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A novel amphiphilic sandwich-type mixed (phthalocyanin-
ato)(porphyrinato)europium double-decker complex Eu(Pc)-
[T(OH)3PP] [Pc = phthalocyaninate, T(OH)3PP = 5,10,15-
tris(4-hydroxyphenyl)-20-(4-tert-butylphenyl)porphyrinate]
(1) was designed, prepared, and characterized by a range of
spectroscopic methods in addition to elemental analysis. By
employing a solution injection method, this compound self-
assembles into nanoscale hollow spheres with an average
diameter of ca. 70 nm. The hollow spherical structure was

Introduction

One of the main goals of supramolecular chemistry is the
development of new nanometer morphologies for inorganic
and/or organic materials that open new opportunities in ca-
talysis, advanced functional molecular materials, biomedi-
cine, and nanoscale electronic and optoelectronic devices.[1]

A wide variety of nanostructures such as hollow spheres,
fibers, ribbons, and tubes have been fabricated from various
functional molecular materials.[2–5] In particular, nanoscale
hollow spheres are an important class of materials because
of their wide range of applications such as drug delivery,
chemical storage, light filters, chemical catalysis, and cosme-
tic foundations associated with their unique advantage of
low effective density and high specific surface.[6] The com-
mon strategy for preparing hollow spheres from materials
such as inorganic ceramics, organic polymers, and their hy-
brids is the template method,[7] which, however, usually
leads to wastage of large quantities of surfactants in remov-
ing the core template by dissolution, evaporation, or ther-
molysis to create a hollow interior. As a result, modification
in the molecular structure towards amphiphilic functional
molecular compounds through molecular design and syn-
thesis is highly desired for the self-assembly fabrication of
organic nanostructures with a hollow sphere morphology.
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determined by transmission electronic microscopy and scan-
ning electronic microscopy. Comparison in the electronic ab-
sorption spectrum between the aggregate and the compound
itself in solution reveals the J-aggregation packing mode of
the amphiphilic double-decker molecules in nanoscale hol-
low spheres. The present work represents the first example
of nanoscale hollow sphere morphology self-assembled from
sandwich tetrapyrrole rare-earth complexes.

Porphyrin and phthalocyanine compounds, in particular
their sandwich-type rare-earth complexes, possess remark-
able photo-, electro-, magnetic, and biochemical properties.
The self-assembly of tetrapyrrole derivatives into nanos-
tructures with a wide range of morphologies has therefore
attracted considerable attention in recent years.[8–10] In par-
ticular, nanoscale hollow spheres of tetrapyrrole com-
pounds have been intensively studied due to their rich po-
tential applications in different fields. With the assistance
of a surfactant, nanoscale hollow spheres were fabricated
from an optically active metal-free phthalocyanine com-
pound.[11] Self-assembled nanostructures with a hollow
sphere morphology from amphiphilic porphyrin com-
pounds were also produced.[12] However, to the best of our
knowledge, nanoscale hollow spheres fabricated from sand-
wich-type porphyrinato and/or phthalocyaninato rare-earth
complexes have not yet been reported thus far. It is there-
fore worthwhile to prepare nanoscale hollow spheres of
sandwich tetrapyrrole rare-earth complexes with intriguing
structures and functionalities.

In this paper, we describe the structural modification of
a mixed (phthalocyaninato)(porphyrinato)europium
double-decker complex. Introduction of three hydroxy
groups onto the meso-attached phenyl substituents of the
tetra(phenyl)porphyrin ligand in a mixed (phthalocyanin-
ato)(porphyrinato)europium double-decker compound leads
to the formation of a novel sandwich tetrapyrrole
rare-earth complex with typical amphiphilic nature,
Eu(Pc)[T(OH)3PP] (1; Figure 1), which easily self-assembles
into nanoscale hollow spheres. This work provides an effec-
tive pathway towards the design and fabrication of sand-
wich tetrapyrrole rare-earth complexes into nanostructures
with a hollow sphere morphology.
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Figure 1. Schematic molecular structure of the mixed (phthalocy-
aninato)(porphyrinato)europium double-decker complex 1.

Results and Discussion

Molecular Synthesis and Characterization

The target mixed (phthalocyaninato)(porphyrinato)euro-
pium double-decker compound Eu(Pc)[T(OH)3PP] (1) was
prepared according to a previously described procedure.[13]

The synthesis involves prior generation of the half-sandwich
complex Eu(Pc)(acac), generated in situ from Eu(acac)3·
nH2O and phthalonitrile in n-pentanol in the presence of
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), followed by re-
placing n-pentanol with 1,2,4-trichlorobenzene (TCB) and
treatment with metal-free porphyrin H2T(OH)3PP in re-
fluxing TCB for 5 h. It is worth noting that actually the
mixed-ring double-decker containing 5,10,15,20-tetra(4-hy-
droxyphenyl)porphyrin, Eu(Pc)[T(OH)4PP], is the original
target compound. Unfortunately, efforts to use H2[T(OH)4-
PP] failed to give Eu(Pc)[T(OH)4PP] probably due to the
very limited solubility of H2T(OH)4PP in TCB. As a conse-
quence, 1 was synthesized as the target complex in the pres-
ent case. In addition, for the purpose of comparative stud-
ies, Eu(Pc)(TBPP) [TBPP = 5,10,15,20-tetra(4-tert-bu-
tylphenyl)porphyrinate] (2), Eu(Pc)[T(OH)PP] [T(OH)PP =
5-(4-hydroxyphenyl)-10,15,20-tris(4-tert-butylphenyl)por-
phyrinate] (3), Eu(Pc)[trans-T(OH)2PP] [trans-T(OH)2PP =
5,15-bis(4-hydroxyphenyl)-10,20-bis(4-tert-butylphenyl)por-
phyrinate] (4), and Eu(Pc)[cis-T(OH)2PP] [cis-T(OH)2PP =
5,10-bis(4-hydroxyphenyl)-15,20-bis(4-tert-butylphenyl)por-
phyrinate] (5) were also prepared and characterized (Fig-
ure S1, Supporting Information). Satisfactory elemental
analysis results were obtained for all the newly prepared
mixed-ring, double-decker complexes after repeated column
chromatographic purification and recrystallization
(Table S1, Supporting Information). The MALDI-TOF
mass spectra of 1–5 showed intense clusters corresponding
to the molecular ion [M+], and the data are also given in
Table S1 (Supporting Information). These new sandwich
double-decker compounds were also characterized with the
1H NMR spectroscopic method. The 1H NMR spectrum
of 1 is shown in Figure S2 for exemplification. Table S2
(Supporting Information) collects the 1H NMR spectro-
scopic data of double-deckers 1–5. The spectral assignments
could easily be reached on the basis of the integration and
multiplicity of the signals.
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Electronic Absorption Spectra

The electronic absorption spectra of the mixed-ring,
double-decker compound Eu(Pc)[T(OH)3PP] (1) together
with those of 2–5 were recorded in THF, and the data are
compiled in Table S3 (Supporting Information). Figure 2
and Figure S3 (Supporting Information) display the elec-
tronic absorption spectra of 1–5 in THF. As revealed, these
five double-decker complexes, regardless of the number and
location of hydroxy groups at the meso-attached phenyl
substituents of the porphyrin ring, dissolved in THF, show
just the same features in their electronic absorption spectra,
revealing the nonaggregated molecular spectroscopic nature
of all five compounds including 1 in THF. In line with the
neutral analogues with trivalent central metal ions, MIII-
(Pc)(TClPP) [M = Y, La–Lu except Ce and Pm; TClPP =
5,10,15,20-tetrakis(4-chlorophenyl)porphyrinate][14] and MIII-
(Pc)(TPP) (M = La, Pr, Nd, Eu, Gd, Er, Lu, and Y; TPP =
5,10,15,20-tetraphenylporphyrinate),[15a,15b] the absorptions
of double-decker 1 at about 320 and 406 nm can be attrib-
uted to the phthalocyanine and porphyrin Soret bands,
respectively, whereas the absorption bands at 473 and
1008 nm are due to the electronic transitions involving the
semioccupied orbital, which has higher phthalocyanine
character. An additional characteristic near-IR band for the
π-radical anion of trivalent europium double-deckers
around 1350 nm can also be observed for the whole series,
which confirms the neutral nature of 1–5.[14,15] In a similar
manner, the absorptions for 2–5 are also assigned.

Figure 2. Electronic absorption spectra of Eu(Pc)[T(OH)3PP] (1) in
THF (dash line) and water (solid line).

The electronic absorption spectra of 1 together with
those of 2–5 in water were also recorded and are given in
Figure 2 and Figure S3 (Supporting Information), respec-
tively. These spectra are significantly different from the
spectrum of 1 dissolved in THF. The broadening and sig-
nificant redshift for all the absorption bands except the
near-IR band of 1 in water, in comparison with the corre-
sponding absorptions in THF, reveal the formation of J-
type aggregates and intensive intermolecular interaction in
the nanoaggregates.[16]
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IR Spectra

The IR spectra of mixed-ring double-decker compounds
1–5 together with their self-assembled nanostructures
formed in water are shown in Figure S4 (Supporting Infor-
mation). The similar feature in the IR spectra of the nano-
structures to that of compounds 1–5 indicates the composi-
tion of nanostructures from the corresponding sandwich
double-decker compounds. In particular, in the IR spec-
trum of the aggregates formed from double-decker 1, the
absorption at 3428 cm–1 due to the hydroxy group in the IR
spectrum of 1 is broadened and shifts to lower frequency
at 3384 cm–1, indicating the formation of a hydrogen bond
between the hydroxy oxygen atom in the meso-attached
phenyl groups in the porphyrin ligand of the double-decker
molecule with the neighboring one in the nanostructures of
1.[17]

TEM and SEM Images

The nanostructures of the double-decker complex were
fabricated by injecting a small volume of a solution of 1 in
THF (1 m) into a large volume of water. This is also true
for 2–5. Samples were prepared by casting a drop of sample
solution onto a carbon-coated grid. The morphology of the
aggregates was examined by transmission electronic micro-
scopy (TEM) and scanning electron microscopy (SEM). As
shown in Figure 3A, a large scale of nanostructures with a
hollow sphere morphology and an average diameter of ca.
70 nm were formed from the self-assembly of 1 in water.
High-magnification TEM image in the inset of Figure 3A
shows the thickness of these hollow spheres to be in the
range of ca. 20 nm. Further evidence to confirm the hollow
sphere nanostructures comes from the SEM image (Fig-
ure 3B). As can be seen, the products remain intact and
have a well-defined 3D spherical structure with a smooth,
uniform surface texture and a relatively large size distribu-
tion. Few of them are deformed or cracked with a hole in
the surface of each nanoscale hollow sphere, suggesting
their potential application for drug delivery.[18]

Figure 3. Nanoscale hollow spheres formed from 1 in water ob-
served by TEM (A) and SEM (B).

According to the experimental results, the formation
mechanism of the nanoscale hollow spheres of 1 was specu-
lated and displayed in Figure 4A,B. Three hydroxy groups,
which were incorporated onto the meso-attached phenyl
groups of the porphyrin ligand, induce the change in the
nature of the double-decker compound from hydrophobic
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to amphiphilic. It is well known that in selective solvents
amphiphilic molecules like liposomes form micellar or ve-
sicular supramolecular structures that would normally be
due to the superstrong segregation limit (SSSL), mainly ow-
ing to the different solubility of the hydrophilic and hydro-
phobic units.[19] As suggested by the IR spectroscopic and
electronic absorption results of the self-assembled nano-
scale hollow spheres of 1, during the self-assembly process
of this compound, a dimeric supramolecular structure is
formed first through an intermolecular hydrogen bond be-
tween two hydroxy groups of the porphyrinato ligands of
two neighboring molecules. This formed dimer shows am-
phiphilic properties in nature because of the hydrophilic hy-
droxy groups and hydrophobic residual section, which then
as the building block further self-assembles into the target
hollow spheres depending mainly on the π–π interaction be-
tween the tetrapyrrole rings.

Figure 4. (A) Schematic representation of 1; (B) schematic illustra-
tion of a hollow sphere formed in water with a close-up of the
membrane showing the proposed structure.

At the end of this section, it is worth noting that despite
the similarity in the electronic absorption spectra between
1 and 2–5, the morphology of the nanostructures of double-
decker 1 is different from that of 2–5 (Figure 3 and Fig-
ure S5, Supporting Information). As revealed, all four
double-decker complexes Eu(Pc)(TBPP) (2) and Eu(Pc)-
[T(OH)nPP] (n = 1, 2; 3–5) self-assemble into nanostruc-
tures with just the same solid spherical morphology. The
similarity in the morphologies of the nanostructures formed
from typical hydrophobic compound 2 and hydroxy-at-
tached compounds 3–5 reveals the similar molecular nature
of these four double-decker compounds, suggesting that in-
troduction of up to two hydroxy groups onto the meso-at-
tached phenyl substituents of the porphyrin ligand in the
mixed (phthalocyaninato)(porphyrinato)europium molec-
ules is not enough to change the nature of the double-
decker molecules from hydrophobic to amphiphilic. While
in the case of compound 1 three hydroxy groups are incor-
porated onto the meso-attached phenyl groups of the por-
phyrin ligand, mixed-ring double-decker molecules become
typical amphiphiles and, therefore, self-assemble into nano-
scale hollow spheres.

Conclusions

In summary, a novel amphiphilic sandwich-type mixed
(phthalocyaninato)(porphyrinato)europium double-decker
compound Eu(Pc)[T(OH)3PP] was designed, synthesized,
and used as a building block to fabricate nanoscale hollow
spheres via self-assembly. To the best of our knowledge, the
present work is the first example of organic nanoscale hol-
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low spheres self-assembled from sandwich tetrapyrrole rare-
earth complexes. Owing to rich optical and electrochemical
properties as well as the special electronic structure of the
sandwich phthalocyaninato and/or porphyrinato rare-earth
complexes, the nanoscale hollow spheres obtained are ex-
pected to be useful in the fields of drug delivery, chemical
storage, and paper coating.

Experimental Section
Chemicals: TCB and n-pentanol were distilled from CaH2 and so-
dium, respectively, under reduced pressure prior to use. Ultrapure
water was used in all experiments. Column chromatography was
carried out on silica gel (Merck, Kieselgel 60, 200–300 mesh) with
the indicated eluent. All other reagents and solvents were of reagent
grade and used as received.

Preparation of Materials and Measurements: The double-decker
complex Eu(Pc)[T(OH)3PP] (1) together with Eu(Pc)(TBPP) (2),
Eu(Pc)[T(OH)PP] (3), Eu(Pc)[trans-T(OH)2PP] (4), and Eu(Pc)[cis-
T(OH)2PP] (5) were prepared according to a reported procedure as
detailed below.[13] MALDI-TOF mass spectra were carried out with
a Bruker APEX47e ultra-high-resolution Fourier transform ion cy-
clotron resonance mass spectrometer with α-cyano-4-hydroxycinn-
amic acid as the matrix. IR spectra were recorded by using a BI-
ORAD FTS-165 spectrometer with 2 cm–1 resolution (KBr pellets).
Elemental analyses were performed by the Institute of Chemistry,
Chinese Academy of Sciences. 1H NMR spectra were measured
with a Bruker DPX 300 spectrometer (300 MHz).

Preparation of the Nanostructures and Measurements: The nano-
structures of the five double-decker compounds 1–5 were fabricated
by the phase-transfer method according to the following pro-
cedure.[4,8,12] A minimum volume (30–50 µL) of concentrated THF
solution of compounds 1–5 (1 m) was injected rapidly into 1 mL
of water. The solution, which was allowed to equilibrate over 1 d,
was used to record the electronic absorption spectra for the aggre-
gates. One drop of the solution was transferred to the carbon-
coated grid by pipetting for the TEM and SEM observation. The
above equilibrated solution (20 mL) was evaporated under reduced
pressure at room temperature, the residue was collected, dried un-
der vacuum and subjected to IR spectroscopic measurements (KBr
pellets). It is worth noting that the results were reproducible under
the experimental conditions described above. Electronic absorption
spectra were recorded with a Hitachi U-4100 spectrophotometer.
TEM images were taken with a JEOL JEM-100CX II electron
microscope operated at 100 kv. SEM images were obtained by
using a JEOL JSM-6700F field-emission scanning electron micro-
scope. For SEM imaging, Au (1–2 nm) was sputtered onto the grids
to prevent charging effects and to improve image clarity.

General Procedure for the Preparation of Eu(Pc)(Por) (1–5): A mix-
ture of Eu(acac)3·nH2O (0.05 mmol), phthalonitrile (0.20 mmol),
and DBU (0.26 mmol) in n-pentanol (5 mL) was stirred at 120 °C
for 2 h under a slow stream of nitrogen. The resulting blue solution
was cooled to room temperature, followed by replacing n-pentanol
with TCB and then treatment with the metal-free porphyrin H2Por
(0.05 mmol) in refluxing TCB for another 5 h under an atmosphere
of nitrogen. The volatiles were removed under reduced pressure,
and the residue was purified by chromatography with CHCl3 as the
eluent. A small amount of Eu(Pc)2 and metal-free porphyrin were
collected as the first and second fractions, respectively, and then
the target mixed ring double-decker product Eu(Pc)(Por) (1–5) as
the third fraction. Repeated chromatography followed by
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recrystallization from CHCl3 and n-hexane gave pure Eu(Pc)(Por)
(1–5) as brown solids.

Supporting Information (see footnote on the first page of this arti-
cle): Schematic molecular structures of complexes 2–5; 1H NMR
spectrum of 1; electronic absorption spectra of 2–5; IR spectra of
1–5 and aggregates of compounds 1–5 formed in water; self-as-
sembled nanospheres formed from 2–5 in water observed by TEM
and SEM; analytical and mass spectroscopic data for 1–5; 1H
NMR spectroscopic data for the reduced form of 1–5; and elec-
tronic absorption data for 1–5 in THF and their self-assemblies in
water.
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