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A polyoxometalate compound consisting of monovacant Keggin anions and trivalent lanthanide
cations, K2H2{Ce(H2O)6[Ce(H2O)2(α-SiW11O39)]}2 ·26H2O (1), has been synthesized and charac-
terized by elemental analysis, IR and UV spectroscopy, TG analysis, and single crystal X-ray diffrac-
tion. Compound 1 crystallizes in the triclinic system with space group P1̄. The coordination of the
monovacant Keggin anions and the Ce3+ ions creates a double-chain structure. The K+ cations link
the double-chains to form corrugated layers, and the layers are further connected into a 3D archi-
tecture through hydrogen bonds. A variable temperature magnetic study indicates antiferromagnetic
coupling in compound 1.
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Introduction

Because of their wide range of topologies and a
multitude of interesting properties, the polyoxometa-
lates (POMs) have attracted increasing attention over
the past decades [1, 2], and have found applications in
fields like catalysis, medicine, analytical chemistry,
separation science, molecular electronics, etc. [3 – 7].
To date, the famous Keggin anion [XM12O40]n−
and its derivatives have been studied most owing to
the electronic versatility and structural diversity [8].
It is well known that monovacant Keggin POMs
are easily obtained by removing one WO4+ unit
at a special pH value of their solutions [9]. These
species have great ability to bind transition metal
and rare-earth metal cations at their defect sites [10].
Compared with transition-metal cations, rare-earth
ions with larger sizes and higher coordination numbers
are suitable for linking polyoxoanions together to
form new classes of structures. After Peacock and
Weakley’s preparation of 1 : 2 [Ln(SiW11O39)2]13−
complexes [10b], the crystal structures of the 1 : 2
lanthanide α-undecatungstosilicate complexes [Ln-
(α-SiW11O39)2]13− (Ln = Nd3+, Pr3+, Ce3+) were
reported in 1991 [11]. Pope and coworkers synthe-
sized two one-dimensional zigzag chain-structured
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compounds of the type [Ln(α-SiW11O39)2(H2O)3]13−
(Ln = LaIII, CeIII) [12]. In 2003, Mialane and cowork-
ers reported the solid state structures of 1 : 1-type
Ln[α-SiW11O39]8− (Ln = EuIII, GdIII, YbIII) and
2 : 1-type [Nd2(α-SiW11O39)(H2O)11]2− complexes
and found that the difference of the structures
is strongly dependent on the lanthanide cations
used [13]. Furthermore, [{Er(H2O)6[Er(H2O)3-
(α-SiW11O39)]}2]4− [14], [{Sm(H2O)7[Sm(H2O)2-
(DMSO)(α-SiW11O39)]}]2− [15] and [Ln2(α-SiW11-
O39)(H2O)11]2− (Ln = Ce, La) [16] exhibit structures
analogous to [Nd2(α-SiW11O39)(H2O)11]2− [13]. A
1D infinite chain-like structure [(Pr(H2O)4SiW11O39)-
(NaPr2(H2O)12)(Pr(H2O)4SiW11O39)]3− [17] and
dimeric K12[(SiW11O39Ln)2(µ-CH3COO)2] (Ln =
GdIII, YbIII) [18] complexes have also been reported.
All the above studies indicate the combinatorial
diversity between the lanthanide cations and the
monovacant Keggin-type polyanions. Therefore,
to explore new combination modes of monovacant
Keggin-type POMs and LnIII ions is a very interesting
challenge. Herein, the synthesis, thermogravimetric
analysis, spectroscopic, variable-temperature mag-
netic and structural characterization of the compound
K2H2{Ce(H2O)6[Ce(H2O)2(α-SiW11O39)]}2 · 26H2O
(1) are reported. To the best of our knowledge, this is
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the first example of a one-dimensional double-chain
structure constructed from monovacant POMs and
lanthanide cations.

Results and Discussion

The asymmetrical unit of 1 consists of one anion
[Ce2(H2O)8(α-SiW11O39)]2− (Fig. 1), one K+ cation,
and a large number of water molecules. In the two
crystallographically unique cations, Ce(1) resides in
the vacant site of the [α-SiW11O39]8− anion (d(Ce–
O) 2.427(16) – 2.474(16) Å), and is additionally co-
ordinated by two adjacent [α-SiW11O39]8− anions
via terminal oxygen atoms (O24 and O25) (d(Ce–
Od) 2.481(16) and 2.561(16) Å). Note that the link-
age of [α-SiW11O39]8− anions and Ce(1)3+ cations
leads to a zigzag chain directed along the a axis,
which is similar to the structure of [Ce(α-SiW11O39)-
(H2O)3]5− [12], [Eu(α-SiW11O39)(H2O)2]5− [13] and
[Eu(H2O)4PW11O39]4− [19]. However, the Ce (1)
cation is coordinated by two water molecules (d(Ce–
OH2) 2.543(17) and 2.568(17) Å) rather than three wa-
ter molecules, which is different from the coordination
in [Ce(α-SiW11O39)(H2O)3]5− [12]. The eight oxygen
atoms coordinated to the Ce(1) cation form a bicapped
trigonal prism (Fig. 2), which is one of the common
coordination arrangements for complexes with a coor-
dination number of 8 [20, 21]. The groups of O14, O21,
O40 and O8, O11, O17 form the two trigonal planes,
while the two terminal oxygen atoms (O24, O25) from
the [α-SiW11O39]8− anions occupy the cap sites.

The Ce(2) cation is coordinated to the [α-SiW11-
O39]8− anions via terminal oxygen atoms (O18, O41)
with Ce–Od distances of 2.562(17) and 2.495(18) Å,
forming the A and B chains on the two sides of the

Fig. 1. ORTEP drawing of 1 with displacement ellipsoids at
the 50 % probability level.

Fig. 2. Coordination polyhedron around Ce(1) in 1. Hydro-
gen atoms are omitted for clarity.

Fig. 3. a) Polyhedral representation of 1 showing the double-
chain structure. All the hydrogen atoms and water molecules
have been omitted for clarity; b) Schematic view of the
double-chain structure.

Fig. 4. Schematic view of a corrugated layer in 1 (the green
sticks symbolize the links between Ce and SiW11 clusters,
and the purple sticks symbolize the links between K and
SiW11 clusters; color online).

zigzag chain. As a result, compound 1 displays a
novel one-dimensional double-chain structure (Fig. 3).
In addition to two terminal oxygen atoms of the two
[α-SiW11O39]8− anions, the coordination environment
of the Ce(2) cation center is completed by six wa-
ter molecules (d(Ce–OH2) 2.52(2) – 2.746(19) Å).
The coordination sphere of the eight-coordinate Ce(2)
cation displays a distorted tricapped trigonal prism
configuration. The groups of O2w, O9w, O41 and O1w,
O6w, O7w form the two trigonal planes, and O18 and
O8w occupy the cap sites.

K+ cations link the double-chains to form an in-
finite corrugated layer structure (Fig. 4). The coordi-
nation sphere of the K+ cation is defined by two ter-
minal oxygen atoms (O13 and O30) and one bridging
oxygen atom (O35) from the [α-SiW11O39]8− anion
of a double-chain, two terminal oxygen atoms (O15
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Fig. 5. The coordination environment of the potassium ions.

and O30) from two adjacent [α-SiW11O39]8− anions
of another double-chain, and three water molecules
(d(K–O) 2.73(2) – 3.095(18) Å). Because of the
presence of an inversion center, there are two such
K+ cations which results in a double K-bridging.
This is similar to the location of the Na1 atom in
Na5[(A-α-SiW9O33H3)2 K{UO2(H2O)}2] reported by
our group [22] (Fig. 5). Both K+ cations share the same
terminal oxygen atom (O30) of the [α-SiW11O39]8−
anions.

Due to the existence of coordinated and interstitial
water molecules, there are multifold hydrogen bonds
between the layers with O· · ·O distances in the range
of 2.514 – 3.035 Å to form a three-dimensional archi-
tecture.

FT-IR spectrum

The IR spectrum of 1 shows that the POM anions
are in the basic Keggin structure. The characteristic
peaks at 954, 883, 819, and 683 cm−1 are attributed
to νas(W=Od), νas(Si–Oa), νas(W–Ob–W), and νas(W–
Oc–W), respectively. Compared to α-K8SiW11O39 ·
13H2O [23], the IR spectrum indicates that the poly-
oxoanions in compound 1 are slightly distorted due
to the incorporation of CeIII ions. The strong peak
at 1620 cm−1 is assigned to the deformation vibrations
of interstitial and coordinated water molecules.

UV spectrum

The UV spectrum of 1 in aqueous solution shows
three absorption bands at approximately 195, 222
and 251 nm. The absorption at 195 nm is attributed
to the Od → W charge transfer. The absorptions at 222

and 251 nm can be ascribed to f → f transitions of
CeIII consistent with reference [24]. The absorption of
Ob/c → W (expected at ca. 250 – 270 nm) [25] might
be overlapped by this band.

TG analysis

The TG curve of 1 in the temperature range of 30 –
600 ◦C shows a total weight loss of 11.5 % which is
in good agreement with the calculated value of 11.2 %,
corresponding to the removal of all water molecules.
The sample weight was unchanged at temperatures
higher than 552 ◦C.

Magnetic properties

The variable-temperature magnetic susceptibility
of 1 was studied in the temperature range of 2 – 300 K.
The experimental data plotted as χm versus T are
shown in Fig. 6, the χmT vs. T curve given as an in-
set. As the temperature decreases, the χm value in-
creases from 0.015 cm3 mol−1 at 300 K to a max-
imum of 0.79 cm3 mol−1 at about 2 K. The exper-
imental χmT value steadily decreases upon cooling
from 4.38 emu K mol−1 at 300 K to 1.58 emu K mol−1

at about 2 K. At r. t., the comparison of the measured
value µeff = 5.80 µB to the spin-only calculated value
(3.48 µB) suggests the contribution of an orbit mag-
netic moment. In the temperature range of 94 – 295 K,
the magnetic susceptibility of 1 follows the Curie-
Weiss law, χm = C/(T −θ ) with a Curie constant C =
5.23 emu K mol−1 and a Weiss constant θ = −78.4 K.
The result indicates the occurrence of antiferromag-
netic coupling. According to the crystal structure of 1,
it can be assumed that the antiferromagnetic behavior

Fig. 6. Temperature dependence of χm and χmT (inset) for 1.
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of 1 may be due to superexchange interactions between
the Ce(2) ions through the WO6 octahedra [26]. As the
temperature decreases from 94 to 2 K, the deviation
from the Curie-Weiss law of the magnetic susceptibil-
ity indicates the presence of strong spin-orbit coupling
interactions and a crystal field effect at low tempera-
ture.

Conclusions

In summary, a new complex 1 has been synthesized
and structurally characterized. Because of the different
coordination of the CeIII cations with [α-SiW11O39]8−
anions, a novel one-dimensional double-chain struc-
ture is constructed. The magnetic studies of com-
pound 1 demonstrate an anti-ferromagnetic superex-
change interaction between the Ce(2) ions. In future
work, we will explore if other lanthanides can form an
analogous structure or if novel Keggin polyoxoanion-
based extended structures can be realized by adding
appropriate ligands.

Experimental Section
General procedures

All reagents were purchased and used without further
purification. α-H4SiW12O40 was synthesized according to
published procedures [23] and identified by its IR spec-
trum. Elemental analyses (W, Ce, K) were carried out with
a Leaman inductively coupled plasma (ICP) spectrometer.
The IR spectrum with KBr pellets was obtained on an Al-
pha Centaur FT/IR spectrometer in the 400 – 4000 cm−1 re-
gion. The UV spectrum was recorded on a 756 CRT UV/Vis
spectrophotometer. TG analysis was performed on a Perkin-
Elmer TGA7 instrument in an atmosphere of N2 with a
heating rate of 10 ◦C min−1. The variable temperature mag-
netic susceptibility measurements for 1 were carried out on
a Quantum Design MPMS-5SQUID magnetometer with an
applied field of 1000 Oe. A diamagnetic correction was esti-
mated from Pascal’s constants.

Synthesis of K2H2{Ce(H2O)6[Ce(H2O)2(α-SiW11O39)]}2 ·
26H2O (1)

Ce(NO3)3 · 6H2O (0.1102 g, 0.26 mmol) was dissolved
in 15 mL of water, and the solution was heated to
about 80 ◦C. A solution (10 mL) containing α-H4SiW12O40
(0.39 g, 0.13 mmol) was added, and the mixture was stirred
for 15 min. The pH value of the resulting solution was ad-
justed to 6.23 with KOH (1 mol ·L−1), and then the so-
lution was stirred for ca. 1 h. Cooled to r. t., the solution
was filtered and concentrated under ambient conditions. Af-
ter 27 d, yellow crystals suitable for X-ray diffraction were

Table 1. Crystal data and structure refinement for 1.

Empirical formula H86Ce4K2O120Si2W22
Formula weight 6746.24
Color, habit yellow, block
Cryst. size, mm3 0.12×0.11×0.10
Temperature, K 293(2)
Crystal system triclinic
Space group P1̄
a, Å 11.707(5)
b, Å 12.449(5)
c, Å 18.128(5)
α , deg 77.132(5)
β , deg 83.589(5)
γ , deg 86.316(5)
V , Å3 2557.4(17)
Z 1
Dcalc, g cm−3 4.38
F(000), e 2972
hkl range −13 ≤ h ≤ 14, −15 ≤ k ≤ 14,

−20 ≤ l ≤ 22
Radiation; λ , Å MoKα ; 0.71073
Absorption coefficient, mm−1 26.6
Absorption correction empirical
θ range for data collection, deg 1.68 – 25.75
Measured reflections 13596
Independent reflections, Rint 9572, 0.03
Completeness,% 97.7
Observed reflections 7002
Data / ref. parameters 9572 / 673
Maximun shift/error 0.000
Extinction coefficient 0.00015(3)
GOF on F2 1.131
Final R1, wR2 [I ≥ 2σ(I)] 0.057, 0.164
Final R1, wR2 (all data) 0.086, 0.177
Largest diff. peak / hole, e Å−3 3.19 / −7.85

R1 = Σ‖Fo|− |Fc‖/Σ|Fo|; wR2 = Σ[w(Fo
2 −Fc

2)2] / Σ[w(Fo
2)2]1/2.

Table 2. Selected bond lengths (Å) for 1.
Ce(1)–O(17) 2.427(16) Ce(1)–O(24)#3 2.481(16)
Ce(1)–O(11) 2.438(16) Ce(1)–O(8) 2.543(17)
Ce(1)–O(14) 2.453(16) Ce(1)–O(25)#4 2.561(16)
Ce(1)–O(40) 2.474(16) Ce(1)–O(21) 2.568(17)
Ce(2)–O(41) 2.495(18) Ce(2)–O(18) 2.562(17)
Ce(2)–O(6W) 2.52(2) Ce(2)–O(2W) 2.585(19)
Ce(2)–O(8W) 2.54(2) Ce(2)–O(7W) 2.63(2)
Ce(2)–O(1W) 2.55(2) Ce(2)–O(9W) 2.746(19)
Symmetry transformations used to generate equivalent atoms:
#3 −x+1, −y, −z+1; #4 −x, −y, −z+1.

obtained (31 % yield, based on Ce). Elemental analysis:
calcd. W 59.95, Ce 8.31, K 1.18; found W 58.86, Ce 7.96,
K 1.03. – IR (solid KBr pellet): ν = 1620(s), 1003 (m), 954
(m), 883 (m), 819 (w), 686 (m), 524(m) cm−1.

X-Ray crystallography

The data were collected on a Bruker Smart CCD diffrac-
tometer with graphite-monochromated MoKα radiation
at 293 K. An empirical absorption correction was applied.
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The structure was solved by Direct Methods using the pro-
gram SHELXS-97 and refined by full-matrix least-squares
methods on F2 using SHELXL-97 [27]. All non-hydrogen
atoms were refined anisotropically. A summary of the
crystallographic data and structure determination is listed in
Table 1, and selected bond lengths are presented in Table 2.
The appearance of a peak of −7.85 e Å−3 0.6 Å away from
Ce(2) is attributed to series termination errors.

Further details of the crystal structure investigation may
be obtained from Fachinformationszentrum Karlsruhe,

76344 Eggenstein-Leopoldshafen, Germany (fax: +49-
7247-808-666; e-mail: crysdata@fiz-karlsruhe.de, http://
www.fiz-informationsdienste.de/en/DB/icsd/depot anforde-
rung.html) on quoting the deposition number CSD-418602.
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