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A novel sandwich-type polyoxometalate incorporating a unique hybrid hexanuclear copper cluster, [Cu(enMe)2]2-
{[Cu(enMe)2(H2O)]2[Cu6(enMe)2(B-a-SiW9O34)2]}‚4H2O (1, enMe ) 1,2-diaminopropane), has been hydrothermally
synthesized and structurally characterized by the elemental analyses, IR spectroscopy, TG analysis, magnetic
properties, and single-crystal X-ray diffraction analysis. Crystal data for 1: triclinic, P1h; a ) 12.5105(2), b ) 14.3710-
(2), c ) 17.2687(2) Å; R ) 98.834(1), â ) 110.744(1), γ ) 104.711(1)°; V ) 2704.57(7) Å3; F ) 3.646 g/cm3;
Z ) 1. X-ray crystallographic study shows that the molecular structure of 1 contains 10 copper ions: Six of them
form an unprecedented inorganic−organic hybrid Cu6 cluster via edge-sharing combination of two CuO6 octahedra,
two CuO5, and two CuO3N2 square pyramids and are encapsulated between two {B-a-SiW9O34} units. Two of
them form two [Cu(enMe)2(H2O)]2+ complexes and further attach to the two {B-a-SiW9O34} units via two Cu−Od

W bridges, acting as a decorated role. The remaining two form isolated [Cu(enMe)2]2+ complexes playing roles of
charge-compensation and space-fillers. Magnetization measurement reveals that the hexanuclear copper cluster
exhibits overall ferromagnetic interactions.

Introduction

Transition-metal-substituted polyoxometalates (TMSPs)
based on lacunary precursors derived from Keggin and
Dawson polyanions exhibit a fascinating variety of structures
and properties including catalysis, medicine, and magnetism.1-2

The lacunary anions, such as monovacant (R-PW11O39,
R-P2W17O61), divacant (γ-SiW10O36), and trivacant (R-
PW9O34, R-P2W15O56), were proved to have well-defined
metal-cation binding sites and can incorporate a variety of
TMs or rare earths including Mn, Fe, Co, Ni, Cu, Zn, Zr,

Pd, La, Ce, Y, Nd, Gd, and so on. The incorporated metal
cations provide sufficiently strong linkages to connect the
lacunary anions into stable and large clusters. To date,
TMSPs containing from 1 to 12 lacunary precursors and from
1 to 28 TMs have been obtained.3-4 Since materials
properties are intricately linked to their structural features,
the creation of novel TMSP structural types is still attractive
in modern chemistry though a vast amount of work has been
reported.

So far, though hydrothermal techniques have been widely
applied to making polyoxometalates (POMs),5 most of
reported TMSPs were prepared by conventional solution
syntheses at atmospheric pressure and relatively low tem-
perature (below 100°C).3,4,6-10 Currently, we are exploring
the applicability of trilacunary Keggin XW9O34 fragments
and paramagnetic TM ions for the synthesis of new magneti-
cally attractive TMSPs under hydrothermal conditions. Our
strategy is based on the following considerations: (1) The
trilacunary sites of XW9O34 unit may act as the structure-
directing agent that induces the paramagnetic TM ions to

* To whom correspondence should be addressed. E-mail: ygy@
fjirsm.ac.cn. Fax:+86-591-83710051.

† Chinese Academy of Sciences.
‡ Nanjing University.

(1) (a) Polyoxometalate Chemistry: From TopologyVia Self-Assembly
to Applications; Pope, M. T., Mu¨ller, A., Eds.; Kluwer: Dordrecht,
The Netherlands, 2001. (b)Polyoxometalate Molecular Science;
Borrás-Almenar, J. J., Coronado, E., Mu¨ller, A., Pope, M. T., Eds.;
Kluwer: Dordrecht, The Netherlands, 2004.

(2) (a) Polyoxometalates; Hill, C. L., Ed.; Chem. ReV. 1998. (b) Pope,
M. T. Comput. Coord. Chem. 2 2003, 4, 635. (c) Hill, C. L.Comput.
Coord. Chem. 2 2003, 4, 679.

Inorg. Chem. 2007, 46, 4569−4574

10.1021/ic070160c CCC: $37.00 © 2007 American Chemical Society Inorganic Chemistry, Vol. 46, No. 11, 2007 4569
Published on Web 04/26/2007



undergo large TM cluster aggregations under the rational
hydrothermal conditions and differs from the invisible
structure-directing agent of lone pair electron in SeIV.11 (2)
The lacunary XW9O34 and the paramagnetic TM cluster
aggregations formed in-situ may be used as structural
building units and subtly combined to produce novel discrete
or extended high-nuclear TMSPs.

Following this strategy, we report here the hydrothermal
synthesis and structure of a novel Cu6-containing sandwich
TMSPs: [Cu(enMe)2]2{[Cu(enMe)2(H2O)]2[Cu6(enMe)2(B-
a-SiW9O34)2]}‚4H2O 1 (enMe ) 1,2-diaminopropane). To
date, numerous sandwich TMSPs based on two [XW9O34]n-

(X ) Si, P, As) or [X2W15O56]12- (X ) P, As) fragments
and three or four TM centers have constituted a well-known
class of POMs.3 At present, it is a great challenge and
structural interest to make sandwich TMSPs incorporating
more than four TMs. Up to now, only several sandwich
TMSPs incorporating more than four TMs have been
reported,6-10 such as [Fe6(OH)3(A-R-GeW9O34(OH)3)2]11-,6

[{Ni6(H2O)4(µ2-H2O)4(µ3-OH)2}(ø-SiW9O34)2]10-, and [Ni7-
( O H )4 ( H 2 O ) ( C O3 ) 2 ( H C O3 ) ( A - R - S i W9 O3 4) ( â -
SiW10O37)]10-.7 For the family of Cu-containing
sandwich TMSPs, Kortz and Yamase recently reported the
synthesis and magnetism of the first Cu5-/Cu6-containing
sandwich polyoxoanions [Cu5(OH4)(H2O)2(A-a-SiW9O33)2]10- 8

and [(CuCl)6(AsW9O33)2]12-,9 respectively. Now, 1
exhibits the second sandwich POM incorporating Cu6 cluster
but the first Cu6-containing tungstosilicate. Furthermore, the
structure of the Cu6 cluster in1 has never been observed,
either in the rich domain of POMs or in coordination
chemistry.

Experimental Section

All chemicals employed in this study were analytical reagent
and purchased from commercial sources. Elemental analyses
of C, H, and N were carried out with a Vario EL III elemental
analyzer. IR spectra (KBr pellets) were recorded on an ABB
Bomen MB 102 spectrometer. Thermal analysis was performed in
a dynamic oxygen atmosphere with a heating rate of 10°C/min,
using a Mettler TGA/SDTA851e thermal analyzer. Variable-
temperature susceptibility measurements were carried out in the
temperature range 2-300 K at a magnetic field of 1 T on
polycrystalline samples with a Quantum Design PPMS-9T mag-
netometer. The experimental susceptibilities were corrected for
Pascal’s constants.

Synthesis of 1.A mixture of Na9[A-R-SiW9O34]‚nH2O (0.80 g,
prepared by literature method),12 CuCl2‚2H2O (0.17 g), enMe (0.10
mL), and H2O (10 mL) was stirred for 40 min. The mixture was
then transferred to a Teflon-lined stainless steel autoclave (40 mL)
and kept at 160°C for 3 days and then cooled to room temperature.
The solid product, consisting of single crystals in the form of blue
blocks, was recovered by filtration, washed with distilled water,
and dried in air (19.2% yield based on Cu). It is notable that1 was
not obtained by solution synthesis at atmospheric pressure. El-
emental analysis showed that the sample contains 5.96, 2.03, and
4.61 wt % of C, H, and N, respectively, in well accord with the
expected values of 6.06, 1.90, and 4.72 wt % of C, H, and N on
the basis of the empirical formula given by the single-crystal
structure analysis. IR (KBr, cm-1) for 1: 3439 (s), 2962 (w), 1632
(s), 1582 (s), 1448 (w), 1381 (w), 1348 (w), 1063 (m), 946 (s),
888 (s), 771 (s), 737 (s), 511 (m).

X-ray Analysis. Suitable single crystal with dimensions of 0.25
× 0.22× 0.15 mm was selected for single-crystal X-ray diffraction
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analysis. Data were collected on a Siemens SMART CCD diffrac-
tometer with graphite-monochromated Mo KR radiation (λ )
0.710 73 Å) at 293 K. All absorption corrections were performed
with the SADABS program.13 The structure was solved by direct
methods and refined by full-matrix least-squares methods onF2

using the SHELXTL97 program package.14 A total of 14 633
reflections (2.16e θ e 25.70o) were collected with 9956 unique
ones (Rint ) 0.0347), of which 8387 reflections withI > 2σ(I) were
used for structural elucidation. At convergence, R1 (wR2) was
0.0471 (0.1122) and the goodness-of-fit was 1.070. The final
Fourier map had a minimum and maximum of-3.365 and 3.754
e‚Å-3. All the non-hydrogen atoms were refined anisotropically.
The H atoms of organic ligands were geometrically placed and
refined using a riding model. However, the H atoms of water
molecules have not been included in the final refinement. Experi-
mental details for the structural determinations of1 are presented
in Table 1. Ranges of selected bond lengths and angles for1 are
listed in Table 2. Crystal data are deposited with the CCDC as No.
626918.

Results and Discussion

X-ray analysis reveals that1 consists of two isolated [Cu-
(enMe)2]2+ cations and one polyoxoanion{[Cu(enMe)2-
(H2O)]2[Cu6(enMe)2(B-a-SiW9O34)2]}4- (1a) encapsulating
an unprecedented Cu6 cluster aggregation (Figure 1a).1a is
constructed from two mono-TM-supported{[Cu(enMe)2-
(H2O)][B-a-SiW9O34]}8- (1b) moieties linked by a Cu6
cluster, resulting in a rare bi-TM-supported sandwich struc-
ture with idealizedCi symmetry.

In the central Cu6 cluster of1a (Figure 1b,c), six Cu2+

ions can be divided into two groups according to the positions
at which they are located. The first group includes internal
Cu2, Cu2A, Cu3, and Cu3A ions, which are just located at

the four vacant sites of two1b moieties to form a sandwich
[Cu4(SiW9O34)2]12- fragment. Interestingly, the independent
Cu2 and Cu3 ions exhibit different configurations. Cu2 is
bonded to six O atoms from two1b moieties to form a
distorted octahedron with the O5 and O6 atoms occupying
the axial positions, while Cu3 only defined by five O atoms
from two 1b moieties, forming a distorted square pyramid
with the O3 atom occupying the axial position. Thus, two
CuO6 octahedra and two CuO5 square pyramids are linked

(13) Sheldrick, G. M.SADABS, Program for Siemens Area Detector
Absorption Corrections; University of Göttingen: Göttingen, Germany,
1997.

(14) (a) Sheldrick, G. M.SHELXS97, Program for Crystal Structure
Solution; University of Göttingen: Göttingen, Germany, 1997. (b)
Sheldrick, G. M.SHELXL97, Program for Crystal Structure Refine-
ment; University of Göttingen: Göttingen, Germany, 1997.

Table 1. Crystallographic Data for1

empirical formula C30H112Cu10N20O74Si2W18

Fw 5938.20
cryst system triclinic
space group P1h
a/Å 12.5105(2)
b/Å 14.3710(2)
c/Å 17.2687(2)
R/deg 98.8340(10)
â/deg 110.7440(10)
γ/deg 104.7110(10)
V/Å3 2704.57(7)
Z 1
Dc/g cm-3 3.646
µ/mm-1 21.091
F(000) 2673
θ range (deg) 2.16e θ e 25.70
limiting indices -13 e h e 15,-17 e k e 17,-21 e l e 18
goodness-of-fit onF2 1.070
R1,a wR2

b [I > 2σ(I)] 0.0471, 0.1122
R1,a wR2

b (all data) 0.0607, 0.1239

a R1 ) ∑||Fo| - |Fc||/∑|Fo|. b wR2 ) {∑[w(Fo
2 - Fc

2)2/∑[w(Fo
2)2]] 1/2;

w ) 1/[s2(Fo
2) + (xP)2 + yP], P ) (Fo

2 + 2Fc
2)/3, wherex ) 0.0549 and

y ) 92.9739.

Table 2. Selected Bond Lengths (Å) and Bond Angles (deg) for1a

bond dist bond dist

Cu(1)-O(7A) 1.990(10) W(4)-O(8) 1.906(11)
Cu(1)-O(1A) 1.995(10) W(4)-O(30) 1.970(10)
Cu(1)-O(5) 2.365(10) W(4)-O(32) 2.377(10)
Cu(1)-N(2) 1.991(15) W(5)-O(23) 1.724(10)
Cu(1)-N(1) 1.995(14) W(5)-O(2) 1.778(10)
Cu(2)-O(4) 1.939(10) W(5)-O(25) 1.884(10)
Cu(2)-O(7A) 1.942(9) W(5)-O(12) 2.013(10)
Cu(2)-O(3) 1.980(10) W(5)-O(19) 2.017(10)
Cu(2)-O(3A) 2.024(9) W(5)-O(32) 2.341(10)
Cu(2)-O(6A) 2.303(10) W(6)-O(22) 1.715(11)
Cu(2)-O(5) 2.489(11) W(6)-O(13) 1.894(10)
Cu(3)-O(6A) 1.932(10) W(6)-O(30) 1.904(10)
Cu(3)-O(2) 1.943(9) W(6)-O(12) 1.904(11)
Cu(3)-O(1) 1.950(10) W(6)-O(18) 1.918(9)
Cu(3)-O(5A) 1.984(10) W(6)-O(32) 2.400(9)
Cu(3)-O(3) 2.324(10) W(7)-O(11) 1.717(10)
W(1)-O(26) 1.713(10) W(7)-O(4) 1.773(10)
W(1)-O(17) 1.869(10) W(7)-O(25) 1.950(11)
W(1)-O(24) 1.892(11) W(7)-O(29) 1.952(10)
W(1)-O(18) 1.917(9) W(7)-O(16) 2.022(10)
W(1)-O(31) 1.930(11) W(7)-O(21) 2.300(9)
W(1)-O(9) 2.401(10) W(8)-O(33) 1.722(11)
W(2)-O(28) 1.719(11) W(8)-O(5) 1.835(10)
W(2)-O(7) 1.875(10) W(8)-O(14) 1.911(10)
W(2)-O(8) 1.935(10) W(8)-O(29) 1.928(10)
W(2)-O(27) 1.938(12) W(8)-O(10) 2.001(11)
W(2)-O(31) 1.945(10) W(8)-O(21) 2.422(10)
W(2)-O(9) 2.299(9) W(9)-O(20) 1.729(10)
W(3)-O(15) 1.722(11) W(9)-O(10) 1.876(10)
W(3)-O(6) 1.814(10) W(9)-O(16) 1.879(10)
W(3)-O(14) 1.921(10) W(9)-O(13) 1.920(10)
W(3)-O(27) 1.951(11) W(9)-O(24) 1.958(10)
W(3)-O(17) 2.002(9) W(9)-O(21) 2.407(9)
W(3)-O(9) 2.389(9) Si(1)-O(9) 1.637(9)
W(4)-O(34) 1.738(10) Si(1)-O(21) 1.637(9)
W(4)-O(1) 1.869(10) Si(1)-O(3) 1.645(10)
W(4)-O(19) 1.887(11) Si(1)-O(32) 1.654(10)

angle measure angle measure

O(7A) -Cu(1)-N(2) 168.5(7) O(3)-Cu(2)-O(6A) 87.3(4)
O(7A)-Cu(1)-O(1A) 90.2(4) O(3A)-Cu(2)-O(6A) 88.0(4)
N(2)-Cu(1)-O(1A) 91.9(5) O(4)-Cu(2)-O(5) 89.5(4)
O(7A)-Cu(1)-N(1) 91.9(5) O(7A)-Cu(2)-O(5) 84.7(4)
N(2)-Cu(1)-N(1) 84.5(6) O(3)-Cu(2)-O(5) 88.4(4)
O(1A)-Cu(1)-N(1) 171.3(5) O(3A)-Cu(2)-O(5) 87.1(4)
O(7A)-Cu(1)-O(5) 87.1(4) O(6A)-Cu(2)-O(5) 173.8(3)
N(2)-Cu(1)-O(5) 104.4(6) O(6A)-Cu(3)-O(2) 90.1(4)
O(1A)-Cu(1)-O(5) 75.2(4) O(6A)-Cu(3)-O(1) 174.5(4)
N(1)-Cu(1)-O(5) 113.3(5) O(2)-Cu(3)-O(1) 95.4(4)
O(4)-Cu(2)-O(7A) 90.6(4) O(6A)-Cu(3)-O(5A) 88.9(4)
O(4)-Cu(2)-O(3) 94.1(4) O(2)-Cu(3)-O(5A) 175.8(4)
O(7A)-Cu(2)-O(3) 171.6(4) O(1)-Cu(3)-O(5A) 85.8(4)
O(4)-Cu(2)-O(3A) 175.7(4) O(6A)-Cu(3)-O(3) 87.9(4)
O(7A)-Cu(2)-O(3A) 91.7(4) O(2)-Cu(3)-O(3) 91.3(4)
O(3)-Cu(2)-O(3A) 83.3(4) O(1)-Cu(3)-O(3) 91.2(4)
O(4)-Cu(2)-O(6A) 95.2(4) O(5A)-Cu(3)-O(3) 92.8(4)
O(7A)-Cu(2)-O(6A) 99.2(4)

a Symmetry transformations used to generate equivalent atoms: (A)-x
+ 1, -y + 1, -z + 1.
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together by sharing edges to form an unexpected defective
rhombic Cu4 unit, differing from the usual rhombic M4 units
with four edge-sharing MO6 octahedra in lots of reported
sandwich TMSPs.3 The second group includes external Cu1
and Cu1A ions. The independent Cu1 ions is defined by three
O atoms from two1b moieties and two N atoms of one enMe
ligand, forming a distorted square pyramidal configuration
with the O5 atom occupying the axial position. The two
external square pyramids (Cu(1)O3N2 and Cu(1A)O3N2) are
further attached to the internal Cu4 unit by edge-shared to
form a unique nearly coplanar and beltlike Cu6 cluster
aggregation. Searches of the Cambridge Crystallographic
(http://www.ccdc.cam.ac.uk) and Inorganic Crystal (http://
icsdweb.fiz-karlsruhe.de) Structure Databases show no such
Cu6 cluster has been reported. Therefore, the structural details
of this central Cu6O14 fragment are of interest. Both the
octahedral and square pyramidal coordination spheres of
Cu2+ centers are Jahn-Teller distorted. The equatorial Cu-O
distances range from 1.932(10) to 2.025(9) Å, whereas the
axial Cu-O distances range 2.304(10)-2.490(11) Å. The
crystallographic independent Cu-O-Cu angles of the central
Cu6O14 fragment are 106.9(1)° (O1), 93.18(1)° (O6), and
105.8(1)° (O7), respectively. The angles around O3 and O5
range 91.34(1)-96.74(1) and 81.06(1)-92.17(1)°, respec-
tively. The independent Cu‚‚‚Cu separations are as follows:
Cu1‚‚‚Cu2, 3.16 Å; Cu1‚‚‚Cu3, 3.15 Å; Cu2‚‚‚Cu3, 3.13 Å;
Cu2‚‚‚Cu2A, 2.99 Å; Cu3‚‚‚Cu2A, 3.09 Å.

Crystal packing of1 can be seen in Figure 2; the anions
1a are stacked along botha- andb-axes directions, forming
a POM layer that is parallel to theab-plane. These POM
layers are further stacked in parallel in AAA sequence along
thec-axis to form three-dimensional stacking structure with
supporting [Cu(enMe)2(H2O)]2+ and isolated [Cu(enMe)2]2+

cations residing in the space between the POM layers.
Although the [A-R-SiW9O34]n- ions were used as starting
material, the products contain [B-R-XW9O34]n- units, indicat-
ing that the isomerization of [A-R-SiW9O34]10- f [B-R-
SiW9O34]10- must have taken place during the course of the
reaction. Similar isomerization of [A-R-PW9O34]9- f [B-R-

PW9O34]9- has been demonstrated in the solution upon
heating in several reports in the literature.3o,15

Compared with the first Cu6-containing polyoxoanion
[(CuCl)6(AsW9O33)2]12- (Cu6As2W18),9 the remarkable dif-
ferences are as follows: (1)1a is a polyoxoanion based on
[SiW9O34]10- units, whileCu6As2W18 is a polyanion based
on [AsIIIW9O33]9- units in which the lone pair of electrons
on the AsIII atom does not allow the closed Keggin unit to
form.3m,s (2) Due to the different structural feature between
[SiW9O34]10- and [AsW9O33]9-, the encapsulated Cu6 core
in 1a is a beltlike structure with edge-sharing combination
of CuO6 octahedra, CuO5, and CuO3N2 square pyramids,
while the Cu6 core inCu6As2W18 is a hexagon structure made
of six edge-shared CuO4Cl square pyramids (Figure 1d). (3)
The Cu6 core in1a is an inorganic-organic hybrid cluster,
while the Cu6 core in Cu6As2W18 is an inorganic cluster.
Additionally, the configuration of Cu6 core in 1a is also
remarkable different from the other M6 cores in several
reported M6-substituted polyoxotungstates, such as [Fe6-
(OH)3(A-R-GeW9O34(OH)3)2]11- (Fe6Ge2W18),6 [{Ni6(H2O)4-
(µ2-H2O)4(µ3-OH)2}(ø-SiW9O34)2]10- (Ni6Si2W18),7 [(R-
SiFe3W9(OH)3O34)2(OH)3]11- (Fe6Si2W18-1), and [(R-
Si(FeOH2)2FeW9(OH)3O34)2]8- (Fe6Si2W18-2).10 As shown
in Figure 3a, the central Fe6 core inFe6Ge2W18 or Fe6Si2W18-1
exhibits a trigonal-prismatic fragment composed of six

(15) Knoth, W. H.; Domaille, P. J.; Harlow, R. L.Inorg. Chem.1986, 25,
1577.

Figure 1. (a) Structure of polyoxoanion1a. Color codes: WO6, red; SiO4,
yellow. (b, c) Ball-and-stick and polyhedral representations of the Cu6

hybrid unit in1, respectively. (d) Polyhedral representation of the Cu6 unit
in ref 9.

Figure 2. View of crystal packing of1 along theb-axis. All the isolated
water molecules and hydrogen atoms are omitted for clarity. Color codes:
WO6, red; SiO4, yellow.

Figure 3. Polyhedral representations of (a)Fe6Ge2W18 or Fe6Si2W18-1;
(b) Fe6Si2W18-2; (c) Ni6Si2W18. Color codes: WO6, red; FeO6 or NiO6,
green; GeO4 or SiO4, yellow.
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corner-sharing FeO6 octahedra, while the central Fe6 core in
Fe6Si2W18-2 is build up of two equivalent Fe3O15 trimers
linked together by a single edge (Figure 3b). In the
Ni6Si2W18, six central NiO6 octahedra are joined together
by edge- or corner-sharing to form a “Z” type Ni6 unit
(Figure 3c). In comparison with the above-reported M6 cores,
1a represents a new type of inorganic-organic hybrid M6-
substituted sandwich polyoxotungstate.

The TG curve of1 shows the first weight loss of 2.04%
in the temperature range 52-113 °C, corresponding to the
loss of six H2O molecules (calcd 1.82%)/formula unit. The
second weight loss of 13.08%, which occurs in multiple steps
from 210 to 609°C, is attributed to the loss of 10 enMe
molecules (calcd 12.48%). Assuming that the residue cor-
responds to SiO2, WO3, and CuO, the observed weight loss
(15.12%) is in good agreement with the calculated value
(14.29%).

Since1 contains a well-isolated central Cu6 unit with an
unusual geometry, it is of interest to investigate its magnetic
properties. The magnetic susceptibility of1 was measured
at 2-300 K (Figure 4). The experimentalømT value at room
temperature is 3.61 cm3‚mol-1‚K/formula, which is expected
for 10 magnetically uncoupled Cu2+ ion (3.75 cm3‚mol-1‚K,
assumingg ) 2). Upon cooling, theømT values increase to
a maximum of 4.95 cm3‚mol-1‚K at 22 K and then decrease
to 2.96 cm3‚mol-1‚K at T ) 2 K, where the sudden decrease
might be attributed to intermolecular interactions within the
compound. The behavior suggests that there exist overall
ferromagnetic interactions. The temperature dependence of
the reciprocal susceptibilities (1/øm) obeys the Curie-Weiss
law above 75 K withΘ ) 17.85 (Figure 5), which support
the presence of overall ferromagnetic coupling between the
Cu2+ ions.

Considering theCi symmetry of the Cu6 unit in 1, the
magnetic data can be simulated in terms of the five exchange
constantsJ1-J5 as shown in Scheme 1 (inset of Figure 4),
where the numbers 1-6 correspond to the Cu1, Cu2, Cu3A,
Cu3, Cu2A, and Cu1A of Figure 1b, respectively. Since
diagonal interactions between Cu2+ ions (Cu1‚‚‚Cu5,
Cu2‚‚‚Cu6, and Cu3‚‚‚Cu4) with significantly long distance
(more than 5.3 Å) within the Cu6 unit are weak enough to
be assumed to be negligible. Following the numbering

scheme, the magnetic data of1 are simulated on the basis
of the spin Hamiltonian in eq 1 using the package MAG-
PACK.16 The contribution of the mononuclear Cu2+ species
in 1 is incorporated through Curie law.

Additionally, a parameterzJ accounts for the intermo-
lecular interactions for1 by using molecular field ap-
proximation (ømol ) øM/[1 - øM(2zJ/NAg2µB

2)]). The best-
fit parameters obtained areJ1 ) 12.70 cm-1, J2 ) -2.56
cm-1, J3 ) 30.96 cm-1, J4 ) 30.97 cm-1, J5 ) 39.40 cm-1,
zJ) -0.48 cm-1, g ) 1.97, andR ) 3.15× 10-4 (the error
factor R is defined asΣ[(ømT)obs - (ømT)calc]2/Σ[(ømT)obs

2]).
These results show that the magnetic properties of the unique
Cu6 unit are a combination of both ferromagnetic and
antiferromagnetic exchange interactions. Since the small and
negative parameters ofJ2 andzJ show that the Cu1‚‚‚Cu4
interaction and intermolecular interaction are weak antifer-
romagnetic, the overall interactions in Cu6 unit are ferro-
magnetic. For di-µ-hydroxo-bridged copper dimers, a clas-
sical correlation between the Cu-O-Cu bond angle (Φ) and
the experimental exchange constant (J) (J ) -74.53Φ +
7270 cm-1) indicates that those complexes are antiferro-
magnetic forΦ > 98° but ferromagnetic for smaller angles.17

The calculations based on the above correlation and the
observed Cu-O-Cu angle in1 also can predict that the
exchange parametersJ1-J5 should be positive and parameter
J2 should be negative.

Conclusions

In summary, a novel Cu6-containing TMSPs1 has been
synthesized, which contains the largest number of paramag-
netic TMs of all sandwich silicotungstates known. In
addition, the central Cu6 unit exhibits a unique geometry.
The successful synthesis of1 shows that hydrothermal
techniques offer an effective way for making high-nuclear
TMSPs based on lacunary anions. Further work is in progress

(16) (a) Borrás-Almenar, J. J.; Clemente-Juan, J. M.; Coronado, E.;
Tsukerblat, B. S.Inorg. Chem.1999, 38, 6081. (b) Borra´s-Almenar,
J. J.; Clemente-Juan, J. M.; Coronado, E.; Tsukerblat, B. S.J. Comput.
Chem.2001, 22, 985.

(17) Crawford, V. H.; Richardson, H. W.; Wasson, J. R.; Hodgson, D. J.;
Hatfield, W. E.Inorg. Chem.1976, 15, 2107.

Figure 4. Temperature dependence oføm (O) andømT (0) values for1.
The solid lines correspond to the best-fit curves using the parameters
described in the text.

Figure 5. Temperature dependence oføm
-1 (O) for 1. The solid line is

best fit according to the Curie-Weiss law.

Ĥ ) -2J1(Ŝ1Ŝ2 + Ŝ5Ŝ6) - 2J2(Ŝ1Ŝ4 + Ŝ3Ŝ6) - 2J3(Ŝ2Ŝ3 +
Ŝ4Ŝ5) - 2J4(Ŝ2Ŝ4 + Ŝ3Ŝ5) - 2J5Ŝ2Ŝ5 (1)
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for making other new TMSPs made of high-nuclear metal
cluster aggregations and other types of lacunary precursors
(e.g., [XW10O36]n- and [X2W15O56]n-) or mixed multila-
cunary precursors under hydrothermal conditions.
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