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A new layered molybdenum cobalt phosphate, Nao[ Co(Hz0)g][(M016032)Co16(PO4)4 (HPO4)16(HoPO4)4(OH)4(C1oHgN2) 4
(CsHaN)2(H20)6] - 4H20 (1), has been hydrothermally synthesized and structurally characterized. 1 crystallizes in the
monoclinic space group P2¢/n with a = 15.6825(18) A, b = 39.503(4) A, ¢ = 17.2763(17) A, f = 93.791(2)°, V =
10679.4(18) A% and Z = 2. A polyoxoanion of 1 exhibits an unusual organic—inorganic hybrid wheel-type cluster, in
which two pyridine ligands link to the surface Co" atoms of a [Hps(M015032)C016(PO4)24(OH)s(H20)g] (namely,
{Mo46C046P24}) wheel via the Co—N bonds. Furthermore, each {Mo15C045P24} Wheel is connected to four adjacent
wheels by four pairs of 4,4'-bipyridine linkers, forming a 2D layered network. The susceptibility measurement shows
the existence of dominant antiferromagnetic interactions in 1.

Introduction

Polyoxometalate (POM)-based organic—inorganic hybrid
compounds have attracted great interest in recent years
owing to not only their variety of architectures and topologies
but also their numerous potential applications in catalysis,
medicine, and fluorescent, electronic, and magnetic mate-
rials." A current research interest in this field is modification
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to the surface of POMs with various organic and/or transition-
metal complex moieties.''® These kinds of modified POM
derivatives can be regarded as ideal molecular materials
because they combine the properties of the POM and those of
the metal or the organic ligands. So, the compounds can be
molecularly fine-tuned and provide potentially new types of
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catalyst systems as well as interesting functional materials
with optical, electronic, and magnetic properties.' During the
preparation, two strategies have been exploited to increase
the surface charge density and activate the surface O atoms of
heteropolyoxoanions: (1) reduce the metal centers from high
oxidation state to low oxidation state, for example, from
Mo to Mo", by introducing strong reducing regents; (2)
replace high-valence metal centers with lower-valence ones,
for instance, from Mo"" to V'Y or TM?* (TM = transition
metal). However, the highly reduced polyoxoanions are
usually unstable and inclined to be oxidized in an ambient
atmosphere. Thus, the hydrothermal technique has been
extensively employed and proved to be an efficient way to
obtain the metastable POMs modified by various organic
and/or metal—organic fragments.” In the POM field, the
reduced molybdenum phosphates receive much attention for
their applications in catalysis, ion exchange, and molecular
sieves. On the basis of the above strategies, a series of new
reduced polymol{bdophosphates decorated with organic
units were made.”>?~'> More recently, three unusual large
clusters, [H14(MO16032)C016(PO4)24(H20)20]9_a13a [Hys-
(M0603)Ni;(PO4)>s(OH)6(H0)g] *.'* and  [Hso(Mo-
V16032)Ni14(PO4)260,(OH)4(H,0)g],'* have been reported.
However, no organic or metal—organic complexes have been
successfully introduced to these highly reduced polymolyb-
dophosphate clusters so far. This is because the large size of
the POMs decreases the electron density of the surface or the
coordination ability of the surface O atoms. As our continu-
ing research work on organic—inorganic hybrid {MoO,/P/
TM/L} systems, we are interested in using organic ligands to
decorate high-nuclear polymolybdophosphate clusters.
Here, a new 2D layered organic—inorganic hybrid molybde-
num cobalt phosphate, Na,[Co(H>0)g][(M01¢035) Co14(PO4)4-
(HPO4)16(H2PO4)4(OH)4(C10HsN2)4(CsHaN)2(H20)q] -
4H,0 (1), has been successfully made under hydrothermal
conditions, in which the organic ligands, pyridine (py) and
4. 4'-bipyridine (4,4'-bipy), are not only introduced into the
{Mo/TM/P} system, forming the wheel-type cluster [Hoy-
(M016032)Coy6 (PO4)24(OH)4(H20)g] (namely, {Mo;6Co6-
P»4}), but also link the {Mo;¢Co;¢P24} Wheels by 4,4'-bipy
linkers to form the first organic—inorganic hybrid polymo-
lybdophosphates.

Experimental Section

General Methods and Materials. All chemicals were commer-
cially purchased and used without further purification. Elemen-
tal analyses (C, H, and N) were performed on a Perkin-Elmer
2400 CHN elemental analyzer. Na, P, Mo, and Co analyses were
performed on a PLASMA-SPEC (I) inductively coupled plasma
atomic emission spectrometer. The IR spectrum was recorded in
the range 400—4000 cm ™! on an Alpha Centaurt FT/IR spectro-
photometer using KBr pellets. X-ray photoelectron spectros-
copy (XPS) analyses were performed on a VG ESCALAB MK
II spectrometer with a Mg Ka (1253.6 eV) achromatic X-ray
source. The vacuum inside the analysis chamber was maintained
at 6.2 x 107° Pa during analysis. Thermogravimetric (TG)
analyses were performed on a Perkin-Elmer TGA7 instrument
in flowing O, with a heating rate of 10 °C-min~'. Magnetic
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Table 1. Crystal Data and Structure Refinements for Complex 1
CsoH100N19Na,Co17M0o16P2g Ojag

empirical formula

fw, g 6535.52
temperature, K 273(2)
cryst syst monoclinic
space group P2y/n

a, A 15.6825(15)
b, A 39.503(4)

¢, A 17.2763(17)
o, deg 90

B, deg 93.791(2)
v, deg 90

v, A’ 10679.4(18)
Z 2

Deates Mg-m ™3 2.031
u,mm~! 2.470
F(000) 6326.0
data/params 91862/26437
Rint 0.1399
GOF 1.072

final R indices [I > 20([)]
R indices (all data)®

“RI = S(|Fol = IFD/SIFol; WR2 = {S[w(IFol* = [Fl?)/
Z[w(lFoP)z%”.

R1 = 0.0587, wR2 = 0.1435
R1 = 0.0771, wR2 = 0.1618

susceptibility measurements of compound 1 were performed
using a Quantum Design SQUID magnetometer (MPMS-XL)
with polycrystalline samples. Experimental data were corrected
for the sample holder and for the sample’s diamagnetic con-
tribution calculated from Pascal constants.

Syntheses of Na,[Co(H;0)g][(M016032)Co16(PO4)4(HPOy) 16
(H2PO4)4(OH)4(C19HgN3)4(CsH4N),  (H,0)6]-4H,O0 (D).
A mixture of Na,MoO4-2H,0 (1.452 g, 6.00 mmol), Co-
(CH3C00),:-4H,0 (0.480 g, 2.52 mmol), 4,4'-bipyridine
(0.400 g, 2.70 mmol), H;PO4 (2 mL, 30 mmol), and pyridine
(0.350 g, 4.42 mmol) was dissolved in 36 mL of water. The
mixture was stirred for 0.5 h at room temperature and the pH
adjusted to 2.5 with I M NaOH. The resulting suspension was
sealed in a 50-mL Teflon-lined stainless steel autoclave and
heated at 165 °C for S days. After cooling to room temperature,
the deep-red block crystals were isolated. The crystals were
filtered, washed with distilled water, and dried at room tem-
perature with a yield of 45% (based on Co). Anal. Calcd for
C5QH100N10N320148P24M016C017 (Mr = 653552) C,9.19; H,
1.55; N, 2.14; Na, 0.70; P, 11.37; Mo, 23.49; Co, 15.33. Found:
C, 9.22; H, 1.52; N, 2.16; Na, 0.68; P, 11.35; Mo, 23.51; Co,
15.37. IR (KBr pellets, cm™"): 3314(br), 3089(br), 1643(s),
1520(m), 1428(m), 1125(s), 983(s), 849(s), 747(s), S10(w)

X-ray Crystallography. A single crystal of 1 (dimensions of
0.27 x 0.25 x 0.23 mm) was mounted on a glass fiber, and data
were collected on a Bruker SMART CCD diffractometer with
graphite-monochromated Mo Ka radiation (A = 0.71073 A).
A semiempirical absorption correction based on symmetry-
equivalent reflections was applied. A total of 26 853 reflections
were collected, of which 12 865 reflections were unique (R, =
0.1399). The structure was solved by direct methods and refined
by the full-matrix least-squares method based on F2. Structure
solution, refinement, and generation of publication materials
were performed with the use of the SHELXTL crystallographic
software package.”® All of the non-H atoms were refined with
anistropic parameters. The H atoms on the C atoms of py and 4,4'-
bpy were included in calculated positions with the use of a riding
model and refined with fixed isotropic thermal parameters. The
H atoms on water molecules were not included and just put into the
final molecular formula. A summary of the crystal data is pre-
sented in Table 1. The CCDC number is 800818 for 1.

Results and Discussion

Synthesis. 1 was only made by a hydrothermal tech-
nique. Under hydrothermal conditions, many factors may
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Figure 1. (a) Ball-and-stick representation of the hybrid wheel-type cluster of 1. (b) Polyhedral representation of the hybrid wheel-type cluster of 1. Color
code: Mo, green; Co, orange; P, yellow; O, red; N, blue; C, gray. (c) Constituent units of the wheel-type cluster of 1. (d) Coordination environment of cobalt

in the hybrid wheel-type polyoxoanion of 1.

effect the crystal growth and structure of the products,
including the kind and stoichiometry of the starting
materials, temzperature, pH value, filling volume, and
reaction time.”'* During our exploration on the new
polyoxomolybdates in the {Mo/TM/P} system, a series of
new organic—inorganic hybrids have been hydrothermally
made. Most of these are based on the Keg§in-type {PMoi,}
unit,> Dawson-class {P,Mo;g} cluster,” {P;Mo¢} frag-
ment,'® {P,Mos} anion,'’ the basket-like {P(Mo;s} cage,'”
and the {Mo;sTM;¢P»s} wheel.'> We are interested in
inorganic—organic hybrids based on the {Mo;,TM;cP»s}
wheel because these systems have not been systemically
explored. Two important factors must be fully considered
during the synthesis: (1) The proper reductive reagent must
be introduced into the reaction system for reducing the
Mo"! center to Mo". (2) The formation conditions of the
wheel must be satisfied, i.e., to enable TM and phosphate
groups to connect to Mo fragments, forming large clusters.
So, it is necessary to select suitable acidity and reaction
temperature. In the initial stages of the reaction, although
various molar ratios of Na,MoO,:H;PO,;TM>":L have
been applied, the initial pH values, reductive reagent, and
reaction temperature seem to be vital to the reaction."” It is
worth mentioning that the wheel-type {Mo;sTM ¢Pas}
clusters were generally made above 160 °C within the pH
range of 2.0—4.0. Furthermore, the use of the Mo metal,
amino acid (pL-o-alanine), and chelate ligands with carbox-
yl groups (H4EDTA) as the reductive reagent is an effective
method. In our case, the py and 4,4'-bpy ligands plays
three roles in the formation of the hybrid wheel during the
self-assembly process: (1) they can substitute the surface
O atoms of the polyoxoanion; (2) they act as the reductive
reagent to promote the reduction of Mo"! to Mo"; (3) they
also serve in structure-directing roles. Through careful
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7100. (c) Zhang, Y. N.; Zhou, B. B.; Li, Y. G.; Su, Z. H.; Zhao, Z. F. Dalton Trans.
2009, 9446.
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Molecular Paramagnetism; John Wiley & Sons: New York, 1976.

Figure 2. Ball-and-stick representation of four basic building blocks in
the wheels of 1: (a) first type of {Moy} unit; (b) second type of {Moy} unit;
(c) first type of {Coy} unit; (d) second type of {Coy} unit.

exploration, the optimal reaction conditions for 1 is found
to be a mixture of Na,MoO,4-2H,0, Co(Ac),-4H,0,
HsPO,, py, and 4,4'-bpy in a molar ratio of 6:2.52:30:-
2.7:4.42 in water (pH 2.5) at 165 °C for 5 days. If the reaction
temperature was lower than 165 °C or the pH value was
outside of 2.5, no crystals were obtained.

Structure of 1. Single-crystal X-ray diffraction analysis
revealed that compound 1 is a 2D layered structure
constructed from the wheel-type cluster units [H,4(Mo¢-
ng)CO16(PO4)24(OH)4(H20)6]4_ modified with j9)% li-
gands and 4,4'-bpy linkers, Co(H,0) octahedra, sodium
cations, and lattice H,O molecules (Figure S1 in the
Supporting Information). The structural building unit
can be described as a centrosymmetric wheel-shaped
cluster with overall C,, symmetry (Figure 1a,b) contain-
ing four {Moy} tetramers, two {Co4P¢Ny} fragments, and
two {Co4P¢N} units (Figure 1c), encapsulating a central



Article

Inorganic Chemistry, Vol. 50, No. 5, 2011 1865

Table 2. Coordination Environments of {PO,} Groups in the Symmetric Unit of the Wheel in 1

The coordination environments

No. PO;bridge  Number  Metal centers P centers” Protonated
4oridg x2) : form of {PO4} group
::’LQ s r::“g‘ Q— o3
I urPO, 2 4Co P4, P§ [H:POLT (peld, %J e&'gv
Sl G
af\‘“ ¥ AT
! o; Ve
‘o\—;;—o- ¥ .
P9 1o
M f07 eyl
2 Mo (in the <\ >
same tetramer),  P9-P12 [HPO4)*
2Co \u’ rﬂ)
¥ o t“n;“?‘ﬂo-'
*F11 M
(_"_D-::\—o_& M MaT
2 PO, 8 EANA;
M ;{" h"’%”“ﬁl
o Cos%,Fcas
2 Mo (in the Ve s R i
differrent P1-P3.P5 [HPO,]*
tetramer), 2Co 1 . 3.%,. o B
i Prs
] e
2 2l iy
Mr(:oa b o8 - I % Lf
3 u-PO, 2 4 Mo, 2 Co P6, P7 PO M o2ntosp A o o5 baMol
M M 7

“All P labels are consistent with those in Figure 2.

Figure 3. View of the 2D layered network in 1.

[Co(H,0)g]*" octahedron located on an inversion center.
The outer size of the wheel is ca. 16.8 x 16.9 A, while the
inner cavity is ca. 6.3 x 6.4 A.

In the structure, two types of {Moy4} tetramers contain-
ing four MoOg octahedra are reinforced by three phos-
phate groups (P7, P9, and P12 in Figure 2a and P6, P10,
and P11 in Figure 2b) via a u3-O atom (O16 and O34,
respectively) and six 4-O atoms (048, 022, O15, O19,
026, O12 and 031, 053, 021, 057, 027, OS55, re-
spectively), in which each Mo atom adopts disordered
octahedral geometry with Mo—Mo distances in the range
of 2.600(3)—2.612(3) A.

Four {CoOg} or {CoO¢_N,} (x = 1 or 4) octahedra
connect to each other in an edge-sharing mode and
further are linked by six PO4 groups in a corner-sharing
mode to form two types of {Coy} tetramers (Figure 2c,d),
resulting in the lower symmetry of the wheel, from Cy, in
the reported wheel'*® to C,, in 1. Furthermore, the
number of coordinated water molecules within the wheel
in 1 is different from all of the reported wheels'® because
of the varying coordination environments of some Co
atoms. In one type of {Coy} tetramer (Figure 2¢), only one
Co center of four Co octahedra linked to the N atom of
the py ligand. The Co6 and Co7 centers are coordinated
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Figure 4. Polyhedral and ball-and-stick representation of the 3D framework along the b axis in 1.
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Figure 5. XPS spectra of compoumd 1.

with three u3-O atoms shared by two Co atoms and PO,
groups, one u3-O atom shared by one Co and two Mo
atoms, one u,-OH (O37) atom shared by two Co atoms,
and one terminal water ligand for the Co6 atom and one
N atom of py for the Co7 atom, respectively. Both Co3
and Co9 centers are surrounded by four u;-O atoms
shared by two Co and POy groups, one ¢3-O atom shared
by one Co, two Mo atoms, and one water ligand
(Figures 1d and 2¢), respectively. The Co—O bond lengths
arein the range of 2.032(14)—2.126(19) A, and the Co—N
bond length is 2.11(2) A. In the other type of {Coy4}
tetramer (Figure 2d), all octahedral Co centers link to
the N atoms of the 4,4'-bpy ligands. The Co8 and Co4
centers coordinate to four u#3-O atoms shared by two Co
and PO, groups, one u3-O atom shared by one Co and
two Mo atoms, and one N atom of the 4,4'-bpy ligand,
respectively. The Co5 and Co2 centers are surrounded by
three u5-O atoms shared by two Co and PO, groups, one
u3-O atom shared by one Co and two Mo atoms, one
U>-OH (050) atom shared by two Co atoms, and one N
atom of the 4,4'-bpy ligand (Figures 1d and 2d), respec-
tively. The bond lengths of Co—O are in the range of
2.011(14)—2.165(18) A, and the bond lengths of Co—N
are in the range of 2.125(19)—2.159(17) A.

Bond valence sum (BVS) calculations'” confirm that all
Mo and Co centers are in the oxidation states of 5+ and
2+, respectively. In addition, BVS shows that the O atoms

(15) Brown, D.; Altermatt, D. Acta Crystallogr., Sect. B 1985, 41, 244.

located the protons of the phosphato groups (BVS values
are in the range of 1.10—1.32), the hydroxo ligands (two
037 and two O50) only bridged two Co centers (0.69—0.84),
and the terminal water ligands linked to the Co centers
(0.29—0.34), respectively. Thus, the detailed formula of the
hybrid wheel has been stated as [(Mo01603,)(PO4)4(HPOy) ¢
(H2PO4)4C016(OH)4(CsHaN)»(H20)6]* .

The {Co4} and {Moy} tetramers are alternately con-
nected in a corner-sharing mode to form the cluster wheel.
All POy groups as bridges or hinges are joined to the
{Moy} or {Coy} tetramers to reinforce the whole wheel-
type structure except the P(4)O4 and P(8)O,4 groups linked
to four Co centers. According to the coordination envi-
ronment of the PO4 groups in the wheel cluster, they can
be separated into three types (Table 2), i.e., the uy4-POy
groups bridge four Co atoms, the u4-POy4 groups bridge
two Mo and two Co atoms (Mo derived from the same
{Moy} tetramers or adjacent {Moy} tetramers), and the
ue-POy4 groups bridge four Mo and two Co atoms.
Following the above-mentioned connection modes, there
are 4 uy-[H,PO4] bridges, 16 ,u4-[HPO4]2_ bridges, and
4 ue-[PO4)*~ bridges, respectively (Table 2).

Moreover, 1 exhibits a new linking mode that differs
from the known 2D layered molybdenum(V) cobalt
phosphate linked by cobalt dimers or monomers'* be-
cause each wheel in 1 connects the same four coplanar
wheels by 4,4'-bipy linkers via four pairs of Co—N
bonds, forming a 2D layer (Figure 3). Furthermore, these
anionic layers are further linked together by lattice water
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molecules (O2W) and the surface O atoms of polyoxoa-
nions via hydrogen-bonding interactions to form a 3D
supramolecular network (Figure 4).

XPS. The oxidation states of P, Mo, and Co are further
confirmed by XPS spectra, which were carried out in the
energy region of P 2p, Mo 3ds,», Mo 3d3/2, Co 2py /2, and
Co 2p3 2 (Figure 5). The peak at 133.2 eV is attributed to
P°" jons, the peaks at 230.9 and 234.8 eV are ascribed to
Mo’" ions,'® and the peaks at 781.5 and 800.1 eV are
ascribed to Co®" ions. Their oxidation states are in accor-
dance with the valence bond calculations.

IR Spectroscopy. In the IR spectrum of compound 1
(Figure S2 in the Supporting Information), the peaks at
3314, 3089, and 1643 cm™ ! are ascribed to the vibrations
of the lattice and coordinated water molecules. The char-
acteristic peaks at 1520 and 1428 cm ™' can be regarded as
the vibrations of the py and 4.4'-bpy ligands. The strong
bands at 1125, 983, and 747 cm™ ! are attributed to (P—0),
(Mo=0), and v(Mo—0O—Mo), respectively. The peak
located at 510 cm ™! can be attributed to ¥(Co—O).

TG Analysis. In order to estimate the lattice—water
content and the thermal stability of compound 1, TG
analysis was carried out from 25 to 800 °C. In the TG
curve, there are three continuous weight loss steps (Figure
S3 in the Supporting Information). The first weight loss of
4.36% in the temperature range of 60—250 °C corre-
sponds to the release of all lattice and coordinated water
molecules, which is in accordance with the calculated
value of 4.41% (~16 H,0O). The second weight losses of
16.30% in the temperature range of 250—580 °C are
attributed to the loss of all py and 4,4'-bpy ligands and
dehydration of the hydroxylsin 1. The value is close to the
calculated value of 15.83% (~2 py, 4 bpy, and 14 H,0).
The last weight losses of 8.05% in the temperature range
of 580—800 °C might be ascribed to the release of partial
P,0s5 derived from mixed oxide phases.

Magnetic Properties. The variable-temperature mag-
netic susceptibility was measured from 300 to 2 K at 2000
Oe for 1 (Figure 6). The xmT vs T curve shows a value of
47.79 emu-K-mol ™! at 300 K, which continuously de-
creases upon cooling to a value of 7.39 emu-K -mol ' at
2 K, suggesting that antiferromagnetic interaction is pre-
domlnant in 1. Owing to spin pairing of the d' electrons in
the Mo" dimers with the short Mo— Mo distances of an
average value of 2.607 A 7 only the Co" jon is responsible
for the magnetic properties of 1. The effective magnetic
moment per formula unit at 300 K, 19.55 ug, is in the
ran%e of experimentally observed values for 17 high-spin

ions with the orbital contribution.'® Above 50 K, the
magnetic susceptibility was fitted to a Curie—Weiss ldW
giving C=52.4emu-K-mol 'and §=—27.5K. The large
negative value of the Weiss constant should be related
to both antiferromagnetic interactions and spin—orbit
coupling effects. In 1, besides the isolated Co(H»O)q
cation, each wheel-type cluster unit contains four {Co4}
tetramers connected with two {Moy} tetramers in a
corner-sharing mode. Considering the larger Co---Co
distances (ca.6.5 A) between the {Coy4} tetramers, magnetic

(16) Grim, S. O.; Matienzo, L. J. Inorg. Chem. 1975, 14, 1014.

(17) Vergamini, P. J.; Vahrenkamp, H.; Dahl, L. F. J. Am. Chem. Soc.
1971, 93, 6327.

(18) Carlin, R. L. Magnetochemistry, Magnetochemistry; Springer-Verlag:
Berlin, 1986.
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Figure 6. Plot of y,,T'vs T for 1. The solid line is the Curie—Wiess fit of
the data.

exchange interactions should be mainly mediated by the
double oxygen bridges between adjacent Co'! ions within
the {Coy} tetramers. The most important parameter
considered in the magnetostructural correlation of the
POM cores is the M—O—M angle. Structural analysis
data reveal that the Co—O—Co bond angles range from
95.6° to 109.5°, with an average angle of 99.3°. Such
values are_ in the range expected for antiferromagnetic
coupling'® and are consistent with our experimental
observation.

Conclusion

In conclusion, a novel molybdenum(V) cobalt phosphate
containing an unusual organic—inorganic hybrid wheel-type
cluster, Na,[Co(H>0)s][H24(M016032)C06(PO4)24(OH)4-
(C1oHgN2)4(CsH4N)»(H,0)6]-4H,O (1), has been success-
fully made under hydrothermal conditions and structurally
characterized. Interestingly, two different organic ligands
modify the {Mo;sTM;¢P>¢} wheel via the TM—N bonds,
and each wheel connects to the same four wheels by four pairs
of 4,4-bpy to form a 2D layered network. Compound 1
represents a new member in the {Mo/TM/P} system and the
first example of organic—inorganic hybrid wheel-type clus-
ters. In order to investigate the effect of different reductive
ligands on the POM products under hydrothermal condi-
tions, further efforts will focus on the {Mo/TM/P/L} (L =
organic ligands) system. Further work is in progress.
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