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Hybrid Inorganic–Organic 1D and 2D Frameworks with [As6V15O42]6–

Polyoxoanions as Building Blocks

Shou-Tian Zheng,[a] Yong-Mei Chen,[b] Jie Zhang,[a] Ji-Qing Xu,[c] and Guo-Yu Yang*[a,d]
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Three novel heteropolyoxovanadates, [Ni(2,2�-bpy)3]2[{Ni-
(en)2}As6V15O42(H2O)]·9.5H2O (1), [Zn2(dien)3(H2O)2]1/2-
{[Zn2(dien)3]As6V15O42(H2O)}·2H2O (2), and [Co(enMe)2]3-
[As6V15O42(H2O)]·2H2O (3), were hydrothermally synthe-
sized and characterized by single-crystal X-ray diffraction.
Crystal data: 1, monoclinic, P21/n, a = 14.0324(9) Å, b =
13.9900(8) Å, c = 30.5785(19) Å, β = 102.861(1)°, Z = 2; 2, mo-
noclinic, P21/c, a = 13.361(5) Å, b = 23.979(8) Å, c =
22.873(8) Å, β = 102.459(4)°, Z = 4; 3, triclinic, P1̄, a =
13.2976(1) Å, b = 15.0583(1) Å, c = 20.1661(2) Å, α =
85.620(8)°, β = 79.553(9)°, γ = 65.087(9)°, Z = 2. Compound 1

Introduction

Since the first polyoxometalates (POMs) were reported
over 150 years ago, attention has been focused on their syn-
thesis and various structural topologies, as well as their un-
expected properties in such diverse fields as catalysis, mate-
rials science, and medicine.[1–3] To date, hundreds of POMs
based on Mo–O clusters, V–O clusters, and W–O clusters
and so on have been synthesized and described.[4,5] They
provide a wide variety of robust structural motifs of dif-
ferent sizes and topologies ranging from closed cages and
spherical shells to basket-, bowl-, barrel-, and belt-shaped
structures. Those intriguing structures and potential appli-
cations attract more and more researchers and make the
chemistry of POMs of continuous interest.[6] The prepara-
tion of extended structure solids with controllable and de-
sirable properties and functions is of both fundamental and
practical interest.[7] Now one of the challenging tasks in

[a] State Key Laboratory of Structural Chemistry, Fujian Institute
of Research on the Structure of Matter, Chinese Academy of
Sciences,
Fuzhou, Fujian 350002, China

[b] Department of Applied Chemistry, Faculty of Science, Beijing
University of Chemical Technology,
Beijing 100029, China

[c] State Key Laboratory of Inorganic Synthesis and Preparative
Chemistry, Jilin University,
Changchun, Jilin 130023, China

[d] State Key Laboratory of Coordination Chemistry, Nanjing
University,
Nanjing, Jiangsu 210093, China
Fax: +86-591-8371-0051
E-mail: ygy@ms.fjirsm.ac.cn
Supporting information for this article is available on the
WWW under http://www.eurjic.org or from the author.

Eur. J. Inorg. Chem. 2006, 397–406 © 2006 Wiley-VCH Verlag GmbH & Co. KgaA, Weinheim 397

consists of 1D [{Ni(en)2}As6V15O42(H2O)]4– chains and
[Ni(2,2�-bpy)3]2+ cations, in which the chain host has a mo-
lecular recognition ability for the chiral guest cations. Com-
pound 2 is constructed from linking of the [As6V15O42]6– poly-
oxoanions and novel dinuclear [Zn2(dien)3]4+ cations into the
first 1D helical As–V–O cluster chain. Compound 3 is the first
2D framework based on [As6V15O42]6– polyoxoanions as
building blocks.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

POM chemistry is to find some bridging units and then to
link POM building units up into extended solid frame-
works.[8,9] This approach is quite attractive and appears to
hold the key to the development of rational approaches for
tailor-made materials based on POMs with desirable fea-
tures. During the past few years, a lot of research efforts
have been focused on the application of secondary transi-
tion-metal complexes (TMCs) as bridging ligands linking
POM clusters into 1-, 2-, and 3D networks under hydro-
thermal conditions.[10–13] Compounds [{Cu(enMe)2}7-
{V16O38(H2O)}2]·4H2O[14] and [Co(en)2][Co(2,2�-bpy)2]2-
[PMo8V8O44]·4.5H2O[15] are recent examples. The former is
made up of the hexadecavanadate clusters linked by the
[Cu(enMe)2]2+ complex fragments into a rare 3D open
framework, while the latter exhibited a novel 2D Mo–V–O
polyoxometalate with two types of cobalt complex frag-
ments as bridges. More recently, Khan et al. reported three
novel 2D frameworks that consist of spherical {V18O42(X)}
shells linked by bridging {M(en)2} groups (X = H2O, Br–,
Cl–; M = Zn, Cd).[16]

An important subclass of the large POM family is As–
V–O clusters with arsenic and vanadium in low oxidation
states, which often act as cryptates encapsulating neutral
molecules or anions. Since the first As–V–O cluster K6[As6-

V15O42(H2O)]·8H2O was presented by Müller and Döring
in 1988,[17] a number of As–V–O clusters have been
synthesized,[18–27] such as K7[AsV14O40]·12H2O,[18]

Na5[V12As8O40(HCO2)]·18H2O,[19] [As8V14O42(X)]6– (X =
SO3

2– or SO4
2–),[20] [N(Me)4]4[As8V14O42(0.5H2O)],[21] and

[NBun
4]4[As8V6O26].[23] However, most of them are discrete

clusters; the linking of As–V–O clusters into extended
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structures remains largely unexplored and a rewarding chal-
lenge. The aim of our work is to synthesize extended solids
based on As–V–O clusters in the presence of TMCs. By
this means, we recently successfully prepared a novel 2D
sinusoidal layer structure constructed from [As8V14O42-
(SO4)]6– clusters and [Ni(en)2]2+ fragments.[28] As a part of
continuing work in this system, here we describe the hydro-
thermal synthesis and structural characterization of the fol-
lowing three extended POMs based on [As6V15O42(H2O)]6–

clusters as building blocks: [Ni(2,2�-bpy)3]2[{Ni(en)2}-
As6V15O42(H2O)]·9.5H2O (1), a 1D straight chain, [Zn2-
(dien)3(H2O)2]1/2{[Zn2(dien)3]As6V15O42(H2O)}·2H2O (2), a
1D helical chain, and [Co(enMe)2]3[As6V15O42(H2O)]·2H2O
(3), which is the first 2D [As6V15O42(H2O)]6– framework.

Figure 1. Structural contrast between normal [As6V15O42]6– anion and disordered [As6V15O42]6– anion in 1. (a, b) Two V3 triangles and
one As6V3 ring in the normal [As6V15O42]6– anion, respectively. (c) The normal [As6V15O42]6– anion. (d, e) Two V3 triangles and one
disordered As6V3 ring in the disordered [As6V15O42]6– anion in 1. (f) The disordered [As6V15O42]6– anion in 1. (The thermal ellipsoids
are shown at 50% probability.)
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Results and Discussion

Compounds 1–3 are made of the [As6V15O42(H2O)]6–

(As6V15) clusters linked by corresponding TMCs into ex-
tended structures. The structure of the As6V15 anion, which
has crystallographic D3 symmetry, was first reported by
Müller and Döring in K6[As6V15O42(H2O)]·8H2O.[17] It
consists of fifteen VO5 square pyramids and three handle-
like As2O5 units. As shown inpart a of Figure 1, twelve VO5

square pyramids form two triangles by sharing edges and
sharing corners. In addition, another three VO5 square
pyramids and three As2O5 units are alternately joined to-
gether to form a ring (Figure 1, b). Then the two triangles
are coordinated to each face the ring through sharing O
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atoms, and form a ball-like As6V15 anion (Figure 1, c). In
the structure of the As6V15 cluster in 1, twelve VO5 square
pyramids form two identical triangles as described above
(Figure 1, d). However, an interesting phenomenon is that
the ring in the As6V15 anion of 1 was found to be disor-
dered. As shown in Figure 1 (e), three positions occupied
by As2O5 units are disordered over six positions with free
refined occupancy of 0.5 for each position. At the same
time, three positions occupied by VO5 square pyramids are
also disordered over six positions (V1, V2, V3, V1A, V2A,
and V3A atoms) with free refined occupancy of 0.5 for each
position. Then, similarly, the two triangles are coordinated
to each face of the disordered ring through sharing O
atoms, and form a disordered As6V15 anion (Figure 1, f).
The structure of the disordered As6V15 anion in 1 can also
be described as a well-known {V18O42} rhombicuboctahed-
ron[29] embedded with an arsenic ring (Figure S1). The
As6V15 anion in 2 and 3 is essentially identical to that of
the isolated cluster in K6[As6V15O42(H2O)]·8H2O[17] and is
not disordered. In 1–3, all V=O, V–O, and As–O bond
lengths fall in the ranges 1.520(5)–1.631(6), 1.817(10)–
2.107(9), and 1.748(6)–1.887(5) Å, respectively. On the basis
of bond valence sum (Σs) calculations,[30] the oxidation
states of all V atoms are +4 (Σs = 4.04–4.48, 1; Σs = 4.02–
4.15, 2; Σs = 4.03–4.16, 3) and the As atoms are +3 (Σs =

Figure 2. A view of the infinite straight chain in 1. Half of the disordered atoms and H atoms were omitted for clarity.

Figure 3. Packing diagrams of 1 along the a axis showing host chains have a molecular recognition ability for the guest metal complexes.
All H atoms were omitted for clarity.
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2.73–2.99, 1; Σs = 3.05–3.20, 2; Σs = 3.04–3.18, 3). The oxi-
dation states of the V atoms and the As atoms are consis-
tent with the formulas of 1–3. The EPR spectra of 1 and 2
at room temperature show the g values are 1.9591 and
1.9493, corresponding to the signal of V4+, respectively. For
3, no EPR signal of V4+ was observed in 3 at room tem-
perature. But at liquid nitrogen temperature, the EPR spec-
trum of 3 shows the g value is 1.9631, corresponding to the
signal of V4+.

The extended structure of 1 consists of disordered
As6V15 sphere-like clusters. Each one is linked to two other
neighboring clusters by two [Ni2(en)2]2+ bridges, generating
a 1D straight chain of [–As6V15–μ2-Ni2(en)2–As6V15–]� ar-
rays (Figure 2). The bridging Ni2 atom shows an octahe-
dron with four nitrogen donors of two en ligands [Ni2–N:
2.040(2)–2.061(18) Å] and two trans terminal oxo oxygen
atoms coming from two adjacent VO5 groups [Ni2–O:
2.199(11) Å, O–Ni2–O: 180(8)°]. An interesting feature is
that another kind of TMC [Ni1(2,2�-bpy)3]2+ rather than
[Ni(en)3]2+ occupies the interchain regions as charge com-
pensation. As shown in Figure 3, the {[Ni(en)2]As6V15O42-
(H2O)}4– chains are aligned to the b axis and parallel
packed beside each other along the a axis, generating a cluster
anion layer along the ab plane, while the [Ni(2,2�-bpy)3]2+

cations are exactly deposited between cluster anion layers
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to form the cation layer along the ab plane. The [Ni(2,2�-
bpy)3]2+ cations in 1 present both Δ and Λ enantiomers. An
unusual feature is that the Δ and Λ enantiomers of [Ni(2,2�-
bpy)3]2+ are separated orderly and deposited in alternate
cluster anion layer regions, that is, the isolated [Ni(2,2�-
bpy)3]2+ cations are separated into Δ configuration layers
and Λ configuration layers by cluster chain layers. The
orderly separation of the enantiomers of [Ni(2,2�-bpy)3]2+

indicates that the inorganic host has a molecular recogni-
tion ability for the guest TMCs.[31] Such a phenomenon is
rarely reported in the POM system. The shortest inter-ring
separation of 2,2�-bpy ligands along the a axis is 12.27 Å,
hence, there is no notable π–π interaction in 1.

POMs with helical or chiral structures are of particular
interest.[32] For instance, a spiral-shaped chain has been de-
scribed in [H2en]2[{Cu(en)(OH2)}Mo5P2O23]·4H2O[33] and
a double helical chain in [(CH3)2NH2]K4[V10O10(H2O)2-
(OH)4(PO4)7]·4H2O.[34] Single-crystal X-ray diffraction
analysis revealed that compound 2 presents the first helical
chain made of As–V–O clusters. As shown in Figure 4, the
As6V15 clusters are connected to each other through novel
[(dien)Zn1(dien)Zn2(dien)]4+ dimeric cations by corner-
sharing interactions of the type V=O–Zn1 to form an infi-
nite 1D chain along the b axis, which arranged about a
twofold screw axis and formed a left-hand helical array. Be-
cause compound 2 crystallizes in a centric space group P21/
c, there are an equal number of right-handed (Figure S2)
and left-handed helices (Figure 4) in the structure. As illus-
trated in Figure 5, it is interesting that the right-handed he-
lical chains and the left-handed helical chains are aligned
parallel to the ab plane to give right-handed helical chain
layers and left-handed helical chain layers, respectively.
Furthermore, these right-handed helical chain layers and
left-handed helical chain layers are alternatively stacked
along the c axis with another kind of novel dimeric cation,
[Zn2(dien)3(H2O)2]4+, occupying the interlayer regions (Fig-

Figure 4. A ball-and-stick (a) and a space-filling (b) view of the left-hand helical chain of 2 showing the connectivity between the
[As6V15O42(H2O)]6– clusters and [Zn2(dien)3]4+ complexes and orientation of the chain. (Structure of right-hand helical chain of 2 can be
seen in Figure S2.) All H atoms were omitted for clarity.
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ure 5, Figure 6). Hydrogen bonds play important roles in
stabilizing the crystal structure of 2. The isolated [Zn2-
(dien)2(H2O)5]4+ cations link the chains through three pairs
of hydrogen bonds [N10–O40a (a: –x, y + 1/2, –z + 1/2),
3.01(2) Å; N10–O37b (b: –x, –y + 1, –z), 3.25(3) Å; and
N11–O41 3.02(2) Å, respectively] generating 2D networks
along the bc plane, while [Zn2(dien)3]4+ bridging cations in-
teract with the chains along the a axis through strong hy-
drogen bonds [N···O: 2.835(10)–3.175(10) Å, listed in Table
S1]. These hydrogen bonds force the structure of compound
2 to extend into a 3D supramolecular array.

Figure 5. Packing diagram of 2 viewed along the b axis showing
alternative right-hand and left-hand helical chain layers. All H
atoms, water molecules, and isolated [Zn2(dien)3(H2O)2]4+ cations
are omitted for clarity.

The second unusual feature of 2 is that each Zn1(dien)
bridging fragment hangs a [Zn2(dien)]2+ complex linked
through a tridentate dien ligand to form a novel dinuclear
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Figure 6. View of the 2D networks of 2 along the a axis showing the hydrogen bonds between helical chains and discrete [Zn2(dien)3-
(H2O)2]4+ cations.

[(dien)Zn1(dien)Zn2(dien)]4+ cation (Figure 7, b). Two N
atoms of the bridging dien ligand coordinate to the Zn2
center, while the third N atom coordinates to the Zn1 cen-
ter. Each Zn atom in dinuclear TMC is bound to two dien
ligands in different coordination modes, respectively. Thus
the Zn1 center is defined by four N donors from two dien
ligands and two trans terminal oxo oxygen atoms from two
adjacent arsenic–vanadium clusters to form a distorted oc-
tahedron [Zn1–N: 1.981(7)–2.155(9) Å; Zn1–O: 2.142(5) Å],
whereas the five-coordinate Zn2 center is best described as
a distorted trigonal bipyramidal configuration, with the
atoms N5 and N8 occupying the axial positions [Zn2–N5:
2.265(8) Å; Zn2–N6: 2.049(6) Å; Zn2–N7: 2.081(7) Å; Zn2–
N8: 2.187(7) Å; Zn2–N9: 2.017(9) Å]. Khan et al. has re-
cently reported an unexpected binuclear [Zn2(en)5]4+ cation
(Figure 7, a) in compound [Zn2(en)5][{Zn(en)2}2V18O42-
(H2O)]·9H2O.[16] One striking difference between [Zn2-
(dien)3]4+ and [Zn2(en)5]4+ cations is that the former act as
μ2-bridging units that link As6V15 clusters to form a 1D
chain, while the latter just act as balance cations. Another
distinct difference is that the [Zn2(en)5]4+ cation is a centro-
symmetric ion and the two zinc sites display the same coor-
dination environments: distorted ZnN5 trigonal bipyrami-
dal configuration, while the [Zn2(dien)3]4+ cation is a
noncentral ion and two independent zinc sites display two
kinds of different coordination environments: distorted
N4Zn1O2 octahedron and distorted Zn2N5 trigonal
bipyramid. The average Zn–N distance (2.120 Å) in
[Zn2(dien)3]4+ is somewhat shorter than that of the [Zn2-
(en)5]4+ cation (2.134 Å). The Zn1···Zn2 separation distance
[6.492(7) Å] in the [Zn2(dien)3]4+ cation is obviously shorter
than that of the [Zn2(en)5]4+ cation [7.592(2) Å].
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Figure 7. (a) Structure of binuclear TMC in ref.[16]. (b, c) Structures
of binuclear TMCs in 2, showing two unique coordination modes.
All the H atoms are omitted for clarity.
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The third unusual feature of 2 is that the structure con-

tains another kind of novel isolated binuclear [Zn2(dien)3-
(H2O)2]4+ cation providing charge compensation (Figure 7,
c). The structure of the [Zn2(dien)3(H2O)2]4+ cation can be
described as two [Zn(dien)(H2O)]2+ moieties linked across
an inversion center by a bridging dien ligand. The two ter-
minal N13 and N13A atoms of bridging dien exhibit strong
attachment to the Zn3 and Zn3A atoms, respectively, with
Zn–N distances of 2.036(18) Å, while the middle N14 atom
occupies the central site of the binuclear cation and exhibits
weak attachment to both Zn3 and Zn3A atoms with Zn–N
distances of 2.398(3) Å, which are much longer than the
usual Zn–N values (about 1.90–2.20 Å) observed in many
reported studies.[16,35,36] Such a coordination mode between
the Zn atoms and the bridging dien ligand is peculiar. The
Zn3–O distance [2.430(2) Å] and the bond valence sum[30]

value (0.17) identify the O atom coordinated to the Zn3
center as H2O (denoted as OW4 in this paper). The
Zn3···Zn3A separation distance [4.796(10) Å] is even
shorter than that of Zn1···Zn2 [6.493(7) Å].

The solid architectures of 1 and 2 provide examples of a
different way of connecting As6V15 clusters and TMCs
groups. This suggests that further condensation of As6V15

clusters into higher dimensional solids through the linkage
of TMCs groups could be feasible. Suitable modification of
the synthetic conditions results in the successful crystalli-
zation of solid 3, which is the first 2D As6V15 framework.
As shown in Figure 8, the As6V15 cluster acts as a hexaden-
tate ligand coordinating to six Co2+ ions through the ter-
minal oxo oxygen atoms with Co–O distances ranging from
2.180(6) to 2.278(6) Å, such that each As6V15 cluster is con-
nected with six others through trans-{Co(enMe)2O2}

Figure 9. View of the 2D structure of 3 along the [111] direction. All the H atoms and water molecules are omitted for clarity.
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groups to generate a 2D framework (Figure 9). Each Co
atom in 3 acts as a bridge and is located at a distorted
octahedral center, being coordinated by two O atoms from
the arsenic–vanadium polyoxoanion and four N atoms
from two enMe ligands with Co–N bond lengths ranging
from 2.049(8) to 2.110(9) Å. These layers are stacked along
the [11̄0] direction in AAAA sequence with an interlamellar
separation of approximately 9.0 Å (see Figure S3 in the
Supporting Information), forming pseudo-1D channels
along the c axis, which are occupied by lattice water mole-
cules and organic ligands (Figure S4).

Figure 8. View of coordination mode of the [As6V15O42(H2O)]6–

cluster in 3.
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The infrared spectrum of 1 exhibited features characteris-

tics of v(M–O–M) (M = V or As) in the 480–800 cm–1 re-
gions. The strong bands at 983 can be assigned to the
stretching vibrations of V=O bonds. The region of interest
in determining the mode of 2,2�-pyridine binding and the
bending bands of the NH2 and CH2 are from 1161–
1599 cm–1. The infrared spectrum of 2 shows the bending
bands of the NH2 and CH2 present at around 1583, 1458,
and 1362 cm–1. While the strong peak 980 cm–1 is attributed
to the vibrations of V=O bands, a series of bands in the
480–760 cm–1 region is characteristic of v(M–O–M) (M =
V or As) and v(As–O). The infrared spectrum of 3 exhibits
a number of absorption bands in the 1100–1600 cm–1 re-
gion. Many of these bands are attributed to the fundamen-
tal vibration modes of enMe. The strong and sharp bands
at 973 cm–1 are assigned to the vibrations of V=O bands.
Furthermore a broad band between 833 and 500 cm–1 with
maximum at 701 cm–1 is attributed to asymmetric and sym-
metric {M–O–M} (M = V or As) stretching. These posi-
tions of the bands and their assignments of 1–3 are consis-
tent with literature reports.[16,24,37]

The thermogravimetric analyses were carried out in flow-
ing N2 with a heating rate of 10 °C·min–1 in the temperature
range 30–1000 °C for compounds 1–3 (Figure 10). Three
distinct weight-loss stages are observed on the TGA curve
of compound 1. The first stage, which occurs from 46 to
109 °C, is attributed to the loss of 10.5 water molecules;
the observed weight loss (4.84%) is in agreement with the
calculated value (5.71%). The remaining two stages occur
between 156 and 847 °C, and are due to the loss of two en
molecules and six 2,2�-bpy molecules, and the sublimation
of three As2O3 molecules; the observed weight loss
(49.68%) is consistent with the calculated value (49.89%).
Assuming that the residue corresponds to VO2 and NiO,
the observed total weight loss (54.52%) is also in agreement
with the calculated value (55.59%). The TG curve of 2
shows two major mass losses in the regions 46–132 °C and
178–776 °C. The first step corresponds to the loss of four
water molecules (exp. 2.01%, calcd. 2.75%). The second
huge mass loss can be assigned to the loss of 4.5 dien mole-

Figure 10. TGA curves of compounds 1–3.
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cules and the sublimation of three As2O3 molecules (exp.
41.19%, calcd. 40.41%). Assuming that the residue corres-
ponds to VO2 and ZnO, the observed total weight loss
(43.20%) is in good agreement with the calculated value
(43.16%). The TG curve of 3 indicates that the weight loss
of 1 cannot be completely divided into distinct stages. The
whole stage, which occurs from 58 to 786 °C, is attributed
to the loss of H2O and enMe, and the sublimation of
As2O3. Assuming that the residue corresponds to VO2 and
CoO, the observed weight loss (43.29%) is in good agree-
ment with the calculated value (42.74%).

The variable temperature magnetic susceptibilities of 1
and 2 were measured between 2 and 300 K. Figure 11
shows the magnetic behaviors of 1 and 2 in the form of
the product χMT versus temperature, where χM is the molar
magnetic susceptibility. The χMT value of complex 1 at
300 K is 3.33 cm3·mol–1·K, much smaller than the expected
value (8.40 cm3·mol–1·K) for the fifteen uncoupled S = 1/2
spins of V4+ atoms (5.40 cm3·mol–1·K, g = 1.9591 for V4+

from EPR result) and three uncoupled S = 1 spins of the
Ni2+ atoms (3.0 cm3·mol–1·K, g = 2.0). Upon cooling, the
χMT value decreases nearly linearly to 2.48 cm3·mol–1·K at
50 K, and then decreases rapidly from 50 K and reaches a
minimum value of 1.74 cm3·mol–1·K at 2 K. Such magnetic
behavior is characteristic of the combination of zero-field
splitting of Ni2+ in distorted octahedral environments and
strong antiferromagnetic couplings between adjacent para-
magnetic centers. The short V···V distance (� 3.006 Å) and
structural disorder of V4+ ions are probably mainly respon-
sible for the strong magnetic interaction at high tem-
perature.[38–40] For 2, χMT at room temperature is
1.83 cm3·mol–1·K, which is also much lower than the value
expected for 15 uncoupled electrons (5.34 cm3·mol–1·K, g =
1.9493 for V4+ from EPR result). As the temperature de-
creases, the χMT value decreases rapidly until 150 K to sta-
bilize approximately at 1.08 cm3·mol–1·K. Below 25 K an-
other faster decrease of χMT is observed, with about
0.47 cm3·mol–1·K at 2.0 K. Because the Zn2+ ion is non-
magnetic, the magnetic behavior of 2 can be attributed to
the exchange interactions between V4+ ions in [As6V15O42]6–

Figure 11. The temperature dependences of the product χMT for 1
and 2.
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polyoxoanions. The short neighboring V···V distances of
V1···V3 (2.846 Å), V2···V4 (2.834 Å), V5···V6 (2.839 Å),
V10···V11 (2.868 Å), V12···V13 (2.885 Å), and V14···V15
(2.882 Å) pairs with double O bridges lie in the range ex-
pected for strong antiferromagnetic coupling,[29,38–40] thus
resulting in a low χMT value at high temperature. The re-
maining three vanadium ions are largely uncorrelated at
high temperature. When temperature is lowered further, a
weak antiferromagnetic coupling occurs between these
three vanadium centers through the [As2O5]4– bridge, which
corresponds to the second decrease below 25 K. The value
(1.08 cm3·mol–1·K) of the plateau of χMT in the range 150–
25 K is in agreement with the calculated value for three un-
coupled V4+ ions.

The temperature dependences of χMT for 1 and 2 demon-
strate the existence of strong antiferromagnetic coupling in-
teractions, which are a common feature for most polyoxo-
vanadate clusters.[29,41] Unfortunately, it is too difficult to
fit the experimental magnetic data of these extended high-
nuclearity heteropolymetallic spin systems using a suitable
theoretical model.[42]

Conclusions

In this paper, we have described three extended As–V–
O compounds synthesized by a hydrothermal method, all
constructed from [As6V15O42(H2O)]6– cluster units. These
results emphasize the potential of [As6V15O42(H2O)]6– clus-
ters as building blocks for constructing new materials and
demonstrate that the hydrothermal techniques are a vital
tool for the realization of materials design. Moreover, the
construction of these new materials may facilitate the for-
mation of unexpected species[16] such as the novel
[Zn2(dien)3]4+ and [Zn2(dien)3(H2O)2]4+ cations observed
during the course of this work. Linking discrete POMs to
build solid-state materials is of great interest not only from
a structural point of view, but also because they are poten-
tially interesting for applications in different areas. Further
research will concentrate on the suitable modification of the
synthetic conditions to obtain 3D As–V–O cluster architec-
ture, which has never been reported to date to the best of
our knowledge and is a challenging task.

Experimental Section
General Remarks: All reagents were purchased commercially and
used without further purification. The contents of V, Ni, Zn, Co,
and As were determined with an Utlima2 spectrometer. Elemental
analyses (C, H, and N) were performed on an Elementar Vario III
analyzer. IR spectra were recorded with an ABB Bomem MB102
spectrometer in KBr pellet. Thermal analyses were performed in a
dynamic nitrogen atmosphere with a heating rate of 10 °C·min–1,
using a METTLER TGA/ SDTA851e thermal analyzer. EPR spec-
tra were carried out on powder samples at X-band frequency with
a Bruker ER-420 spectrometer at room temperature. Variable tem-
perature susceptibility measurements were carried out in the tem-
perature range 2–300 K at a magnetic field of 1 T on polycrystalline
samples with a SQUID MPMS-7 magnetometer manufactured by
Quantum Design. Background corrections for the sample holder
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assembly and diamagnetic components of the compound were
applied.

Synthesis of [Ni(2,2�-bpy)3]2[{Ni(en)2}As6V15O42(H2O)]·9.5H2O (1):
A mixture of V2O5 (0.30 g, 1.65 mmol), As2O3 (0.10 g, 0.51 mmol),
Ni(CH3COO)2·4H2O (0.05 g, 0.20 mmol), 2,2�-bpy (0.05 g,
0.32 mmol), en (0.30 mL), and H2O (12 mL, 0.67 mol) was heated
to 160 °C for 3 days and then cooled to room temperature. The
product was isolated as brown blocks (0.473 g, 65.1% yield based
on V). C64H85As6N16Ni3O52.50V15 (3308.23): calcd. C 23.21, H
2.59, As 13.59, N 6.77, Ni 5.32, V 23.10; found C 22.96, H 2.71,
As 13.16, N 6.58, Ni 5.09, V 22.94. IR (KBr) for 1: ν̃ = 1632 (m),
1599 (s), 1491 (w), 1471 (m), 1442 (s), 1318 (m), 1161 (w), 1020
(m), 983 (s), 778 (s), 754 (s), 738 (s), 633 (m), 488 (w), 464 (m)
cm–1.

Synthesis of [Zn2(dien)3(H2O)2]1/2[{Zn2(dien)3}As6V15O42(H2O)]·
2H2O (2): A mixture of V2O5 (0.20 g, 1.10 mmol), As2O3 (0.24 g,
1.21 mmol), dien (0.40 mL), Zn(CH3COO)2·2H2O (0.54 g,
2.10 mmol), and H2O (15 mL, 0.83 mol) was sealed in a Teflon-
lined steel autoclave and heated to 160 °C for 3 days and then co-
oled to room temperature. The product was isolated as brown
blocks (0.220 g, 57.3% yield based on V). C18H66.5As6-
N13.5O46V15Zn3 (2618.08): calcd. C 8.25, H 2.56, As 17.17, N 7.22,
V 29.19, Zn 7.49; found C 7.64, H 2.63, As 16.75, N 6.77, V 30.16,
Zn 7.06. IR (KBr) for 2: ν̃ = 1583 (s), 1458 (m), 1386 (w), 1362
(w), 1326 (w), 1285 (w), 1144 (m), 1092 (m), 980 (s), 738 (s), 633
(s), 541 (m), 484 (m), 460 (m) cm–1.

Synthesis of [Co(enMe)2]3[As6V15O42(H2O)]·2H2O (3): A mixture
of V2O5 (0.55 g, 3.02 mmol), As2O3 (0.20 g, 1.01 mmol), H2C2O4·
2H2O (0.382 g, 3.04 mmol), enMe (0.30 mL), CoSO4·4H2O (0.34 g,
1.50 mmol), and H2O (10 mL, 0.55 mol) was sealed in a Teflon-
lined steel autoclave and heated to 160 °C for 6 days and then
cooled to room temperature. The product was isolated as brown
blocks (0.282 g, 27.3% yield based on V). C18H72As6Co3N12O45V15

(2567.29): calcd. C 8.44, H 2.83, As 17.51, Co 6.89, N 6.55, V
29.76; found C 8.25, H 2.96, As 16.92, Co 6.80, N 6.38, V 29.05.
IR (KBr) for 3: ν̃ = 1633 (m), 1578 (s), 1448 (m), 1300 (w), 1267
(m), 1081 (m), 1020 (s), 973 (s), 701 (s), 510 (s), 446 (m) cm–1.

X-ray Crystallography: Crystal structure determinations by X-ray
diffraction were performed with a Siemens SMART CCD dif-
fractometer with graphite-monochromated Mo-Kα (λ = 0.71073 Å)
radiation in the ω scanning mode at room temperature. The pro-
gram SADABS was used for the absorption correction. The struc-
tures were solved by the direct methods and refined by full-matrix
least-squares on F2. All calculations were performed using the
SHELX97 program package. For 1, in the cluster structure, three
positions occupied by As2O5 dimers and three positions occupied
by VO5 square pyramids were disordered. Each of the six disor-
dered positions was occupied either by an As2O5 dimer or a VO5

square pyramid. The ratios [As2O5]/[VO5] were refined to 0.5:0.5
for all six disordered positions. The respective occupancies of those
disordered As and V atoms were fixed finally according to the value
of free refined occupancies. Although the final residuals (R1 =
0.1122, wR2 = 0.1967) were relatively large, the molecular anion
and transition-metal complexes were well behaved, and there were
no unusual temperature factors or excursions of electron density in
these regions of the structure. The space group was unambiguous.
For 2, the Zn1 atom was disordered over two positions (Zn1 with
SOF = 0.60 and Zn1A with SOF = 0.40). In addition, difference
Fourier maps showed two significant regions (7.95 and 2.70 e·Å–3)
of electron density close to the Zn3 atom. A disordering effect of
the Zn3 atom over three adjacent positions with occupancy of 0.57,
0.38, and 0.05 was therefore modeled. In each structure, hydrogen
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Table 1. Crystallographic data for compounds 1–3.

Compound 1 2 3

Formula C64H85As6N16Ni3O52.5V15 C18H66.5As6N13.5O46V15Zn3 C18H72As6Co3N12O45V15

Mr 3308.23 2618.08 2567.29
Crystal system monoclinic monoclinic triclinic
Space group P21/n P21/c P1̄
Crystal size [mm] 0.38×0.22×0.22 0.20×0.20×0.20 0.32×0.40×0.44
a [Å] 14.0324(9) 13.361(5) 13.2976(14)
b [Å] 13.9900(8) 23.979(8) 15.0583(12)
c [Å] 30.5785(19) 22.873(8) 20.1661(17)
α [°] 90 90 85.620(8)
β [°] 102.861(1) 102.459(4) 79.553(9)
γ [°] 90 90 65.087(9)
V [Å3] 5852.4(6) 7155.7(4) 3601.6(6)
Z 2 4 2
Dcalcd [g·cm–3] 1.877 2.430 2.367
μ [mm–1] 3.378 5.697 5.348
Reflections collected 16866 43070 18415
Unique data (Rint) 9624(0.0741) 12225(0.0437) 16313(0.0432)
F(000) 3256 5080 2496
θ range [°] 2.00–25.08 2.49–25.03 1.71–27.50
Goodness of fit 1.087 1.075 0.992
R1, wR2 [I � 2σ(I)][a] 0.1122, 0.1967 0.0580, 0.1434 0.0649, 0.1279
Δρmax, Δρmin [e·Å–3] 1.622, –1.848 1.784, –1.343 1.767, –1.204

[a] R1 = ∑||Fo| – |Fc||/∑|Fo|; wR2 = {∑[w(Fo
2 – Fc

2)2]/∑[w(Fo
2)2]}1/2.

atoms of organic ligands were geometrically placed and refined
using a riding model. These above-mentioned disordered atoms
and several disordered C atoms (C31 and C32 in 1, C6, C7, and
C9 in 2, and C12 in 3) were refined isotropically; the other atoms
were refined anisotropically. Experimental details for the structural
determinations of 1–3 are presented in Table 1. Ranges of selected
bond lengths of 1–3 are listed in Table 2.

Table 2. Ranges of some important bond lengths [Å] for com-
pounds 1–3.[a]

1

V=Ot 1.520(5)–1.624(11) Ni1–N 2.039(17)–2.110(15)
V–Ob 1.817(10)–2.107(9) Ni2–N 2.040(2)–2.061(18)
As–O 1.767(5)–1.887(5) Ni2–O 2.199(11)

2

V=Ot 1.600(5)–1.623(5) Zn2–N 2.017(9)–2.265(8)
V–Ob 1.913(4)–2.045(6) Zn3–N 2.021(16)–2.398(3)
As–O 1.748(6)–1.811(6) Zn1–O 2.142(5)
Zn1–N 1.981(7)–2.155(9) Zn3–O 2.430(2)

3

V=Ot 1.590(6)–1.631(6) Co4–N 2.095(11)–2.102(11)
V–Ob 1.887(6)–2.042(7) Co1–O 2.180(6)
As–O 1.750(6)–1.797(6) Co2–O 2.257(6)–2.278(6)
Co1–N 2.097(8)–2.099(8) Co3–O 2.221(6)–2.263(6)
Co2–N 2.049(8)–2.080(8) Co4–O 2.273(7)
Co3–N 2.055(9)–2.110(9)

[a] Ot, terminal oxygen atoms; Ob, oxygen atoms in basal plane of
VO5 pyramids.

CCDC-254404 (for 1), -254405 (for 2), and -259395 (for 3) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information: Two Tables of hydrogen bonds of com-
pounds 2 and 3, and four additional plots for compounds 1–3.
This material is available free of charge via the Internet at http://
www.eurjic.org or from the authors.
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