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Significant progress has been made in the area of “supramolecular
electronics” that have potential applications in optoelectronics,
photovoltaic cells, and fuel cells. The term coined by Schenning
and Meijer refers to the formation of nanostructures, primarily by
noncovalent interactions, for applications toward the fabrication of
basic electronic components such as diodes, transistors, etc.
Supramolecular electronics have evolved from polydisperse systems
containing conducting polymers such as polyaniline, polyacetylene,
etc., to using block copolymer strategies and polycyclic aromatic
hydrocarbons.? The need for higher quantum efficiency in nano-
electronics control in morphology for ease of fabrication and
convenient design parameters for potential commercialization fuels
the need for identifying new materials. Polycyclic aromatic
hydrocarbons such as hexabenzocoronene and perylene derivatives
have been a subject of great interest as potential candidates for
self-assembly into crystalline nanostructures having semiconducting
and photoluminescence properties.

Most of the self-assembly of small organic molecules from a
ID to 3D nanostructure occurs in solutions. Many polycyclic
aromatic hydrocarbons, such as hexabenzocoronene, perylene,
perylenediimide (PTCDI), and naphthalenediimide (NPDI), how-
ever, have a very low solubility in any solvent. A common strategy
for self-assembly of polycyclic aromatic molecules involves chemi-
cally modifying the core moiety to suit the needs of self-assembly.
Introducing hydrophobic or hydrophilic side chains is the major
approach to increase the solubility. The modification is generally
an optimization between solubility in the desired solvent versus
the inevitable steric hindrance to self-assembly.® Toward this goal,
various molecules have been modified to direct self-assembly in
solution. Morphologies like nanotubes,* nanocables,” helical col-
umns® for hexabenzocoronene, nanowires’ for hexathiapentacene,
nanoparticles and nanorods for pyrene,® and nanobelts,”'® nano-
fibers,'' nanorods,'? and nanoparticles'*'* for perylene, have been
reported.

However, various parameters, such as the properties of the side
chains and solvent—molecule interaction, will affect the nano-
assembly,'® such as decreasing the conductivity of the nanostruc-
tures. Formation of structures from the polycyclic aromatic
compounds, such as PTCDI or NPDI, without modification of the
molecules, is of high interest to researchers in developing novel
materials.

One promising strategy to avoid the solubility issue is to self-
assemble in the gas phase. Here we report that self-assembly of
polycyclic aromatic compound can occur in the gas phase. We
obtained micrometer-long nanobelts (Figure 1) and nanowires
(Figure 2) from the evaporation of PTCDI and NPDI, respectively.
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Figure 1. SEM images of PTCDI nanobelt networks from thermal vacuum
evaporation of PTCDI powder at 500 °C.

Figure 2. NPDI nanowires obtained by thermal vacuum evaporation of
NPDI power at 500 °C.

In our experiments, the samples were placed in a quartz tube and
heated in a benchtop furnace. Five milligrams of PTCDI or NPDI
power was placed in a quartz tube. The powder was heated in a
vacuum or N, to 500 °C for 1 h. The tube was allowed to cool to
room temperature. PTCDI or NPDI vapors self-assembled on a glass
substrate inside the tube as they cooled.

The scanning electron microscopy (SEM) images showed nano-
belt networks of PTCDI (Figure 1) and nanowires of NPDI (Figure
2). The PTCDI nanobelts had a width of ~100—300 nm, a thickness
of ca. 20—50 nm, and a length of 5—100 um. The NPDI nanowires
had a diameter of ~500 nm and a length of 5—20 um.

The substances that deposited on the glass slide were studied by
attenuated total reflectance infrared (ATR-IR) and fluorescence (FL).
The ATR-IR and FL experiments showed that the nanobelts
comprise aggregated diimides but not decomposed chemicals
(Figure 3 for PTCDI and Figure 1s for NPDI). Both PTCDI and
NPDI are planar molecules, and the delocalized 7 electrons assist
in t—a stacking. Also, the diimide groups could form hydrogen-
bonded networks. Control experiments showed that ordered nano-
belts or nanostructures did not form from the evaporation of
perylene and naphthalene under the same conditions, demonstrating
the synergistic effects of w— stacking and hydrogen bonding of
these diimides in the nanoassembly.

The IR spectra showed that the C=C stretch, ring stretch, and
C—H bend peaks shifted to slightly higher wave numbers (Table 1
in Supporting Information), suggesting stronger 77— interaction
between PTCDI molecules in the nanobelts than those in the
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Figure 3. ATR-IR and FL spectra of nanobelts self-assembled in the gas
phase and PTCDI powders.

Figure 4. TEM images (left) and electron diffraction patterns (right) of
PTCDI nanobelt.

Scheme 1. Formation of Nanofibers of PTCDI through 7—x
Stacking and Hydrogen Bonding
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powders. However, the C=0 stretch peak did not change, indicating
similar hydrogen bond behavior in the PTCDI nanobelt and the
powders. The FL spectrum showed strong zz—s stacking of the
PTCDI molecules in both powders and nanobelts.

Transmission electron microscopy (TEM) experiments indicated
that the PTCDI nanobelts (Figure 4) have a crystalline structure,
and the fibers exhibit diffuse “texture” in longitudinal direction.
The corresponding electron diffraction pattern (Figure 4 right) shows
well-defined diffraction spots with 14 A characteristic d-spacing
in the perpendicular direction and 3.6 A d-spacing in the longitu-
dinal nanobelt direction, which suggests that the molecules are
oriented with their long axis perpendicular to the belt and the 7—x
stacking direction parallel to the belt, as shown in Scheme 1. The
3.6 A m—a stacking space between two adjacent molecular planes
is consistent with that of similar PTCDI molecules.'® The 14.02 A
distance between two H-bonded PTCDI was modeled by Chem3D.
No crystalline structure of NPDI nanowires, however, was observed
from the TEM images. (Figure 2s in Supporting Information).

Experiments have been conducted at temperatures between 300
and 700 °C to study the effect of temperature on the morphology
of the nanoassembly. Self-assembly occurred only when the
temperature was higher than 500 °C. The morphologies of the
nanostructures above 500 °C were similar. Experiments on pressure
effect showed the morphology and length of the wires were
independent of N, pressure.

The nature of the substrate played a large role on the self-
assembly of PTCDI and NPDI. The nanowire or nanobelt formation
observed on the surface of glass and on the edges of Si was absent
on the surfaces of a Si wafer, Au-coated Si, and quartz. On the
other hand, PTCDI was reported to self-assemble into a monolayer
film on Au substrates at somewhat lower temperatures.'® The
deposition of the nanostructure on glass substrates may start with
the hydrogen bonding between the Si—OH of the glass and PTCDI
or NPDI. The role of the substrate on the self-assembly process
requires further investigation.

In summary, this work demonstrates the self-assembled nano-
structures of PTCDI and NPDI by H-bonding and m— stacking
prepared in the gas phase. With the systems of PTCDI and NPDI
as two cases demonstrated here, we propose a simple yet effective
technique for self-assembly. This is a new strategy to assemble
organic molecules to nanostructures, typically for those having very
low solubility in solvents. This approach would completely
eliminate the effect of side chains and will assist us in developing
novel self-assembled nanostructures from aromatic organic mol-
ecules directly in the gas phase. The factors controlling the
formation and morphology of the nanoassembly will be further
studied in the future. Potential applications of these nanowires range
from fabrication of building blocks in nanoelectronics, optoelec-
tronics, to exploring the photoluminescence properties of aromatic
compounds for light emitting devices. Particularly, the nanoassem-
bly prepared from this method could be made in large quantities at
a low cost since no further organic synthesis will be needed, which
makes them competitive in preparing nanoelectronic-based devices.
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