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Polyoxometalates (POMs) are anionic metal oxide clusters
with a wide structural variety and interesting properties,[1] and
have potential applications in diverse areas such as catalysis,
magnetism, bio- and nanotechnology, medicine, and materials
science.[2] POMs are usually synthesized through condensa-
tion reactions in aqueous, acidic solution. These reactions can
be influenced by careful variation of the synthetic conditions,
for example, the ratio and concentration of reagents, solvent,
pH, countercations, and temperature. Under suitable syn-
thetic conditions, POMs usually form quickly by self-assembly
processes.

Lanthanide ions incorporated into POM frameworks
show interesting luminescence, magnetic, and Lewis acid
catalytic properties. Because of their larger coordination
numbers relative to 3d transition metals, lanthanides are
suitable for linking POM fragments into discrete POMs or
extended metal–oxygen frameworks.[3] In recent years, there
has been a significant increase in the number and also the size
of the lanthanide-containing polytungstates.[4] In 1997 Pope
and co-workers reported a POM containing 148 tungsten and
16 cerium atoms, [As12Ce16(H2O)36W148O524]

76�, which
remains the largest discrete, molecular polytungstate known
to date.[5] A few years later, Francesconi and co-workers
reported the large, europium-containing phosphotungstate
[(PEu2W10O38)4(W3O14)]30�.[6] Gouzerh and co-workers de-
scribed two large cerium-containing polyanions, [Ce-
(H2O)5As4W40O140]

25� and [(SbW9O33)4{WO2(H2O)}2Ce3-
(H2O)8(Sb4O4)]19�.[7] Also, Fukaya and Yamase reported two
crown-shaped, europium-containing tungstoarsenates(III),
[K�{Eu(H2O)2(a-AsW9O33)}6]

35� and [Cs�{Eu(H2O)2(a-
AsW9O33)}4]

23�.[8] Our group has also been interested in the
interaction of lanthanide ions with lacunary POMs.[9] In 2003,
we reported the ytterbium-substituted tungstoarsenate(III)
[YbAs2W20O68(H2O)3]

7� and also the La-containing Wells–
Dawson dimer [{La(CH3COO)(H2O)2(a2-P2W17O61)}2]

16�

with two acetates bridging the La3+ ions.[9a,b] In 2007 we

prepared the chiral Peacock–Weakley-type POMs [Ln(b2-
SiW11O39)2]

13� (Ln=La, Ce, Sm, Eu, Gd, Tb, Yb, Lu).[9c]

We then decided to focus on the trilacunary polyanion
precursor [a-GeW9O34]

10�, first reported by HervA and TAzA
in 1977.[10] No lanthanide-containing derivative of this POM
precursor has been reported so far. The trilacunary nature of
[a-GeW9O34]

10� may allow coordination with several lantha-
nide centers, perhaps resulting in the formation of very large
POMs.

Herein we report the 20-cerium(III) ion tungstogerma-
nate [Ce20Ge10W100O376(OH)4(H2O)30]

56� (1). Polyanion 1 was
synthesized by reaction of the trilacunary POM precursor [a-
GeW9O34]

10� with CeIII ions in a 1:1 ratio in water at pH 5.0
and isolated as the mixed cesium-sodium salt
Cs28Na28[Ce20Ge10W100O376(OH)4(H2O)30]·nH2O (n� 180;
CsNa-1), which crystallizes in the monoclinic space group
P21/n (Figure 1).[11] It has a crystallographic inversion center
resulting in point group symmetry Ci. The polyanion could
also be obtained as the sodium salt Na56[Ce20Ge10W100-
O376(OH)4(H2O)30]·nH2O (n� 180; Na-1) by using an aque-
ous 1m NaCl solution instead of water as the solvent but
otherwise analogous reaction conditions. Although these
conditions resulted in a better yield (see the Experimental
Section), the crystals were not suitable for X-ray diffraction.
However, the similarity of the IR spectra of the sodium and
mixed cesium-sodium salts suggests that the same polyanion
is present in both compounds.

Polyanion 1 can be described as a dimeric entity composed
of two half units of [Ce10Ge5W50O188(OH)2(H2O)15]

28� (1a)
related by an inversion center (Figure 2). The two units 1a are
linked to each other through long Ce�O(W) bridges
(2.61(4) I), which suggests that 1 might dissociate readily in
solution to provide two equivalents of 1a. Our preliminary
183W NMR measurements on re-dissolved Na-1 (CsNa-1 was
not soluble enough) are not conclusive. We realize that NMR
spectroscopy will most likely not allow us to conclude if 1 or
1a or both (in equilibrium) are actually present in solution.[12]

Besides PopeJs cyclic W148-POM [As12Ce16-
(H2O)36W148O524]

76� [5] and our ball-shaped dimethyltin-con-
taining W108-POM [{Sn(CH3)2(H2O)}24{Sn(CH3)2}12(A-
XW9O34)12]

36� (X=P, As),[13] polyanion 1 is the third-largest
(in terms of the number of W centers) polytungstate reported
to date. The roughly dumbbell-shaped 1 has a maximum
dimension of about 4.2 nm.

Each half unit 1a comprises five {b(4,11)-GeW10O38} units
(i.e., b-Keggin fragments that have lost a WO6 group from
position 4 in the belt and position 11 in the rotated triad,
according to the IUPAC rules for POMs) [2b] linked asym-
metrically by ten Ce3+ centers, resulting in an asymmetric
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assembly with C1 symmetry (see Figure 2). The dilacunary
{b(4,11)-GeW10O38} Keggin unit is unprecedented. Recently
we reported the dimeric and trimeric zirconium-containing
tungstosilicates [Zr4O2(OH)2(H2O)4(b-SiW10O37)2]

10� and
[Zr6O2(OH)4(H2O)3(b-SiW10O37)3]

14� with lacunary Keggin
fragments closely related to those in 1.[15] However, the Zr4-
POM is based on {b(1,9)-SiW10O37} and {b(4,9)-SiW10O37}
units, and the Zr6-POM on {b(4,10)-SiW10O37} units. Close
inspection of the structure of 1a indicates that essentially five
dicerium-containing {b(4,11)-GeW10O38} building blocks are
linked to each other. In other words, each of the dilacunary
b(4,11)-Keggin units has two cerium ions coordinated to the
respective vacant sites in the rotated triad and the belt.

The same linkage mode through a cerium ion incorpo-
rated in the Keggin “belt” has been seen previously in the
lanthanide-containing tungstosilicates [Ln(b2-SiW11O39)2]

13�

(Ln=La, Ce, Sm, Eu, Gd, Tb, Yb, Lu).[9c] These observations
allow us to suggest a likely mechanism of formation for 1a by
initial formation of the monomeric building blocks (b(4,11)-
Ce2GeW10O38), which then (most likely gradually) self-
assemble in an asymmetric fashion to give 1a. Then two

enantiomers of 1a (R,S or S,R) dimerize through two Ce�
O(W’) bonds to give 1 (which has Ci symmetry).

We have already pointed out above that 1 contains
exclusively dilacunary “GeW10” Keggin units, although the
reaction was carried out with the trilacunary “GeW9”
precursor. Gain (and also loss) of tungsten during a reaction
involving lacunary polytungstate precursors has been
observed, for example, in the reaction of MnII ions with [g-
SiW10O36]

8� to give the trimeric, cyclic, chiral POM [(b2-
SiW11MnO38OH)3]

15�.[16]

To find a more rational synthetic procedure for 1, we tried
several other reactions, for example, with [g-GeW10O36]

8� [17]

as precursor or starting with [a-GeW9O34]
10� and adding one

Figure 2. Left: Exploded view of the half unit [Ce10Ge5W50O188(OH)2-
(H2O)15]

28� (1a); right: arrangement of the five equivalent “Ce2GeW10”
Keggin building blocks in 1 (shown in different colors for clarity).

Figure 1. Combined polyhedral/ball-and-stick representation of
[Ce20Ge10W100O376(OH)4(H2O)30]

56� (1). Color code: W black, Ce
orange, Ge green, O red, WO6 octahedra light blue.
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equivalent of sodium tungstate. When the same reaction
conditions (solvent, pH value, etc.) are used as for the original
reaction, neither pathway resulted in 1 on the basis of IR
spectroscopy.

We performed bond valence sum (BVS) calculations to
test for the presence of hydroxo groups in 1a.[18] We identified
two hydroxo bridges, one between W17 and Ce4 and one
between W38 and Ce8 (see Figure 3). Therefore, a more
detailed molecular formula of 1 is: [{[Ce10(H2O)15][b(4,11)-
GeW10O37(OH)]2[b(4,11)-GeW10O38]3}2]

56�. The total charge
of 1 is therefore �56, which is balanced equally by cesium and
sodium ions in the solid state. We also performed TGA
measurements on CsNa-1 and Na-1 from room temperature
to 900 8C. These results are fully consistent with the formulae
provided above.

The 10 cerium(III) ions in 1a exhibit two coordination
numbers: nine for Ce8 and Ce9, and eight for all others, with
Ce�O bond lengths ranging from 2.20(3) to 2.88(3) I. The
cerium centers are linked either directly to each other through
oxo or aqua bridges, or indirectly through O-W-O bridges,
leading to an asymmetric assembly in 1a (Figure 3). Eight of
the ten cerium atoms are linked through O bridges, resulting
in four pairs (Ce1 and Ce10, Ce2 and Ce3, Ce6 and Ce7, and
Ce8 and Ce9); Ce4 bridges to Ce8 over a very long distance
(2.87(3) I) through a tungstate oxo atom, whereas Ce5 is
“isolated”, bound only to tungstate oxygen atoms or water not
bridging to another Ce atom. There are no terminal water
ligands on Ce2 or Ce9; Ce5 and Ce6 have one terminal water
ligand each; and Ce3, Ce4, and Ce8 have two terminal water
ligands each. The lanthanides Ce1 and Ce10 are bridged by a
water molecule: Ce1 has no terminal ligands and the Ce10 has

two extra terminal water ligands. This leaves Ce7, which has
three terminal water ligands and is linked to a tungsten atom
of the second half unit of 1 through a long oxo bridge
(2.61(4) I).

In summary, we have synthesized the large, dimeric, 20
cerium(III) ion tungstogermanate [Ce20Ge10W100O376(OH)4-
(H2O)30]

56� (1) under conventional reaction conditions from
the trilacunary POM precursor [a-GeW9O34]

10� and CeIII ions.
Investigations of physical and catalytic properties of 1 are
planned. The terminal water ligands on the cerium centers in
1 allow ligand substitution, which could lead to interesting
derivatives. Our work reemphasizes that lanthanides or other
large cations are ideal linkers for lacunary POM fragments to
form very large assemblies.

Experimental Section
CsNa-1: A sample of CeCl3·7H2O (0.064 g; 0.17 mmol) was dissolved
in water (20 mL) at pH 5.0, and then Na10[GeW9O34] (0.5 g;
0.17 mmol; synthesized according to reference [10]) was added. This
solution was heated to 50 8C for 30 minutes, allowed to cool to room
temperature, and then filtered. 1m CsCl solution (0.5 mL) was added
to the solution, which was allowed to evaporate in an open vial at
room temperature. After about one week a yellow, crystalline product
started to appear. Evaporation was allowed to continue until the
solution level had approached the solid product, which was filtered
off and air-dried. Yield: 0.1 g (16%). IR: ñ= 1619(s), 941(m), 892(sh),
787(s), 752(sh), 702(sh), 671(w), 594(w), 521(w), 501(w) cm�1. Anal.
calcd for CsNa-1: Cs 10.3, Na 1.8, Ce 7.8, W 50.9, Ge 2.0; found:
Cs 9.1, Na 2.2, Ce 7.4, W 52.0, Ge 1.7. Polyanion 1 could also be
synthesized in higher yield under analogous reaction conditions using
a 1m solution of NaCl instead of water (no 1m CsCl solution was
added this time). The crystalline product Na56[Ce20Ge10W100-
O376(OH)4(H2O)30]·180H2O (Na-1) was obtained after two weeks,
but the single crystals were not suitable for XRD analysis. The
identity of Na-1was established by comparison if its IR spectrum with
that of CsNa-1, and the degree of hydration was determined by
thermogravimetric analysis. Yield: 0.2 g (36%). IR: ñ= 1628(s),
937(m), 897(sh), 800(s), 765(sh), 714(sh), 625(w), 602(w),
518(w) cm�1. Elemental analysis was performed by Analytische
Laboratorien, Industriepark Kaiserau, 51789 Lindlar (Germany).
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