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ABSTRACT: Nanospheric hydroxo-bridged clusters of
[M20(OH)12(maleate)12(Me2NH)12](BF4)3(OH)·nH2O
(M = Co (1), Ni (2)) with Oh symmetry were afforded
under hydrothermal condition with Co(BF4)2·6H2O/
Ni(BF4)2·6H2O and fumaric acid in a DMF/EtOH
mixed solvent. They are characterized by elemental
analysis, IR, and X-ray diffraction. X-ray single crystal
diffraction analyses show that these two complexes are
isostructural containing an ideally cubic M8 core in that
each two M atoms are doubly bridged at the edges by one
OH− and one maleate, while these OH− and maleate
groups are coordinated further by exterior identical 12 M
atoms which construct a perfect M12 icosahedron to
encapsulate the cubic core. To our knowledge, such large
clusters with Oh symmetry are seldom. The variable-
temperature magnetic susceptibility studies reveal that
these two isostructures exhibit antiferromagnetic inter-
actions.

The development of nanosized polynuclear coordination
clusters is motivated by their aesthetical structures and

potential applications in metalloenzyme models, novel catalysts,
biosensors, and optoelectronic nanodevices.1−5 The properties
of nanoparticles may exhibit a strong size dependency, different
from those of the corresponding bulk materials and the lower
nuclearity clusters.6−9 So people are deviated to the exploration
of the molecular structure of nanocluster and its physical−
chemical properties as well as the size and shape control of
cluster. These investigations can result in precise tunning of
electronic, optical, magnetic, and catalytic properties.10−12 A
variety of fascinating nanosized clusters based on alkynyl,13

carbon monoxide,14 and chalcogen15 ligands were reported
with aesthetically pleasing molecular structures, for example,
fullerene-like clusters with high symmetry. Among the
subgroups of nanosized cluster, one is the oxo-bridged
transition-metal clusters which would show special electronic
or magnetic properties.16 The oxide/hydroxide are good
bridging groups to aggregate metals into nanosized clusters.
For the past four decades, these species have been studied as
precursors for metal−oxide nanoparticles. The most impressive
result is the isolation of giant clusters, consisting of Fe64,

17

Co36,
18 Ni24,

19 Mn84,
20 Cu44,

21 Er60,
22 Mn28Cu17,

23 and
Ni54Gd54.

24 Strategies for their synthesis are usually based on
shielded ligands/multidentate ligands which can stabilize large-
sized clusters and inhibit the uncontrollable cluster growth and

the use of hydrolysis reactions for obtaining both oxo- and
hydroxo-containing clusters in the presence of carboxylate
groups. Of course, suitable terminal ligand is a primary part to
protect high-nuclearity clusters. In addition, the symmetry of
cluster would affect the shape of molecule and its lattice
packing and possibly further affect the properties of the solid
state.12e Although some highly symmetric metallosupramole-
cules have been developed,25−28 the highly symmetric clusters
reported are relatively rare.29

Here two isostructural nanospheric icosanuclear clusters of
[M20(OH)12(maleate)12(Me2NH)12](BF4)3(OH)·nH2O (M =
Co (1), Ni (2)), supported by the simple ligand of maleate, are
reported. They were obtained by hydrothermal reaction of
Co(BF4)2·6H2O/Ni(BF4)2·6H2O and fumaric acid in a 1:5
(v:v) DMF/EtOH mixed solvent (total of 12 mL) at 160 °C for
72 h. In the reactive system, the fumarate transfers into the
maleate configuration to participate in coordination. Normally
this transferration temperature is higher (250−300 °C). The
hydrolysis of N,N′-dimethylformamide (DMF) results in the
formation of dimethylamine, which performs as a terminal
ligand to stabilize the cluster. The hydrolysis of DMF is usually
observed with drastic heating and/or with the presence of metal
ions.30 These two complexes are characterized by elemental
analysis, IR, and X-ray diffraction (XRD) (seeing Supporting
Information). XRD analyses show that they are isostructural,
crystallized in the cubic symmetry with space group Pm-3n, and
c o n s i s t o f a t e t r a c a t i o n i c s p h e r i c a l c l u s t e r
[M20(OH)12(maleate)12−(Me2NH)12]

4+ with three BF4
− and

one OH− groups serving as counterions (Figure 1). As an
example, only the structure of 1 is discussed in detail. There are
two crystallographically independent Co2+ centers in 1. Co1
and its symmetry-related atoms are doubly bridged by 12 OH−

and 12 maleate groups, respectively, to form a cubic Co8 core,
while these OH− and maleate groups are further bridged by
exterior 12 symmetry-related Co2 atoms, resulting in the cation
sphere of [Co20(OH)12(maleate)12(Me2NH)12]

4+ in which a
cubic Co8 core is encapsulated by an ideally icosahedral Co12
sphere. Hydroxo group performs as a μ3-bridge to link two Co1
atoms and one Co2 atom, while maleate ligand performs as a
μ5-κ

2O:κ2O′:κ1O″:κ1O‴ coordination mode to bridge two Co1
and three Co2 atoms (Figure S1, Supporting Information). The
20 Co2+ centers are all six-coordinated and in distorted
octahedral coordination. Co1 is coordinated by three μ3-OH
groups and three carboxylate oxygen atoms from a different
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maleate, while Co2 is coordinated by one μ3-OH, four
carboxylate oxygen atoms from different maleate groups, and
one nitrogen atom from terminal dimethylamine. The Co1−O
(μ3-OH, 2.09 Ǻ; carboxylate κ2O, 2.123 Ǻ), Co2−O (μ3-OH,
2.189 Ǻ; carboxylate κ2O, 2.109 Ǻ; carboxylate κ1O, 2.072 Ǻ)
and Co2−N (termial dimethylamine, 2.155 Ǻ) distances are
within the ranges expected for such coordination.
Exactly, the inner Co8 cube can be formulated as

[Co8(OH)12] if the bridging μ3-OH groups at the edges are
taken into consideration. Each μ3-OH group in the cubic
[Co8(OH)12] structure is attached to one exterior Co atom of
an icosahedral Co12. So, the inner [Co8(OH)12] cube can be
treated as a subpolyhedral template to direct the formation of
outer 12 nuclear icosahedron. Surely, the bridging maleate
groups are also in a cubic arrangement around the
[Co8(OH)12] cube. The Co−Co distance in the edge (linked
by μ3-OH) is about 3.78 Ǻ, and the Co−Ohydroxo−Co angle is
129.6°. This angle value is much larger than the normal values
of Co−Ohydroxo−Co (90−110°). The cube-like Co8 core is also
observed in the larger nanosphere {Co32}

31 cluster in which the
Co8 cube is encapsulated by Co24 sodalite cage, but these Co
atoms in the Co8 cube are not bridged to each other by any
type of bridging ligand, and the Co−Co distance in the edge
(4.62 Ǻ) is larger than the corresponding value in 1. The
smaller Co−Co distance in inner [Co8(OH)12] cube of 1
would match the size of outer 12 Co icosahedron.
To further understand the overall structure, a geometric

anatomy of 1 is necessary. Two sets of Co atoms, Co8 and Co12,
construct a perfect cubic and an icosahedral polyhedron,
respectively, which are concentric. Moreover, paying attention
on the 12 bridging μ3-OH groups, these protonated O atoms
construct a regular icosahedron, which is also concentric with
the above-mentioned two sets of Co polyhedra. So there are
three concentric polyhedra, the inner cubic Co8, the middle
icosahedral O12, and the outer icosahedral Co12 polyhedra, each
of which retains the highest degree of symmetry.
These two complexes are keplerate-type clusters with high

symmetry. The cis-conformation of maleate would fit into the
formation of such a nanospherical structure. The diameter of
the spherical unit (Cmethyl···Cmethyl) is ∼15.7 Ǻ, which is the
same order of magnitude as those of the smallest nanoparticles.
In the solid states of 1 and 2, molecules present a close packing

with body centered cubic lattices in which each molecule is
surrounded by eight nearest neighbors placed at the vertices of
a cube. These also support the conclusion that the highest
symmetries would result in nearly spherical nature of molecule,
while the cubic lattice would result from the spherical nature of
these molecules.32 As we know, these two clusters are the first
examples of Co and Ni complexes with the highest symmetry.
The temperature-dependent magnetic susceptibility of 1 and

2 were investigated in 2−300 K with a 1000 Oe applied field
(Figure 2). The χMT value of complex 1 at 300 K is 55.77 cm3

mol−1 K corresponding to 20 noninteracting Si = 3/2 centers
with g = 2.45, which is much larger than the spin-only values of
20 isolated high-spin d7 ions (37.50 cm3 mol−1 K), due to the
strong orbital contributions of the distorted octahedral Co2+

ions. As the temperature is lowered, the χMT value decreases
gradually to a minimum of 12.54 cm3 mol−1 K at 2 K. The
temperature dependence of molar susceptibility in 30−300 K is
well described by a Curie−Weiss law of 1/χM = (T − θ)/C,
with Curie constant C = 61.73 cm3 mol−1 K (approximating to
20 Si = 3/2 centers with g = 2.45) and Weiss constant θ =
−30.16 K, which indicates an antiferromagnetic interaction
between the metal centers in Co20 clusters. For 2, at 300 K the
value of the product χMT is ca. 24.42 cm3 mol−1 K. We assume
that this value corresponds to that for 20 noninteracting Si = 1
centers with g = 2.21. χMT decreases steadily to 20.39 cm3

mol−1 K at 22K, and then it increases sharply to a maximum
value of 25.44 cm3 mol−1 K at 3.5K. Below this temperature it
falls again to 23.98 cm3 mol−1 K at 2K, possibly due to
intercluster antiferromagetic interactions. In the range of 25 −
300 K, the temperature dependence of molar susceptibility is
well described by a Curie−Weiss Law of 1/χM = (T − θ)/C
with Curie constant C = 25.10 cm3 mol−1 K (approximating to
20 Si = 1 centers with g = 2.25) and Weiss constant θ = −6.69
K, which indicates an antiferromagnetic interaction between the
metal centers in Ni20 clusters. Below 10 K, there is a split-up
between a zero-field-cooled−field-cooled (ZFC−FC) plot,
while the alternating current (ac) susceptibility signals are
slightly frequency dependent in this temperature range (Figures
S5 and S6, Supporting Information). These magnetic
phenomena could indicate the presence of spin canting
behavior. More in-depth magnetic studies are still underway.

Figure 1. (a) Spherical [M20(OH)12(maleate)12(Me2NH)12]
4+ cation

highlighting the cubic M8 core: cyan, Co; red, O; light gray, C; blue, N.
(b) M8 cube constructed by bridging hydroxide and maleate groups.
(c) Three concentric polyhedra: purple, outer M12 icosahedron; light
gray, O12 icosahedron; red, M8 cube. (d) Perfect icosahedron of outer
M12.

Figure 2. Plots of temperature dependence of χMT and 1/χM of 1
(top) and 2 (bottom).

Journal of the American Chemical Society Communication

dx.doi.org/10.1021/ja2100966 | J. Am. Chem.Soc. 2012, 134, 852−854853



In summary, two isostructural icosanuclear clusters of Co and
Ni, supported by the simple maleate groups, are developed
through hydrolysis reaction. The hydroxide performs as a good
bridging group to aggregate metals into nanosized clusters,
while here the Me2NH from the hydrolysis of DMF is
important as a terminally stabilizing reagent. These two clusters
are also prepared by the reaction of maleate with metal
tetrafluoroborate in DMF/EtOH, whereas they are not afforded
by using directly maleate and Me2NH in the reactive system. So
it seems plausible that the hydrolysis process of DMF is
indispensable for the formation of such highly symmetrical
icosanuclear clusters. We tried to use other cobalt/nickel salts
instead of cobalt/nickel tetrafluoroborate to prepare these two
complexes but were unsuccessful. Perhaps the BF4

− anion also
plays an extentsive role in the hydrolysis of metal ions for these
two nanospheric structures. To our knowledge, such large
clusters with Oh symmetry are seldom. Further research on
more interesting clusters is proceeding using the hydrolysis
reaction.
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