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Linearly polarized emission has been observed for the nanobelts fabricated from a perylene diimide molecule
through both solution-based and surface-supported self-assembling. The measurement of polarized emission
was performed over single nanobelts with use of a near-field scanning optical microscope (NSOM) adapted
with emission polarization (by putting a planar polarizer before the detector). Rotating the emission polarizer
(from 0° to 180°) changed the emission intensity in a way depending on the relative angle between the long
axis of the belt and the polarizer with a minimum of intensity detected at ca. 78°, which is indicative of the
tilted stacking of molecules along the belt direction.

Introduction

Highly organized materials assembled from organic semi-
conductor molecules have found enormous applications in
optoelectronics. Particularly, the one-dimensional (1D) nano-
structures (e.g., nanowires) self-assembled via noncovalent
intermolecular interactions have gained increased attention due
to their potential application in miniaturization of various
optoelectronic devices such as sensors, photovoltaics, and light-
emitting diodes.1,2 Recent evidence suggests thatπ-π stacking
is an effective way to assemble 1D nanowire structures from
rigid, disc-shape aromatic molecules.3-7 Considering the parallel
conformation between packed molecules, the anisotropy in the
cross-section plane is expected to be small compared to the
anisotropy along theπ-π stacking, i.e., the nanowire thus
fabricated is likely uniaxial (along theπ-π stacking direction)8

in terms of electronic and optical properties. Indeed, the
electrical conductivity (charge carrier mobility) of self-assembled
organic semiconductors has proven to be most favored by the
π-π stacking.9 Such a favored conductivity is mainly due to
the strong π-electron delocalization (caused by electronic
coupling) between the packed molecules.10-12 However, much
less work has been done on the characterization of uniaxial
optical properties (such as emission) of the 1D assembly formed
by π-π stacking, although some descent theoretical models
have been developed to describe the quantum-confined excitons
within quasi-1D organic crystals.13,14

The uniaxial optical property coupled with the uniaxial
conductivity may lead to a new generation of optical sensors
or switches in response to polarized light, which will potentially
provide higher selectivity and sensitivity. To this end, there is
a great need to investigate the uniaxial optical property of the
nanowires self-assembled fromπ-π stacking of aromatic

molecules. The challenge for the nanoscale exploration is
2-fold: first, to fabricate highly organized nanowires in well-
defined morphology (shape and size); second, to perform the
measurement at thesingle-wirelevel (to eliminate the interfer-
ence of the different orientations of multiple nanowires randomly
distributed on surface).

Herein, we report a single-wire investigation of the linearly
polarized emission of 1D self-assembly of organic semiconduc-
tor molecules, particularly a derivative of perylene tetracar-
boxylic diimide (PTCDI), a unique class of n-type semicon-
ductor molecules (compared to the more common p-type
counterparts) with extremely high thermal stability and photo-
stability,15 and broad applications in optoelectronics.16-22 The
single-wire measurement of the polarized emission of self-
assemblies will likely help reveal the orientation of molecular
arrangement, which determines the optical transition dipole of
the aggregate. Both experimental and theoretical models have
suggested that the optical properties of molecular self-assemblies
are strongly dependent on the molecular arrangement within
the assembly. Particularly for PTCDI, the electronic transition
energy and probability (i.e., the wavelength and intensity of
absorption and emission) of the molecular aggregates are
dictated by the molecular packing conformation between the
component molecules.23-25 Depending on the interference of
side-chain interaction, the packing can be deviated from the
strictly co-facial conformation to a certain extent due to the
longitudinal and/or transverse slippage of molecular planes.

Experimental Section

Materials. N,N′-Di(propoxyethyl)perylene-3,4,9,10-tetracar-
boxylic diimide (PE-PTCDI, molecular structure shown in
Figure 3D) was synthesized following the same method
described in a previous work.26 The starting materials and all
solvents (HPLC or spectroscopic grade) were purchased from
Fisher and Aldrich, and used as received.

Pyrex glass cover slips (from Corning Inc.) were used as the
support substrate for both the self-assembly (through solvent-
vapor annealing, vide infra) and microscopy investigation of
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the nanostructures. Prior to use, a cover slip was cleaned with
piranha reagent (30:70 H2O2(35%):H2SO4), followed by rinsing
with water and methanol.16 Caution: Piranha solution is an
extremely strong oxidizing reagent.The roughness of the glass
surface thus cleaned was about 0.8 nm as confirmed by the
shear-force mode topography measurement performed with a
scanning probe microscope (Aurora III, Veeco). Such a flat
surface is suitable for both the surface fabrication and micro-
scopy measurement of the nanobelts, which have a thickness
in the range of a few tens of nanometers.

Fabrication of Nanobelts. Nanobelts of PE-PTCDI were
fabricated through self-assembly in both solution and solvent
vapor. The former was based on a technique called “phase
transfer”, an improved fabrication technique based on the “direct
dispersion” method previously developed in our lab.26 Briefly,
the 1D growth of the molecular assembly was processed through
slow crystallization at the interface between a “good” and a
“poor” solvent, where the slow “phase transfer” between the
two solvents decreases the solubility at the interface. The poor
solvent (e.g., methanol) is normally quite different (e.g., in terms
of polarity) from the good solvent (e.g., chloroform), thus
providing the possibility to keep the two solvents in separate
phases for an extended period. Typically, a larger amount (10:1
v/v) of poor solvent was transferred atop a concentrated
chloroform solution of PE-PTCDI (∼0.4 mM) in a test tube.
Within minutes, red crystals formed at the interface, followed
by slow diffusion into the upper phase of methanol. The
nanobelts thus formed can be transferred and cast onto a glass
surface by pipetting.

Beyond the solution processing, we have developed a
solvent-vapor annealing technique for fabricating nanobelts of
PE-PTCDI molecules on a glass surface. Such an approach
provided us with in situ preparation of nanobelts on glass suited
for microscopy investigation. The annealing was performed in
a desiccator having a lid with a valve-controlled vent, which
was connected to a vacuum pump. About 30 mL of solvent in
a beaker was put in the chamber, followed by vacuum pumping
for about 5 min. The chamber was then sealed by closing the
vent, leading to saturation of the solvent vapor inside the
chamber. The sample was kept in the vapor environment for
an extended period (normally 12 to 24 h) to complete the
annealing process. The sample, typically a thin film on glass,
was prepared by spin-coating of a concentrated chloroform
solution of PE-PTCDI (∼0.4 mM) at a speed of 1500 rpm.

General Spectroscopy and Microscopy Characterization.
The fluorescence spectra of PE-PTCDI nanobelts were recorded
with a modular fluorometer (Photon Technology International
Inc.), which allows for highly sensitive measurement of the low
emission of solid state PE-PTCDI. The small-angle X-ray
diffraction was carried out using the undulator beam line 12-
ID at Advanced Photon Source (APS), Argonne National
Laboratory, where the instrument is equipped with a double-
crystal Si(111) monochromator and a two-dimensional mosaic
CCD detector. The X-ray wavelength is normally set atλ )
1.0 Å and the sample to detector distance can be adjusted to
achieve scattering measured across the range of momentum
transfer 0.02 Å-1 < q < 3.0 Å-1, whereq ) (4π/λ) sin θ, and
λ is the X-ray wavelength and 2θ is the scattering angle. The
sample used for X-ray diffraction measurement was prepared
by depositing the nanobelts fabricated in methanol onto the
surface of Kapton film. The diffraction background was
corrected with the blank Kapton film. The fluorescence mi-
croscopy imaging was carried out with a Leitz Orthoplan II
microscope equipped with a real-color CCD camera for catching

the emission image. Two filter sets were available for exciting
the sample at different wavelength regions: the FITC filter set
with excitation at 450-490 nm and emission collected at>515
nm, and the Rhodamine filter set with excitation at 530-560
nm and emission collected at>580 nm. The AFM measurement
was carried out in tapping mode on a TopoMetrix Explorer,
using an antimony doped silicon tip. The largest scanning area
is 50 × 50 µm2, and the highestz-resolution is about 0.2 nm.
The samples were prepared by casting the nanobelt suspension
on a mica or glass surface, followed by drying in air for 1-2
h.

NSOM Imaging of a Single Nanobelt.The NSOM system
used in this study was set up mainly based on the prototype
NSOM obtained from Veeco (Aurora III, see Scheme 1). The
central part of NSOM is the tapered, aluminum-coated, single-
mode optical fiber probe (Veeco, model 1640-00), which is
ended with a tiny aperture of 50-80 nm. High optical resolution
is achieved by illuminating a sample through the subwavelength
aperture while the sample is held in close proximity (namely
the near-field region) to the probe. Within the near-field region
the optical resolution is limited only by the probe aperture size,
breaking the diffraction limit (λ/2) to the resolution of an
ordinary optical microscopy. The NSOM tip-sample distance
is regulated by feedback mechanisms similar to those used in
AFM. Simultaneous high-resolution optical (50-80 nm) and
topographical (∼10 nm x,y-resolution,∼0.2 nmz-resolution)
images were obtained by raster scanning over the sample. Thus,
with NSOM the spectral properties (e.g., emission intensity) of
a nanobelt can be directly correlated to the topography features
(e.g., size and shape).

Results and Discussion

As previously proven, self-assembly of PE-PTCDI molecules
produces well-defined one-dimensional nanostructures, mainly
due to the minimal steric hindrance of the short, linear side

SCHEME 1: The Basic Working Principle of the NSOM
Used in This Studya

a Linear polarized laser is used as the excitation source. A notch
filter is used for blocking the excitation beam at 488 nm.
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chains, which are highly cooperative to theπ-π stacking
between molecules.26 Upon being dispersed in a “poor” solvent
like methanol, these molecules self-assemble into nanobelt
structures. In this study, we have developed an improved
technique (e.g., phase-transfer processing) to fabricate the
nanobelts suited for discrete dispersion on surface. This new
technique also allows for slow crystallization (and thus formation
of more extended and uniform belt structure) at the interface
between a good and a poor solvent. Beyond the solution
processing method, a surface-supported solvent-vapor anneal-
ing technique was also developed and employed to fabricate
nanobelts in situ on the surface of glass, where the generated
nanobelts are sparsely distributed, thus facilitating the micro-
scopy imaging of the polarized emission, which is directly
correlated to the orientation of individual nanobelts.

Figure 1A shows a fluorescence microscopy image of the
nanobelts of PE-PTCDI fabricated on the glass surface via
chloroform vapor annealing (24 h). The uniform intensity
observed over a large area of sample suggests a well-defined
morphology (e.g., size and shape) of the nanobelts. An AFM
image zoomed onto a single fiber showed clearly a belt
configuration with flat surface and thickness of only about 20
nm (Figure 1B), which indicates an aspect ratio (length over
thickness) larger than 2500. The emission depicted in Figure
1A was obtained with excitation at 450-490 nm, at which both
the individual molecules and the crystal phase of PTCDI could
be excited (Figure 2). However, the emission observed is
predominantly from the crystalline phase as revealed by the red
color. This implies that the strong intermolecular interactions
lead to formation of organized materials with collective
electronic structures that are different from those of the
individual component molecules (which emit in the green
region). With excitation at longer wavelengths (530-560 nm),
at which mainly the crystalline phase is excited, the emission
color (wavelength) was found to be the same as observed at a
excitation of shorter wavelength, further implying that the
emission of the assembled crystal was only from the lowest

excimer-like state (which is formed mainly due to the strong
electronic coupling between theπ-orbitals).23,27

The fluorescence microscopy observation was consistent with
the UV-vis absorption and fluorescence spectral measurement
for the aggregate of PE-PTCDI spin-cast on glass (Figure 2).
Regardless of the excitation wavelength (450, 468, 520 nm),
the emission spectra demonstrate almost the same shape and
center at the same wavelength (λmax 635 nm), confirming that
the observed emission is indeed due to the lowest electronic-
coupling state formed between theπ-stacked molecules. As
shown in the excitation spectrum recorded at emissionλmax 635
nm, the electronic transition from the ground state to the higher
energyπ-stacking state (∼465 nm) is predominant over the
transition to the lower energy state (at longer wavelength),
consistent with the previous observation on other PTCDI
molecules.27 Compared to the excitation spectrum, the absorp-
tion spectrum of the PE-PTCDI aggregate shows relatively
higher intensity at the longer wavelengths. Such a discrepancy
was previously observed for the aggregate of other PTCDIs.28

The decreased emission at excitation of longer wavelength is
(although not yet clear) likely due to the unfavorable transition
from the excimer-like (lower energy) state to the ground state.4

Such an emitting transition generally demands a structural
alteration of the excimer-like state, which in turn requires extra
excited-state energy (that can be provided by excitation at shorter
wavelength).

1D self-assembly of PTCDI-like molecules usually depicts
optically uniaxial property along theπ-π interaction.8 This is
reminiscent of the uniaxial columnar packing of discotic liquid
crystal molecules, providing an option of using polarized
emission spectrometry to characterize the molecular packing
conformation. Particularly, such measurement can be performed
under a fluorescence microscope with a polarized excitation
beam, with which the sparsely dispersed nanobelts can be
separately excited depending on the different orientation. Panels
C and D of Figure 1 show the emission images of the PE-PTCDI
nanobelts collected under polarized excitation with the polarizer
positioned vertically and horizontally, respectively. Clearly, the
two figures are complementary to each other in term of emission
intensity of individual nanobelts, i.e., some nanobelts show
diminished emission at vertically polarized excitation, while the
others show the same diminishing at horizontally polarized
excitation. This observation indicates that the transition dipole

Figure 1. (A) fluorescence microscopy images of the nanobelts of
PE-PTCDI fabricated in situ on glass via chloroform vapor annealing.
Excitation: 450-490 nm; emission collected at>515 nm. (B) AFM
image of part of a single nanobelt showing the flat morphology of the
belt, with uniform thickness of about 20 nm. (C and D) fluorescence
microscopy images of the same area as in part A but with polarized
excitation. The direction of the excitation polarization is indicated by
the arrow labeled at the top left in each figure.

Figure 2. (Left) UV-vis absorption spectrum (solid line) and
fluorescence excitation spectrum (dotted line,λem ) 635 nm) of the
PE-PTCDI aggregate spin-cast on glass. (Right) The fluorescence
emission spectra recorded at different excitation wavelengths: 450
(black), 468 (red), and 520 nm (blue). The absorption spectrum of a
homogeneous solution of PE-PTCDI in chloroform (1.2µM) is also
shown for comparison.
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moments of the emission state of different nanobelts are oriented
at different directions as the nanobelts are randomly distributed
on the surface. For a single nanobelt, the polarization depen-
dence of the emission intensity appears to be the same for the
whole fiber (as inferred from the uniform intensity observed),
implying that the molecular packing conformation (crystalline
structure) for a given nanobelt is consistent along the whole
fibril phase. This is consistent with our recent observation of
the birefringence of single-nanobelts under a cross-polarized
microscope.26

As previously observed for the bulk crystals of PTCDI and
the analogues,8,24,25the component molecules within a nanobelt
are expected to pack parallel, and tilt at an appropriate angle
with respect to the long axis of the belt. The tilted, parallel
packing conformation resembles the slipped H-aggregate for
the imaging dyes (cyanines) and other aromatic chromophores
such as porphyrins.3 The tilted angle is mainly dependent on
the molecular configuration and the side-chain structure.25

Within a single nanobelt, the molecules are packed parallel to
each other. However, if there are multiple nanobelts under
measurement, the belts may be aligned in different directions
on a surface, and thus the orientation of transition dipole
moments (due to theπ-π electronic coupling of the molecules)
becomes different for different nanobelts. For example, parallel
alignment of a pair of nanobelts on a surface does not mean
the component molecules in the two belts are necessarily parallel
to each other. To this end, studying the polarized emission of
the nanobelts (in correlation to the molecular packing) requires
a measurement ona single-belt, which in turn requires a high-
resolution optical microscopy technique. An ordinary far-field
optical microscope can hardly focus (zoom) on a single nanowire
or belt with a submicron width, mainly due to the diffraction
limit.

In this work, we used NSOM to image the single nanobelt
by exciting the nanobelt in near-field and recording the
fluorescence in far-field. Such a microscopy system allows for
convenient adjustment of the polarization of the emission
recording (Scheme 1). Within the near-field the optical resolu-
tion of NSOM is limited only by the probe aperture size (∼50
nm), thus breaking the diffraction limit to the resolution of
ordinary optical microscopy. Moreover, NSOM measurement
provides direct correlation between the nanoscale topography
information (e.g., size, thickness, and orientation) and the optical
property (e.g., emission) of a nanobelt.29 Such a correlated
measurement is crucial for evaluating the polarization property
of molecular self-assemblies.

Coupled with the far-field polarization modulation of the
emission, NSOM provides an essential approach to character-
izing the local molecular orientation of samples, leading to a
global 2D mapping of the homogeneity of the molecular packing
conformation. The optical resolution (∼50 nm) offered by the
NSOM probe is high enough to laterally image the nanobelt
fabricated in this study, which is a few hundreds of nanometers
in width and a few tens of microns in length. In case a nanobelt
is composed of randomly orientated poly-nanocrystalline do-
mains, the distribution of such domains can be revealed by
measuring the emission polarization via raster scanning the
surface with the NSOM probe. In contrast, such randomly
aligned nanocrystals can hardly be detected by ensemble
measurement with ordinary optical microscopes, because the
difference in emission intensity due to polarization modulation
is averaged out by simultaneously measuring a large number
of nanocrystals that could be oriented at all the possible
directions.

Figure 3A shows a nanobelt imaged by topography scanning
with NSOM. This specific nanobelt was highly uniform in both
thickness (∼50 nm) and width (∼1.0 µm). Emission detected
within the same raster-scanning showed uniform intensity along
the whole belt (data not shown), consistent with the homoge-
neous thickness of the nanobelt. Putting a planar polarizer before
the emission detector (a PMT) changed the emission intensity
depending on the polarizer angle with respect to the orientation
of the nanobelt. With the polarizer positioned close-to-
perpendicular to the long axis of the belt, the emission was
diminished (Figure 3B), while at a position close-to-parallel to
the nanobelt, the emission was enhanced (Figure 3C). These
results imply that the transition dipole moment to the lowest
excitonic state of the molecular assembly is oriented ap-
proximately along the long axis of the nanobelt (i.e., the
direction of π-π stacking). The transition dipole of the
π-stacked molecular aggregate is likely perpendicular to the
molecular plane of PTCDI, while the transition dipole of an
individual molecule is completely in plane, along the N-N axis
(Figure 3D).23,24 Such a dramatic reorientation of transition
dipole moment has also been observed for theπ-π stacked
dimers of aromatic molecules (e.g., phenalene),10 for which the
orientation of electronic transition dipole changes from in-plane
(for an individual molecule) to perpendicular to the molecular
plane (for the dimer).

Consequently rotating the emission polarizer changed the
emission intensity in an alternate way depending on the relative
angle (0-180°) between the long axis of the belt and the
polarizer, with a minimum of intensity detected at ca. 78°
(Figure 4), which is indicative of the tilted molecular stacking
along the belt direction. The maximal intensity (I|, intensity
measured with emission polarizer parallel to the dipole moment
of nanobelt) thus detected was about 7.5 times higher than the
minimal intensity (I⊥, intensity measured with emission polarizer
perpendicular to the dipole moment of the nanobelt). On the
basis of this maximal/minimal intensity ratio (I|/I⊥), one can

Figure 3. (A) NSOM topography image of a nanobelt assembled from
PE-PTCDI using the “phase transfer” method; belt thickness is about
50 nm, and the width is about 1.0µm. (B and C) NSOM emission
images collected (by PMT) after a polarizer is placed at horizontal and
vertical positions, respectively. The polarization of the excitation laser
(488 nm, Ar+) is horizontal in the image, and the polarization purity is
larger than 250:1. (D) Schematic diagram showing theπ-π stacking
of PE-PTCDI molecules: blue arrows indicate the transition dipole of
an individual PTCDI molecule and theπ-π stacked aggregate. The
offset of molecular stacking is omitted for clarity.
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calculate the polarization factor, (I| - I⊥)/(I| + I⊥), to be about
75%. Such a large value is quite close to that obtained for the
single-crystalline CdSe nanorods (a highly fluorescent inorganic
semiconductor),30 which was reported to be highly linearly
polarized in emission.

It should be noted that the data shown in Figure 4 were based
on the measurement of one specific nanobelt. To ensure a
reliable measurement of the intensity modulation along the
whole belt, for each polarizer angle we raster scanned a large
area to globally image the emission intensity of a large part of
the nanobelt, and used the averaged intensity represented by a
line-scan along the long axis of the nanobelt, rather than a pixel
intensity, to plot Figure 4. Such measurements took a long time,
and could cost multiple NSOM probes (which are fragile),
thereby we finished up with no more than four nanobelts (from
the same batch sample) for the polarization measurement as
depicted in Figure 4. Among the four nanobelts, one showed a
globally flat surface and uniform thickness, producing a quite
flat intensity line-scan along the belt, thus enabling easy
averaging of the intensity over the entire belt. The data shown
in Figure 4 were based the measurement of this specific
nanobelt.

The tilted molecular packing is partially the result of the
molecular interaction between side chains. Depending on the
structure of the side chains, different extents of stacking offset
(i.e., longitudinal and transverse shift) have been observed for
PTCDI molecules, leading to formation of crystal structures with
π-π stacking deviated from the co-facial conformation.23,24,31

Figure 5 shows the small-angle X-ray diffraction pattern
measured for the PE-PTCDI nanobelts deposited on Kapton film.
Three major peaks were observed, corresponding tod spacing
of 16.45, 8.19, and 7.29 Å. The first and third values are
correlated to the edge-to-edge distances between two adjacent
PTCDI molecules at the longitudinal and transverse directions,
respectively, while the second peak is likely due to the secondary
diffraction (002) since thed spacing is about half of the value
of the primary diffraction peak (001). The longitudinald spacing
is about 35% shorter than the total length of the PE-PTCDI
molecule (including the side chains), 25.43 Å, which was
obtained from the energy-optimized conformation of the mol-
ecule (DFT calculation with Gaussian 03,32 B3LYP/6-311g**//

6-31g*). This implies that about 66% of the propoxyethyl side
chains are interdigitated to each other. Such a significant side
chain interdigitation has been observed previously for other
PTCDI molecules with linear side chains.24 To “counterbalance”
the strong side chain interaction, the PTCDI plane has to be
shifted to minimize the total energy of the molecular aggregate,23

producing a tilted geometry of molecular stacking as observed
by the single-belt measurement of the polarized emission (Figure
4).

Conclusion

The linearly polarized emission within a single PTCDI
nanobelt has successfully been imaged under near-field excita-
tion. The emission dipole moment was measured at a direction
deviating from the long axis of the nanobelt, implying a slightly
tilted molecular stacking with respect to the 1D growing
direction of the nanobelt. The linear compression of emission
makes the 1D nanomaterials potentially ideal for many orienta-
tion-sensitive applications, such as polarized light emitting
diodes and flat panel displays.
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