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A novel organic­inorganic complex [Cu(en)2]3[¡-
PW11NaO39]¢2H2O (1) was synthesized hydrothermally and
characterized by elemental analyses, IR, UV, XPS, and X-ray
single-crystal diffraction, constructed by monosodium-substi-
tuted Keggin phosphotungstates and copper(II)­ethylenediamine
groups and formed a 65¢8 CdSO4-like 3D framework.

Polyoxometalates (POMs) are discrete anionic clusters
commonly based on molybdenum or tungsten oxides, which
continue to attract interest as a result of their intriguing variety of
architectures together with their potential applications in fields
as disparate as catalysis,1 materials science,2 and medicine.3

Among them, phosphotungstates are a classic subclass of POMs
including multiplicate structural varieties, which can be
constructed by saturated Keggin [PW12O40]3¹, monovacant
[PW11O39]7¹, divacant [PW10O36]7¹, trivacant [PW9O34]9¹, or
tetravacant [PW8O31]9¹ building units. For a long time,
more investigations of phosphotungstates are focused on the
reaction of saturated Keggin unit [PW12O40]3¹ or trivacant unit
[PW9O34]9¹ with transition metal or lanthanide cations. Hitherto,
however, the research on the monovacant [PW11O39]7¹ unit is
comparatively limited. For example, in 1995, Galán-Mascarós
et al. reported 1D chain-like manganese-monosubstituted Keggin
phosphotungstates (ET)8[PW11MnO39]¢2H2O.4 Subsequently,
Evans et al. and Yan et al. described respectively 1D chain-
like monosubstituted phosphotungstate derivatives of cobalt
(Et3NH)5[PW11CoO39]¢3H2O5 and [Co(dpa)2(H2O)2]2(Hdpa)-
[PW11CoO39]¢3H2O.6 In 2004 and 2005, Lisnard et al. extended
the results of Evans and reported several phosphotungstates
based on monosubstituted Keggin unit [PW11CuO39]5¹ with
chain-like structure.7 In 2006, Felices et al. discovered a
2D copper(II)-monosubstituted phosphotungstate Na2[CuI(4,4¤-
bpy)]3[PW11CuO39(H2O)]¢4H2O.8 Synchronously, Nogueira
et al. addressed a novel chain-like silver phosphotungstate
H2Ag0.33K3.67[AgPW11O39]¢8.25H2O¢CH3OH.9 In 2008, Zhao
et al. reported several 1D copper(II)-monosubstituted phospho-
tungstates decorated by copper(II)­organoamine complexes.10

To date, the 3D structural phosphotungstate framework con-
structed by monovacant [PW11O39]7¹ building units and tran-
sition-metal bridges has been not reported. Recently, our interest
is focused on the assembly chemistry between lacunary Keggin
phosphotungstates and lanthanide cations or transition metal
in the presence of organic components, and we obtained two
2:2 types of monolanthanide-substituted polyoxometalates
[{(¡-PW11O39H)Ln(H2O)3}2]6­ and [{(¡-PW11O39)Ln(H2O)-
(©2,®-1,1)-CH3COO}2]10¹.11 Herein, we report on a novel
organic­inorganic complex [Cu(en)2]3[¡-PW11NaO39]¢2H2O (1)
(en = ethylenediamine),12 which was constructed by mono-
sodium-substituted Keggin phosphotungstates and copper(II)­

ethylenediamine groups and formed 65¢8 CdSO4-like 3D frame-
work. In 1, the reason of selecting en ligand is that it can adjust
the reaction environment of solution and also coordinate to
metal centers. To our knowledge, 1 represents the first 3D 65¢8
CdSO4-like phosphotungstate derivative based on monovacant
Keggin [PW11O39]7¹ subunits in POM chemistry.

The single-crystal X-ray diffraction analysis13 of 1 revealed
that the molecular structural unit of 1 (Figure 1) consists
of a monosodium-substituted Keggin phosphotungstate unit
[¡-PW11NaO39]6¹, three pendant crystallographic cations
([Cu1(en)2]2+, [Cu2(en)2]2+, and [Cu3(en)2]2+) and two lattice
water molecules. In the crystal structure, the [Cu1(en)2]2+ cation
adopts an octahedral geometry, which is coordinated by four
nitrogen atoms from en ligands [Cu­N: 2.007(17)­2.029(16)¡]
and two terminal oxygen atoms from two [¡-PW11NaO39]6¹ unit
[Cu­O: 2.417(12)­2.624(13)¡], and bridges two “equatorial”
WO6 octahedra on two [¡-PW11NaO39]6¹ units through two
terminal oxygen atoms. The pendant [Cu2(en)2]2+ cation is
defined by four N atoms from two bidentate en ligands [Cu­N:
1.998(16)­2.035(17)¡] and one ®3-O atom from the apical
oxygen of the {W2NaO13} triads [Cu­O: 2.440(11)¡], resulting
in a five-coordinate square-pyramid geometry. Another five-
coordinate [Cu3(en)2]2+ cation also displays a square pyramid
where four N atoms from two en ligands [Cu­N: 1.938(19)­
2.041(17)¡] build the basal plane and one ®3-O atom from a
W3O13 triad stands on the apical position [Cu­O: 2.648(11)¡].

The remarkable feature of 1 is that the six-coordinate Na1
atom is incorporated into the lacunary site of the [¡-PW11O39]7¹

unit with Na­O bond lengths in the range of 2.244(13)­
2.708(14)¡, and the adjacent [¡-PW11NaO39]6¹ units bridged
by means of Na­O­W linkages generate 1D infinitely linear
chain (Figure S1).18 The mode of the 1D chains constituted by
monosodium-substituted Keggin POM units is very rare,14

although similar chain-like structures constructed from mono-
transition-metal- or monolanthanide-substituted Keggin POM

Figure 1. Polyhedral and ball-and-stick representation of poly-
oxo-anion of 1. The hydrogen atoms are omitted for clarity.
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units have been reported frequently.10,15

Another feature of the polyoxoanion of 1 is three crystallo-
graphically independent [Cu(en)2]2+ complex cations anchor-
ing to the [¡-PW11NaO39]6¹ unit, and the [Cu1(en)2]2+ bridged
two adjacent [¡-PW11NaO39]6¹ units. Therefore, each [¡-
PW11NaO39]6¹ unit connects four identical [¡-PW11NaO39]6¹

units by two Na1­O­W linkages and two W­O­Cu1­O­W
linkages constructing a novel 3D extended network (Figure 2).
From the topological point of view, the 3D framework of 1 is a
four-connected network, belonging to the 65¢8 CdSO4 topology
net, in which each [¡-PW11NaO39]6¹ unit acts as a four-
connected node (Figure 2b). A topological analysis of this net
was performed with OLEX.16 The long topological (O’Keeffe)
vertex symbol is (6¢6¢62¢6¢6¢¨) for the [¡-PW11NaO39]6¹

node, which gives the short vertex (Schäfli) symbol 65¢8.
IR spectrum shows that 1 displays characteristic vibration

patterns of the Keggin-type structure (Figure S2).18 The ¯(P­O)
vibration frequency appears at 1073 and 1042 cm¹1. Comparing
with the saturated [PW12O40]3¹ anion,17 the ¯(P­O) asymmetric
stretching vibration splits into two bands in monosubstituted [¡-
PW11NaO39]6¹, resulting from the distortion of the PO4 group
encapsulated in the Keggin polyanion and the decline of
polyanionic symmetry. In the low-wavenumber region (¯ <
1000 cm¹1), several characteristic bands, appearing at 947; 883,
848, 801, 761; and 728 cm¹1, are attributed to ¯(W­Ot), ¯(W­
Ob), and ¯(W­Oc), respectively. The UV spectrum of 1 exhibits
two obvious absorption bands (Figure S3).18 The lower energy
band at ca. 192 nm is attributed to the p³­d³ charge-transfer
absorption band of Ot ¼ W bonds, and the higher energy
band at ca. 250 nm is attributed to the p³­d³ charge-transfer
absorption band of Oc/b ¼W bonds.

In the XPS spectra for 1, Figure 3a shows the spectrum
of 1 in the W4f region with two peaks at 36.1 and 34.2 eV,
corresponding to the W4f7/2 and W4f5/2 core-level, respectively,
attributed to W6+. XPS profiles of the Cu2p core-level spectra 1
are depicted in Figure 3b. The Cu2p3/2 and Cu2p1/2 core-level
spectra show peaks appearing at 934.3 and 954.2 eV, respec-
tively, ascribed to Cu2+.
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Figure 2. (a) The 3D structural framework of 1 viewed down the
a axis. (b) The 3D 65¢8 CdSO4-like topological framework of 1.

Figure 3. (a) XPS spectrum of W4f7/2 and W4f5/2 of 1 and
(b) XPS spectrum of Cu2p3/2 and Cu2p1/2 of 1.
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