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Introduction

Polyoxometalates (POMs) are anionic metal oxide clusters
of Mo, W, V and Nb that have attracted the attention of
many research groups during the last two decades, owing to
their remarkable structural and electronic properties,[1,2] but
also to their diverse properties ranging from photochrom-
ism,[3] electrochromism,[4] and magnetism[5] to applications in
catalysis[6] and medicine.[7] Their formation mechanism is
governed by self-assembly processes that involve the con-
densation of {MOx} units (M =W, Mo, V, Nb) directed by
the fine adjustment of a long list of experimental variables,
such as pH, ionic strength, counterion and metal-ion type,
temperature, continuous flow conditions. and so forth.[8–13]

On the other hand, mixed-addenda hetero-POMs
(HPOMs) exhibit a variety of structural motifs and proper-
ties that arise from the interplay between different oxidation
states, geometries, labilities of the addenda units and the
templating effect of the heteroatoms present in the structur-
e.[14d–f] Detailed studies of these compounds reveals an as-
tonishing variety of novel phases arising from the combina-

tion of molybdenum and vanadium precursors. Such struc-
tural diversity is associated with the versatility introduced to
the system by the vanadium metal centres, owing to their
variety of oxidation states (III, IV and V) and coordination
geometries (tetrahedral, square pyramidal and octahedral).
These aspects, combined with the relative robustness and
stabilising effect of the molybdenum-based building units,
consequently influence the final architecture of the isolated
materials.[14e,f] Depending on the geometry and concentra-
tion ratios of the Mo/V addenda in the presence of a heter-
oatom, different structural motifs have been reported: The
Anderson {XM6O24} structural motif with an octahedral het-
eroatom {XO6} in the centre of a six-membered cyclic poly-
anion,[15] the Keggin {XM12O40} motif with one {XO4} tetra-
hedral heteroanion occupying the central cavity[16] and the
Wells–Dawson {X2M18O62} motif with two {XO4} tetrahedral
heteroanions inside the inorganic metal cage,[17] are exam-
ples of the different architectures commonly found in
HPOMs.

HPOMs and mixed-metal HPOMs, which incorporate
non-conventional (non-tetrahedral) heteroanions, are rela-
tively rare; for example, the catalytically active tungstato-
periodate compound [H3W18O56ACHTUNGTRENNUNG(IO6)]6�, with one periodate
anion embedded in a {W18O54} Dawson-type shell,[18] and the
twofold reduced Dawson anion [Mo18O54ACHTUNGTRENNUNG(SO3)2]

6�, which in-
corporates two pyramidal sulfite (SO3

2�) heteroanions and
exhibits intriguing S···S interactions and thermochromic
properties.[19] HPOMs with non-conventional heteroanions
are less common and are limited mainly to tungstate-based
materials, which are less labile and their lacunary species

Abstract: Five mixed-metal mixed-va-
lence Mo/V polyoxoanions, templated
by the pyramidal SeO3

2� heteroanion
have been isolated: K10[MoVI

12V
V

10O58-ACHTUNGTRENNUNG(SeO3)8]·18H2O (1), K7[MoVI
11V

V
5V

IV
2-ACHTUNGTRENNUNGO52 ACHTUNGTRENNUNG(SeO3)]·31 H2O (2), (NH4)7K3-ACHTUNGTRENNUNG[MoVI

11V
V

5V
IV

2O52(SeO3)(MoV
6V

V-
O22)]· ACHTUNGTRENNUNG40 H2O (3), (NH4)19K3[MoVI

20V
V

12-ACHTUNGTRENNUNGVIV
4O99ACHTUNGTRENNUNG(SeO3)10]·36H2O (4) and [Na3-ACHTUNGTRENNUNG(H2O)5{Mo18�xVxO52 ACHTUNGTRENNUNG(SeO3)} {Mo9�yVy-ACHTUNGTRENNUNGO24 ACHTUNGTRENNUNG(SeO3)4}] (5). All five compounds

were characterised by single-crystal X-
ray structure analysis, TGA, UV/Vis
and FT-IR spectroscopy, redox titra-
tions, and elemental and flame atomic

absorption spectroscopy (FAAS) analy-
sis. X-ray studies revealed two novel
coordination modes for the selenite
anion in compounds 1 and 4 showing
h,m and m,m coordination motifs. Com-
pounds 1 and 2 were characterised in
solution by using high-resolution ESI-
MS. The ESI-MS spectra of these com-
pounds revealed characteristic patterns
showing distribution envelopes corre-

sponding to 2� and 3� anionic charge
states. Also, the isolation of these com-
pounds shows that it may be possible
to direct the self-assembly process of
the mixed-metal systems by controlling
the interplay between the cation
“shrink-wrapping” effect, the non-con-
ventional geometry of the selenite
anion and fine adjustment of the exper-
imental variables. Also a detailed IR
spectroscopic analysis unveiled a
simple way to identify the type of coor-
dination mode of the selenite anions
present in POM-based architectures.

Keywords: molybdenum · polyoxo-
metalates · selenites · self-assembly ·
vanadium

[a] M. N. Corella-Ochoa, Dr. H. N. Miras, Dr. D.-L. Long,
Prof. L. Cronin
WestCHEM, School of Chemistry
The University of Glasgow
University Avenue, Glasgow G12 8QQ, Scotland (UK)
Fax: (+44) 141-330-4888
E-mail : L.Cronin@chem.gla.ac.uk

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.201200912.

Chem. Eur. J. 2012, 18, 13743 – 13754 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 13743

FULL PAPER



display increased stability.[20] Only a few examples of molyb-
date,[21] vanadate,[14,22] palladate[23] and mixed-metal molyb-
dovanadate clusters[14d–g] have been reported recently in the
literature.

In an attempt to expand the non-conventional HPOM
family containing more labile metal oxide units, we investi-
gated the interaction of pyramidal heteroanions from
Group 16 (SO3

2� and TeO3
2�) with molybdenum/vanadium

mixed-addenda systems. Our recent investigations on the in-
teraction of the pyramidal sulfite heteroanion (rat = 1.03 �)
with a mixed-metal system, led to the isolation of two un-
precedented novel Dawson-based archetypes:
[MoVI

11V
V

5V
IV

2O52ACHTUNGTRENNUNG(m9-SO3)]7� ({M18S}) and [MoVI
11V

V
5-ACHTUNGTRENNUNGVIV

2O52ACHTUNGTRENNUNG(m9-SO3)(MoV
6V

VO22)]10� ({M25S}),[14d,e] whereas the
incorporation of the tellurite anion (rat = 1.37 �) directed
the self-assembly process towards the formation of two
unique M24 cages, [MoVI

12V
V

8V
IV

4TeIVO69 ACHTUNGTRENNUNG(m9-TeO3)2]
10�

({M24Te3}) and [MoVI
12V

V
8V

IV
4O69 ACHTUNGTRENNUNG(m9-TeO3)2]

14� ({M24Te2})
and one {M25Te} archetype, [MoVI

11V
V

5V
IV

2O52ACHTUNGTRENNUNG(m9-
TeO3)(MoV

6V
VO22)]10�

.
[14f] Based on our previously reported

studies, we theorise that the influence of the pyramidal ge-
ometry, along with the ionic radius of the anion, can have a
powerful effect on the self-assembly processes and conse-
quently allow the design of new structural motifs. Addition-
ally, the stereochemically active lone pair of electrons on
the heteroanion can potentially facilitate or induce interest-
ing redox and photophysical properties onto the cluster
oxide shell.[18,24] This means that the extension of the family
of these compounds, that is, to explore the influence of the
selenite anion (SeO3

2�), on the self-assembly of mixed ad-
denda POM systems should allow a correlation between the
pyramidal geometry, the ionic radius and the observed struc-
tural motifs.

Herein, we report the isolation of five new selenite-based
polyoxometalates: {M22Se8}=K10[MoVI

12V
V

10O58 ACHTUNGTRENNUNG(SeO3)8]·
18 H2O (1), {M18Se}= K7[MoVI

11V
V

5V
IV

2O52ACHTUNGTRENNUNG(m9-SeO3)]·
31 H2O (2) and {M25Se}= (NH4)7K3[MoVI

11V
V

5V
IV

2O52ACHTUNGTRENNUNG(m9-
SeO3)(MoV

6V
VO22)]·40 H2O (3); {M36Se10}= (NH4)19K3-

[MoVI
20V

V
12V

IV
4O99ACHTUNGTRENNUNG(SeO3)10]·36 H2O (4), which, to the best

of our knowledge, is the first mixed-metal Mo/V lacunary-
type cluster templated by a pyramidal heteroanion as well
as the largest Mo/V–selenite-based POM reported to date;
and [Na3ACHTUNGTRENNUNG(H2O)5{Mo18�xVxO52 ACHTUNGTRENNUNG(m9-SeO3)}{Mo9�yVyO24ACHTUNGTRENNUNG(SeO3)4}]
(5). All compounds were synthesised under one-pot reaction
conditions, for which the pH and the cation effect proved to
be the determining factors for the reproducible control of
the self-assembly process (Figure 1). The compounds were
characterised by X-ray structural analysis, TGA, UV/Vis
and FT-IR spectroscopy, FAAS, redox titrations and ESI-
MS. A detailed spectroscopic analysis of the FT-IR spectra
for all five compounds, identifying the different coordination
modes of the selenite heteroanions exhibited in the ob-
served architectures is also reported.

Results and Discussion

Syntheses: The procedures followed for the synthesis of
compounds 1, 1’, 2, 2’, 3 and 4 are summarised in Scheme 1.
Compound 1 was prepared by the sequential addition of
KVVO3, K2SeO3 and NH2NH2·2 HCl to a hot aqueous solu-
tion containing K2MoVIO4. The reaction was allowed to cool
to room temperature and the pH was then adjusted to 1.5
by the drop-wise addition of a 3m HCl solution. Dark
orange rhomboid crystals of K10[MoVI

12V
V

10O58-ACHTUNGTRENNUNG(SeO3)8]·18H2O (1) formed after two days. Crystals of 1
were removed from the solution and the mother liquor was
left to evaporate at room temperature for three days during
which period of time dark hexagonal crystals of
K7[MoVI

11V
V

5V
IV

2O52ACHTUNGTRENNUNG(m9-SeO3)]·31 H2O (2) were isolated. Al-

Figure 1. Representation of the self-condensation of the different build-
ing units involved in the reaction mixtures leading to the isolation of a
new family of HPOM clusters templated by the pyramidal selenite
heteroACHTUNGTRENNUNGanion SeO3

2�. Mo: purple, V: orange, Se: yellow sphere and O: red
sphere.

Scheme 1. Synthetic procedure for the formation of compounds 1–5.
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ternatively, mapping the reaction conditions of the K+/Mo/V
system over a wide range of pH values, led to the direct syn-
thesis of compound 2 at a pH value of 3 in the presence of
NH2NH2·2 HCl as reducing agent.

From our previously reported studies, we demonstrated
the impact of the cation effect on the self-assembly process
of the available building units.[14e,f, 25b] Based on this fact, we
decided to investigate the self-assembly processes in the
presence of other cations that could influence the type of
available building block libraries as well as their aggregation
by means of a network of hydrogen-bonding interactions,
electrostatic and “shrink-wrapping” effects.[25] The successive
addition of NH4V

VO3, K2SeO3 and NH2NH2·2 HCl into an
acidic solution of (NH4)6MoVI

7O24 led to the formation of
four new compounds after adjusting the pH of the mixture
by addition of 3m HCl. The co-operative effect of the reduc-
ing agent and the pH value is a known crucial parameter in
POM chemistry.[1,2] Reduction of the vanadium centres is
important for the initiation of the self-assembly process,
since it is more reactive and triggers the formation of a
building block library. On the other hand, the pH value con-
trols and drives finally the condensation process of the avail-
able building units towards the formation of the final prod-
uct. Fine adjustment of the pH value of the solution to 1.5,
yielded crystals of (NH4)6K4[MoVI

12V
V

10O58 ACHTUNGTRENNUNG(SeO3)8]·18 H2O
(1’) within a week. When the pH was increased to 2.8, crys-
tals of (NH4)4K3[MoVI

11V
V

5V
IV

2O52ACHTUNGTRENNUNG(m9-SeO3)]·29 H2O (2’)
along with crystals of (NH4)7K3[MoVI

11V
V

5V
IV

2O52ACHTUNGTRENNUNG(m9-
SeO3)(MoV

6V
VO22)]·29 H2O (3) were collected, after stand-

ing for a period of two weeks.
In an effort to avoid co-crystallisation of compounds 2’

(large hexagonal crystals) and 3 (needle crystals) we investi-
gated the system over a wide range of pH values, and we
managed to isolate a pure phase of compound 2’ by adjust-
ing the pH value between 4 and 4.5, whereas between 2.8
and 4.0 the species continue to co-crystallise.

Since we were not able to determine appropriate synthetic
conditions for the isolation of the pure crystalline phase of
compound 3, we separated the needle-shaped crystals of 3
manually under the microscope.The separation is relatively
facile due to their considerably different size and shape
(compound 2’ gives large hexagonal crystals).

When the pH was increased to a value of 5.0, crystals of
the largest mixed-addenda lacunary selenite species
(NH4)19K3[MoVI

20V
V

12V
IV

4O99ACHTUNGTRENNUNG(SeO3)10]·36H2O (4) were
formed after ten days; whereas if the pH value was in-
creased further to 6.0, yellow crystals of
K7[MoVI

8V
V

5O40]·9H2O were formed instead.[26] Above the
pH value of 6.0, a rapid oxidation of the reaction mixture
was observed and only crystals of decavanadate ([V10O28]

6�)
were obtained, with different extents of protonation, de-
pending on the basicity of the solution.[27]

In an effort to expand our investigation of the cation
effect on the self-assembly process, we replaced the potassi-
um source (K2SeO3) by a sodium source (Na2SeO3) and ob-
served that small amounts of crystals of [Na3-ACHTUNGTRENNUNG(H2O)5{Mo18�xVxO52 ACHTUNGTRENNUNG(m9-SeO3)}{Mo9�yVyO24 ACHTUNGTRENNUNG(SeO3)4}] (5)

were formed in the pH range of 2.5 and 4 after two weeks.
Under these experimental conditions, in the presence of a
Na+/NH4

+ cation mixture, compound 5 always co-crystal-
lised with the decavanadate [V10O28]

6� species, along with
[MoVI

12V
V

10O58ACHTUNGTRENNUNG(SeO3)8]
10� and [MoVI

11V
V

5V
IV

2O52ACHTUNGTRENNUNG(m9-
SeO3)]7� crystals, which are isostructural to 1 and 2, respec-
tively. At this point it is worth noting the following observa-
tions: 1) the fine tuning of the experimental parameters and
the careful reaction mapping of the mixed addenda system
was crucial for the discovery of the novel family of selenite-
based POMs; 2) the interplay between the geometrical fac-
tors [ionic radius (rat =1.17 �) and the pyramidal geometry]
of the selenites and the “shrink-wrapping” effect of the
cation influenced the self-assembly process, leading to the
formation of high-nuclearity mixed-metal oxides such as
{M22Se8} and {M36Se10}; and 3) we have been able to unveil a
series of novel coordination modes of the selenite anion,
demonstrating its ability to act effectively as inorganic
ligand. This has a profound effect on the self-assembly pro-ACHTUNGTRENNUNGcess of the available synthons involved in the reaction mix-
ture, leading to the discovery of a range of unprecedented
structural motifs.

Structural description of the selenite–molybdovanadate clus-
ters : The crystallographic parameters for the compounds 1–
5 are listed in Tables 4 and 5 in the Experimental Section.
Crystallographic studies revealed that the anion in 1 can be
formulated as [MoVI

12V
V

10O58ACHTUNGTRENNUNG(SeO3)8]
10� (1 a), which adopts

an S-shaped topology similar to the 22-isopolytungstate clus-
ter [H4W22O74]

12�,[28] even though in the present case, the la-
cunary synthons are templated and bridged together by
eight pyramidal selenite anions. The {M22Se8} cluster is built
up from two {M11Se4} subunits linked by two m-oxo bridges
in a trans fashion. Each bowl-shaped {M11Se4} subunit con-
sists of a [MoVI

4V
V

5O24ACHTUNGTRENNUNG(m9-SeO3)]� cap, in which the top is
decorated by a belt-shaped [MoVI

2SeIV
3O14]

4� moiety with al-
ternating SeO3

2� pyramids and MoO6 octahedra (Figure 2).
Whilst the Mo atoms in the [MoVI

2SeIV
3O14]

4� fragment are
crystallographically distinguishable, the metal sites in the
{M9} fragment are disordered over the nine positions. The
assignment of formal charges on the metal ions was made
on the basis of charge balance considerations for the entire
compound, combined with bond valence sum (BVS) calcula-
tions,[14, 29] redox titrations, elemental analysis, and high-reso-
lution electrospray mass spectroscopy (ESI-MS). The Mo
atoms in the [MoVI

2SeIV
3O14]

4� formation are in the oxida-
tion state VI (BVSav =5.82) and their coordination sphere is
completed by two terminal oxo groups in cis positions, with
an average Mo=O bond length of 1.70(1) �, one m-O2�

groups, with Mo�O bond lengths of 1.90(8) �, and three m3-
O2� bridges, with Mo�O bonds spanning 1.98(1)–2.28(1) �.
A feature of the {M22Se8} cluster worth noting is the incor-
poration of eight SeO3

2� heteroanions with three distinct co-
ordination modes (Figure 3): a) one m9-SeO3 anion occupies
the central cavity of each {M9} unit; b) and c) one (m,m)-
SeO3 and two (h,m)-SeO3 bridging anions are incorporated
in the [MoVI

2SeIV
3O14]

4� formation, respectively. These are
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two novel modes for the selenite anion and are reported for
the first time. All the Se atoms exhibit the formal oxidation
state IV (BVSav =3.94). Bond lengths relevant to the coordi-
nation sphere of the Se atoms in the SeO3 pyramidal polyhe-
dra are given in Table 1.

As we discussed earlier, the {M22Se8} anion could be syn-
thesised over a wide range of pH values utilising different
cations that appeared to promote the self-assembly process.
Based on the electrostatic interactions and network of hy-
drogen bonds formed between the building units and the
cations, it was possible to crystallise anion 1 a in different
space groups, and consequently different packing motifs.
When potassium was used as a cation, compound 1 crystal-
lised in the space group C2/m in which every {M22Se8} unit is
connected to each other by means of potassium cations
forming a 2D sheet (Figure 4 a). When ammonium and po-
tassium cations were present, compound 1’ crystallised in
the C2/c space group and every {M22Se8} cluster is connected
through potassium cations to the neighbouring one in a
zigzag fashion, forming infinite 1D chains(Figure 4 b).

The anion of compound 2 can be formulated as
[MoVI

11V
V

5V
IV

2O52ACHTUNGTRENNUNG(m9-SeO3)]7� (2 a) and is isostructural to
the sulfite-based Dawson-like structure [MoVI

11V
V

5V
IV

2O52-ACHTUNGTRENNUNG(m9-SO3)]7� (Figure 6 a, see later).[14e] The disordered egg-

Figure 2. Polyhedral representation of 1 a built up from two {M11Se4}
units connected together by two m2-oxo bridges in a trans fashion (purple
spheres). Mo: purple, V: orange, Se: yellow sphere and O: red sphere.

Table 1. Selected interatomic distances and angles relevant to the coordi-
nation sphere for selenite atoms in compound 1 (see in the Supporting
Information for atom labelling).

bond lengths [�]
Se(1)�O(16) 1.69(1) Se(2)�O(21) 1.77(1)
Se(1)�O ACHTUNGTRENNUNG(16 A) 1.69(1) Se(3)�O(30) 1.70(1)
Se(1)�O(17) 1.69(1) Se(3)�O(9) 1.76(1)
Se(2)�O(5) 1.62(1) Se(3)�OACHTUNGTRENNUNG(9 A) 1.76(1)
Se(2)�O(20) 1.72(1)
angles [8]
O(16)-Se(1)-O ACHTUNGTRENNUNG(16 A) 98.1(9) O(20)-Se(2)-O(21) 98.6(6)
O(16)-Se(1)-O(17) 99.3(6) O(30)-Se(3)-O(9) 117.2(1)
O ACHTUNGTRENNUNG(16 A)-Se(1)-O(17) 99.3(6) O(30)-Se(3)-OACHTUNGTRENNUNG(9 A) 117.2(1)
O(5)-Se(2)-O(20) 106.3(7) O(9)-Se(3)-O ACHTUNGTRENNUNG(9 A) 102.8(9)
O(5)-Se(2)-O(21) 103.0(7)

Figure 3. Coordination modes from the SeO3
2� anion found in 1 a. Mo:

purple, V: orange, Se: yellow sphere and O: red sphere.

Figure 4. Packing modes for 1a : a) C2/m (view from the a axis), b) C2/c
(view along b axis). Mo: purple, V: orange, Se: yellow and K: grey.
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shaped cage can be split in two hemispheres. The upper
hemisphere consists of three edge-sharing MoO6 octahedra
connected to the upper belt through vertexes of alternating
VVO4 tetrahedra and MoO6 octahedra. The remaining four
V positions (two VV and two VIV) are crystallographically
disordered over the nine MO6 octahedral positions in the
lower hemisphere of the cluster, and the cavity is occupied
by a m9-SeO3

2� ion.
Whilst the Mo and V atoms are crystallographically distin-

guishable in the upper hemisphere, the metal sites in the
lower hemisphere are crystallographically disordered.
Therefore, the identification of the oxidation state of the
metal centres was made on the basis of charge balance con-
siderations for the entire compound, combined with bond
valence sum (BVS) calculations,[14,29] redox titrations, ele-
mental analysis, and high-resolution electrospray mass spec-
troscopy (ESI-MS). All the Mo atoms have the formal oxi-
dation state VI (BVSav =5.89), the V atoms in the VO4 tetra-
hedra are in the oxidation state V (BVSav =5.14) and the Se
atom in the m9-SeO3

2� is in the oxidation state IV (BVS=

4.01). The V atoms in the VO4 tetrahedra are coordinated
by three m3-O

2� moieties, with V�O bonds spanning the
range 1.722(4)–1.755(4) �, and one terminal oxo group, with
a V=O bond length of 1.626(5) �. The Mo atoms in the
upper hemisphere exhibit two terminal oxo groups in cis po-
sitions, with Mo=O bond lengths in the range of 1.693(4)–
1.718(4) �, and one m-O2� and three m3-O

2� bridges, with
Mo�O bonds between 1.873(4)–1.888(4) � and 2.000(4)–
2.264(4) �, respectively. Utilisation of different cations, di-
rected the crystallisation of anion 2 a in different space
groups and consequently in different packing modes. When
only potassium is used as a cation, the {M18Se} cage crystal-
lised in the P4̄b2 space group (Figure 5 a), whereas if ammo-
nium is also present in solution it crystallised in R3̄c
(Figure 5). The clusters in P4̄b2 space group pack in a her-
ringbone pattern of alternating rectangular (20.1 � 4.4 �)
and circular (3.2 �) cavities, while the clusters in R3̄c space
group are organised in triads forming a equilateral triangu-
lar cavity between the {Mo11V7Se} clusters with dimensions
of about 5.0 �.

Compound 3 adopts the “crowned” Dawson-like struc-
ture, isostructural to the sulfite- and tellurite-based HPOMs
reported recently,[14e,f] and the anion can be formulated as
[MoVI

11V
V

5V
IV

2O52ACHTUNGTRENNUNG(m9-SeO3)(MoV
6V

VO22)]10� (3 a). It is built
up from two parts: a disordered egg-shaped capsule
{MoVI

11V
V

5V
IV

2O52ACHTUNGTRENNUNG(m9-SeO3)} identical to anion 2 a and a
{MoV

6V
VO22} crown attached to the top of the Dawson-like

capsule through six oxo bridges (Figure 6 b).
The crown is formed from three pairs of corner-shared

MoO6 octahedral units composed of two terminal oxo
groups and one VO4 tetrahedral occupying the centre of the
crown. Whilst the Mo and V atoms are crystallographically
distinguishable in the crown and in the upper hemisphere of
the Dawson-like capsule, the metal sites in the lower hemi-
sphere are disordered over nine positions. Therefore, the as-
signment of formal charges on the metal ions was made on
the basis of charge balance considerations for the entire

compound, combined with bond valence sum (BVS) calcula-
tions,[14, 29] redox titrations, elemental analysis, and high-reso-
lution electrospray mass spectroscopy. All the Mo atoms
have the formal oxidation state VI (BVSav =6.12), the V
atoms in the VO4 tetrahedra are in the oxidation state V

Figure 5. Packing modes for 2a : a) in P4̄b2 (view along c axis) and b) in
R3̄c (view along c axis). Mo: purple polyhedra, V: orange polyhedra, Se:
yellow spheres and O: red spheres.

Figure 6. Polyhedral representation of a) anion 2 a and b) anion 3 a. Mo:
purple, V: orange, Se: yellow sphere and O: red sphere.
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(BVSav =5.14) and the Se atom in the m9-SO3 in the oxida-
tion state IV (BVS=3.94). The V atoms in the VO4 tetrahe-
dra are coordinated by three m3-O

2� moieties, with V�O
bonds spanning the range 1.71(1)–1.78(1) � and one termi-
nal oxo group with the V=O bond length falling in the
range of 1.61(1)–1.62(1) �. Whilst the Mo atoms in the
upper hemisphere exhibit two terminal oxo groups in cis po-
sitions, with Mo=O bond lengths in the range of 1.67(1)–
1.69(1) �, and one m-O2� and three m3-O

2� groups, with
Mo�O bond lengths between 1.870(9)–1.880(1) � and
1.990(1)–2.286(9) �, respectively; the relevant Mo�O bonds
in the crown formation appear to be slightly elongated with
the two terminal oxo groups in cis positions spanning the
range 1.68(1)–1.73(1) �, and the three m-O2�and one m3-O

2�

moieties, with Mo�O bond lengths between 1.890(1)–
2.453(9) � and 2.21(1)–2.23(1) �, respectively.

X-ray crystallographic analysis of compound 4 revealed a
novel lacunary molybdovanadate cluster with the general
formula (NH4)19K3[MoVI

20V
V

12V
IV

4O99ACHTUNGTRENNUNG(SeO3)10]·36 H2O (4),
which incorporates ten pyramidal heteroanions. It is a dimer
of two “d”-shaped [Mo10

VIVV
6V

IV
2O50ACHTUNGTRENNUNG(SeO3)5]

11�=

{Mo10V8Se5} units (Figure 7 a). Each {Mo10V8Se5} unit can be

split in two hemispheres in a similar fashion as in the case
of the egg-shaped Dawson archetype anion 2 a. The lower
hemisphere is isostructural to 2 a, in which the Mo and V
metal centres are crystallographically disordered over the
nine {MO6} octahedral positions. In the upper hemisphere
the three VO4 tetrahedra from 2 a have been replaced in
this case by three (m,m)-SeO3 pyramidal anions, while the
three edge-shared MoO6 octahedra of the cap have been re-
placed by two edge-shared molybdenum dimeric units and a

{VO4} pyramid tilted by approximately 758 owing to the in-
corporation of one VO4 tetrahedral unit and one
SeO3

2�pyramid forming the {Mo4V2Se} unit (Figure 7 b),
which decorates the top of the architecture.

The {Mo4V2Se} units are connected by three m-O2�bridges,
one from the (m,m)-SeO3 and two from the MoO6 units. The
Mo and V atoms in the {Mo4V2Se} unit are crystallographi-
cally resolved. As in the previous cases, the identification of
the oxidation state of the metal ions was made based on the
overall charge of the compound, combined with bond va-
lence sum (BVS) calculations,[14, 29] redox titrations, and ele-
mental analysis. All the Mo atoms have the formal oxidation
state VI (BVSav = 5.92), the V atoms in the VO4 tetrahedra
are in the oxidation state V (BVSav =5.15) and the Se atoms
are in the oxidation state IV (BVSav = 3.92). The coordina-
tion sphere of the Mo atoms in the {Mo4V2Se} unit is com-
pleted by two terminal oxo groups in cis positions, with
Mo=O bond lengths between 1.696(8)–1.717(9) �; and the
V atoms in the VO4 tetrahedra exhibit one terminal oxo
group with an average V=O bond length falling in the range
1.590(8)–1.788(9) �.

As in the case of anion 1 a it is worth noting the variety of
coordination modes that the selenite heteroanion adopts
within the same architecture (Figure 8). More specifically

there is a) one m9-SeO3
2� bridging anion that occupies the

cavity and templates the formation of the lower hemisphere;
b) three (m,m)-SeO3

2� bridging anions incorporated in the
upper belt; and c) one (h,h)-SeO3 bridging anion that
bridges the cap {Mo4V2Se} with the lower hemisphere, while
at the same time keeps the cap tilted by 758 ; d) the novel
coordination mode—(m,m)—is observed here as well. Bond
lengths relevant to the coordination sphere of the Se atoms
in the SeO3 pyramidal polyhedra are given in Table 2.

X-ray investigation of 5 revealed the following compound
with the general formula [Na3ACHTUNGTRENNUNG(H2O)5{Mo18�xVxO52ACHTUNGTRENNUNG(m9-
SeO3)}{Mo9�yVyO24ACHTUNGTRENNUNG(SeO3)4}] (5). Due to the co-crystallisa-
tion of compound 5 with the anions 1 a and 2 a and also the
different forms of the decavanadate anion, it was not possi-
ble to characterise compound 5 sufficiently and determine
accurately the molecular formula of the title compound.
However, based on the crystallographic data combined with
bond valence sum calculations,[14,29] we can describe the
anion 5 a as one {Mo18�xVxO52ACHTUNGTRENNUNG(m9-SeO3)} unit, isostructural

Figure 7. a) Polyhedral representation of anion 4a, b) structural compari-
son with compound 2a, in which the colourful polyhedral represent the
substituted moieties. Mo: purple, V: orange, Se: yellow sphere and O:
red sphere.

Figure 8. Coordination modes from the SeO3
2� bridging anion found in

4a. Mo: purple, V: orange, Se: yellow sphere and O: red sphere.
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to 2 a, connected by three sodium cations to a {Mo9�yVyO24-ACHTUNGTRENNUNG(SeO3)4} unit, isostructural to the lacunary form of the
Keggin [XM9O34]

n� archetype,[30] in which its lacunary posi-
tions are occupied in the present case by three (h,h)-SeO3

2�

bridging anions (Figure 9). Whereas all the Mo and V atoms
are crystallographically disordered over the positions of the
trivacant Keggin fragment and the lower hemisphere of the
Dawson-like cluster, the upper hemisphere of the latter is
well resolved with six Mo atoms in the MoO6 octahedra
with formal oxidation state VI (BVSav =5.95) and three V
atoms in the VO4 tetrahedra with oxidation state V
(BVSav =5.09). All the Se atoms are in the oxidation state
IV (BVSav =3.97). Additionally, the Mo dioxo positions ex-
hibit average Mo=O bond lengths of 1.687(7)–1.711(7) �,
one m-O2� moiety with Mo�O bond lengths falling in the
range 1.875(7)–1.902(8) � and three m3-O

2� moieties with
Mo�O bond lengths between 1.994(7)–2.278(7) � and are in
good agreement with the previously discussed compounds.
The coordination environment of the V atoms in the VO4

tetrahedra is completed by three m3-O
2� units and one termi-

nal oxo group V=O with bond lengths between 1.723(8)–
1.773(7) � and 1.611(8)–1.615(8) �, respectively.

IR spectroscopy: Assignment of some diagnostic bands for
the mixed-metal (Mo:V) selenite-based polyoxometalates 1–
4 are given in Table 3. The bands for the free selenite anion,
which exhibits C3v symmetry, are found in the region of 900–
250 cm�1, where four vibrational modes are observed:
n1(A1)= 807, n2(A1)= 432, n3(E) =737 and n4(E)=

326 cm�1.[31] However, the symmetry of the selenite anion is
lowered to Cs due to coordination through the oxygen
atoms and consequently the doubly degenerate vibration
(E) is split into two bands (A’+ A’’), which results in the ob-
servation of five vibrational modes instead. Additionally,
this is not always possible due to the overlap occurring from
the vibration bands of the M=O and O-M-O bonds, which
appear in the same region of the IR spectrum. More specifi-
cally, the nACHTUNGTRENNUNG(M=O) bands appear in the region 1000–
900 cm�1, leading to an overlap with the Se�O stretching vi-

Table 2. Selected interatomic distances and angles relevant to the coordi-
nation sphere for selenite atoms in compound 4 (see the Supporting In-
formation for atom labelling).

bond lengths [�]
Se(1)�O(18) 1.700(7) Se(3)�O(16) 1.748(7)
Se(1)�O(4) 1.702(7) Se(4)�O(38) 1.648(7)
Se(1)�O(9) 1.707(7) Se(4)�O(25) 1.726(7)
Se(2)�O(13) 1.646(8) Se(4)�O(17) 1.738(7)
Se(2)�O(10) 1.727(7) Se(5)�O(51) 1.57(1)
Se(2)�O(39) 1.730(7) Se(5)�O(68) 1.67(1)
Se(3)�O(15) 1.642(7) Se(5)�O(78) 1.843(9)
Se(3)�O(14) 1.746(7)
angles [8]
O(18)-Se(1)-O(4) 99.8(3) O(14)-Se(3)-O(16) 98.0(3)
O(18)-Se(1)-O(9) 100.1(3) O(38)-Se(4)-O(25) 103.6(4)
O(4)-Se(1)-O(9) 99.7(3) O(38)-Se(4)-O(17) 103.4(4)
O(13)-Se(2)-O(10) 104.1(4) O(25)-Se(4)-O(17) 99.0(4)
O(13)-Se(2)-O(39) 103.5(4) O(51)-Se(5)-O(68) 120.0(10)
O(10)-Se(2)-O(39) 100.1(3) O(51)-Se(5)-O(78) 107.6(7)
O(15)-Se(3)-O(14) 103.2(3) O(68)-Se(5)-O(78) 111.8(5)
O(15)-Se(3)-O(1) 102.6(4)

Figure 9. Polyhedral representation of compound 5. Mo: purple, V:
orange, Se: yellow sphere, O: red sphere, and Na: black.

Table 3. Diagnostic IR bands [cm�1] of compounds 1–4 and of some known metal selenites compounds.

Coordination
modes[a] of SeO3

2�
n1(A1)

[b] n3(E) D jn3�n1 j
[cm�1]

n2(A1) n ACHTUNGTRENNUNG(V=O)/n ACHTUNGTRENNUNG(Mo=O) Ref.

{Mo12V10Se8} (1, 1’) m9-SeO3
2� 885 (s) 745 (s) 140 533 (m) 971 (s)/948 (s) this workACHTUNGTRENNUNG(m,m)-SeO3

2�ACHTUNGTRENNUNG(h,m)-SeO3
2�ACHTUNGTRENNUNG{Mo11V7Se} (2, 2’) m9-SeO3

2� 898 (m) 747 (m) 151 546 (m) 952 (s)/945 (s) this workACHTUNGTRENNUNG{Mo17V8Se} (3) m9-SeO3
2� 899 (s) 752 (s) 147 589 (s) 972 (s)/955 (s) this work

{Mo20V16Se10} (4) m9-SeO3
2� 878 (s) 740 (s) 138 537 (m) 979 (s)/954 (s) this workACHTUNGTRENNUNG(m,m)-SeO3

2�ACHTUNGTRENNUNG(h,h)-SeO3
2�

K8[SeS3Mo6O33]·5.5 H2O m6-SeO3
2� 904 (s) 740 (s) 164 511 (m) –/930 [32]ACHTUNGTRENNUNG[SeMo6O21 ACHTUNGTRENNUNG(O2C ACHTUNGTRENNUNG(CH2)2NH3)3]

2� m6-SeO3
2� 897 (s) 735 (s) 162 507 (m) –/934 [21]ACHTUNGTRENNUNG[{Hbipy}3ACHTUNGTRENNUNG{KMo4O13ACHTUNGTRENNUNG(SeO3)}] ACHTUNGTRENNUNG(h,m,m) -SeO3

2� 904 (s) 723 (s) 181 539 (m) –/930 [33]ACHTUNGTRENNUNG[{H2bipy}2 ACHTUNGTRENNUNG{Mo5O15ACHTUNGTRENNUNG(SeO3)2}]·H2O ACHTUNGTRENNUNG(h,m,m)-SeO3
2� 907 (s) 723 (s) 184 553 (s) –/932 [33]

Na6[Pd13Se8O32]·10 H2O m3-SeO3
2� 797 (s) 615 (s) 182 549 (m) –/– [23a]

NH4 ACHTUNGTRENNUNG[(VO2)3 ACHTUNGTRENNUNG(SeO3)2] m3-SeO3
2� 860 (s) 689 (s) 176 560 (w) 941/– [22b]

[a] See Figures 3 and 8. [b] Intensity codes: s= strong; m=medium; w=weak.

Chem. Eur. J. 2012, 18, 13743 – 13754 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 13749

FULL PAPERPolyoxometalates

www.chemeurj.org


bration bands for compounds 1 and 4. From Table 3, it is
evident that the value of D|n3�n1|, which expresses the dif-
ference between the highest and the lowest Se�O stretching
vibration in metal selenite species, is significantly larger for
the m3-SeO3 coordination mode of the SeO3

2� anion[23a] (ca.
180 cm�1 in good agreement with the m3-(O,O,O) coordina-
tion mode of the SO3

2� anion[14b]) than the m6-SeO (D|n3�n1|
�160 cm�1) and m9-SeO3 (D|n3�n1|�151 cm�1 for 2 and
147 cm�1 for 3) coordination modes.

Thus, utilisation of FT-IR spectroscopy offers an easy way
to distinguish the m3-SeO3 from the m6- and m9-SeO3 coordi-
nation modes and allows us to make tentative predictions of
the material�s structural features. Additionally, it can be
very useful for identification purposes, by comparing the dis-
tinctive regions of the spectra of different selenite-based
materials. Even though different types of coordination
modes cause different splitting of the vibrational modes,we
have to take into consideration that combination of different
coordination modes within the same architecture makes it
extremely difficult to predict unambiguously the existing co-
ordination modes in a specific material, since only an aver-
age splitting between the maximum (m3-) and the minimum
(m9-) values can ultimately be observed. In the case of com-
pounds 1and 3, for example, the peak splitting gives a value
of D jn3�n1 j�140 and 147 cm�1, respectively, and conse-
quently is not possible to determine the type of coordination
without having additional information provided by the crys-
tallographic studies.Nevertheless, the technique can still be
used effectively in cases in which combinations of coordina-
tion modes are present, for identification and comparison
purposes.

ESI-MS spectroscopy : During the course of this study, ESI-
MS,[34,35] proved to be a valuable tool in our effort to deter-
mine the composition and structural integrity of the
{M22Se8} 1 a and {M18Se} 2 a cluster anions in solution unam-
biguously. This was performed by precipitating the solid by
means of ion exchange with tetrabutylammonium (TBA),
followed by mass spectroscopic studies in organic solvent
(CH3CN). The TBA salts of 1 a and 2 a dissolved in CH3CN
confirmed that the selenite inorganic cages retain their in-
tegrity during the course of the MS studies.The main species
observed in the case of the {M22Se8} 1 a cluster anion gave
envelopes centered at about m/z 2110.9, 2180.0 and 2251.7
and are formulated as [(C16H36N)10K5[Mo12V

V
2V

IV
8O58-ACHTUNGTRENNUNG(SeO3)8]ACHTUNGTRENNUNG(H2O)6]

3�, [(C16H36N)11K6[Mo12V
IV

10O58 ACHTUNGTRENNUNG(SeO3)8]-ACHTUNGTRENNUNG(H2O)2]
3� and [(C16H36N)11K5[Mo12V

V
1V

IV
9O58(SeO3)8]-

(H2O)16]
3�, respectively. For the {M18Se} 2 a cluster anion,

the higher intensity envelope can be assigned to
[(C16H36N)K7H[Mo11V

VVIV
6O52 ACHTUNGTRENNUNG(m9-SeO3)] ACHTUNGTRENNUNG(H2O)20]

2� at about
m/z 1624.7 (Figure 10) and to the dimeric species
[(C16H36N)5H10[Mo11V

V
3V

IV
4O52ACHTUNGTRENNUNG(m9-SeO3)]2ACHTUNGTRENNUNG(H2O)10]

3� and
[(C16H36N)4K9H8[Mo11V

IV
7O52ACHTUNGTRENNUNG(m9-SeO3)]2ACHTUNGTRENNUNG(H2O)17]

3� at about
m/z 2047.6 and 2125.8, respectively. It is worth noting that
during the course of the MS studies, we observed a change
of the oxidation state of the vanadium centres,[34b,d] owing to
the high voltages utilised in the mass spectrometry ion-trans-

fer process.[36] The change of the oxidation state is not unex-
pected based on previously reported studies on POM sys-
tems, in which it has been demonstrated a similar behaviour
even for metal centres that are less susceptible to reduction,
such as molybdenum and tungsten. Mixed-oxidation-state
fragments of polyoxochromate systems have also been iden-
tified in solutions during the course of ESI-MS studies.[37] In
the case of the anions {M25Se} 3 a and {M36Se10} 4 a, the clus-
ters did not retain their integrity in solution during the
course of the MS studies and consequently extensive frag-
mentation has been observed.

Conclusion

In the present work we reported the discovery, synthesis,
structural and spectroscopic characterisation of five unpre-
cedented mixed-metal and mixed-valence selenite-based
polyoxometalate anions, namely: {M22Se8}= [MoVI

12V
V

10O58-ACHTUNGTRENNUNG(SeO3)8]
10� (1 a), {M18Se}= [MoVI

11V
V

5V
IV

2O52 ACHTUNGTRENNUNG(m9-SeO3)]7�

(2 a), {M25Se}= [MoVI
11V

V
5V

IV
2O52ACHTUNGTRENNUNG(m9-SeO3)ACHTUNGTRENNUNG(Mo6VO22)]10�

(3 a), {M36Se10}= [MoVI
20V

V
12V

IV
4O99ACHTUNGTRENNUNG(SeO3)10]

22� (4 a) and
[Na3 ACHTUNGTRENNUNG(H2O)5{Mo18�xVxO52 ACHTUNGTRENNUNG(m9-SeO3)}{Mo9�yVyO24ACHTUNGTRENNUNG(SeO3)4)] (5).
To our knowledge these are the largest Mo/V–selenite-
based POMs reported so far. Compounds 1–5 belong to the
family of mixed-metal inorganic cages templated by pyrami-
dal (non-conventional) heteroanions. The discovery of novel
coordination modes—(h,m) and (m,m)—of the selenite anion
in the structures 1 and 4 demonstrates its ability to act effi-
ciently as inorganic ligand and shows a real potential for the
design of novel materials that exhibit unprecedented archi-
tectures and potentially interesting properties. The present
work completes the series of our initial investigationson the
efficiency of pyramidal heteroanions from Group 16 (S, Se,
Te) to act as ligands. We have demonstrated that the pyra-
midal geometry along with the ionic radius of the hetero-ACHTUNGTRENNUNGanions has a profound effect on the self-assembly process of
the mixed-metal system and consequently on the structural

Figure 10. Negative ion mass spectrum of 2a in acetonitrile. The envelope
is centred at m/z 1624.7 and can be formulated as
[(C16H36N)K7H[Mo11V

VVIV
6O52 ACHTUNGTRENNUNG(m9-SeO3)]ACHTUNGTRENNUNG(H2O)20]

2� with six VIV. Black
line: experimental data, grey line: simulated isotope patterns.
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features of the isolated product. As the size becomes bigger,
an “expansion” of architecture�s volume was observed and
higher nuclearity structures were isolated. The average-sized
SeO3

2� anion proved to be the most diverse, since the fine
balance of its ionic radius, charge and geometry gave us the
opportunity to isolate a plethora of structures with nucleari-
ties ranging from {M18Se} and {M22Se8} to {M25Se} and
{M36Se10}. Furthermore, we demonstrated a design approach
by controlling the elegant interplay between the electronic
and structural properties of the selenite anion and the effect
associated with the counter ions, such as “shrink-wrapping”,
hydrogen bonding and solubility of the formed species in
solution. The fine control of the above interactions provided
access to an extended library of building blocks and finally
helped us direct the self-assembly process towards the de-
sired outcome, which gave rise to the isolation of novel ar-
chetypes with high nuclearities. ESI-MS studies proved to
be decisive for the unambiguous determination of the novel
archetypes of the compounds 1 and 2 in solution. Finally, we
showed that a detailed FT-IR spectroscopic analysis pro-
vides invaluable information regarding the coordination
modes of the selenites incorporated in a given compound.
The provided data can be very useful in a general case of an
unknown material, for which ,in combination with the ele-
mental analysis, this could help to identify the existing coor-
dination modes as well as make tentative predictions of its
structural features using a simple measurement. In conclu-
sion, the isolation of this family of compounds demonstrates
the intriguing interaction that takes place between the metal
centres and the selenite anions that promotes the formation
of an extremely diverse library of building units and reveals
a fascinating potential for further exploration and future dis-
coveries towards the design and synthesis of novel POM-
based materials. In the future, we will focus on the investiga-
tion of the redox properties of the mixed-metal selenite
POMs, identify the effect that the hetero-anion (SO3

2�,
SeO3

2�, TeO3
2�) has on the redox behaviour of the material

and pave the way towards our efforts to design modular
redox active molecular devices.

Experimental Section

General: All chemicals and solvents were purchased from Sigma-Aldrich
apart from the K2SeO3 and Na2SeO3 salts, which were purchased from
Alfa Aesar and were used without further purification. Elemental analy-
ses were completed by using an Elemental Analyser MOD 1106 at Uni-
versity of Glasgow. IR spectra were measured using a JASCO FTIR 410
spectrometer. Thermogravimetric analysis was performed on a TA Instru-
ments Q 500 thermogravimetric analyser under nitrogen or air flow at a
typical heating rate of 5 8C min�1. X-ray crystallography diffraction data
were collected by means of a Bruker Apex II CCD Diffractometer
(150 K). The frame data were acquired with the SMART[38] software and
MoKa radiation (l=0.71073 �). Final values of the cell parameters were
obtained from least squares refinement of the positions of all observed
reflections. Structure solution and refinement was carried out using
SHELXS-97[39] and SHELXL-97[40] via WinGX.[41] Corrections for inci-
dent and diffracted beam absorption effects were applied using analytical
numeric absorption correction using a multifaceted crystal model.[42]

Crystallogrpahic parameters for comopunds 1–5 are given in Tables 4 and

5. Further details of the crystal structure investigations of compounds 1–5
can be obtained from FIZ Karlsruhe, 76344Eggenstein-Leopoldshafen,
Germany, (fax: (+ 49) 7247–808–666; e-mail : crysdata@fiz.karlsruhe.de)
on quoting the depository numbers CSD-424242 (1), CSD-424243 (1’),
CSD-424244 (2’), CSD-424245 (2), CSD-424246 (3), CSD-424247 (4), and
CSD-424248 (5). ESI-MS measurements were carried out at 180 8C. The
solutions of the samples were diluted so that the maximum concentration
of the cluster ions was of the order of 10�5

m and these were infused at a
flow rate of 180 mL h�1. The mass spectrometer used for the measure-
ments was a Bruker micro TOF-Q and the data were collected in nega-
tive mode. The spectrometer was previously calibrated with the standard
tune mix to give a precision of about 1.5 ppm in the region of 500–
5000 m/z.The standard parameters for a medium mass data acquisition
were used. Typical working conditions: the end plate voltage was set to
�500 V and the capillary to �3500 V; the collision cell was set to collision
energy �10.0 eVz�1 with a maximum gas flowrate of 4.0 L h�1.

Synthesis of K10[MoVI
12V

V
10O58 ACHTUNGTRENNUNG(SeO3)8]·18 H2O (1): K2MoO4 (0.67 g,

2.8 mmol) was dissolved in deionised water (25 mL). Then solid KVO3

(0.70 g, 5.1 mmol) was added in one portion to the solution under stirring
and the resulting solution was heated to 90 8C for 10 min, during which
time the vanadate salt completely dissolved. Solid K2SeO3 (0.19 g,
0.93 mmol) and NH2NH2·2HCl (0.0042 g, 0.04 mmol) were successively
added under stirring and the pH was adjusted by drop-wise addition of
3m HCl after the reaction was cooled down at room temperature. Com-
pound 1 was isolated between pH 0.5 and 2.5. The optimum yield ob-
tained at pH value of 1.5. The dark brown solution was filtered off and
the filtrate left in an open vessel (a 100 mL beaker) at room temperature
(ca. 20 8C) for two days, during which time dark orange crystals suitable
for X-ray structure analysis were obtained. Yield: 0.271 g (27 % based on
Mo); IR (KBr): ñ= 3425 (br), 1623 (s), 964 (s), 879 (s), 803 (s), 746 (s),
699 (s), 564 cm�1 (s); elemental analysis calcd (%) for
H36K10Mo12O100Se8V10 (4319.5): Mo 26.65, V 11.79, Se 14.62, K 9.05;
found: Mo 26.75, V 11.44, Se 14.33, K 9.14.

Synthesis of (NH4)6K4[MoVI
12V

V
10O58 ACHTUNGTRENNUNG(SeO3)8]·18 H2O (1’): Solid NH4VO3

(0.40 g, 3.4 mmol) was added in one portion to a stirred solution of
(NH4)6Mo7O24·4 H2O (0.60 g, 0.4 mmol) in water (25 mL), and the result-
ing solution was heated to 90 8C until the vanadate salt completely dis-
solved. The reaction is allowed to cool down at room temperature and
then solid K2SeO3 (0.19 g, 0.93 mmol) was added. After 5 min of stirring
NH2NH2·2HCl (0.0042 g, 0.04 mmol) was slowly added. The reaction
mixture was stirred for 10 min and the pH was adjusted to 1.5 by addition
of concentrated HCl to the solution. The dark brown solution was fil-
tered and the filtrate was left to crystallise for two weeks in an open

Table 4. Crystallographic data for compounds 1 and 1’.

1 1’

formula H36K10Mo12O100Se8V10 H60K4Mo12N6O100Se8V10

Mr [gmol�1] 4319.65 4193.30
symmetry monoclinic monoclinic
space group C2/m C2/c
a [�] 37.717(2) 28.1611(9)
b [�] 13.3912(7) 10.9062(3)
c [�] 10.5375(6) 32.9468(12)
a [8] 90 90
b [8] 104.169(6) 105.586(4)
g [8] 90 90
1calcd [gcm�3] 2.780 2.858
V [�3] 5160.4(5) 9746.9(5)
Z 2 4
m [mm�1] 26.689 5.683
T [K] 150(2) 150(2)
rflns (measured) 9505 39936
rflns (unique) 2978 8012
R1 0.0756 0.0593
wR2 (all data) 0.1969 0.1638
GooF, S 1.076 0.936
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vessel at room temperature. Dark orange crystals were filtered and dried
in air. Yield: 0.253 g (26 % based on Mo); IR (KBr): ñ=3444 (br), 1611
(s), 1402 (s), 971 (s), 863 (s), 754 (s), 665 (s), 569 (s), 533 cm�1 (s); ele-
mental analysis calcd (%) for H60K4Mo12N6O100Se8V10 (4193.12): Mo
27.46, V 12.15, Se 15.06, K 3.76, N: 2.00; found: Mo 27.10, V 12.31, Se
15.00, K 3.77, N 2.23.

Synthesis of (NH4)4K3[MoVI
11V

V
5V

IV
2O52ACHTUNGTRENNUNG(SeO3)]·29 H2O (2’): The same

procedure as for the above compound 1’ was followed to prepare 2’, but
the pH was adjusted to 4.0 by addition of concentrated HCl to the solu-
tion. The dark green solution was filtered and the filtrate was left to crys-
tallise for two weeks in an open vessel at room temperature. The green
hexagonal crystals were filtered and dried in air. Yield: 0.314 g (41 %
based on Mo); IR (KBr): ñ=3444 (br), 1401 (s), 952 (s), 862 (s), 818 (s),
747 (s), 580 (s), 546 cm�1 (s); elemental analysis calcd (%) for
H74K3Mo11N4O84Se1V7 (3082.6): Mo 34.23, V 11.57, Se 2.58, K 3.80, N:
1.82; found: Mo 34.41, V 11.80, Se 2.88, K 3.69, N 1.97.

Synthesis of K7[MoVI
11V

V
5V

IV
2O52ACHTUNGTRENNUNG(SeO3)]·31 H2O (2): The same proce-

dure as for the above compound 1 was followed to prepare 2 but the pH
was adjusted by drop-wise addition of 3m HCl to 3. The dark brown solu-
tion was filtered off and the filtrate left in an open vessel (a 100 mL
beaker) at room temperature (ca. 25 8C) for one week, during which time
brown hexagonal crystals suitable for X-ray structure analysis were ob-
tained. Yield: 0.155 g (20 % based on Mo); IR (KBr): ñ=3454 (br), 1618
(s), 964 (s), 858 (s), 814 (s), 747 (s), 568 cm�1 (s); elemental analysis calcd
(%) for H62K7Mo11O86SeV7 (3202.92): Mo 32.98, V 11.13, Se 2.47, K 8.54;
found: Mo 33.41, V 11.21, Se 2.36, K 8.71.

Synthesis of (NH4)7K3[MoVI
11V

V
5V

IV
2O52ACHTUNGTRENNUNG(SeO3)ACHTUNGTRENNUNG(Mo6VO22)]·40 H2O (3):

The same procedure as for the above compound 1’ was followed to pre-
pare 3, but the pH was adjusted to 2.8 by addition of concentrated HCl
to the solution. The dark green solution was filtered and the filtrate was
left crystallise for two weeks in an open vessel at room temperature,
during which time dark green needles along with big hexagonal crystals
of compound 3 suitable for X-ray structure analysis were obtained. The
needle-shaped crystals were separated manually under a microscope. The
separation of the crystals is relatively easy due to considerably different
size and shape of the two sets of crystals. Yield: 0.131 g (ca. 19% based
on Mo); IR (KBr): ñ= 3433 (br), 1402 (s), 966 (s), 905(s), 862 (s), 762 (s),
589 (s), 480 (s), 461 cm�1 (s); elemental analysis calcd (%) for
H108K3Mo17N7O117Se1V8 (4313.45): Mo 37.81, V 9.45, Se 1.83, K 2.72, N:
2.27; found: Mo: 37.52, V: 9.53, Se: 2.01, K: 2.95, N: 2.39.

Synthesis of (NH4)19K3[MoVI
20V

V
12V

IV
4O99 ACHTUNGTRENNUNG(SeO3)10]·36 H2O(4): The same

procedure as for the above compound 1’ was followed to prepare 4, but
the pH was adjusted to 5.0 by addition of concentrated HCl to the solu-

tion. The dark green solution was filtered and the filtrate was left to
stand for two weeks in an open vessel at room temperature, during which
time green hexagonal-shaped crystals suitable for X-ray structure analysis
were obtained. Yield: 0.10 g (ca. 11 % based on Mo); IR (KBr): ñ=3434
(br), 1615 (s), 1399 (s), 954 (s), 852 (s), 727 (s), 579 (s), 537 cm�1 (s); ele-
mental analysis calcd (%) for H148K3Mo20N19O165Se10V16 (6695.78): Mo
28.65, V 12.17, Se 11.79, K 1.75, N: 3.97; found: Mo: 28.89, V: 11.65, Se:
11.91, K: 1.68, N 4.10. The higher content of N can be assigned to the
excess of NH4Cl that co-crystallises with compound 4.

Synthesis of [Na3 ACHTUNGTRENNUNG(H2O)5{Mo11V7O52 ACHTUNGTRENNUNG(m9�SeO3)} ACHTUNGTRENNUNG{Mo5V4O24 ACHTUNGTRENNUNG(SeO3)4)] (5):
Solid NH4VO3 (0.40 g, 3.4 mmol) was added in one portion to a stirred
solution of (NH4)6Mo7O24·4 H2O (0.60 g, 0.4 mmol) in water (25 mL) and
the resulting solution was heated to 90 8C until the vanadate salt com-
pletely dissolved. The reaction is allowed to cool down at room tempera-
ture and then solid Na2SeO3 (0.21 g, 0.93 mmol) was added. After 5 min
of stirring NH2NH2·2 HCl (0.0042 g, 0.04 mmol) was slowly added. The
reaction mixture was stirred for 10 min and the pH was adjusted between
2.5 and 4 by addition of concentrated HCl to the solution. The dark
green solution was filtered and the filtrate was left crystallise for two
weeks in an open vessel at room temperature.
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