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Three polyoxomolybdate compounds, namely {IM"(HL),],(M0gO»)}, M= Co (1), Ni (2), Zn (3)) (HL, 3-(2-pyridyl)pyrazole),
were designed and synthesized under the hydrothermal conditions and characterized by elemental analysis, IR spectroscopy, and
TGA. Single-crystal X-ray diffraction analysis results reveal that compounds 1-3 own the isostructural chain structure consisting of
the B-[MogOx6]*™ anions, which are linked by M(HL)%+ units via the terminal oxygen atoms. TGA curves show that the organic

ligands separate from the related compounds above ca. 673 K.

polyoxomolybdate, 3-(2-pyridyl)pyrazole, polyoxomolybdate, cobalt, nickel, zinc

1 Introduction

The design and synthesis of polyoxometalate clusters has
attracted continuous research interest not only because of
their appealing structural and topological novelty, but also
due to their unusual optical, electronic, magnetic, and cata-
Iytic properties, as well as their potential medical applica-
tion [1-16].

The construction of polyoxometalates is usually achieved
by the connection of polyoxometalate building subunits ei-
ther via capping {MO,} groups using the two bridging
oxygen atoms or by the secondary transition metals, in most
cases the transition metal ions exhibiting the M—L (L repre-
sents organic ligand) coordination mode [17-20]. The use of
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well-defined molecular oxide clusters to construct novel
topology with more or less predictable connectivity in the
crystal state is attractive, because the secondary metal/
ligand bridges should provide sufficiently strong linkages to
connect the clusters into stable crystalline architectures.
During the past decade, the synthetic methodology of em-
ploying organic components to modify the crystallization of
metal oxides in a hydrothermal medium has been especially
researched [17, 18]. The organic components in these ex-
amples usually play the roles of charge-compensating ions
and space-filling structural subunits by linking directly to
the metal oxide substructure or a secondary metal site as
ligands. Based on which, two distinct subgroups of this
family have emerged: (i) the molecular structures comprised
of polymeric molybdate substructures decorated by the
secondary metal-ligand subunit [19, 20]; (ii) the crystal
structures are constructed from discrete molybdate clusters
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which were bridged by the secondary metal-ligand compo-
nents, forming chain, network, or framework structures [21,
22]. Consequently, the overall structure reflects both the
geometric constraints of the ligand and relative dispositions
of the donor groups, as well as the coordination preferences
of the secondary metal site. Furthermore, working in the
hydrothermal domain allows us to overcome problems as-
sociated with the differential solubilities of the reactants.
The reduced viscosity of water under these conditions en-
hances the solvent extraction of solids and the rate of crys-
tallization from solution.

Therefore, the combination modes between polyoxo-
molybdate subunits and the bridge of M—L or metal oxide
framework are worthy of further research because different
environments such as temperature and acidity usually lead to
interesting structural novelty. As part of our systematic
studies of molybdenum/tungsten oxide, we have investi-
gated the hydrothermal chemistry of Tr(II) (transitional
metal salts) with molybdate/tungstate salts and nitrogen
heterocyclic ligands under a variety of conditions [23-26].
In the present paper, we describe the synthesis and structural
characterizations of three polyoxomolybdate chains:
[M'(HL),15(MosOs)}, (M =Co (1), Ni (2), Zn (3)) (HL,
3-(2-pyridyl)pyrazole).

2 Experimental
2.1 General experimental

The ligand 3-(2-pyridyl)pyrazole) was purchased from Jinan
Henghua Sci. & Tec. Co. without further purification.
Elemental analysis was conducted on a Perkin-Elmer 240C
elemental analyzer; IR spectra were recorded within the
400-4000 cm™' region on a Perkin-Elmer 2400LSII spec-
trometer; Thermogravimetric analysis (TG) was performed
on a a Perkin-Elmer Diamond TG/DTA instrument.

2.2 Synthesis of the 2'-(Se-Me)-adenosine phosphoramidite

2.2.1 Synthesis of compound 1

The synthesis is performed in 25 mL Teflon-lined stainless
steel vessels. Na,MoO,H,O (0.50 mmol, 0.12 g),
CoCl,'6H,0 (0.25 mmol, 0.06 g), 3-(2-pyridyl)pyrazole
(0.50 mmol, 0.07 g), and H,O (10 mL) were mixed in a mo-
lar ratio 2:1:2:550, and the pH value of the mixture was
adjusted to ca. 5.0 with 1 M HCI and heated to 150 °C and
kept at this temperature for three days. Red block crystals
were obtained with the yield of 28%. Anal. Calcd. for
CisHi4CoMoyNgO15: C, 20.40; H, 1.49; N, 8.93. Found: C,
20.28; H, 1.39; N, 8.79 %. IR (cm™"): 3450, 1605, 1429, 1060,
1012, 969, 812, 775, 691, 580, 525.

2.2.2  Synthesis of compound 2
The synthetic method is similar to that of compound 1 except
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that nickel(I) chloride hexahydrate (0.25 mmol, 0.06 g)
replaced cobalt(I) chloride hexahydrate. Green block crys-
tals were obtained with the yield of 26%. Anal. Calcd. for
CisH1sMosNgNiO,5: C, 20.41; H, 1.49; N, 8.93. Found: C,
20.32; H, 1.41; N, 8.73 %. IR (cm™): 3340, 2925, 1633, 959,
904, 793, 618, 498, 442, 405.

2.2.3  Synthesis of compound 3

The synthetic method is also similar to that of compound 1
except that zinc(Il) acetate dihydrate (0.25 mmol, 0.05 g)
replaced cobalt(II) chloride hexahydrate. Colorless block
crystals were obtained with the yield of 34%. Anal. Calcd.
for C16H14M04N(,013Zn: C, 2026, H, 148, N, 8.88. Found: C,
20.18; H, 1.34; N, 8.72 %. IR (cm™): 3450, 2361, 1605, 1577,
1466, 1439, 1374, 1097, 950, 904, 802, 636, 544, 498, 406.

2.3 X-ray crystallography

Intensity data collection was carried out on a Siemens
SMART diffractometer equipped with a CCD detector us-
ing MoKa monochromatized radiation (4= 0.71073 A) at
293(2) K. The absorption correction was based on multiple
and symmetry-equivalent reflections in the data set using
the SADABS program based on the method of Blessing.
The structures were solved by direct methods and refined by
full-matrix least-squares using the SHELX-TL package [28].
Crystallographic data for compounds 1-3 are given in Table
1. Selected bond lengths and bond angles are listed in Table
3 and Table S1-S2 (supporting Information). For com-
pounds of 1-3, further details on the crystal structure inves-
tigations may be obtained from the Cambridge Crystallo-
graphic Data Centre, CCDC, 12 Union Road, CAMBRIDGE
CB2 1EZ, UK, [Telephone: +44-(0)1223-762-910, Fax:
+44-(0)1223-336-033; Email: deposit@ccdc.cam.ac.uk, http://
www.ccdc.cam.ac.uk/deposit], on quoting the depository
number CCDC-737019 for 1, 737020 for 2, 737021 for 3.

3 Results and discussion

Single crystal X-ray diffraction analyses revealed that these
three compounds [M"(HL),],(MogO)}, (M =Co (1), Ni (2),
Zn (3)) (HL, 3-(2-pyridyl)pyrazole) crystallize isostructur-
ally, exhibiting the chain structure built up from the
[s-Mogo;‘g building blocks joined by two M** cations units
via terminal oxygen atoms, which are further chelated by
two 3-(2-pyridyl) pyrazole ligands via four nitrogen atoms,
shown in Figure 1. The octamolybdate polyanion M03O§g
shows a 3 configuration with a center of symmetry, which
can be bisected into two [(1s-O)(Mo,O 12)]2" planar subunits
by Mo-O breaking bonds with the related lengths in the
range of 2.26-2.39 A, similar to previously reported iso-
lated clusters [26]. The [(uS—O)(M04012)]2’ plane could be
considered as one Mo atom protrudes outward from the
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Table 1 Crystallographic data and details of diffraction experiments for compounds 1-3

2 3

1
Formula CisH14CoMo4NgO 13
Color red
Mol. mass (g/mol) 941.02
Crystal system triclinic
Space group P-1
a(A) 10.065(3)
b (A) 11.583(3)
c(A) 11.583(3)
a(®) 88.79
B©) 74.772(2)
7(®) 74.772(2)
V (A% 1255.4(6)
z 2
deqre (g/cm®) 2.489
4 (mm™) 2.667
T (K) 298(2)
Measured refl. 6818
Unique refl. 4593
Refined parameters 361
20 range (°) 1.82 to 25.49
RUI>20 (1) s00”
R (all data) 5 ‘Rzz 2’8.31%912 »
Goof 0.998
(AP)max (e-1A%) 0.957
(AP)min (e-/A%) —1.246

Ci6H14aM04NgNiO3 Ci6H14sM0osNO13Zn

green colorless
940.80 947.46
triclinic triclinic

P-1 P-1
10.080(3) 10.0869(7)
11.589(4) 11.5714(8)
11.589(4) 11.5714(8)
88.57 89.01
74.742(3) 74.677(2)
74.742(3) 74.677(2)
1258.7(7) 1254.29(15)
2 2

2.482 2.509

2.749 2.965
298(2) 298(2)
6807 7971

4593 4355

361 361

1.82 t0 25.50 1.83 to 25.00
R,=0.0539" R,=0.0310"
WRE:O.14639> R ;;R_zg(()).;);;? R
5;11%:2'8.5165%4 g w;e_z ~0.0859"
1.006 0.997

0.983 0.997
-1.090 -0.816

a) Ry = Z||Fopsa] — [Featca V2| Fopsal; ) WRs = {E[W(Fapsa” — Featcd Y VEWEFosa 1}, w= U[07(F) +xP + (WP)’]; with P = (F,> +2F2)/3; ¢) goof = [Ew(Fopsa’ —

F. Calcd_z)z/(n -p)l 12 where n=number of reflections, p=parameter used.

Figure 1 (a) A view of the chain structure in compounds 1-3, drawn with 30% probability displacement ellipsoids for the non-hydrogen atoms; (b) a view
of the chain structure in compounds 1-3. The octahedra represent MoOg (green) and MN4O, (dark red, M = Co, Ni, Zn); the balls are N (blue) and C (gray).

other four Mo constituted planar. There are two types of
Mo-O bonds in octamolybdate polyanion: terminal Mo-O,
and bridging p,-O-Mo, p;-O-Mo, and ps-O—Mo bonds.
The related bond distances vary from the shortest, 1.690 A
for one of the terminal Mo—O bonds, to the longest 2.463 A
for one of the bonds to the unusual ps-O atom that sits in the

4Mo plane near the center of each Mo—O moiety.

The hexa-coordinated transitional metal cations of
Co/Ni/Zn act as a bridge to link two neighboring octamo-
lybdate polyanions, which are further chelated by two
3-(2-pyridyl)pyrazole ligands via four nitrogen atoms. The
M-O distances are in the range of 2.076(3)-2.148(3) for Co,
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2.067(4)-2.121(4) A for Ni, 2.105(3)-2.248(3) A for Zn,
respectively. The M-N distances are in the range of
2.073(4)-2.177(3) A for Co, 2.027(5)-2.134(5) A for Ni,
2.075(3)-2.248(3) A for Zn and N(O)-M-N(O) angles
86.48(12)-171.96(14)° for Co, 77.4(2)-173.5(2)° for Ni,
75.26(14)-172.60(14)° for Zn, respectively. The HL group
serves as a bidentate ligand to saturate the coordination sites
of transitional metal cations Co/Ni/Zn. The nearest Co---Co,
and Ni---Ni, Zn'-Zn distances along the chain direction are
in the range of 7.945-7.982 A. Thus, the organic subunit of
this multi-component system serves to fix a number of co-
ordination sites about the secondary metal ion and to dictate
the availability of attachment sites to the oxide clusters.
This coordination complex cation not only provides charge

Table 2 Hydrogen bond lengths (A) for complexes 1-3
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compensation, but also serve space-filling, passivating and
structure-directing roles. The coordination preferences of
the secondary metal and the geometric and bonding con-
straints imposed by the ligand may provide structural
flexibility, as well as spatial transmission of structural in-
formation [19-22].

In addition, it is noteworthy that the multipoint hydrogen-
bonding links also exist between the hydrogen atoms from
organic amines and the cluster of the surface oxygen atoms
from the wave-like chains; this may make a contribution to
stabilizing the chain structures of 1-3, shown in Table 2.

At the final stage of this section, it appears necessary to talk
something about the assignment of the oxidation state for the
Mo, Co, Ni, and Zn atoms in these compounds, which is

Compound 1 Compound 2 Compound 3
bond dist. (A) bond dist. (A) bond dist. (A)
N3-H3A--014 3.069(5) NI-H1A--O12 3.099(7) NI1-H1A--O1 3.075(5)
N3-H3A--0Ol11 3.047(5) N1-H1A--08 3.045(6) NI1-H1A--O3 3.102(4)
N5-H5--06 2.871(5) N5-H5A--05 2.898(7) N6-H6A-012 2.842(5)
Table 3 Selected bond lengths (A) and angles (°) for complex 1
Bond Dist. Bond Dist.
Mo(1)-O(11) 1.702(3) Mo(3)-0(7) 1.893(3)
Mo(1)-04) 1.745(3) Mo(3)-0(2) 1.914(3)
Mo(1)-O(8) 1.946(3) Mo(4)-0(14) 1.699(3)
Mo(1)-0(3) 1.953(3) Mo(4)-0(9) 1.721(3)
Mo(1)-0(5) 2.127(3) Mo(4)-0(2) 1.878(3)
Mo(2)-0(12) 1.701(3) Mo(4)-0(3) 1.995(3)
Mo(2)-0(6) 1.709(3) Mo(4)-0(5) 2.275(3)
Mo(2)-0(7) 1.895(3) Co(1)-N(4) 2.073(4)
Mo(2)-0(8) 2.010(3) Co(1)-0(9) 2.076(3)
Mo(2)-0(5) 2.310(3) Co(1)-N(1) 2.081(4)
Mo(3)-0(1) 1.683(3) Co(1)-N(6) 2.164(4)
Mo(3)-0(10) 1.734(3) Co(1)-N(2) 2.177(3)
Angle ©) Angle ©)
O(11)-Mo(1)-0O(4) 104.84(14) 0O(1)-Mo(3)-0(2) 105.22(15)
O(11)-Mo(1)-0(8) 102.45(13) 0(10)-Mo(3)-0(2) 97.31(14)
0O(4)-Mo(1)-0(8) 96.95(13) 0O(7)-Mo(3)-0(2) 141.03(12)
O(11)-Mo(1)-0(3) 101.00(13) 0O(14)-Mo(4)-0(9) 105.89(15)
0O(4)-Mo(1)-0(3) 96.25(13) 0O(14)-Mo(4)-0(2) 102.26(14)
O(8)-Mo(1)-0O(3) 149.05(11) 0(9)-Mo(4)-0(2) 100.15(14)
O(11)-Mo(1)-0(5) 99.34(13) 0O(14)-Mo(4)-0(3) 96.30(13)
0O(4)-Mo(1)-0(5) 155.80(12) 0(9)-Mo(4)-0(3) 99.89(13)
O(8)-Mo(1)-0(5) 78.49(11) 0(2)-Mo(4)-0(3) 147.68(12)
0O(3)-Mo(1)-0(5) 78.02(11) 0O(14)-Mo(4)-0O(5) 94.26(13)
0(12)-Mo(2)-0(6) 105.09(16) 0(9)-Mo(4)-0(5) 159.52(13)
0(12)-Mo(2)-0(7) 102.35(14) 0(2)-Mo(4)-0(5) 78.66(11)
0(6)-Mo(2)-0(7) 100.49(15) 0(3)-Mo(4)-0(5) 73.73(11)
0(12)-Mo(2)-0(8) 95.00(13) N(4)-Co(1)-0(9) 90.09(14)
0(6)-Mo(2)-0(8) 100.93(14) N(4)-Co(1)-N(1) 171.96(14)
0O(7)-Mo(2)-0(8) 147.74(11) 0(9)-Co(1)-N(1) 96.30(14)
0(12)-Mo(2)-0(5) 94.65(13) N(4)-Co(1)-N(6) 75.42(14)
0(6)-Mo(2)-0(5) 159.86(13) 0(9)-Co(1)-N(6) 160.00(13)
O(7)-Mo(2)-0(5) 78.64(11) N(1)-Co(1)-N(6) 99.47(14)
0O(8)-Mo(2)-0(5) 72.97(10) N(4)-Co(1)-N(2) 97.47(14)
0O(1)-Mo(3)-0(10) 104.61(16) 0(9)-Co(1)-N(2) 100.67(13)
O(1)-Mo(3)-0(7) 104.96(15) N(1)-Co(1)-N(2) 76.59(13)
0(10)-Mo(3)-0(7) 98.35(14) N(6)-Co(1)-N(2) 94.92(13)

Symmetry transformations used to generate equivalent atoms: #1, —x—1, —y+1, —z+1; #2, —x, —y+1, —z+1.
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actually consistent with the electric charge confirmed by
bond valence sum calculations [27]. By which the valence
for the molybdenum atoms is 5.97, 5.91, 5.84, 5.98 for com-
pound 1; 5.94, 5.82, 5.90, 5.77 for 2; 5.84, 5.91, 5.96, 5.81
for 3. The valence for Co, Ni, and Zn atoms is 1.98, 2.01,
and 2.10, respectively.

To reveal the thermal stability of compounds 1-3, TGA
measurements have been carried out on a Perkin-Elmer
Diamond TG/DTA instrument with a flow of dry air and a
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heating rate of 5 °C/min from room temperature to 1000 °C.
The TG curves for compounds 1-3 are shown in Figures
2-4. For compounds 1-3, the TGA curves indicate that the
sharp weight loss (32.83%-34.79%) was observed from ca.
673 to 873 K with an obvious endothermal peak, which is
attributed to the release of 3-(2-pyridyl)pyrazole liangds
coordinated to the first transitional metal cations of cobalt,
nickel, and zinc (calcd. 30.61%—-30.82%).

4 Conclusions

The successful preparation of three chains represents a con-
fluence of the themes of hydrothermal reaction conditions,
organic-inorganic hybrid materials, structural modification
by secondary metal/ligand subunits. Further investigations
of the optical, electronic, magnetic, and catalytic properties
of these newly synthesized compounds are our future re-
search target.
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