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From Molecular to Two-Dimensional Anderson Polyoxomolybdate: Synthesis,
Crystal Structure, and Thermal Behavior of [{Ni(H,0)4},{Ni(OH)sMocOs}]°
4H,0 and [Ni(H,O)¢]|Ag,{Ni(OH)sMosO,s}]:8H,O
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Two 2D Anderson polyoxomolybdate-based compounds,
[{Ni(H;0)4)2{Ni(OH)sMo0gO1 6)-4H,0 (1) and [Ni(H;0)6][Ag,-
{Ni(OH)gMo0gO4g}]-8H,O (2), were synthesized and charac-
terized by elemental analysis, IR spectroscopy, SEM, and sin-
gle-crystal XRD. Their thermal behavior was studied by
TGA, DSC, XRTD, and IR spectroscopy. Both 1 and 2 are
arranged in 2D networks. In 1, [Ni(OH)gMogO15]*~ Anderson
units are covalently linked to each other by two different
types of Ni?*, whereas in 2, the corresponding interactions

are ensured exclusively by Ag* ions. In addition, all the Ni%*
cations in 2 are located in interplanar positions and act selec-
tively as counterions. Upon the addition of silver, the thermal
stability of the Anderson anion is increased from 170 °C for
pure nickel compound 1 up to 220 °C for mixed silver-nickel
2. Below 220 °C, 2 exhibits reversible hydration—dehydration
processes with preservation of the Anderson anion structure.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Polyoxometalate compounds have received much atten-
tion due to extreme variabilities in their compositions,
molecular architectures, solid-state structures, properties,
and applications, particularly in catalysis.['3 Recently, An-
derson-type heteropolymolybdates [X(OH)sMosO]" have
been proposed for precursors of catalysts for hydrodesulfur-
ization (HDS) reactions. It is specifically the case for
6-molybdocobaltate (NH,4);[Co(OH)sMogOg], 6-molyb-
dorhodiumate (NHy4)3[Rh(OH)sMosO5]-7H,0O, and 6-mo-
lybdoaluminorhodiumate (NHy);[Rh,Al;_(OH)sMosOg],
which were studied by Cabello et al.** and Martin et al,
respectively.[0 8]

The [X(OH)sMo4gO;5]" Anderson structure is charac-
terized by the presence of a central heteroatom X, generally
a octahedral metallic atom surrounded by a crown of six
edge-sharing MoQOg octahedra. The overall wheel adopts a
planar configuration.!% Three kinds of oxygen atoms can
be distinguished: 12 terminal oxygen atoms Oy, 6 Oy, atoms
bridging two Mo atoms, and 6 O, atoms linked to the cen-
tral heteroatom X and to two Mo atoms of the belt.

Some IR and EXAFS studies have been focused on the
structure of Anderson-molybdates, but only a few crys-
tallized phases with X = Cr, Co, Al, Te, Cu, have been char-
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acterized by XRD, mainly as ammonium or alkaline
salts.''=171 Recently, the formation of molecular, spiral-
shaped, and two-dimensional Anderson inorganic—organic
hybrids have been reported.['82%

With chromonium, [(H,0);Ags][Cr(OH)sMosO,5]:3H,0
was characterized as an open 3D framework by An et al.,?"]
whereas with nickel, the structure of (NH4)4Ni(OH)¢-
MogO,5]-4H,0 revealed?!l the Anderson units are inter-
linked by ammonium cations and water molecules.

In this work, we report on the synthesis and crystal struc-
ture of two molybdonickelate salts. One is a pure nickel-
containing Anderson compound, whereas the other is a
mixed Ag-Ni compound. A study of their thermal behav-
iors by IR spectroscopy, XRD and X-ray thermodiffracto-
metry (XRTD), TGA and DSC was also performed.

Results and Discussion

Crystal Structures

The crystallographic data collection and the structure re-
finement parameters for [{Ni(H,0)},{Ni(OH)sMo0cO:5}]
4H,0 (1) and [Ni(H,0)][Ag>{Ni(OH)sM0cO5]-8H,0 (2)
are reported in Table 4.

Crystal Structure of [{Ni(H,0) 4,{Ni(OH) MosO0;s} ]
4H,0 (1)

The formula deduced from the structure refinement is
H3oMogNi3036. The positions of the hydrogen atoms were
located by bond-valence sum calculations. The number of
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water molecules was confirmed by TGA. Selected distances  Table 1. Selected bond lengths and angles for 1.
and angles related. tg the structure are repor.ted in Table 1. Bond lengths [A]
Compound 1 exhibits the new two-dimensional structure
Mol-08 1.707(8) Mo2-Ol1 1.707(8) Mo3-O15 1.721(7)

reprjfented, in Figure 1. Andeﬁon units [NiOH)eMos- v 07 17227)  Mo2-012 1724(7)  Mo3-014 1.737(7)
O] are linked by [Ni(H,O)4]*" groups to form infinite  Mo1-09  1.907(7) Mo2-09 1.934(7) Mo3-O13 1.925(7)
planes that are self- assembled by hydrogen bonds. The An- Mol-010 1.979(7) Mo2-013 1.951(9) Mo3-O16 1.957(8)
derson unit is composed of a central Ni atom sharing edges Mol-O1  2.227(7) ~ Mo2-03  2.227(7) ~ Mo3-O4  2.176(6)

P ~ Mol-02 222799 Mo2-02 2232(6) Mo3-03 2232(8)
with six octahedral MoO4(OH), groups to form a hexago Mod O17 1718(7) Mo5.020 1.7048) Mo6-024 1.708(7)

nal CrO.Wn. Six hydroxy groups are coordinated to the Cen.' Mo4-018 1.719(8) Mo5-021 1.718(7) Mo6-023 1.712(7)
tral Ni atom. In each MoO4(OH), octahedron, two OH li- Mo4-019 1.922(7) Mo5-022 1.937(9) Mo6-022 1.926(7)
gands are in cis positions, and the octahedron shares two Mo4-016 1.947(7)  Mo5-019 1.939(7)  Mo6-O10 1.955(7)
O-OH edges with two neighboring MoO4(OH), moieties moj“:gg gg;ggg ﬁ"z*gg ggggg; mogfg? g;?;g%
. . O . 00— . 00— .

and a OH-OH edge with the central Ni(OH)s group, 0  20087) Ni2-025 201009) Ni3-O31 2.017(9)
respectively. Three types of Mo-O dlStaI}CCS are observed:  Nij1_03 2.0206) Ni2-027 2.053(7) Ni3-O12  2.036(7)
long Mo-Oc(H) distances of about 2.2 A, medium Mo-O  Nil-04 2.022(7)  Ni2=021 2.059(7)  Ni3-029 2.039(7)
distances of about 1.9 A, and short Mo—-O distances of Nil-Ol 2-023(83 Ni2-026 206158; Ni3-030 2-047(83
R . Nil-02 2.048(7 Ni2-028  2.065(8 Ni3-017  2.073(7

about 1.7hA for M]O bpnded to OE agd O,. The distance NiLO5  2071(7) N2.O7 207007 Ni3.032  2.099(8)
betyveen the central Ni atom and the six O, oxygen atoms  ;_ 0980(7) O3-H3  0980(7) OS5-H5  0.980(7)
varies from 2.008 to 2.071 A. 02-H2 0.980(7) O4-H4  0.980(6) O6-H6  0.979(7)
The Anderson units are connected to each other through

the Ni2 and Ni3 atoms in a plane perpendicular to the ¢

Bond angles [°]

axis as presen‘ged in Figure 1. The Ni2 agd Ni3 atoms are 8;;:§1§:8; g?gg; 8;;:?3:83 gggg;
both six-coordinate, and each nickel atom is bonded to four  ¢_Ni2-07 90.9(3) 030-Ni3-012 89.8(3)
water molecules and two O oxygen atoms pertaining to two  027-Ni2-07 91.7(3) 031-Ni3-012 88.2(3)
perpendicular Anderson units, which thus forms the octa- ~ 028-Ni2-O7 179.2(3)  032-Ni3-O12 178.7(3)
hedral [NI(H20)4(Ot)2] moiety (Othifot ~ 900)- Each 021-Ni2-026 1781(3) 0O17-Ni3-030 1796(3)

© (C))
Figure 1. Representation of the two-dimensional structure of [{Ni(H,0)4},{Ni(OH)sMo0¢O,5}]-4H-O (1): (a) connection of an Anderson

anion with four Ni; (b) connection of four Anderson anions by Ni atoms; (c) representation of a plane formed by the connection between
Anderson anions and Ni atoms; (d) connection of planes ensured by water molecules.
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Anderson unit is linked to two Ni2 and two Ni3 atoms
through the terminal O7, O21 and O12, O17 oxygen atoms,
respectively. One Ni2 and one Ni3 atom are located on one
side of hexagonal planar Anderson unit and the two others
on the opposite side. Their positions can be exchanged by
rotation according to a C, axis of the Anderson ring. The
Ni2-O, and Ni3-O, distances are about 2.0 A, which is a
quite similar value to that of Nil-O.(H). A formal plane
results from the alternate linking of the Anderson units and
Ni atoms. Fourteen-membered rings are formed by four
Anderson anions and four Ni atoms without any water in-
cluded inside (Figure 1b,c). The Anderson units orientate
perpendicularly to each other. It can be noted that these
Anderson units are also interlinked by hydrogen bonds
through the H atoms of the central Ni(OH)s octahedron
and terminal oxygen atoms O, within two groups: H1-023
(1.708 A), H3-024 (1.765 A) and H4-0O14 (1.683 A), H6—
015 (1.754 A), respectively. In each group, two hydrogen
atoms are linked to two cis O, atoms of the same
MoO4(OH), octahedron. These hydrogen bonds probably
play a role in the orientation of the Anderson units. A sim-
ilar orientation was reported®!l for (NH4)4[NiMogO,Hg]*
4H,0, where the cohesion between polyanions is ensured
only by hydrogen bonds. Here in 1, the cohesion of the net-
work is not only ensured by Ni** ions, but also reinforced
by hydrogen bonds that impose the perpendicular orienta-
tion. Only water molecules (four H,O per Anderson unit in
average) were found between planes (Figure 1d). Conse-
quently, [{NI(H20)4}2{NI(OH)6MO6018}]’4H20 (1) repre-
sents a veritable novel 2D-macromolecular structure.

Crystal Structure of [Ni(H,0)4s][ Ag>{ Ni(OH)sMoO,4} |+
8H,0 (2)

The empirical formula deduced from the structure refine-
ment is H33Agr,MogNi,Osg. As for 1, the number of water
molecule and the contents in Ni, Mo, and Ag are confirmed
by TGA and elemental analysis, respectively. Some perti-
nent distances and angles related to the structure are re-
ported in Table 2. This compound exhibits another novel
2D arrangement as represented in Figure2: the [Ni-
(OH)¢MoeO,g]* Anderson units are linked by Ag* ions to
form planes that are assembled by weak interactions
through octahedral [Ni(H,O)¢]** and water molecules. The
[Ni(OH)sMo¢O;4]* Anderson unit has the same hexagonal
structure as 1. Three kinds of Mo-O distances are ob-
served, and the octahedra containing the central Ni(OH)g
and the [Ni(H,O)¢]*" counterions are slightly distorted. In
Figure 2a are represented the connections of the hexagonal
Anderson unit with the Ag* cations. Each polyanion is
linked to six Ag* ions through O, and O, atoms. Four Ag
atoms are linked to eight O, atoms among the 12 terminal
O, atoms of one polyanion, whereas the two other Ag
atoms are linked to two bridging Oy, atoms.

All the Ag atoms are pentacoordinate to three Anderson
units (Figure 2b) to form a near square pyramid. Each Ag
atom links, in the same basal plane, two O, atoms of one
Anderson unit (da, o = 2.374 and 2.464 A), one O, atom
of a second Anderson unit (da, o = 2.385 A), and one O,
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Table 2. Selected bond lengths and angles for 2.
Bond lengths [A]

Mol-O1 1.711(1) Mo2-08 1.705(2) Mo3-012 1.691(2)
Mol-02 1.713(2) Mo2-O7 1.724(1) Mo3-Ol11 1.725(2)
Mol-04 1.910(2) Mo2-03 1.925(2) Mo3-09 1.920(1)
Mol1-03  2.004(3) Mo2-09 1.947(2) Mo3-04 1.972(2)
Mol-06  2.244(3) Mo2-O10 2.208(2) Mo3-05 2.230(3)
Mol-0O5 2.290(2) Mo2-06 2.2353) Mo3-010 2.256(2)
Nil-0O10 2.007(3) Ni2-O13 2.068(2) Agl-02 2.341(2)
Nil-0O10 2.007(3) Ni2-O13 2.068(2) Agl-O1  2.374(0)
Nil-06  2.031(2) Ni2-O14 2.083(2) Agl-04 2.385(2)
Nil-06 2.031(2) Ni2-O14 2.083(2) Agl-0O7  2.464(3)
Nil-05 2.076(2) Ni2-O15 2.091(2) Agl-Ol11 2.607(2)
Nil-05  2.076(2) Ni2-0O15 2.091(2)
Bond angles [°]

01-Agl-07 84.8(3) 02-Agl-07 76.4(3)
O1-Agl-04 100.93)  02-Agl-0O4 98.0(3)
O1-Agl-02 161.03) 0O4-Agl-0O7 172.8(3)

atom of a third Anderson unit (da, o = 2.341 A). Another
O, atom of the third Anderson unit is located at the oppo-
site vertex through a longer distance (dag, o = 2.607 A). The
connections between Anderson anions and Ag* ions gener-
ate an infinite plane parallel to the ab plane, which is free
of any hydration or coordinated water molecules. All the
polyanions orientate towards the same direction (Figure 2c)
with only one hydrogen bond between two Anderson units.
The plane thus formed is very different from that present
in 1. This can be justified by the strong interaction existing
between Ag* and three O, atoms (O1, O2, and O4) of the
three Anderson anions (short average bond length of
2.366 A due to softness of Ag*). The octahedral [Ni-
(H,0)6)** group and water molecules are located between
these planes (Figure 2d). The comparison of bond length
values to literature data permits to postulate that, among
the water molecules located in the interplanar space, two of
them link two hydroxy groups of a central Ni(OH)g
group through hydrogen bonds [O(H)-O(H,) distance of
2.783 A].21

The 2D structure of 2 described in this work is totally
different from that of the 3D open framework of
[(H>0)4Ag5][Cr(OH)sMogO;5]-3H,0P% in spite of a similar
parallel orientation of the Anderson anions. Among the
three types of silver atoms present in [(H,O);Ags][Cr-
(OH)sMo04O5]-3H,0, two are used to form the plane. All
the Ag* ions are coordinated not only to terminal and
bridging oxygen atoms of the Anderson anion but also to
one or two water molecules. Otherwise, in 2, a weak interac-
tion between an Ag atom and an oxygen atom of a
[Ni(H,O)4] group is postulated, as the Agl-O15 distance
[2.920(1) A] is shorter than sum of the van der Waals radii
of Ag and O (3.20 A). The consequence of this interaction
is that, as in [(HZO)5Na(C6N02H4)(C6N02H5)3Ag2] and
[Ag,IM0¢0,4(H50),]-6.25H,0,23 all the Ag atoms in 2 are
six-coordinate in a octahedral geometry, but not five-coor-
dinate as in a square pyramid. The O15 atom behaves as a
bridging ligand that links Ni2 on one side and Aglon an-
other, through an angle of 139.785(4)°. According to this
consideration, 2 could be considered a 3D compound.
2193
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Figure 2. Representation of the 2D structure of 2: (a) connection of an Anderson anion with six Ag atoms; (b) coordination of Ag by
five oxygen atoms of three Anderson anions; (c¢) view of the plane formed by Anderson anions connected to Ag atoms; (d) view of the
layer structure according to the a axis; [Ni(H,O)q]>* octahedron and water molecules are located in the interplanar space.

Characterizations

Compounds 1 and 2 were characterized at room tem-
perature by SEM, elemental analysis, and IR spectroscopy,
and their thermal behaviors were studied by TGA, DSC,
IR spectroscopy, and XRTD.

Characterizations at Room Temperature

Elemental analysis results (see Experimental Section) are
in agreement with the chemical formula deduced by XRD
refinement. SEM images of these two compounds showed
two different crystal morphologies (Figure 3): square plane
crystals for 1 and stick-like crystals for 2.

(a) ((b)
Figure 3. SEM images of (a) 1 (X700) and (b) 2 (X2000).
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According to the literaturel®!9-24-26 and to the results of
thermal treatment experiments, the IR spectra of 1 and 2
exhibit the characteristic bands of the Anderson anion (at-
tributions are given in Table 3). Different vibrational modes
can be distinguished: (i) the symmetric and antisymmetric
stretching modes of the Mo-O; group; (ii) the characteristic
vibrational mode of the Mo-O,, group, (iii) the characteris-
tic vibrational mode of the Mo-O, group, and (iv) lattice
modes and coupling modes of the Anderson structure.

Table 3. IR spectroscopic data for 1 and 2.1

¥ for 1 [cm '] ¥ for 2 [em ] Assignment
945 (sh.) 928 (s) vy(Mo-Oy)
930 (s) 915 (sh.) Vas(Mo-0y)
900 (vs) 880 (vs) V.s(Mo-0Oy)
789 (w)
633 (vs) 635 (vs) v(Mo-Oy)
573 (s) 582 (sh.) v(Mo-Oy)
496 (sh.) 480 (w) v(Mo-O,)
398 (m) 387 (m) v(Mo-0O,)
322 (w) 313 (w) lattice modes

[a] vs: very strong, s: strong, m: medium, w: weak, sh.: shoulder.

Eur. J. Inorg. Chem. 2008, 2191-2198
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The frequencies of the symmetric and antisymmetric vi-
brations of the Mo-O; bond depend on the nature of the
metallic cation bridged to the O, atoms of the polyanion.
When the Anderson units are linked by Ni** as in 1,
v{(Mo-O,) and v,(Mo-O,) are located at 945, 930, and
900 cm !, whereas when the Anderson anions are inter-
linked by Ag™ ions the band positions decrease to 928, 915,
and 880 cm!. This frequency decrease indicates a weaken-
ing of the Mo-O; bond strength and allows the supposition
that the interaction between the Ag™ ions and the Anderson
anion is stronger than that with nickel. The frequencies of
other vibrational modes are also perturbed, particularly the
relative intensity of the Mo-Oy, bands: in 1, the two v(Mo—
Oy) bands observed at 573 cm™! and 633 cm™! have almost
the same intensity, whereas for 2, the v(Mo-O,) band at
582 cm! is so weak that it is observed as a shoulder among
the other v(Mo-O,) band at 635 cm .

Some studies claimed that there was no visible influence
of the nature of the heteroatom X on the Mo-O frequencies
of the Anderson unit.?*?”] More recently, a detailed study
was reported®® by Botto et al. on (NH,);[X"™(OH)e-
MogO;g], which showed that Mo-O, frequencies are the
most affected by changes in X. A slight shift to higher fre-
quencies was observed when the size of X was increased
in the isomorphism series. Nevertheless, to the best of our
knowledge, no decisive IR studies about the influence of
the nature of the cation bridging Anderson units on the
Mo-O bands have been reported. Here, it appeared that the
frequencies of the Mo-O vibrational bands and the relative
intensities of the two Mo-O, bands and the Mo-O, band
are considerably affected by the nature of the metallic
atoms, Ni and Ag, bridging the Anderson units.

Thermal Behavior

The thermal behavior of some Anderson-type hetero-
polymolybdates has been published and analyzed by several
research groups,>2>28-3% but nothing is reported on the 6-
molybdonickel Anderson structure. The TGA and DSC
plots of compounds 1 and 2 are shown in Figure 4. The
evolution of the solid and specifically of the Anderson
anion structure was analyzed by XRTD (Figures 5 and 6)
and/or powder XRD and IR spectroscopy.
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Compound 1

The TGA plot of 1, represented in Figure 4a exhibits
three weight losses. The first one, between 25 and 100 °C, is
attributed to the evolution of four water molecules located
between the planes. The second one, between 100 and
180 °C, is attributed to the loss of four water molecules at-
tached to Ni2 and Ni3. Finally, the third one, between 180
and 450 °C, corresponds to the evolution of four other co-
ordinated water molecules and three structure water mole-
cules originating from six OH groups coordinated to the
central Nil heteroatom, which is indicative of decomposi-
tion of the Anderson structure. The variations in the XRTD
patterns of 1 are shown in Figure 5. The monoclinic phase
of 1 is maintained up to 60 °C and then disappears at 80 °C,
whereas another novel phase is observed at 120 °C after the
loss of interplanar water. The departure of half of the coor-
dinated water molecules induces a complete amorphization
of the solid at about 180 °C. Crystallized oxide phases ap-
pear at 440 °C, identified as MoO; and NiMoO,, which
shows that the Anderson structure has been completely de-
stroyed.

10 20 30

20[°]

Figure 5. Evolution of the X-ray diffraction pattern of 1 in static
air at temperatures of 30, 40, 60, 80, 100, 120, 140, 160, 180, 200,
240, 280, 320, 360, 400, 420, and 440 °C.

The thermal treatment of 1 at 100, 170, 220, and 300 °C
was performed in air. The initial light-green color of 1
changes progressively to yellow at 170 °C and then to
orange at 300 °C. The IR spectra reveal that the polyanion
structure is conserved up to 170 °C but a partial decompo-
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Figure 4. TGA and DSC curves of (a) 1 and (b) 2; * peak due to DSC apparatus.
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sition is observed after 2 h of treatment at 170 °C. The total
decomposition is complete at 220 °C. The DSC results are
in agreement with TGA, XRTD, and IR studies. The loss
of the water molecules located in interplanar positions and
half of the water ligands are accompanied with endothermic
features at 75, 110, and 120 °C. According to TGA, the de-
parture of the remaining half of the water ligands cannot
be distinguished from that of the structure water, but two
large endothermic peaks, in spite of their partial superim-
position, are observed with higher intensity at about 170
and 230 °C. By considering the XRTD and IR studies, it
can be assumed that the endothermic peak near 170 °C cor-
responds to the evolution of the remaining coordinated
water molecules, and the peak at 230 °C corresponds to the
loss of the structure water molecules, because the Anderson
structure is conserved after treatment for 2 h at 170 °C and
then decomposes above 170 °C. Finally the exothermic
peak at 440 °C corresponds to the crystallization of the
formed oxides and confirms the MoO; and NiMoO, oxide
phases observed by XRTD. These data permit to summa-
rize the thermal behavior of 1 by the diagram represented
in Scheme 1.

Compound 1 Compound 2

[{Ni(H20)4}2{Ni(OH)sM04013}]-4H,O

[Ni(H>0)][Ag2{Ni(OH)sM06O15}1-8H,0
25°C 25°¢

-8 H,O

-4 H,0
[Ni(H20)6][Ag2{Ni(OH)sM0O15}]

[{Ni(H20)4}2{Ni(OH)sM0gO15}] 50°C

. + H,0,
100°C —4H,0
-4 H,0O [Ni(H20)2][Ag2{Ni(OH)sM0sO15}]
200°C
{Ni(H20)2}2{Ni(OH)sM0sO3}
170°C -2H0
Ni[Ag: {Ni(OH)sMocO1s}]
-7H,0 220°C
“Nin(NiMogO»)” l -3 H,0

“NiAgy(NiMogO2;)”

3 MoOs + 3 NiMoO4

440-600°C Ag:M04013 + 2 NiMoOy4

353-600°C

Scheme 1. Thermal behavior of compounds 1 and 2.

Compound 2

The TGA plot of 2, given in Figure 4b, exhibits four do-
mains corresponding to a total loss of 17 water molecules.
At the beginning of the process, an abrupt loss is observed
before 60 °C, which corresponds to the departure of eight
hydration water molecules. It is then followed up to 175 °C
by a broad loss attributed to the evolution of four water
molecules coordinated to Ni2. The third domain, between
175 and 300 °C corresponds to the departure of the two
remaining coordinated water molecules and to three struc-
ture water molecules. Finally, nothing is observed from
300 °C up to 600 °C.

Three endothermic peaks are associated to the three
weight losses. The abrupt departure of the eight hydrated
2196

www.eurjic.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

water molecules is characterized by a narrow and intense
endothermic peak at 40 °C, whereas the broad departure of
the first four coordinated water molecules corresponds to a
wide endothermic peak between 65 and 185 °C. The last
departure of the mixed coordination/structure water mole-
cules is coupled to the DSC endothermic peak at about
223 °C. After careful examination, this peak was deconvol-
uted as the superimposition of two weak peaks at 220 and
230 °C, which illustrates the difficulty in separating the de-
parture of the two last coordinated water molecules from
structure water. Two other peaks are present in the DSC
plot: a weak exothermic one at 353 °C and a narrow intense
endothermic one at 525 °C. The peak at 353 °C was attrib-
uted to the crystallization of Ag,Mo0,0;3 and NiMoOy,
which were both identified by powder XRD of 2 after ther-
mal treatment. The melting point of Ag,Mo040,3 is charac-
terized by the narrow strong endothermic peak at 525 °C.

The infrared spectra of 2 monitored after thermal treat-
ment in air revealed that the Mo—O bands, characteristic
of the Anderson structure, are present up to 220 °C. The
frequency associated to the Mo—O, vibration is not tem-
perature dependent in the domain from 25 to 220 °C,
whereas that of the bridging Mo-Oy, varies from 632 to
619 cm™ as the temperature is increased from 100 to
200 °C. An increase in frequency of the Mo-O, vibration,
from 387 to 396 cm !, is also observed after thermal treat-
ment at 50 °C. This increase may be explained by a
strengthening of the Mo—O, bond, probably due to a break
of the hydrogen bonds after the loss of eight crystallization
water molecules at 50 °C. Four water molecules coordinated
to Ni2 were lost after a thermal treatment at 200 °C, which
resulted in a decrease in the Mo-Oy, frequency in the range
100-200 °C related to the Mo-Oy bond weakening. Thus,
it can be assumed that after the partial loss of coordinated
water, the nickel atom probably sticks to the Anderson
anions through Oy oxygen atoms, which results in weaken-
ing of the Mo-O,, bond.

A similar evolution of the crystallized phases was evi-
denced by XRTD patterns of 2 (see Figure 6). Three dif-
ferent phases were observed from 30 to 180 °C, which corre-
sponds to the loss of interlayered water molecules. The de-
parture of coordinated water molecules resulted in an

8 10 20 30 40
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Figure 6. Evolution of the X-ray diffraction pattern of 2 in static
air at temperatures of 30, 40, 60, 80, 100, 120, 140, 160, 180, 200,
240, 280, 320, 360, 400, 420, and 440 °C.
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amorphous solid at 200 °C. The molybdate phases were
formed at 420 °C, a temperature where MoQOj; is not pres-
ent. This confirms both the powder XRD results obtained
after TGA at 600 °C and the destruction of the Anderson
structure characterized by IR.

A study of the samples, placed under a water vapor at-
mosphere after thermal treatment at 220 °C and below,
showed that the solid recovered their initial color and pow-
der XRD of the fresh sample except a slight intensity de-
crease. This implies that the dehydration is reversible up
to 220 °C and the Anderson structure is maintained. The
thermal behavior of 1 and 2 is summarized in Scheme 1.

Conclusions

Two novel 2D compounds [{Ni(H,0)4},{Ni(OH)sMo-
015}]4H,0 (1) and [Ni(H,0)e][Ag>{Ni(OH)sM0sO 5} ]
8H,O (2) were prepared from molecular Anderson-type
polyoxomolybdate precursors, by insertion of Ni** and Ag*
ions. In 1, Ni?* cations interlink the Anderson anions to
form a 2D framework. In 2, which contains both Ag* and
Ni®* ions, only the Ag* ions directly connect the Anderson
anions to form infinite planes. This means that Ag* is a
more efficient coordination center than Ni*" towards the
Anderson anion. This may be explained by the larger soft-
ness and the more flexible radius of silver. The study of the
thermal behavior of 1 and 2 by IR spectroscopy showed
that the polyanions interlinked by Ag* conserve their struc-
ture up to 220 °C and those interlinked by Ni** are con-
served only up to 170 °C, which indicates a stronger interac-
tion with Ag*. Furthermore, the hydration-dehydration
process for 2 is reversible below 220 °C. Relative to the am-
monium salt, compounds 1 and 2 permit an increase in the
Ni/Mo ratio from 1:6 to 1:2 and 1:3, respectively. The An-
derson-anion structure is conserved up to 170 or 220 °C,
and no crystallized phase was observed between 180 and
420 °C. These behaviors could be interesting for the prepa-
ration of HDS catalysts, particularly to vary the composi-
tion and favor a good dispersion.

Experimental Section

Materials and Synthesis: All chemicals were of reagent grade and
used as purchased without further purification. Water used in the
reactions was permuted water. H;PMo,,0,4, acid was synthesized,
purified by crystallization, and checked by IR spectroscopy and
TGA analysis.?!]

[{Ni(H,0)4},{Ni(OH)¢Mo0s05}]-4H,O0 (1): Ni(CH;COO),-4H,0O
(2.2 g, 8.75 mmol) was added to a solution of H3PMo0;,04 pre-
pared by dissolving H3PMo0,04:29H,0 (3 g, 1.25 mmol) in water
(20 mL). Light-green crystals were obtained at room temperature
after two weeks. Yield: 0.6 g (20% based on Mo). H3gMogNizOs4
(1357.91): caled. Mo 42.64, Ni 13.04; found Mo 40.92, Ni 12.16.
Atomic ratio: caled. Mo/Ni 2.00; found Mo/Ni 2.05.

INi(H,0)6][Ag,{Ni(OH)sMos0,5}]-8H,0 (2): Ni(CH;COO),-4H,O
(2.48 g, 10 mmol) was added to a solution of H3;PMo;,04, ob-
tained by dissolving H3PMo0,049:29H,0 (6 g, 2.5 mmol) in water
(38 mL). After addition of Ag,CO; (1.38 g, 5 mmol) and heating
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to 35°C to dissolve Ag,CO;, the mixture was maintained whilst
stirring at 35 °C over 2 h. A solid was eliminated by filtration and
identified as silver heptamolybdate. The filtrate was kept at room
temperature and thin needle-shaped green crystals were recovered
after two weeks. Yield: 0.14g (2% based on Mo). Hi Ag,-
MogNi,Osg (1550.99): caled. Mo 37.11, Ag 13.90, Ni 7.56; found
Mo 3598, Ag 13.11, Ni 7.15. Atomic ratio: calcd. Mo/Ag 3.00,
Mo/Ni 3.00, Ni/Ag 1.00; found Mo/Ag 3.08, Mo/Ni 3.07, Ni/Ag
1.00.

Crystal-Structure  Analysis: A single crystal of 1,
0.08 X 0.08 X 0.01 mm, was glued on a glass fiber for the structure
determination by X-ray diffraction. X-ray intensity data were col-
lected at 263 K with a Bruker-Nonius X8-APEX2 CCD area-detec-
tor diffractometer by using Mo-K,, radiation (1 = 0.71073 A).
Three sets of narrow data frames were collected at different values
of @, for two and one initial values of ¢ and w, respectively, by
using 0.5° increments of ¢ or w. Data reduction was accomplished
by using SAINT V7.03.32I The substantial redundancy in data al-
lowed a semiempirical absorption correction (SADABS V2.10)3%4
to be applied, on the basis of multiple measurements of equivalent
reflections. The structure was solved by direct methods, developed
by successive difference Fourier syntheses, and refined by full-ma-
trix least-squares on all F? data by using SHELXTL V6.14.132"]
Hydrogen atoms were included in calculated positions and allowed
to ride on their parent atoms.

A single crystal of 2 of dimensions 0.12 X 0.04 X 0.01 mm was care-
fully selected and glued on a glass fiber. X-ray data were recorded
at room temperature with a Siemens SMART 1K three-circle dif-
fractometer equipped with a CCD two-dimensional detector by
using Mo-K,, radiation (1 = 0.71073 A). Slightly more than one
hemisphere of data was recorded. The frames were recorded with a
scan width of 0.3° in @ and an exposure time of 120 s. An empirical
absorption correction was applied by using the SADABS program
based on the method of Blessing. The structure was solved by direct
methods and refined by full-matrix least-squares by using the
SHELX-TL package. Hydrogen atoms were placed in calculated
positions and allowed to ride on their parent atoms.

Crystallographic and structure refinement data for 1 and 2 are col-
lected in Table 4. Further details of the crystal-structure investi-
gations may be obtained from the Fachinformationszentrum
Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany, on quoting
the depository number(s) CSD-418856 and -418857.

Table 4. Crystallographic and structure refinement data for 1 and
2.

Compound 1 Compound 2
Empirical formula H30M06Ni3036 H34Ag2MO6Ni203g
Crystal symmetry monoclinic triclinic
Space group P1 2,/c 1(No. 14) P1 (No. 2)
Unit cell
a[A] 11.528(2) 7.1251(7)
b [A] 11.427(2) 9.723(1)
c[A] 22.644(3) 12.674(1)
a [°] 90.00 92.314(2)
AN 98.081(7) 99.106(2)
Volume [A3] 2953.3(6) 830.3(2)
zZ 4 1
Pealcd. [gem 3] 3.054 3.101
2 [A] 0.71073 0.71073
GOF 1.113 0.937
Final R, [I>2c5(1)] 0.0544 0.0608
Final wR, [I>20(1)] 0.1414 0.1137
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Characterization and Thermal Treatment: The morphology of the
crystals was observed by scanning electron microscopy (SEM) by
using a JEOL JSM-5800LV microscope. X-ray thermodiffractome-
try (XRTD) was performed in air in an Anton Paar HTK16 high-
temperature device of a Siemens D5000 diffractometer (6-6 mode)
by using Co-K, radiation (4 = 1.7903 A), and equipped with an
M Braun linear position sensitive detector (PSD). Patterns were
recorded from 30 to 600 °C every 20 °C above 40 °C, with a tem-
perature slope of 1.8 °Cmin!. The temperature was kept 2 min be-
fore measurements; each data collection lasted 570 s.

Thermogravimetry measurements (TGA) were carried out in air
flow (60 mLmin') with a Perkin-Elmer electrobalance TGA-7 at
a heating rate of 5°Cmin ! up to 600 °C. Differential scanning
calorimetry (DSC) was performed in air flow (60 mLmin') with a
TA Instruments DSC 2010 at a heating rate of 5°Cmin! up to
600 °C. Infrared spectra of KBr pellets were recorded with an
FTIR Nicolet Magna 550 apparatus.

In order to study their thermal behavior, 1 and 2 were treated in
air at different temperatures over 2 h before their IR spectra and
powder X-ray diffraction patterns were recorded.

Supporting Information (see footnote on the first page of this arti-
cle): IR spectra of 1 and 2 after thermal treatment; powder X-ray
diffraction patterns for the reversible hydration of 2.
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