limited resolution of the optical microscope
was not able to give the detailed structural characteristics of
these aggregates in the wet state, the results above imply that
the morphological transformation from the ribbons to vesicles
occurred in solution upon dilution, that is, before the solvent
evaporation. On the one hand, the aggregates formed in the
central regions of the films (Figures 3 and 4), where the
solvent evaporates faster than in the edges, are assumed to
represent those in the solutions, although the possibility of
kinetically trapped structures during solvent evaporation
cannot be excluded. On the other hand, the formation of
the ribbons at the edges of the films drop-cast from solutions
with 0.2 or 0.5 mg mL�1 of 1 can be attributed to the “coffee-
ring” effect:[21] liquid evaporating from the edge is replen-
ished by liquid from the interior of the droplet. The
concomitant edge evaporation leads to a concentration
gradient where the material is more concentrated in the

Figure 3. a–f) SEM images of 1 in films drop-cast from an aliquot of
0.2 mgmL�1 in THF. a) Low-magnification image where the two
regions with different morphologies can be seen. b) Magnified image
of the boundary between nanoribbons and nanobaskets. c, d) Repre-
sentative images in Region 3, the center of the film. e, f) Structural
details of the baskets formed in Region 3 are highlighted. g) Schematic
presentation of Regions 1–3 caused by the “coffee-ring” effect in the
film.

Figure 4. a–c) SEM images of 1 in films drop-cast from an aliquot of
0.5 mgmL�1 in THF. a) Region 1 (d) in the film, where ribbons, open-
ended baskets, and shell-closed globules coexist. b) The central region
(Region 3, (d)) of the film, where both globular aggregates and
irregular pieces of sheets can be seen. c) The exclusive formation of
collapsed vesicles in Region 2 of the film is shown. The collapsed
feature of the globules under the high vacuum condition of the SEM
measurement (Figure 5b,c) proves the hollow nature of these aggre-
gates, that is, vesicles. d) Schematic presentation of Regions 1–3
caused by the “coffee-ring” effect in the film.
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edge than in the center of the film. Better controlled
evaporative self-assembly of 1 at lower concentrations (e.g.
0.2–0.5 mgmL�1), for example, in confined geometries,[22] may
lead to more uniform supramolecular structures with defined
morphologies, studies that are beyond this initial disclosure
but will be subject of future studies.

The experimental results described above demonstrate
that the size of the aggregates (from ribbons to vesicles and to
baskets) decreases significantly as the concentration of
1 decreases from 2.0 to 0.2 mgmL�1. The ultralong ribbons
formed at 2.0 mg mL�1 represent an infinite aggregate with
a rather large aggregation number (N). Given an average
volume of 2.88 nm3 for the individual molecule, N is 1.88 � 109

for a ribbon with a dimension of 0.9 mm in width, 0.15 mm in
height, and 40 mm in length. For the vesicles formed at
0.5 mgmL�1, in contrast, the aggregation number is much
lower. For example, N is 4.47 � 106 for a vesicle with an outer
radius of 0.3 mm and a thickness of 0.15 mm. According to the
equation,[23]

mN ¼ m1 þ ak T=Np ð1Þ

the decrease of the aggregation number (N) is associated
with an increase of the mean interaction free energy per
molecule (i.e. mN). This increase of mN is compensated by the
elimination of the unfavorable rim energy of the ribbon by its
closing up into a basket or a vesicle. In other words, these
baskets and vesicles may represent thermodynamically stable
structures at low concentrations in THF. However this is still
a dynamic system and, even though the ribbons are visible in
solution, it has been difficult to observe baskets in solution.

The morphological transformation pathway observed
here is different from those of conventional amphiphilic
molecules. For instance, the self-assembly of cetyltrimethyl-
ammonium bromide, upon a gradual increase of the concen-
tration in water, typically evolves from free molecules to
spherical micelles to cylindrical micelles to liquid crystalline
phases.[24] For the self-assembly of diacetylenic lipids, Schnur
et al.[25] reported a transformation pathway from large
vesicles or lipid bilayer aggregates to ribbons to helices and
to tubes, depending on the solvent and the temperature. The
Bates research group[26] reported the self-assembly of a coil–
coil diblock copolymer, polybutadiene-poly(ethylene oxide),
which transited from isotropic worm-like micelles to nematic
phase to hexagonal phase upon the increase of the polymer
concentration in water.

In contrast to the well-established self-assembly of con-
ventional amphiphilic molecules and coil–coil block copoly-
mers, the self-assembly of rod–coil molecules remains less
understood. Previous theoretical[27] and experimen-
tal[1a, 5e, 6a, 9,11, 14, 19] studies illustrated how variation of molecular
structures, such as the rod/coil fraction ratio and the
segregation strength, as well as changing of the processing
conditions (e.g. solvent, temperature) affect the self-assembly
behavior. For instance, the Aida research group[6a] reported
the transformation from bilayer tapes to helices to tubes,
depending on the solvent, in the self-assembly of an
amphiphilic hexa-peri-hexabenzocoronene derivative. But

the effect of concentration on the self-assembly was not
reported.

Our electron microscopy results have revealed a unique
transformation pathway from nanometer-thin ribbons to
vesicles and to toroids/baskets in the self-assembly of the
coil–plate–coil emeraldicene derivative 1 (Figure 5), upon

decrease of the concentration in THF. In particular, a unique
intermediate assembled structure has been identified: nano-
scale baskets, which are formed by curved and self-wrapped
nanometer-thin ribbons. Moreover, the elongated supra-
molecular organization of 1 and the oriented p–p stacking
in the ribbons play a crucial role in determining the charge
transport properties in thin films. The self-assembly of this p-
conjugated molecule enables a bottom-up strategy to con-
struct complex nano/microstructures with desired optoelec-
tronic properties.
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