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Introduction

Organic nanoassemblies are important building blocks for
higher-order architectures. These nanostructures, in particular
those constructed from functional organic molecules, are ex-
pected to be of use in a wide range of applications in nano-
science and nanotechnology as advanced materials for photo-
voltaic cells,[1] light-emitting diodes (LEDs),[2] and optical sen-
sors.[3] The construction of organic nanostructures through
self-assembly of organic molecules driven by supramolecular
interactions has been the focus of much research interest over
the past decade. Intensive studies have led to reports of vari-
ous kinds of self-assembled organic nanostructures with differ-
ent morphologies, including nanowires,[4„ 5] nanorods,[6] nano-
particles,[7] and nanotubes.[8] However, the construction of or-
ganic nanoassemblies into a particular structure with a control-
led morphology depends on modification of the molecular
structure and on tuning the supramolecular interaction, and it
still remains a challenge for chemists and material scientists.

As an important functional dye with outstanding photosta-
bility and chemical stability, perylene-3,4;9,10-tetracarboxydii-
mide (PTCDI) derivatives have been intensively studied for sev-
eral decades.[9–12] In recent years, great efforts have been made
to fabricate PTCDIs into nanostructures with various morpholo-
gies because of their potential applications in molecular elec-
tronics.[13–21] Studies have revealed that the self-assembly of
PTCDI molecules is dominated by p–p interactions between
the conjugated perylene systems along with hydrogen bond-
ing and liquid-crystal interactions.[22–24] By introducing different
side chains onto the imide nitrogen atoms of the perylene
backbone to tune the p–p interactions between perylene sys-
tems, PTCDI nanoassemblies with various structures and mor-

phologies have been prepared by Zang and co-workers.[25, 26]

Meijer and co-workers have also prepared chiral PTCDI nano-
fibers by incorporating two chiral oligo(p-phenylene vinylene)
(OPV) groups at the imide nitrogen atoms of the perylene
ring.[27] WCrthner and co-workers have reported the self-assem-
bled supramolecular structure of OPV-PTCDI-OPV and OPV-
PTCDI systems in methylcyclohexane (MCH), which is driven by
the hydrogen-bonding and liquid-crystal-forming properties of
the molecules, and characterized the products only on the
basis of UV/Vis spectroscopy and molecular modeling.[28, 29] Re-
cently, the same group reported the effect of halogen atoms
at the bay positions of the perylene ring on the structure and
morphology of the corresponding PTCDI nanoassemblies.[18]

They have also studied the self-assembly properties of PTCDI
with tridodecylphenyl substituents at the imide positions.[20]

The hydrophobic interaction between these tridodecylphenyl
groups was found to dominate the process of self-assembly
and to bring about the molecules’ liquid-crystal properties.
However, to our knowledge, the effect of alkoxy and thioalkyl
groups (in particular, the effect of atoms linking the alkyl side

Three perylene-3,4 ;9,10-tetracarboxydiimide (PTCDI) compounds
with two dodecyloxy or thiododecyl chains attached at the bay
positions of the perylene ring, PTCDIs 1–3, were fabricated into
nanoassemblies by a solution injection method. The morpholo-
gies of these self-assembled nanostructures were determined by
transmission electronic microscopy (TEM), scanning electronic mi-
croscopy (SEM), and atomic force microscopy (AFM). PTCDI com-
pound 1, with two dodecyloxy groups, forms long, flexible nano-
wires with an aspect ratio of over 200, while analogue 3, with
two thiododecyl groups, self-assembles into spherical particles. In
line with these results, PTCDI 2, with one dodecyloxy group and
one thiododecyl group, forms nanorods with an aspect ratio of
around 20. Electronic absorption and fluorescence spectroscopy

results reveal the formation of H-aggregates in the nanostruc-
tures of these PTCDI compounds owing to the p–p interaction
between the substituted perylene molecules and also suggest a
decreasing p–p interaction in the order 1>2>3, which corre-
sponds well with the morphology of the corresponding nanoas-
semblies. On the basis of DFT calculations, the effect of different
substituents at the bay positions of the perylene ring on the p–p
interaction between substituted perylene molecules and the mor-
phology of self-assembled nanostructures is rationalized by the
differing degree of twisting of the conjugated perylene system
caused by the different substituents and the different bending of
the alkoxy and thioalkyl groups with respect to the plane of the
naphthalene.
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chains to the perylene ring) on the structure and morphology
of self-assembling PTCDI nanostructures is still unknown.

To obtain more information about the relationship between
the molecular structure and the corresponding organic nano-
assembly and to control the structure and morphology of the
nanoassembly of organic functional materials through molecu-
lar design, we describe herein the structure and morphology
of three PTCDI nanoassemblies prepared from PTCDI com-
pounds with different substituents at the bay positions of the
perylene ring: N,N’-dicyclohexyl-1,7-di(dodecyloxy)-perylene-
3,4:9,10-tetracarboxydiimide (1), N,N’-dicyclohexyl-1-thiododec-
yl-7-dodecyloxy-perylene-3,4:9,10-tetracarboxydiimide (2), and
N,N’-dicyclohexyl-1,7-di(thiododecyl)-perylene-3,4:9,10-tetracar-
boxydiimide (3). As shown in Scheme 1, two dodecyl chains

were introduced onto the perylene ring while leaving the rest
of the molecule remaining unchanged. The p–p interactions
between the conjugated perylene systems is the driving force
for the self-assembly of these PTCDI compounds, which pro-
vides an ideal model system to study the effect of linking
atoms between long alkyl side chains and the perylene ring on
the aggregation behavior of organic functional molecules.

Results and Discussion

Spectral Characterization in Solutions

Figure 1 shows the electronic absorption spectra of PTCDIs 1–
3 dissolved in chloroform and methanol. As shown in Fig-
ure 1 A, the maximum absorption band of 1 experiences a sig-
nificant blue shift from 572 nm in chloroform to 506 nm in
methanol, indicating the formation of H-type PTCDI aggre-
gates in methanol with a typical face-to-face configuration aris-
ing from the strong p–p interaction between conjugated pery-
lene systems.[30, 31] A similar but smaller blue shift was also ob-
served in the main absorption band of PTCDI 2 in methanol
compared with that in chloroform, as shown in Figure 1 B, re-
vealing a weaker p–p interaction in the aggregates of PTCDI 2

than 1. The even smaller blue shift of the main electronic ab-
sorption band observed for PTCDI 3 in methanol versus in
chloroform suggests that in methanol, 3 has the weakest p–p
interactions between the perylene rings of the three systems
studied. These electronic absorption spectroscopic results indi-
cate that the three PTCDI derivatives 1–3 self-assemble into H-
aggregates in methanol with the extent of p–p interactions
between the PTCDI rings decreasing in the order 1>2>3.
This conclusion was additionally supported by their fluores-
cence behaviors in chloroform and methanol, see below.

The fluorescence spectra of PTCDI compounds 1–3 in
chloroform and methanol are also compared in Figure 1. Fluo-
rescence quantum yields (Ff) were measured with N,N’-dihex-
yl-1,7-di(4-tert-butylphenoxy)perylene-3,4;9,10-tetracarboxydii-
mide in chloroform as a standard (Ff=100 %) following the lit-
erature method.[36] Fluorescence quantum yields for PTCDI
compounds 1, 2, and 3 in methanol were calculated to be
0.7 %, 1.6 %, and 3.3 %, respectively. This significant fluores-
cence quenching for these three PTCDI compounds in metha-
nol compared with in chloroform might be ascribed to the for-
mation of H-aggregates.[32–35] The almost complete fluores-
cence quenching observed for PTCDIs 1 and 2 in methanol in-
dicates the formation of aggregates with very strong intermo-
lecular p–p interactions between the perylene rings of these
compounds. In contrast, the incomplete fluorescence quench-
ing for PTCDI 3 in methanol obviously suggests the formation
of relative unstable aggregates with weak p–p interactions.
These results are further rationalized on the basis of theoretical
calculation data as detailed below.

Scheme 1. Schematic molecular structures of PTCDIs 1–3.

Figure 1. Electronic absorption (A) and fluorescence (B) spectra of PTCDIs 1–
3 (indicated by corresponding subscripts) in chloroform (c) and methanol
(a). The inset of B2 shows the enlarged fluorescence spectrum of PTCDI 2.
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Aggregate Morphology

In line with the electronic absorption and fluorescence spectro-
scopic results, strong p–p interactions between perylene rings
of PTCDI 1 are also verified by the formation of one-dimen-
sional molecular stacks. Figure 2 A shows a large-area transmis-

sion electron microscopy (TEM) image of nanostructures of
PTCDI 1. It can be seen that long, flexible nanowires with uni-
form width and length were formed in methanol. The col-
umned-wire configuration of these nanostructures was also
clearly shown in scanning electron microscopy (SEM) images
of several nanowires (Figure 2 B). The wire morphology was
also revealed by atomic force microscopy (AFM) measurements
(Figures 2 C and D). It is worth noting that the diameter of the
nanowires is about 20 nm, and their length is several microme-
ters, resulting in an aspect ratio (length over width) of over
200.

Similarly, the morphology of the nanoassemblies of PTCDIs 2
and 3 was carefully characterized with a range of microscopic
techniques. Figure 3 shows SEM images of the nanostructures
of the three PTCDI compounds. Unlike the aggregates of
PTCDI 1 with a long, flexible nanowire morphology, substitu-
tion of one of the two dodecyloxy chains in 1 by a thiododecyl
group in 2 induces a significant change in the structure and
morphology of the corresponding nanoassemblies formed
under the same experimental conditions. With the decreased
p–p interactions between the perylene rings of the molecules
of compound 2, which is due to the increased twisting of the
perylene ring because of the change of one bridging atom be-

tween the dodecyl and conjugated perylene system from a
small oxygen atom to a large sulfur atom, short, rigid one-di-
mensional nanorods with a quadrilateral profiles instead of
long, flexible nanowires are formed for PTCDI 2. The rod mor-
phology was also revealed by AFM and TEM measurements,
(see Figure S1 in the Supporting Information). The wall thick-
ness of the PTCDI 2 nanorods was found to be in the range
50–70 nm and their length was about 1 mm, leading to an
aspect ratio of about 15–20, which is obviously smaller than
that of PTCDI 1. More interestingly, further weakened p–p in-
teractions between the perylene rings of PTCDI 3 molecules
arising from the substitution of two dodecyloxy groups by two
thiododecyl chains induced the formation of zero-dimensional
particulate nanoaggregates. As shown in Figure 3 C, the molec-
ular assembly of PTCDI 3 is approximately spherical with an
average diameter of about 100 nm, as shown by the TEM and
AFM images (Figure S2 in the Supporting Information).

The structures of the nanoassemblies were further investi-
gated by X-ray diffraction (XRD) techniques. Figure 4 shows
the diffraction patterns of the three self-assembled nanostruc-
tures. All three nanoassemblies present large and relatively
sharp diffraction peaks in the low-angle region, suggesting or-
dered molecular packing. The PTCDI 1 nanowires gave a dif-
fraction peak at almost the same position as the PTCDI 2 nano-
rods, 4.64 and 4.518 for 1 and 2, respectively, suggesting a sim-
ilar microstructure in the nanoassemblies of these two com-
pounds. The d spacing calculated according to these 2q values
is about 19.5 O, which can be ascribed to the distance be-
tween the two cyclohexyl groups at the imide nitrogen atoms
of the PTCDI molecules.[35] These results suggest that the
PTCDI molecules form H-aggregates in the nanoassembly and
support the suggestion that PTCDI compounds 1 and 2 are
predisposed to grow into one-dimensional aggregates (Fig-
ure 4 A). The wide-angle region in the diffraction pattern of
PTCDI derivatives 1 and 2 did not give any useful information.
In contrast, the diffraction pattern for the self-assembled par-
ticulate nanoaggregates of PTCDI 3 showed strong peaks at
2q=3.368 (100), 6.748 (200), 9.258 (010), 10.578 (400), 18.718
(001), and 20.868 (110), which are reasonably assigned to a rec-
tangular structure whose cell parameters are a=26.4 O, b=
9.6 O, and c=4.7 O, with each cell consisting of two molecules
of 3 (Figure 4 B). Obviously, the configuration of the cell em-
ployed by the molecules of 3 limits the p–p interaction be-
tween neighboring cells and therefore prevents the aggregate
from growing into long nanowires or nanorods.

Figure 2. A) TEM image of PTCDI 1 nanowires cast on carbon film; B) SEM
image of gold-stained nanowires cast on carbon film; C) A high-magnifica-
tion AFM image of a single nanowire, and D) Z-height line-scan profile over
the single wire marked by the black line in (C).

Figure 3. SEM images of the nanostructures of A) PTCDI 1, B) PTCDI 2, and
C) PTCDI 3.
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DFT Calculations

To enhance the understanding of the effect of substituents at
the bay positions of the perylene rings on the self-assembly
properties of PTCDI derivatives, density functional theory (DFT)
calculations[20, 40] were carried
out on the basis of simplified
molecular models in which the
alkoxy and thioalkyl substitu-
ents were replaced with methyl-
oxy and thiomethyl groups and
the cyclohexyl groups linked at
the two imide nitrogen posi-
tions were replaced by hydro-
gen atoms (Figure 5). The mini-
mized structures of the three
model compounds, including
the schematic molecular struc-
ture diagram, molecular orbital
map, and schematic one-dimen-
sional stacking diagram, are
shown in Figure 5 . The result
for the orbital map of PTCDI 1
(Figure 5 B1) indicates that the
same orientation for the 2pz or-
bitals of O21 and C17 leads to
strong repulsion between these
two orbitals, which induces a
twisted configuration of the
two naphthalene rings in the
perylene ring, resulting in a dis-
torted conjugated perylene
system in the di ACHTUNGTRENNUNG(alkoxy)-substi-
tuted PTCDI 1. This is also true
for the di(thioalkyl)-substituted
PTCDI 3 as well as the mono-
ACHTUNGTRENNUNG(alkoxy)-mono(thioalkyl)-substi-
tuted PTCDI 2. These results
clearly reveal that substitution
of hydrogen atoms with either
alkoxy or thioalkyl groups at the

bay positions of the perylene ring induces distortion of the
conjugated perylene system in the PTCDI derivatives.

The atomic radius of the O atom is smaller than that of the
S atom. Therefore, the repulsion between the 2pz orbitals of
O21 and C17 in PTCDI 1 is weaker than that between the 3pz or-

Figure 4. A) XRD profile of the aggregates of PTCDIs 1 and 2. B) XRD profile and the schematic representation of the unit cell of the aggregates of PTCDI 3.

Figure 5. The energy-minimized configuration of predigested PTCDIs 1–3. Schematic molecular structure diagram
of structure (A), molecular orbital map (B), and schematic one-dimensional stacking diagram (C). Subscripts refer
to the corresponding PTCDI compound.
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bital of S21 and the 2pz orbital of C17 in PTCDI 3. This leads to a
smaller degree of distortion of the perylene system in PTCDI 1
with a twisting angle between the two naphthalene rings of
158 (a1) compared to 238 (a2) in PTCDI 3 (Figure 5 C). In line
with the experimental findings, the smaller degree of distor-
tion of the conjugated perylene system in PTCDI 1 does not
significantly affect the p–p interaction between the molecules
of PTCDI 1, which self-assemble into one-dimensional nano-
wires because of the strong p–p interaction. In contrast, zero-
dimensional particulate nanostructures are formed by PTCDI 3
because of the weakened p–p interaction between the mole-
cules, which is associated with the large degree of distortion
of the conjugated perylene system. As an intermediate com-
pound between the di ACHTUNGTRENNUNG(alkoxy)-substituted PTCDI 1 and di-
(thioalkyl)-substituted PTCDI 3, PTCDI 2 is substituted with one
alkoxy chain and one thioalkyl group at each of the two bay
positions of the perylene ring. It self-assembles into short, rigid
one-dimensional nanorods with a quadrilateral profile.

On the basis of our calculations, the skeleton of the methyl-
oxy group is coplanar to the naphthalene ring to which it is at-
tached in the alkoxy-substituted PTCDI compound (Figure 5).
As a consequence, the methoxyl groups in the molecules of
the corresponding PTCDI compound 1 give no steric hindrance
to the self-assembly process in terms of spatial arrangement
and therefore also contribute to the formation of one-dimen-
sional long, flexible nanowires of PTCDI 1. In contrast, the thio-
methyl groups bend away from the plane of the naphthalene
ring to which the thiomethyl group is attached in the thioalk-
yl-substituted PTCDI compound 3 (Figure 5), which results in
steric hindrance to the face-to-face molecular packing of the
corresponding compound and may therefore also be partially
responsible for the failure of PTCDI 3 to form one-dimensional
long nanostructures.

Conclusions

In summary, we have investigated the morphology and struc-
tures of the self-assembly of three PTCDI derivatives substitut-
ed with different side chains at the bay positions of the pery-
lene ring. The PTCDI compound with two dodecyloxy substitu-
ent groups (1) self-assembled into one-dimensional nanowires
owing to the strong p–p interaction between the PTCDI units.
Substitution of the two dodecyloxy groups by two thiododecyl
groups (compound 3) induced a large torsion on the conjugat-
ed perylene system, which diminished the p–p interaction be-
tween the substituted perylene molecules, therefore resulting
in the formation of zero-dimensional nanoassemblies. An inter-
mediate perylene compound with one dodecyloxy and one
thiododecyl group (2) forms one-dimensional nanorods with a
morphology lying between those of the other two com-
pounds. The effect of different side chains at the bay positions
on the assembly properties of the substituted perylene com-
pounds was reproduced by molecular structure calculations
based on DFT. We believe that these results will be helpful in
guiding the fabrication of organic functional materials into
nanostructures for molecular electronic devices using molecu-
lar design and synthesis.

Experimental Section

The PTCDI compounds 1–3 were synthesized and purified accord-
ing to the published procedure.[36] The compounds were character-
ized by 1H NMR spectroscopy (600 MHz) and shown to be free of
1,6 isomers. Both chloroform and methanol (HPLC grade) were pur-
chased from Tianjin Kermel Co. The nanostructures of the three
compounds were fabricated by the re-precipitation method ac-
cording to the following procedure:[25, 26, 37–39] A minimum volume
(5–125 mL) of concentrated chloroform solution of PTCDI (1 mm)
was injected rapidly into a larger volume of methanol (2.5 mL) and
subsequently mixed with a microinjector. The nanoparticles of the
PTCDI compounds were then separated from the solvents immedi-
ately. The experiments were carried out on PTCDI solutions at dif-
ferent concentrations and at different injection speeds at room
temperature. The results were stable and reproducible under the
experimental conditions described above.

Electronic absorption and fluorescence spectra were recorded on a
Shimadzu UV-1650PC spectrometer and a K2 system (ISS), respec-
tively. Low-angle X-ray diffraction (XRD) measurements were car-
ried out on a Rigaku D/max-ÅB X-ray diffractometer. TEM images
were taken on a JEOL JEM-100CX II electron microscope operated
at 100 kV. SEM images were obtained using a JEOL JSM-6700F
field-emission scanning electron microscopy. AFM images were col-
lected in air under ambient conditions using the tapping mode
with a Nanoscope III/Bioscope scanning probe microscope from
Digital Instruments. For TEM imaging, the sample of PTCDI nano-
particles in methanol was cast onto a TEM grid (Cu with a carbon
film). For SEM imaging, Au (1–2 nm) was sputtered onto these
grids to prevent charging effects and to improve image clarity. For
AFM imaging, the sample was cast onto a SiO2 surface.

The frontier molecular orbital calculations for the three PTCDI de-
rivatives were carried out using DFT. The hybrid density functional
B3LYP (Becke-Lee-Young-Parr composite exchange–correlation
functional) was used for both geometry optimizations and proper-
ty calculations. In all cases, the 6-31G (d) basis set was used. The
Berny algorithm using redundant internal coordinates was em-
ployed for the energy minimization and the default cutoffs were
used throughout.[40] Using the energy-minimized structures, normal
coordinate analyses were carried out. To verify that these energy-
minimized structures are true energy minimums, vibration frequen-
cy calculations were performed. The fact that no imaginary vibra-
tion was predicted in the frequency calculations confirms that the
energy-minimized structures for all three compounds are true
energy minimums. All calculations were carried out using the
Gaussian 03 program[41] in the IBM P690 system at the Shandong
Province High-Performance Computing Centre.
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