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Two amphiphilic perylenetetracarboxylic diimide derivatives modified with different side chains at imide
nitrogen, N-n-hexyl-N0-(2-hydroxyethyl)-1,7-di(40-t-butyl)phenoxy-perylene-3,4:9,10-tetracarboxylic
diimide (PDI 1) and N,N0-di(2-hydroxyethyl)-1,7-di(40-t-butyl)phenoxy-perylene-3,4:9,10-tetracarboxylic
diimide (PDI 2), were fabricated into organic nanostructures via solution-phase self-assembly. Their self-
assembling properties in methanol and n-hexane have been comparatively studied by electronic absorp-
tion, fluorescence, and Fourier transform infrared spectroscopy (FT-IR). The morphologies and structures
of the self-assemblies were examined by scanning electronic microscopy (SEM), atomic force microscopy
(AFM), as well as X-ray diffraction (XRD) techniques. The conducting properties were evaluated by current–
voltage (I–V) measurements. Due to the presence of different number of hydroxyethyl groups in the
molecule of PDI 1 and PDI 2, the self-assembly of the two molecules in methanol and n-hexane results
in nanostructures with distinctly different morphology as follows: nanobelts and nanoleaves for PDI 1
and nanobelt dendrites and nanosheets for PDI 2, respectively. Analysis of the spectral change for the
aggregates relative to that of monomeric PDI in solution revealed that in polar and apolar solvents, both
nanobelts and nanoleaves precipitated from PDI 1 adopt the H aggregation mode, whereas nanobelt den-
drites and nanosheets from PDI 2 adopt H and J aggregation mode, respectively, implying the effect of both
side-chain substituent and solvent on tuning the intermolecular stacking. Furthermore, the conductivity of
the aggregates of either PDI 1 or PDI 2 from methanol is more than ca. 1 order of magnitude higher than
those from n-hexane. In particular, the well-defined, one-dimensional (1D) nanobelts of PDI 1 show excel-
lent semiconducting property with the electrical conductivity as high as 3.3 � 10�3 S cm�1, which might
serve as promising candidates for applications in nano-electronics.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Self-assembly of functional organic molecules with well-defined
nanostructures based on various non-covalent interactions includ-
ing p–p interaction, van der Waals forces, hydrogen bonding,
hydrophilic/hydrophobic interactions, electrostatic and metal–
ligand coordination is important for the development of advanced
functional molecular materials, nanoscale electronic and optoelec-
tronic devices [1,2], such as OFETs [3], OLEDs [4], and sensors [5].
Intensive studies have led to the reports of various kinds of self-
assembled organic nanostructures with different morphology such
as nanowires [6–8], nanoribbons [9–11], nanorods [12], nanoparti-
cles [13], and nanotubes [14,15]. However, the construction of or-
ganic nano-assembly into a prerequisite structure with controlled
morphology depending on modifying the molecular structure and
ll rights reserved.
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programming the supramolecular interaction is still a challenge
for chemists and material scientists.

As an important functional dye with outstanding photo and
chemical stability as well as interesting photophysical and photo-
chemical properties, perylenetetracarboxylic diimide derivatives
(PDIs) have been intensively studied for several decades [4,16–
19]. Because of their great potential application as organic
semiconductors in different molecular electronic devices, the fab-
rication of ordered nanostructures with different morphology of
this functional molecular material has become an attracting re-
search area in the past decade [20–29]. Studies have revealed that
the self-assembling process of PDI molecules is dominated by p–
p interaction between the conjugated perylene systems together
with assistance of hydrogen bonding and side-chain hydrophobic
interactions [30–33]. By introducing different side chains onto the
imide positions of the PDI ring to tune the p–p interaction be-
tween perylene systems, PDI nano-assemblies with different
structure and morphology have been prepared by Zang and co-
workers [34–37]. Würthner and co-workers have reported the
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self-assembling supramolecular structure of oligo(p-phenylene
vinylene) (OPV)–PDI and OPV–PDI–OPV systems in methylcyclo-
hexane driven by the hydrogen bonding and liquid crystal prop-
erty and made corresponding characterization only on the basis
of UV–vis method and molecular modeling [38,39]. Li and co-
workers have observed the effect of dodecyloxy and/or thiodode-
cyl groups at the bay positions on the structure and morphology
of self-assembling PDI nanostructures [40]. Most of these PDI
derivatives are symmetrically connected at the imide nitrogen
atoms or the bay positions, and the nanostructural morphology
was affected by the side chains. Very recently, aggregation behav-
ior of a series of asymmetrical wedge-shaped PDIs has been re-
ported by Li and co-workers [41]. However, to the best of our
knowledge, a comparative investigation of the self-assembled
nanostructures, morphology, and conductivity of resulting nano-
structures between symmetrical and asymmetrical amphiphilic
PDI derivatives is still rare. It is expected that when the two side
chains have varied hydrophobicities/hydrophilicities, the mor-
phology and microstructure may also be controlled not only by
the molecular structure but also by the polarity of the solvents
[42]. In this paper, two amphiphilic PDIs with different substitu-
ents linked at the imide positions of the perylene ring (Fig. 1),
N-n-hexyl-N0-(2-hydroxyethyl)-1,7-di(40-t-butyl)phenoxy-peryle
ne-3,4:9,10-tetracarboxylic diimide (PDI 1) and N,N0-di(2-hydro
xyethyl)-1,7-di(40-t-butyl)phenoxy-perylene-3,4:9,10-tetracarbox
ylic diimide (PDI 2), were employed in our study, for the follow-
ing reasons: (1) the conjugated frameworks can facilitate efficient
p–p electron delocalization and favor dense intermolecular p–p
stacking; (2) the introduction of functional groups having steric
strain in the bay area of the perylene backbone (which can lead
to a propeller-like twisting of the two naphthalene half units
[43]) is expected to improve its solubility in conventional organic
solvents, (3) the hydrophilic hydroxyethyl unit and/or hydropho-
bic linear alkyl chain linked at the imide nitrogen positions
provide sufficient flexibility for the optimization of the non-cova-
lent stacking of the PDI p-system by a balance between hydrogen
bonding and hydrophobic interactions between the side chains of
PDI molecules. A simple solution process allows us to prepare
controllably large quantities of well-defined nanobelts and nano-
leaves for PDI 1 and nanobelt dendrites and nanosheets for PDI 2.
In particular, one-dimensional (1D) nanobelts and nanobelt den-
drites for PDI 1 and 2 exhibited excellent conductivities. The
investigation presented here demonstrates direct correlation be-
tween the maximized conductivity and the optimized molecular
Fig. 1. The molecular structu
stacking as well as the dimension of the self-assembly of PDI
molecules.

2. Experimental section

2.1. Chemicals and measurements

All reagents and solvents were used as received. The asymmet-
ric amphiphilic perylenetetracarboxylic diimide derivative, PDI 1,
was used as synthesized previously [29]. The symmetric PDI 2
was synthesized and purified according to published procedures
[29,44,45]. The detailed synthetic procedures together with the
structural characterization for PDI 2 are described in Supplemen-
tary material.

The nanostructures of the two compounds PDI 1 and 2 were
fabricated by the phase transfer method following the literature
method [2,9,15,37]. A minimum volume (30–50 lL) of concen-
trated chloroform solution of PDI (1 and 2) (1 mM) was injected
rapidly into a large volume of methanol or n-hexane (1 mL) and
subsequently mixed with a microinjector. After being kept at room
temperature for 1–2 h, precipitates were separated from the
solvents and transferred to the carbon-coated grid or SiO2 surface
for the SEM, AFM observations, and XRD measurement. Electronic
absorption and fluorescence spectra were recorded on a Hitachi
U-4100 spectrometer and a K2 system (ISS product), respectively.
Fourier transform infrared (FT-IR) spectra were recorded as KBr
pellets using a Bio-Rad FTS-165 spectrometer with 2 cm�1 resolu-
tion. X-ray diffraction (XRD) experiment was carried out on a Rig-
aku D/max-B X-ray diffractometer. SEM images were obtained
using a JEOL JSM-6700F field-emission scanning electron micros-
copy. For SEM imaging, Au (1–2 nm) was sputtered onto the grids
to prevent charging effects and to improve the image clarity. Sub-
strates used in the present study were successively cleaned with
pure water, acetone, and ethanol.

2.2. Device fabrication

The interdigitated electrode (IDE) array is composed of 10 pairs
of ITO electrode digits (fingers) deposited onto a glass substrate
with the following dimensions: 125-lm electrode width, 75-lm
spacing, 5850-lm overlapping length, and 20-nm electrode thick-
ness. The suspension of molecular aggregates was carefully
dropped onto glass substrates with ITO IDEs. After complete evap-
oration of the solvents, the densely packed aggregates remained
res of PDI 1 and PDI 2.
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and adhere to IDEs/glass substrate tightly (the process was re-
peated so that the channels of IDEs were completely covered by
the aggregates), leading to the electron conductivity measurement
in situ. The conductivity, r, can be calculated according to the
equation reported in the previous literatures [46,47]. The cur-
rent–voltage characteristics were obtained using a Keithley 4200
semiconductor characterization system at room temperature in air.
3. Results and discussion

3.1. Electronic absorption and fluorescence emission spectra

The electronic absorption and fluorescence emission spectra of
the two PDI compounds in CHCl3 and their nano-aggregates fab-
ricated in methanol and n-hexane are shown in Fig. 2, while the
corresponding experimental data compiled in Table S1 (Supple-
mentary material). As shown in Fig. 2A and B, both PDI 1 and
PDI 2, regardless of the different substituents on the imide N
atoms of PDI cores, show just the same feature in their electronic
absorption spectra, revealing the non-aggregated molecular spec-
troscopic nature of these two compounds in CHCl3. In light of the
previous observations as reported in the literature with regard to
absorption characteristics of similar PDI derivatives [25,48,49],
the absorptions at about 550 and 516 nm can be attributed to
the 0–0 and 0–1 vibronic band of the S0–S1 transition, respec-
tively, while the observed absorption band around 407 nm is
attributed to the electronic S0–S2 transition. The fluorescence
spectrum of either PDI 1 or PDI 2 in CHCl3 depicted the same
peak structure and presented as a mirror image of the absorption,
which gives no indication of aggregation, Fig. 2C and D. When
dispersed in methanol or n-hexane, molecules of both PDI 1
Fig. 2. Normalized electronic absorption (left) and fluorescence emission (right) spec
nanostructures dispersed in methanol (dashed line) and n-hexane (dotted line). The exc
and 2 undergo aggregation due to the limited solubility, which
leads to distinctive change in their electronic absorption spectra
(Fig. 2A and B). In comparison with those in CHCl3, an enhanced
0–1 vibronic band along with a significant blueshift of the absorp-
tion maximum is observed in both methanol and n-hexane,
Fig. 2A. Meantime, a new band emerges around 650 nm for the
aggregates of PDI 1. Such a spectral change implies strong molec-
ular stacking between the PDI skeletons and the formation of
face-to-face p stacks (H-aggregate) [43]. The pronounced absorp-
tion band emerging at longer wavelength is typically a sign of the
effective p–p interaction in co-facial configuration of molecular
stacking [36,37,43]. Consistent with the absorption measurement,
the emission spectrum of the aggregates of PDI 1 also shows a
blueshift of the emission maxima by 3 and 18 nm in methanol
and n-hexane as compared to that in solution, respectively,
Fig. 2C. One new emission band at approximately 690 nm for
the aggregates of PDI 1 in both ‘‘poor’’ solvents should be attrib-
uted to emission from the excimer-like states of the molecular
aggregates formed by the interaction between adjacent PDI 1
molecules in the co-facial arrangement [25,42]. It is noteworthy
that the blue-shifted extent of both emission and absorption
peaks of the aggregates of PDI 1 increases with the decrease in
the solvent polarity, which is in good agreement with a study
on the self-assembled behavior of an asymmetrical amphiphilic
PDI derivative reported by Ji and co-workers [42]. The UV–vis
absorption spectra and fluorescence emission spectra for a diluted
suspension of molecular aggregate of PDI 2 in methanol and
n-hexane are also shown in Fig. 2B and D, respectively, which
are different from that of PDI 2 in CHCl3 solution due to the
significant intermolecular interaction in the self-assembled nano-
structures. In comparison with the spectrum of 2 in chloroform,
self-assembled PDI 2 shows a blueshift on the maximum absorp-
tra of PDI 1 (A and C) and PDI 2 (B and D) in chloroform (solid line) and their
ited wavelength was 510 nm.
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tion band in methanol and a redshift in n-hexane, corresponding
to the H- and J-type aggregates, respectively, which imply directly
the effect of the solvent on the molecular packing mode [42]. The
different self-assembly behavior for the asymmetric PDI 1 and
symmetric PDI 2 in polar and apolar solvents also indicates the
different effects of the solvent–PDI molecules interaction during
the self-assembly process, which counterbalances the PDI inter-
molecular interaction, in particular the hydrogen bonding be-
tween the hydroxyethyl groups and hydrophobic interaction
between alkyl chains, on the molecular packing mode. Further
evidence for this point comes from FT-IR and XRD experimental
result as detailed below.

3.2. FT-IR spectra

The FT-IR spectra of the self-assembled nanostructures of PDI
1 and 2 obtained from methanol and n-hexane are shown in Figs.
S1 and S2, respectively (Supplementary material). The positions of
the peak frequencies for the CH2 symmetrical (ms(CH2)) and anti-
symmetrical (ma(CH2)) stretching vibrations provide insight into
the intermolecular environment of the alkyl chains in these
assemblies. Previous IR studies have shown that the location of
these peaks can be a sensitive indicator for the extent of the lat-
eral interactions between long n-alkyl and polymethylene chains
[50,51]. For example, the PDI 1 self-assembled nano-aggregates
from both methanol and n-hexane showed the ms(CH2) and
ma(CH2) at ca. 2854 and 2922 cm�1, respectively (Fig. S1), which
are almost the same positions as those reported in the literature
[46], indicating that the long alkyl chains are stretched to form a
multilayer tape via interdigitation [46,50,51]. For the aggregates
of PDI 2, the vibration bands at ca. 2850 and 2917 cm�1 are as-
signed to the ms(CH2) and ma(CH2) modes, respectively (Fig. S2).
Obviously, the peak frequencies for both ms(CH2) and ma(CH2)
modes of PDI 2 aggregates are lower than those of PDI 1 aggre-
gates by 4–5 cm�1, respectively. Therefore, the side chains in
PDI 2 aggregates are more ordered than those of PDI 1 [52,53].
In addition, the presence of a relatively broad and strong band
appearing in the range of 3437–3463 cm�1 as shown in Figs. S1
and S2, respectively, is assigned to the stretching vibration of
hydrogen bonds between the hydroxyethyl groups attached to
imide nitrogen position(s) of neighboring PDI molecules
[2,54,55]. This is in line with the X-ray diffraction (XRD) result
as detailed below.
Fig. 3. X-ray diffraction patterns of the nanostructures of PDI 1 from methanol (A); n-h
31G(d) level (C); and schematic representation of the unit cell in the nanostructure of P
3.3. X-ray diffraction patterns of the aggregates

The internal structure of self-assembled nanostructures of these
compounds was investigated by XRD analysis. As shown in Fig. 3A,
in the low angle range, the XRD diagram of the nanostructures of
PDI 1 formed from methanol shows two clear diffraction peaks
at 2h = 4.18�(2.11 nm) and 4.80�(1.84 nm), which are ascribed to
the diffractions from the (100) and (010) planes, respectively
[56]. As can be seen from Fig. 3C, the dimensional size of a PDI 1
molecule is ca. 2.24 nm (length) � 1.50 nm (width) � 0.78 nm
(thickness) obtained from the energy-optimized structure of the
molecule by using Gaussian 98 program at B3LYP/6-31G(d) level.
According to the XRD result and the simulated PDI 1 molecular
structure, the unit cell consists of six PDI 1 molecules, Fig. 3D.
The d-spacing of 2.11 and 1.84 nm could be attributed to the aver-
age length along the long axis of PDI 1 and the thickness along the
perpendicular direction to the perylene rings, respectively. In addi-
tion, two higher-order diffractions are found at 1.05 and 0.94 nm,
corresponding to (200) and (020) plane, respectively, which
means that there exists very regular repetition of the nanostruc-
ture along the long axis of the PDI as well as the direction perpen-
dicular to the perylene rings, despite the fact that this is solely
based on the non-covalent interactions. It is worth noting that, in
the wide angle region, the XRD pattern of PDI 1 nanostructures
formed from methanol presents additional diffraction at 0.33 and
0.26 nm, which can be attributed to the p–p stacking distance of
PDI rings between the adjacent molecules [26,27] and the distance
between hydrogen-bonding hydroxyl oxygens [2]. Almost the
same diffraction peaks (at 0.32 and 0.27 nm) are also obtained
for PDI 1 aggregates formed from n-hexane, which is in good
accordance with the results of electronic absorption and IR spec-
troscopy. However, in the low angle region, the XRD pattern of
PDI 1 aggregates formed from n-hexane presents only a compara-
tively strong and sharp diffraction peak at 1.85 nm (Fig. 3B), which
is ascribed to the diffractions from the (010) plane, implying a
favorable molecular packing from co-facial conformation depend-
ing mainly on the p–p interaction between perylene rings. For
the PDI 1 aggregates from n-hexane, the (100) diffraction observed
at 2.11 nm for the PDI 1 nanostructures from methanol was absent,
suggesting the lack of long-range periodicity along this direction in
the self-assembled nanostructures of this PDI compound. Obvi-
ously, such a difference in XRD pattern should attributed to the
different polarity of n-hexane and methanol. Although both
exane (B); molecular size of PDI 1 obtained from DFT calculation at the B3LYP/6-
DI 1 (D).
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solvents provide limited solubility for PDI 1 and thus facilitate the
molecular aggregation, the stronger solvent–molecule interaction
between n-hexane and the hexyl group may reduce the interdigita-
tion between the side chains of PDI 1. As a consequence, growth in
this direction during the self-assembly process is limited. The dif-
ferent favorable growing orientations of aggregates of PDI 1 from
methanol and n-hexane in turn result in the different morphology
as detailed below.

The XRD patterns of self-assembled nanostructures of PDI 2
formed from methanol show one comparatively strong and sharp
diffraction peak at 1.63 nm along with another weaker diffraction
at 1.43 nm in the low angle range, originating from the (010)
and (001) planes, respectively, Fig. 4A. These two diffraction peaks
should be assigned to the dimensional size for a unit cell, 1.63 nm
(thickness) � 1.43 nm (width), formed from co-facial stacking of
six PDI 2 molecules depending on the p–p stacking and the inter-
molecular hydrogen bonds of neighboring PDI molecules, on the
basis of the energy-optimized structure of the molecule, Fig. 4C.
Very interesting, the (010) and (001) diffraction peaks for aggre-
gates of PDI 2 from n-hexane were at the almost same position
as those of PDI 2 from methanol except a reversed relative inten-
sity (Fig. 4A and B), implying the different favorable growing orien-
tations of nanostructures of PDI 2 in polar and apolar solvent. As a
result, molecules assembled along the perpendicular and trans-
verse direction of perylene rings [43], respectively (Fig. 4D and
E), according to the energy-optimized, three-dimensional size of
a PDI 2 molecule. This is well reflected by the difference in the H
versus J aggregation mode observed by UV–vis absorption spectra
as detailed above. In the wide angle region, the peaks at 0.31 and
0.26 nm are also observed, which are assigned just in the same
way as done for the aggregates of PDI 1.
3.4. Morphology of the aggregates

The morphology of the aggregates formed was examined by
scanning electron microscopy (SEM) and atomic force microscopy
(AFM). Fig. 5 displays typical scanning electronic microscopy
(SEM) images of PDI 1 formed from methanol and n-hexane. In
methanol, PDI 1 assembled into nanostructures with belt-like mor-
phology with uniform size and orientation, Fig. 5A and B. The nano-
belts were ordered over 50 lm in length with average width of ca.
2 lm. The belt morphology was also revealed by the AFM
Fig. 4. X-ray diffraction patterns of the nanostructures of PDI 2 from methanol (A); from
31G(d) level (C); and schematic representation of the unit cell in the nanostructure of P
measurement, as shown in Fig. S3A. The line-scan profile over a
single belt demonstrates a flat topography typical of a nanobelt
with a thickness of around 330 nm, Fig. S3B, and an aspect ratio
(length over thickness) larger than 150. This is favorable for the de-
vice application in photovoltaics and field effect transistors [57].
Unlike the aggregates in methanol, the aggregates of PDI 1 in n-
hexane present a leaf-like morphology of ca. 2 lm in length around
500 nm in width (Fig. 5C and D) and 70 nm in thickness (Fig. S3C
and D), leading to an aspect ratio (length over thickness) of 29.
The similar solvent effect was also observed in the self-assembly
of PDI 2. In methanol, PDI 2 molecules self-assemble into nano-
belts (Fig. 5E and F). The belts are usually about 0.2–1 lm in width
and 20–25 lm in length (and 40 nm in thickness, Fig. S4A and B).
Two nanobelts are often linked together to form Y-junctions
(Fig. 5F) [14,58], which in turn construct more complicated junc-
tions, for instance, the dendrite composed of nanobelt branches,
in which each nanobelt spreads out from its root and acts as a
branch. However, in n-hexane, self-assembly of PDI 2 results in
nanostructures with a quadrate sheet-like morphology with about
0.5–1.6 lm in width, 3–5 lm in length, and 210 nm in thickness,
Figs. 5G and H and S4C and D. Obviously, nanostructures of both
PDI 1 and PDI 2 from methanol show higher aspect ratio than
those from n-hexane. Self-assembly morphology of the PDI amphi-
philes is determined not only by the molecular structure but also
by the intermolecular interactions between the amphiphiles as
well as the interactions between the amphiphiles and solvent. It
is worth noting that the size- and morphology-adjustable nano-
structures are highly desired for fabricating nanoscale molecular
(opto)-electronic devices that often require a wide variety of chan-
nel lengths to achieve the optimum gate or optical modulation.
3.5. I–V properties

The uniform aggregates of PDI 1 and 2 with well-defined nano-
structures would be promising candidates for applications in
electronic devices. To demonstrate the potentials of these nano-
structures, the diluted suspension of molecular aggregates of PDI
1 and 2 formed in methanol and n-hexane was carefully dropped
onto glass substrates with ITO IDEs, respectively. After complete
evaporation of the solvents, the densely packed nanostructural
films remained and adhere to ITO IDEs/glass substrate tightly, lead-
ing to the electron conductivity measurement in situ. Fig. 6 shows
n-hexane (B); molecular size of PDI 2 obtained from DFT calculation at the B3LYP/6-
DI 2 (D and E).



Fig. 5. SEM images of the nanobelts from methanol (A and B) and nanoleaves from n-hexane (C and D) for PDI 1; nanobelt dendrites from methanol (E and F) and nanosheets
from n-hexane (G and H) for PDI 2, respectively.
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the current–voltage (I–V) characteristics of nanobelts and nano-
leaves of PDI 1 and nanobelt dendrites and nanosheets of PDI 2.
The devices made from different nanostructural films of both PDI
1 and 2 exhibited similar conductive behavior: conductivity in-
creased in the order of aggregates from n-hexane < aggregates
from methanol. The higher the one-dimensional order, the higher
the mobility of charge carriers and conductivity. This trend in con-
ducting performance has previously been observed for porphyrins,
phthalocyanines, and amphiphilic hexa-peri-hexabenzocoronene
materials [14,46,51]. According to the equation reported in the lit-
eratures [46,47], the electronic conductivity is calculated to be
around 3.3 � 10�3 and 1.2 � 10�4 S cm�1 for the nanobelts and
nanoleaves of PDI 1, and 2.8 � 10�4 and 3.0 � 10�5 S cm�1 for
nanobelt dendrites and nanosheets of PDI 2, respectively (the
experiments were repeated for more than three times on different
pieces of films). Comparing with nanosheets for PDI 2, the



Fig. 6. I–V curves measured on nanobelts (solid squares) and nanoleaves (solid
circles) from PDI 1 (A), nanobelt dendrites (solid squares) and nanosheets (solid
circles) from PDI 2 (B).
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dramatically improved conductivity of nanobelt dendrites for PDI
2 might be due to the long-range 1D p–p stacking structure that
favors the conductivity through face-to-face intermolecular p-
delocalization (Fig. 6B). The extra high conductivity (ca.
3.3 � 10�3 S cm�1) was measured for the PDI 1 nanobelts, which
is about 3 order of magnitude higher than that measured from
polymer nanowires (e.g. polythiophene) [59]. This unexpected
good conductivity of the nanobelts of PDI 1 might be attributed
to both readily p-stacks with adjacent planar molecules and high-
er-ordered crystalline molecular arrangement. When the perylene
cores are organized in one-dimensional stacks in nanobelts, they
may show favorable charge transport [60]. The absence of traps
and/or defects in these one-dimensional aggregates with more effi-
cient p-stacks and side-chain interactions should favor charge
transport. This solid-state packing effect has been previously sug-
gested in explaining the OFET behavior for highly crystalline n-
channel organic TCTDT [6] and TFTs [61]. It is worth noting that
the conductivity of the aggregates of either PDI 1 or PDI 2 from
methanol is more than ca. 1 order of magnitude higher than those
from n-hexane, implying the significant effect of the intermolecu-
lar interaction and the molecular packing mode in aggregates asso-
ciated with the solvent–PDI molecular interaction on the
conductivity. These aggregates with such high current modulation
could be useful for a wide range of electronic and sensor devices.
The efforts to explore such opportunities are underway.
4. Summary

Aggregates with distinct morphologies and structures for PDI 1
and PDI 2 were controllably prepared in polar and apolar solvent,
respectively. The I–V experimental results revealed that the pres-
ent PDI molecules might serve as the useful functional materials
for nano-electronics. The present study represents our new effort
toward preparing self-assembled microstructures with controlled
morphology and properties through both molecular modification
and the solvent effect. It will be valuable for the design and prep-
aration of PDI-based nano-electronic and nano-optoelectronic de-
vices with good performance due to the close relationship
between the molecular ordering and dimensions of nanostructures
and the performance of nanodevices.
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