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Abstract Two asymmetrical, amphiphilic perylene
derivatives, N-Decyl-perylene-3,4:9,10-tetracaboxylic-3,
4-di(methoxyethoxyethyl)ester-9,10-imide (D1E2) and
N-(1-Decylundecyl)-perylene-3,4:9,10-tetracaboxylic-3,4-
di(methoxyethoxyethyl)ester-9,10-imide  (D2E2), have
been synthesized and characterized. These compounds
contain one long hydrophobic chain on one end and two
hydrophilic ethoxy chains on the other end. Self-assembly
of these molecules in a variety of solvents has been dem-
onstrated. Scanning electron microscopy images showed
that these compounds self-assembled to various nano-
structures in different solvents. The most well-defined
structure was flexible nanoribbons obtained from D1E2
precipitation in methanol. The UV-vis absorption and
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fluorescence spectra of these compounds in solution and
solid form are also reported. The self-assembled nano-
structures have potential applications in optoelectronics.

Introduction

Self-assembly of organic molecules in solutions represents
an important bottom-up approach in designing electronic
and optoelectronic devices [1]. The applications include
optical elements, memory elements, electro-optic cells,
actuators, sensors, etc. Bendikov et al. [2]. Understanding
the noncovalent interaction mechanisms will help to design
and synthesize molecules for the fabrication of efficient
devices. Among the organic molecules, aromatic com-
pounds have been known for the formation of one-
dimensional (1D) nanostructures through strong interac-
tions [3-17]. Particularly, perylene tetracarboxylic bisi-
mide derivatives are of interest because of their n-type
characteristics [8, 14]. Most of the reported nanoassemblies
of perylene tetracarboxylic bisimide derivatives were
symmetrical [8—17].

Recently, asymmetrical perylene tetracarboxylic bisi-
mide derivatives have attracted more interests [18-20].
When the two side chains have different hydrophobic/
hydrophilic characteristics, the morphology of the nano-
assembly is expected to be controlled by both the structures
of the side chains and the solvents. In this study, we report
self-assembled nanostructures of two asymmetrical,
amphiphilic perylene derivatives that bear one hydrophobic
chain at one side, and two hydrophilic ethoxy chains at the
other. One compound self-assembles into long, flexible,
well-defined nanoribbons in methanol and the other forms
nanoparticles. The spectroscopic behaviors of these com-
pounds are also studied.
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Experimental
Instruments

UV-vis absorption spectra were recorded by use of a
Shimadzu UV-2401PC spectrophotometer, with tempera-
ture control (CPS-Controller). Fluorescence spectra were
obtained using a Hitachi F-2500 fluorescence spectrometer.
In all the fluorescence experiments, the molecules were
excited at 470 nm. Proton nuclear magnetic resonance
spectra were recorded on a GSX FTNMR Spectrometer
(JEOL INM-GSX270 FTNMR). The mass spectrum was
obtained with a JEOL AccuTOF-DART™ system. The
temperature for the orifice 1 was set at 80 °C, direct analysis
in real time (DART) temperature was set at 300 °C. The
orifice 1 voltage, orifice 2 voltage, and ring lens voltage
were 20, 3, and 3, respectively. Helium was used as DART
working gas, and flow rate was set at 5.6 L/min. The DART
needle voltage was 3500 V, and the electrode #1 and #2
voltages were 150 and 250, respectively. Hitachi FESEM
S4800 was used to obtain scanning electron microscopy
(SEM) images. JOEL 2200 FS was used for obtaining
transmission electron microscopy (TEM) images.

Materials and synthesis

Scheme 1 shows the synthetic route of the two asymmet-
rically substituted amphiphilic perylene derivatives, D1E2
and D2E2. 2-(2-Methoxyethoxy)ethyl iodide was synthe-
sized according to a reported method [21, 22]. Perylene
monoimide N-(1-Decyl-perylene)-3,4:9,10-tetracaboxylic-
3,4-anhydride-9,10-imide (1a) [15, 22] and N-(1-Decyl-
undecyl)-perylene-3,4:9,10-tetracarboxylic-3,4-anhydride-
9,10-imide (1b) [23] were synthesized according to
reported procedures. All the synthesized compounds were
characterized by 'H NMR spectroscopy and mass spec-
trometry. All the chemicals were purchased from Aldrich
(Milwaukee, MI, USA) without further purification.
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Scheme 1 The synthetic route
of D1E2 and D2E2

N-Decyl-perylene-3,4:9,10-tetracaboxylic-3,4-di(meth-
oxyethoxyethyl)ester-9,10-imide (2a or D1E2).

D1E2 was synthesized from compound 1 with the
corresponding alcohol and alkyl iodide according to a
modified method [15]. A mixture of 1la (100 mg, 0.188
mmol, C34H9NOs), 2-(2-Methoxyethoxy) ethanol (0.16 g,
1.34 mmol), 2-(2-Methoxyethoxy) ethyl iodide (0.29 g,
1.27 mmol), and potassium carbonate (100 mg, 0.72 mmol)
was heated at 70 °C for 1 day. The excess of iodide and
alcohol was distilled under reduced pressure. The residue
was diluted in a 15 mL of deionized water, and then filtered,
further dried under reduced pressure in a desiccator, and
recrystallized from methanol to afford 122 mg (86.2%) of an
orange red solid. The melting point of D1E2 was 194-195 °C.
Elemental analysis, expected: C 70.10%, H 6.82%, O 21.22%;
Observed: C 70.22%, H 6.74%, O 21.48%; C44H5,NOo, MS
(m/z):753.35(M™*,20.4%),754.35 [(M + 1)*,100%],755.35
(M + 2)*, 40.7%]. '"H NMR(CDCl;) 8.64 (2H, J = 7.9
perylene), 8.48 (4H, J = 9.0, perylene), 8.14 (2H, J = 7.9
perylene), 4.50 (t, 4H, COO-CH,, J = 4.9), 4.20 (t, 2H,
N-CH,, J = 7.2), 3.88-3.54 (m, 12H, O-CH,), 3.37 (s, 6H,
OCH3;), 1.55-1.25 (m, 16H, CH,), 0.85 (t, 3H, CH3,J = 6.7).

N-(1-Decylundecyl)-perylene-3,4:9,10-tetracaboxylic-3,
4-di(methoxyethoxyethyl)ester-9,10-imide (2b or D2E2).

A mixture of 1b (200 mg, 0.321 mmol, C45H5;NOs),
2-(2-Methoxyethoxy) ethanol (0.2828 g, 2.3 mmol), 2-(2-
Methoxyethoxy) ethyl iodide (0.4981 g, 2.17 mmol), and
potassium carbonate (0.1261 g, 0.91 mmol) was heated at
70 °C for 1 day. The excess of iodide and alcohol was
distilled under reduced pressure. The product was
re-crystallized from methanol to afford 260 mg of brown
red solid (89%). The compound D2E2 was identified by
MS and NMR. 'H NMR(CDCl;) 8.62-8.14 (m, 8H, per-
ylene), 4.50 (t, 2H, COO-CH,), 5.20 (m, 1H, N-CH),
3.90-3.58 (m, 12H, O-CH,), 3.40 (s, 6H, O-CHj),
1.85-1.12 (m, 36H, CH,), 0.81 (t, 6H, —-CH3). C55sH73NO,
MS (m/z): 908.53 (M*, 100%), 909.53 [(M + 1) 53.0%],
910.53 [(M+2)*, 22.8%].
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Results and discussion
Optical properties of D1E2 and D2E2 in solutions

D1E2 dissolves in CH,Cl,, tetrahydrofuran (THF), and
toluene at a concentration as high as 107> M, but has a
relatively lower solubility in MeOH and hexane. The UV—
vis and fluorescence spectra of D1E2 in different solvents
at low concentration, under which n—=n stacking behavior
does not occur, are shown in Fig. 1. In UV-vis spectra
(Fig. 1 left), D1E2 shows a red shift in the toluene solution,
and a blue shift in the hexane solution because of different
energy levels of the excited state of the perylene moieties.
These can be readily explained that in nonpolar solvents
such as hexane the excited state of the perylene moiety has
a relative higher energy than that in polar solvents; and in
toluene, the excited state of the perylene moiety can be
stabilized by forming weak perylene/toluene complexes
[24].

The UV-vis absorption and fluorescence spectra of
D1E2 in toluene, THF, and CH,Cl, do not show changes in
optical properties, except for intensity, on concentration
variation between 10™* and 107> M. The UV and fluo-
rescence spectra of the D1E2 in hexane are independent of
concentration when the concentration is lower than
107° M. Precipitates are observed when the concentration
is above 107° M. In methanol, however, D1IE2 forms
H-type aggregates in the clear solutions when the con-
centration is higher than 5 x 10~ M. This is manifested
by the fact that the maximum absorption band of D1E2 is
blue shifted from 497 to 470 nm (Fig. 2a), i.e., there is a
change in the ratio of the intensities of the 0-0/0—1 peak,
which is typical of H-type aggregation [25-28]. No
observation was made on slipped J-type aggregates, which
is typically accompanied by red shift of absorption bands
of the chromophores when the concentration increases
[29]. The formation of H-aggregates is further confirmed
by the transition electron microscopy images that will be

discussed in Sect. Structure analysis of D1E2 nanoribbons
precipitated from methanol in this article. Aggregation
behavior of D1E2 in methanol occurs above 1 x 107 M
is also shown from fluorescence spectra (Fig. 2b) of D1E2.
The new peak at 1 x 107* and 5 x 10™* M is at approx-
imately 555 nm, and further red shifts to 585 nm at
1 x 107> M with a diminished peak, an indicative of
H-aggregation as well. When the concentration is lower
than 1 x 107> M, no aggregation peaks were observed;
however, the fluorescence versus concentration showed a
deviation from linearity, which is due to the inner filter
effect and re-absorption [30, 31]. The UV and fluorescence
spectra in THF:H,O (1:1) and methanol:H,O (1:1) are
similar to those in methanol.

The UV and fluorescence properties of D2E2 in solvents
at low concentrations (Fig. 3a) are similar to those of D1E2
(Fig. 1). The UV and fluorescence properties of D2E2 at
higher concentrations have showed that D2E2 does not
form H-aggregate in methanol (Fig. 3b), THF:H,O, and
Methanol:H,O.

Optical properties of D1E2 and D2E2 in the solid state

D1E2 precipitations are observed when the concentrations
are greater than 1 X 10_6, 2 x 10_3, 2 x 10_5, and
5x 10°°M in hexane, methanol, THF:H,O (1:1), and
MeOH:H,O(1:1), respectively. The solids that are precip-
itated from these solvents are transferred to a quartz plate
for UV-vis absorption and on a gold-coated substrate for
image analysis. Other solid samples prepared from evap-
oration of a drop of D1E2 solution in CH,Cl,, THF, and
toluene, respectively, on the substrates, are also analyzed
for comparison. The UV-vis absorption spectra (Fig. 4a) of
these solids are quite similar to each other with the 0-0/0-1
ratio less than 1 and a new peak at approximately 550 nm,
indicating the aggregation of D1E2 in the solid state.
Figure 4b shows the fluorescence spectra of the solid
samples evaporated from solvents in comparison with solid
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Fig. 3 a UV-vis absorption spectra of 107’ M D2E2 at 20 °C in hexane, toluene, CH,Cl,, MeOH, and THF. b UV-vis absorption spectra of
D2E2 in methanol. The concentration varied between 1 x 107> and 1 x 107> M

samples precipitated from hexane, methanol, THF:H,0, and
methanol:H,0. The fluorescence spectrum of the sample
from methanol shows a broad emission band at approxi-
mately 610 nm corresponding to the emission from the
H-aggregates, and all the monomer peaks disappear, sug-
gesting a strong m—7 stacking and a typical H-type aggre-
gation behavior [23]. Fluorescence spectra from all other
solid samples show both monomer peaks and a shoulder peak
at approximately 610 nm, indicating the existence of both
monomers and aggregates in these samples.

The UV-vis absorption and fluorescence spectra of
D2E2 (Figure not shown) are similar to those of D1E2
except that both monomer and aggregation peaks exist in
the fluorescence spectra from samples precipitated from
various solvents, including methanol.

SEM images of the DIE2 and D2E2 nanostructures

The solid-state D1E2 aggregate was investigated using
SEM. Figure 5 shows the aggregation variations of the

solid samples from different solvents. The solid sample
from evaporation of CH,Cl, on the substrate shows a
particle-fused film character (Fig. 5a). Others solid sam-
ples from evaporation of THF and toluene are similar to
this film morphology. The solids precipitated from hexane
(Fig. 5b), MeOH:H,O (1:1, Fig. 5¢), and THF:H,O (1:1,
Fig. 5d) are in the form of particle, star, and curled-hairs
shape, respectively. The solid precipitated from methanol
showed the most ordered shape (Fig. 6). The SEM images
demonstrated the millimeter-long, flexible, and well-
defined nanoribbons of D1E2 precipitated from methanol.
These results show that the solvents could significantly
affect the morphology of these nanostructures. Ordered
nanostructures of D1E2 are only formed from polar protic
solvents, which might be attributed to the dominant polar
ethoxy groups. This is consistent with reports that per-
ylene derivatives bearing hydrophobic chains form well-
organized nanowire structures in nonpolar solvents [9,
10], and perylene derivatives bearing hydrophilic chains
form well-organized nanostructures in polar solvents [9].
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Fig. 4 a UV-vis absorption. (a) 0.05

b Fluorescence spectra of solids
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Fig. 5 SEM images of D1E2
solids a evaporated from
CH,Cl,, b precipitated from
hexane, ¢ precipitated from
MeOH:H,O0 (1:1), and

d precipitated from THF:H,O
(1:1)
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The fact that D1IE2 does not form long nanowires in
organic-H,O binary solvents might due to hydrophobic
effect, which competes with the n—n interaction between
perylene moieties.

The nanoribbons that precipitated from 5 x 107> M of
D1E2 in methanol were 200 to 2 pum in width, approxi-
mately 40 to 100 nm in thickness (Fig. 6a, b). The nano-
ribbons are flexible. This fact that well-ordered
nanostructure only occurred on solids precipitated from
methanol was consistent with the spectroscopic results that
only in these solid samples, all the monomer peaks dis-
appeared, suggesting strong m—m stacking and a typical
H-type aggregation behavior. The width and thickness of
the nanoribbons do not increase when D1E2 is precipitated
from higher concentrations in methanol (1 x 1072 to

@ Springer
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1 x 107" M), but aggregates to bundles (Fig. 6¢). Fig-
ure 6d shows layered thin nanostrips at the end of a typical
nanoribbon nanoassembly, indicating that the D1E2 firstly
aggregates to thin nanostrips and then further self-assem-
bles into layered structure.

D2E2 solids precipitated or evaporated from the above
five organic solvents show film characteristic as shown in
Fig. 7a and b. The solids precipitated from MeOH:H,O
(1:1, Fig. 7c) and THF:H,O (1:1, Fig. 7d) show particles
structures and no well-ordered morphology as those of
D1E2 were observed. The side effect on the self-assembly
has been discussed previously on symmetrical molecules
[9, 10], and it was concluded that perylene moieties with
swallow-tail-like chains could not stacked into well-
ordered nanofibers because of the significant steric
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Fig. 6 SEM images of a and

b D1E2 nanoribbons
precipitated from MeOH at

5 x 107> M, ¢ nanoribbons
precipitated from MeOH at

2 x 107> M, and d the end of a
nanoribbon with layered
nanostripes

Fig. 7 SEM images of D2E2
solids, a precipitated from a
MeOH solution, b evaporated
from a THF solution,

¢ precipitated from a
MeOH:H,O (1:1) solution, and
d precipitated from THF:H,O
(1:1) solution

5-4800 1.0kV 4 .Bmm x20.0k SE(U) 11/16/2007 :

hindrance. Our observations on D2E2 and the comparison
with D1E2 agree with this assumption and we demonstrate
that asymmetrical amphiphilic perylene derivative D2E2
with one swallow-tail-like chain has the similar behavior as
those symmetrical ones [9, 10].
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Structure analysis of D1E2 nanoribbons precipitated
from methanol

Transmission electron microscopy experiments show that
the D1E2 nanoribbons (Fig. 8) have a crystalline structure
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Fig. 8 TEM image (left) and
electron diffraction pattern
(right) of a D1E2 nanoribbon

Scheme 2 Model of the
distance between two D1E2
molecules in the nanobelt

and the ribbon exhibited diffuse “texture” in the longitudinal
direction. The corresponding electron diffraction pattern
(Fig. 8 bottom) shows well-defined diffraction spots with
7.3 A characteristic d-spacing in the longitudinal direction
and 42 A d-spacing in the perpendicular nanoribbon direc-
tion, which suggests that the molecules are oriented with their
long axis (x axis) perpendicular to the ribbon direction and
the shoulder-to-shoulder axis (y axis) parallel to the ribbon
direction, respectively, as shown in Scheme 2, modeled by
the Chem3D software. The modeled d-spacing are 38 Ain
the perpendicular direction and 7.2 A in the longitudinal
direction, which are slightly smaller than those measured.

Conclusions

In summary, we showed supramolecular stacks of two asym-
metrical, amphilphilic perylene derivatives, D1E2 and D2E2,
in a variety of solvents or solvent mixtures. Our study showed
that the assembly of artificial heterogeneous molecular sys-
tems could be controlled by both solvent and the side chains.
Potential applications of these nanowires include optoelec-
tronics, nanoelectronics, and light emitting devices. We are
currently exploring fundamental understanding of the nano-
electronic properties and functionality of these supramolecular
nanostructures, which is essential for developing their potential
as the building blocks of future nanoscale devices.
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