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Well-defined single-crystalline nanobelts with strong fluorescence were fabricated from a perylene
tetracarboxylic diimide molecule modified with specific side-chains that afford flip-flap stacking,
rather than the common translated stacking, between the molecules along the long axis of the
nanobelt. The nanobelts thus fabricated possess highly polarized, self-waveguided emission, making
them ideal candidates for application in nanolasers and other angle-dependent optical nanodevices.

Introduction

Inorganic nanowires have been extensively investigated
for the linear optical properties, which can potentially be
employed in various nanodevice applications including
laser, waveguide, and polarized emission.' > In contrast,
the same research has been much less advanced for the
organic counterparts, mainly because of the technical
challenges in control and optimization of one-dimensional
(1D) self-assembly of organic molecules.® Moreover, the
device application concerned with the linear optical prop-
erties (particularly those based on fluorescence emission)
demands that the organic nanomaterials thus fabricated be
highly fluorescent.””® Although various oligomers,'® con-
jugated polymers,''~!* and low-weight small molecules®'”
have been fabricated into 1D nanostructures, most of the
m-conjugated molecules lose their strong fluorescence
upon being assembled into the solid state.'*”'® This is
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particularly true for the planar, disklike molecules, which
are usually suited for 1D self-assembly through the 7—x
stacking.®'” The challenge is thus to find building-block
molecules that are not only suited for fabrication into 1D
structure but also, even more importantly, enable strong
fluorescence in the solid state. Among the organic nano-
materials previously fabricated, few demonstrated efficient
fluorescent emission.” 18722

Perylene-carboxylic diimides (PTCDI) represent a robust
class of n-type organic semiconductor with high thermal and
photostability, and have long been used in various optoelec-
tronic devices.®!”** As recently evidenced, appropriate side-
chain modification of PTCDI molecules enables 1D self-
assembly into well-defined nanowires or nanobelts. 272
However, none of these 1D nanomaterials demonstrate
sufficient fluorescence emission that can potentially be
employed in real devices. Although highly fluorescent orga-
nogels can feasibly be fabricated from the PTCDIs modified
with substituents at the bay positions,?” the twisted-
conformation of the PTCDI backbone distorts the 71—
stacking, thus preventing the formation of well-defined
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nanowires in straight geometry suited for nanodevices
fabrication.

It is well-proven that the side-chains of PTCDIs play a
vital role in controlling the molecular packing, and thus the
morphology, as well as the optoelectronic properties of the
assembled materials.®>>2%% Appropriate side-chain mod-
ification enables a good balance between maintaining
effective molecular stacking and the desired strong fluor-
escence of the materials thus assembled. The former usually
dictates the 1D growth of the molecular assembly (which in
turn prefers a molecular structure with minimal steric
hindrance), whereas the latter usually favors bulky, steric
side-chains that may distort the w—x stacking to afford
increased fluorescence (by enhancing the low-energy ex-
citonic transition) for the molecular assembly.®!7-2%:28:30:31
These two requirements result in a situation where one
property is maximized at the expense of the other for the
same molecule. Strong fluorescent nanofibers have recently
been fabricated from a half-hydrolyzed PTCDI modified
with branched side-chains in appropriate size (e.g., hex-
ylheptyl).?® However, the nanofibers fabricated are highly
curved and entangled together, likely because of the asym-
metric structure of the molecules. Although the entangled
nanofibers demonstrate potential applications in fluores-
cence sensing of gaseous reagents,”® the curved shape
makes them less-suited for application in 1D confined
optical nanodevices. Herein, we report on fabrication of
shape-defined nanobelts from the flip-flap stacking of a
cyclohexyl substituted molecule, CH-PTCDI, as shown in
Chart 1. The nanobelts fabricated are of pure single-
crystalline phase and demonstrate strong, polarized fluor-
escence. More interestingly, the fluorescence can be self-
guided in high efficiency along the long axis of the nano-
belt. Combination of these features makes the nanobelts
ideal for application in a variety of optoelectronic nanode-
vices, such as polarized OLEDs,* waveguides®**** and
laser materials,®**!" where 1D confined optical properties
are highly demanded.

Results and Discussion

Asshown in Figure 1, well-defined nanobelts have been
fabricated from the symmetric CH-PTCDI as evidenced
by both SEM and TEM imaging. The fabrication was
performed through a so-called phase-transfer process,®in
which the self-assembly of the molecules occurs at the
interface between a “poor” and “good” solvent (see the
Supporting Information). The nanobelts demonstrate
long, straight belt-like morphology with length of hun-
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Figure 1. (A) Large area SEM image showing the long nanobelts depos-
ited on a glass slide; (B) (left) TEM image of a nanobelt cast on carbon
film, (right) electron diffraction recorded over the nanobelt; (C) a sche-
matic diagram showing the flip-flap molecular stacking along the a-axis,
i.e., the long axis of the nanobelt. The red arrow indicates the direction of
the transition dipole moment of the molecule.

Chart 1

dreds of micrometers and width of 250 to 1500 nm (also
shown in Figures S1 and S2 of the Supporting Informa-
tion). The thickness of the nanobelts is ca. 100 nm,*’
which can be clearly seen from the cross-section of broken
nanobelts (see Figure S2 in the Supporting Information).
The beltlike morphology is also evidenced by the TEM
imaging over a single nanobelt deposited on holey carbon
film (Figure 1B), where even contrast was observed
across the whole belt surface. Electron diffraction of this
nanobelt showed a typical single-crystalline pattern with
sharp diffraction spots, in which two distinct, orthogonal
reciprocal lattice vectors can be obtained from the
diffraction pattern, giving two d-spacings, d; = 7.15 A
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and d, = 21.41 A, corresponding to the a and ¢ crystal
axes, respectively.

CH-PTCDI molecules are expected to take a flip-flap
stacking (as shown in Figure 1C) to minimize the steric
hindrance between the cyclohexyl side-chains, which are
crossed to the molecular plane at about 90°. The translated
stacking (with both longitudinal and transverse sliding),
which has been commonly observed for many other
PTCDI molecules,?** is apparently implausible for CH-
PTCDI, mainly because of the unfavorable intermolecular
contact caused by the bulky side-chains when compressed
within the typical r—s stacking distance (~3.5 A). The flip-
flap intermolecular stacking is also consistent with the
energy minimization calculations performed on a stacked
dimer at a fixed stacking distance, 3.5 A, for which the total
energy of the dimer decreases sharply upon rotating the
molecule from the eclipsed stacking, and reaches the most
stable stacking conformation at rotated angle of 40° (see
Figure S3 in the Supporting Information). Although the
exactly crossed stacking (rotated at 90 degree) is also
referred to as an energy minimal point, it is unlikely
adopted in the crystalline packing mainly considering the
higher symmetry of the stacking (Dg,, viewed from the
stacking direction), which should, however, lead to forma-
tion of nanorods with approximately round shape cross-
section, rather than the beltlike morphology as indeed
observed herein. Interestingly, the calculated transition
dipole moment of the flip-flap stacking (see Figure S4 in
the Supporting Information) is completely confined in the
molecular plane with distribution along both the long (X))
and short (Y) axis. Such an in-plane confinement makes the
transition dipole moment of the nanobelt approximately
perpendicular to the stacking direction, i.e., the long axis of
the nanobelt, as indeed observed in the polarized emission
measurement (vide infra). This observation is in sharp
contrast to the molecular arrangement adopting translated
stacking, for which the transition dipole moment can be
tilted out of the molecular plane, turning parallel to the
stacking direction, as indeed observed for some of the
PTCDI nanowires.® The d-spacing of 7.15 A measured
from the electron diffraction (Figure 1B) is also supportive
for the flip-flap stacking, for which the shortest distance
between two identical molecules in the crystal unit is
actually double the intermolecular 7— stacking distance
(as depicted in Figure 1C), which is typically around 3.5 A.
Such double-stacking d-spacing was also observed for
other PTCDI molecules modified with cross-linked bulky
side-chains, which adopted the similar flip-flap crystalline
stacking.*®*” However, no one-dimensional self-assembly
has ever been achieved for these molecules.

The measured d-spacings are also consistent with the
X-ray diffraction (XRD) measurement of the nanobelts
(Figure S5), which was carried out using the synchrotron
X-ray beam from the APS, Argonne National Lab. The
well-defined, sharp peaks shown in the XRD spectrum are
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indicative of the single crystalline structure of the nano-
belts, for which the w—u stacking (with the characteristic
d-spacing of 3.49 10\) was clearly revealed. The other two
d-spacings deduced from the XRD spectrum, 7.0 A (100)
and 10.6 A (002), are consistent with the results obtained
from the E-diffraction as described above, for which (100)
refers to the a crystal axis and (001) refers to the ¢ axes. The
sr— stacking is also supported by the UV /vis and lumines-
cence spectra, where the strong sw—m stacking leads to
significant red-shift in both the absorption (27 nm) and
fluorescence spectrum (99 nm) compared to the free CH-
PTCDI molecules dissolved in solutions (seee Figure S6 in
the Supporting Information). The single-crystalline phase
of the nanobelts was also evidenced from the multipoint
electron diffraction measurement performed at different
positions along the long axis of the nanobelt using the
electron nanobeam technique,®3° for which the identical
electron diffraction patterns were obtained throughout
the whole nanobelt (see Figure S7 in the Supporting
Information).

In contrast to the weak fluorescence emission (with
quantum yield <1%) previously observed for the self-
assembled materials of PTCDIs, which mostly adopted
the translated stacking,”® the nanobelts reported herein
demonstrate dramatically increased emission (with quan-
tum yield of ca. 17%), which can easily be imaged with a
fluorescence microscope (Figure 2A). The increased fluor-
escence of these new nanobelts is apparently due to the flip-
flap stacking mode, which was believed to be effective
for enhancing the fluorescence by strengthening the low-
energy excitonic transition.'®** Similar enhancement in
fluorescence was also observed in other types of molecules
that adopted flip-flap stacking.'® The strong emission,
along with the single crystalline phase (dominated by the
m—m stacking) and the large Stokes shift, makes the
nanobelts ideal materials module for polarized, self-wave-
guided emission.*® Indeed, highly polarized emission was
observed for the nanobelts as depicted in the inset of
Figure 2A. Careful study showed that the most intense
emission was obtained when the polarizer was placed at
approximately 82° with respect to the long axis of the
nanobelts, while the emission intensity diminished to the
minimal upon rotating the polarizer by 90° from this
position (Figure 2B). The emission polarization thus ob-
served, approximately perpendicular to the long axis of the
nanobelt, is consistent to the theoretical calculation based
on the molecular stack (see Figure S4 in the Supporting
Information), for which the transition dipole moment
is completely confined within the molecular plane. The
maximal/minimal intensity ratio (Ia.x/Imin) as detected in
Figure 2B was about 10, producing a polarization factor,
(Imax — Imin)/(Imax + Imin), 0f ca. 82%. Such a large value is
comparable to that obtained for the single-crystalline CdSe
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Figure 2. (A) Fluorescence microscopy image of nanobelts cast on glass
slide. Inset: Polarized fluorescence images of a horizontally aligned
nanobelt, where the arrows indicate the directions of the emission
polarizer. (B) The fluorescence intensity as a function of the angle between
the polarizer and the long axis of the nanobelt.

nanorods, a highly fluorescent, linear polarized inorganic
semiconductor.*!

The 1D crystalline morphology of the nanobelts enables
efficient waveguiding along the long axis of nanobelt,
mainly because of the significant difference in refractive
index between the nanostructures and its surroundings.
As evidenced in Figure 3, the self-waveguided emission
was imaged on a nanobelt with excitation spot (1 =
530—560 nm) positioned at different distances from the
end of the nanobelt. No significant emission loss was
observed within a long-range (> 100 um) of light transpor-
tation. Such efficient waveguiding is likely due to the large
Stokes shift of the fluorescence emission of the nanobelts
(see Figure S6 in the Supporting Information), which in
turn minimizes the light loss by self-absorption.*® In con-
trast, significant overlap between the absorption and fluor-
escence band was often observed for many other organic,
thus leading to dramatically decreased emission depending
on the waveguiding distance.®*** One such example was
found for the nanofibers fabricated from para-hexaphenyl
molecules.®** Although the single-crystalline phase was
formed and strong emission polarization was also observed
for the nanofibers, the intensity of the waveguided emission
decreased exponentially with the waveguiding distance,
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Figure 3. Intensity of the out-coupling light as a function of the guiding
distance. Inset: (left) far-field fluorescence microscopy image of a single
nanobelt, (middle and right) fluorescence images of the nanobelt obtained
by excitation at different positions from the top end, where the wave-
guided emission spot was marked in the white circle. The light source is
from a mercury lump, which was refined into a ~50 um spot.

Figure 4. (A) Bright-field optical microscopy image of a bent nanobelt.
(B) Fluorescence microscopy image of the bent nanobelt with excitation
positioned at the curved part. The waveguided emission spot were marked
in a white circle at the end of the nanobelt. The light source was from a
mercury lump, which was refined into a ~50 um spot.

mainly because of the self-absorption by the component
molecules. The light scattering from bulk inhomogeneites
and/or surface defects, which is usually dependent on the
quality of the obtained materials, was another major cause
for the waveguiding emission loss.** Pure crystalline struc-
ture is usually conducive for minimizing such scattering
loss. To this end, molecular crystals are more favorable for
employment as waveguides than the materials fabricated
oligomers and conjugated polymers, which otherwise are
difficult to grow into pure crystals mainly because of the
complicated intermolecular interactions and polydispersity
of the chains.

The efficient waveguiding of the nanobelts obtained in
this study can even be observed with far-field excitation as
shown in the large area imaging (Figure 2A), where bright
spotty emission was clearly seen at the end of each of the
nanobelts. The efficient waveguiding maintained even
when the nanobelt was seriously bent (Figure 4), making
it plausible to investigate the shape-dependent waveguiding
of single nanobelt cavity in the similar manner as per-
formed for the inorganic counterpart.” Such a bending-
resistant waveguide may also find broad application
in various optical or optoelectronic nanodevices where
shape-flexible materials are needed.
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The self-waveguiding observed is dependent on the
cross-section size of the nanobelt. According to Balzer
et al’s model,*** light propagation in 1D organic
nanomaterials can be only in the transverse magnetic
modes, and the number of light propagation mode, m,
is restricted by**

2a n
m< — L \/m2—ng2
A om

where a is the width of the nanobelt (oc & 1000 nm here),
A (630 nm) is the wavelength of the propagated light,
and n, are the refractive indices along and perpendicular
to the nanobelt, respectively, and n, (1.53)* is the refrac-
tive index of the glass substrate. Assuming 7 and n, are
close to the value of 1.6 as obtained from a similar PTCDI
molecule,** the number of the propagation mode can be
calculated as m < 1.5, indicating only one allowable
mode for the light propagation within the nanobelts
reported here. This analysis suggests that nanobelts with
smaller size will block the light propagation. Indeed, no
waveguiding was observed for the nanobelts with size
significantly smaller than ca. 400 nm. Moreover, nano-
belts fabricated with tapered, sharp ends did not exhibit
the outcoupling light at the end either (see Figure S8 in
the Supporting Information).
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Conclusions

In conclusion, well-defined single-crystalline nanobelts
with high fluorescence emission have been fabricated from
a specifically modified PTCDI molecule, which affords flip-
flap crystalline stacking. As demonstrated by the highly
polarized and self-waveguided emission, these nanobelts will
be of great interest for orientation-sensitive applications,
such as polarized LEDs and nanolasers. Such practical
applications will take additional advantages of the intrinsi-
cally high thermal and photostability of PTCDI materials.®
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