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A novel three-dimensional copper molybdate with mixed ligands,
[{ Cu"(2,2'-bpy)}{ Cu"(IN),} { M04O12(OH);} ] (IN~ = isonicotinate
ion, 2,2"-bpy = 2,2"-hipyridine), 1, has been hydrothermally
synthesized and structurally characterized, and this compound is
built from an unprecedented tetranuclear molybdenum oxide cluster
covalently bonded to two types of copper complex fragments, { Cu'-
(2,2"-bpy)}?* and { Cu"(IN),}, via terminal oxygen atoms of { MoOg}
octahedra. Crystal data for compound 1: monoclinic, space group
C2lc, a = 164755 A, b = 10.3714 A, ¢ = 174382 A, o =
90.0000°, B = 94.8098°, y = 90.0000°; V = 2969.24 A3, Z =
2. Variable temperature magnetic susceptibility indicates that both
ferromagnetic and antiferromagnetic interactions exist in 1.

The widespread contemporary interest in inorganic

organic hybrid compounds has been focused on their vast

compositional range and structural diversitjeanwhile,
polyoxometalates (POM&are of great interest in the fields
of catalysis and material scierficas well as in biology,
magnetism, nonlinear optics, and medicirigherefore, new

inorganic-organic hybrid materials based on POMs are

for the design and synthesis of such kinds of solid materials
is to introduce secondary metabrganic complexes into
polyoxometalate substructures via covalent boifdk. is
reviewed by Zubieta and co-workers that polyoxomolybdate
anions can be modified efficiently by metadrganonitrogen
complexes to generate hybrid materials with particularly
attractive prospectsDuring the studies of such kinds of solid
materials, an astonishing variety of novel phases with discrete
or polymeric structures based on molybdenum oxide clusters
have been isolated hydrothermaliy® To date, the polyan-
ions in these solids are limited t§MogO10}%1 (or
{M06OnN19-n} 1413 and{ MogO,e} °*3 clusters. Hybrid solid-
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tionalization because of their unique features of both organic (11)

and inorganic substructuré8ln recent years, the design of

inorganic-organic hybrid POMs made architectures possible
that contribute to the increasing understanding of the methods
that control the synergistic interaction between organic and

inorganic chemical compositiof€One promising approach
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state materials based on tetramolybdate arelfa@m the
other hand, these inorganriorganic hybrid molybdates
mostly exhibit one- or two-dimensional (1-D or 2-D)
structures; three-dimensional (3-D) networks constructed
from polyoxomolybdate clusters covalently bonded from
transition metal complexes have been rarely repdited.
Therefore, it remains a great challenge to prepare new POM-
based solid materials with high-dimensional structures.
Moreover, a potential advance in the preparation of inorganic
organic hybrid materials is to introduce more than one type
of organic molecule with a distinctive linking manner and
coordination preference into the inorganic substructures in

constructing inorganieorganic hybrid m.aterials WiFh re- Figure 1. Structure of the fundamental building block of compound
markable structural features and attractive properties. Only parts of atoms are labeled, and all the hydrogen atoms are omitted

A noticeable tridentate ligand, which has recently shown " €3

interesting properties in constructing extended structures, is{ Mo4O1g} cluster can be described as a nonlinear unit, which
the isonicotinate anion (IN.*"*8IN~ contains both a pyridyl  ~gnsists of four corner- and edge-sharing distoftédOg}
group and a carboxylate group in the opposite position of j-tahedra with Me-O distances in the range 1.686¢5)
an aromatic ring. It can connect metal ions with its one 2.329(5) A and the bond angles in the range 72.59¢16)
nitrogen donor and one or two oxygen donors. Several 170 0(2y. The valence sum calculatidigjive the values
intriguing high-dimensional structures have been obtained g g4 for Mo(1) (), 6.06 for Mo(2) (), and 1.15 for O(8)
by introducing the isonicotinato ligand and other bridging (7). The calculated results reveal that, in the structure of
ligands into a single structufé® 1, all the Mo centers are if-6 oxidation state and two O

In this work, by the introduction of this distinctive  atoms are protonated in the need of the charge balance. There
organonitrogen ligand via hydrothermal technology, we got are two crystallographically unique Cu atoms in the asym-
a novel compound{[Cu'(2,2-bpy)}{ Cu'(IN)2}{M04O1- metric unit, and both are coordinated in square-planar
(OH)2}], 1,% which is built from an unprecedented tetra- geometry: The Cu(1) atom links to two nitrogen donors from
nuclear molybdenum oxide cluster covalently bonded to two two isonicotinato ligands and two oxygen atoms from two
types of copper complexes. To the best of our knowledge, { MoOg} octahedra belonging to twidMo4O:g} clusters with
this is the first example of a 3-D inorganriorganic hybrid ~ a Cu-N distance of 1.988(6) A and GtO distance of 1.941-
polyoxomolybdate containing two types of transition metal (4) A, respectively; Cu(2) is coordinated to two nitrogen
complex fragments. donors of a 2,2pyridine ligand with a Cu-N distance of

The X-ray diffraction analysis reveals that the structure 2.006(6) A and two oxygen atoms from twgMoOg}
of 1 is based on the individuglMo4Osg} clusters linked octahedra being part of tw/{dMo,O1g} clusters with a CaO
through {Cu(IN),} fragments generating a 2-D network, distance of 1.948(5) A. Cu(1) and Cu(2) are further connected
which is extended into a 3-D framework by means of the by sharing al MoOs} octahedron in the building block.
covalent bridging of {Cu(2,2-bpy)}2* complexes. The Interestingly, each nonlinear tetranuclear molybdenum
fundamental building block of is shown in Figure 1. The  cluster is associated with two copper atoms via bridging oxy-
gen atoms, and extended in the copper sites where each Cu
(16) Wu, C. D; Lu, C. Z.; Zhuang, H. H.; Huang, J.3Am. Chem. Soc. ~ atom bonds to the two nitrogen donors from two isonicotinato

2002 124, 3836. : : . o
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Angew. Chem., Int. Ed1999 38, 536. (b) Tong, M.-L.; Li, L.-J.; from the carboxyl group of each isonicotinato ligand in turn
L\:/Iochlzuklz,gdécrggg, H.-C.; Chen, X.-M.; Li, Y.; Kitagawa, Shem. combine covalently to two Mo centers of a neighboring
ommun . . )
(18) Lu, J. Y.; Babb, A. MInorg. Chem2001, 40, 3261. {M04O1g} cluster (see Figure 2a). Alternatively, every

(19) (a) MacgGillivray, L. R.; Groeneman, R. H.; Atwood, J.1.Am. Chem. {Mo4Osg} cluster links to fouf Cu(IN)} fragments and each
Cui, . P, S Mchem. Commureood. 166, (&) Gheorghe, k. {CU(IN)2k moiety combines with foufMo.Osg} clusters
Andruh, M.; Miiler, A.; Schmidtmann, MInorg. Chem.2002 41, generating a regular 2-D network. Furthermore, adjacent
5314. { Cu(IN);M040;(OH)} .~ layers are connected B u(2,2-

(20) Compoundl was hydrothermally synthesized from the reaction of . . . .
(NH4)Mo70,4-4H;0, CuCh-H,0, isonicotinic acid, 2,2pyridine, and bpy)}#* fragments as a third kmd_ of bridge thr'ou.gh termmal
Hé? |n4adm0|arA;?t|o of I1:5:3:2:555 under autogenr?us pre;s]sure alt 16dO O atoms of{f Mo4O,g} clusters (Figure 2b). It is interesting
°C for 4 days. After cooling to room temperature, the sapphire-colore : N :
tetra-prism crystals of were isolated as a major phase (70% yield that the adjacent_ 2-D Iayers extend _pe_zrpendlcularly to each
on Mo) from the pale-yellow slurry, then washed with distilled water, Other, as shown in Scheme S1, exhibiting an ABAB mode.

and dried at ambient temperature. The crystals were manually selected  Tetranuclear molybdenum oxide clusters have been re-
for structural determination and further characterization. Anal. Calcd

for 1: C, 23.23; H, 1.60; N, 4.93; Cu, 11.18; Mo, 37.74 (%). Found: Ported in several organignorganic hybrid compounds;

C,22.07; H, 1.65; N, 4.91; Cu, 11.06; Mo, 37.82 (%). A summary of however, the discrete tetranuclear cluster has not been

the crystallographic data and structural determination for compound - . .
1is provided in Table S1. Selected bond lengths and angles are listed observed in the polyoxomolybdate chemistry hithéfto.

in Table S2. CCDC-211193 contains the supplementary crystal-
lographic data for this paper. (21) Brwon, I. D.; Altermatt, D Acta Crystallogr 1985 B41, 244.
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Figure 3. Thermal variation ofymT and 1fm for compoundl.

The experimental and simulated XRPD pattern of com-
poundl is shown in Figure S3. Their peak positions are in
good agreement with each other, indicating the phase purity
of the products.
The thermal variations ofm, ¥mT, and 1y of compound
1 are displayed in Figure 3. The plot pf,T versusT exhibits
a value of 0.74 emu K mot at 300 K, and continuously
increases on cooling to a value of 0.87 emu K malt 46
K. This behavior of they,T curve shows that there exist
ferromagnetic interactions ifh. However, the curve drops
abruptly below 46 K, indicating that an antiferromagnetic
interaction exists inl at lower temperatures. The inverse
susceptibility plot as a function of temperature is linear,
Figure 2. (a) Polyhedral representation of individual 2-D network of closely following the, Curie-Weiss law WIthC? = 0.75emu
compoundl. The polyhedra represefiMoOg} octahedra. (b) Polyhedral K mol~?, corresponding to about oi%= / spin per formula
representation of the 3-D framework of compoundor the sake of clarity, unit with g = 2.136 for Cu(ll) centers. The effective magnetic
et A s 5 3o, o5 MOMeNt at 300 K, 1.8 i n the range of experimentally
bold lines. observed values for Cu(ll) ions. The Weiss temperature

= 1.913 K, indicating that there exist predominantly ferro-
Therefore, the preparation of a new tetramolybdate cluster magnetic interactions ifh. According to the crystal structure
is of great significance for the continuing research on this of 1, it can be assumed that the magnetic behavidr oy
point. The{Mo04O1g} cluster inl is quite distinct from the  be due to the superexchange interactions between Cu(1) and
reported precursors: (i) the tetranuclear molybdenum clusterCu(2) centers through 8MoOg} octahedron. It could be
in [{Ni(3,3-bpy)}.M040:4] consists of two{ MoOg} octa- further presumed that the unpaired electrons in the Cu(ll)
hedra and twdMoOs} distorted trigonal bipyramids in an  ions might have the same spin direction above 46TK),(
edge-sharing arrangeméfit(ii) the {Mo4O14}*~ cluster in resulting in the ferromagnetic interactions, while the anti-
[Cu(terpy)MaOy4] is constructed from four edge- and corner- ferromagnetic interactions beloiy might be due to the
sharing{MoOs} distorted square pyramidé? (iii) in the cancellation of spin.
compound (GH10N2)[M04O12], the {M04O1¢} unit is com- In summary, we have prepared and structurally character-
posed of two M#' and two Md' edge-sharing molybdenum ized a novel inorganieorganic hybrid copper molybdate
octahedra?c This is mostly because carboxyl groups of the with mixed ligands. The successful preparatiod afdicates
isonicotinato ligands coordinate directly to the Mo centers that the introduction of mixed organic ligands is an optional
affording additional oxygen donors leading to the formation route for the construction of novel high-dimensional inor-
of the unprecedented tetranuclear molybdate clusters. It canganic-organic hybrid polyoxometalates with unique struc-
be proved that the tetramolybdate cluster is the same, if thetures and remarkable properties. Future research may focus
carboxyl oxygen atoms were removed, as {iM0,0,4} on attempting to explore the effects of transition metal
cluster in [Cu(terpy)MgO].2#* It is also believed that the  organic fragments on the reaction systems.
organic molecules, especially the carboxyl-containing com-

ponents, play a critical role in the construction of this unusual ~Acknowledgment. The authors thank the National Natu-

ral Science Foundation of China (20171010) for financial

compound.

The EPR spectrum df at room temperature shows alCu ~ SUPPort.
signal withgy = 2'0_65’9“ = 2.164 (see Figure _353'”‘ Supporting Information Available: X-ray crystallographic files
good accordance with the valence sum calculations. in CIF format for 1. Additional figures. This material is available

free of charge via the Internet at http://pubs.acs.org.
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