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Influence of 2-Aminopyridine on the Formation of Molybdates under
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The hydrothermal reaction of an aqueous ammonium hepta-
molybdate solution with first-row transition metal salts in the
presence of 2-aminopyridine at around 180 °C and under au-
togenous pressure yields several molybdates, such as the 1D
chains in (C5N,H;7),MogO,¢ (1), zero-dimensional (CsNyH7)e-
Mo,;0,4-3H,0 (2), and the first synthesis of Lindgrenite [Cus-
Mo,0g(OH), (3)] The structures of these materials were es-
tablished by single-crystal and powder X-ray diffraction

techniques. The crystal structures of wolframite-based
MnMoO, (4) and ZnMoO, (5) were established by powder
X-ray diffraction. The role of 2-aminopyridine (2-ampy) in
the formation of the different solids under hydrothermal con-
ditions is discussed.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Molybdenum oxide based materials are of contemporary
interest due to their promising applications in the area of
catalysis, sorption, electrical conductivity, magnetism, pho-
tochemistry, sensors, and energy storage.[' >l Among these,
transition-metal-containing molybdates are attractive can-
didates due to their structural, electronic, and catalytic
properties.[®1% For example, B-FeMoO, and Fe,(Mo0O,);
have been employed in the synthesis of formaldehyde from
methanol on a commercial scale, and Fe-Mo-O catalysts
exhibit good activity for the oxidation of toluene to benzal-
dehyde.''l In addition, it has been found that B-FeMoOy, is
a very good precursor of catalysts for hydrodesulfurization
(HDS) processes,!'?! and cobalt and nickel molybdates are
important components of industrial catalysts for the partial
oxidation of hydrocarbons and precursors in the synthesis
of catalysts for hydrodesulfurization (HDS). Manganese-
and nickel-containing molybdates are also potential elec-
trode materials in rechargeable lithium batteries.['3] In re-
cent times, soft chemistry routes, including hydrothermal
reactions, have been commonly employed for the manipula-
tion of hybrid molybdates in the presence of organic mole-
cules as structure directors. The role of organic amines has
been extensively investigated in the formation of discrete
polyoxometalate clusters to three-dimensional networks of
molybdenum oxide based materials.'¥2 It is well known
that when polyoxomolybdate(POM)-based solids are crys-
tallized from aqueous solution (either under ambient or hy-
drothermal conditions) in the presence of organic amines,
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organic/inorganic hybrid salts are invariably formed. These
may be salts between organic cations and discrete polyoxo-
molybdate anions or composite solids with extended POM
anions incorporated with organic cations. If an additional
transition metal ion is present, the metal complex can either
be present as a countercation or as part of the extended
network linking POM cluster anions. An examination of
the synthetic methodologies reported in the literature sug-
gests that there have been very few attempts to rationalize
the reactivity pattern in the formation of these solids. It is
important to examine the role of organic amines in a sys-
tematic fashion to understand the critical issues involved in
controlling the reaction and hence the structure of molyb-
dates, even though hydrothermal reactions are commonly
termed as “black-box” in nature. This paper is an attempt
in this direction to identify the phases formed in the pres-
ence of an organic amine by employing identical reaction
conditions and varying only the nature of the metal. We
preferred the aromatic diamine 2-aminopyridine (pK, =
6.9) as it forms weak complexes with transition metals and
hence is readily labile in the presence of hydroxy ligands
(Scheme 1) during hydrolysis and condensation reactions to
produce an -M-O-Mo-O-M- network. Also, the amine
has good solubility in aqueous solution and is hydrother-
mally stable. This paper describes the synthesis and charac-
terization of several molybdates and proposes a rational
model to explain the influence of 2-aminopyridine on their
formation under hydrothermal conditions.

Results and Discussion

Powder X-ray diffraction analysis showed that single-
phase crystalline molybdates were obtained only from the
reactions containing manganese, cobalt, nickel, copper, or
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Scheme 1. Role of 2-ampy as a labile group in the hydrolysis con-
densation of a metal complex.

Table 1. Experimental details.

zine. In the case of iron(1r) chloride, hydrothermal treatment
led to amorphous products. Table 1 lists the experimental
conditions applied for the hydrothermal synthesis of molyb-
dates, along with phase identification as established by pow-
der and single-crystal X-ray diffraction. Scheme 2 shows the
molybdates that were crystallized under hydrothermal con-
ditions in the presence of 2-ampy. In all cases the yields
were much higher than 70% (based on molybdenum) and
the compounds were isolated as single phases, as deter-
mined by thermal studies and powder XRD. The powder
X-ray diffraction patterns of MnMoOQO, (4) and ZnMoO,
(5) are similar and the cell parameters and intensities corre-
spond to the Wolframite structure reported in the litera-
ture.2-231 In the case of cobalt and nickel, we obtained a
polyoxometalate-based solid 2 that does not contain cobalt
or nickel. Hydrothermal treatment of ammonium heptamo-
lybdate and 2-ampy in the absence of a transition metal led
to another new solid 1. The crystal structures of solids 1
and 2 were further established by single-crystal X-ray dif-
fraction. The hydrothermal reaction of ammonium molyb-
date solution with copper(11) ions in the presence of 2-ampy
resulted in the formation of the pure Lindgrenite phase Cus.
Mo,0g(OH), (3). Interestingly, this is the first laboratory
synthesis and characterization of the mineral Lindgrenite.
Both powder and single-crystal X-ray diffraction data of
the product are consistent with the previously reported

Reactants, molar ratio, initial pH Phase

Space group  Cell parameters Colour/Morphology

(NH4)sM07,0,,4-4H,0/2-ampy/H,0, 1:12:1600, pH = 6

(CsN;H7)4MogO56 (1)
one-dimensional chains

a=8243(1)A White rods
b =20.623(3) A

¢ =11.602(1) A

S =93.948(2)°

V = 1967.9(5) A3

P2,/c
Z=2

(NH4)sM0,0,4-4H,0/MnCl,-4H,0/2-ampy/H,0,
1:8:12:1600, pH = 6

MnMoO, (4)

Wolframite

P2lc a=4.8064 (4) A Brown rods

Z=2 b=57482 (4) A
¢ =4.9606 (5) A
B =90.831(5)°

v =137.7(1) A3

(NH4)sMo0,0,4-4H,0/Co(CH;CO0),°6H,0 or
NiSO,4-6H,0/2-ampy/H,0, 1:8:12:1600, pH =~ 6

zero-dimensional cluster

(CsN;H7)6M070,4:3H,0 (2)

P2,/n = 14.828(1) A Brown blocks

Z=4 b=17.5145(1) A
=20.863(1) A

£ =107.500(1)°

V = 5167.5(6) A3

(NHy4)sM070,4-4H,0/CuCl,-2H,0/2-ampy/H,0,
1:8:12:1600, pH = 6
Lindgrenite

CuzMo,05(0OH); (3)

P2,/n a=5.392809) A Green rods

zZ=2 b=14.0222) A
¢=5.607(1) A

S =98.473 (3)°
V = 419.43(1) A3

(NH,)sM0;0,4-4H,0/CuCl,-2H,0/H,0, 1:8:1600, pH
~6

(NH4)xMo0cO,5.yH>0 (6) P3

a=10.5388(7) A White, hexagonal rods

¢ =3.7242(5) A
V = 358.22(6) A3

(NH,)sM0,0,4-4H,0/ZnS0,-7H,0/2-ampy/H,O0,
1:8:12:1600, pH ~ 6

ZnMoO, (5)

Wolframite

P2le a =4.668(50 A Black blocks

zZ=2 b =5.7194(6) A
c=4.87196) A
S =89.72(1)°
V= 130.07 A3
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Figure 1. TGA data of compounds 1-3.

crystal structure of the mineral.?*! This solid does not con-
tain 2-ampy and, in its absence, the hydrothermal reaction
yields the well-known hexagonal molybdate (NHy),-
MogO,4:yH,O (6).2>2°1 However when the reaction was
carried out with MoQOs as a starting precursor it resulted in
the formation of compound 2, which is based on a heptam-
olybdate cluster. This indicates that the heptamolybdate
phase is stable under these conditions. Thermal analysis of
the solids was carried out under nitrogen (Figure 1).
MnMoOy4(4) and ZnMoQOy(5) do not show any significant
weight loss, thus confirming that they are anhydrous sub-
stances. In case of 3, a broad weight loss in the temperature
range 175-400 °C shows the loss of one water molecule to
give a final composition of Cus;Mo,0Oy. Both 1 and 2 lose
their water molecules and organic groups in multiple steps.
Weight loss up to 500 °C is probably due to the loss of water

3082 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

and organic groups and corresponds to the composition de-
termined from single-crystal X-ray analysis.

Crystal Structure of 1

The crystal structure of 1 consists of 2-ampy cations and
infinite anionic molybdenum oxide chains that are built
from edge-sharing octamolybdate clusters [MogO,g] (Fig-
ure 2a). The {MogO,¢}.. chains propagate along the a-axis
(Figure 2d). Each chain is surrounded by six others (Fig-
ure 3). The interchain regions are filled with 2-ampy cations
that participate in extensive, strong hydrogen bonding with
cluster oxygen atoms. Each MogO»g cluster is hydrogen-
bonded to four 2-ampy cations through the terminal oxygen
atoms O3 and O10 of the cluster. The crystal data are pro-

www.eurjic.org Eur. J. Inorg. Chem. 2005, 30803087
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(h)

Figure 2. (a) Polyhedral representation of the octamolybdate. Sites through which the subunits are linked into infinite chains in 1 are
denoted with arrows. (b) The linkage of octamolybdates through common corners to form chains with the (Mog0»7),*"~ composition.
(c) The linkage of octamolybdates is through pairs of Mo—-O-Mo bridges to form a molybdenum oxide chain with the (MogO»g),*"
composition. (d) The linkage of octamolybdates through common edges to form chains with the (MogO»¢),,*~ composition as in the case

of 1.

vided in Table 2. The Mo-O distances are significantly dif-
ferent due to multiple bonding character and range from
1.687(3) to 2.504 (3) A. The octamolybdate chains found in
1 are similar to those in two other tetramolybdates, namely
K>Mo0,0;527 and (NH,),Mo040;5.>81 Two other octamo-
lybdates with a slightly different composition, namely
(NH4)sMo0g0,7-4H,0 and (C4H 52N5)3sMo0g0,7 (C4H 5N, =
piperazinium ion),1*’! and a polymeric octamolybdate [(Me-
NC;sHs)4MogO,g] reported by Zubieta et al.B% are also
known. The composition of the polymeric solid depends
upon the connectivity pattern between the basic octamo-
lybdate fragments. In (MeNCsHs);MogO»6, the octamo-

Figure 3. Projection of the unit cell of 1 along the a-axis showing
the H-bonding between the octamolybdate chain and 2-aminopyri-
dine.

Eur. J. Inorg. Chem. 2005, 30803087 www.eurjic.org

lybdate subunits are connected by linear and symmetrical
Mo-O-Mo bridges into infinite chains (Figure 2c), while in
(NH,4)sMo0g0,7,4H,0 and (C4H;,N,)3:M050,;, the octamo-
lybdate subunits share common corners (Figure 2b). The
linkage of octamolybdate blocks through common edges,
i.e.,, the connectivity mode encountered in (CsN,H;)4-
[MogOs] (1), again results in an [MogO,g]*~ stoichiometry
for the chains (Figure 2d).

Table 2. Crystal data of compounds 1-3.

Empirical formula 1 2 3

Crystal system monoclinic  monoclinic monoclinic
Space group P2,/c P2,/n P2,/n

T [K] 300(2) 300(2) 300(2)
a[A] 8.243(1) 14.8280(10)  5.3928(9)
b [A] 20.623(3) 17.5145(12)  14.023(2)
¢ [A] 11.602(1) 20.8632(14)  5.6076(10)
a [°] 90 90 90

B 93.94 107.5 98.473
y[° 90 90 90

VA3 1967.9(5) 5167.5(6) 419.43(13)
Z 2 4 2
Collected reflections 16770 58670 4313
Unique reflections 4618 12265 988
Observed reflections 4431 11149 984

R [I > 20(1)] 0.0227 0.032 0.0467
wR, (all) 0.06042 0.0957 0.1271

Crystal Structure of 2

The crystal structure of (CsN,H7)sM0,0,4-3H,0 (2) is
that of a heptamolybdate [M0;0,4]® based solid. The
Mo,0,, cluster anion contains a central {Mos;Og} core

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3083
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built of three edge-shared MoOg octahedral units arranged
in a 1Xx3 rectangular array; two MoOg units from above
and two from below share the equatorial oxygen atoms at
the apices of the octahedra in the rectangle. Each MoV!
atom in the Mo0,0»4 cluster has a distorted octahedral ge-
ometry with an Mo-O bond length in the range of
1.702(3)-2.298(2) A for terminal and bridging oxygen
atoms. Each M0,0,4% anion is surrounded by six 2-ampy
cations (Figure 4). Each cluster anion exhibits strong H-
bonding with six of the 2-ampy cations and only terminal
oxygen atoms participate in this H-bonding. Although all
six 2-ampy cations are involved in H-bonding, only two of
them connect the clusters into an extended 1D chain (Fig-
ure 5). The water molecules present also form strong H-
bonds among themselves as well as with cluster oxygen
atoms. This solid is identical to that reported in the litera-
ture, except that we have grown it under hydrothermal con-
ditions.3!1 All the bond angles and distances are consistent
with Mo50,, clusters observed in previous reports.[32-34

Figure 4. {Mo0704,4}% cluster anions exhibiting H-bonding with
water and 2-aminopyridinium cations in 2.

Figure 5. View showing the infinite 1D chain formation of
{Mo050,4}% clusters via the strong H-bonding with 2-aminopyrid-
ium cations in 2.

Crystal Structure of 3

The single-crystal structural analysis of 3 is very similar
to that of the naturally occurring mineral Lindgrenite
solved by Hawthorne et al.?l The vanadium analog of 3

3084 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

has also been reported recently.>> There are two asymmet-
ric copper atoms in the crystal structure of the synthetic
analog of Lindgrenite [CusMo0,Og(OH),], one of which oc-
curs at the special position, as well as one asymmetric mo-
lybdenum and five asymmetric oxygen atoms which all oc-
cupy the general position (4e). While the molybdenum
atoms are coordinated by four oxygen atoms in a pseudo-
tetrahedral arrangement, the copper atoms are pseudo-oc-
tahedrally coordinated by oxygen atoms. There is a strong
Jahn-Teller distortion around both copper centers, with
considerable extension of the apical bonds when compared
with the equatorial bonds. The two hydrogen atoms are
bonded to Ol and O4. A prominent feature of the Lind-
grenite structure is the strips of edge-sharing CuOg octahe-
dra that run parallel to the c-axis (Figure 6). These strips
are cross-linked by MoO, tetrahedra that share corners
with the CuOg octahedra; each MoO, tetrahedron links
three strips together, with the fourth linkage occurring
along the length of one of the strips (Figure 7).

Figure 6. Strips of edge-sharing CuOg octahedra running parallel
to the c-axis in 3.

Figure 7. Crystal structure of Lindgrenite (3) viewed along the ¢-
axis.

Crystal Structures of 4 and 5

The powder X-ray diffraction patterns of MnMoQ, (4)
and ZnMoQy (5) are isostructural and suggest a Wolframite
structure based on the cell parameters and intensities. We
did not succeed in obtaining suitable single crystals under
our reaction conditions. Both the molybdenum and manga-
nese or zinc atoms in the Wolframite structure are octahe-
drally coordinated. Each octahedron has two short, two

www.eurjic.org Eur. J. Inorg. Chem. 2005, 30803087
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Figure 8. Crystal structural of MMoO,4 (M = Mn and Zn).

medium, and two long metal-oxygen bonds (Figure 8). The
metal atoms occupy special positions while the oxygen
atoms are at general positions. The octahedra are highly
distorted with angles ranging from 72.9 (1) to 101.7 (1)° in

the molybdenum-containing octahedron and from 75.7(1)
to 110.6(2)° in the manganese one. Compounds 4 and 5
have also been synthesized earlier by other groups.>'-23 To
the best of our knowledge, however, this is the first report
of a low-temperature hydrothermal method for the synthe-
sis of MnMoO, and ZnMoO,.

Chemistry of the Formation of Molybdates by
Hydrothermal Treatment

When heptamolybdates are dissolved in aqueous solution
in the presence of 2-ampy (pH = 6.0), other molybdate spe-
cies such as [MoO5(OH)], MoO,(OH),(H,0),, [M0gO,4]*",
and [H,Mo0gO,g]® may form due to a slight change in the
pH and ionic strength of the medium, although heptamo-
lybdate is the predominant cluster at equilibrium. The equi-
librium species will change considerably when the aqueous
molybdate solution is subjected to hydrothermal treatment.

{MogOne}?

{HaMogOhg}®

Figure 9. Hypothetical pathway for the self-assembly of polyoxomolybdate cluster anions from heptamolybdates.

Eur. J. Inorg. Chem. 2005, 3080-3087 www.eurjic.org
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Under these conditions, crystallization of a salt or a solid
will be dominated by the electrostatic interactions between
the polyoxomolybdate anions and the organic cations; sec-
ondary interactions taking place between the hydrated me-
tal ions and other minor molybdate cluster anions, along
with noncovalent interactions such as hydrogen bonding,
may also influence the structure. On the basis of the solids
obtained in this study, it is reasonable to assume that the
heptamolybdate cluster anion dominates the equilibrium as
long as the reaction is carried out under self-assembly con-
ditions at room temperature without the addition of acid
or hydrothermal treatment. In addition, other metal ions in
the medium (such as cobalt or nickel) do not compete with
the organic ligand (2-ampy in our case). As the larger anion
prefers a larger cation, we invariably obtain a salt based on
heptamolybdate [Mo;0,4]° along with the organic cation
as in 2. Since heptamolybdates are hardly protonated, the
packing of the final solids is influenced by the hydrogen-
bonding interaction between the anions, cations and water
molecules, as demonstrated in the structure of 2. The pres-
ence of weakly acidic cobalt or nickel hydrates is responsi-
ble for keeping the heptamolybdate clusters stable in solu-
tion. The reaction carried out in the absence of these metal
ions results in the formation of 1. Under slightly acidic con-
ditions, the heptamolybdate undergoes fragmentation into
smaller units, including MoO,4 and MoOg units. A few of
these smaller fragments of oxomolybdenum clusters can re-
assemble to form larger clusters such as [MogO,g]*,
[HMogO»s]%, etc. (Figure 9). The cluster [H,MogO,g]%,
with its large negative charge, is not completely stable in
aqueous solution and under hydrothermal conditions tends
to condense to form 1D polymeric chains of the composi-
tion [MogO,6]*; in the presence of 2-ampy, the solid 1
crystallizes out. A similar framework is also known with
K" and NH,* cations. When we carried out a hydrothermal
reaction of MoO; rather than ammonium heptamolybdate
with 2-ampy, we obtained only the heptamolybdate cluster
based solid 2. Incidentally, 2 was also obtained when a hy-
drothermal reaction was carried out in the presence of
nickel and cobalt ions. This suggests that the formation of
POM clusters such as [H,MogO55]® and [M070,4]% de-
pends on the nature of the starting molybdenum precursor.
The reactions occurring in the presence of manganese, cop-
per, and zinc favor a shift in equilibrium towards MoO,”

species. In the case of Mn and Zn, a Wolframite-based
MMoO, structure is stabilized. Unlike other metal ions,
copper(i1) ions tend to form polymeric chainsBP¢38 at
around this pH, and these readily react with MoO,> ions
to give Lindgrenite (3). However, hydrothermal treatment
of ammonium heptamolybdate with copper(i1) ions in the
absence of 2-ampy results in ammonium-intercalated hex-
agonal molybdates. We have previously shown that hexago-
nal molybdates are the most stable phases formed under
hydrothermal conditions in the presence of monovalent al-
kali metal or ammonium ions.*®! Since we also obtained
the Lindgrenite phase from the hydrothermal reaction of
sodium molybdate and copper chloride solution (pH = 6),
2-ampy provides a suitable pH for the fragmentation of

3086 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

heptamolybdates into tetrahedral MoQO,. The results re-
ported here suggest that 2-ampy has a major influence on
the formation of transition metal molybdates.

Conclusions

The hydrothermal reaction of aqueous ammonium hep-
tamolybdate with manganese, cobalt, nickel, copper, or zinc
ions in the presence of 2-aminopyridine results in the for-
mation of several crystalline molybdates. A weak base such
as 2-aminopyridine can act as a buffer and form weaker
complexes with the transition metal, thus preventing its hy-
drolysis in aqueous solution. The hydrothermal medium
can further influence the condensation of the protonated
oxomolybdate clusters or the formation of metal molyb-
dates.

Experimental Section

Syntheses: All chemicals were obtained from Aldrich and used
without further purification. (NH4)sM0,0,44H->O (0.625 mmol)
was mixed with an appropriate amount of transition metal M?*
salts (M = Mn, Fe, Co, Ni, Cu, Zn; 5mmol) and 2-ampy
(7.5 mmol) in 18 mL of distilled water (1000 mmol). In order to
rationalize the influence of 2-ampy, we also carried out a blank
reaction as above without the transition metal chloride. The mix-
ture was transferred into a 30-mL Teflon-lined acid digestion reac-
tor and heated at 180 °C for 2 d and then cooled slowly to room
temperature. The pH of the reaction before and after was found to
be about 6 in all cases. To investigate the influence of 2-ampy when
the molybdenum source is MoQOs, the reaction was carried out by
heating the mixture of MoOj; and 2-ampy in the molar ratio 1:1.5
under the same conditions. In all the cases, the products were
washed with water and dried in air at room temperature. All the
solids were analyzed by powder X-ray diffraction (Bruker AXS dif-
fractometer with Cu-K,, radiation) for crystallinity and phase iden-
tification. TG analyses were carried out with a Perkin—Elmer
TGAT7 system on well-ground samples under a nitrogen flow with
a heating rate of 10 °Cmin'. In all cases the phase purity of the
samples was established by simulating powder X-ray diffraction
patterns on the basis of the single-crystal structure data.

X-ray Crystallography: Single-crystal diffraction studies were car-
ried out with a Bruker SMART CCD diffractometer with Mo-K,,
(4 = 0.71073A) radiation at 28 °C for 1-3. Table 1 lists the experi-
mental parameters used for the single-crystal structure analyses.
The software SADABS was used for absorption correction and
SHELXTL for space-group and structure determination and re-
finements.?>#% The molybdenum atoms were located first and then
the remaining atoms were deduced from subsequent difference
Fourier syntheses. The hydrogen atoms were located using geomet-
rical constraints. All the atoms except H were refined anisotropi-
cally. Least-squares refinement cycles on I> were performed until
the model converged. Experimental and crystal data are provided
in Tables 1 and 2, respectively. CCDC-245096 (1) and -249182 (2)
contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_requ-
est/cif. Further details of the crystal-structure investigation for 3
may be obtained from the Fachinformationzentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany, on quoting the de-
pository number ICSD-415059.
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