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Abstract

Three 1,8,15,22-tetrasubstituted phthalocyaninato nickel complexes Ni[Pc(α-OR)4] [H2Pc(α-OC5H11)4 = 1,8,15,22-tetrakis(3-pentyloxy)-
phthalocyanine; H2Pc(α-OC7H15)4 = 1,8,15,22-tetrakis(2,4-dimethyl-3-pentyloxy)phthalocyanine; H2Pc(α-OC10H7)4 = 1,8,15,22-tetrakis-
(2-naphthyloxy)phthalocyanine] (1–3) have been prepared by treating the corresponding metal-free phthalocyanines H2Pc(α-OR)4 with
Ni(acac)2·2H2O in refluxing n-pentanol. Structures of the Langmuir monolayers of these compounds at different temperature have been in-
vestigated. Compound 1 formed nano-ring structures with the outer diameter of 70–150 nm and inner diameter of 50 nm at 25.0 ◦C while 2 and 3
formed round particles. This difference can be ascribed to the different substituents at α position. The morphologies of the aggregates of 1 in
monolayers have been found to change with temperature. Decreasing in temperature induced the formation of regular quadrate crystals. UV–vis
absorption spectra revealed strong intermolecular interactions in the nano-ring aggregates. Polarized UV–vis absorption spectra suggest a titled
orientation with respect to the surface of substrate for phthalocyanine macrocycles in the nano-ring aggregates.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The air–water interface provides an unique environment to
assemble supramolecular structure where amphiphilic mole-
cules can be orderly arranged and packed [1]. The construc-
tion of ordered supramolecular structure of phthalocyanines
and metallo-phthalocyanines at the air–water interface have re-
ceived much attention due to their potential applications as
photoconductor, organic semiconductor, data storage material,
and gas sensor [2–11]. Previous research results revealed that
the use of phthalocyanine derivatives as building block to con-
struct supramolecular structure at the air–water interface is very
promising due to not only the strong π–π interaction between
the macrocycles but also the tunable packing models of phthalo-
cyanine rings by substitutions [12–14].
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The packing of phthalocyanine derivatives at the air–water
interface was dramatically affected by the substituents and
their connecting position. A phthalocyanine with eight alkoxy
groups at β position takes an “edge-on” conformation and
forms one dimensional rod-like aggregates on water surface as
revealed by Burghard [15] and Armstrong [16,17]. When the
alkoxy groups were replaced by alkyl groups at the same posi-
tion, the phthalocyanine ring took a different conformation with
the phthalocyanine rings oriented parallel to the air–water in-
terface, i.e., the so-called “face-on” conformation [18]. The ag-
gregation behavior of asymmetrically octa-substituted phthalo-
cyanine at α position with six hydrophobic alkoxy chains and
two hydrophilic groups was found to depend on the chain
length of the hydrophobic alkoxy chains. The compounds con-
taining short alkoxy chains with carbon number less than (or
equal to) six form J aggregates in the LB films [19,20], while
the ones with longer alkoxy chains induce the formation of
“herring-bond” aggregates [21–23]. All the results mentioned
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above indicate that the aggregation behavior of phthalocyanine
derivatives at the air–water interface is sensitive to the substitu-
tion.

Tetra-substituted metallo-phthalocyanines at α position rep-
resent a very special group of compounds because of its unique
C4h symmetry [24,25]. This kind of compounds were synthe-
sized by the tetramerization of corresponding α substituted
phthalonitriles [26]. The introduction of a substituent with
proper steric hindrance at α position can induce the isolation
of isomer pure product in the tetramerization [27]. This is dif-
ferent from the tetra-β-substituted analogues which are usually
a mixture of different isomers [28]. Special aggregation prop-
erties in solution have been revealed exclusively for these tetra-
α-substituted compounds due to the special steric hindrance
of the α-substituents [29]. However, the aggregation behav-
ior of this kind of compound at the air–water interface is not
yet studied. The investigation of aggregation behavior of these
compounds at the air–water interface will give meaningful in-
formation on the relationship of the steric hindrance and the
aggregate structure. Therefore we designed and prepared sev-
eral tetra-α-substituted phthalocyaninato nickel(II) compounds
and studied their aggregation behavior at the air–water interface
in the present work.

2. Experimental

Complexes 1, 2, and 3 (Fig. 1) were synthesized according
to literature procedure [25]. Chloroform (analytical grade) was
purchased from Tianjin Chemical Reagent Co. and used as re-
ceived without further purification.

Surface pressure–area (π–A) isotherms were recorded on
a NIMA Langmuir–Blodgett 2000 trough (NIMA technology,
UK). The surface pressure was measured using the Wilhelmy
plate method with the accuracy of ±0.1 mN m−1. Pure water
(resistance: 18 M� cm−1, pH: 6.4) was used as subphase. Di-
lute solutions of the complexes 1, 2 and 3 in chloroform with
the concentrations of 1.79 × 10−4, 2.29 × 10−4 and 1.93 ×

Fig. 1. Schematic molecular structure of phthalocyaninato nickel(II) complexes.
10−4 mol L−1, respectively, were spread onto the water sur-
face. After 20 min for evaporating the solvent, π–A isotherms
were obtained by compressing the barrier at a constant speed of
20 cm2 min−1. Monolayers and multilayers were deposited on
hydrophobic quartz plates or glass substrates by using subphase
lowering or vertical dipping method with a dipping speed of
7 mm min−1 while the surface pressure was kept at 20 mN m−1.
The hydrophobic substrates were treated following the standard
procedures of Hönig [30].

UV–vis absorption and polarized UV–vis absorption spectra
were recorded on a U4100 spectrophotometer (Hitachi, Japan).
For the polarized spectra, a dichroic sheet polarizer was placed
in front of the LB films with s- and p-polarized lights, respec-
tively. TEM images and selected-area electron diffraction were
taken on a JEM-100CX II (JEOL Ltd., Japan) electron micro-
scope operated at 100 kV.

3. Results and discussion

3.1. Surface pressure–area (π–A) isotherms at the air–water
interface

π–A isotherms recorded at 25.0 ◦C for 1, 2, and 3 at the
air–water interface are shown in Fig. 2. Stable monolayers are
formed for all these three compounds with the collapsing pres-
sures bigger than 30 mN m−1. The limiting molecular area
(Alimit) obtained by extrapolating the condensed part to zero
surface pressure, which corresponds to the hypothetical state of
an uncompressed closed-packed layer where the molecules at
the interface begin to interact with each other, is ca. 0.78, 0.76,
and 0.63 nm2 for 1, 2, and 3 in its monolayer, respectively. For a
flatly lying (face-on) phthalocyanine ring on water surface, the
limiting molecular area would be expected to be ca. 1.74 nm2

based on the crystal structure. On the other hand, molecules
standing perpendicularly (edge-on) to the water surface would
yield the Alimit of ca. 0.65 nm2 [31]. The Alimit for these three
complexes is close to the area occupied by an “edge-on” mole-
cule, but much less than the area occupied by a “face-on” one,
clearly suggesting either an “edge-on” conformation or the for-
mation of multilayer films [32–35].

Fig. 2. π–A isotherms of 1 (—), 2 (- - -) and 3 (· · ·) on water surface at 25.0 ◦C.
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Fig. 3. TEM monolayer images of 1 at 25.0 ◦C with spreading concentrations of 1.79 × 10−4 mol L−1 (a) and 1.79 × 10−5 mol L−1 (b), and size distributions of
inner (c) and outer (d) diameters corresponding to image (a).
3.2. Temperature-dependent morphologies of monolayers of 1

The monolayers at the air–water interface were kept at the
target surface pressures (20 mN) for more than 30 min and
then deposited to the 300-mesh copper grids covered with
formvar by use of subphase lowering method in order to re-
tain the monolayer morphologies. Fig. 3 shows the TEM im-
ages of the monolayers of 1 spread from the solution with
different concentration at 25.0 ◦C. Regular rings and partial
rings with a poorly defined periphery appear in the TEM im-
ages. The outer diameters of nano-rings range from ca. 70 to
ca. 150 nm while the inner diameter of the ring is almost con-
stant at ca. 50 nm. It can be seen from the size distribution
curves that the inner diameter seems to be mono-dispersive,
and the outer diameter is multi-dispersive, Fig. 3. This relates
with the ring formation mechanism. Nanorings of porphyrin
compounds have been fabricated from the organic or inorganic
solvents [36–39]. An evaporation-driven solute transport mech-
anism was suggested for the nano-ring formation from the
evaporation of organic solvents [38]. This mechanism is also
considered to apply to the present system. It is worth noting
that the nano-rings formed in our experiment is much smaller
than the reported porphyrin nano-rings which range in diam-
eter from 1 to several microns [37], while our phthalocyanine
nano-rings have diameters in the range of 70–150 nm. The fab-
rication of porphyrin nano-rings was carried out on different
solid substrate [36–39], while our phthalocyanine nano-rings
are formed at the air–water interface. These differences might
be responsible for the extremely small diameters of phthalocya-
nine nano-rings.
The formation of phthalocyanine nano-ring is not affected by
the initial concentration of the spreading solution as indicated
in Fig. 3b. This is different from the porphyrin case, the nano-
rings of which dramatically depends on the initial concentration
of the solution [36–39]. This can be ascribed to the very strong
intermolecular interaction between phthalocyanine molecules,
which drives the phthalocyanine molecules into aggregates
even in a relative diluted solution. For instance, the monolayer
was also deposited at a surface pressure of 5 mN m−1 and the
similar nano-ring morphology with that of the film deposited
at 20 mN m−1 was observed. This suggests that the nano-rings
were formed before the compression process.

The monolayer shows different morphologies at different
temperature, Fig. 4. When the temperature decreased from 25.0
to 23.0 ◦C, the irregular flake crystals appeared at the air–
water interface, Fig. 4a. The continuous decrease in temperature
caused the formation of relatively regular nanocrystals, Fig. 4b.
Finally, well defined nanocrystals, i.e., quadrates, with the size
of 70–100 nm were formed at 16.5 ◦C, Fig. 4c, which show
clear ED patterns, inset of Fig. 4c.

In order to verify the influence of the molecular structure on
the aggregation behavior, we also investigated the monolayer
morphologies of 2 and 3. The ring-like morphologies were not
observed in the TEM images of their monolayers at the sur-
face pressure of 20 mN, Fig. 5. What we found are usual round
aggregates, similar to other monolayer aggregates of phthalo-
cyanines formed at the air–water interface, indicating that the
molecular structures or the substituents add great influence on
the monolayer morphologies. The Langmuir monolayer mor-
phologies of 2 and 3 were also investigated at the same tem-
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Fig. 4. The TEM nanocrystal images of 1 at various temperatures. (a) 23.0,
(b) 19.5 and (c) 16.5 ◦C, respectively. The inset is electron diffraction pattern
of regular nanocrystals.

perature range, 16.0–30 ◦C. It was found that the monolayer
morphologies of 2 and 3 were not sensitive to the temperatures.

3.3. UV–vis absorption and polarized UV–vis absorption

Fig. 6 shows the UV–vis absorption spectra of 1, 2, and 3 in
diluted chloroform solution and in LB films fabricated at 25.0
and 19.5 ◦C. The maximal characteristic Q bands correspond-
ing to the π–π∗ transitions of the phthalocyanine macrocycles
of 1, 2, and 3 in dilute chloroform solution are at ca. 699, 702,
and 692 nm, respectively. The characteristic Q bands of 1, 2,
and 3 in the LB films deposited at 25 ◦C appear at ca. 717,
717, and 696 nm, red-shifted ca. 18, 15, and 4 nm, compared
Fig. 5. TEM monolayer images of 2 (a) and 3 (b) deposited from the water
surface at 25.0 ◦C.

Fig. 6. UV–vis spectra of 1 (normalized at 708 nm), 2 and 3 in CHCl3 (—),
LB films at 25.0 ◦C (- - -) and nanocrystal films of 1 at 19.5 ◦C (· · ·).

with that in dilute CHCl3 solution, showing the formation of
J -aggregates and closely packed structure according to Kasha’s
exciton coupling theory [40]. The broadening in the Q bands in
LB films could be ascribed to the field effects of the closely
compacted molecular assembly in LB films [41]. In addition,
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Fig. 7. UV–vis spectra of 1 nanocrystal films at 23.0 (—), 19.5 (- - -), and
16.5 ◦C (· · ·).

LB films transferred at lower (5 mN m−1) or higher surface
pressure (20 mN m−1) show similar UV–vis spectra, further re-
vealing that the surface pressure does not give any influence on
the aggregation of these molecules. This is also revealed by the
TEM micrographs at different pressures.

Polarized UV–vis absorption spectra of LB films have been
used in determining the orientation of phthalocyanine macro-
cycles in LB films. According to the reported method [42,43],
the orientation angles of phthalocyanine macrocycles, θ , in LB
films with respect to the substrate were obtained by using the
dichroic ratios Dβ = A‖/A⊥ (β = 0◦ and 45◦) of the Q band
and found to be 40◦ and 20◦ for the films of 1 and 2, respec-
tively, indicating that the macrocycles were tilted with respect
to the substrate. The orientation of phthalocyanine derivatives at
the air–water interface is controlled by the location and nature
of the substituents grafted on the macrocycles. Because alkoxy
chains grafted on the Pc ring are not polar enough to anchor
the macrocycle parallel to the water surface. The macrocycles
are thus tilted with respect to the water surface, and able to
self-organize into columnar assemblies [44–46]. The big differ-
ence on the orientation angles of 1 and 2 suggests that the size
of the substituents at α position significantly affect the confor-
mation of phthalocyanines at the air–water interface, which is
not observed for the β substituted phthalocyanines. The mean
molecular area of these titled molecules in LB film was cal-
culated based on the data of crystal structure and found that
it is much bigger than the Alimit deduced from π–A isotherms
[31]. This suggests the formation of multilayer films in the π–A

isotherm studies. We cannot obtain the orientation angle for 3
due to the difficulty of depositing LB films. This can be ascribed
to the very bad amphiphilic properties of this compound.

Monolayers of the nanocrystal of 1 formed at various tem-
peratures were transferred to the hydrophilic quartz substrates
and the UV–vis spectra were recorded, Fig. 7. The Q band
appeared at about 710, 713, and 714.5 nm for the complex
nanocrystals deposited at 23.0, 19.5, and 16.5 ◦C, respectively.
The small red shift arises from the interaction between phthalo-
cyanine macrocycles: The more regular the framework of the
nanocrystals, the stronger the π -conjugated interaction, which
then leads to bigger red shift of the Q band. The red shift of
the Q band for the nanocrystal films of 1 was about 11 nm,
which is a little bit smaller than that for the nano-ring film.
As has been pointed out, the red shift of the Q band absorp-
tion is due to the π–π supramolecular interaction between two
phthalocyanine macrocycles, it thus can be concluded that ph-
thalocyanine interaction in the present nanocrystals is stronger
than that in solution but slightly weaker than that in the nano-
ring films.

In a word, molecular structure and experimental conditions
affect the interactions between molecules, resulting in the for-
mation of different supramolecular structures that show distinct
properties.

4. Conclusion

α substituted phthalocyanines aggregated at the air–water
interface into nano-ring structure. This nano-ring structure is
sensitive to the size and nature of the substituents and also to
the environment temperature but not affected by the initial con-
centration of the solution. The properties of the supramolecular
assembly of phthalocyanines can be tuned by changing the sub-
stituents and varying the experimental conditions. This is very
useful in the construction of optical electronic devices.
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