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Polyoxometalates (POMs) are intriguing nanosized inorganic
clusters due to their structural, chemical, and electronic versatility,
and thus potential application as materials for catalysis, energy
storage, biomedicine, and surface coatings.1 Combined with mo-
lecular membrane chemistry, the metal-oxide clusters can be
manipulated efficiently through cooperative electrostatic interac-
tions, forming multifunctional organic/inorganic materials. Cationic
surfactants can replace the counterions of POMs and modify their
surface chemistry properties, yielding surfactant-encapsulated clus-
ters (SECs).2,3 Encapsulation by cationic surfactants not only
increases solubility of POMs in organic media, thus facilitating
mesoscopic supramolecular assembly of POMs,2,3 but also exerts
a remarkable influence on POMs’ electronic properties.3d,g Well-
ordered thin films of SECs are readily prepared by Langmuir-
Blodgett and solvent-casting methods. We wonder if we could
generate technologically useful architectures on solid substrates
based on these supramolecular soft materials through a stepwise
self-assembled process, although a soft lithographic approach has
been demonstrated for the fabrication of two-dimensional micro-
sized patterns of SECs.4

Infinite one-dimensional POMs have been synthesized based on
lanthanide and monolacunary Keggin [SiW11O39]8- with a sto-
ichiometric ratio of 1:1.5 These one-dimensional structures exist
in crystalline states linked by the weak Ln-Od bonds; they are
easily disrupted and dissociated into monomeric building blocks
in aqueous solution. The luminescence decay lifetime of the5D0

state of [Eu(H2O)2SiW11O39]5- (POM-1, 0.37 ms) is a diagnostic
signal for the transition from chain structure to monomeric entity
[Eu(H2O)4SiW11O39]5- (0.205 ms)5b in aqueous phase. Here, we
find when POM-1 is encapsulated with dimethyl dioctadecylam-
monium (DODA), it forms a supramolecular complex of (DODA)4H-
[Eu(H2O)2SiW11O39] (SEC-1), which aggregates into vesicles in
chloroform solution, and when cast onto solid supports, forms
honeycomb structures. This technique would allow us to fabricate
advanced nanodevices exhibiting the multifunctional properties of
POMs.

SEC-1 exhibits the characteristic5D0 f 7Fj (j ) 0, 1, 2, 3, 4)
Eu3+ emissions. The fluorescent lifetimes of SEC-1 in the solid
state and chloroform solution (Figure 1A and B) are 0.42 and 0.52
ms, respectively, with a single-exponential decay, similar to that
of the chainlike POM-1 in the solid state, but much larger than
that of the monomeric POM-1 in aqueous solution (vide supra).5b

Replacement of the OH oscillators by OD makes the vibronic de-
excitation pathway exceedingly inefficient.6 Therefore, the number
of water molecules coordinated to Eu3+ (q) can be calculated with
an estimated uncertainty of 0.5, according to the following
equation:q ) 1.05(1/τH2O - 1/τD2O) (1), whereτH2O andτD2O
are the experimental excited-state lifetimes (ms) in H2O and D2O,
respectively.6 The number of water molecules coordinated to Eu3+

in the solid state and chloroform solution of SEC-1 is calculated

to be 1.5 and 1.1, respectively, within the range of elemental
analysis accuracy. These data suggest that the temporary or
permanent weak Eu-Od linkers appear between adjacent POM-1
clusters, which would imply supramolecular aggregates in both the
solid and solution of SEC-1. Small-angle X-ray scattering (SAXS)
measurement in the chloroform solution of SEC-1 shows the
presence of large nanosized aggregates (20-32 nm, centered at 25
nm) as obtained from the distance distribution function. Considering
the size limits, thus accuracy of the SAXS measurement,7a SEC-1
solution is further characterized by dynamic light scattering (DLS),
which will provide the hydrodynamic radius,Rh, of this organic/
inorganic hybrid. As shown in the CONTIN plot in Figure 1C, two
modes exist. The small peak has an averageRh of 1.2 nm,
corresponding to the monomeric SEC-1. The second peak has a
narrow size distribution, and theRh is about 103 nm, suggesting
the formation of a uniform aggregate in the chloroform solution.
Transmission electron microscopy (TEM) studies confirm the
supramolecular aggregates are vesicles of SEC-1 in the chloroform
solution (Figure 1D), and size range of the vesicles is consistent
with the DLS measurement. POM-based vesicles have been
observed in the polyoxomolybdate solution before.7 Our results here
suggest that POM-based vesicles also exist in the surfactant-
encapsulated heteropolyoxotungstate systems, and their sizes are
larger than those in the polyoxomolybdate-based solution (Rh )
34-45 nm).183W and29Si NMR measurements of SEC-1 in CDCl3

failed, which is not surprising given the fact that SEC-1 has a very
largeRh (60-150 nm), consequently a lower mobility of POM-1.
X-ray diffraction (XRD) of solid SEC-1 reveals that SEC-1
possesses a lamellar structure with a spacing of 4.5 nm and the
lateral packing of DODA alkyl chains at 0.42 nm. Combining the
lamellar distance of DODA (3.811 nm)8 and the radius of the
monomeric POM-1 (0.52 nm),5b we infer that the fitting spacing
of SEC-1 should be 4.8 nm, which agrees well with the experimental
value. This lamellar organized material is reminiscent of those
polyelectrolyte-surfactant complexes (PSCs),9 in which POM-1
layers are alternated with the DODA bilayer.

Solvent-casting film of SEC-1 is prepared from chloroform
solution (2 mM) under a moist airflow across the solution surface.
The films exhibit bright iridescent colors when viewed with
reflected light, indicating a periodic refractive index of variation

Figure 1. Luminescence decay curves of SEC-1 at its solid state (A),
chloroform solution (B), DLS CONTIN plots of theRh of SEC-1 in
chloroform solution (1 mg/mL) (C), and TEM image (D).
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through the film thickness.10a,bOptical micrograph reveals a regular
hexagonal array of spherical cavities (Figure 2A) covering a wide
area. Scanning electron microscopy (SEM) image (Figure 2B)
confirms this observation and shows that the surface holes have a
regular size of about 800 nm with an interspacing around 600 nm.
TEM shows that the film is composed of multilayers of empty
spheres (Figure 2C, arrow). Besides this honeycomb pattern, the
magnified TEM image (Figure 2C Inset) shows the presence of
linear aggregates with a width of 20-40 nm in the void, which is
in good agreement with the scanning force microscopy (SFM) data
of a spin-coating film of SEC-1. The width is much larger than
that of the lamellar distance (4.5 nm) of SEC-1 obtained from its
XRD. Therefore, they should be higher order aggregates of SEC-1.
The internal honeycomb architectures are further observed by SEM,
in which the sample was oriented against an electron beam at an
angle of 50° (Figure 2D). The internal thickness of the microporous
wall is about 100 nm, and the diameter of the internal holes is
around 1.3µm. A schematic cross-section of this regular mi-
croporous film is shown in Figure 2E. To the best of our knowledge,
this is the first example of POM-based microsized stereoarchitecture
prepared by stepwise self-assembly. Generally, the honeycomb
architectures are formed at a relative humidity of>50%.10c The
honeycomb structure of SEC-1 could not be obtained by evaporation
of the chloroform solution under a relatively dry atmosphere
(relative humidity < 30%). SFM image shows nanosheets and
nanowires in those casting films. The different surface morphology
of the two kinds of casting films mentioned above leads to their
different surface wettability. The water contact angle of the casting
film prepared under relatively dry atmosphere is 110°, whereas the
honeycomb-architectured film offers a contact angle of 132°.
Interestingly, X-ray diffraction shows that both of the casting films
have a lamellar structure with a spacing of 3.6 nm. Compared to
those of the solid-state SEC-1, the alkyl chains in the casting films
are proposed to possess a partial interdigitation with an interdigited
length of 0.9 nm. Therefore, SEC-1 is reorganized from vesicles
in the chloroform solution into a DODA bilayer structure alternated
with POM-1 layers at the air/solid interface, which is similar to
the synthetic bilayer membranes.11

The observed honeycomb pattern and the condition under which
it is prepared are reminiscent of the microporous films formed by
the solvent evaporation of copolymers, star-shaped polymers, and
PSCs.10 In these micro/nanophase separation systems, the rapid
solvent evaporation decreases the air-solution interfacial temper-
ature below the dew point of water, leading to a hexagonal array
of condensed micrometer-sized water droplets of the moisture on

the casting films. This regular array acts as a template to direct the
formation of the honeycomb architectures. In our case, nanophase
separation happens between the incompatible POM-1 and DODA
side chains, which are linked by electrostatic interactions, similar
to that of PSCs.9 Here, a similar mechanism for the formation of
this highly ordered microporous structure is proposed.

In summary, the introduction of cationic surfactant DODA as
counterions of [Eu(H2O)2SiW11O39]5- forms an organic/inorganic
hybrid mesoscopic supramolecular assembly of (DODA)4H[Eu-
(H2O)2SiW11O39], which aggregates into vesicles in chloroform
solution. The POM-based vesicles can be transferred into three-
dimensional ordered arrays that range from micrometric sizes. The
POM-based vesicle and honeycomb architecture would create
opportunities for the development of new materials for semicon-
ducting devices and separation membranes. The present methodol-
ogy suggests that combining inorganic chemistry and colloidal
surface chemistry may allow us to generate technology-applicable
microsized patterns of inorganic functional units, through stepwise
self-assembly of preorganized building blocks, that is, supramo-
lecular synthons, which would provide an alternative for the soft
lithographic method.12
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Figure 2. The honeycomb-structured film of SEC-1: (A) optical micro-
graph, (B) SEM, (C) TEM images, and (D) SEM image obtained from the
sample against an election beam at an angle of 50°. (E) Schematic cross-
section of this regular microporous film.
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