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The hydrothermal reaction of Cu(II) salt, ammonium heptamolybdate and 4-ptz (5-(4-pyridyl) tetrazole)
at different synthetic conditions yields two compounds [Cu(4-Hptz)(Mo,0,)] (1) and [Cu(4-
Hptz),(H0)3]2[M0gO46] (2). Both the compounds 1 and 2 are characterized by routine elemental
analyses, IR-, thermogravimetric studies and unambiguously characterized by single crystal X-ray
crystallography. Compound 1 exhibits a 3D bimetallic oxide framework, constructed from the tetrazoles
and {CuMo,07} oxide phase. The coordination ability of nitrogen atoms in the tetrazole ring makes the

ﬁglwg;isr;um oxide ring acting as a template in the formation of {CusMogO10} rings, made up of [M0,0,]*~ anions and Cu(Il)
Tetrizol es octahedra; the stacking of these {CusMog040} rings along crystallographic c axis results in the formation

of 3D bimetallic oxide framework. Compound 2 consists of infinite octamolybdate chains and Cu-tetraz-
olate complex cation. The formation of oxide phase under hydrothermal conditions is discussed, giving
importance of the role of geometry of the tetrazole ring.

Self-assembly process
Crystal structures

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Metal oxide-based solids form an important class of materials
because of their promising applications in the contemporary re-
search areas during past several years. A significant research in this
area has been directed partly due to interest in their chemistry as
well as their applications [1-6]. Molybdenum oxides, that are asso-
ciated with transition metals, are good candidates for the catalytic
applications owing to their structural rigidity. For example, transi-
tion metal molybdates of composition MMoO, (M = Mn?*, Co?*,
Cu?* and Zn?") catalyze the oxidative dehydrogenation of propane
[7]. Likewise, magnesia supported molybdates are used for anaer-
obic oxidation of butane to butadiene [8]. MnMo0OQy, is used as high
capacity anode material for lithium battery [9]. In general, there is
a correlation between the complexity of the structure and func-
tionality of the material [10]. The constant evolution of complexity
of molybdenum oxides in terms of their functionality requires
more knowledge on synthetic strategies to understand the oxide
structures [11,12]. One such strategy for the modification of oxide
structures involves introduction of organic molecules as structure
directors. Zeolites [13,14], biomineralized materials [15], mesopor-
ous oxides [16,17] and transition metal phosphates [18] are the
examples in which an organic constituent plays structure-directing
role in the constitution of the oxide microstructures. By exploiting
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the structure-directing role of polyfunctional organic molecules
(for example, organoamine ligands), a wide variety of bimetallic
oxides have been isolated and structurally characterized [19-21].
Hydrothermal methods have commonly been used to synthesize
the molybdenum oxide-based materials, because this technique of-
fers an excellent route to isolate metastable phases and the
reliability of the structure [22,23]. There are two major classes in
the M/Mo/O/ligand family of oxides: (i) poloxomolybdate anion
clusters, together with secondary metal/ligand components as
complexes or cationic networks, constituting metal-oxide-based
solids [24,25]; (ii) solids comprising of oxide microstructures
rather than anionic clusters to which secondary metal/ligand com-
ponents are attached to the peripherals of these oxide microstruc-
tures. In the later class of inorganic oxides, there are many reports
having the general formula [M(org),Mo,O,] (M = transition metals)
in which the bimetallic oxide MMo,O, components are 1D chains
[26], 2D sheets [27-29] or 3D frameworks [30] to which organo-
amines are attached via coordination through secondary metals
as peripheral moieties or bridging subunits. Among these, 3D
frameworks, constructed from bimetallic oxides, are quite interest-
ing in terms of both functionality as well as self assembly pro-
cesses. Zubieta and co-workers have studied structure directing
role of the organoamine ligands in the self assembly of bimetallic
oxides with the ligands bipyridylamine (bpa), pyrazine (pyz),
pyrimidine (pyrd) [30], and 3,4'-bipy, 3,3'-bipy, 4,4'-bipy [31].
Ramanan and his group investigated the influence of 2-aminopyr-
idine on the formation of copper molybdates [32].

As shown in Scheme 1, the pyrazine and pyrimidine have two
nitrogen donors, triazole has three nitrogen donors and tetrazole
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Scheme 1. Various polyazaheteroaromatic organic molecules having structure directing roles in the self assembly process of metal-oxide-based solids.

has four nitrogen donors. From the previous reports, it is known
that pyrazine and pyrimidine form complex 3D bimetallic oxides
CUMO-5 and CUMO-6 with well-defined channels occupied by
the pyrazine and pyrimidine units, respectively [30]. These two
are rare examples, in which a bimetallic oxide forms a 3D frame-
work and organoamines support the frameworks. As the donor to
donor distance is less in both the ligands (pyrazine and pyrimi-
dine), this allows the secondary metal polyhedron of a layer/chain
to connect the adjacent layer/chain at shortest distances (through
the metal-oxo group) resulting in a 3D bimetallic oxide framework.
But in the cases, where the donor to donor distance is more (e.g.,
4,4-bipy, dpe, dpa, average N-N distance is 6.52-8.62 A) [31], these
ligands separate the metal polyhedral-layers at largest distances,
thereby forming pillared-layered type structures. Interestingly,
the ligands pyridazine and triazole (Scheme 1) having adjacent do-
nor sites do not form a 3D bimetallic oxide frameworks, rather,
these ligands form a cationic networks in which the oxide clusters
are embedded [33,34].

Among these polyazaheteroaromatic compounds (Scheme 1),
tetrazoles are of special interest because they consist of all possible
bridging fashions for coordinating the adjacent metal centers. The
versatility of the tetrazole molecule lies in the availability of more
number of donor sites (nitrogen donors). The geometry of these do-
nor sites allows the tetrazole molecule to act as bridging as well as
chelating ligands in achieving the desired-networks [35-37]. Due
to an availability of four donor sites, it has opportunity to bridge
the surrounding secondary metal polyhedra; thus tetrazole mole-
cule with more donor sites can template the formation of oxide
network. The only report of tetrazole involving poloxomolybdates,
reported by Zubieta and co-workers, has described cationic net-
works of copper and tetrazoles, in which anionic octamolybdates
have been shown to be encapsulated in the channels or voids of
the cationic frameworks [38]. In the present study, we have chosen
a tetrazole, namely ‘4-ptz’ [5-(4-pyridyl) tetrazole], a tetradentate
ligand, to study the influence of the tetrazole molecule on the for-
mation of bimetallic oxide-based new solids, which exploits the
geometry of the tetrazole molecule in understanding the self
assembly of the bimetallic oxides. We wish to report here the
synthesis and structural characterization of two compounds
[Cu(4-Hptz)(Mo,07)] (1) and [Cu(4-Hptz),(H20)3]2[MogOz6] (2).
In compound 1, 5-(4-pyridyl) tetrazole (4-ptz) templates the
formation of CusMogO1o rings through the all four donor sites,
and these rings stack to each other to form a 3D bimetallic oxides,
whereas, in compound (2) tetrazole forms complex cation
[Cu(4-Hptz),(H,0)3]** using only one donor N atom, which in turn,
is stabilized by the supramolecular interactions with 1D octamo-
lybdate chains [MogO-g],*" .

2. Experimental

2.1. Materials and methods

All the chemicals were received as reagent grade and used with-
out any further purification. 5-(4-Pyridyl) tetrazole (4-ptz) was

prepared according to the reported procedure [39]. Elemental anal-
yses were determined by FLASH EA series 1112 CHNS analyzer.
Infrared spectra of solid samples were recorded on a JASCO -
5300 FT-IR spectrophotometer as KBr pellets. Thermo gravimetric
analyses were carried out on a STA 409 PC analyzer and corre-
sponding masses were analyzed by QMS 403 C mass analyzer, un-

der the flow of N, gas with a heating rate of 5°Cmin~!, in the
temperature range of 30-900 °C.
2.2. Synthesis
2.2.1. Synthesis of the compound [Cu(4-Hptz)(Mo»07)] (1)
A mixture of ammonium heptamolybdate tetrahydrate

(0.10 mmol, 0.125g), copper nitrate trihydrate (0.51 mmol,
0.123 g), 4-ptz (0.50 mmol, 0.074¢g), and water (555.5 mmol
10.0 g) in the mole ratio 1:5.1:5:5555 was taken; to the resulting
reaction mixture, 0.1 mL Ets3N was added and stirred for 30 min.
Then the pH of the reaction mixture was adjusted to 1.7 by adding
0.5 M HNOs. The solution was then transferred to 23 mL teflon-
lined autoclave in the stainless steel vessel and heated at 180 °C
for 72 h and cooled to room temperature over 2 days to give red
block crystals of 1. Yield: 0.10 g (38%, based on copper) Anal. Calc.
for C¢HsNsCuMo,05 (514.56): C, 14.00; H, 0.97; N, 13.61. Found: C,
14.78; H, 1.01; N, 13.78%. IR (KBr pellet) (v/cm™'): 3458, 3082,
2920, 2240, 1637, 1516, 1437, 1195, 1022, 850, 760, 634.

2.2.2. Synthesis of the compound [Cu(4-Hptz)(H50)3]2[MogO2¢] (2)

A mixture of ammonium heptamolybdate tetrahydrate
(0.20 mmol, 0.247 g), copper nitrate trihydrate (0.09 mmol,
0.023 g), 4-ptz (0.19 mmol, 0.028 g) and water (555.5 mmol
10.0 g) in the mole ratio 2.22:1:2.11:6172 was taken followed by
the addition of EtsN (0.1 mL) and the resulting reaction mixture
were stirred for 30 min. The pH of the reaction mixture was then
adjusted to 2.0 by the 0.5 M HNOs. The solution was then trans-
ferred to 23 mL teflon-lined autoclave in the stainless steel vessel
and heated at 120 °C for 72 h and cooled to room temperature over
2 days to give blue block crystals of 2. Yield: 0.04 g (22%, based on
copper) Anal. Calc. for Cy4H3,Cu,MogN,003, (2007.32): C, 14.36;
H, 1.61; N, 13.95. Found: C, 13.84; H, 1.42; N, 13.68%. IR (KBr pellet)
(vjem™1): 3354,3099, 2096, 1637, 1520, 1385, 1199, 1047, 956, 906,
841, 814, 754, 707, 596, 516, 480.

2.3. X-ray crystallography

Data were measured on a Bruker SMART APEX CCD area detec-
tor system [A(Mo Ko) = 0.71073 A], graphite monochromator, 2400
frames were recorded with an @ scan width of 0.3°, each for 8 s, a
crystal detector distance of 60 mm, and a collimator of 0.5 mm. The
data were reduced using sainteLus [40], the structures were solved
using sHELxs-97 [41] and refined using sHELxL-97 [42]. All non hydro-
gen atoms were refined anisotropically. We tried to locate the
hydrogen atom on the nitrogen atom of the pyridine ring in com-
pound 1 through differential Fourier maps, but did not succeed.
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3. Results and discussion
3.1. Syntheses

In the previous report dealing with 5-(4-pyridyl) tetrazole
(4-ptz), a cationic network has been shown to be formed by utiliz-
ing only two nitrogen’s of tetrazole ring and one nitrogen atom of
pyridine ring, in which octamolybdates are encapsulated in the
voids or channels reminiscent to triazole [38]. In this case, the
nitrogen atoms of the pyridine ring of the ligand 4-ptz, can also
form coordinate covalent bond with the metal center and alters
the formation of oxide structure. The profound influence of the
geometry of the 4-ptz ligand can be shown in the oxide structure
only by blocking the coordination of the pyridine-nitrogen atom
and making availability of the four nitrogens in the tetrazole ring
for its coordination (Scheme 2). In the course of our investigation
on the synthetic conditions to fulfill these necessities, we have
deprotonated the tetrazole ring by adding a base, whereby the neg-
ative charge is delocalized in the ring making all the nitrogens
available simultaneously for their coordination. To block the coor-
dination of the pyridine nitrogen atom, the concerned reactions
were performed at relatively acidic (low) pH, whereby, the pyri-
dine nitrogen gets protonated and blocks its coordination to metal
center. This deprotonation-protonation event of the tetrazole ring
has profound influence on the formation of oxide structures.

HN—N N—N

/ =
N N N

—
= =4
X ‘ @ ‘
N N
H
4-ptz 4-Hptz

ptz = [5-(4-pyridyl) tetrazole]

Scheme 2. Schematic representation showing the modification of the ligand to
meet the synthetic conditions: formation of zwitter ion.

(NH)gM0,0,,+ Cu(NO;), +

1:5:5, 180°C |

In a typical synthesis of compound [Cu(4-Hptz)Mo,0-] (1), a
mixture of ammonium heptamolybdate, copper nitrate, 5-(4-pyri-
dyl) tetrazole (4-ptz) and water in the mole ratio 1:5.1:5:5555 was
taken and 0.1 mL of Et3N was added for the deprotonation of tetra-
zole ring. Subsequently, the pH of the mixture was adjusted to 1.7
by addition of 0.5 M HNOs and heated at 180 °C for 72 h to give a
deep red color block crystals. Compound [Cu(4-Hptz),(H20)s]>[-
MogO,6] (2) was also prepared from the same reactants in the sim-
ilar synthetic manner, but the mole ratio was changed to
2.22:1:2.11:6172 and temperature to 120 °C. Thus, the important
variation in the synthesis of compounds 1 and 2 was the variation
of mole ratios of the reactants and temperature. In the synthesis of
compound 1, the concentration of ammonium heptamolybdate is
less than Cu source and 4-ptz, while in the compound 2, the
molybdate concentration is more. This concentration variation
leads to a drastic change in the self assembly process of metal oxi-
des resulting in two completely different structures (namely, com-
pounds 1 and 2). Finally, the temperature has also remarkable role
in stabilizing the structures, for example, compound 1 was pre-
pared at high temperature 180 °C, while 2 was prepared at rela-
tively low temperature (120 °C). Detailed synthesis and mode of
tetrazole binding are shown in Scheme 3. The replacement of base
EtsN with other bases does not give the compounds in the desired
yields.

3.2. Description of the crystal structures

3.2.1. [Cu(4-Hptz)Mo,0] (1)

Compound 1 crystallizes in orthorhombic space group Pnma;
the relevant crystal data and structural refinement for compound
1 are presented in Table 1. As shown in Fig. 1, compound 1 consists
of a bimetallic {CuMo0,0} three dimensional network supported
by the nitrogen atoms of the tetrazole ring of 4-Hptz. The relevant
asymmetric unit consists of one independent Mo atom to which
four oxygen atoms are attached (among these, one oxygen is in
special position), one Cu atom in special position and half of the
4-Hptz ligand. The molecular formula of the compound from the
asymmetric unit is thus described as [Cu(4-Hptz)Mo,0-], in which
the charge of the dianion [Mo,07]*>~ is compensated by the Cu?*
cation. In the ligand 4-ptz, the proton on the nitrogen atom of
tetrazole ring is deprotonated, the resulting negative charge is
delocalized throughout the ring, while the nitrogen atom of
the pyridine ring gets protonated to give a positive charge.
Thus, the ligand can be depicted as a neutral ligand,

+ Et;N+HNO,

2:1:2,120°C

N

N—N

[\
—N N

PYH  [Cu(d-Hptz)(Mo,0,) (1)

[Cu(4-Hptz),(H,0)s];[Mog Oy] (2) PY'H

Scheme 3. Synthesis of compounds [Cu(4-Hptz)Mo,0-] (1) and [Cu(4-Hptz),(H,0)3]2[M0gO26] (2).
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Table 1
Crystal data and structural refinement for compounds 1 and 2.
1 2
Formula CsHsN5CuMo,07 C24H32Cu;MogN20032
Molecular mass 514.57 2007.32
Crystal system orthorhombic triclinic
Space group Pnma P1
a(A) 7.466(2) 7.9321(6)
b (A) 13.030(4) 12.8279(10)
c (A) 10.910(3) 12.8668(10)
o (°) 90.00 100.11(10)
£ (%) 90.00 105.69(10)
7 (©) 90.00 96.69(10)
T(K 298 100
V (A%) 1061.3(5) 1222.11(16)
z 4 1
Dearc (gcm™3) 3.220 2.727
Absorption coefficient 4.363 2.953
F(000) 980 965
2 (A) 0.71073 0.71073
Crystal size (mm?) 0.20 x 0.14 x 0.10 0.34 x 0.16 x 0.08
0 range (°) 2.43-2497 1.64-25.99
Reflections collected/ 8993/969 12556 [ 4754
unique

Rine 0.1332 0.0216

full-matrix least-
squares on F?

Goodness-of-fit (GOF)on 2 1.059 1.187

Ry[WR; [I>20(I)] 0.0426/0.1084 0.0264/0.0729

R1/WR; (all data) 0.0449/0.1122 0.0270/0.0734

Largest difference peak/ 2.067 and —1.296 0.859 and —1.411
hole (e A=3)

Refinement method

_' - )
})(«: )G-

«.0

%};—\j (»

Fig. 1. 3D packing diagram in the crystal structure of the compound 1 (view along
crystallographic a-axis).

[5-(4-CsH4N"H)CN, "] (4-Hptz). The dimer [Mo,0,]*~ consists of
two corner sharing {MoO,4} polyhedra with three terminal oxygens
of bond lengths 1.763, 1.800 and 1.721 A, respectively and one
bridging p-oxo with bond length of 1.952 A. The Mo-0-Mo bridge
has a bent configuration with bond angle of 142.0°. The anion
[Mo,0-]?>~ extends its dimensionality to 3D by sharing all the three
terminal oxygens with another [Mo,0,]*>~ subunit and {CuN,0,}
octahedron. The two Mo atoms of [M0,07]>~ linked to another unit
by the terminal oxygen O1 via corner sharing with a distance of
2.202 A to form a 1D square grid running through crystallographic
a axis (Fig. 2a). Each molybdenum atom in the dianion [Mo0,0,]?~ is
in {MoOsN} octahedron constructed from the nitrogen atom of the
tetrazole ring, three terminal oxygens, one bridging [1-oxo and one

oxygen atom form the other [Mo0,07]>~ subunit. Each {MoOsN}
octahedron corner-shares with three {MoOsN} octahedra and two
{CuN,04} octahedra. The coordination geometry around Cu(ll)
atom is defined by the two nitrogen atoms (N2) of two tetrazole
rings with bond length of 2.230 A and four corner sharing oxygen
atoms (two 03 and two 04) from two dianions [Mo,0,]*>~ with
bond lengths 1.897 and 2.252 A, respectively. Each {CuN,04} octa-
hedron corner shares with four {MoOsN} octahedra. The coordina-
tion environments of both the metals are shown in Fig. S6
(Supporting Information). From the tetrazole point of view, 4-Hptz
is a neutral molecule [5-(4-CsH4N"H)CN,~](4-Hptz), acting as a
tetradentate ligand in which two nitrogen atoms (N1) bind/chelate
to one [M0,0,]>~ anion and two nitrogen atoms bind/bridge to two
copper atoms. The plausible modes of binding with different types
of pairs of nitrogen atoms are shown in Table 2. Each tetrazole con-
nects to two Cu octahedra and one [Mo,07]*>~ anion through four
nitrogen donors (Fig. 2b). There are only few instances in which
tetrazole exhibits coordination mode of IX [43], in which all the
nitrogen atoms of the tetrazole ring are involved in the bonding.
In order to meet the available coordination requirements, the li-
gand 4-Hptz adopts slightly bend conformation from the plane
(Fig. S3 in the section of Supporting Information). The covalent
connectivity in the {CuMo0,0,} network brings about a large 20-
membered {CuyMog010} ring. Each ring is formed by the two 4-
Hptz ligands, whereby the pyridine moiety of each 4-Hptz occupies
the cavity of the rings (Fig. 3a). These rings form sheets and these
sheets stacked via connection through terminal oxygens to form a
3D bimetallic oxide network (Fig. 3b). Two 4-Hptz ligands act as a
template in the formation of the {CusMo0g00} rings through its
coordination via nitrogen atom to both Cu and Mo octahedra. It
is worth mentioning that the coordination from nitrogen to molyb-
denum is hardly known in inorganic self-assembled structures. The
pattern of chains formed with tetrazole rings and the metal centers
are shown in Fig. 4a and the framework of bimetallic oxide {Cu-
Mo,0} is shown in Fig. 4b. The arrangement of chains in the
framework is shown in Fig. 4c. The selected bond lengths and bond
angles of the compound 1 were shown in Table S1 (Supporting
Information).

3.2.2. [Cu(4-Hptz)»(H20)3]2[MogO56] (2)

In our investigation of self assembly process of copper molyb-
dates with tetrazole, we isolated compound 2 at different synthetic
conditions, with molecular formula [Cu(4-Hptz),(H,0)3],[MogO¢]
(2). Compound 2 crystallizes in triclinic space group P1; crystal
data and structural refinement for compound 2 are presented in
Table 1. The thermal ellipsoid plot for compound 2 is shown in
Fig. 5. The relevant asymmetric unit consists of half of the octamo-
lybdate, [Mo40¢3]*>~ anion and [Cu(4-Hptz),(H,0);]*" cation.
The crystal structure of 2 consists of infinite molybdenum oxide
chains constructed from the corner sharing octamolybdate
anions [MogO.6]*~ and discrete Cu(ll) cationic complexes
[Cu(4-Hptz),(H,0)3]. Octamolybdate is well characterized and
highly explored POM with o-1 isomers [44-50] and has been iso-
lated with different range of organic cations [51], and inorganic
metal complexes [52]. In the present study, the octamolybdate
chains, formed in the compound 2, are almost similar with the
chains, reported in the compound [(Me-NCsHs)4MogO56] [53].
The monomeric octamolybdate [MogO,6]*~ unit in the compound
2 comprises of eight edge sharing MoOg octahedra. The mode of
connectivity of these monomeric octamolybdates gives different
types of oxide chains [53]. Each octamolybdate unit in compound
2 consists of four p2-oxo groups, in which each oxo group acts as
a linker between two molybdenum atoms from the adjacent sub-
units to form an infinite oxide chains. The connectivity of a pair
of octahedra of one subunit with a pair of octahedra from another
subunit through corner sharing (via p?-oxo) results in an infinite
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Fig. 2. (a) 1D chain-like arrangement of square grids running through crystallographic a axis; (b) coordination of 4-Hptz to the metal centers.

Table 2

Different types of binding modes of nitrogen atom pairs in the [5-(4-pyridyl) tetrazole].
Types of N----N pairs in tetrazole ring Distance (A) Plausible mode of binding 4-ptz
N1-N1* 1.303 Chelating/bridging N1 N1*
N1-N2 1.329 Chelating/bridging
N1-N2* 2.151 Bridging
N1*-N2 2.151 Bridging %
N1*-N2* 1.329 Chelating/bridging N2 N2
N2-N2* 2.194 Bridging
N2,N2*-N3 5.049 Pillaring
N1,N1*-N3 6.190 Pillaring

Fig. 3. (a) 20 Membered {CusMog0O10} ring, templated by two 4-Hptz ligands; (b) stacking of the bimetallic layers formed from the rings.

1D oxide chains with the formation of rectangular voids of dimen-
sion 3.828 A x 3.862 A in the linking region (Fig. 6). The Mo-0O-Mo
bridges between two subunits are almost linear with an angle of
171.3°, whereas the Mo-0O-Mo bridge in the compound 1 is bent
with an angle of 142.0°. The cation in the compound 2 consists
of Cu(Il) centers in {CuO3N,} square pyramids. The geometry at
each Cu(Il) center is defined by one oxygen atom (016) from one
coordinated water molecule in an apical position and two oxygen
atoms (014 and 015) from two more coordinated water molecules
and two nitrogen atoms from the two 4-Hptz ligands in the basal
plane. In the crystal structure of compound 2, 014 and 015 atoms
suffer from significant disorder problem and they have been split-
ted over two positions after fixing their occupancies to 0.5 and 0.5
for 014 and 0.75 and 0.33 for 015. We collected crystal data for
compound 2 at liquid nitrogen temperature; however this low

temperature data also did not improve the situation of this disor-
der problem.

The pyridine nitrogen atom is protonated and does not involve
in the bonding as mentioned previously (scheme 2). Only one
nitrogen atom of the tetrazole ring coordinates to the Cu atom
(Mode-II) [43], whereas in 1 all the four nitrogen atoms are bonded
to metal centers. The void space created by the oxide chains are
occupied by the Cu(Il) cationic complexes (see Fig. S4 in Supporting
Information). The selected bond lengths and bond angles of com-
pound 2 are shown in Table S2 (Supporting Information). The oxy-
gen atoms of the octamolybdate chains are involved in hydrogen
bonding interactions with hydrogen atoms of the pyridine ring.
Each cation [Cu(4-Hptz),(H,0)s] is connected to three oxide chains
via C-H---O weak interactions as shown in Fig. 7a. Also there exists
a weak C-H.-N supramolecular interactions between two
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Fig. 4. (a) Cationic chains, formed from 4-Hptz and metal centers; (b) 3D framework of {CuMo0,0-} bimetallic oxide; (c) fusion of cationic chains in the 3D bimetallic oxide.

c1

cs nto

Fig. 5. Thermal ellipsoidal plot of compound 2; hydrogen atoms are not shown for clarity.

Fig. 6. Infinite octamolybdate chains with rectangular cavities.

[Cu(4-Hptz),(H,0)s] cations to form a 1D chain as shown in Fig. 7b. with oxide chains through C-H.---O interactions (Fig. 7c). The
Overall the C-H---N interactions form a 1D chain-like structure of relevant hydrogen bonding distances and angles with symmetry
[Cu(4-Hptz),(H,0)3] cations, which in turn, forms 3D framework operations are listed in Table 3.
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Fig. 7. (a) C-H---O interactions between the 4-Hptz and octamolybdate chains; (b) C-H--

interactions leading to a 3D supramolecular frame work.

Table 3
Geometrical parameters of the C-H---O and C-H---N hydrogen bonds (A, °) involved in
supramolecular network of compound 2. D = donor; A = acceptor.

D-H.-A d(D-H)  d(H-A)  d(D..A) <(DHA)
C(3)-H(3)--0(3)#5 0.93 247 3.377(4)  164.0
C(4)-H(4)--O(4)#5 0.93 2.68 3.319(4)  127.0
C(4)-H(4)--0(1)#6 0.93 2,55 3281(4)  136.1
C(6)-H(6)--O(10)#6 0.93 247 3.110(4) 1263
C(11)-H(11)--O(5)#7 0.93 2.60 3.466(4)  154.6
C(11)-H(11)--0(2)#8 0.93 2.37 2958(4) 1210
C(12)-H(12)--0(2)#8 0.93 2.53 3.037(4) 1143
C(5)-H(5)--N(7)#9 0.93 2.44 3.336(4) 1625
C(10)-H(10)--N(3)#10 0.93 2.71 3204(5) 1215
C(9)-H(9)--N(3)#10 0.93 2.78 3.324(4) 1183
N(10)-H(10A)--O(12)#11  0.85(5)  1.80(4) 2.634(4)  165(4)
N(9)-H(9A)--0(7)#6 0.86(5)  1.84(5) 2.698(4)  177(4)

Symmetry transformations used to generate equivalent atoms:

#5 —x+1, -y, z+1#6x—-1,y,z—- 1 #7 x, y+1, z#8 x+1,y+ 1,z #9 —x+1,
-y+1, -z

#10 —x+2, —y+1, —z+2 #11 —x+3, —y+1, —z+2.

3.3. Thermogravimetric studies

Thermal analyses of both the compounds were performed un-
der nitrogen atmosphere (Fig. 8). Compound 1 shows a thermal
stability up to 320 °C and exhibits a weight loss of 28.20% (theoret-
ical: 28.56%) corresponding to the loss of 4-Hptz. A continuous
weight loss occurs in the region 352-838 °C to produce an amor-
phous gray powder. On the other hand, compound 2 shows a ther-
mal stability up to 215°C and exhibits a weight loss of 35%
(theoretical: 34.6%) corresponding to the loss of six water mole-
cules and four 4-Hptz moieties. Compound 1 exhibits more ther-
mal stability than compound 2 due to strong coordination of
tetrazole to the inorganic oxide phase leading to a 3D network in
compound 1. The continuous weight loses after the exclusion of
4-Hptz in both the compounds give unknown oxide phases.

3.4. How a tetrazole molecule influences the self assembly process of
the inorganic oxides

The availability of more number of donor sites and the geome-
try of the donor sites in the tetrazole ring allows to show an impor-

-N interactions between the two 4-Hptz ligands; (c) overall C-H---O and C-H---N

Compound 1

Compound 2

Mass(%)

60 -
50 -
40 -
30 4
T ¥ T T T T T T
200 400 600 800 1000
Temperature(’C)

Fig. 8. Thermogravimetric curves for the compounds 1 and 2.

tant role in the self assembly process of the inorganic oxides. The
higher reacting ability and higher oxidation state of molybdenum
tend to form the mononuclear, polynuclear or oligomeric anionic
cluster anions such as [Mo0O4]?>~, [M0,05]>~ and [MogO,s]*". The
formation of these anionic clusters in the self assembly process
of inorganic oxides is mainly dependent on the secondary metal
coordination preferences, geometry and availability of the donor
sites in the organoamine ligands, and synthetic conditions like
pH, temperature and concentration of the reactants. Tetrazoles
are known to adopt at least nine distinct types of coordination
modes with metal ions in the formation of metal-organic frame-
works (see Scheme 1 in the section of Supporting Information)
[43]. The geometry of tetrazole ring is unique in the sense that
the nitrogen atoms can act as both chelated and bridging compo-
nents (Table 2). N-containing ligands involve in the self assembly
process of inorganic oxides only through the coordination to the
secondary metal ions but not to the Mo metal center. The delocal-
ization of negative charge in the ring of tetrazole, gives the ring an
aromatic sextet (see Scheme 2 in Supporting Information) [54],
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Table 4

Coordination modes of tetrazole and corresponding oxide phases formed in the compounds synthesized/reported.

Coordination mode of tetrazole® Oxide phase

Description of structure

B-Octamolybdate anions

’ ® 3D bimetallic oxides to which tetrazoles are attached via nitrogen atoms
—
; : [ 4

Mo,07,%" chain

N—>

Ion pair compound

2-D, 3D networks in which octamolybdate anions are encapsulated [38]

2 Pyridine moieties are not shown.

thereby enhances the coordination ability of the nitrogen atoms of
the tetrazole ring. Due to more coordination ability of the nitrogen
atoms in the tetrazole ring allows to coordinate to both secondary
metal and molybdenum metal centers. This factor makes a tetra-
zole molecule different from the other nitrogen containing ligands
in the self assembly process. As a result, in the compound 1,
tetrazole ring coordinates to two molybdenum centers and thereby
prevents the formation of oligomeric anionic clusters from
[Mo,0-]?>" anion. However, in the case of compound 2, due to more
concentration of heptamolybdate (see Section 3.1), tetrazole ring
does not prevent the formation of the oligomeric anionic clusters
and thereby tetrazole acts as monodentate ligand. The formation
of the octamolybdate chains in compound 2 is not purely depen-
dent on the influence of the tetrazole ring; however, the formation
of copper complex cation with tetrazole is an important factor,
responsible for the formation of the oxide phase. The coordination
modes of the tetrazole ring to the metal centers in both the com-
pounds have been shown in Fig. S6 (Supporting information). This
profound influence of tetrazole ring in the formation of oxide
phases is only possible when the entire donor sites are available
for binding. The mode of the tetrazole ring and the corresponding
oxide phase in the compounds synthesized/reported are shown in
Table 4.

4. Conclusion

Inorganic oxides represent the most important class of materi-
als as far as stability and application aspects are concerned. In or-
der to investigate the self assembly process of bimetallic inorganic
oxides involving tetrazole, herein, we have identified 3D covalently
linked material [Cu(4-Hptz)Mo,0;] (1) and 1D compound
[Cu(4-Hptz)(H20)3]2[MogO6] (2). The attractive feature of this
article is that in the compound 1, tetrazole ring, with the aid of four
donor sites, templates the formation of the {CusMogO10} rings,
which stacks further to give a 3D bimetallic oxide frame work of
{CuMo0,0-},.. The coordination ability of the nitrogen atoms in the
tetrazole ring to coordinate with both transition metal and

molybdenum metal center in compound 1 favors the formation
of the 3D bimetallic oxide. Whereas, in the compound 2 due to
more heptamolybdate concentration, tetrazole ring does not play
any role to control the oxide phase, and acts as only monodentate
ligand. By tuning the synthetic conditions, tetrazole tends to exhi-
bit different coordination modes which can alters the formation of
oxide phase. This system not only proves to be a good example to
investigate self assembly process and provides more information of
the directional syntheses of the inorganic oxide phases, but also of-
fers a fundamental approach of how a nitrogen donor containing
organic molecule (tetrazole) influences the self assembly process
of the inorganic oxides. Introducing the tetrazole derivatives into
the poloxomolybdate (POM) matrix adds a new dimension to the
POM based materials in terms of designing solids with specific
properties. We are now working on various tetrazole type ligands
to understand the self assembly in metal-oxide based solids.
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Appendix A. Supplementary material

CCDC 788800 and 788801 contain the supplementary crystallo-
graphic data for 1 and 2, respectively. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif. Supplementary data
associated with this article can be found, in the online version, at
doi:10.1016/j.ica.2010.12.062.
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