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By very slow diffusion of aqueous solutions of CoCl2·6H2O
and K6[W4Te4(CN)12]·5H2O through silica gel, single crystals
of [Co(H2O)4]3[W4Te4(CN)12]·15.38H2O were obtained. A

Introduction

Reactions of mononuclear aquo- and cyano-transition
metal complexes lead to the formation of an extensive fam-
ily of cyanide-bridged metal2metal coordination poly-
mers.[1,2] This class of compounds has the potential for use
in molecular separation because large cavities are formed in
some cases.[3,4] Recently, octahedral [Re6E8(CN)6]42 (E 5 S,
Se, Te) cluster complexes with an outer ligand topologically
equivalent to hexacyanometallates have been shown to react
with transition metal ions to precipitate a range of frame-
work solids with unprecedented structures.[5] Cluster-ex-
panded Prussian blue analogues of the composition
M4[Re6E8(CN)6]·nH2O (M 5 Ga, Fe)[6] and [Cd2(H2O)4]-
[Re6S8(CN)6]·14H2O[7] with large, water-filled cavities have
been obtained. In the Cd compound the volume of each
water-filled cavity is 345 Å3, and the cavities represent 62%
of the total volume of the structure. Another example of a
porous compound based on a cyanide cluster is
(H5O2)2Zn3[Re6Se8(CN)6]·18H2O[8] with a hexagonal cavity
of ca. 11 3 11 3 5 Å filled by hydroxonium cations and
water molecules.

The synthesis and crystallization of cyanide-bridged co-
ordination polymers with structural and functional similar-
ity to inorganic zeolites continues to be a challenging prob-
lem. Recently we have described the syntheses, X-ray struc-
ture determination and properties of cubane-type M4E4

(M 5 Mo, W; E 5 S, Se, Te) water-soluble cyano com-
plexes.[9] Here we report for the first time that cuboidal
cluster complexes of Td symmetry can be used for the
preparation of framework solids with voluminous
cavities.[10]
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complete X-ray structure determination reveals an extremely
porous, three-dimensional neutral cluster-expanded frame-
work structure with large water-filled cuboidal cavities.

Results and Discussion

An aqueous solution of CoCl2·6H2O was added slowly
to an aqueous solution of mixed-valence (3.5)
K6[W4Te4(CN)12]·5H2O to give, in quantitative yield, well-
formed cuboidal dark red-brown crystals of composition
[Co(H2O)4]3[W4Te4(CN)12]·8H2O (1). The compound is X-
ray amorphous after drying in air (XRD, Philips APD
1700). The compound was characterized by elemental ana-
lysis, IR spectroscopy, thermogravimetry and mag-
netochemical measurements. The FT-IR spectrum of 1 cle-
arly shows the presence of H2O and two types of cyanide
ligands: the terminal W2CN fragments exhibit a sharp, in-
tense band at 2100 cm21 {compared with ν(CN) 5 2097
cm21 for K6[W4Te4(CN)12]·5H2O},[9] whereas the
W2CN2Co bridges exhibit a broader line shifted to higher
frequency (2127 cm21). The effective magnetic moment of
4.72 µB calculated per Co atom is reasonable for three isol-
ated high-spin Co21 ions per formula unit. The N end of
the cyanide ligand is a weak field ligand and thus stabilizes
a high-spin state. Thermogravimetric analysis in Ar revealed
complete dehydration of 1 by 150 °C, with no further signi-
ficant weight loss below 450 °C. The FT-IR spectra of 1
and a dehydrated sample (150 °C, vacuum, 1 h) confirm
that only minor perturbation occurs in the arrangement of
the framework upon complete dehydration. The structure
of X-ray amorphous compound 1 is still unknown.

Further attempts were made to prepare single crystals
from the system Co21/[W4Te4(CN)12]62. Very slow dif-
fusion of aqueous solutions of [W4Te4(CN)12]62 and
[Co(H2O)6]21 through silica gel for eight weeks resulted in
cuboidal dark red-brown crystals (2) suitable for an X-ray
single-crystal analysis. The composition of compound 2,
according to diffraction data, is [Co(H2O)4]3-
[W4Te4(CN)12]·15.38H2O, the calculated density being ap-
proximately half of that measured for 1.

The local coordination environment of the Co atom and
the structure of the [W4Te4(CN)12]62 cluster complex are
shown in Figure 1. Each Co21 ion exhibits pseudo-octahed-
ral coordination, with four water ligands and two nitrogen
atoms of the cyanide ligands bound in a trans arrangement.
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The arrangement of water around Co21 is disordered over
two symmetrically equivalent positions. A structure deter-
mination revealed a cubic three-dimensional neutral frame-
work of cuboidal [W4Te4]61 and [Co(H2O)4]21 fragments
linked through bridging cyanide ligands (Figure 2). There
are 12 cobalt atom positions around each W4Te4 cluster.
These positions are statistically half-occupied, and therefore
each cluster is linked to six cobalt atoms to give a primitive
cubic lattice of ReO3 type with clusters and cobalt atoms in
the Re and O positions, respectively. The centres of the clus-
ter anions follow a primitive cubic motif, although not face-
centred as in Prussian blue. The large cavities are filled by
highly disordered water molecules. Our attempts to resolve
the disorder by assuming lower symmetry space groups
were unsuccessful.

Figure 1. Fragment of structure of 2 showing the [Co(H2O)4]21

bridges between [W4Te4(CN)12]62 anions, 30% probability ellips-
oids; the W2W bonds are omitted for clarity; the disordered posi-
tions of Co atoms and water molecules are shown by dashed lines;
main bond lengths (Å): W2W, 2.952(2), W2Te, 2.6889(17), W2C,
2.078(19), C2N, 1.20(2), Co2N, 2.096(17), Co2O,
2.15(4)22.19(5).

Figure 2. Crystal packing of 2; all water molecules are omitted for
clarity; all disordered positions of Co21 ions are shown, but only
one half of them are occupied.
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The cavity in 2 of Oh symmetry has the centre at the
point with coordinates (1/2, 1/2, 1/2). The O(3) atoms co-
ordinated to the cobalt atoms form a cubic cubeoctahedron
(the coordination polyhedron in the ccp structure) around
the centre of the cavity. The diameter of the cubeoctahedron
is 10.05 Å and the edges are of 5.05 Å. The calculated pack-
ing coefficient of 2 is unusually low at 0.354. The frame-
work occupies only 27.3% of the unit cell, which means that
the total Van der Waals volume of cavities and portals is
1520.1 Å3 per formula unit of 2. For comparison, the calcu-
lated void volumes per formula unit of Na12[Al12Si12O48]
(zeolite A) and H2[Al2Si94O192]·24H2O (zeolite ZSM-5) are
557 Å3 and 2365 Å3, respectively.

Our experiments show that crystals of compound 2 are
very unstable. Water loss happens within a few minutes at
room temperature resulting in an amorphous product
which is identical to 1 according to the chemical analysis
and physical measurement data. Crystals of 2 can be kept
in native silica gel for a long time.

Investigations probing the electrochemistry and inclusion
properties of this and related cyano-bridged cuboidal M4E4

(M 5 Mo, W; E 5 S, Se, Te) cluster-metal framework solids
are in progress.

Experimental Section

Preparation of [Co(H2O)4]3[W4Te4(CN)12]·8H2O (1): Diffusion of
3 mL of an aqueous solution of CoCl2·6H2O (0.076 g, 0.319 mmol)
through silica gel in a narrow-diameter tube into 15 mL of an aque-
ous solution of K6[W4Te4(CN)12]·5H2O (0.100 g, 0.053 mmol) for
two weeks resulted in a dark red-brown compound which was isol-
ated by filtration, washed with water, and dried in air. Yield 0.108 g
of [Co(H2O)4]3[W4Te4(CN)12]·8H2O (97%). Satisfactory elemental
analyses (C, H, N, W, Te, Co) were obtained. 2 IR (KBr pellet):
ν̃ 5 2127 s, ν(CN), 2100 s, ν(CN), 1600 s, br, δ(HOH), 450 m,
ν(WC)/δ(WCN) cm21. 2 The magnetic susceptibility was measured
at 300 K: 2.78·1022 cm23·mol21. The density of 1 was measured
by microburette method: 3.34 gcm23.

Preparation of 2: Diffusion of aqueous solutions of
K6[W4Te4(CN)12]·5H2O (0.05 mol·L21) and CoCl2·6H2O (0.1
mol·L21) through silica gel in a U-tube for eight weeks resulted in
cuboidal single crystals of 2 suitable for X-ray single crystal ana-
lysis.

X-ray Crystal Structure Determination of 2: The X-ray structural
analysis was carried out at 160 K on a Bruker SMART CCD dif-
fractometer (Mo-Kα, λ 5 0.71073 Å, graphite monochromator,
standard techniques, narrow frames of 0.3°, 40 s/frame). The crys-
tal was covered by a frozen drop of oil to prevent decomposition.
Crystal data: C12H54.76Co3N12O27.38Te4W4, mol. Wt. 2228.0, cubic,
space group Fm3̄m, a 5 25.577(6) Å3, U 5 16732(7) Å3, Z 5 8,
Dc 5 1.769 gcm23. A total of 25728 reflections were collected up
to θmax 5 28.6°, of which 1103 were unique (Rint 5 0.0768). Ab-
sorption corrections (µ 5 7.476 mm21) were applied by the SAD-
ABS program with transmission factors ranging from 0.417 to
0.604. The structure was solved by direct methods and refined by
full-matrix least-squares methods on F2 in an anisotropic approxi-
mation using the SHELX-97 set of programs.[11] Hydrogen atoms
were not located. It was found that the Co atom position has half
occupancy, along with the water molecules attached to it. Some of
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the uncoordinated water molecules are also disordered, and their
occupancy factors and displacement parameters were refined to
reasonable values. Final R values: R1 5 0.0418 for 422, Fo $ 4σ(F),
wR2 5 0.1438, GOF 5 0.931 for all unique data. The packing
coefficient and the volume of the framework were calculated by the
KPACK program[12] using 600 test points per 1 Å3 and the follow-
ing atomic radii (Å): C, 1.71, O, 1.40, N, 1.55, Te, 2.15, W, 1.37 (me-
tallic).

Crystallographic data for the structure reported in this paper have
been deposited with the Cambridge Crystallographic Data Centre
as supplementary publication no. CCDC-144302. Copies of the
data can be obtained free of charge on application to the CCDC,
12 Union Road, Cambridge CB2 1EZ, U.K. [Fax: (internat.)
144-1223/336-033; E-mail: deposit@ccdc.cam.ac.uk].
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