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a b s t r a c t

Three new supramolecular compounds based on triethylenediamine and different polyoxometalates

[WVI
3 VV

3O19H]{[Cu(HDABCO)]2(H2O)} (1), [P2MoVI
18O62][HDABCO]2[H2DABCO]2 �12 H2O (2) and [MoVI

7.5

WVI
0.5O27][Cu(HDABCO)]2 �2 H3O �2 H2O (3) (DABCO¼triethylenediamine) have been synthesized

hydrothermally and characterized by IR, TG, XPS and X-ray diffraction analyses. Crystal structure

analyses reveal that compound 1 exhibits a face-centered cubic packing motif, compound 2 displays a

supramolecular structure constructed form the ‘‘chains’’ arranged hexagonally, compound 3 contains

[Mo7.5W0.5O27]N chain decorated by [Cu(HDABCO)]2 + cations, which was then packed into a layer

structure. These results show that the same organonitrogen combining with the different POMs will

yield different supramolecular networks.

& 2010 Elsevier Inc. All rights reserved.
1. Introduction

In the past 30 years, supramolecular chemistry has developed
at a tremendous rate. This expansion has been driven by the
growing knowledge regarding synthetic and characterization
methods for complex structures [1]. The directed assembly of
supramolecular arrays from discrete molecular building blocks is
a topic of significant interest with potential applications in
the areas of catalysis, molecular electronics, sensor design and
optics [2,3]. In the construction of supramolecular materials, one
important strategy is that those of low-dimensional building
blocks extend to high-dimensional networks through weak
intermolecular interactions, including hydrogen bonding, p?p
stacking and weak van der Waals interactions, etc. Doubtless, the
hydrogen bond is the most familiar organizing force in
supramolecular assemblies by virtue of its unique strength and
directionality that may control short-range packing [4].

Polyoxometalates (POMs), as a kind of significant metal oxide
clusters with abundant topologies [5], have recently been employed
as discrete building blocks for constructing supramolecular arrays
with various organic moieties [6]. Supramolecular assemblies based
on POMs have been intensively investigated in many important
aspects such as catalysis, non-linear optical material and medicine
ll rights reserved.

i), xjq@mail.jlu.edu.cn
[7]. In most cases, available nucleophilic oxygen atoms on the
surface of POMs as hydrogen acceptors interact with oxygen,
nitrogen or carbon atoms of organic moieties as hydrogen donors to
form O–H?O, N–H?O or C–H?O hydrogen bonds for construct-
ing high-dimensional supramolecular networks. In contrast, less
attention was paid to the regulatory effects of POMs and organic
ligands in the supramolecular network [8], despite these having
been demonstrated to play a key role in controlling the topological
structures of supramolecular architectures.

On the other hand, a great deal of organic moieties has been
introduced to combine with POMs for constructing supramole-
cular architectures. There is a synergism between organic and
inorganic components, so that the combination of various organic
and inorganic components will result in different supramolecular
arrangements. Though many organonitrogen compounds includ-
ing tetra-alkyl-ammonium, ethylenediamine, diethylamine,
triethylamine, etc. have been used as organic components of
supramolecular architectures [6,7], to the best of our knowledge,
it is surprising that supramolecular architectures containing
triethylenediamine as organic components combined with POMs
are rather scarce [9].

As a continuous work, here we report three new supramole-
cular networks based on triethylenediamine and different POMs:
[WVI

3 VV
3O19H]{[Cu(HDABCO)]2(H2O)} (1), [P2MoVI

18O62][HDABCO]2

[H2DABCO]2 �12 H2O (2) and [MoVI
7.5WVI

0.5O27][Cu(HDABCO)]2 �2
H3O �2 H2O (3) (DABCO¼triethylenediamine). The three com-
pounds represent interesting examples of supramolecular
architectures constructed from DABCO and different POMs.
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Compound 1 exhibits a face-centered cubic packing motif,
Compound 2 displays a supramolecular structure constructed
form the ‘‘chains’’ arranged hexagonally, compound 3 contains
[Mo7.5W0.5O27]N chain decorated by [Cu(HDABCO)]2 + cations,
which was then packed into a layer structure. These results show
that the same organonitrogen combining with the different POMs
will yield different supramolecular networks.
2. Experimental

2.1. General methods

All reagents were purchased commercially and used without
further purification. The elemental analyses (C, H and N) were
performed on a Perkin-Elmer 2400 CHN elemental analyzer. The
elemental analyses (W, V, Mo and Cu) were performed on a
Perkin-Elmer Optima 3300DV spectrophotometer. The infrared
spectra were recorded with a Perkin-Elmer SPECTRUM ONE FTIR
spectrometer with KBr pellets in the 4000–200 cm�1 region. XPS
measurements were performed on single crystals with ESCALAB
MARK II apparatus, using the MgKa (1253.6 eV) achromatic X-ray
radiation source. The powder XRD patterns were obtained with a
Scintag X1 powder diffractometer system using CuKa radiation
with a variable divergent slit and a solid-state detector. Thermo-
gravimetric analysis (TG) data were recorded with a thermal
analysis instrument (SDT 2960, TA Instruments, New Castle, DE,
USA) with the heating rate of 10 1C min�1 in an air flow.
2.2. Synthesis

Synthesis of [WVI
3 VV

3O19H]{[Cu(HDABCO)]2(H2O)} (1): Com-
pound 1 was synthesized hydrothermally by reacting of
Na2WO4 �2H2O (0.5 g, 1.5 mmol), H3BO3 (0.1 g, 1.6 mmol),
NH4VO3 (0.2 g, 1.7 mmol), CuCl2 �2H2O (0.3 g, 1.7 mmol), DABCO
(0.33 g, 1.5 mmol) and distilled water (15 ml) in an 18 ml Teflon-
lined autoclave. The pH of the mixture was necessarily adjusted to
5 with HCl solution. The mixture was heated under autogenous
pressure at 160 1C for 5 days and then left to cool to room
temperature. Orange crystals could be isolated in about 55% yield
(based on W). We also tried to synthesize compound 1 without
the addition of H3BO3, which is not successful yet. Anal. calcd. for
C12H29Cu2N4O20V3W3: C, 10.44; H, 2.12; N, 4.06; W, 39.94; Cu,
9.20; V, 11.07%. Found: C, 9.90; H, 2.08; N, 4.06; W, 40.06; Cu,
9.35; V, 11.91%. IR (cm�1): 3436, 3020, 1611, 1475, 1381, 1320,
1219, 1166, 1054, 982, 945, 840, 783, 587, 445.

Synthesis of [P2MoVI
18O62][HDABCO]2[H2DABCO]2�12H2O (2):

Compound 2 was synthesized hydrothermally by reacting of
Na2WO4 �2H2O (0.5 g, 1.5 mmol), (NH4)6Mo7O24 �4H2O (0.33 g,
0.2 mmol), CuCl2 �2H2O (0.3 g, 1.7 mmol), KH2PO4 (0.2 g,
1.5 mmol), DABCO (0.33 g, 1.5 mmol) and distilled water (15 ml)
in an 18 ml Teflon-lined autoclave. The pH of the mixture was
necessarily adjusted to 5 with NH3 �H2O solution. The mixture was
heated under autogenous pressure at 160 1C for 5 days and then left
to cool to room temperature. Black crystals could be isolated in
about 52% yield (based on Mo). We also tried to synthesize
compound 2 without the addition of Na2WO4 �2H2O and/or
CuCl2 �2H2O, which is not successful yet. Anal. calcd. for C24H78Mo18-

N8O74P2: C, 8.35; H, 2.28; N, 3.25; Mo, 50.03; P, 1.79%. Found: C,
8.01; H, 2.22; N, 3.54; W, 50.06; P, 1.81%. IR (cm�1): 3422, 3196,
3065, 3019, 2619, 2339, 1621, 1467, 1405, 1320, 1166, 1078, 1054,
1003, 935, 896, 810, 764, 611, 567, 516 and 384.

Synthesis of [MoVI
7.5WVI

0.5O27][Cu(HDABCO)]2�2 H3O�2 H2O
(3): Compound 3 was synthesized hydrothermally by reacting of
Na2WO4 �2H2O (0.5 g, 1.5 mmol), (NH4)6Mo7O24 �4H2O (0.33 g,
0.2 mmol), Cu(NO3) �3H2O (0.4 g, 1.6 mmol), C2H2O4 �2H2O (0.2 g,
1.6 mmol), DABCO (0.33 g, 1.5 mmol) and distilled water (15 ml)
in an 18 ml Teflon-lined autoclave. The pH of the mixture was
necessarily adjusted to 6 with NH3 �H2O solution. The mixture
was heated under autogenous pressure at 160 1C for 5 days and
then left to cool to room temperature. Black crystals could be
isolated in about 23% yield (based on Mo). Anal. calcd. for
C12H36Cu2Mo7.5N4O31W0.5: C, 8.63; H, 2.17; N, 3.35; W, 5.50; Mo,
43.06; Cu, 7.61%. Found: C, 8.91; H, 2.41; N, 3.40; W, 5.64; Mo,
42.23; Cu, 7.35%. IR (cm�1): 3437, 3018, 1653, 1464, 1386, 1363,
1318, 1225, 1163, 1050, 999, 918, 880, 825, 708, 654, 579, 495
and 421.
2.3. X-ray crystallographic study

Reflection intensity data for 1, 2 and 3 were collected on a
Bruker Apex II diffractometer equipped with graphite monochro-
mated MoKa radiation (l¼0.71073 Å) at room temperature,
respectively. All structures were solved by direct methods and
refined using full-matrix least squares technique on F2 using
SHELXTL-97 crystallographic software package. Anisotropic ther-
mal parameters were refined for all non-hydrogen atoms, except
C12 in 1 and C1, C2 and O4w in 2 for severe disorder. All hydrogen
atoms of the carbon atoms of the ligands were placed in
geometrically calculated positions and refined with fixed isotropic
displacement parameters using a riding model, and those of the
nitrogen atoms of the ligands and waters were not located.
Crystallographic data and structure refinements for 1–3 are given
in Table 1. CCDC numbers: 779,889 for 1, 777,890 for 2 and
777,891 for 3.
3. Results and discussion

3.1. Description of crystal structures

Structure of 1: The X-ray crystallographic study reveals that 1
consists of protonated [WVI

3 VV
3O19H]4� clusters and transition

metal coordination fragments {Cu(HDABCO)]2(H2O)}4 +. The
[WVI

3 VV
3O19H]4� anion exhibits a centrosymmetric M6O19 struc-

ture in which the metal atoms (disorderly occupied by tungsten
and vanadium atoms with equivalent occupancy factor of 0.5) are
octahedrally arranged about a central oxygen atom. In addition,
each metal atom is also bonded to four bridging oxygen atoms
and one terminal oxygen ligand, ensuring octahedral coordination
about each metal center. They describe a structure of nearly
perfect octahedral symmetry. The M6O19 structure has been
known for a long time, which include the isopolyanions such as
[Nb6O19]8� [5a], [Ta6O19]8� [5a], [Mo6O19]2� [5a], [W6O19]2�

[5a], [V6O19]8� [10] and mixed isopolyanions such as
[V2W4O19]4� [5a], [Nb3W3O19]5� [5a], etc. Compound 1 is based
on the [WVI

3 VV
3O19H]4� anion, which contains one protons that

could not be located by the X-ray crystallographic analysis. Such
anions are common especially in the field of polyoxometalates
[5,11].

The M–O distances of the [WVI
3 VV

3O19H]4� anion can be
grouped into three sets: M�Ot with bond distance of 1.66(2) Å,
M�Ob with bond distances of 1.85(2)–1.95(2) Å and M�Oc with
bond distance of 2.3044(15) Å. Bond valence sums (BVS) for the
tungsten, the vanadium and the copper atoms of 1 were
calculated [12,13]. Results for the independent tungsten atom
W1, the independent vanadium atom V1 and the independent
copper atom Cu1 are 6.20, 4.73 and 0.73, respectively, which
reveals that the oxidation states for the tungsten atoms, the



Table 1
Crystal data and structural refinements for compounds 1, 2 and 3.

Empirical formula C12H29Cu2N4O20V3W3 C24H78Mo18N8O74P2 C12H36Cu2Mo7.5N4O31W0.5

Formula weight 1380.83 3451.80 1671.02

Crystal system Cubic Hexagonal Triclinic

Space group Pa3 P62c P1

a (Å) 14.0558(2) 13.2621(3) 9.5347(19)

b (Å) 14.0558(2) 13.2621(3) 10.301(2)

c (Å) 14.0558(2) 29.5837(11) 11.614(2)

a (deg) 90 90 105.22(3)

b (deg) 90 90 102.60(3)

g (deg) 90 120 100.35(3)

Volume (Å3) 2776.94(7) 4506.2(2) 1039.6(3)

Z 4 2 1

DC (Mg m�3) 3.303 2.544 2.669

m (mm�1) 14.929 2.561 4.656

F(000) 2551 3316 794

y for data collection 2.51–26.02 1.90–26.05 3.25–27.48

Limiting indices �17o¼ho¼14 �15o¼ho¼16, �12o¼ho¼12,

�17o¼ko¼15 �13o¼ko¼16, �11o¼ko¼13,

�17o¼ lo¼14 �24o¼ lo¼36 �15o¼ lo¼13

Reflections collected 14,431 24,315 10,299

Reflections unique 922 [R(int)¼0.0559] 3051[R(int)¼0.0418] 4720 [R(int)¼0.0600]

Completeness to y 100.0% 99.9% 98.8%

Data/parameters 922/69 3051/ 169 4720/254

GOF on F2 1.336 1.176 1.043

Ra [I42s(I)] R1¼0.0998 R1¼0.0564 R1¼0.0615

oR2¼0.2279 oR2¼0.1419 oR2¼0.1615

Rb (all data) R1¼0.1038 R1¼0.0574 R1¼0.0666

oR2¼0.2294 oR2¼0.1425 oR2¼0.1650

a R1¼S9 9Fo9�9Fc9 9/S9Fo9.
b oR2¼{S[w (Fo

2
�Fc

2)2]/S[w(Fo
2)2]}1/2.

Fig. 1. The topological representation of the FCC packing motif in compound 1.

The big ball represents the [WVI
3 VV

3O19H]4� anions.
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vanadium atoms and the copper atoms are +6, +5 and +1,
respectively. Thus the formula for 1 is [WVI

3 VV
3O19H]4� .

The Cu1 center was coordinated by an oxygen atom from the
water molecule (Cu–Ow bond: 1.91(8) Å) and a nitrogen atom
from the DABCO ligand (Cu–N bonds: 2.05(4) Å) linearly. The
oxygen from the water molecule acts as a bridge joining two Cu1
centers, forming a {Cu(HDABCO)]2(H2O)}4 + cation. It should be
noted that the oxygen of the water molecule is disorderedly
distributed at two positions with equivalent occupancy factor of
0.5, respectively, so that there is an inversion center located at the
midpoint of the two halves of disordered oxygen atoms.
Alternatively, the disordered oxygen atom links the two [Cu(H-
DABCO)]4 + cations linearly into a dumbbell-shape structure.

As shown in Fig. 1, compound 1 exhibits a face-centered cubic
packing (FCC) motif. The big ball represents the [WVI

3 VV
3O19H]4�

anion, if we omit all the {Cu(HDABCO)]2(H2O)}4 + cations, it is very
clear that [WVI

3 VV
3O19H]4� anions pack in a FCC packing motif.

Detailed analysis of the packing motif reveals that there are a
{Cu(HDABCO)]2(H2O)}4 + cation and six halves of {Cu(HDABCO)]2

(H2O)}4 + cations in the cubic unit. It should be noted that the
diagonal line of the cubic unit just passes through two Cu1
centers, the disordered oxygen atoms and the nitrogen atoms of
the DABCO ligands of the {Cu(HDABCO)]2(H2O)}4 + cation, so that
the midpoint of the two halves of the disordered oxygen atoms is
just the inversion center of the cubic unit.

As shown in Fig. 1, there are eight DABCO ligands in the cubic
unit, each of which in the dumbbell-shape {Cu(HDABCO)]2

(H2O)}4 + cation is located at the center of the tetrahedron
constructed from four [WVI

3 VV
3O19H]4� anions, as shown in Fig. 2.

Crystallographic analysis reveals that the packing of 1 comes
from the complex hydrogen bonding interactions between the
carbon atoms of the DABCO ligands and the oxygen atoms of the
[WVI

3 VV
3O19H]4� anions. There are only two crystallographically

independent carbon atoms C(1) and C(2), the C(1) (and its
symmetry equivalents) as hydrogen donors interacts with the
O(3)(�y,0.5+z,�0.5�x) (and its symmetry equivalents) as the
hydrogen acceptor with bond distance of 3.24(4) Å, while



Fig. 2. The representation of the C–H � � �O hydrogen bonding interactions

between the DABCO ligands and the [WVI
3 VV

3O19H]4� anions.

Table 2
Hydrogen bonds for complexes 1, 2 and 3.

D–H?A d(D?A) Symmetry code

Complex 1
C1?O3(a) 3.24(4) a: (�y,0.5+z,�0.5�x)

C2?O3(b) 3.23(4) b: (1+z, 0.5�x,�0.5+y)

N2?O3(c) c: (�y,�1�z,�x)

Complex 2
N2?N3 2.68(4)

N(1)?O(15)(d) 3.08(3) d: (y,x,3�z)

C(4)?O(8) 3.19(5)

C(4)?O(13)(e) 3.26(7) e:(1�x+y,2�x,z)

Ow(1)?Ow(3)(f) 2.64(7) f:(1�x+y,2�x,z)

Ow(3)(e)?Ow(2)(g) 3.13(4) g:(1�x+y,2�x,z)

Ow(1)?O(8) 3.00(7)

Ow(1)?O(12)(h) 2.94(8) h:(1�x+y,2�x,z)

Ow(2)?O(14) 3.05(4)

Complex 3
N(2)?O(14)(i) 2.95(1) i:(x, y, 1+z)

N(2)?O(12)(i) 2.87(2)

Fig. 3. The polyhedron representation of the [P2MoVI
18O62]6� anion.
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the carbon atom C(2) (and its symmetry equivalents) interacts
with O(3) (1+z, 0.5�x,�0.5+y) (and its symmetry equivalents)
with bond distance of 3.23(4) Å. Therefore, it means that every
carbon atom of the DABCO ligands interacts with the oxygen
atoms of the [WVI

3 VV
3O19H]4� anions through hydrogen bonds. In

addition, the N(2) atom of the DABCO ligand interacts with the
O(3) (and its symmetry equivalents) through hydrogen bond with
distance of 3.00(3) Å (the hydrogen bonds for 1 are shown in
Table 2).

Structure of 2: The X-ray crystallographic study reveals that 2
is composed of [P2MoVI

18O62]6� clusters, water molecules, organic
counterions [H2DABCO]2 + and [HDABCO]+. The [P2MoVI

18O62]6�

cluster is a Dawson archetype, consisting of two {PMo9O34}
groups joined together by sharing six oxygen atoms (as shown in
Fig. 3). There have been extensive studies on the formation
of molybdophosphate complexes, various molybdophosphate
complexes including [P2Mo5O23]6� , [PMo11O39H3]4� , [PMo9O34
H6]3� , [PMo12O40]3� , [P2Mo18O62]6� are isolated [5a, 14]. In
general, the formation of these heteropoly complexes is said to be
pH-dependent. Among the heteropolymolybdate complexes in
the Mo–P system, the Keggin- and Dawson-type complexes are of
particular interest because of their importance in solution
chemistry and their uses as catalysts [5a, 14].

The PO4 tetrahedron of the [P2MoVI
18O62]6� cluster has P–O

distances of 1.539(13)–1.595(13) Å. Each molybdenum atom has
a distorted {MoO6} octahedral coordination environment. The
distances of the Mo–O bonds can be divided into three groups:
Mo–Ot, 1.708(17)–1.718(15) Å; Mo–Ob, 1.840(15)–1.998(15) Å;
Mo–Oc, 2.342(12)–2.360(13) Å. Bond valence sums (BVS) for the
molybdenum atoms of 2 were calculated by using parameters
given by Brown [12]. Results for the independent molybdenum
atoms Mo1, Mo2 and Mo3 are 5.60, 5.90 and 6.10, respectively,
which reveals that the oxidation state for the molybdenum atoms
is +6. Thus the formula for 2 is [P2MoVI

18O62]6�.
It should be noted that the stacking mode of compound 2 is

interesting. As shown in Fig. 4, there exist two different ‘‘trimers’’
in 2: triangle trimer and linear trimer. The former is constructed
from three [P2MoVI

18O62]6� anions, exhibiting a perfect equilateral
triangle motif, while the latter is constructed from two
[HDABCO]+ and one [H2DABCO]2 + counterions packed linearly
along the c-axis in a [HDABCO]+

� � � [HDABCO]+
� � � [H2DABCO]2 +

linking fashion. The centroid–centroid distances of any two of the
three anions of the triangle trimer is characterized by separation
of 13.2621(3) Å, while the centroid–centroid distances of the two
neighboring DABCO counterions of the linear trimer is 5.13(4) Å.
It should be noted that the two neighboring DABCO counterions
of the linear trimer interact with each other through strong
N–H � � �N hydrogen bonding interactions with N � � �N distance of



Fig. 4. (a) The upper view of the topological representation of the packing motif in

compound 2. (b) The side view of the packing motif in compound 2. The big ball

represents the [P2MoVI
18O62]6� anions.
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2.68(4) Å, thus there is only one hydrogen atom in the middle of
each two neighboring DABCO counterions. As shown in Fig. 4,
each [P2MoVI

18O62]6� anion of the triangle trimer is surrounded by
three linear trimers, while each linear trimer is surrounded by
three [P2MoVI

18O62]6� anion of the triangle trimers. The triangle
trimers act as building blocks stacked along the c-axis. However,
the upper triangle trimer could not fully overlap the lower one, for
the lower one was rotated about 7601. Therefore, the triangle
trimers are stacked along the c-axis into an –A–B–A–B– stacking
mode. Detailed analysis also revealed that the linear trimer and
the [P2MoVI

18O62]6� anions of the triangle trimers are arranged
alternately along the c-axis into a chain structure through
N–H � � �O hydrogen bonding interactions with N(1)yO(15)
(y,x,3�z) (and its symmetry equivalents) distance of 3.08(3) Å.

Except the linear trimer, there still exist discrete organic
counterions [H2DABCO]2+. The discrete [H2DABCO]2+, which is
just located at the inversion center of the triangle trimer of
[P2MoVI

18O62]6� anions, exhibits C–H � � �O hydrogen bonding inter-
actions with the three [P2MoVI

18O62]6� anions with C(4) � � �O(8),
C(4) � � �O(13)(1�x+y,2�x,z) (and their symmetry equivalents)
distances of 3.19(5) and 3.26(7) Å, respectively.

There is a dinuclear water cluster (H2O)2 in compound 2,
which is constructed from Ow(1) and Ow(3) water molecules. The
Ow(1) interacts with the Ow(3)(1�x+y,2�x,z) with hydrogen
bond distance of 2.64(7) Å, thus, a dinuclear water cluster is
formed. Crystallographic analysis reveals that there exist complex
hydrogen bonding interactions between oxygen atoms of the
water cluster (H2O)2 and oxygen atoms of the [P2MoVI

18O62]6�

anions. Ow(1) (and its symmetry equivalents) interacts with the
O(8) and O12(1�x+y,2�x,z) (and their symmetry equivalents)
with bond distances of 3.00(7) and 2.94(8) Å, respectively. In
addition, Ow(3)(1�x+y,2�x,z) of the water cluster (H2O)2

interacts with the dissociated water molecule Ow(2)
(1�x+y,2�x,z) through hydrogen bonding interactions with
bond distance of 3.13(4) Å. There also exists hydrogen bonding
interactions between Ow(2) (and its symmetry equivalents) and
O(14) (and its symmetry equivalents) with bond distances of
3.05(4) Å (the hydrogen bonds for 2 are shown in Table 2).

Structure of 3: The X-ray crystallographic study reveals that 3
consists of an infinite inorganic [Mo7.5W0.5O27]N chain, transition
metal coordination fragments [Cu(DABCO)]+ and protonated water
molecules. The chain is composed of the [Mo7.5W0.5O27]5� clusters,
each of which exhibits the framework structure of the [Mo8O27]5�

[9b] with one position of the molybdenum atom occupied by
disordered Mo and W with equivalent occupancy factor of 0.5.
The [Mo7.5W0.5O27]5� cluster is constructed from eight distorted
{MO6} octahedra joined together by sharing edges. The existence
of the mixed metal isopolyanions (molybdotungstates) have been
suggested by the aqueous or nonaqueous solution studies includ
ing [Mo6W6O41]10� , [Mo3W15O60H3]9� , [(H2)MoW11O40]6� ,
[Mo3W3O19]2� , [H2Mo2W10O30]5� , [MoW5O19]2� , etc. [5a].

The M–O bond distances of the [Mo7.5W0.5O27]5� cluster can
be divided into three groups: M–Ot 1.702(9)�1.722(9) Å, M–Ob

1.743(8)–2.216(7) Å, M�Oc, 2.270(7)–2.437(7) Å. Bond valence
sums (BVS) for the molybdenum atoms and the tungsten atoms of
3 were calculated by using parameters given by Brown [12].
Results for the independent molybdenum atoms Mo1, Mo2,
Mo3 and Mo4 are 5.92, 5.90, 5.86 and 5.91, while result for
the independent tungsten atom W1 is 5.92, which reveals
that the oxidation state of the molybdenum and tungsten atoms
of the [Mo7.5W0.5O27]6� is +6. Thus the formula for 3 is
[MoVI

7.5WVI
0.5O27]6� .

A feature of 3 is that the [Mo7.5W0.5O27]6� clusters are
connected by sharing corners into an inorganic chain which is
then decorated by [Cu(HDABCO)]2 + TMCs, as shown in Fig. 5.
Between every two [Mo7.5W0.5O27]6� clusters in the chain, there
not only exists an oxygen atom O(5) as bridge, but also exist two
[Cu(HDABCO)]2 + TMCs as bridges. Alternatively, there are two
different types of bridges in the chain: oxygen bridges and TMC
bridges. The TMC of 3 exhibits a tetrahedral coordination
environment, it receives contributions from one nitrogen donor
of DABCO ligand (Cu–N bond distance: 1.986(9) Å) and three
oxygen donors from two anions (Cu–O bond distances: 1.868(8)–
2.756(9) Å). Thus TMCs in 3 act as bridges interconnecting the
neighboring POMs into a straight chain structure along the a-axis
(Fig. 5). Bond valence sums (BVS) for copper atoms of 3 were
calculated [13]. Result for the independent copper atom Cu1 is



Fig. 5. The representation of the 1-D [Mo7.5W0.5O27]N chain structure decorated

by [Cu(DABCO)]+ TMCs in compound 3.

Fig. 6. The representation of the 2-D supramolecular layer structure in compound 3.
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1.06, which reveals that the oxidation state of the copper atoms of
3 is +1.

The most unusual feature of 3 is the stacking mode of the
infinite chain, as shown in Fig. 6. The infinite chain decorated by
[Cu(HDABCO)]2 + TMCs exhibits a chair form, adjacent chains with
DABCO ligands are packed in an orderly manner along the c-axis
into a supramolecular layer structure.

Crystallographic analysis reveals that the packing of 3 comes from
the hydrogen bonding interactions between the nitrogen atoms of
DABCO ligands and the oxygen atoms of [Mo7.5W0.5O27]6� anions.
N(2) (and its symmetry equivalents) performing as the hydrogen
donor interacts with the O(14) (x, y, 1+z) and O(12) (x, y, 1+z) (and
their symmetry equivalents) as hydrogen acceptor with bond
distances of 2.95(1) and 2.87(2) Å, respectively (the hydrogen bonds
for 3 are shown in Table 2). These strong hydrogen bonds link the
infinite chain into a supramolecular layer structure.

It should be noted that there was an isopolyanion compound
reported by Zhang et al. that is isostructural with compound 3
[9b]. The biggest difference between these two compounds is the
building blocks of the two compounds, one is isopolyanion
[Mo8O27]5� , the other is mixed metal isopolyanion
[Mo7.5W0.5O27]5� .

3.2. Characterizations of compounds

3.2.1. XRD analysis

The XRD analyses have already been done to confirm the phase
purity for 1, 2 and 3 (Fig. s1–s3). The experimental patterns for
compounds 1, 2 and 3 are in good agreement with the simulated
patterns, respectively, indicating that the phase purity for 1, 2 and
3 are good.

3.2.2. XPS analysis

The XPS spectra for 1 present two overlapped peaks at 35.5 V
and 37.6 eV in the W4f region which should be ascribed to W6 +
(Fig. s4) [15]. The XPS spectra for 1 also present two peaks at
517.0, 524.7 eV in the V2p region, which should be ascribed to the
V5 + (Fig. s4) [15].

The XPS spectrum for 2 presents two peaks in the Mo 3d region
at 236.1 and 232.8 eV, which should be ascribed to Mo6 + (Fig. s5)
[15]. The XPS spectra of 3 present two peaks 236.2 and 233.0 eV,
which should be ascribed to Mo6 + (Fig. s6) [15]. The XPS spectra
of 3 presents two peaks 37.6 and 35.5 eV, which should be
ascribed to W6 + (Fig. s6) [15].

3.2.3. TG analysis

The TG curve for compound 1 was recorded from room
temperature to 800 1C. The curve is very hard to be divided into
different stages (Fig. s7). It continuously decreases until 529 1C
with weight loss about 19.0%, corresponding to the loss of water
molecules and DABCO ligands in 1 (calc.: 17.8%).

The TG curve for compound 2 was recorded from room
temperature to 800 1C. The curve is very hard to be divided into
different stages (Fig. s8). It continuously decreases until 604 1C
with weight loss about 17.6%, corresponding to the loss of water
molecules and DABCO ligands in 2 (calc.: 19.4%).
4. Conclusion

The synthesis and characterization of [WVI
3 VV

3O19H]{[Cu(HDAB-
CO)]2(H2O)} (1), [P2MoVI

18O62][DABCO][H2DABCO]3 �12 H2O (2)
and [MoVI

7.5WVI
0.5O27][Cu(HDABCO)]2 �2 H3O �2 H2O (3) reinforce

the observation that the same organonitrogen combining with
the different POMs will yield different supramolecular networks.
It is evident that the incorporation of organic components and
POMs combined with hydrothermal technique affords a powerful
method for the supramolecular networks.
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