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Unsymmetrical (phthalocyaninato)zinc complex 1 was syn-
thesized by transesterification and self-assembled into ring-
shaped nanostructures with J-type aggregation at the chloro-
form/water interface and into star-shaped nanostructures
with H-type aggregation in the chloroform/methanol system,
respectively. Its self-assembly properties have been studied
by spectroscopic, transmission electron microscopy (TEM),
scanning electron microscopy (SEM), and X-ray diffraction

Introduction
In recent years, considerable attention has been directed

towards the construction of supramolecular assemblies with
well-defined nanoscale dimensions.[1,2] In particular, the
self-assembly of functional organic molecules into well-de-
fined organized structures has attracted considerable re-
search interest due to their versatile applications in nano-
science and nanotechnology.[3,4] Self-assembly is a natural
and spontaneous process that mainly depends on noncova-
lent interactions such as π–π, van der Waals, hydrogen-
bonding, hydrophilic/hydrophobic, and electrostatic inter-
actions as well as metal–ligand coordination bonding. A
variety of artificial self-assembled organic nanostructures
with the morphology of fibers,[5] ribbons,[6] particles,[7]

tubes,[8] and vesicles[9] have been prepared from different
molecular materials. However, unlike their inorganic coun-
terparts, relatively few organic nanostructures with ring-
and star-shaped morphologies, in particular those prepared
by the self-assembly method, have been reported.[10]

Owing to their biological importance, porphyrin deriva-
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(XRD) techniques. The star-shaped nanostructures were
found to have better semiconducting properties than the
ring-shaped nanostructures due to the more effective inter-
molecular π-electron delocalization. The results appear to
represent the first example of nanostructures with J- and H-
type molecular conformations self-assembled from the same
phthalocyanine compound in different solvent systems with
novel ring- and star-shaped morphologies, respectively.

tives have attracted significant research interest. However,
their structural analogues, phthalocyanine compounds,
have been studied even more intensively due to their high
stability and useful catalytic, chemical-sensing, and optical-
limiting properties.[11] In nature, the ring-shaped assemblies
of porphyrins in the bacterial light-harvesting complex LH2
are known to be responsible for the absorption of light and
the storage and transportation of light energy to the reac-
tion center.[10a] A series of synthetic porphyrin derivatives
have been self-assembled into micrometer-scale rings by a
simple method.[10b] However, there still appears to be no
reports on self-assembled star-shaped nanostructures of
porphyrin derivatives. This also seems true for the phthalo-
cyanine compounds despite the fabrication of various kinds
of phthalocyanine nanostructures with different morpho-
logies.[12–14] In fact, nanoscale or even microscale assemblies
with ring-shaped morphology have not been reported for
phthalocyanine derivatives thus far.

In this paper we report the synthesis and spectroscopic
characterization of unsymmetrical (phthalocyaninato)zinc
complex 1 (Scheme 1). In particular, this compound was
elaborated into novel ring-shaped nanostructures at the
interface of a chloroform/water solvent system and into
star-shaped nanostructures in the mixed solvent of chloro-
form/methanol, thereby revealing the effect of the solvent
system on the intermolecular interaction and in turn on the
molecular packing mode, morphology, and dimensions of
self-assembled nanostructures. The star-shaped nanostruc-
tures with H-type aggregation were revealed to have better
semiconducting properties than the ring-shaped nanostruc-
tures with J-type aggregation due to a more effective inter-
molecular π-electron delocalization.
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Scheme 1. Synthesis of unsymmetrical (phthalocyaninato)zinc complex 1.

Results and Discussion

Synthesis

As shown in Scheme 1, the aromatic nucleophilic substi-
tution reaction between 4,5-dichlorophthalonitrile (2) and
dimethyl 5-hydroxyisophthalate (3) gave 4,5-bis[3,5-bis-
(methoxycarbonyl)phenoxy]phthalonitrile (4),[15] which
underwent mixed cyclic tetramerization with phthalonitrile
to provide the target unsymmetrical (phthalocyaninato)zinc
complex 1 in relatively good yield in addition to other spe-
cies of symmetrical and unsymmetrical (phthalocyaninato)-
zinc complexes. A satisfactory elemental analysis was ob-
tained for the unsymmetrical (phthalocyaninato)zinc com-
pound after repeated column chromatography and
recrystallization. This compound was also characterized by
a wide range of spectroscopic methods including 1H NMR
(Figure S1, Supporting Information), electronic absorption,
and IR spectroscopy and by MALDI-TOF mass spectrom-
etry (Figure S2, Supporting Information).

Electronic Absorption Spectra

The electronic absorption spectrum of the unsymmetrical
(phthalocyaninato)zinc complex 1 in CHCl3 was recorded
and the data are compiled in Table S1 (Supporting Infor-
mation) and Figure 1. As expected, the spectrum of this
compound shows the typical features of a (phthalocyanin-
ato)metal complex, revealing its nonaggregated nature in
CHCl3. In line with other (phthalocyaninato)metal com-
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pounds,[16] the absorption at around 344 nm for 1 can be
attributed to the phthalocyanine Soret band, whereas the
absorption at 672 nm with the vibrational shoulder at
607 nm to the Q band. The electronic absorption spectra of
the aggregates formed by 1 at the chloroform/water inter-
face and in the mixed solvent chloroform/methanol are also
displayed in Figure 1 and are significantly different to the
spectrum of the same compound dissolved in CHCl3. Clear
band-broadening is observed as a result of the significant
intermolecular interactions in the self-assembled nanostruc-
tures. In comparison with the chloroform solution spec-
trum, the main phthalocyanine Q absorption of the nano-
structures formed at the chloroform/water interface (see
Figure 4A and B) is redshifted to 680 nm, which indicates
the formation of J-type aggregates during the self-assembly
process of 1 at the chloroform/water interface.[17] In con-
trast, the main phthalocyanine Q band of the nanostruc-
tures formed in the chloroform/methanol system is blue-
shifted relative to that in chloroform solution to 666 nm,
which indicates the formation of H-type aggregates during
the self-assembly process in the mixed chloroform/methanol
solvent. In particular, a new band emerges at around
753 nm in the electronic absorption spectrum of star-shaped
nanostructures. In fact, a pronounced additional absorp-
tion band emerging at a longer wavelength is typically a
sign of an effective π–π interaction in the cofacial configu-
ration of molecular stacking.[6,18] A similar phenomenon
has also been observed with perylenetetracarboxylic di-
imide (PTCDI) compounds.[6b] The different self-assembly
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behavior of this unsymmetrical (phthalocyaninato)zinc
compound 1 in different solvent systems, as indicated by
electronic absorption spectroscopy, reveals the effect of the
solvent–phthalocyanine molecular interaction during the
self-assembly process, which counterbalances the phthalo-
cyanine intermolecular interaction, in particular, the hydro-
phobic interaction between side-chains, on the molecular
packing mode. Further evidence for this is provided from
X-ray diffraction (XRD) results as detailed below.

Figure 1. Electronic absorption spectra of 1 in chloroform
(1 �10–5 molL–1, solid line), self-assembled nanostructures of 1
formed at the chloroform/water interface as a film
(1 �10–3 molL–1, dotted line) and nanostructures dispersed in
methanol (1 �10–3 molL–1, dashed line).

X-ray Diffraction Patterns of the Nanostructures

The internal structures of self-assembled nanostructures
were further investigated by X-ray diffraction (XRD). Fig-
ure 2 exhibits the diffraction patterns of the self-assembled
nanostructures formed from 1. As can be seen from Fig-
ure 2A, the XRD diagram of the nanostructures formed at
the chloroform/water interface shows a strong refraction
peak at 2θ = 3.17° (corresponding to 2.79 nm), ascribed to
refraction from the (100) plane. This value is about 10 %
shorter than the total length of the molecule of 1 along
the long axis, 3.10 nm, obtained from the energy-optimized
conformation of the molecule by DFT calculation at the
B3LYP/6-31G(d) level of theory (Scheme S1, Supporting
Information). Based on this result and in combination with
the electronic absorption spectrum of the nanostructures
formed at the chloroform/water interface, this is probably
due to the edge-on orientation[19] (which suggests that the
long axes of the molecules are tilted to some extent away
from the substrate plane, which is a common structural mo-
tif in organic semiconductor thin films) and face-to-face
stacking occurring in the phthalocyanine molecules, in line
with strong hydrophobic interactions between side-chains
of neighboring (phthalocyaninato)zinc molecules, which re-
sults in effective side-chain interdigitation and leads to a
shortened length along the longitudinal direction (Fig-
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ure 3A).[6b,20] In addition, the XRD pattern displays one
well-defined peak at the wide-angle range corresponding to
a distance of 0.42 nm, which is related to the liquid-like
order of the alkyl chains.[21] The other two peaks at 2θ =
28.10 and 28.94° (corresponding to 0.32 and 0.31 nm) are
associated with π–π stacking of neighboring phthalocyan-
ine rings along the direction perpendicular to the phthalo-
cyanine rings[22] and dialkyl ester phenyl rings between the
adjacent molecules and/or in the same molecule, respec-
tively. A schematic representation of the ordering of 1 at
the chloroform/water interface is shown in Figure 3A.

Figure 2. X-ray powder diffraction patterns of nanostructures of
compound 1 formed (A) at the chloroform/water interface and
(B) in the chloroform/methanol system.

As shown in Figure 2B, the XRD diagram of the nano-
structures formed in the chloroform/methanol solvent sys-
tem shows three strong peaks at 2θ = 2.47, 3.24, and 4.00°
(corresponding to 3.57, 2.73, and 2.21 nm), which are as-
cribed to refractions from the (100), (100)*, and (001)
planes. Note that for the nanostructures of 1 formed in
the chloroform/methanol system, the refraction peak at
2.73 nm is almost the same as that at 2.79 nm detailed
above, which indicates that the aggregation behavior at the
chloroform/water interface also partially exists under these
conditions. However, another two strong Bragg diffractions
appear at 3.57 and 2.21 nm, which implies a different mo-
lecular stacking mode of compound 1 in the chloroform/
methanol system compared with in the chloroform/water
system. By analyzing these XRD data in combination with
the experimental electronic absorption spectra and the sim-
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Figure 3. Schematic representation of the unit cell of (A) the ring-
shaped nanostructures formed from 1 at the chloroform/water
interface and (B) the star-shaped nanostructures formed from 1 in
the chloroform/methanol system.

ulated molecular dimensions of 1 shown in Scheme S1
(Supporting Information), we can propose that in the chlo-
roform/methanol system a dimeric supramolecular struc-
ture is formed in the first stage during the molecular self-
assembly process of this compound, which depends mainly
on the π–π interaction between two overlapped phthalocy-
anine cores of compound 1, and this further self-assembles
into the target nanostructures by side-chain interdigitation
between adjacent dimeric supramolecular structures. A two-
dimensional order is observed in which the cell parameter
of 2.21 nm originates from the π–π stacking of neighboring,
cofacially stacked phthalocyanine cores, and the large cell
parameter of 3.57 nm arises from three dimeric supramolec-
ular structures formed by side-chain interdigitation of com-
pound 1 (Figure 3B). In the wide-angle region, peaks at
0.42, 0.32, and 0.31 nm are also observed, as was the case
for the nanostructures formed at the chloroform/water
interface.

Aggregate Morphology

The morphologies of the aggregates were examined by
scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM; Figure 4). As can be seen in Fig-
ure 4A and B, depending mainly on intermolecular π–π in-
teractions in cooperation with van der Waals interactions,
compound 1 self-assembles into nanostructures with a ring-
shaped morphology with the outer diameter of the rings in
the range of 1.35–1.83 μm and the average width of the
bands of the rings varying between 110 and 140 nm at the
chloroform/water interface. The formation of such ring-
shaped nanostructures is attributed to the presence of gas
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bubbles in solution resulting from a complicated process
determined by hydrodynamic and surface effects.[10b,23] In
the present system, gas bubbles were formed when the chlo-
roform was vaporized from the sample because chloroform
is not soluble in water.

Figure 4. Ring-shaped nanostructures self-assembled from 1 at the
chloroform/water interface observed by (A) TEM and (B) SEM
and star-shaped nanostructures formed from 1 in the chloroform/
methanol system observed by (C) TEM and (D) SEM.

As shown in Figure 4C and D, in the chloroform/meth-
anol solvent system, depending again mainly on intermo-
lecular π–π and van der Waals interactions, compound 1
self-assembles into nanostructures with a star-shaped mor-
phology several micrometers in length and with a width of
around 300–400 nm. In addition, we have proposed a sche-
matic representation of the supramolecular structure of the
star-shaped nanostructures with H-type aggregation based
on electronic absorption and XRD analysis results.

FTIR Spectra

The FTIR spectra of the unsymmetrical (phthalocyanin-
ato)zinc complex 1 and its self-assembled nanostructures
are shown in Figure S3 (Supporting Information). The IR
spectra of the nanostructures and 1 share similar features,
which unambiguously confirms the nanostructures to be
composed of the corresponding phthalocyanine compound
1. The absorption at 1724 cm–1 in the IR spectrum of 1
is clearly due to the C=O vibration,[24] which appears at
1726 cm–1 for the self-assembled ring- and star-shaped
nanostructures. The absorptions at 2923 and 2853 cm–1 in
the IR spectrum of 1 are due to CH2 antisymmetric and
symmetric stretching vibrations of the side-chains.[25] These
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vibrations give counterpart absorptions at 2926 and
2855 cm–1 for the ring-shaped nanostructures and at 2923
and 2853 cm–1 for the star-shaped nanostructures.

I–V Properties

To investigate the semiconducting properties of this
phthalocyanine complex, the current–voltage characteris-
tics of the two kinds of nanostructures of the unsymmetri-
cal (phthalocyaninato)zinc complex 1 were recorded (Fig-
ure 5). The conductivities of the ring- and star-shaped
nanostructures extracted from the quasi-linear region at low
bias (up to 0 V) are around 5.6�10–6 and 1.5 �10–5 S m–1,
respectively, which indicates that the star-shaped nanostruc-
tures with H-type aggregation have a better semiconducting
ability than the ring-shaped nanostructures with J-type ag-
gregation for this phthalocyanine derivative. This is mainly
due to more effective intermolecular π-electron delocaliza-
tion in the star-shaped nanostructures, which favors charge
migration and leads to the enhancement in current.[26]

Figure 5. I–V curves measured for ring-shaped (filled squares) and
star-shaped (empty squares) nanostructures of the unsymmetrical
(phthalocyaninato)zinc complex 1.

Conclusions

Unsymmetrical (phthalocyaninato)zinc complex 1 with
low molecular symmetry decorated with octyl ester chains
linked to the phthalocyanine ring and synthesized by trans-
esterification was successfully elaborated into J- and H-type
nanostructures with ring- and star-shaped morphologies,
respectively, in different solvent systems for the first time,
revealing the effect of solvent system on the intermolecular
interactions and in turn on the molecular packing mode,
morphologies, and dimensions of the self-assembled nanos-
tructures. This result will be helpful for the design and fab-
rication of nanostructures of phthalocyanine and even por-
phyrin derivatives with novel morphologies. The star-
shaped nanostructures were found to have better semicon-
ducting properties than the ring-shaped nanostructures.
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Experimental Section
Instrumentation: The 1H NMR spectrum was recorded with a
Bruker DPX 300 spectrometer (300 MHz) in CDCl3 by using the
residual solvent resonance of CHCl3 at δ = 7.26 ppm relative to
SiMe4 as internal reference. The MALDI-TOF mass spectrum was
recorded with a Bruker BIFLEX III ultra-high resolution Fourier
transform ion cyclotron resonance (FT-ICR) mass spectrometer by
using α-cyano-4-hydroxycinnamic acid as matrix. Electronic ab-
sorption spectra were obtained with a Hitachi U-4100 spectropho-
tometer; the ring-shaped nanostructures formed as a film were
tested on a quartz plate, and the star-shaped nanostructures dis-
persed in methanol were tested in a quartz cuvette. Elemental
analysis was performed with an Elementar Vavio El и. Fourier-
transform infrared spectra were recorded in KBr pellets with 2 cm–1

resolution with an αALPHA-T spectrometer. Transmission electron
microscopic images were recorded with a JEOL-100CX II electron
microscope operating at 100 kV. Scanning electron microscopic
images were obtained with a JEOL JSM-6700F electron micro-
scope. For TEM imaging, the ring-shaped nanostructures formed
as a film were transferred to a carbon-coated grid and for the star-
shaped nanostructures a drop of sample solution was cast onto a
carbon/copper grid. For SEM imaging, Au (1–2 nm) was sputtered
onto these grids to prevent charging effects and to improve image
clarity. X-ray diffraction was performed with a Rigaku D/max-cB
X-ray diffractometer, the two types of nanostructures were tested
in a silicon pellet.

Device Fabrication: The Au electrodes were thermally evaporated
onto the ordered nanostructures by use of a micrometer-sized Au
wire as the mask. These electrodes have an inter-electrode distance
(L) of 55 μm. The current–voltage characteristics were obtained
with a Keithley 4200 semiconductor characterization system at
room temperature in air.

Chemicals: DMF and n-octanol were distilled from anhydrous
MgSO4 and sodium, respectively, under reduced pressure. The
water used in the experiment was ultrapure. Column chromatog-
raphy was carried out on silica gel (Qingdao Hailang, 200–
300 mesh) with the indicated eluent. 4,5-Dichlorophthalonitrile was
prepared according to published procedures.[27] All other chemicals
and solvents were reagent grade and used as received without fur-
ther purification.

Preparation of 4,5-Bis[3,5-bis(methoxycarbonyl)phenoxy]phthalo-
nitrile (4): 4,5-Bis[3,5-bis(methoxycarbonyl)phenoxy]phthalonitrile
(4) was prepared according to the following procedure: A mixture
of 4,5-dichlorophthalonitrile (2; 1.0 g, 5.1 mmol), dimethyl 5-hy-
droxyisophthalate (3; 2.6 g, 12.2 mmol), and potassium carbonate
(3.53 g, 25.5 mmol) in DMF (60 mL) was heated at 80 °C over-
night. The solvent was then removed in vacuo. The residue was
purified by silica gel chromatography using CHCl3 as eluent to give
4 as a white solid (2.14 g, 77%).

Preparation of the Unsymmetrical (Phthalocyaninato)zinc Complex
1: Compound 1 was prepared according to a published pro-
cedure.[28] A mixture of compound 4 (55 mg, 0.1 mmol), phthalon-
itrile (115 mg, 0.9 mmol), Zn(OAc)2·2H2O (55 mg, 0.25 mmol), and
DBU (500 mg) in octanol (5 mL) was heated at 150 °C under a
slow stream of nitrogen overnight. After cooling to room tempera-
ture, the volatiles were removed in vacuo. The residue was dissolved
in CHCl3 and subjected to chromatography on a silica gel column
with CHCl3/CH3OH (99:1, v/v) as eluent. The first blue band con-
taining 1 was collected, followed by another blue band containing
a series of symmetrical and unsymmetrical (phthalocyaninato)zinc
complexes according to mass spectrometric characterization,
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which, however, could not be separated by general column
chromatography at this stage despite great efforts. After removing
the solvent in vacuo, the residue was again subjected to chromatog-
raphy under similar conditions and then recrystallized from CHCl3
and CH3OH to give the target compound 1 as a blue solid (48 mg,
35%). 1H NMR (300 MHz, CDCl3): δ = 0.72–0.80 (m, 12 H), 1.14–
1.26 (m, 32 H), 1.33 (br., 8 H), 1.69 (br., 8 H), 4.19 (br., 8 H), 7.46–
7.54 (m, 8 H), 7.85 (br., 4 H), 8.15 (br., 2 H), 8.31 (br., 6 H) ppm.
MS: calcd. for C80H88N8O10Zn [M + H]+ 1387.01; found 1387.2.
C80H88N8O10Zn·C2H5OH (1433.08): calcd. C 68.72, H 6.61, N
7.82; found C 68.89, H 6.73, N 7.65.

Preparation of Nanoaggregates: The preparation of the two types
of nanoaggregates are detailed in Scheme S2 (Supporting Infor-
mation). The ring-shaped nanostructures were prepared by a simple
one-step process at the chloroform/water interface.[29] During the
evaporation of chloroform, self-assembled ordered films were
formed driven by the compression force arising from the shrinking
liquid/liquid interface. Upon complete evaporation of the solvent,
a complete monolayer film was left on the water interface. The film
was then transferred to a carbon-coated grid for TEM and SEM
observation. The star-shaped nanostructures were prepared by the
solution mixture method according to the following procedure.[30]

Methanol (3 mL) was poured over a chloroform (1 mL) solution
of compound 1 to form two layers. After allowing the solution to
equilibrate at ambient temperature for 1 d, loose aggregates were
clearly observed. These precipitates were then transferred to a car-
bon-coated grid by pipette for TEM and SEM observations. The
experimental results were stable and reproducible under the experi-
mental conditions described above.

Supporting Information (see footnote on the first page of this arti-
cle): 1H NMR spectrum of compound 1 in CDCl3, MALDI-TOF
mass spectrum of compound 1, IR spectra of compound 1, ring-
shaped and star-shaped nanostructures of 1 in the region 400–
4000 cm–1 with 2 cm–1 resolution, optimized molecular dimensions
of compound 1, self-assembly processes of the ring- and star-
shaped nanostructures of compound 1, electronic absorption spec-
troscopic data for compound 1 dissolved in CHCl3, ring-shaped
nanostructures of 1 as a film, and star-shaped nanostructures of 1
dispersed in methanol.
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