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Introduction

The current interest in polyoxometalate (POM) chemistry
not only stems from their potential applications in analytical
science, materials science, catalysis, and medicine, but also
from their enormous structural variety and multitude of fas-
cinating properties.[1,2] The design and synthesis of large in-
organic high ACHTUNGTRENNUNG(giant)-nuclear wheels or clusters with multi-di-
mensional pores,[3,4] or biological modeling[5] have recently
constituted an emerging area of interest. Great efforts have
been taken toward the decoration of polyoxoanions using
organic ligands or transition-metal-complex cations, and the
discovery of new structural types with interesting topologies
and properties. Meanwhile, it should be pointed out that the
formation mechanisms of POMs still remain elusive arising
from the many species obtained by the “one-pot” synthesis-
commonly described as self-assembly. Therefore, the ration-
al design, synthesis, and characterization of novel POMs
with predetermined structures and functions offer an ongo-
ing challenge.

In POM chemistry, transition-metal substituted POMs
(TMSPs) are well known, and to date, numerous such com-
plexes have been reported.[6] Among the well-known class
of TMSPs, the sandwich type species represent the largest
subfamily.[7] The Weakly-,[8] Herv;-,[9] Krebs-,[10] and
Knoth-[11]sandwich type polyoxoanions have been obtained
to date. However, considering that TMSPs may be of inter-
est for their magnetism as well as their optical, electronic,
and catalytic properties,[12–14] the incorporation of paramag-
netic transition-metal ions to the centre of sandwich type
polyoxoanions remains a focus of POMs. Furthermore, tri-
vacant Keggin type polyoxoanions [XW9O33or34]

n� (X=P, As,
Si, Ge, Sb, Bi, Zn) are fundamental building units to con-
struct sandwich type polyoxoanions. The trivacant {SbW9}
unit is denoted as the B-type fragment derived from a
Keggin polyoxoanion. In this case, three edge-shared WO6

octahedra are removed because the central SbIII heteroatom
owns a lone pair of electrons.[15] Moreover, the B-type frag-
ment contains two isomers (a and b), which can be derived
from the a-Keggin and the b-Keggin framework, respective-
ly. This trivacant building block can be used for synthesis of
sandwich like complexes, for example, [(VO)3ACHTUNGTRENNUNG(SbW9O33)2]

12�

in which two B-a-[SbW9O33]
9� moieties are linked by a belt

of three VO2+ ions.[16]

The class of SbIII-containing polyoxotungstates has been
known for a long time.[17] The presence of a lone pair of
electrons on the heteroatom precludes the closing of the
Keggin unit, allowing many novel POMs with unprecedent-
ed structure to be obtained. The first structurally character-
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using the X-ray diffraction technique
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IR spectra and performing elemental

analysis. Structure analysis reveals that
polyoxoanions in 1 and 5 comprise of
two [B-b-SbW9O33]

9� building units,
whereas 2, 3, and 4 consist of two iso-
merous [B-a-SbW9O33]

9� building
blocks, which are all linked by different
transition-metal ions (Mn2+ , Cu2+ , or
Co2+) with different quantitative nucle-
arity. It should be noted that com-
pound 2 represents the first one-dimen-
sional sinusoidal chain based on sand-
wich like tungstoantimonate building
blocks through the carboxylate-bridg-
ing ligands. Additionally, 3 is construct-

ed from sandwiched anions
[Na2Cu4Cl(B-a-SbW9O33)2]

9� linked to
each other to form an infinitely extend-
ed 2D network, whereas 5 shows an in-
teresting 3D framework built up from
offset sandwich type polyoxoanion
[{Co(H2O)2}3W(H2O)2(B-b-SbW9O33)2]

6�

linked by Co2+ and Na+ ions. EPR
studies performed at 110 K and room
temperature reveal that the metal cat-
ions (Mn2+ , Cu2+ , Co2+) reside in a
square-pyramidal geometry in 2, 3, and
4. The magnetic behavior of 1–4 sug-
gests the presence of weak antiferro-
magnetic coupling interactions between
magnetic metal centers with the ex-
change integral J=�0.552 cm�1 in 2.
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ized tungstoantimonate [NaSb9W21O86]
18� displays a large

cryptand structure,[17] and subsequently, Wang and co-work-
ers reported the extended 1D structural compound
(NH4)15Co0.5ACHTUNGTRENNUNG(NH3)3[Co ACHTUNGTRENNUNG(NH3)4NaSb9W21O86]·15H2O.

[18] In the
past decades, Yamase and co-workers described the forma-
tion and structure of K18.5H1.5 ACHTUNGTRENNUNG[Ce3ACHTUNGTRENNUNG(CO3)ACHTUNGTRENNUNG(SbW9O33)
ACHTUNGTRENNUNG(W5O18)]·14H2O and [Eu3ACHTUNGTRENNUNG(H2O)3 ACHTUNGTRENNUNG(SbW9O33) ACHTUNGTRENNUNG(W5O18)3]

18�,[19]

which are all based on a-[SbW9O33]
9� and [W5O18]

6� groups.
Recently, their group reported another two lanthanide-poly-
oxotungstates, [(W5O18)Ln(a-SbW9O33)LnACHTUNGTRENNUNG(H2O)2ACHTUNGTRENNUNG(W5O18)3]

15�

(Ln=Eu, Dy, Er) and [Lu3ACHTUNGTRENNUNG(H2O)4ACHTUNGTRENNUNG(SbW9O33)2ACHTUNGTRENNUNG(W5O18)2]
21�.[20]

In addition, they described the synthesis, structure, heat ca-
pacity, and magnetization of [(VO)3 ACHTUNGTRENNUNG(SbW9O33)2]

12�.[16,21] In
recent years, the group of Krebs reported the systematic
syntheses of large SbIII containing heteropolyanions
[SbW9O33]

9�, [Na2Sb8W36O132ACHTUNGTRENNUNG(H2O)4]
22�, [Sb2W22O74(OH)2]

12�,
[Sb2W20M2O70 ACHTUNGTRENNUNG(H2O)6]

[14�2n]� (Mn+ =Fe3+ , Co2+ , Mn2+ , Ni2+

), [(Mn ACHTUNGTRENNUNG(H2O))3 ACHTUNGTRENNUNG(SbW9O33)2]
12�, (C52H60NO12)12[(Mn ACHTUNGTRENNUNG(H2O))3

ACHTUNGTRENNUNG(SbW9O33)2], [M2ACHTUNGTRENNUNG(H2O)6 ACHTUNGTRENNUNG(WO2)2 ACHTUNGTRENNUNG(SbW9O33)2]
10� (M=ZnII,

MnII), (NH4)10[Sb2W20Co2O70 ACHTUNGTRENNUNG(H2O)6]·13H2O, and K6NaH-
[Sb2W20Fe2O70ACHTUNGTRENNUNG(H2O)6]·13H2O,

[22] which were all synthesized
from the [B-a-SbW9O33]

9� fragment. The manganese(II)-
substituted polyoxometalate [(Mn ACHTUNGTRENNUNG(H2O))3 ACHTUNGTRENNUNG(SbW9O33)2]

12� has
been shown to be a highly efficient catalytic activator in the
epoxidation of alkenes.[22b] Subsequently, Kortz et al. report-
ed [(a-SbW9O33)2M3 ACHTUNGTRENNUNG(H2O)3]

12� (M=Cu2+ , Zn2+), K12-
ACHTUNGTRENNUNG[Sb2W18{CuACHTUNGTRENNUNG(H2O)}3O66], [Fe4ACHTUNGTRENNUNG(H2O)10(b-SbW9O33)2]

6�, [Cs2Na-
ACHTUNGTRENNUNG(H2O)10Pd3(a-Sb

IIIW9O33)2]
9�,[23] all of which are sandwich

type compounds based on two a- or b-type SbW9O33 subu-
nits. Very recently, the groups of Kortz and Proust, reported
on (CsNa2[{Sn ACHTUNGTRENNUNG(CH3)}3ACHTUNGTRENNUNG(H2O)4(b-SbW9O33)]·7H2O)1,

[24] and
[Sb2W20O70 ACHTUNGTRENNUNG{1-cymene}2]

10�,[25] respectively, being the first or-
ganotin derivative of b-[SbW9O33]

9�, and the first ob-
tained organometallic heteropolytungstate related to
[Sb2W22O74(OH)2]

12� by self-assembly, respectively. Yamase
et al. have reported a Mn6 hexagon sandwiched polyoxo-
metalate [(MnCl)6 ACHTUNGTRENNUNG(SbW9O33)2]

12� and discussed the ferro-
magnetic properties of five fold coordination Mn6

12+ hexa-
gons.[26]

It can be noted that most of the transition-metal-substitut-
ed tungstoantimonates are dimeric and sandwich like com-
pounds. Moreover, most of them are discrete structures. The
linking of sandwich type Sb�W�O clusters into extended

structures remains largely unexplored. Hence, the exploita-
tion of assembling POMs into 1D, 2D, and even 3D frame-
works is still in its infancy. We have successfully prepared
some novel 1D, 2D, and 3D extended structures constructed
from TMSPs clusters. Herein, we describe the syntheses and
structural characterizations of the following five POMs
based on sandwich type tungstoantimonates clusters as
building units: Na2H2[Mn2.5W1.5ACHTUNGTRENNUNG(H2O)8(B-b-SbW9O33)2]·
32H2O (1) � Na2H2-1a·32H2O, Na4H7 ACHTUNGTRENNUNG[Na3ACHTUNGTRENNUNG(H2O)6Mn3ACHTUNGTRENNUNG(m-
OAc)2(B-a-SbW9O33)2]·20H2O (2) � Na4H7-2a·20H2O
(OAc=acetate anion, CH3COO�), NaH8 ACHTUNGTRENNUNG[Na2Cu4Cl(B-a-
SbW9O33)2]·21H2O (3) � NaH8-3a·21H2O, Na8K ACHTUNGTRENNUNG[Na2K-
ACHTUNGTRENNUNG(H2O)2{CoACHTUNGTRENNUNG(H2O)}3(B-a-SbW9O33)2]·10H2O (4) � Na8K-
4a·10H2O, Na5H[{Co ACHTUNGTRENNUNG(H2O)2}3W ACHTUNGTRENNUNG(H2O)2(B-b-SbW9O33)2]·
11.5H2O (5) � Na5H-5a·11.5H2O. The solid-state structure
of 2 is the first example of a one-dimensional sinusoidal
chain based on sandwich type polyoxoanion 2a bridged by
an organic carboxylate ligand. 3a polyoxoanions connect to
each other to build a 2D network, a phenomenon reported
for the first time in antimony-containing sandwich POMs
chemistry. More interestingly, compound 5 is a sandwich
type complex with three cobalt atoms and a tungsten atom
incorporated into the belt of the polyoxoanion, which is
linked with an adjacent same framework, generating a 3D
network, by the linkage of cobalt and sodium atoms. To the
best of our knowledge, the example of 3D infinitely netlike
structures constructed from sandwich type tungstoantimo-
nate anions has rarely been reported.

Results and Discussion

Synthesis

Based on previous work, we further explored the synthetic
strategy of sandwich type tungstoantimonates. In our experi-
ment, we do not use the common [B-SbW9O33]

9� lacunary
precursor, but directly employ some raw materials of Sb2O3,
Na2WO4, and transition-metal ions (such as Mn2+). By heat-
ing the solution above 80 8C in sodium acetate buffer, we
obtain the dominating product of trimanganese-substituted
polyoxoanion 2 and the by-product of dimanganese-substi-
tuted species 1. Intriguingly, the synthesis of 2 is accom-
plished by reaction of the component of acetate buffer with
the transition metal Mn2+ . In contrast to 1 and 2, the syn-
thetic strategy of 3–5 was developed. Compounds 3–5 were
all synthesized from a cryptate [NaSb9W21O86]

18� precursor.
However, the sandwich type polyoxoanions presented in 3–5
contain the [B-SbW9O33]

9� building blocks, indicating that
during the course of the reaction, the following transforma-
tion must have taken place: [NaSb9W21O86]

18�![B-
SbW9O33]

9�. 3 was obtained by directly heating the mixture
of [NaSb9W21O86]

18� and Cu2+ above 80 8C. Whilst the syn-
thetic conditions of 4 and 5 were similar to 3, the addition
of KOH solution (see Experimental Section) is required in
the latter. Surprisingly, compounds 4 and 5 were synchro-
nously obtained in one system, which crystallize in the or-
thorhombic and triclinic systems, respectively. It should be
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noted that the [B-a-SbW9O33]
9� fragment in 4 and [B-b-

SbW9O33]
9� fragment in 5 are the two isomers of the [B-

SbW9O33]
9� polyanion, which indicates the presence of the

isomerization equilibrium in the disassembly and reassembly
procedure of the cryptate polyoxoanion precursor. During
the course of our investigation of these transition-metal-sub-
stituted sandwich type tungstoantimonates, we discovered
that control of reaction conditions is more important than
precursor type. From the analyses on the synthetic condi-
tions mentioned previously, we can see that many factors
(temperature and time of heating, pH value, ionic strength,
concentration of reaction system) can influence the type of
building blocks, the amount of transition metal incorporat-
ing into the core of sandwich type complexes, and the ex-
tended structural fashion. Hence, further investigation on
this work is in progress.

Description of the Crystal Structures

The structures of compounds 1–5 were determined by using
the single-crystal X-ray diffraction technique and character-
ized by elemental analysis and FTIR spectroscopy. The se-
lected bond lengths are listed in Table S1 in the Supporting
Information.
The polyoxoanion of 1a is isomorphous to, but different

from the previously reported [Sb2W20M2O70ACHTUNGTRENNUNG(H2O)6]
[14–2n]� ,[22a]

mainly arsing from the site occupancy disorder of two W10
atoms (each of the two opposite W10 sites is occupied by a
W atom and an Mn atom with the site occupancy factor of
75% and 25%, respectively). The bond valence of all the
Mn and W atoms in 1 are +2 and +6, respectively, which
were validated by the XPS results (see Figure S1 and S2 in
the Supporting Information). As a result, the polyoxoanion
framework of 1a with idealized C2v point symmetry is con-
structed from two trivacant [B-b-SbW9O33]

9� subunits linked
by 2.5 octahedral MnII and 1.5 octahedral WVI ions leading
to a sandwich type structure (Figure 1). All Mn2+ centers
are octahedrally coordinated, defined by three oxygen
atoms from two [B-b-SbW9O33]

9� moieties and other oxygen
atoms from water molecules. The W10 atom is also octahe-
drally coordinated by four oxygen atoms from two [B-b-
SbW9O33]

9� fragments and two water ligands. The bond
lengths of Mn�O vary from 2.115(8) to 2.217(9) R, whereas
the angles are in the range of 82.6(3)–96.9(4)8, which are all
in the common ranges. The four metal atoms lie at the cor-
ners of a rhombus with the adjacent two edges of 10.186 and
5.980 R. Additionally, the formation of infinite chain struc-
ture is formed of adjacent cluster anions of 1 alternating
with bridging [Na2ACHTUNGTRENNUNG(H2O)4]

+ groups.
To our knowledge, compound 2 represents the first one-

dimensional sinusoidal chain based on sandwich like tung-
stoantimonate building blocks through the carboxylate-
bridging ligands (Figure 2c and Figure S3 in the Supporting
Information). Although 2 was obtained in the same system
as 1, it was clearly different in the structural construction.
The polyoxoanion 2a with the D3h point symmetry is com-
posed of two [B-a-SbW9O33]

9� fragments combined together

by three [MnACHTUNGTRENNUNG(OAc)]+ groups and three Na+ ions in an alter-
nating mode, resulting in the sandwich type structure (Figur-
es 2a and b). The structure is closely related to the previous-
ly reported trinuclear manganese(II)-substituted tungstoan-
timonate [(Mn ACHTUNGTRENNUNG(H2O))3ACHTUNGTRENNUNG(SbW9O33)2]

12�.[22b] A striking differ-
ence between them is that the acetate ligand replacing a
water molecule participates in the coordination to manga-
nese cations. Each Mn2+ ion resides in the square pyramidal

Figure 1. Polyhedral and ball-and-stick representation of the polyoxoan-
ion 1a with the molecular formula [Mn2.5W1.5 ACHTUNGTRENNUNG(H2O)8(B-b-SbW9O33)2]

4�.
The WO6 octahedra are shown in red, and the balls represent Sb
(purple), Mn/W (cyan), Mn (green), O (red). The hydrogen atoms are
omitted for clarity.

Figure 2. a) Combined polyhedral/ball-and-stick representation of [Na3
ACHTUNGTRENNUNG(H2O)6Mn3 ACHTUNGTRENNUNG(m-OAc)2(B-a-SbW9O33)2]

11� (2a), the sodium counterions are
omitted for clarity. b) Ball-and-stick representation of the connection
mode in central belt of 2a. c) Polyhedral/ball-and-stick representation of
the structure of compound 2 down the c-axis. The WO6 octahedra are
shown in red, and the balls represent Sb (purple), Na (yellow), Mn
(green), W (cyan), C (black), and O (red). The hydrogen atoms are omit-
ted for clarity.
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coordination geometry with the mean Mn�O distance of
2.086 R (Table S1 of the Supporting Information). It is
worth noting that every manganese ion coordinates to an
acetate ligand rather than a terminal water molecule in the
central sandwich layer. Moreover, the acetate ligands
employ two types of coordination patterns in the structural
construction: one is only coordinating to a manganese atom
(Mn2) by a carboxylate oxygen atom, and the other is by
acting as a bidentate ligand in simultaneous connection with
two manganese atoms (Mn1 and Mn3) from different poly-
oxoanion framework (see Figures 2a and b). By means of
this construction motif, adjacent cluster anions 2a are able
to construct an unprecedented one-dimensional sinusoidal
chain by the acetate bridges. In addition, the C2 atom in the
methyl group of the acetate ligand coordinating to the Mn2
atom is disordered with 50% probability over two positions
(Figure 2b).

Figure 3a depicts the structure of polyoxoanion 3a. The
anion consists of a {Cu4Na2} hexagon moiety sandwiched by
two [B-a-SbW9O33]

9� building blocks, which exhibits a sand-
wich type structure framework similar to recently reported
[(CuCl)6ACHTUNGTRENNUNG(AsW9O33)2]

12� and [(MnCl)6ACHTUNGTRENNUNG(SbW9O33)2]
12�.[26] The

{Cu4Na2} hexagon moiety contains three square pyramidal
isolated Cu2+ ions and three disordered four-coordinate
Cu2+ ions as shown in Figure 3b, each of which is coordinat-
ed by two [B-a-SbW9O33]

9� fragments. The square-pyrami-
dal-coordinated Cu2+ centers can be grouped as two differ-
ent types: the two identical CuO5 and a CuO4Cl group,
which are all coordinated by four interior oxygen atoms
from two [B-a-SbW9O33]

9� ligands with the vertex position
occupied by O (for Cu1) or Cl (for Cu3) atoms (see Figure-
s 3a and b). The three five-coordinate Cu2+ ions were ar-
ranged in an approximately equilateral triangle with
Cu1···Cu1=4.896(3) R, Cu1···Cu3=4.904(4) R, and
Cu···Cu···Cu=608. The Cu�O bond distances are in the
range of 1.928(13)–2.323(16) R for Cu1 atoms, and

1.920(14) R for Cu3 atom with the Cu3�Cl length of
2.605(13) R. (Table S1 in the Supporting Information) The
Cu2 and the Cu4 centers show highly disordered positions,
which are the preferential positions on the Na2 (60%) and
Na3 (80%) sites, respectively. Moreover, the three positions
occupied by disordered copper atoms were arranged in a
bigger triangle, which were just bound by two [B-a-
SbW9O33]

9� ligands with the average bond lengths of 2.217
and 2.262 R for Cu2�O and Cu4�O, respectively (see
Table S1 in the Supporting Information). The XPS spectra
reveal the bond valences of all the Cu and W atoms in 3 as
+2 and +6, respectively (Figure S4 and S5 in the Support-
ing Information).
The solid-state structure of 3 reveals a beautiful 2D net-

work as shown in Figure 4, which can be thought of as the
structure of a tetra-copper-substituted cluster anion [Cu4K2

ACHTUNGTRENNUNG(H2O)8(a-AsW9O33)2]
8�.[29] Each polyoxoanion 3a is connect-

ed to four neighbours by four Cu1�O4�W4 bridges, leading
to a 2D network. (see Figure 4 and Figure S6 in the Sup-
porting Information) The two equivalent copper centers
(Cu1) in the belt region of 3a are linked to the tungsten
atoms (W4) in the “cap” sites from two neighbours through
the terminal oxygen atoms. Meanwhile, each of two symmet-
rically equivalent tungsten centers (W4) in the two “cap”
sites is covalently linked to the copper atoms (Cu1) from
two adjacent polyoxoanions. In addition, compound 3 can
be described as double layers of 3a, with the Cu�Cl bond of
the central belt pointing at each other. Figure 4 shows the
solid-state arrangement of polyoxoanion 3a, which were ar-
rayed alternatingly vertical and horizontal. Each polyoxoan-
ion arranged vertically is completely offset with four periph-
eral polyoxoanions distributed in the horizontal layer. Aris-

Figure 3. a) Combined polyhedral/ball-and-stick representation of
[Na2Cu4Cl(B-a-SbW9O33)2]

9� (3a). b) Ball-and-stick representation of the
central belt in 3a. The WO6 octahedra are shown in red, and the balls
represent Cu (green), Sb (purple), Cu/Na (cyan), Cl (black), and O (red). Figure 4. Combined polyhedral/ball-and-stick representation of the two-

dimensional arrangement of 3. The WO6 octahedra are shown in red, and
the balls represent Cu (green), Sb (purple), Cu/Na (cyan), Cl (black),
and O (red).
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ing from the dint in this construction motif, adjacent cluster
anions 3a are able to construct an attractive 2D network
with the Cu�O4�W bridges (Figure 4). To the best of our
knowledge, the extended 2D-netlike-structure framework
based on sandwich type tungstoantimonate is reported for
the first time.
Polyoxoanion 4a is a dimer of two [B-a-SbW9O33]

9� subu-
nits linked by three Co2+ , two sodium, and a potassium ion
(see Figure 5a and b). The arrangement of nearly hexagonal

{Co3Na2K} distribution in the belt region is sandwiched by
two [B-a-SbW9O33]

9� moieties resulting in the idealized C2h

point symmetry. All cobalt ions have a five-coordinate
square-pyramidal geometry with the bond distances of Co�
O in the range of 1.984(15)–2.096(17) R (Table S1 in the
Supporting Information). The bottom plane is defined by
four O atoms from two [B-a-SbW9O33]

9� moieties and the
axial position is occupied by a terminal water molecule.
Each of the two sodium ions in the belt region of 4a interact
with five oxygen atoms, whereas the potassium ion is only
chelated by two [B-a-SbW9O33]

9� ligands with an average
bond length of 2.786 R. The structure of 4a is closely related
to the recently reported tripalladium-substituted tungsto-
antimonateACHTUNGTRENNUNG(III) [Cs2Na ACHTUNGTRENNUNG(H2O)10Pd3(a-SbW9O33)2]

9�.[23d] The
prominent differences are: a) the palladium(II) ions have a
square-planar coordination geometry, and b) the Cs/Na mix-
alkaline metal cations are replaced by K+/Na+ ions. More-
over, the polyoxoanion 4a is markedly different to the iso-
structural tricobalt-substituted tungstosilicate species
[K2{CoACHTUNGTRENNUNG(H2O)2}3 ACHTUNGTRENNUNG(SiW9O34)2]

12� isolated as a potassium salt.[30]

In the polyoxoanion [K2{Co ACHTUNGTRENNUNG(H2O)2}3ACHTUNGTRENNUNG(SiW9O34)2]
12�, each

cobalt ion is bound to two [SiW9O34]
10� moieties by four ter-

minal oxygen atoms and two terminal water molecules, re-
sulting in an octahedral coordination geometry. Neverthe-
less, the three Co2+ ions incorporated into the central belt
of the 4a framework all have square-pyramidal configura-

tions, in such a way that the relevant Co�Co distances range
from 5.057(1) to 5.128(2) R in the triangular {Co3O15} entity.
Compound 5 is of special interest as it contains an offset

sandwich type polyoxoanion with two different metals incor-
porated simultaneously, and is obtained together with 4 in
the same system. However, it was clearly different from the
structural construction of 4a, that consists of two [B-b-
SbW9O33]

9� subunits joined together by two Co2+ and two
disordered Co2+/W6+ ions into an assembly with a virtual
C2v point symmetry (Figure 6). The central belt of 5a con-

tains a rhomblike {Co3W} group sandwiched by two screw
symmetric [B-b-SbW9O33]

9� building blocks, meanwhile, the
adjacent Co2+ and disordered Co2+/W6+ ions are bridged by
the five-coordinate sodium ions. The separation of exterior
Co···Co (10.131(4) or 10.396(5) R) is clearly longer than the
interior two disordered Co···Co (5.930(2) or 5.828(3) R). In
contrast to those in 4a, each cobalt atom is octahedrally co-
ordinated (2.031(15)–2.264(16) R) in 5a, coordinated by
four oxygen atoms from three different [B-b-SbW9O33]

9� li-
gands and two terminal water molecules. Nevertheless, the
two disordered positions in the belt region of 5a are defined
by four O donors from two [B-b-SbW9O33]

9� ligands and
two terminal water molecules with distances of 1.89(2)–
2.113(17) R, each of which is occupied by a cobalt and a
tungsten atom with 50% occupation factor for each. More-
over, the Sb atoms incorporated into the [B-b-SbW9O33]

9�

building units are trigonal-pyramidal in geometry with an
average bond length of 1.985 R, (Table S1 of the Supporting
Information) and display a longer separation of 5.772(2) or
5.703(2) R arising from an offset of two [B-b-SbW9O33]

9�

subunits.
The structure of 5a is likely to be similar to that of deca-

tungsto tungstoantimonate (NH4)10[Sb2W20Co2O70

ACHTUNGTRENNUNG(H2O)6]·13H2O described by Krebs and co-workers.[22e] The
contrasting differences are: 1) two tungsten atoms in the
belt is replaced by a tungsten and a cobalt with disordered
distribution, 2) each cobalt atom is bound to two water in-
stead of three water molecules, and 3) the lacunae between

Figure 5. a) Polyhedral and ball-and-stick representation of [Na2K-
ACHTUNGTRENNUNG(H2O)2{Co ACHTUNGTRENNUNG(H2O)}3(B-a-SbW9O33)2]

7� (4a). b) Ball-and-stick representa-
tion of the central belt in 4a. The clusters of 4a are shown in red; and
the balls represent Co (green), Sb (purple), W (light blue), Na (yellow),
K (carmine), and O (red).

Figure 6. Polyhedral (left) and ball-and-stick (right) representations of
[{Co ACHTUNGTRENNUNG(H2O)2}3W ACHTUNGTRENNUNG(H2O)2(B-b-SbW9O33)2]

6� (5a). The clusters of 5a is
shown in red; and the balls represent Co (green), Sb (purple), Co/W
(cyan), and O (red).

Chem. Asian J. 2008, 3, 822 – 833 � 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemasianj.org 827

Self-Assembly of Sandwich Type Polyoxometalates



the cobalt and antimony atoms in the belt are occupied by
four sodium ions rather than four transition metal atoms. In
addition, the solid-state arrangement of 5 deserves special
attention, exhibiting a remarkable 3D-extended packing. As
shown in the construction motif of 5a (Figure 7), each [B-b-
SbW9O33]

9� subunit in 5a is joined together with another
two [B-b-SbW9O33]

9� moieties by two cobalt atoms. In this
case, an infinite extended 1D chain was generated by the
double W�O�Co�O�W bridges (see Figure 7). In addition
to the two CoII linkages, the four Na+ ions incorporated
into the central belt also act as joints, linking the different
chainsand generating the 3D-extended network (see
Figure 8).

EPR spectra for compound 2–4

The samples studied in this work, which were doped into a
slim glass tube, were used in the form of polycrystalline
powders. The X-band polycrystalline-powder EPR spectra
measured at room temperature and 110 K for 2, 3, and 4
were shown in Figure 9, 10, and 11, respectively. As for 2,
the spin Hamiltonian used to represent the EPR spectra of
the MnII ion is given by Equation (1):

Ĥ ¼ gbHSþD½Sz
2�SðSþ 1Þ=3
 þ EðSx

2�Sy
2Þ ð1Þ

where H is the magnetic field vector, g is the spectroscopic
splitting factor, b is the Bohr magneton, D is the axial zero
field splitting term, E is the rhombic zero field splitting pa-
rameter, and S is electron spin vector.[31] If D and E are very
small compared to gbHS, five EPR transitions are expected,
j+5/2>$j+3/2> , j+3/2>$j+1/2> , j+1/2>$j�1/2> ,
�1/2>$j�3/2> and j�3/2>$j�5/2> . In the X-band
polycrystalline-powder EPR spectra of 2 at room tempera-
ture (Figure 10), a broad signal is observed with a g value of
2.28, which arises from the dipolar interactions and en-

hanced-spin-lattice relaxation.[32] The spectrum of 2 at 110 K
consists of three resonance absorption bands with effective

Figure 7. Ball-and-stick representation (top) and polyhedral view
(bottom) of the 1D chain in 5. The WO6, CoO6, and disordered MO6

(M=Co/W) octahedra are shown in red, green, and cyan, respectively,
and the balls represent Co (green), Sb (purple), Co/W (cyan), and O
(red).

Figure 8. View of the 3D network along a-axis (top), b-axis (middle), and
c-axis (bottom) in 5. The WO6, CoO6, and disordered MO6 (M=Co/W)
octahedra are shown in red, green, and cyan, respectively, and the balls
represent Co (green), Sb (purple), Co/W (cyan), O (red) and sodium-
ACHTUNGTRENNUNG(orange).
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g values of 5.49, 4.29 and 2.09. The resolution is considera-
bly improved compared to the spectra obtained at room
temperature, apparently arising from the signal sharpening
induced by the increasing spin-lattice relaxation time. Mean-
while, the EPR signals at g=5.49 and g=4.29 increase
whilst the signal at g=2.09 decreases. The increase of an iso-
tropic transition around g=4.29 arising from an S=5/2 tri-
nuclear MnII system originates from the intermediate Kram-
ers doublet, which is caused by the zero-field splitting effect

and the weak spin-orbit coupling.[33]

The room-temperature spectrum for 3 displays an aniso-
tropic broad resonance centered at ca. 3226 G (Figure 10).
Moreover, two less intense signals are observed at about
2550, and 3800 G. Such spectra are usually associated with
well-isolated triplet spin states with relatively small zero-
field splitting. When the systems are cooled to 110 K, the
resolution of spectral line improves considerably as a result
of the signal narrowing induced apparently by the increasing
spin-lattice relaxation time. At 110 K, the central line began
to show an axial signal with partially resolved hyperfine
splitting in the low-field region originated by a spin doublet
S=1/2 interacting with a single I=3/2 nucleus. This type of
signal is characteristic of an isolated CuII chromophore with
an axial g tensor (gk=2.21 and g?=2.09).[34]

The EPR results of 4 show that the Co2+ ions are in the
high-spin state with three unpaired electrons. However, the
spectroscopic complexities of high-spin Co2+ with respect to
the orbital degeneracy of the ground state and coupling of
excited-state terms with changes in coordination environ-
ment permit only a qualitative characterization. To under-
stand the EPR results, consider the term-splitting diagram
for high-spin Co2+ in crystal fields of different symmetry.
The influence of the crystal-field and spin-orbit coupling of
the electronic properties of transition-metal ions is discussed
in the literature.[35] Splitting of spectroscopic states of high-
spin Co2+ in coordination complexes results in two general
patterns arising from the combined effects of the symmetry
of the crystal-field and spin-orbit coupling.[36] They corre-
spond to a high-spin d7 configuration either in an orbitally
nondegenerate ground state (4A2) or in an orbitally degener-
ate ground state (4T1), in which the orbital levels are sepa-
rated by spin-orbit coupling. At 110 K, the EPR spectra of 4
display a very broad band centered at an average g value of
2.07 with a very weak but distinct hyperfine splitting pattern
resulting from the interaction of the unpaired electron with
the 59Co nucleus (I=7/2), and two narrow symmetric bands
centered at average g values of 4.15 and 7.36 that are attrib-
uted to the characteristics of high spin Co2+ . The very broad
absorption band can occur from the ferromagnetic-spin-cou-
pling interactions confirmed by the magnetic susceptibility
measurement.[37] However, when the temperature increases
to room temperature, the EPR signals centered at an aver-
age g=4.15 and 7.36 become weak, probably mainly caused
by the negative zero-field splitting between the Ms=�1/2
and Ms=�3/2 Kramers doublets, which is in accordance
with the ligand-field energy-level diagram of the ground
state 4A2 of high-spin Co2+ .[38] As the temperature increases
from 110 K to room temperature, the Co2+ ions tend to pop-
ulate Ms=�3/2 level, which is not EPR-active, so that the
EPR signals are almost undetectable at room temperature.

Magnetic Properties

The solid-state magnetic behaviors of 1–4 have been investi-
gated in the temperature range 1.8–300.0 K. The tempera-
ture dependence of the magnetic susceptibility of 1 is shown

Figure 9. EPR spectra of 2 recorded at 110 and 300 K.

Figure 10. EPR spectra of 3 recorded at 110 and 300 K.

Figure 11. EPR spectra of 4 recorded at 110 and 300 K.
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in Figure 12 in the form of a cMT and a cM versus T plot.
The measured cMT value of 10.20 emuKmol�1 at room tem-
perature, is slightly lower than that expected for 2.5 S=5/2

uncorrelated spins (10.94 emuKmol�1). As the temperature
is lowered, cMT value decreases steadily to a minimum
value of 6.41 emuKmol�1 at 1.8 K, indicating the presence
of weak antiferromagnetic coupling. The magnetic suscepti-
bility follows the Curie–Weiss law over the entire tempera-
ture range with C=1.02 emuKmol�1 and q=�0.42 K (Fig-
ure S7 in the Supporting Information). This behavior indi-
cates the presence of the weak antiferromagnetic exchange
interactions between the MnII ions.
Figure 13 shows the experimental data of 2 plotted as the

cMT versus T and cM versus T. The effective moment cMT
value of 12.51 emuKmol�1 at 300 K is in approximate agree-
ment with the spin-only value of 13.13 emuKmol�1 for
three noninteracting MnII ions (g=2, S=5/2). Subsequently,
the effective moment cMT decreases continuously with de-
creasing temperature. Below 34 K, cMT quickly decreases
and then reaches a minimum value of 4.82 emuKmol�1 at
1.8 K. This behavior indicates the presence of relatively
strong antiferromagnetic interactions between the MnII ions.

As seen from the structures (Figures 2a and b), to obtain an
operative expression for the magnetic susceptibility that
allows us to evaluate the strength of the exchange interac-
tions, some approximations are needed to decrease the large
number of adjustable parameters. Compound 2 can be con-
sidered as a uniform chain formed by Mn�ACHTUNGTRENNUNG(m-OAc)�Mn di-
nuclear units, rejecting the Mn···Mn exchange interaction
through the Mn�O�Na�O�Mn links. The analytical expres-
sion for the dimer model can be applied, which is derived
from the exchange Hamiltonian in Equation (2):

H ¼ �2SnnJSi � Sj ð2Þ

Because the acetate bridge leads to the long Mn···Mn sep-
aration of 6.177 R, it is believed that the magnetic exchange
interaction between the neighboring two MnII ions is weak
with the exchange integral J. The corresponding energy ei-
genvalue E(ST) from Equation (2) is given in Equation (3):

EðST,S1,S2Þ ¼ EðST,SÞ ¼ �J½STðST þ 1Þ�2SðSþ 1Þ
 ð3Þ

The following Equation (4) was used for calculating the
molar magnetic susceptibility of the m-acetato dimangane-
se(II) system in compound 2.

cdimer ¼
Ng2b2

3kT
�

P

S
STðST þ 1Þð2ST þ 1Þe�EðSTÞ=kT

P

S
ð2ST þ 1Þe�EðSTÞ=kT

ð4Þ

So the expression of cdimer for 2 is given by Equation (5):

cdimer ¼
2g2b2

kT
e 2J=kTð Þ�

þ 5e 6J=kTð Þ þ 14e 12J=kTð Þ þ 30e 20J=kTð Þ þ 55e 30J=kTð Þ�

1þ 3e 2J=kTð Þ þ 5e 6J=kTð Þ þ 7e 12J=kTð Þ þ 9e 20J=kTð Þ þ 11e 30J=kTð Þgf
ð5Þ

where N is the Avogadro number, g is the Land; factor, k is
the Boltzmann constant, b is the electron Bohr magneton,
and T is the temperature in Kelvin. Considering the molar
magnetic susceptibility contribution ciso= (Ng2b2/3kT)S ACHTUNGTRENNUNG(S+1)
of an isolated paramagnetic Mn2+ ion, the total susceptibili-
ties of trinuclear MnII species are presented as Equation (6):

cM ¼ cdimer þ ciso

¼ 0:75g2
e xð Þ�
þ 5e 3xð Þ þ 14e 6xð Þ þ 30e10 xð Þ þ 55e 15xð Þ�

1þ 3e xð Þ þ 5e 3xð Þ þ 7e 6xð Þ þ 9e 10xð Þ þ 11e 15xð Þgf

þ 1:09375g
2

T
ð6Þ

with x=2J/k T

The experimental data were fitted using Equation (6), and
the value of the exchange interactions were determined as
J=�0.552 cm�1, and g=1.901. This is in good agreement
with g=2.00, the expected value for a 6A ground state MnII

and weak coupling mediated by a bridging carboxylate
ligand, which is comparable to those previously reported for

Figure 12. Plots of the temperature dependence of cM, cMT for 1, record-
ed on a powder sample at an applied field of 0.1 T.

Figure 13. Plots of the temperature dependence of cM, cMT for 2, record-
ed on a powder sample at an applied field of 0.2 T. Solid line corresponds
to the best fit (see text).
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carboxylate-bridged manganese(II) complexes with similar
bridging networks.[39]

As for compound 3, the variable-temperature magnetic
susceptibility data at 2 K was plotted in Figure 14. Figure 14
shows the cMT value to be about 1.56 emumol�1K at room

temperature, close to that expected for four noninteracting
S=1/2 spins (1.50 emuKmol�1). The cMT value decreases
slowly with decreasing temperature, reaching a minimum of
1.53 emuKmol�1 at 50 K, then subsequently increases sharp-
ly to a maximum of 1.55 emuKmol�1 at 44 K and then falls
to the final minimum value 1.02 emuKmol�1 at 1.8 K. The
data clearly implies that antiferromagnetic exchange interac-
tions occurr between the four CuII ions with the spin-canting
phenomenon. The magnetic data obey the Curie–Weiss law
over the entire temperature range, the fitting gives values of
C=1.56 emuKmol�1 and q=�0.37 K (see Figure S8 in the
Supporting Information), characteristic of an overall weak
antiferromagnetic interaction.
The thermal dependence (cMT) of 4 is shown in Figure 15.

The cMT value at 300 K is 8.82 emuKmol�1, which is much
higher than the spin-only value of 5.63 emuKmol�1 for

three isolated CoII ions, which further indicates an apprecia-
ble spin-orbit coupling expected for the CoII ions.[40] As the
temperature is lowered, the cMT value decreases continuous-
ly to a minimum value of 4.85 emuKmol�1 at 1.8 K. The de-
creasing region of cMT indicates the presence of antiferro-
magnetic coupling interactions between the CoII ions. In the
temperature range of 80–300 K, the susceptibility data are
well-described by the Currie–Weiss expression with C=

9.63 emuKmol�1 and q=�26.43 K (see Figure S9 in the
Supporting Information). This behavior indicates antiferro-
magnetic exchange interactions between the CoII ions.

Conclusions

Five sandwich type transition-metal-substituted tungstoan-
timonate have been synthesized by the rational method.
Compounds 2, 3, and 5 display intriguing extended struc-
tures. Compound 2 is the first example of a one-dimensional
sinusoidal chain based on sandwich type tungstoantimonate
by means of the organic acetate bridging ligand. Compound
3 indicates the 2D-netlike structure firstly observed in the
antimony-containing sandwich POMs chemistry. Notice that
polyoxoanion 5a maintains a sandwich type structure result-
ing from the fusion of two [B-b-SbW9O33]

9� fragments by
the three cobalt and one tungsten atoms, further construct-
ing a 3D-netlike structure by the connectivity of Co2+ and
Na+ ions. 1 and 2 were simultaneously accomplished from
the same system, showing that the lacunary polyoxoanion
precursor is not necessary for the preparation of TMSPs.
Successful syntheses of 3–5 reveal that the [NaSb9W21O86]

18�

precursor is metastable in a warm solution and tends to iso-
merise to [B-SbW9O33]

9� fragments. The new strategy of
design and assembly depicted in this paper may be a promis-
ing technique for the construction of many other extended
structures with sandwich type metal-oxo clusters, which will
open a new avenue in the exploration of sandwich type
polyoxometalates. EPR studies for 2, 3, and 4 at 110 K and
room temperature reveal that the square-pyramidal geome-
try of metal cations (Mn2+ , Cu2+ , Co2+) reside in the core
of sandwich like complexes. Magnetic behaviors of 1–4 dis-
play the presence of weak antiferro-magnetic coupling inter-
actions between magnetic metal centers.

Experimental Section

Materials and Methods

All reagents were used as purchased without further purification. The
(NH4)18[NaSb9W21O86]·24H2O precursor was synthesized as described in
ref. [27] Variable-temperature magnetic susceptibility data on polycrystal-
line samples with acceptable purity of compounds 1–4 were obtained on
a SQUID magnetometer (Quantum Design, MPMS-7) in the tempera-
ture region of 1.8–300 K with an applied field of 0.2 or 0.1 T. EPR experi-
ments of compounds 2, 3 and 4 were performed on a BrukerER-2000-
DSRC10 spectrometer at the X-band at 300 and 110 K. IR spectra were
recorded in the range of 400–4000 cm�1 on an Alpha Centaurt FTIR
spectrophotometer by using KBr pellets. Elemental analyses (C and H)
were performed on a Perkin–Elmer 2400-CHN elemental analyzer. In-

Figure 14. Plots of the temperature dependence of cM, cMT for 3, record-
ed on a powder sample at an applied field of 0.1 T.

Figure 15. Plots of the temperature dependence of cM, cMT for 4, record-
ed on a powder sample at an applied field of 0.2 T.
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ductively coupled-plasma (ICP) analysis was performed on a Jarrel-Ash
J-A1100 spectrometer. Room-temperature XPS experiments were con-
ducted using a Kratos Axis Ultra spectrometer with monochromatized
Al Ka radiation (1486.6 eV). The spectrometer was calibrated by using
the binding energy of the C 1 s line (284.8 eV).

Syntheses

1 and 2: MnSO4·H2O (0.33 g, 1.96 mmol), Sb2O3 (0.13 g, 0.444 mmol) and
Na2WO4·2H2O (2.64 g, 8.0 mmol) were successively dissolved in sodium
acetate buffer (40 mL, 0.5m, pH 5.0) with stirring. The mixture was
heated at 80 8C for two hours with constant stirring, then cooled to room
temperature, and filtered. Slow evaporation of the clear filtrate afforded
two different single crystals, H82Mn2.5Na2Sb2W19.5O106 (1, 0.86 g, 36%
based on Na2WO4·2H2O) and C4H72Mn3Na7Sb2W18O96 (2, 1.06 g, 43%
based on Na2WO4·2H2O), that were suitable for X-ray diffraction. IR
(KBr) of 1: ñ=943 (s), 837 (vs), 769 (s), 710 (m), 669 (s), 493 (w),
469 cm�1 (w); 2 : ñ=1559 (s), 938 (s), 865 (vs), 779 (s), 729 (vs), 503 (w),
459 (m), 436 cm�1 (w); elemental analysis calcd (%) for 1: Mn 2.37,
Na 0.79, Sb 4.21, W 61.91; found: Mn 2.46, Na 0.84, Sb 4.28, W 61.64.
Calcd (%) for 2 : C 0.87, H 1.30, Mn 2.98, Na 2.91, Sb 4.40, W 59.79;
found: C 0.83, H 1.34, Mn 3.04, Na 2.97, Sb 4.54, W 59.34.

3 : The precursor (NH4)18[NaSb9W21O86]·24H2O (2.13 g, 0.3 mmol) was
first dissolved in distilled water (30 mL), to which CuCl2·2H2O (0.16 g,
1.0 mmol) was added gradually with stirring. Then the mixture was
heated in a 80 8C water bath for one hour, and subsequently cooled to
ambient temperature, filtered, and left to evaporate at room temperature.
H50Cu4Na3Sb2W18ClO87 (3, 1.05 g, 56% based on
(NH4)18[NaSb9W21O86]·24H2O) was afforded as green polyhedral crystals
several days later. IR (KBr): ñ=943 (s), 892 (s), 840 (m), 728 (vs), 671
(m), 569 (w), 513 cm�1 (m); elemental analysis calcd (%) for 3 : Cu 4.75,
Na 1.29, Sb 4.55, W 61.81; found: Cu 4.74, Na 1.34, Sb 4.51, W 61.54..
4 and 5: The precursor (NH4)18[NaSb9W21O86]·24H2O (1.07 g, 0.15 mmol)
was first dissolved in distilled water (15 mL), to which the solid
CoCl2·6H2O (0.27 g, 1.0 mmol) was added gradually with stirring, there-
after a solution of KOH (10 mL, 0.2m) was added in drips. The mixture
was heated at 80 8C for two hours, then cooled to room temperature, fil-
tered, and left to evaporate slowly at ambient temperature.
H30Co3K2Na10Sb2W18O81 (4, 0.57 g, 61% based on Na2WO4·2H2O) and
H40Co3Na5O85.5Sb2W19 (5, 0.21 g, 23% based on Na2WO4·2H2O) were af-
forded as greenish black and deep red crystals, respectively. Both types
of crystals were obtained simultaneously after several weeks, and were
manually separated and purified. Elemental analysis calcd (%) for 4 :

Co 3.30, K 1.46, Na 4.29, Sb 4.54, W 61.69; found: Co 3.25, K 1.44,
Na 4.34, Sb 4.46, W 61.24. Calcd (%) for 5 : Co 3.25, Na 2.11, Sb 4.48,
W 64.25; found: Co 3.31, Na 2.14, Sb 4.53, W 63.88.

X-ray Crystallographic Studies of the Compounds

Intensity data were collected on a RigaKu RAXIS-IV diffractometer
with graphite-monochromated MoKa (l =0.71073 R) radiation at room
temperature. The structures were solved by direct methods and refined
using full-matrix least squares on F2. All calculations were performed
using the SHELXL-97 program package.[28] Empirical absorption correc-
tion was applied. All of the non-hydrogen atoms were refined anisotropi-
cally. The organic hydrogen atoms were generated geometrically, howev-
er the aqua hydrogen atoms were not located. A summary of crystal data
and structure refinement for compounds 1–5 is listed in Table 1.
CCDC 623893 (2) contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre by using www.ccdc.cam.ac.uk/data_-
request/cif. Further details of the crystal structure investigations may be
obtained from the Fachinformationszentrum Karlsruhe, 76344 Eggen-
stein-Leopoldshafen, Germany (fax: (+49)7247-808-666; e-mail : crys-
tal@fiz-karlstruhe.de) and quoting the deposition numbers CSD 417113
(1), 417114 (3), 417115 (4), 417116 (5).
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Table 1. Crystallographic data structure refinement for compounds 1--5.

Compound 1 2 3 4 5

Empirical formula H82Mn2.5Na2Sb2W19.5O106 C4H72Mn3Na7Sb2W18O96 H50Cu4Na3Sb2W18ClO87 H30Co3K2Na10Sb2W18O81 H40Co3Na5O85.5Sb2W19

Mr [gmol�1] 5790.56 5535.17 5353.78 5363.93 5436.71
Crystal system monoclinic orthorhombic orthorhombic orthorhombic Triclinic
Space group P21/n Pbcm P42m Pnma P1̄
a [3] 12.9058(2) 15.2820(3) 16.834(2) 30.579(10) 12.0974(14)
b [3] 25.2780(4) 21.2003(4) 16.834(2) 15.073(5) 17.869(2)
c [3] 16.1759(3) 30.4213(5) 13.729(3) 19.180(6) 20.323(2)
a [8] 90 90 90 90 92.6870(10)
b [8] 94.144(10) 90 90 90 91.444(2)
g [8] 90 90 90 90 107.111(2)
V [R3] 5263.31(15) 9856.0(3) 3890.5(11) 8840(5) 4190.6(8)
1cald [gcm

�3] 3.654 3.730 4.570 4.030 4.309
Z 2 4 2 4 2
m ACHTUNGTRENNUNG(MoKa) [mm�1] 22.124 21.961 28.410 24.704 27.302
T [K] 273(2) 273(2) 273(2) 273(2) 273(2)
Reflns measured 47710 109928 12630 40011 19416
Independent reflns 9250 8803 3492 7726 13517
Observed reflns 5119 9800 4692 9364 4738
Parameters 704 682 288 559 1108
R1 [I>2s(I)] 0.0381 0.0377 0.0454 0.0536 0.0592
wR2 (all data) 0.0895 0.1032 0.1032 0.1267 0.1442
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