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A new Nij, cluster based on golyoxometalate ligands [Ni;2(OH)g-
WO,(W70.6(OH))(PWg034)3]°~ (1) has been assembled in
aqueous solution containing [PWgOs4]”~, WO,*~, and NiCl, - 6H,0.
The Niy, core in 1 shows a unique three-petal flower-shaped structure
composed of three Ni, cubane units. Magnetic investigation indicates
the presence of dominantly ferromagnetic interactions within the
Ni, core.

The design and construction of polynuclear 3d transition-
metal (TM) clusters have been the focus of recent research
interest because of their potential applications in catalysis,
magnetism and photochemistry." Commonly, the construc-
tion of polynuclear TM clusters demands the participation of
O- or N-donor ligands, which not only play the roles of
stabilizing and bridging metal ions, but also act as structure-
directing agent to induce the formation of aggregates with
diverse nuclearities and structural features. Various organic
O- or N-containing ligands have been extensively used
in building polynuclear TM clusters such as carboxylate,
alkoxide and pyridine.> Polyoxometalates (POMs), as one
kind of significant metal oxide clusters with O-enriched
surface, have been considered as one of excellent inorganic
multidentate O-donor ligands, which can replace organic
ligands to take part in the construction of polynuclear TM
clusters.” Compared with common organic ligands, POMs
with abundant topologies possesses their own structural
features in size, shape and symmetry, which lead to different
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structure-directing roles for the formation of polynuclear TM
clusters. To date, some polynuclear 3d TM clusters with
unique structure and interesting properties have been synthe-
sized by employing POMs as ligands.*’

Although many different kinds of POMs have been found as
ligands presenting in polynuclear TM clusters, we noticed that
generally there exists only one kind of POM ligand in the same
polynuclear TM clusters. The polynuclear TM clusters contain-
ing more than one kind of POM ligand are rarely reported.®
Especially, up to now, the polynuclear 3d TM cluster with both
heteropolyoxometalate and isopolyoxometalate ligands has
never been reported. The combined structure-directing roles
of different POM ligands might induce the formation of novel
polynuclear TM clusters, which would greatly enrich the
studies on polynuclear TM clusters. This idea stimulates us
to design and synthesize new polynuclear TM clusters by using
mixed POM ligands. At the present work, we focus on the
reaction system of [PW9034]97, WO,* with nickel salts based
on the following considerations. First, trivacant Keggin anion
[PWyOs]°" is one of the most used POM ligand in the
construction of polynuclear TM clusters. The strong coordina-
tion ability of this polyanion with TM ions has been well
documented in many PWy-based polynuclear TM clusters.>”
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Figure 1. View of the construction of polyanion 1.

Second, in a wider pH value range, WO,*~ can aggregate into
isopolyanion with diverse nuclearity depending on different pH
value, which will provide isopolyanion ligand for the build of
polynuclear TM clusters.'” Moreover, the use of changeable
isopolyanion by adjusting reaction pH value may increase the
flexibility of the combined PWo-isopolytungstate ligand sys-
tem. Third, polynuclear Ni(II) clusters have attracted much
attention among the family of polynuclear TM clusters due to
their interesting magnetic properties. The synthesis of poly-
nuclear Ni(II) cluster with organic ligands has blossomed in the
past two decades.'! However, the studies about the polynuclear
especially high nuclear nickel clusters based on POM ligands
are very limited.®'> Hence, the design and synthesis of high
nuclear nickel cluster based on POM ligand remains a chal-
lenge. From this reaction system, we successfully obtained a
new dodecanuclear nickel cluster based on mixed heteropolya-
nion [PW4034]°~ and isopolyanion [W7026(OH)]”_' ligands,
[Ni;»(OH)yWO4W70,5(OH))(PW4014)5]>~ (1)."* To the best
of our knowledge, 1 represents the highest nuclearity nickel
cluster based on POM ligands from a magnetic point of view.
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804 and 711 (see Figure S1 in the Supporting Information). The TG curve of
1 (Figure S2) shows a total weight loss of 13.77% in the range of 24—420 °C,
which agrees with the loss of 86 crystal water molecules and 10 hydroxyls in
the structure (caled 14.07%).
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Figure 2. Ball-and-stick representation of the [Ni;»(OH)sOy5]" " corein
1. Green balls represent Ni atoms and red balls represent oxygen atoms.

The Nij, core in 1 shows a unique three-petal, flower-shaped
structure composed of three Niy cubane units.

The molecular structure of 1'*is composed of a large [Ni; -
(OH)40,3(PW4034)5]**~ moiety sandwiched between a single
WO, tetrahedron and a [W,0,¢(OH)]'!~ fragment (Figure 1).
In the [Ni12(OH)9013(PW9034)3]387 moiety, the central do-
decanuclear nickel core [Ni;(OH)9O43]'' ™ is surrounded by
three [PWy034)°~ ligands. The central Niy, core is formed by
the condensation of three distorted [Ni4gO(OH)s] cubane
units (Figure 2). The three [Ni;O(OH);] cubane units are
connected by a central 4-O (060) and three u5-O (015, OS5,
062) between adjacent [NiZgO(OH);] units. In each cubane
unit, the four nickel atoms are linked together by one u4-O
atom derived from [PO,4] group and three u3-OH bridges.
These OH groups are identified by the BVS calculations.'®
All the nickel atoms possess distorted octahedral coordina-
tion geometry, and the Ni—O bond lengths and O—Ni—O
bond angles are in the ranges of 1.956(19)—2.229(18) A
and 80.1(7)—176.7(7)° respectively. Although some dodeca-
nuclear nickel clusters have been reported,16 the Ni;, core
in 1 represents the second Nij, cluster formed by three
[Ni4O4] cubane units. The first example of Nij, clusters
built by three [NiyO4 cubane units is the complex
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[Ni»(trans-tachH)s(OMe);»(OAc)s(CO5)]"", in which three
cubane units are connected by a central carbonate anion and
six acetate ligands.!” Because several known nickel clusters
formed by single [Ni4O4] cubane core exhibit single-molecule
magnet behavior,'® the studies on the magnetic properties of
the polynuclear nickel clusters assembled by multiple [NizO4]
cubane units might be interesting. The peripheral [PW¢Os4]
ligands exhibit the typical trivacant B-a-Keggin-type struc-
ture. Each [PWy034] moiety acts as a hepta-dentate ligand
coordinating with the Nij, core through the seven terminal
oxygen atoms on the trivacant face.

In 1, the WO, and [W-0,4(OH)]'' ™ units, locating in the two
sides of the large [Nij»(OH)oO13(PWoO14)5]**~ moiety, are
tetra-dentate and nona-dentate ligands, respectively. The tetra-
hedral WO, unit coordinates to the Ni, core by a u4-O (060)
and three -O (032, 089, O135). In most TM clusters based on
POM ligands, single tetrahedral unit is PO, unit.**?1%% A
single WO, tetrahedral unit has never been found in the
structure of POM-based TM clusters until now, but it has ever
been found in the structure of a 1D coordination polymer
[Rez(DMBA)4(/4 -0 O’-WO4)] synthesized from Na,WO,
solution." The [W-O04(OH)]''™ unit is a new heptanuclear
tungstate cluster, which has been found neither as discrete
cluster nor as bulldm% unit of large tungstate cluster. The
unique [W-O6(OH)]'""™ unit is composed of seven WOg
octahedra through sharing edges and corners (see Flgure S3
in the Supporting Information). The [W,0,,(OH)]''~ unit
coordinates to the Nij, core by three u3-O (015, 051, 062) and
sm,u -0 (011, 038, 039, 099, 0129, 0130).

3P NMR spectrum of 1 (see Figure S4 in the Supporting
Information) shows only one peak at 1.88 ppm correspond-
ing to the three symmetry-equivalent P atoms in each B-a-
PWy0;4” ligand (the [Nij2(OH)yO,3(PW4054)5]** moiet
has a approximate C;, symmetry). Because B-a-PWo¢O34™
itselfis not stable in aqueous solution and easily transfers into
other polyanions,” such *'P NMR data suggest that 1
remains intact in aqueous solution.

The EPR spectrum of 1 at 77 K (see Figure S5 in the
Supporting Information) shows a Ni(II) signal with the
average g=2.31. Magnetic susceptibility of 1 was investigated
at 1000 Oe and from 2.0 to 300 K on a polycrystalline sample
As shown in Flgure 3, the ¥ T product at room temperature is
12.1 cm® K mol ™", in good agreement with the expected value
for 12 uncoupled Ni(II) centers (C=1.00cm® K mol !, §=
g=2.0for each Ni(IT) ion). When the temperature is lowered
the yT product continuously increases and reaches 23.2 cm®
K mol " at 8.0 K, indicating that intramolecular ferromag-
netic interactions are dominant between Ni(II) centers in
the Nij; core. Below 8.0 K, 7" quickly drops to the 19.8 at 2.0
K, probably as a result of the presence of magnetic aniso-
tropy (zero-field splitting of the ground state) or weak
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Figure 3. Temperature dependence of 7 for 1 at 1000 Oe (with y
defined as M/H per Niy, core).

antiferromagnetic intra/inter-complex interactions. Because
of the low symmetry of the Ni;, core (12 crystallographically
independent Ni(II) sites), 21 different intracomplex magnetic
interactions are present in the complex that make it impo-
ssible to model the susceptibility even with a simple Heisen-
berg model. Moreover, considering that all Ni—O—Ni angles
within the Niy, cluster are in the range of 90—105° (see Figure
S6 in the Supporting Information), in which the Ni- - -Ni
ferromagnetic exchange pathways are dominant.'? Thus, the
attempt to model the susceptibility with a single average
Ni—Ni magnetic interaction carried out, however, such a
model does not work. Nevertheless, the presence of overall
ferromagnetic interactions is clearly established by above
data but the ground state of the complex should not be S=12
as judged by the ¥7 product observed at low temperdtures
that is far from the expected S =12 value (78 cm® K mol ™).
Therefore, antiferromagnetic interactions should be in com-
petition with the ferromagnetic ones within the Nij, core.

In conclusion, the new Ni;, cluster 1 based on mixed
heteropolyanion [PWyO14]°~ and isopolyanion [W;Ong
(OH) ligands has been successfully prepared, represent-
ing the currently highest nuclearity nickel cluster based on
inorganic POM ligands from a magnetic point of view.
Magnetic study shows that compound 1 exhibits dominantly
ferromagnetic interactions within the Ni;, core. This work
may suggest a new route to prepare polynuclear TM clusters
based on mixed POM ligands.
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