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Abstract

Regular square, wirelike, quadrate, and rodlike nanocrystal arrays of Cd2+, Hg2+, or Ag+ metal-cation-mediated sandwich-type mixed
(phthalocyaninato) [5,10,15,20-tetrakis(4-pyridyl)poprhyrinato] cerium(III) double-decker complex Ce(Pc)(TPyP) have been successfully pre-
pared at the water–chloroform interface. The nanocrystal growth processes were monitored by transmission electron microscopy (TEM), which
reveals that different morphologies of nanocrystals have been fabricated from double-decker molecules connected by different kinds of metal
cations, forming coordination polymers. These nanoscaled coordination polymers were characterized by FT-IR spectra and energy-dispersive
X-ray spectra (EDS). EDS results clearly revealed the elements of the nanocrystals and the FT-IR spectra give evidence for the coordination
interaction between the double-decker molecules and metal cations. The UV–vis absorption spectrum indicates the formation of J -aggregates of
the double-decker molecules in the nanocrystals formed.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The self-assembly of molecular building blocks into targeted
nanoscaled architectures at interfaces represents one of the ma-
jor goals of supramolecular chemistry and material science,
given the perspective of the potential applications of these sys-
tems in nanotechnology [1–4]. On the other hand, the liquid–
liquid interface offers great potential for assembly and for the
chemical manipulation of nanoparticles [5,6]. The assembly of
particles at liquid–liquid interfaces provides a favorable means
of preparing various kinds of materials because the particles at
the fluid interface are highly mobile and can rapidly achieve an
equilibrium assembly [7,8]. For instance, nanoparticles includ-
ing metal, metal oxide, and metal sulfide [9–12], protein film
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[13,14], and composite film [15] have been prepared recently at
liquid–liquid interfaces.

Supramolecular structures formed from porphyrin deriva-
tives, including phthalocyanines, have received increasing at-
tention recently due to their potential applications, ranging from
molecular electronics [16–20], photovoltaic cells [21–23], and
field effect transistor (FET) [24–28], to gas sensors [29–33].
The highly ordered supramolecular structures of porphyrin
and phthalocyanine derivatives are usually formed in solution
driven by noncovalent intermolecular forces such as π–π stack-
ing [34–36], hydrogen bonding [37,38], or metal–ligand bond-
ing [39–41]. Other than the self-assembly of porphyrin and ph-
thalocyanine derivatives in solution, assembly at the immiscible
phase interfaces of air–water, air–solid, or liquid–liquid has also
attracted much research interest. Most previous research fo-
cuses on the self-assembly of porphyrin and/or phthalocyanine
derivatives at the air–water interface, which formed various ag-
gregates and assembled into unique functional films [27,28,42–
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44]. Moreover, the self-assembly at the air–solid interface has
been successfully used to control the molecular arrangement
in two dimensions [45,46]. Recently, metal-mediated multi-
porphyrin nanocrystals and coordination polymer nanotubes of
tetrapyridylporphin compounds have been successfully grown
at the water–chloroform interface [47,48].

However, to the best of our knowledge, all the research about
metal-mediated multiporphyrin arrays reported thus far seems
to be limited to the nanoscale networks of monomeric por-
phyrin and/or phthalocyanine derivatives. There seems to be
no report on the metal-mediated assembly of sandwich-type
tetrapyrrole metal complexes at the liquid–liquid interface. Ow-
ing to the rich optical and electrochemical properties, as well as
the special electronic structure of sandwich-type porphyrinato
and/or phthalocyaninato rare earth complexes, it is worth try-
ing to assemble sandwich tetrapyrrole rare earth complexes into
supramolecular structures with special functionalities.

Here we describe the self-assembly of a sandwich-type
(phthalocyaninato) [tetrakis(4-pyridyl)porphyrinato] cerium
double-decker compound, Ce(Pc)(TPyP), driven by metal co-
ordination bonds together with the supramolecular interactions
at the water–chloroform interface. The progress of nanocrystal
growth of sandwich-type double-decker complexes was mon-
itored by transmission electron microscopy (TEM). In partic-
ular, the aggregation of Ce(Pc)(TPyP) mediated by Ag+ has
been found to be concentration-dependent and at least two co-
ordination modes of silver cations with pyridyl nitrogen atoms
are formed. This is different from that reported previously [46].

2. Experimental section

2.1. Materials

Sandwich-type (phthalocyaninato)[tetrakis(4-pyridyl)por-
phyrinato] cerium double-decker compound, Ce(Pc)(TPyP),
was prepared following the previously published procedures
[19]. CdCl2, HgCl2, and AgNO3 were all analytical grade
reagents purchased from the Shanghai Chemical Reagent Co.
All chemicals were used as received without further purifi-
cation. Double distilled water was used to prepare aqueous
solutions.

2.2. Nanocrystal growth of Ce(Pc)(TPyP) networks at the
water–chloroform interface

A typical procedure for the preparation of Cd2+ mediated
nanocrystal growth is described below. A 0.036 M CdCl2 wa-
ter solution and a 0.097 mM Ce(Pc)(TPyP) chloroform solution
were used as the water phase and organic phase, respectively.
During the experiments, the aqueous solution of metal ions was
slowly added to the chloroform phase surface at which the in-
terfacial reaction occurs.

2.3. Characterization of nanocrystals

The TEM images were taken on a JEM-100CX II elec-
tron microscope operated at 100 kV (JEOL, Japan). Energy-
depressive X-ray spectra (EDS) (OXFORD, UK) were per-
formed on a high-resolution transmission electron microscope
(HRTEM) JEM-2100 (JEOL, Japan) operating at 200 KV. FT-
IR spectra were recorded on KBr-matrix pellets on a BIORAD
FTS-165 spectrometer (PerkinElmer Ltd., UK) with a resolu-
tion of 2 cm−1. UV–vis spectra for Ce(Pc)(TPyP) in chloroform
solution and the nanocrystal Langmuir–Blodgett (LB) films
were measured on a Hitachi U4100 (Japan) UV–vis spectropho-
tometer.

3. Results and discussion

3.1. Formation of metal-mediated Ce(Pc)(TPyP) network
nanocrystals

As noticed by Qian and co-workers [47], the key point for
the successful growth of nanocrystals at the water–chloroform
interface is that the products do not dissolve into either water
or chloroform. Fortunately, we found that the metal cations,
namely Cd2+-, Hg2+-, and Ag+-mediated Ce(Pc)(TPyP) nano-
crystals, do not dissolve in either water or chloroform solution.
It has also been found that the formation rate of nanocrys-
tals was strongly dependent on the metal cation species: Some
fine nanowires of Hg2+-mediated double-decker compound
Ce(Pc)(TPyP) could be found in the chloroform phase after
15 min of interfacial reaction when 0.01 M HgCl2 solution
was used. In contrast, for the Cd2+-mediated system, 36 h was
needed to get regular nanocrystals when CdCl2 (0.039 M) was
used.

3.2. TEM images of metal-mediated double-decker
nanocrystals

By employing a similar procedure of studying the metal-
mediated monomeric porphyrin compounds [47,48], the for-
mation process of nanocrystals of the double-decker com-
pound Ce(Pc)(TPyP) mediated with different metal cations at
the water–chloroform interface has been systematically investi-
gated through studying the size and framework of nanocrystals
formed as a function of reaction time and concentrations of ei-
ther metal cations or Ce(Pc)(TPyP) by TEM technology.

3.2.1. Cd-[Ce(Pc)(TPyP)] nanocrystals
Fig. 1 shows a series of TEM images of Cd-[Ce(Pc)(TPyP)]

nanocrystals and microcrystals taken at different reaction time.
As can be seen from these figures, many nanocrystals with size
ca. 200 nm were formed within 1 h, indicating that the reaction
at the water–chloroform interface was relatively rapid. Along
with increasing the reaction time, the TEM images revealed
that the nanocrystals increase gradually in size; for example,
crystals with sizes ca. 200–300 nm and 2 µm formed after 2
and 36 h, respectively. It was also found that the nanocrystals
formed were not very regular at first, then became regular crys-
tals after 2 h (Fig. 1b), and finally grew into well-defined regular
crystals after 36 h (Fig. 1c). Examination of the TEM images
seems to reveal that in line with the previous report on metal-
mediated monomeric porphyrin compounds [47], the crystals
grow not only by the coordination reaction of Cd2+ with TPyP
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Fig. 1. TEM images of Cd-[Ce(Pc)(TPyP)] nanocrystals grown at the water–chloroform interface after (a) 1 h, (b) 2 h, and (c) 36 h. Concentrations of CdCl2 and
Ce(Pc)(TPyP) were 0.036 M and 0.097 mM, respectively.
Scheme 1. Three schematic frameworks of metal-cation mediated Ce(Pc)-
(TPyP) nanocrystals.

ligand in the double-decker compound Ce(Pc)(TPyP) but also
by fusing the neighboring fine crystals formed at beginning.
Experimental results also indicate that no significant difference
exists in the crystal frameworks by altering the concentration of
either CdCl2 (0.005–0.1 M) solution or Ce(Pc)(TPyP) (0.048–
0.097 mM). However, the formation speed, the nanocrystal
number, and the nanocrytal sizes were found to increase with
increasing concentrations of CdCl2 and/or Ce(Pc)(TPyP). It is
worth noting that the crystals formed are in the form of ultrathin
layers. On the basis of previous results [28,39,42–44,47,48],
the framework of Cd-[Ce(Pc)(TPyP)] nanocrystal is formed ac-
cording to Scheme 1a.

3.2.2. Ag-[Ce(Pc)(TPyP)] nanocrystals
TEM images of the Ag-[Ce(Pc)(TPyP)] nanocrystals in

5 min and 1 h after the interfacial reaction between AgNO3
(0.1 M) and Ce(Pc)(TPyP) (0.097 mM) are shown in Fig. 2. It
can be seen that nanorods form very quickly at the interface.
The rodlike nanocrystals grow to a size of about 5 nm in width
and 400–500 nm in length in 1 h. Further increase in the reac-
tion time after the reaction starts at the interface continuously
increases the width and the length of the nanorods due to the
bundle formation of the nanorods. The selected electron diffrac-
tion for the nanorods formed after 1 h show diffraction circles,
indicating the formation of polycrystals.

However, it is interesting to note that regular quadrate
nanocrystals form at the water–chloroform interface when the
Fig. 2. TEM images of Ag-[Ce(Pc)(TPyP)] nanocrystals grown at the wa-
ter–chloroform interface after (a) 5 min and (b) 1 h. Concentrations of AgNO3
and Ce(Pc)(TPyP) were 0.1 M and 0.097 mM, respectively. The inset is the
corresponding electron diffraction pattern.

concentration of Ce(Pc)(TPyP) in chloroform decreases to
0.0485 mM. The TEM images of the nanocrystals formed under
this experimental condition in 5, 10, and 40 min after the inter-
facial reaction are shown in Fig. 3. The results show that fine
nanocrystals with a size of 10–20 nm were formed within 5 min,
Fig. 3a. With increasing reaction time, the size of nanocrystals
increases to about 50 nm in 10 min. After 40 min interfacial
reaction, regular crystals 1.5 µm in length and 1 µm in width
were observed. These TEM images revealed that the nanocrys-
tals were irregular at first and finally grew into regular quadrate
crystals. Careful observation of these TEM images also re-
vealed that these regular quadrate crystals were formed by
directional aggregation of many smaller globular nanoparticles,
Fig. 3 [49–52]. In other words, the regular quadrate nanocrys-
tals are formed not only by coordination reaction of the TPyP
ligand in Ce(Pc)(TPyP) with Ag+ at the water–chloroform in-
terface but also by fusing the neighboring fine crystals. The
selected area electron diffraction for the nanocrystals formed
after 40 min shows only regular hexagonal diffraction spots,
indicating the formation of single crystals.

The results described above show that the same silver-metal-
mediated double-decker compounds can form crystals with dif-
ferent morphologies when the experimental conditions change.
This clearly suggests that the crystal morphologies are con-
trolled not only by the metal ion coordination geometry but
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Fig. 3. TEM images of Ag-[Ce(Pc)(TPyP)] nanocrystals grown at the water–chloroform interface after (a) 5 min, (b) 10 min, and (c) 40 min. Concentrations of
AgNO3 and Ce(Pc)(TPyP) were 0.1 M and 0.0485 mM, respectively.
Fig. 4. TEM images of Hg-[Ce(Pc)(TPyP)] nanocrystals grown at the wa-
ter–chloroform interface. Concentrations of HgCl2 and Ce(Pc)(TPyP) were
0.01 M and 0.097 mM, respectively.

also by the coordination mode of the silver cation with the
pyridyl substituents of the double-decker molecules. Since the
nanocrystals formed are too small to be analyzed by X-ray
crystallographic technique, the coordination mode of the Ag+
cation with the double-decker molecules can therefore be spec-
ulated upon only according to the previous research results,
instead of from the definitive structural information. Although
silver cation displays versatile coordination geometries in co-
ordination chemistry [40], it appears that the nanorod crys-
tals of the double-decker compound Ce(Pc)(TPyP) mediated
by silver cations in the present case might be formed follow-
ing Scheme 1b [39–41,47,48] and quadrate crystals following
Scheme 1c [40].

3.2.3. Hg-[Ce(Pc)(TPyP)] nanocrystals
A similar time dependence feature similar to that of Ag-

[Ce(Pc)(TPyP)] nanorods has been revealed for Hg2+-mediated
[Ce(Pc)(TPyP)] nanocrystal formation according to the TEM
experimental result. As shown in Fig. 4, wirelike nanocrystals
formed for Hg-[Ce(Pc)(TPyP)] with a width (diameter) up to
about 70–80 nm and a length of several to tens of micrometers,
Fig. 4b. Experimental results also indicate that no significant
difference of morphologies exists in the crystal frameworks by
changing the concentration of either HgCl2 (0.001–0.1 M) solu-
tion or Ce(Pc)(TPyP) (0.048–0.097 mM). It can be deduced that
the coordination of metal ions in the nanowires adopts a linear
geometry, which is common for mercury cations. Each Hg2+
binds two adjacent double-decker Ce(Pc)(TPyP) units, while
every double-decker entity is linked to four different metal cen-
ters, Scheme 1b [39].
Fig. 5. Energy-dispersive X-ray analysis of Cd–Ce(Pc)(TPyP) nanocrystal.

3.3. EDS analysis

The nanocrystals were deposited on copper grids covered
with carbon and measured using HRTEM. The success in
preparing Cd double-decker nanocrystals was further confirmed
by the elemental signatures of C, Ce, N, Cl, and Cd in the
energy-dispersive X-ray analysis spectrum as shown in Fig. 5.
It is noteworthy that the observation of the O elemental signa-
ture in the spectrum is due either to the oxidized copper grids
or to H2O acting as one of ligands in the formed nanoscaled
coordination polymers.

3.4. FT-IR spectra

FT-IR spectroscopy is a powerful method to study the co-
ordination interaction between the double-decker compound
and metal cations [53,54]. As shown in Fig. 6, except the
decreased intensity, almost all the vibration bands observed
in the IR spectrum of bulk double-decker compound can be
found in the spectrum of Hg-[Ce(Pc)(TPyP)] nanowires. It is
worth noting that the intense band appears at approximately
1592 cm−1 for the bulk double-decker molecules due to the
C=N band vibration (νC=N) of pyridyl substituents attached
at the double-decker molecules, which shifts to 1602 cm−1 as a
weak band in Hg-[Ce(Pc)(TPyP)] nanowires, indicating the for-
mation of coordination bonds between N atoms of the pyridyl
substituents of Ce(Pc)(TPyP) and Hg2+ cations. The intense
band at 1330 cm−1 observed for both bulk double-decker com-
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Fig. 6. FT-IR spectra of Ce(Pc)(TPyP) (a) and Hg–Ce(Pc)(TPyP) nanowires (b)
in the region of 400–1800 cm−1 with 2 cm−1 resolution.

Fig. 7. Electronic absorption spectra of Ce(Pc)(TPyP) in CHCl3 (—), LB
films (· · ·), and nanocrystals (- - -).

Table 1
UV–vis spectroscopic data for double-deckers [Ce(Pc)(TPyP)]

λmax (nm)

[Ce(Pc)(TPyP)] CHCl3 solution 331, 398, 633, 832
[Ce(Pc)(TPyP)] LB films 340, 405, 643, 841
[Ce(Pc)(TPyP)] Hg nanocrystal 348, 415, 652, 871

pound and Hg-mediated double-decker nanowires is the marker
band of the phthalocyanine dianion [55,56].

3.5. UV–vis absorbance spectroscopy of metal-mediated
double-decker Ce(Pc)(TPyP) nanocrystals

The electronic absorption spectra for the double-decker
compound Ce(Pc)(TPyP) in CHCl3, Langmuir–Blodgett films
prepared from pure water surface, and Langmuir–Blodgett
films of metal-mediated nanocrytals of Hg-[Ce(Pc)(TPyP)]
transferred onto the hydrophobic quartz substrate surface af-
ter 1 day of interfacial reaction are compared in Fig. 7 and
Table 1. In dilute chloroform solution, where the double-decker
Ce(Pc)(TPyP) molecules are in monomer form, the spectrum
shows strong Pc and TPyP Soret bands at 331 and 398 nm and
a Pc Q band at 633 nm. In Langmuir–Blodgett films, where
the Ce(Pc)(TPyP) molecules are in the form of aggregates, the
Soret bands of Pc and TPyP are red-shifted to 340 and 405 nm
and the Q band of Pc red-shifted to 643 nm. But in Hg2+-
mediated aggregates of Ce(Pc)(TPyP) formed at the interface
of water and chloroform, all the Soret or Q bands mentioned
above further red-shifted to 348, 415, and 652 nm, respectively.
The red shift can be ascribed to the formation of J aggregates
in LB film or in metal-mediated aggregates due to the π–π in-
teraction [57]. The significant red shifts indicate strong π–π

interactions between tetrapyrrole rings. This observation is re-
markably different from that for metal-mediated monomeric
H2TPyP nanocrystal films. According to Qian and co-workers
[47], the supramolecular interaction between porphyrin rings
in the LB films of metal-mediated aggregates of H2TPyP is
stronger than that in solution but weaker than that in LB films.
Our results provide an alternative way to increase the interac-
tions between neighboring molecules in solid films when the
intermolecular interaction is necessary.

4. Conclusions

In summary, sandwich-type mixed (phthalocyaninato) (por-
phyrinato) cerium double-decker compound was used as build-
ing blocks, for the first time, to fabricate into nanocrystals
by metal-mediated assembly at the water–chloroform inter-
face. Various morphologies of well-defined nanocrystals were
formed depending on the varieties and concentration of metal
cations: regular square nanocrystals were formed for Cd2+
cation and nanowires for Hg2+ cation. However, as far as Ag+
cation was concerned, two different morphologies, nanorods
and regular quadrate, formed at the water–chloroform interface.
It has been revealed that the geometries and the coordination
mode of corresponding metal ions dominate the framework of
coordination polymer nanocrystals formed. J -aggregates of the
double-decker molecules formed in nanowire polymer films
mediated by Hg2+ cation, which, however is different from that
formed by monomeric H2TPyP. These novel nanocrystals ob-
tained are expected to be useful in the field of nanoelectronics.
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