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Abstract: We describe the spontaneous self-assembly and the superstructure of a discrete surfactant-encapsulated
cluster, (DODA)40(NH4)2[(H2O)n⊂Mo132O372(CH3COO)30(H2O)72] (2, n ≈ 50), which consists of a hollow
giant isopolyoxomolybdate core covered by a hydrophobic shell of dimethyldioctadecylammonium (DODA)
cations. The structural characterization of these nanoporous core-shell particles is based on small-angle X-ray
scattering (SAXS) data on solutions of the encapsulated clusters, TEM investigations, FT-IR and UV-vis
spectroscopy, as well as determination of the molecular area of2 by Langmuir film investigations. Computer
modeling of the solvent-accessible surface of the encapsulated cluster yields a central cavity with a volume of
1.5 nm3 that is occupied by approximately 50 H2O molecules. The cluster bears (Mo-O) 9-ring openings
with an average diameter of 0.43 nm. The covered surface area of 84 Å2/DODA indicates a rather tight packing
of the amphiphile at the cluster surface. Due to the unique supramolecular architecture of2 as well as its high
solubility in common organic solvents, this compound shows promising perspectives for future applications in
host-guest chemistry and homogeneous size-selective catalysis.

Introduction

The future design of functional nanodevices will most likely
rely on the principles of molecular self-organization.1 Current
approaches to this ambitious task focus on supramolecular model
systems which self-assemble according to a manageable set of
combination principles from a limited number of building
blocks. Discrete supramolecular structures have been assembled
from suitably designed organic building blocks exploiting
ligand-metal ion interactions,2 π-π interactions,3 or hydrogen-
bonding mediated recognition processes.4 With the recent
discovery of self-assembling, discrete and nanosized polyoxo-
molybdates (“giant wheels”,5 “Keplerates”6), novel inorganic

components are now available, allowing access to the construc-
tion of advanced nanodevices such as nanoreactors or sensors.
A crucial point for POM applications that require further
processing steps is the ability to control the surface properties
and the grade of dispersion of the preferentially water-soluble
clusters. This problem may be alleviated by encapsulating the
inorganic clusters with a solubilizing protective shell of organic
molecules, as we have recently shown in detail for the partially
reduced heteropolyoxomolybdate [H3Mo57V6(NO)6O183-
(H2O)18]21-.7

Here we report on the synthesis and preliminary characteriza-
tion of a novel type of partially reduced isopolyoxomolybdate,
namely the surfactant-encapsulated Keplerate (DODA)40(NH4)2-
[(H2O)n⊂Mo132O372(CH3COO)30(H2O)72] (2, n ≈ 50). Com-
pound 2 was prepared from (NH4)42[Mo132O372(CH3COO)30-
(H2O)72]‚ca. 300 H2O‚ ca. 10 CH3COONH4 (1), the structure
and synthesis of which have been described previously (ref 6).

Results and Discussion

For the surfactant-encapsulated cluster (SEC)2, we propose
the following structure (compare Figure 1a): a single anionic
Keplerate cluster1 resides in a hydrophobic shell of 40 DODA
molecules, leading to a discrete, nearly spherical particle. The
cationic headgroups of the surfactant molecules point toward
the negatively charged surface of the cluster core1, which itself
possesses an average diameter of 3.0 nm, as derived from the
crystal structure of1 (ref 6). To determine the solvent-accessible
surface (SAS) of1, we assumed a surface probe radius of 0.28
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nm, which refers to the estimated van der Waals radius of the
tetramethylammonium cation that we considered as a model for
the headgroup of DODA. Modeling the SAS of1 yields a value
of 33.4 nm2.8 Within the given range of uncertainty, this
corresponds reasonably well to the empirical value of 32 ((8)
nm2 for the complete surface area of 40 DODA molecules.9

Geometric matching of the two juxtaposed ionic surfaces may
be a critical point for driving the self-encapsulation process to
completeness. The surface charge density of the cluster anion
1 is such that all DODA molecules find sufficient space to form
a single layer at a van der Waals distance to the cluster surface.
The covered surface area of a 0.84 nm2/DODA molecule
furthermore suggests a rather tight packing of the amphiphile
at the cluster surface. The SAS of1 for a 0.28 nm probe
displays a continuous spherically shaped surface which indicates
that the DODA cations cannot penetrate the large central cavity
of the Keplerate. In contrast, the SAS of1 for a 0.14 nm probe,
which is often referred to as the water-accessible (Connolly)
surface,10 extends into the central cavity through each of the
20 noncircular (Mo-O) 9-ring openings (ring aperture 0.30-
0.56 nm). The 30 coordinated acetate ligands of1 point with
their methyl groups toward the center of the cluster, rendering
the inner surface of the Keplerate partly hydrophobic. Neverthe-
less, the remaining internal cavity is quite large: from the crystal
structure of1 we determined a void volume of approximately
1.5((0.3) nm3. For a specific H2O density of 1 g/cm3 ()33.5
H2O molecules/nm3), we conclude that as many as 50((15) H2O
molecules reside within the central cavity of1.11

Experimental evidence for the proposed structural model thus
far is deduced from spectroscopic investigations, small-angle
X-ray scattering (SAXS), and electron microscopy.

The UV-vis and IR spectra of2 show the characteristic
features of the Keplerate cluster (Experimental Section). Small-
angle X-ray scattering (SAXS) studies were performed on
solutions of2 in toluene and on solutions of1 in 1 M aqueous
NH4Cl, respectively. As a sensitive probe for electron-density
differences in the scattering medium, the pair-distance distribu-
tion function (PDDF) obtained from SAXS provides information
on the maximum dimension of the particle and its radius of
gyration. In diluted systems where interparticle interferences
can be neglected, the PDDF profile is characteristic for the shape
and internal structure of the particles.12 From the PDDF of2 in
toluene (and of1 in aqueous solution, respectively; compare
Figure 2a) the particle diameters are estimated to be 2.8( 0.2
nm, which is in excellent agreement with the crystallographic
data of1. (The small negative oscillation in the PDDF of1 at
large radial distances is caused presumably by residual contribu-
tions of interparticle interferences that could not be avoided
completely although NH4Cl electrolyte was added to the aqueous
solution of1 to screen long-range Coulomb interactions.) The
PDDFs of2 in toluene and of1 in aqueous solution (Figure
2a) are both asymmetric in shape and bent toward large radial
distances, which is a characteristic feature of hollow spheres.
In particular, the slope of the graph for 2.5< r < 3.0 nm
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Figure 1. (a) Schematic representation of the surfactant-encapsulated
cluster (SEC)2. The Mo-O framework of the Keplerate1 is shown
as a fused-polyhedral model. The DODA amphiphiles, only a fraction
of which are represented in the scheme, form a hydrophobic shell around
the cluster. Molecular dynamics simulations of a single SEC2 placed
within a periodic solvent-filled (CHCl3) box indicate that in solution
the relative density of the appending C18 chains decreases as the radial
distance from the cluster increases. Due to the conformational flexibility
of the C18 chains, the external boundary of the SEC (represented by
the broken line) is not sharply defined. (b) Schematic representation
of a single layer of2 in accordance with TEM data and molecular
models. The SECs arrange on a 2D lattice to form a closest packing.
Surfactant shells of neighboring SECs locally interpenetrate one another.
One of the SECs is displayed cross-sectioned to further highlight the
supramolecular architecture.
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descends faster in comparison to the hypothetical PDDF
corresponding to a solution of homogeneous but polydisperse
spherical particles with a PDDF maximum at the same radial
distance. The topmost curve in Figure 2a shows the theoretical
PDDF, computed with a particle model based on the crystal-
lographic coordinates of1, which is very similar to the
experimental PDDFs. The correspondence between the experi-
mental and the theoretical PDDFs may be regarded as a strong
indication for the fact that the structural integrity of the Keplerate
clusters is preserved within the SEC during and after the
preparation procedure. Figure 2b shows the calculated difference
electron-density profile (DEDP) as a function of the particle
radius. Clearly, the electron density is smaller at the center of
the sphere than on the periphery, in accordance with the hollow
sphere structure of1. For small radii the DEDPs oscillate around
zero, which is more pronounced for the aqueous solution of
compound1 compared with the toluene solution of compound
2. This behavior may also be due to the residual influence of
interparticle interferences.

Discrete clusters as in2 have been directly imaged by
transmission electron microscopy. Figure 3a shows a thin film

originally cast onto a water surface. The inorganic cores of2
appear as dark spots embedded in a bright matrix of surfactant
molecules. Both the diameter of the dark objects (ca. 3 nm) as
well as the average distance between them (ca. 4.5 nm) match
the film structure depicted in Figure 1b. The image shows
monolayer regions, regions consisting of a bilayer (darker) and
the uncovered substrate (brighter). Small domains exhibit
hexagonal arrays of SECs corresponding to a two-dimensional
dense packing of spherical particles (arrows). In thicker films,
the order improves and becomes three-dimensional. An ordered
region is shown in Figure 3b; the related electron diffraction
pattern (insert) clearly reveals long-range order (spots rather
than rings) and a 3-fold symmetry for the pattern of reflections
corresponding to a spacing of 4.2 nm. Due to the local
appearance of 4-fold symmetry projections it can be assumed
that the SECs are arranged on a fcc lattice with the most dense
(111) planes preferentially oriented parallel to the substrate, as
is the case for latex films.13 We conclude, therefore, that the
diffraction pattern reflects the reciprocal structure from the
triangular array of particles in a (111) plane at normal orientation
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Figure 2. Small-angle X-ray scattering data. (a) Experimental pair-
distance distribution functions (PDDFs) of the cluster anion1 (bottom)
and of the SEC2 (middle). The dashed curve at the top represents a
simulated PDDF, based on the crystallographic atomic positions of1.
The PDDFs are asymmetrically bent toward large radial distances,
which is indicative of a hollow sphere structure of the scattering
particles. The mean particle diameter for2 (and1, respectively) is 2.8
( 0.2 nm, which is in excellent agreement with the molecular
dimensions of1 (av diameter: 3.0 nm). (b) Calculated difference
electron-density profiles (DEDP) of2 (top) and1 (bottom) showing
sharp maximums at a radius of 1.3 nm which may be ascribed to an
electron-dense shell of Mo centers.

Figure 3. (a) TEM micrograph of a thin film of2 (scale bar 50 nm).
Extended monolayers, interspersed with holes and doublelayer regions,
are visible. Arrows mark some regions of apparent hexagonal order.
(b) TEM micrograph of an ordered region of a thicker film at high
magnification (scale bar 20 nm). The insert shows a low-angle electron
diffraction pattern (elastically filtered) recorded from a larger area (5
µm2) containing the region shown.
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to the beam, and that the packing of the SECs is best described
within a fcc lattice with a cubic unit cell axis of approximately
6 nm.

One of the characteristic features of the SEC2 is that it
spreads at the air-water interface. We used this property to
measure the molecular area of2. From the compression isotherm
of a monolayer of2, shown in Figure 4, we determined a
molecular area of 15 nm2 at the collapse point, which corre-
sponds to the most dense possible packing.

Assuming a void-free monolayer in which the inorganic
cluster cores are packed in a hexagonal array as suggested in
Figure 1b, a core-to-core distance of 4.2 nm is obtained, which
is in excellent agreement with the TEM data. The molecular
area for noninteracting SECs determined at the onset of the
isotherm (π ) 0) is 32 nm2, corresponding to a diameter (of
the spherical projection) of 6.4 nm.

Summary and Outlook
In summary, we provide experimental evidence for the

formation of a surfactant-encapsulated Keplerate (DODA)40-
(NH4)2[(H2O)n⊂Mo132O372(CH3COO)30(H2O)72] (2, n ≈ 50).
Compound2 is prepared by a stepwise self-assembly process,
starting from simple commercially available compounds, and
finally leading to a discrete supramolecular architecture com-
posed of at least 2300 non-hydrogen atoms and with a molecular
mass of roughly 45 kDa. Future studies will concentrate on the
molecular dynamic behavior of2 in different organic solvents.
The nanoporous structure of1 suggests the use of surfactant-
encapsulated Keplerates2 as nanoreactors in homogeneous
solutions. Since1 possesses uniform apertures, a zeolite-like
shape-selective loading of the cluster cavity may be achieved.
This, together with the well-known catalytic properties of
polyoxomolybdate clusters, would certainly represent a com-
pletely novel type of supramolecular catalyst and host-guest
system from which functional nanodevices may evolve.

Experimental Section
Synthesis of 2.A freshly prepared aqueous solution of (NH4)42-

[Mo132O372(CH3COO)30(H2O)72]‚ca. 300 H2O‚ca. 10 CH3COONH4 (1)
was treated with a trichloromethane solution of the surfactant dimeth-
yldioctadecylammonium bromide (DODA‚Br). The initial ratio of
DODA to 1 was 38:1, and the amount of surfactant was gradually
increased until the aqueous phase became almost colorless. From the
organic phase, a brownish material was isolated which corresponds to
the tentative formula 2: (DODA)40(NH4)2[(H2O)50⊂Mo132O372-

(CH3COO)30(H2O)72]. A sample of2 was dried for 5 days at room
temperature (3 mbar). Anal. Calcd for C1580H3542Mo132N42O554: C,
42.49; H, 7.99; N, 1.32; Mo, 28.35. Found: C, 42.67; H, 7.51; N, 1.12;
Mo, 29.9.

Based on the accuracy of elemental analysis, we estimate a margin
of error for the DODA/NH4 ratio of 2 in the range of 38:4 to 42:0.

Spectral Data of 2. UV-vis (CHCl3): 470 nm,ε 3.40× 105 M-1

cm-1. (A nonbuffered aqueous solution of1 displayed similar spectral
properties, UV-vis (H2O): 470 nm,ε 3.16× 105 M-1 cm-1.) IR (KBr,
cm-1): 2955, 2922, 2872, 2852, 1557, 1466, 1401, 1024, 981, 956,
859, 804, 735, 630, 574.

Small-Angle X-ray Scattering (SAXS).Compound1 was dissolved
in aqueous 1.0 N NH4Cl at a concentration of 20.45 g/L; compound2
was dissolved in toluene at a concentration of 20.59 g/L. The solutions
were directly filtered into capillaries using 20 nm pore-size filters. The
scattering experiments were done with a Kratky compact camera system
that was equipped with a stepping motor and a counting tube with an
impulse-height discriminator. The light source was a conventional X-ray
tube with fixed copper target operating at 40 mA and 30 kV (CuKR
) 0.154 nm). No monochromator (except the built-in impulse-height
discriminator of the detector) was used. Instead, theKb contributions
were numerically accounted for in the subsequent desmearing procedure
which is included in the program ITP that transforms the scattering
data into pair-distance distribution functions (PDDF).14 The blank-
scattering contributions of the solvents, sample holder, and incoherent
(Compton) scattering were subtracted prior to any calculations. The
theoretical relationship between the scattering functionI(q) and the
PDDF p(r) is

wherer is the radial distance,q ) (4π/l)sin(θ/2), λ is the wavelength
of the X-rays, andθ is the detection angle. The actual calculations
dealing with the experimental scattering curvesIexp(q) accounted for
the finite beam dimensions and the wavelength profile by using

whereQ(x) is the beam-width profile,P(t) is the beam-length profile,
λ′ ) λ/λo, andW(λ) is the wavelength distribution centered at the
reference wavelengthλo.

The radial difference electron-density profiles (DEDP) were calcu-
lated by deconvoluting the PDDFs with the program DECON.15 This
program applies

whereF(r) is the radial DEDP. For details of the involved calculations
the reader is referred to the cited literature.

TEM. Thin films of 2 were prepared by evaporating a trichlo-
romethane solution of2 cast onto a water surface and transferred to
thin (6 nm) carbon film coated TEM grids. Thicker films were directly
cast onto such grids. Specimens were investigated in a Leo EM 912Ω
at 120 kV using the elastic filtering mode. Images and diffraction
patterns were recorded with a slow scan CCD camera (1024× 1024
pixels, 14 bits graylevels).

Langmuir Films. Langmuir films of2 were prepared with a Lauda
film balance. A 20.55 mg sample of2 was dissolved in 10 mL of CHCl3

(c 4.82× 10-5 M) and 100µL of the solution was spread over distilled
H2O (Milli-Q H 2O with a resistance higher than 18.2 MΩ cm) at 18
°C.
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Figure 4. Surface pressure-area (π-A) isotherm of2 at the air-
water interface.
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