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Synthesis, Structure and Characterization of Three Metal Molybdate
Hydrates: Fe(H2O)2(MoO4)2·H3O, NaCo2(MoO4)2(H3O2) and
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Abstract Three metal molybdate hydrates, Fe(H2O)2(MoO4)2·H3O(FeMo), NaCo2(MoO4)2(H3O2)(CoMo) and
Mn2(MoO4)3·2H3O(MnMo), were synthesized by the mixed-solvent-thermal methods and characterized by singlecrystal X-ray diffraction. X-Ray photoelectron spectroscopy and bond-valence sums were applied to confirming the
valance of Fe, Co, Mn and Mo. Thermo-gravimetric analysis and X-ray powder diffraction measurements indicate
that the samples were converted to different structural compounds upon heating in air at 600 °C for 1 h. The magnetic
properties of these compounds were studied. The dominant magnetic interactions are antiferromagnetic in nature.
However, different synthesis conditions led to the diversity of magnetic properties of compound CoMo.
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1 Introduction

2 Experimental

Transition metal molybdates(TMM) have received wide2.1 Synthesis
spread attention due to their variable structures, stableness, and
All chemicals were commercially purchased and used
intriguing catalytic, electronic, optical and magnetic proper[1―15]
without
further purification.
ties
. Among this group of compounds, the ones containing
Synthesis
of FeMo: a mixture of FeCl3·6H2O(0.027 g, 0.1
Fe, Co and Mn have exhibited interesting properties in magne[10―15]
mmol),
Na
MoO
2
4·2H2O(0.242 g, 1 mmol), acetonitrile(2.5 mL),
tism
.
and
water(2.5
mL)
was sealed in a 15 mL teflon-lined autocSeveral synthetic approaches have been applied in obtailave,
and
heated
in
a forced convection oven at 160 °C under
ning TMM, such as solid-state reaction, sol-gel process, and
[1,15―23]
autogenous
pressure
for 48 h. Afterwards, the sample was
hydrothermal reaction
. Among these approaches, hyslowly
cooled
to
room
temperature. The obtained pale-yellow
drothermal reaction has proved to be an effective technique for
block crystals of FeMo were filtered off, washed with distilled
the preparation of numerous solid-state oxides. In particular,
water and ethanol, and dried at ambient temperature(yield: 66%
hydrothermal conditions are in favor of capturing structurally
based on FeCl3·6H2O). Elemental anal.(%) calcd. for FeMo
more complicated metastable phases, intermediate phases and
(430.73):
Fe 12.97, Mo 44.55; found: Fe 13.12, Mo 44.11.
special species. Mixed-solvent-thermal technique, a synthesis
Synthesis
of CoMo: the preparation was similar to that of
method developed from hydrothermal reaction, has been ap[24]
FeMo
except
that
Co(en)3Cl3(0.0238 g, 0.1 mmol) was used
plied widely in preparing nanomaterials
and metal organic
[25]
instead
of
FeCl
·6H
3
2O. Purple block crystals were obtained in a
frameworks . In general, mixed-solvent-thermal technique
yield
of
86%[based
on Co(en)3Cl3]. Elemental anal.(%) calcd.
offers many advantages over other methods, such as its simfor
CoMo(495.74):
Co
23.78, Mo 38.71; found: Co 23.62, Mo
plicity, mild condition, and the capability to control crystal
39.16.
growth. However, mixed-solvent-thermal technique is rarely
Synthesis of MnMo: the preparation was similar to that of
applied in the synthesis of TMM.
FeMo
except that MnCl2·4H2O(0.0198 g, 0.1 mmol) was used
We applied mixed-solvent-thermal technique and prepared
instead
of FeCl3·6H2O. Pale-yellow block crystals were obgood single crystals of TMM Fe(H2O)2(MoO4)2·H3O(FeMo),
tained
in
a yield of 71%(based on MnCl2·4H2O). Elemental
NaCo2(MoO4)2(H3O2)(CoMo) and Mn2(MoO4)3·2H3O(MnMo).
anal.(%)
calcd.
for MnMo(627.696): Mn 17.51, Mo 45.85;
The structures and properties of these compounds were characfound:
Mn
17.66,
Mo 45.66.
terized.
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2.2

Crystal Structure Determination

Single-crystal structure determination was carried out on a
Rigaku RAXIS-RAPID diffractometer equipped with graphite
monochromated Mo Kα radiation(λ=0.071073 nm) at 293 K.
The intensity data sets were collected with an ω-scan technique
and reduced by Crystal Clear software. The structure was
solved by a direct method and refined by full-matrix leastsquares calculation based on F 2 with empirical absorption
corrections via Bruker SHELXTL programs[26]. Full crystallographic details of FeMo and MnMo are given in Table 1.
The anisotropic atomic displacement parameters and further
details of the crystal structure investigations may be obtained
from the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany[fax:(+49)7247-808-666; E-mail:
crysdata@fiz-karlsruhe.de, http://www.fiz-karlsruhe.de/request_
for_deposited_data.html] on quoting the appropriate CSD
No. 422474 and 422476 for FeMo and MnMo, respectively.
Table 1 Crystal data for FeMo and MnMo
Compound
Empirical formula

FeMo
FeH7Mo2O11

MnMo
H6Mn2Mo3O14

Formula weight

430.79

627.75

Crystal system

Monoclinic

Cubic

Space group

C2/m

P213

a/nm

1.1522(2)

1.08713(3)

b/nm

0.57835(12)

1.08713(3)

c/nm

0.81651(16)

1.08713(3)

β/(°)

115.67(3)

90

V/nm3

0.49040(17)

1.28483(6)

Z

2

4

Rint

0.0158

0.0301

θ/(°)

27.43

28.27

Completeness(%)

99.7

98.6

GOF on F 2

1.133

1.094

Final R index

R1=0.0178, wR2=0.0474

R1=0.0224, wR2=0.0551

[I>2σ(I)]
R index(all data)

R1=0.0180, wR2=0.0474

R1=0.0227, wR2=0.0552

2.3
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obtained good single crystal samples. Initially, we used the
hydrothermal technique to prepare these compounds, but failed
to obtain suitable single crystal samples despite various efforts
to alter treatment temperature(433―493 K), treatment time
(1―6 d), and the concentrations of Na2MoO4·2H2O and transition metal salts. In that case, we only obtained powder or small
crystal samples, which made it difficult to confirm the structures accurately and to study the properties further. In order to
obtain suitable single crystal samples, we utilized the mixed
solvent H2O/MeCN for the crystallization. It is found that this
condition can reduce the temperature of reactions, increase the
solubility of some intermediates, and further form more structurally interesting phases.

3.2

Characterization

As seen in Fig.1, the experimental and simulated XRD
patterns for the three compounds are in good agreement, suggesting the phase purity of the compounds. The differences in
reflection intensity are probably due to preferred orientations in
the powder sample.
The TG analysis of FeMo[Fig.2(A)] shows a major mass

Physical Methods

X-Ray powder diffraction(XRD) data for the title compounds and annealed resultant were collected on a Rigaku
D/max 2550 X-ray diffractometer with Cu Kα radiation(λ=
0.15418 nm). Content of each of Fe, Co, Mn and Mo was determined with a La Perkin-Elmer Optima 3300 DV ICP instrument. Thermal analyses were performed with a Perkin-Elmer
TGA7 apparatus in flowing air atmosphere at a heating rate of
10 °C/min. X-Ray photoelectron spectroscopy(XPS) was performed on a VG ESCALAB MK-II X-ray photoelectron spectrometer under Al Kα radiation to confirm the valence of metals.
The direct current magnetic susceptibility data were obtained
with a SQUID magnetometer(Quantum Design, MPMS-5).

3 Results and Discussion
3.1 Synthesis Conditions
In the synthetic processes of the three compounds, we
adopted the mixed-solvent-thermal synthetic method and

Fig.1

Simulated and experimental X-ray powder
diffraction patterns of FeMo(A), MnMo(B),
CoMo and H-CoMo(C) and X-ray powder
diffraction patterns of standard samples and
final corresponding products of FeMo(A) and
MnMo(B) upon annealing at 600 °C
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loss of 15.38%(calcd. 14.64%) in a temperature range of
240―350 °C, corresponding to the loss of water in the compound. In the DT analysis, two peaks between 240 and 350 °C
show that lattice water and coordination water are lost in order.
But this is not obvious in the TG analysis. In a temperature
range of 350―750 °C, there exists a stable stage. XRD studies
indicate that the product, upon annealing at 600 °C for 1 h, is a
mixture of Molybdite(MoO3, JCPDS No.35-0609) and iron
molybdenum oxide[Fe2(MoO4)3, JCPDS No.31-0642]. The
XRD data for Fe2(MoO4)3(JCPDS No.31-0642) are only supplied in a range of 4° to 45°[Fig.1(A)]. FeMo transforms to
another phase Fe2(MoO4)3 after losing the water. For MnMo,
the TG-DT analysis[Fig.2(B)] shows a major mass loss of
8.71%(calcd. 8.61%) in a temperature range of 200―500 °C,
corresponding to the loss of water in the product. And similar
to FeMo, the framework transforms after losing the water. XRD
studies shown in Fig.1(B) indicate that the final product, upon
annealing at 600 oC, is a mixture of molybdite(MoO3, JCPDS
No.35-0609) and manganese molybdenum oxide(MnMoO4,
JCPDS No.50-1287).

Vol.28
[33]

from Brown’s literature . All results of BVS are in agreement
with XPS analyses. The results of XPS and BVS are shown in
Table 2.
Table 2 Results of XPS and BVS of FeMo,
CoMo and MnMo
Sample
FeMo

Eb/eV

BVS

Mo3d5/2 M(Fe,Co,Mn)2p3/2
232

711

Fe2+ 2.74,

Fe3+ 2.83, Mo6+ 6.01

CoMo

232

781

Co 1.97, Co3+ 2.01, Mo6+ 5.80

MnMo

232

642

Mn2+ 2.36, Mn3+ 2.17, Mo6+ 6.28

3.3

2+

Crystal Structures

According to the structural solution, a common feature of
the three structures is that MoO4 tetrahedron and MO6(M=Fe,
Co, Mn) octahedron serve as molecular building blocks to construct one-dimensional chain(FeMo), two-dimensional network
(CoMo) and three-dimensional framework(MnMo)(Fig.3).

Fig.3

Diverse structures of three compounds constructed by MoO4 tetrahedron and MO6 octahedron(M=Fe, Co, Mn)

(I) Chain of FeMo; (II) layer of CoMo; (III) coordinations of Mn and Mo in
MnMo; (IV)―(VI) packing diagrams of FeMo, CoMo and MnMo, respectively.

Fig.2

TGA(a) and DTA(b) curves of FeMo(A)
and MnMo(B)
Mixed valance always exists in compounds containing Fe,
Co or Mn, so X-ray photoelectron spectroscopy(XPS) and bond
valence sums(BVS) are applied to confirming the valance. The
metal binding energies were corrected for charging by the C1s
peak(Eb=284.6 eV). In FeMo, the binding energies of
Mo3d5/2(ca. 232 eV) and Fe2p3/2(ca. 711 eV) are ascribed to
Mo6+ and Fe2+ species, respectively[27,28]. In CoMo, the binding
energies of Mo3d5/2(ca. 232 eV) and Co2p3/2(ca. 781 eV) indicate the formation of Mo6+ and Co2+ species, respectively[29,30].
In MnMo, the binding energies of Mo3d5/2(ca. 232 eV) and
Mn2p3/2(ca. 642 eV) indicate that Mo6+ and Mn2+ are the only
two species[31,32]. The BVS method was also used to study the
oxidation states of Mo, Fe, Co and Mn ions in the three
compounds. The parameters of bond valence equation were

The structure of FeMo is built upon 1D chains[Fig.3(I)] of
Fe and Mo coordination polyhedrons and lattice water filling
the chains. In FeO6 octahedron, two O atoms exist as coordination water molecule, and the other O atoms are from four MoO4
tetrahedrons. In the elongated octahedron FeO4(H2O)2, four
equivalent O atoms define the basal plane, and two water molecules occupy the axial sites. Two adjacent FeO6 octahedrons
are linked by two MoO4 tetrahedrons in the opposite sides,
while every MoO4 only supplies two O atoms to the chain. The
chains run parallel to the b axis[Fig.3(IV)]. The lattice water
molecule lies at special position(1.0, –0.5, 1.0) of symmetry
2/m, connecting the chains into a 3D structure through hydrogen bonds.
The single-crystal structure of CoMo was reported in the
former literature[15]. In this structure, there exists a chain along
the b axis which is constructed by edge sharing of CoO6 octahedrons. MoO4 tetrahedrons link the chains and form a layer in
the ab plane[Fig.3(II)] by sharing three oxygen atoms. The
sodium ions fill the interspace among the layers and balance
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the framework charge[Fig.3(V)].
The structure of MnMo is isostructural to langbeinite
K2Mg2(SO4)3[34] and crystallizes in cubic space group P213.
The three-dimensional negative framework is built by corner
sharing of MnO6 octahedrons and MoO4 tetrahedrons. Every
MnO6 octahedron links six Mo atoms, and every MoO4 tetrahedron is surrounded by four Mn atoms[Fig.3(III)]. Its crystal
structure features the interspace with the negative charges is
filled with two protonated water molecules, which play a role
of balancing framework charges[Fig.3(VI)]. With the software
Topos, the topology analysis reveals that compound MnMo has
a 3-nodal(4,6)-connected network of langbeinite topology
[vertex(Schlafli) symbols for Mo1, Mn1 and Mn2 are (4363),
(4669) and (466683), respectively].

Fig.4
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3.4 Magnetism
Variable-temperature and solid-state magnetic studies
were performed on powdered crystalline samples of compounds FeMo, CoMo and MnMo. According to the χm–1T line,
the magnetic behaviors of the three compounds follow the
Curie-Weiss law χm=C/(T–θ) in a wide temperature range,
about 6―300, 23―300, and 5―300 K, respectively. Curie
constant(C) are 5.25, 6.89, and 5.25 cm3·K·mol–1, and Weiss
temperature(θ) are –18.0, –19.4, and –17.3 K, correspond to the
above compounds, respectively. With regards to the χmT versus
T curve, the χmT values of the three compounds all decrease
with the decrease in temperature.

Temperature dependence of χm and χmT of FeMo(A), MnMo(B) and CoMo(C) at an applied field(H) of
8×104 A/m and temperature(6―50 K) dependence of χm of CoMo and H-CoMo at an applied field(H) of 440
A/m(D)
Insets: plots of χm–1 vs. T, and the solid lines represent the best fit to the Curie-Weiss law between 6―300 K(A), 5―300 K(B) and
23―300 K(C), respectively.

The χmT values of FeMo and MnMo at 300 K are 4.969
and 7.711 cm3·mol–1·K, respectively, slightly higher than spin
only value(4.375 cm3·mol–1·K) for one isolated high-spin Fe3+
ion, and slightly less than spin only value(8.75 cm3·mol–1·K)
for two isolated high-spin Mn2+ ions. Lowering the temperature
caused a gradual decrease of χmT, which reached 0.684 and
1.019 cm3·mol–1·K at 4.0 K for compounds FeMo and MnMo,
respectively[Fig.4(A) and (B)]. This is possibly due to the effect of intermolecular antiferromagnetic interactions. However,
for compound CoMo[Fig.4(C)], the χmT value began to diminish visibly with a decrease in temperature from 6.335
cm3·mol–1·K at 300 K to 1.163 cm3·mol–1·K at 16 K. After that,
the χmT value showed an abrupt drop to 0.101 cm3·mol–1·K at 2
K. The χmT value at room temperature is much higher than that
calculated for two noncorrelated S=3/2 spins(3.75 cm3·mol–1·K
for g=2.0), due to a significant orbital contribution of high-spin
Co(II) in an octahedral surrounding. This observation and the

clear decrease in χmT suggest strong antiferromagnetic interactions in CoMo. It should be mentioned here that the magnetic
properties of NaCo2(H3O2)(MoO4)2(H-CoMo) synthesized
under hydrothermal conditions[15] and CoMo were different
below 13 K[Fig.4(D)]. The magnetization of H-CoMo shows
considerable field dependence below 13 K, indicating canted
antiferromagnetic behavior. Moreover, the split of zero field
cooled(ZFC) and field cooled(FC) susceptibilities curves in a
small field and the peak in the ac-susceptibility indicate the
presence of spontaneous magnetization. However, the data for
CoMo only show weak antiferromagnetic interactions from 300
K to 2 K. In order to obviate the effect of purity and instrument
error, we synthesized H-CoMo as literature[15]. Single crystal
structures, X-ray powder diffraction data [Fig.1(C)] and magnetic susceptibilities[Fig.4(D)] were explored to investigate the
difference of the two compounds. As shown in Fig.1(C), the
two compounds are both pure phases. The difference is very
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small in the bond distance and angle, while the magnetic test
shows an obvious diversity at low temperatures. This may be
because different synthesis conditions lead to slight transformation, which is difficult to distinguish by X-ray diffraction at
room temperature, whereas it can behave in magnetic property
at low temperatures.
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4 Conclusions
MeCN-H2O solution was used in synthesizing first row
transition metal molybdates with teflon-lined autoclave used to
make the reaction condition mild. Three compounds, FeMo,
CoMo and MnMo, were obtained, which are all constructed by
MoO4 tetrahedrons and MO6(M=Fe, Co, Mn) octahedrons
linked by direct corner-sharing. The magnetic measurements
indicate intermolecular antiferromagnetic interactions in the
three compounds. Different synthesis conditions lead to diverse
magnetic properties of NaCo2(MoO4)2(H3O2).

[15] Vilminot S., André G., Boureé-Vigneron F., Baker P. J., Blundell S. J.,
Kurmoo M., J. Am. Chem. Soc., 2008, 130, 13490
[16] Schultze D. H., Justus Liebigs Ann. Chem., 1863, 126, 49
[17] Rodriguez J. A., Hanson J. C., Chaturvedi S., J. Phys. Chem. B, 2000,
104, 8145
[18] Smith G. W., Ibers J. A., Acta Cryst., 1965, 19, 269
[19] Sleight A. W., Chamberland B. L., Inorg. Chem., 1968, 7, 1672
[20] Courtine P., Cord P. P., Pannetier G., Daumas J. C., Montarnal R.,
Bull. Soc. Chim. Fr., 1968, 4816
[21] Wang L. D., Huang Z. Y., Guo Y. X., Wang T. H., Chem. J. Chinese
Universities, 2011, 32(12), 2838
[22] Abrahams S. C., Reddy J. M., J. Chem. Phys., 1965, 43, 2533

References
[1] Young A. P., Schwartz C. M., Science, 1963, 141, 348
[2] Jang M., Weakley T. J. R., Doxsee K. M., Chem. Mater., 2001, 13,
519(and references therein)
[3] Xu J. S., Xue D. F., Zhu Y. C., J. Phys. Chem. B, 2006, 110, 17400
[4] Mazzocchia C., Aboumrad C., Diagne C., Tempesti E., Herrmann J.
M., Thomas G., Catal. Lett., 1991, 10, 181
[5] Zhang H. L., Shen J. Y., Ge X., J. Solid State Chem., 1995, 117, 127
(and references therein)
[6] Xiao W., Chen J. S., Li C. M., Xu R., Lou X. W., Chem. Mater., 2010,
22, 746
[7] Ding Y., Wan Y., Min Y. L., Zhang W., Yu S. H., Inorg. Chem., 2008,
47, 7813
[8] Xue P., Wang Y. J., Lv P. W., Chen D. G., Lin Z., Liang J. K., Huang
F., Xie Z., Cryst. Growth & Des., 2009, 9, 914
[9] Abraham Y., Holzwarth N. A. W., Williams R. T., Phys. Rev. B, 2000,
62, 1733
[10] Doyle W. P., McGuire G., Clark G. M., J. Inorg. Nucl. Chem., 1966,
28, 1185
[11] Van Uitert L. G., Sherwood R. C., Williams H. J., Rubin J. J., Bonner

[23] Keeling R. O. Jr., Acta Crystallogr., 1957, 10, 209
[24] Gao L., Li G. H., Bi M. H., Hu Y. W., Liu X. M., Shi Z., Feng S. H.,
Chem. J. Chinese Universities, 2009, 30(9), 1691
[25] Cui B., Wang X., Li Y. D., Chem. J. Chinese Universities, 2007,
28(1), 1
[26] Sheldrick G. M., SHELXTL-NT, Version 5.1, Bruker AXS Inc.,
Madison, WI, 1997
[27] Soares A. P. V., Portela M. F., Kiennemann A., Hilaire L., Chem. Eng.
Sci., 2003, 58, 1315
[28] Okamoto Y., Morikawa F., Ohhiraki K., Imanaka T., Teranishi S., J.
Chem. Soc. Chem. Commun., 1981, 19, 1018
[29] McIntyre N. S., Johnston D. D., Coatsworth L. L., Davidson R. D.,
Brown J. R., Surf. Interface Anal., 1990, 15, 265
[30] Kim K. S., Phys. Rev. B, 1975, 11, 2177
[31] Cadus L. E., Ferretti O., Appl. Catal. A: Gen., 2002, 233, 239
[32] Hassan M. A., Zaki M. I., Pasupulety L., Kumari K., Appl. Catal. A:
General, 1999, 181, 171
[33] Brown I. D., Altermatt D., Acta Cryst., 1985, B41, 244
[34] Zeemann A., Zeemann J., Acta Cryst., 1957, 10, 409

