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Polyoxometalates (POMs) are anionic metal–oxygen clusters
with a remarkable variety of structures and potential appli-
cations (catalysis, medicine, materials science, and nano-
technology).[1] The combination of their bifunctional activity
as H+/e� reservoirs with the unique features of 4f ions
(luminescence, magnetism, Lewis acid catalysis) is of partic-
ular interest and could afford species with enhanced proper-
ties owing to synergistic effects. Because of their oxophilicity
and high coordination numbers, 4f ions display a powerful
ability to link lacunary polytungstates (POTs) to build
unprecedented architectures. The larger size of 4f ions
compared to 3d metals prevents their full incorporation in
lacunary frameworks as addendum atoms, and therefore
additional sites are available for further derivatization. For
monolacunary POTs, this mainly results in Peacock–Weakley
sandwich POTs or in dimers and extended arrangements of
1:1 monomers.[2]

The use of di- and trilacunary building blocks has led to a
dramatic increase in the number and size of 4f-containing
POTs in recent years. In addition to several medium to large
assemblies,[3] this approach has also resulted in a few giant
species with more than 100 W atoms,[4] which are amongst the
largest POTs known. These are [As12Ce16W148O524-
(H2O)36]

76�,[4a] which has remained the largest POT since
1997; [Gd8As12W124O432(H2O)36]

60�, recently reported as the
longest and second-largest POT;[4b] and
[Ce20Ge10W100O376(OH)4(H2O)30]

56�, which contains the larg-
est number of 4f ions besides being the fourth-largest POT.[4c]

However, these assemblies are still small compared to Mo-
blue POMs, for which a cluster as large as Mo368 is known.[5]

Therefore, the search for giant POTs comparable to Mo blues
is an attractive challenge, and supramolecular chemistry of 4f
ions and lacunary fragments appears to be a suitable strategy
that could allow rational design of tailored assemblies.

Here we report [K�K7Ce24Ge12W120O456(OH)12(H2O)64]
52�

(1) as the largest tungstogermanate and third-largest POT to
date. Besides containing the largest number of 4f ions in a
POM, 1 can be considered as the first giant POTwith a crown
shape, that is, with a ring structure displaying a central cavity
available for ion encapsulation in an inorganic analogue of
the crown ethers, and thus a new type of topology is added to
this still limited family of POMs.

Recently, we reported the first 3d–4f heterometallic POM
derived from the Weakley-type structure.[6] With the aim of
systematically incorporating 4f ions into this sandwich
structure, we replaced half of the 3d precursor by a source
of 4f ions in the direct synthesis of Weakley tungstogerma-
nates.[7] Instead of the expected 3d–4f POT, 1 was obtained as
Na40K6[Ni(H2O)6]3[1]·nH2O (Ni-1, n� 178) in moderate yield
from this simple one-pot procedure.

Polyanion 1 (Figure 1 a) can be viewed as the product of
the K+-directed self-assembly of twelve [Ce2GeW10O38]

6�

subunits ({Ce2GeW10}) formed in situ, each of which is
composed of a dilacunary Keggin fragment stabilized by
coordination of two Ce ions on the vacant sites through four
Ce�O bonds (Figure 1b). As many as three distinct types of
{GeW10} skeletons are observed: the enantiomeric forms
b(1,8) and b(1,5) and the g(3,4) fragment,[8] and all of them
are of the anti-Lipscomb type.[9] The vacant sites in the b

forms are located at the W3O15 group and the central belt,
whereas the Cs-symmetric g(3,4) form is obtained by removal
of one WO6 octahedron from each rotated W3O13 triad
(Figure S1, Supporting Information). Among the reported {b-
XW10}-containing POTs,[4c,10] only one b form displays vacan-
cies at the belt and a W3O15 group to the best of our
knowledge, namely, b(1,9).[10d] On the other hand, a single g-
dilacunary species was known to date: the C2v-symmetric
g(1,2) form with vacancies at the two edge-sharing octahedra
of the rotated triads.[11] Therefore, all three {GeW10} frag-
ments in 1 are completely unprecedented and they represent
additional, interesting building blocks in POM chemistry.

The fact that {Ce20W100}, composed of {b(4,11)-Ce2GeW10}
subunits, is obtained from the [A-a-GeW9O34]

10� precursor at
a similar pH[4c] suggests that a diversity of {GeW10} isomers
may be formed under moderately acidic conditions regardless
of the tungstogermanate source. Most likely, they are rapidly
interexchangeable, highly reactive intermediates in the for-
mation of the predominant {GeW11} species. In both cases,
they could be stabilized by Ce coordination, which allowed
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isolation as different POT assemblies. The fact that POTs
comprising {b-M2GeW10} subunits[10] are also obtained at
pH 4.5–5.5 range starting from [g-GeW10O36]

8� further sup-
ports this hypothesis.

Polyanion 1 contains a [K�{[Ce(H2O)2]2(b-
GeW10O38)}6]

35� crown-shaped core (K�{b-Ce2GeW10}6) com-
posed of three b(1,8)- and three b(1,5)-{Ce2GeW10} subunits
arranged alternately (Figure 1c). Neighboring subunits are
linked by coordination of Ce ions in position 1 to two cis-
related O atoms from the belt WO6 octahedron adjacent to
both vacancies, in such a way that Ce1�Ob�Ce1 (Ob: bridging
oxygen) bridges are formed. This results in a ring of six
corner-sharing CeO8 square-antiprisms in which the Ce atoms
are quasicoplanar and display two terminal H2O molecules,
one of which is directed to the inner part of the Ce6O6

skeleton (Figure 2a). This creates a central pocket that
hosts a K+ ion, which therefore shows a six-coordinate
geometry best described as distorted octahedral. Although it
resembles the crown-shaped [K�{Eu(H2O)2(AsW9O33)}6]

35�

to a certain degree,[3e] such a Ce6O42 cyclic motif and
subsequent ion capturing by interaction with internal H2O
molecules has not been observed before.

The K�{b-Ce2GeW10}6 core displays additional Ce�Ot�W
(Ot: terminal oxygen) bridges between belt Ce atoms and
corner-sharing CeW2 groups of {b-Ce2GeW10} neighbors
(Figure 2a). This cyclic arrangement is reinforced by six
outer {g-Ce2GeW10} subunits, connected to two adjacent b

subunits through Ce coordination to Ot atoms of the CeW2

group and the rotated cap, together with Ce�O bonding
between the g-WO6 octahedron adjacent to both vacancies
and belt b-Ce centers. Bond valence sum (BVS) calcula-
tions[12] indicate diprotonation of the g-subunits on the Ce-
coordinated O atom of WO6 positions 9 or 10 (Figure S1,
Supporting Information) and on the Ob atom of the W2O10

dimer not linked to K+ (BVS values: 0.98–1.32). This is fully
consistent with elemental analyses.

The assembly of the {Ce2GeW10} subunits results in 1 with
Ci symmetry and about 4 nm diameter. The fact that no
identifiable products were obtained in the exclusive presence
of Na+ indicates that K+ plays a key role in the formation of 1.
Thus, K+ appears to be essential to stabilize the {g-Ce2GeW10}
subunits and their linkage to the crown-shaped core. More-
over, the architecture of 1 suggests that the central K+ ion acts
as an effective template. The geometry of the {K(H2O)6}
fragment imprints the whole architecture, in such a way that 1
can be seen as an arrangement of {g-Ce2GeW10} subunits with
the Ge atoms at the vertices of a highly distorted octahedron,
which in turn encloses an analogous octahedron of {b-
Ce2GeW10} subunits containing the central {K(H2O)6} frag-
ment (Figure S2, Supporting Information).

The 24 Ce atoms in 1 display square-antiprismatic geo-
metries with two and three terminal H2O ligands for b- and g-
Ce atoms, respectively (Figure S3, Supporting Information).

Figure 1. Polyhedral/ball-and-stick representations of a) polyanion 1;
OW: water. b) b(1,8)-, b(1,5)-, and g(3,4)-{Ce2GeW10} subunits.
c) K�{b-Ce2GeW10}6 crown-shaped core.

Figure 2. a) K�Ce6O42 ring and connectivity between two b- and one
g-{Ce2GeW10} adjacent subunits. b) 1D assembly [1]1 (only the core
is depicted; bridging Ce ions represented as square antiprisms).
c) ONi�H···OPOM bonding pattern of a [Ni(H2O)6]

2+ cation (dark gray
octahedron) buried between two [1]1.
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Each polyanion 1 is linked to two neighbors via four g-Ce�
Ot�W bridges, resulting in 1D assemblies (Figure 2b) that run
along the [010] direction and are arranged in layers parallel to
the ab plane (Figure S4, Supporting Information). One-third
of the [Ni(H2O)6]

2+ cations occupy intralamellar spaces,
closely embraced by two b and two g subunits from adjacent
[1]1 chains through 10 strong ONi�H···OPOM hydrogen bonds
(Figure 2c). When the one-pot synthetic procedure for Ni-1
was performed with a source of Co2+ or Mn2+,[13] the Co-1 and
Mn-1 analogues were obtained according to the IR spectra
(Figure S5, Supporting Information), but using Cu2+ led to no
identifiable solids. This suggests that the plasticity and Jahn–
Teller distortion of Cu2+ prevent [Cu(H2O)n]

2+ being buried in
the intralamellar cavities, and moreover, that the hydrogen-
bonding pattern displayed by regular [M(H2O)6]

2+ octahedral
cations is an essential factor for 1 to be isolated.

Due to the similar lengths of all intermolecular Ce�OPOM

bonds, it is not possible to unambiguously infer from the
structure which species could be present in solution after
fragmentation of [1]1 chains. To investigate this, a combina-
tion of IR, UV/Vis, and dynamic light scattering (DLS)
techniques was selected after considering the low solubility
and paramagnetism of Ni-1 as major handicaps for 183W NMR
spectroscopy. First, we carried out preliminary IR tests on the
stability of the {Ce2GeW10} subunits because the possibility
that they undergo transformation to other species could not
be disregarded given the unusual structure of the {GeW10}
fragments. Thus, the IR spectrum of an approximately 2 mm

aqueous solution was recorded daily on a single drop placed
over a KBr pellet for two weeks. All spectra proved to be
virtually identical to that of solid Ni-1 with no significant
shifts or additional peaks, that is, the {Ce2GeW10} subunits
remained stable and no other tungstogermanates were
formed. Indeed, the solution UV/Vis spectrum also remained
unchanged during this time (Figure S6, Supporting Informa-
tion).

Once the stability of these subunits was confirmed, we
monitored the solution by DLS measurements to investigate
maintenance of the dodecameric 1 assembly (Figure S7,
Supporting Information). Immediately after dissolution, two
relatively narrow distributions centered at hydrodynamic
diameters of about 2.7 and 195 nm are observed (3:2 relative
intensity). Interestingly, the peak at about 2.7 nm splits into
two overlapping signals with similar intensities and maxima at
about 1.4 and 2.8 nm for an approximately 4 mm solution.
These values compare well with the diameters of monomeric
{Ce2GeW10} and hexameric K�{b-Ce2GeW10}6 (ca. 1.1 and
2.5 nm, respectively). The DLS picture is not static: while the
peak at about 2.7 nm becomes less intense, the maximum of
the second signal shifts to larger diameters and its intensity
increases with time, so that it becomes the predominant peak
after 48 h. For a six-day-aged solution, the peak at about
2.7 nm cannot be detected anymore, and after two weeks, the
second signal is stabilized at about 260 nm, reaching its
maximum intensity and narrowest distribution. This behavior
resembles that of [Cu20Cl(OH)24(H2O)12(P8W48O184)]25�,
which is the smallest POM known to form blackberry-type
superstructures in solution and has a size similar to K�{b-
Ce2GeW10}6.

[14] These observations show that the dodeca-

meric 1 assembly (d� 4.0 nm) is not stable on dissolution, and
they suggest that the outer {g-Ce2GeW10} subunits are most
likely dissociated from the central K�{b-Ce2GeW10}6 cores.
Based on these results, it seems plausible that addition of K+

to the reaction mixture promotes formation of K�{b-
Ce2GeW10}6 and stabilization of {g-Ce2GeW10}, which assem-
ble together on crystallization with [Ni(H2O)6]

2+ cations.
Moreover, the K�{b-Ce2GeW10}6 hexamers appear to
undergo slow self-aggregation to form supramolecular black-
berry-type structures. Further investigations on this by static
light scattering and microscopy techniques (scanning electron
microscopy, atomic force microscopy) are planned and will be
reported in due course.

The cT (c : magnetic susceptibility) product of Ni-1 at
room temperature is in good agreement with that expected
for 24 CeIII and three NiII (20.4 vs. ca. 21 emuKmol�1,
Figure S8 in the Supporting Information) and it continuously
decreases down to 5 K, where a change in slope and a faster
decrease are observed. According to the structure, the NiII

atoms are magnetically isolated and any possible magnetic
exchange should come from CeIII–CeIII interactions. Unfortu-
nately, there is a lack of systematic studies on magnetic
exchange between paramagnetic 4f ions, so that descriptions
of ferro- (F) or antiferromagnetic (AF) weak interactions are
scarce.[15] In a related O-bridged hexameric YbIII cluster,
magnetic data were fitted by simply taking into account the
single-ion anisotropy and a dipolar exchange of only about
0.01 cm�1.[16] Thus, we can assume that only the O-bridged
CeIII ions in the Ce6O42 ring could be involved in magnetic
exchange, since the O�W�O long pathways between all other
CeIII ions would result in negligible interactions.

The high anisotropy of CeIII makes magnetic data very
difficult to analyze, because it is responsible for the contin-
uous decrease of cT at high temperature, and prevents
observation of CeIII–CeIII interactions in most cases.[17] The
2F5/2 free-ion ground sate splits into Kramers doublets
because of the ligand field, but strong mixing between
ground and excited local Kramers doublets is maintained.
Weak magnetic exchange has been claimed only for [Ce2-
(OAc)6(o-phen)2] (o-phen = o-phenanthroline), in which the
presence of a singlet–triplet configuration from the coupling
between two “pure” Kramers doublets at very low temper-
ature is assumed.[18] In our case, such an assumption is not
feasible because the magnetic moment at low temperature is
affected by all magnetically independent CeIII and NiII ions.
Although a quantitative treatment of the data is not possible,
we compared the magnetic behavior with that expected for
the isolated ions to look for a qualitative analysis (Figure S8,
Supporting Information). A good agreement between the two
curves is observed at high temperature, but the magnetic
moment of Ni-1 shows a much faster decrease, which suggests
the presence of AF interactions. Indeed, an essentially
identical Curie constant is found in the 1/c plot (Cexp = 23.8,
Cestim = 23.0 emuK mol�1), while the Weiss constant is almost
doubled (qexp =�51, qestim =�30 K). This feature can only be
attributed to the presence of weak AF interactions in the
Ce6O42 ring.

In summary, the largest tungstogermanate and third-
largest POT, [K�K7Ce24Ge12W120O456(OH)12(H2O)64]

52� (1),

Communications

8386 www.angewandte.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2010, 49, 8384 –8388

http://www.angewandte.org


has been obtained in a simple one-pot reaction by K+-directed
self-assembly of three unprecedented types of {GeW10}
fragments formed in situ and stabilized by coordination of
Ce ions on the vacancies. Besides showing the highest number
of 4f ions to date, 1 represents the first giant POT with a
crown-shaped ring structure. It contains a unique Ce6O42

central ring displaying CeIII–CeIII AF interactions in which a
K+ ion is captured by internal H2O molecules. Dodecameric 1
most likely dissociates upon dissolution into {g-Ce2GeW10}
monomers and K�{b-Ce2GeW10}6 hexamers, which appear to
undergo a blackberry-type aggregation that will be studied in
the near future. We also plan to systematically investigate the
influence of the synthetic variables of this type of one-pot
procedure (e.g. solvent, pH, countercation) on the final
products.

Experimental Section
Ni-1: Solid Ce(NO3)3·6 H2O (0.426 g, 0.98 mmol), GeO2 (0.093 g,
0.89 mmol), and Na2WO4·2H2O (2.640 g, 8.00 mmol) were succes-
sively added to a solution of NiCl2·6H2O (0.233 g, 0.98 mmol) in 0.5m
NaOAc/AcOH buffer (40 mL). The reaction mixture was stirred for
1 h. After filtering any solid off, 1m KCl (0.5 mL) was added to the
resulting yellow solution. Single crystals suitable for X-ray diffraction
were obtained by slow evaporation at room temperature after about
4 d (0.65 g, 24 %). Elemental analysis (%) calcd for
Ce24Ge12H532K14Na40Ni3O716W120: Ce 8.42, Ge 2.18, K 1.37, Na 2.30,
Ni 0.44, W 55.25; found: Ce 8.42, Ge 2.27, K 1.39, Na 2.24, Ni 0.40, W
54.24; IR: ~nn = 941 (s), 824 (vs), 785 (vs), 700 (s), 488 (w), 457 (w),
430 cm�1 (w). TGA/DTA: 11.7% mass loss due to endothermic
release of about 260 H2O molecules below 225 8C (Figure S10,
Supporting Information), of which 218 were determined by X-ray
diffraction. Two exothermic peaks in the range 510–5708C indicate
final decomposition.

Crystal data for Ni-1: Ce24Ge12H532K14Na40Ni3O716W120, FW=
39931.3 gmol�1, triclinic P�11, a = 25.123(2), b = 27.424(3), c =
30.816(3) �, a = 75.387(3), b = 73.270(3), g = 69.846(4)8, V =

18809(3) �3, T= 100(2) K, Z = 1, 1calcd = 3.525 gcm�3, m =
20.435 mm�1, 2qmax = 52.08, 201910 reflections, 69 657 unique (Rint =

0.089), 43862 observed (I> 2sI), 2130 parameters, R(F) = 0.076 (I>
2sI), wR(F)2 = 0.233 (all data), GoF = 1.035, max./min. electron
densities 6.408/�4.553 e��3, orange plate (0.01 � 0.10 � 0.20 mm3).
Bruker-Nonius Kappa APEX II (4 K CCD detector, monochromated
MoKa radiation, l = 0.71073 �). Further details on the crystal
structure investigations may be obtained from the Fachinformations-
zentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax:
(+ 49)7247-808-666; e-mail: crysdata@fiz-karlsruhe.de), on quoting
the depository number CSD-380477.
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