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Extended Architectures Constructed from Sandwich Tetra-Metal-Substituted
Polyoxotungstates and Transition-Metal Complexes

Shou-Tian Zheng,[a] Ming-Hui Wang,[b] and Guo-Yu Yang*[a]

Introduction

The preparation of extended polyoxometalate (POM)-based
materials is of great interest not only from a structural point
of view, but also because of their variety of applications in
fields such as catalysis, electrical conductivity, and biological
chemistry.[1] However, the technique of linking POM clus-
ters with suitable bridging units to generate extended POM-
based solids with desirable properties is in its infancy. An ef-
fective method is the reaction of POM cluster units with
transition-metal (TM)–organoamine complexes under hy-
drothermal conditions. This method has been utilized to
make many organic–inorganic hybrid extended structures

based on polyoxovanadate or polyoxomolybdate clusters,
such as V16O38,

[2] V18O42,
[3] Mo8O26,

[4] Mo12O40,
[5] Mo8V8O44,

[6]

and so on.[7] Typical examples include one-dimensional [Ni-
ACHTUNGTRENNUNG(2,2’-bpy)2Mo4O13],

[4a] [Cu ACHTUNGTRENNUNG(enMe)2]3ACHTUNGTRENNUNG[V15O36Cl]·2.5H2O,[7a]

and (H2en)2[{Cu(en)ACHTUNGTRENNUNG(OH2)}Mo5P2O23]·4H2O,[7b] two-dimen-
sional [Co(en)2][Co ACHTUNGTRENNUNG(bpy)2]2[PMo8V8O44]·4.5H2O

[6a] and
[M2(en)5][{M(en)2}2V18O42(X)]·9H2O (M=Zn, Cd; X=H2O,
Cl, Br),[3b] and three-dimensional [{Cu ACHTUNGTRENNUNG(enMe)2}7ACHTUNGTRENNUNG{V16O38-
(H2O)}2]·4H2O

[2a] and [NiACHTUNGTRENNUNG(4,4’-bpy)2]2 ACHTUNGTRENNUNG[V16O38Cl] ACHTUNGTRENNUNG(4,4’-
bpy)·6H2O

[2c] (bpy=bipyridine, en=ethylene diamine).
Nevertheless, the synthesis of high-dimensional POM-based
solids (2D and 3D) still eludes researchers because it is one
of the great challenges facing chemists. The compounds
[Zn2(en)5]{[Zn(en)2]ACHTUNGTRENNUNG[(bpe)HZn2As8V12O40ACHTUNGTRENNUNG(H2O)]2}·7H2O

[8a]

(bpe=1,2-bis(4-pyridyl)ethane), [Cu4V18O42 ACHTUNGTRENNUNG(NO3) ACHTUNGTRENNUNG(enMe)8]·
10H2O, and [Cu4V18O42 ACHTUNGTRENNUNG(SO4) ACHTUNGTRENNUNG(enMe)8]·10H2O

[8b] are recent
examples. The first is made up of novel arsenic–vanadium
clusters linked by the zinc complexes into a 2D framework,
whereas the latter two exhibit two rare 3D structures con-
structed from well-defined {V18O42} clusters and copper com-
plexes.

Although many examples of polyoxovanadate/-molybdate
clusters linked into 1D, 2D, and 3D materials have already
been reported, the linking of polyoxotungstate (POT) clus-
ters with TM–organoamine complexes into extended struc-
tures remains largely unexplored, being only recently per-
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Abstract: Three unprecedented 2D ar-
chitectures made up of sandwich-type
tetra-metal-substituted polyoxotung-
ACHTUNGTRENNUNGstates and transition-metal complexes,
[Cu ACHTUNGTRENNUNG(dien) ACHTUNGTRENNUNG(H2O)]2{[Cu ACHTUNGTRENNUNG(dien) ACHTUNGTRENNUNG(H2O)]2-
[Cu ACHTUNGTRENNUNG(dien) ACHTUNGTRENNUNG(H2O)2]2ACHTUNGTRENNUNG[Cu4ACHTUNGTRENNUNG(SiW9O34)2]}·
5H2O (1; dien=diethylenetriamine),
[Zn(enMe)2(H2O)]2{[Zn ACHTUNGTRENNUNG(enMe)2]2ACHTUNGTRENNUNG[Zn4-
(HenMe)2ACHTUNGTRENNUNG(PW9O34)2]}·8H2O (2 ; enMe
=1,2-diaminopropane), and [ZnACHTUNGTRENNUNG(enMe)2-
(H2O)]4[Zn ACHTUNGTRENNUNG(enMe)2]2ACHTUNGTRENNUNG{(enMe)2ACHTUNGTRENNUNG{[Zn-
(enMe)2]2ACHTUNGTRENNUNG[Zn4ACHTUNGTRENNUNG(HSiW9O34)2]} ACHTUNGTRENNUNG{[Zn-

(enMe)2ACHTUNGTRENNUNG(H2O)]2ACHTUNGTRENNUNG[Zn4ACHTUNGTRENNUNG(HSiW9O34)2]}}·
13H2O (3) were hydrothermally syn-
thesized and structurally characterized
by elemental analysis, IR spectroscopy,
thermogravimetric analysis, and single-
crystal X-ray diffraction. Compound 1

consists of anions [Cu4ACHTUNGTRENNUNG(SiW9O34)2]
12�

linked by copper complexes into a 2D
structure, whereas 2 is constructed
from novel inorganic–organic hybrid
anions [Zn4ACHTUNGTRENNUNG(HenMe)2ACHTUNGTRENNUNG(PW9O34)2]

8�

linked by zinc complexes into a 2D
structure. The most interesting is the
unique 2D network 3, which consists of
anions [Zn4ACHTUNGTRENNUNG(PW9O34)2]

10� with two
types of bridging groups: zinc com-
plexes and enMe ligands.

Keywords: coordination polymers ·
organic–inorganic hybrid compo-
sites · polyoxometalates · sandwich
complexes · tungsten
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formed and restricted to several examples based on
XW11O39 (X=Cu, Ni)[9] or W12O40

[10] clusters. For example,
Wang and co-workers prepared a unique 3D chiral frame-
work assembled from W12O40 clusters and chiral copper
complexes.[10a]

The exploration of high-dimensional frameworks based
on other POT clusters with metal–organic moieties is there-
fore attractive. To date, numerous sandwich M4-substituted
POTs, [M4ACHTUNGTRENNUNG(H2O)2ACHTUNGTRENNUNG(XW9O34)2]

n� (X=Si, P, As; M=Mn, Fe,
Co, Ni, Cu, Zn), have been prepared by conventional solu-
tion synthesis at atmospheric pressure and relatively low
temperature (below 100 8C).[11] Compared with the above-
mentioned well-defined polyoxovanadate/-molybdate clus-
ters, these sandwich M4-substituted POT anions have a
larger volume and a more-negative charge, which allow the
formation of higher coordination numbers with TM cations.
Hence, these sandwich POT anions may be effective precur-
sors for making high-dimen-
sional solids. However, almost
all the reported M4-sandwiched
POTs are, in fact, discrete
structures. Although Cronin
and co-workers described the
first 2D hybrid network con-
structed from sandwich [Mn4-
(PW9O34)2]

10� clusters and
sodium complexes quite re-
cently,[12] no high-dimensional
framework based on sandwich
M4-substituted POTs and TM
complexes have been reported
so far. Therefore, the prepara-
tion of such solids is an inter-
esting and rewarding challenge.
We attempted to make such
solids by using trilacunary
Keggin XW9O34 (X=Si, P)
fragments as precursors under
hydrothermal conditions. This
is based on the following con-
siderations: 1) hydrothermal-
synthesis techniques have been
demonstrated to be a powerful
tool for making extended

POM-based solids,[2–10] 2) our recent work proved that the
trilacunary Keggin XW9O34 precursors can exist under hy-
drothermal conditions and only undergo the isomerization
{A-a-XW9O34}!{B-a-XW9O34} during the course of the re-
actions,[13] and 3) under suitable conditions, these precursors
have a strong tendency to form dimeric sandwich M4-substi-
tuted POT anions that further act as secondary structural
building units. During the course of our investigation, we
successfully obtained three inorganic–organic hybrid 2D
POMs that involve sandwich M4-substituted POTs inter-
linked by TM complexes under hydrothermal conditions:
[Cu ACHTUNGTRENNUNG(dien) ACHTUNGTRENNUNG(H2O)]2{[Cu ACHTUNGTRENNUNG(dien) ACHTUNGTRENNUNG(H2O)]2[Cu-
ACHTUNGTRENNUNG(dien) ACHTUNGTRENNUNG(H2O)2]2ACHTUNGTRENNUNG[Cu4ACHTUNGTRENNUNG(SiW9O34)2]}·5H2O (1), [Zn ACHTUNGTRENNUNG(enMe)2-
(H2O)]2{[Zn ACHTUNGTRENNUNG(enMe)2]2ACHTUNGTRENNUNG[Zn4ACHTUNGTRENNUNG(HenMe)2 ACHTUNGTRENNUNG(PW9O34)2]}·8H2O (2),
and [ZnACHTUNGTRENNUNG(enMe)2ACHTUNGTRENNUNG(H2O)]4[Zn ACHTUNGTRENNUNG(enMe)2]2{(enMe)2{[Zn(enMe)2]2-
[Zn4(HSiW9O34)2]}{[Zn(enMe)2(H2O)]2[Zn4ACHTUNGTRENNUNG(HSiW9O34)2]}}·
13H2O (3) (dien=diethylene triamine).

Results and Discussion

Crystallographic data for 1–3 are presented in Table 1. Se-
lected bond lengths are listed in Table 2. X-ray analysis re-
veals that the 2D structure 1 is constructed from sandwich
Cu4-substituted polyoxoanions [Cu4 ACHTUNGTRENNUNG(SiW9O34)2]

12� (1a) and
copper complexes. As shown in Figure 1a, 1a is made up of
two trilacunary [B-a-SiW9O34]

10� moieties linked by four
Cu2+ ions, which results in a sandwich structure with ideal-
ized Ci symmetry. Interestingly, in the central Cu4 core (Fig-
ure 1c and d), the crystallographic independent Cu1 and
Cu2 ions exhibit different configurations. Cu2 is bonded to

Abstract in Chinese:

Table 1. Crystallographic data for 1–3.

Compound 1 2 3

Empirical formu-
la

C24H104Cu10N18O81Si2W18 C30H122N20O78P2W18Zn8 C66H262N44O155Si4W36Zn18

Mr 5942.05 5905.69 12060.82
Crystal system monoclinic triclinic triclinic
Space group C2/c P1̄ P1̄
a [P] 34.240(3) 13.346(3) 17.597(3)
b [P] 13.360(1) 14.157(4) 18.433(3)
c [P] 25.166(2) 17.321(5) 19.164(3)
a [8] 90 113.528(4) 91.185(1)
b [8] 109.637(3) 106.4960(10) 107.674(2)
g [8] 90 90.882(2) 100.775(2)
V [P3] 10842.9(14) 2845.9(13) 5798.4(17)
Z 4 1 1
1 [gcm�3] 3.640 3.446 3.453
m [mm�1] 21.048 19.883 19.715
F ACHTUNGTRENNUNG(000) 10683 2670 5462
Crystal size
[mm3]

0.35Q0.25Q0.15 0.10Q0.09Q0.08 0.23Q0.14Q0.14

Limiting indices �41�h�41, �16�k�15,
�30� l�29

�17�h�16, �12�k�18,
�22� l�22

�21�h�22, �23�k�19,
�24� l�24

GOF on F2 1.071 1.024 1.060
R1,[a] wR2[b]

(I>2s(I))
0.0593, 0.1502 0.0368, 0.0865 0.0433, 0.1093

R1,[a] wR2[b] (all
data)

0.0657, 0.1556 0.0489, 0.0945 0.0524, 0.1150

[a] R1=� j jFo j� jFc j j /� jFo j . [b] wR2= {�[wACHTUNGTRENNUNG(Fo
2�Fc

2)2/�[w ACHTUNGTRENNUNG(Fo
2)2]]

1=2 ; w=1/[s2
ACHTUNGTRENNUNG(Fo

2)+ (xP)2 +yP], P= (Fo
2 +

2Fc
2)/3, x=0.0884, 0.0535, 0.0597 for 1–3, respectively, and y=541.8610, 0.5699, 0.0000 for 1–3, respectively.
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six oxygen atoms from 1a moieties to form a distorted octa-
hedron, whereas Cu1 is defined by five O atoms from 1a
moieties to form a distorted square pyramid. Thus, two
CuO6 octahedra and two CuO5 square pyramids are linked
together by sharing edges to form an unexpected defective
rhombic Cu4 unit, which differs from the usual rhombic M4

units with four edge-sharing MO6 octahedra in many report-
ed sandwich M4-substituted POTs (Figure 1e and f).[11]

Each 1a moiety acts as an octadentate ligand that coordi-
nates to eight Cu2+ ions through six terminal O and two m2-
O atoms with Cu�O distances of 2.50(1)–2.78(1) P (Fig-
ure 1b). The eight copper ions can be divided into two
classes according to their roles as bridging and decorating
groups. The bridging groups, which include Cu3 and its sym-
metry-equivalent atoms Cu3A–Cu3C, are octahedrally coor-
dinated by three equatorial N donors of a dien ligand, one
equatorial H2O molecule, and two trans-oxo ligands from
two adjacent 1a clusters. The axial Cu�O bonds (Cu�O:
2.72(1)–2.78(1) P) are considerably longer than the equato-
rial Cu�O or Cu�N bonds (Cu�O: 1.95(2) P; Cu�N:
1.96(2)–2.00(1) P) owing to Jahn–Teller distortion. On the
other hand, the decorating Cu atoms, which include Cu4
and Cu5 and their symmetry-equivalent atoms Cu4A and
Cu5A, display two different coordination environments: Cu-
ACHTUNGTRENNUNG(4,4A)N3O2 square pyramids and CuACHTUNGTRENNUNG(5,5A)N3O3 octahedra.
The equatorial positions of each CuN3O2 square pyramid
are occupied by three N atoms from a dien ligand and one
water molecule (Cu�N: 1.95(2)–1.99(5) P; Cu�O:
2.19(1) P), and the axial position is occupied by one termi-
nal oxo ligand from 1a clusters (Cu�O: 2.50(1) P). Similar-
ly, the equatorial plane of the CuN3O3 octahedra is defined
by three N donors from a dien ligand and one water mole-
cule (Cu�N: 1.93(2)–2.04(2) P; Cu�O: 2.00(2) P), but the
axial positions are occupied by one terminal oxo ligand and
one water molecule (Cu�O: 2.72(3)–2.73(2) P). Thus, the
extended structure of 1 can be described as follows: each 1a
moiety is decorated by two [Cu ACHTUNGTRENNUNG(dien) ACHTUNGTRENNUNG(H2O)]2+ and two [Cu-
ACHTUNGTRENNUNG(dien)]2+ complexes that are not further connected to adja-
cent 1a clusters, thus forming a novel tetra-TM-supported
polyoxoanion. Furthermore, these TM-supported polyoxo-
anions are bridged by another four [CuACHTUNGTRENNUNG(dien)]2+ complexes
through terminal oxo atoms along both the [011] and [01�1]
directions with an O�Cu�O angle of 163.1(4)8 to form the
novel inorganic–organic hybrid 2D framework (Figure 1g).
On the basis of bond valence sum (Ss) calculations,[14] the
oxidation states of all the Cu, W, and Si atoms are +2 (Ss=

1.61–2.21), +6 (Ss=5.92–6.29), and +4 (Ss=3.89), respec-
tively. The oxidation states of these atoms are consistent not
only with the overall charge of compound 1, but also with
the reported sandwich Cu4-substituted POTs.[15]

A noteworthy feature of 1a is that the absent sites of the
unusual defective rhombic Cu4 units may be good centers
for further structural derivation such as intramolecular deco-
ration or intermolecular linkage through organic amine li-
gands to form novel, unique hybrid structures. For example,
two such compounds based on the Zn4-substituted sandwich
anions [Zn4 ACHTUNGTRENNUNG(PW9O34)2]

10� and [Zn4ACHTUNGTRENNUNG(HSiW9O34)2]
10� were suc-

cessfully synthesized.
The novel 2D structure 2 can be considered to be made

up of inorganic–organic hybrid building blocks [Zn4-
(HenMe)2ACHTUNGTRENNUNG(PW9O34)2]

8� (2a ; Figure 2a) linked together
through zinc complexes. The unique building block 2a can
be derived from the well-known sandwich [Zn4ACHTUNGTRENNUNG(H2O)2-
(PW9O34)2]

10� anion[11b] by replacing two water ligands of the
central Zn4O14 ACHTUNGTRENNUNG(H2O)2 fragment with two enMe ligands (Fig-

Table 2. Selected bond lengths (P) for 1–3.[a]

Bond 1 2 3

W=Ot 1.700(11)–1.743(11) 1.701(6)–1.734(6) 1.705(7)–1.743(6)
W�Ob 1.790(12)–2.235(8) 1.759(6)–2.024(6) 1.771(6)–2.038(6)
W�Oc 2.325(10)–2.407(11) 2.380(6)–2.539(5) 2.299(6)–2.491(6)
Si�Oc 1.623(11)–1.654(10) – 1.625(6)–1.652(6)
P�Oc – 1.539(5)–1.558(5) –

[a] Ot = terminal oxygen atoms, Ob =bridging oxygen atoms bonded to
W, Cu, or Zn atoms, Oc =central oxygen atoms bridging Si or P atoms.

Figure 1. a) Polyhedral representation of polyoxoanion 1a. b) View of the
coordination mode between 1a and copper complexes. c) and d) Ball-
and-stick and poyhedral representations of the central Cu4 core in 1a, re-
spectively. e) and f) Ball-and-stick and poyhedral representations of the
central M4 core in reported M4-substituted POTs, respectively. g) View of
the 2D framework of 1 along the a axis. All the dien and water ligands
are omitted for clarity. WO6 = red, CuO5 and CuO6 =green, SiO4 =

yellow.

1382 www.chemasianj.org M 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian J. 2007, 2, 1380 – 1387

FULL PAPERS
G.-Y. Yang et al.



ure 2c and d). Interestingly, both enMe ligands in 2a serve
as monodentate ligands rather than common bidentate che-
lating ligands; there remains an uncoordinated NH2 group
that is protonated as required by charge-balance considera-
tions. In the Zn4O14ACHTUNGTRENNUNG(HenMe)2 fragment, all the Zn centers
have a distorted ZnO6 or ZnO4N2 octahedral environment
with the Zn�O (2.01(1)–2.33(1) P) and Zn�N (2.14(1) P)
bond lengths in the usual range. A search of the Cambridge
Crystallographic Structure Database (http://www.ccdc.cam.
ac.uk) showed that no such hybrid Zn4O14 ACHTUNGTRENNUNG(HenMe)2 aggre-
gation has been reported so far.

As shown in Figure 2b, each 2a anion is linked to six Zn
atoms through terminal oxo atoms of six WO6 octahedra to
form Zn�O=W interactions. Both crystallographically inde-
pendent Zn atoms (Zn3 and Zn4), in the bridging role, are
octahedrally coordinated with four equatorial N atoms from
two chelating enMe ligands (Zn�N: 2.08(1)–2.16(1) P) and

with two axial O atoms from two adjacent 2a anions (Zn�
O: 2.21(1)–2.33(1) P). On the other hand, the crystallo-
graphically independent Zn5 atom takes on the decorating
role and also displays octahedral geometry, here defined by
one terminal oxo ligand from a 2a anion, one water ligand,
and four N atoms from two enMe ligands (Zn�N: 2.00(1)–
2.16(1) P; Zn�O: 2.48(3)–2.61(1) P). Thus, each 2a anion is
decorated by two cis-[Zn ACHTUNGTRENNUNG(enMe)2O2] groups to form a bi-
TM-supported polyoxoanion. These polyoxoanions are then
further connected by trans-[Zn ACHTUNGTRENNUNG(enMe)2O2] groups along
both a- and c-axis directions to yield another 2D framework
based on sandwich POTs (all bridging angles O�Zn�O:
180.0(1)8). On the basis of bond valence sum calculations,
the oxidation states of all the Zn, W, and P atoms are +2
(Ss=1.78–2.03), +6 (Ss=6.08–6.37), and +5 (Ss=4.63), re-
spectively. The oxidation states of these atoms are consistent
with the overall charge of compound 2.

The uncoordinated NH2 groups of the enMe ligands in 2a
suggest that the condensation of 2a into novel extended
solids through the linkage of enMe in an end-to-end fashion
could be feasible. A decrease in the initial quantity of enMe
resulted in the successful crystallization of solid 3.

Crystal-structure analysis reveals that the unprecedented
2D hybrid structure 3 is based on two types of distinguishing
building blocks, [{Zn ACHTUNGTRENNUNG(enMe)2}2ACHTUNGTRENNUNG{Zn4ACHTUNGTRENNUNG(HSiW9O34)2}]

6� (3a) and
[{Zn ACHTUNGTRENNUNG(enMe)2ACHTUNGTRENNUNG(H2O)}2ACHTUNGTRENNUNG{Zn4ACHTUNGTRENNUNG(HSiW9O34)2}]

6� (3b), linked by
linear enMe ligands to generate a 1D chain, which is extend-
ed into a 2D framework by means of the bridging of [Zn-
ACHTUNGTRENNUNG(enMe)2]

2+ complexes. As shown in Figure 3a and b, al-
though both 3a and 3b are bi-zinc-complex-supported poly-
oxoanions based on [Zn4ACHTUNGTRENNUNG(HSiW9O34)2]

10�, there are apparent
differences between them: 1) both decorating Zn ions of 3a
attach to the anion [Zn4ACHTUNGTRENNUNG(HSiW9O34)2]

10� by coordination
with the terminal oxo ligands of two W atoms located at
equatorial positions, whereas the two decorating Zn ions of
3b are coordinated to the terminal oxo ligands of two W
atoms located at apical positions; 2) both Zn sites (Zn6 and
Zn6A) in 3a have “3+2” trigonal-bipyramidal geometry de-
fined by four N atoms from two enMe ligands and one ter-
minal oxo ligand from 3a (Zn�N: 2.01(1)–2.11(1) P; Zn�O:
2.65(1) P), whereas both Zn sites (Zn5 and Zn5A) in 3b
adopt “4+2” octahedral geometry, with the basal plane de-
fined by the four N atoms of two enMe ligands and the
apical positions occupied by one terminal oxo ligand from
3b and one water ligand (Zn�N: 2.10(1)–2.15(1) P; Zn�O:
2.21(1)–2.42(1) P).

In 3, the building blocks 3a and 3b are alternately linked
together by linear bidentate enMe ligands through the
unique linkage of –enMe–Zn4O14–enMe–Zn4O14– to form a
1D chain along the b axis (Zn�N: 2.156(11)–2.162(11) P).
Such an unusual linking mode also leads to a hybrid
–enMe–Zn4O14–enMe–Zn4O14– chainlike structure (Fig-
ure 3c and d), which has never been observed to our knowl-
edge, neither in the rich domain of POMs nor in coordina-
tion chemistry. Furthermore, adjacent chains of alternate 3a
and 3b clusters are linked through [Zn7 ACHTUNGTRENNUNG(enMe)2]

2+ com-
plexes (Zn�O: 2.30(1)–2.36(1) P) into a 2D framework

Figure 2. a) Polyhedral representation of polyoxoanion 2a. b) View of the
coordination mode between 2a and zinc complexes. c) and d) Ball-and-
stick and poyhedral representations of the central hybrid Zn4 core in 2a.
e) View of the 2D framework of 2 along the b axis. All the enMe and
water ligands are omitted for clarity. WO6 = red, ZnO5 and ZnO6 =green,
PO4 =yellow.
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(Figure 3e), in which each 3a and 3b cluster is surrounded
by four 3b and 3a clusters, respectively. On the basis of
bond valence sum calculations, the oxidation states of all the
Zn, W, and Si atoms are +2 (Ss=1.91–2.03), +6 (Ss=5.98–
6.24), and +4 (Ss=3.82–3.92), respectively. According to
the consideration of charge balance, the [SiW9O34]

10� clus-
ters are thus protonated, which is a common feature in
many reported POMs.[8a,16]

Notably, in contrast to the neutral 2D frameworks of 1
and 2, the 2D framework of 3 is anionic. Interestingly, al-
though these three 2D frameworks have remarkable differ-
ences, all of them represent a four-connected (4,4) topology
by considering the sandwich M4-substituted POTs as nodes
and the bridging TM complexes or linear enMe ligands as
links between the nodes.

The stacking of 2D layers of 1–3 results in channels along
the c, a, and a axes, respectively, which are occupied by lat-
tice water molecules and organic ligands (see Supporting In-
formation, Figures S1–S3). By neglecting all lattice water
molecules, calculations[17] show that the effective volumes of
the void regions of 1–3 are about 1510.8, 356.0, and 593.7 P3

per unit cell, respectively, and occupy 13.9, 12.5, and 10.2%
of the crystal volumes. Compounds 2 and 3 were selected as
examples for thermogravimetric (TG) analysis. As shown in
Figure 4, both TG curves show three major weight-loss

stages, which fall in the regions 34–120, 210–550, and 550–
780 8C. The entire weight-loss processes of 2 and 3 are at-
tributed to the loss of enMe ligands and crystal and coordi-
nated water molecules. The observed total weight loss (2 :
14.93%; 3 : 15.91%) is in agreement with the calculated
values (2 : 15.88%, corresponding to the loss of 11 water
and 10 enMe molecules; 3 : 16.63%, corresponding to the
loss of 21 water and 22 enMe molecules). Further TG water-
sorption experiments were undertaken to study the porosity
of 2 and 3. The TG studies revealed that the crystal water
molecules in 2 and 3 can be desorbed by heating a sample
at 120 8C to constant weight. Furthermore, the water can be
readsorbed by exposing the dehydrated samples to ambient
atmosphere for 24 h. The solids 2 and 3 desorbed 3.20 and
3.07% of crystal water, respectively, and within 24 h read-
sorbed a similar amount of water from the atmosphere.
Each procedure was repeated several times to demonstrate
the reversibility of the process (Figures 5 and 6). The stabili-
ty of the materials was also investigated by powder X-ray
diffraction, which indicated that the materials retained their
crystallinity after several water desorption and readsorption
cycles.

Figure 3. a) and b) Polyhedral representation of polyoxoanions 3a and
3b. c) and d) Ball-and-stick and poyhedral representations of the coordi-
nation mode between central Zn4 cores and bridging enMe ligands.
e) View of the 2D framework of 3 along the a axis. All the water and
chelating enMe ligands are omitted for clarity. WO6 = red, ZnO5, ZnO6,
and ZnO5N=green, SiO4 =yellow.

Figure 4. TG curve of 2 (c) and 3 (b).
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Conclusions

Three novel sandwich M4-substituted POT-based 2D hybrid
materials were synthesized under hydrothermal conditions.
These preliminary studies demonstrate the potential of sand-
wich POTs as molecular building blocks in the construction
of novel extended structures, and that the use of hydrother-
mal techniques is a vital tool for producing extended POM-
based solids. It was further shown that these solids exhibit
reversible water-sorption capabilities. Further research will
concentrate on the suitable modification of the synthetic
conditions to synthesize novel sandwich M4-substituted
POT-based 3D architectures with porous properties.

Experimental Section

General

All chemicals employed in this study were of analytical grade and were
purchased from commercial sources. Elemental analysis of C, H, and N
was carried out with a Vario EL III elemental analyzer. Inductively cou-
pled plasma (ICP) analysis for Cu, Zn, and W were conducted on an
Ultima2 spectrometer. IR spectra (KBr pellets) were recorded on an
ABB Bomen MB 102 spectrometer. Thermal analysis was performed
under dynamic oxygen atmosphere at a heating rate of 10 8Cmin�1 with a
METTLER TGA/SDTA851e thermal analyzer. XRD spectra were ob-

tained on a Philips XVPert-MPD diffractometer with CuKa radiation (l=

1.54056 P).

Syntheses

1: A mixture of Na10[A-a-SiW9O34]·nH2O (0.80 g, prepared by literature
method[18a]), CuCl2·2H2O (0.17 g), dien (0.10 mL), and H2O (10 mL) was
stirred for 40 min. The pH of this solution was then adjusted from 8.2 to
7.3 by hydrochloric acid (1 molL�1). Finally, the mixture was transferred
to a teflon-lined stainless-steel autoclave (40 mL), kept at 100 8C for
4 days, and then cooled to room temperature. The solid product, which
consisted of single crystals in the form of blue blocks, was recovered by
filtration, washed with distilled water, and dried in air (0.239 g, 40.4%
yield based on Cu). IR (KBr): 3423 (s), 3212 (s), 2406 (m), 1636 (s), 1398
(s), 1077 (s), 1032 (s), 940 (s), 876 (s), 775 (s), 518 cm�1 (m); elemental
analysis: calcd (%) for C24H104Cu10N18O81Si2W18: C 4.85, H 1.76, N 4.24,
Cu 10.69, W 55.71; found: C 4.76, H 1.93, N 4.11, Cu 10.91, W 55.13.

2 : A mixture of Na9[A-a-PW9O34]·nH2O (0.80 g, prepared by literature
method[18b]), ZnSO4·7H2O (0.20 g), enMe (0.30 mL), and H2O (10 mL)
was stirred for 40 min. The mixture was then transferred to a teflon-lined
stainless-steel autoclave (40 mL), kept at 100 8C for 4 days, and then
cooled to room temperature. The solid product, which consisted of single
crystals in the form of colorless blocks, was recovered by filtration,
washed with distilled water, and dried in air (0.194 g, 37.8% yield based
on Zn). IR (KBr): 3423 (s), 3221 (s), 3120 (s), 2937 (m), 1600 (s), 1453
(m), 1379 (w), 1086 (m), 979 (m), 940 (s), 876 (s), 748 (s), 500 cm�1 (m);
elemental analysis: calcd (%) for C30H122N20O78P2W18Zn8: C 6.10, H 2.08,
N 4.74, Zn 8.86, W 56.05; found: C 6.13, H 2.59, N 4.83, Zn 8.73, W
55.89.

Figure 5. a) TG water-desorption curves of 2 for three consecutive runs.
b) Powder X-ray diffraction patterns of 2 (from bottom to top) as simu-
lated from single-crystal XRD, as the native material, after dehydration,
and after rehydration (room temperature).

Figure 6. a) TG water-desorption curves of 3 for three consecutive runs.
b) Powder X-ray diffraction patterns of 3 (from bottom to top) as simu-
lated from single-crystal XRD, as the native material, after dehydration,
and after rehydration (room temperature).
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3 : A mixture of Na9[A-a-SiW9O34]·nH2O (0.80 g), ZnSO4·7H2O (0.20 g),
enMe (0.10 mL), and H2O (10 mL) was stirred for 40 min. The mixture
was then transferred into a teflon-lined stainless-steel autoclave (40 mL),
kept at 100 8C for 4 days, and then cooled to room temperature. The
solid product, which consisted of single crystals in the form of colorless
blocks, was recovered by filtration, washed with distilled water, and dried
in air (0.157 g, 33.6% yield based on Zn). IR (KBr): 3414 (s), 3331 (s),
3249 (s), 3148 (s), 2397 (m), 1645 (s), 1581 (s), 1462 (w), 1398 (s), 1068
(s), 986 (m), 940 (s), 872 (s), 757 (s), 528 cm�1 (m); elemental analysis:
calcd (%) for C66H262N44O155P4W36Zn18: C 6.57, H 2.19, N 5.11, Zn 9.76,
W 54.74; found: C 6.46, H 2.33, N 5.01, Zn 9.52, W 54.61.

X-ray Analysis

Crystal-structure determination by X-ray diffraction was performed on a
Mercury CCD diffractometer with graphite-monochromated MoKa (l=

0.71073 P) radiation at room temperature. The program SADABS was
used for absorption correction. The structures were solved by direct
methods and refined on F2 by full-matrix least-squares methods with the
SHELX97 program package.[19] For 1, a total of 33278 reflections (2.36�
q�25.258) were collected with 9512 unique (Rint =0.0503), of which 8541
reflections with I>2s(I) were used for structure elucidation. All non-hy-
drogen atoms were refined anisotropically. Hydrogen atoms of organic li-
gands were geometrically placed and refined with a riding model. At con-
vergence, R1 (wR2) was 0.0593 (0.1502), and the goodness-of-fit was
1.071. The final Fourier map had a minimum and maximum of 6.391 and
�3.275 eP�3. For 2, a total of 22304 reflections (2.40�q�27.498) were
collected with 12830 unique (Rint =0.0289), of which 10353 reflections
with I>2s(I) were used for structure elucidation. All non-hydrogen
atoms were refined anisotropically. Hydrogen atoms of organic ligands
were also geometrically placed and refined with a riding model. At con-
vergence, R1 (wR2) was 0.0368 (0.0863), and the goodness-of-fit was
1.022. The final Fourier map had a minimum and maximum of 2.629 and
�1.430 eP�3. For 3, a total of 44421 reflections (2.38�q�27.488) were
collected with 25750 unique (Rint =0.0412), of which 21016 reflections
with I>2s(I) were used for structure elucidation. All non-hydrogen
atoms were refined anisotropically. Hydrogen atoms of organic ligands
were also geometrically placed and refined with a riding model. At con-
vergence, R1 (wR2) was 0.0430 (0.1080), and the goodness-of-fit was
1.047. The final Fourier map had a minimum and maximum of 3.999 and
�3.179 eP�3. Experimental details for the structure determination of 1–3
are presented in Table 1. Selected bond lengths for 1–3 are listed in
Table 2. CCDC-645407–645409 (1–3) contain the supplementary crystal-
lographic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre at www.ccdc.cam.
ac.uk/data_request/cif.
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