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Abstract—A novel polyoxomolybdate-based organic-inorganic hybrid compound, (C¢Hg)4[H4M0304], has
been synthesized hydrothermally and characterized structurally by the elemental analysis, single crystal X-ray
diffraction, thermogravimetric analysis, infrared and ultraviolet—visible spectroscopies, and cyclic voltam-

metry. Crystallographic data for the compound are: triclinic system, space group P 1, unit cell parameters a =
9.605(2) A, b=9.991(3) A, c =10.718(3) A, o. = 83.75(2)°, B = 76.45(3)°, Y= 69.07(3)°, Z= 1. The crystal

consists of the clusters B-[MogO4]*

~ and four organic molecules C¢Hg. Isopolymolybdate anions are con-

nected with the organic molecules via a complex hydrogen-bonded network, which generate a three-dimen-

sional framework.

DOI: 10.1134/S1063774519070058

INTRODUCTION

Polyoxometalates (POMSs) are oxo-metal clusters,
in which the metal element M is often in its highest
oxidation state (M = WY, Mo"!, VVet al.). The class of
POMs can be subdivided in isopolyanions and hetero-
polyanions. The first class is formed only by a metal
element and oxygen ligands. The well-known exam-
ples are hexa-metallate [M;O4]>~ (M = Mo, W),
hepta-metallate [Mo,0,,]°~, and octa-metallate [MogO,]*~
ions. The second class contains an additional hetero-
element X, which can either be from the main groups
or the d-block. The known examples of heteropolyanions
are: the Keggin ion, [XM,,04]"" the Anderson-Evans
ion, [XMO,,]"~; the Wells-Dawson ion, [X,M30¢,]"".

The POM-based organic—inorganic hybrid com-
pounds have attracted a great interest in recent years
due to their theoretical and practical applications in
catalysis [1—6], medicine [7—11], optics and magne-
tism [12—20], nanotechnologies [21, 22], and photo-
luminescence area [23—27]. A strategy is to substitute

an inorganic cation such as H*, Na*, K*, and NH; by
organic molecules, which will act not only as a charge
compensators but also play an important role in the
polymerization of the POMs via Van der Waals,
hydrogen bonding and/or electrostatic interactions of
conventional O—H---O, C:--H, and N—H--O motifs
[28, 29], leading to obtain original hybrid materials.

The octamolybdate family, [MogOx]*~, has
attracted a great interest due to its different structural

modifications in solid state: eight isomeric forms, o,
B, v, 0, 0, €, {, and n, have been prepared, they differ
in types of polyhedra that fuse to form a cluster and
a bonding between polyhedra [30—32]. The octa-
molybdate isomers could be crystallized through
organic cations, such as (HDBU);(NH,)[B-MogOy] -
H,0 [33], (HDBU),[6-Mo0gOx] [33],
(CioHoN,)»(CoHgN,)[MogOy] - 2H,O  [34], and
(C,H14N,),[MogOy] - 2H,0 [35], or through metal-
ligand cations, such as [{Cu(tpdoen)},]|[a-MogOy] -
3H,0 [36], [{Ni(tpoen)},(B-MogOy)] - SH,O [36],
{Co(phen)s},[M0cO 9] [M0gOy] 2H,0  [37],
[{Cuy(tpyrpyz)},{C-MogOs}] 7H,0 [38], and
[Fe(tpyprz),],[MogOy] - 3.7H,0 [39].

In this paper, we report the hydrothermal synthe-
sis, molecular structure, and physical properties of
polyoxomolybdate-based organic-inorganic hybrid,
(C¢Hg)4[HsMo0gOx].

EXPERIMENTAL
Synthesis

The compound, (C¢Hg)s HsMo0404], was pre-
pared via the hydrothermal synthesis in a 25 mL Tef-
lon-lined reactor. Sodium molybdate dihydrate
Na,Mo,0, - 2H,0 (1.452 g, 6 mmol) was dissolved in
10 ml of water, after addition of aniline (0.2 mL,
2.2 mmol), the pH value was adjusted to 2.7 by adding
a concentrated hydrochloric acid. The resulting mix-
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Table 1. Crystallographic characteristics and the X-ray-data
collection and structure-refinement parameters for the

(CsHg)s[H4M0gOy4]

System, sp. gr., Z
a,b,c,A

o, B, v, deg

v, A3

D, gecm™
Radiation, A, A
u, mm~!

T, K

Sample size, mm

3

Diffractometer

Scan mode
Absorption correction,
Tminﬂ Tmax

O max> deg
h, k, [ ranges

Number of reflections:
measured/unique (N1),
Ry/with 1> 26(1) (N2)
Refinement method

Number of refined
parameters

R,/WR, relative to N1
R\/wR, relative to N2
S

Apmax/Apmins G/A3

Triclinic, P1, 1

9.605(2), 9.991(3), 10.718(3)

83.75(2), 76.45(3), 69.07(3)
933.6(3)

2.661

Mo Ka., 0.71073

2.692

293(2)

0.40 x 0.30 x 0.20
Enraf-Nonius CAD-4
n—20

Psi-scans, 0.392, 0.593

25.349
—11<h<12,-12<k<12,
0</<13

5342/3969

0.033/3503

Full-matrix least-squares
301

0.0473,/0.01007
0.0403/0.0975
1.0175
1.12/-2.07

ture was stirred at room temperature until the mixture
became homogeneous, then it was transferred and
sealed in a Teflon-lined autoclave, which was heated
at 120°C for 72 h. After slow cooling to room tempera-
ture the crystalline product was filtered, washed with
distilled water, and dried at ambient temperature.

Single-Crystal X-Ray Diffraction

A suitable single crystal of the title compound with
dimensions 0.40 % 0.30 X 0.20 mm was mounted on a
glass fiber. Data were collected at 293 K on a Enraf-
Nonius CAD-4 diffractometer with a MoK, (A =
0.71073 A) monochromated radiation. The data were
corrected using an empirical absorption correction
(Wyeans) [40]. The structure was solved by direct meth-
ods using SHELXS-97 program [41] and refined by
full-matrix least-squares based on F? using SHELXL-97
program [41] included in the software package WinGX
[42]. All non-hydrogen atoms were directly located
from difference Fourier maps and refined with aniso-
tropic displacement parameter. Hydrogen atoms were
located from difference Fourier maps calculated from

CRYSTALLOGRAPHY REPORTS

successive least-squares refinements, these atoms
were added in idealized positions and refined in subse-
quent refinement cycles with an isotropic displace-
ment parameter fixed at 1.20;, (A?) of the parent
atoms. The crystal data and structure refinement
parameters for the title compound are given in Table 1.
The selected bond lengths are listed in Table 2.

The crystallographic data for the title compound
were deposited with the Cambridge Crystallo-
graphic Data Centre (CCDC number 1469694).
These data can be obtained free of charge via
http://www.ccdc.cam.ac.uk.

Physical Measurements

Fourier transform infrared (FT-IR) spectra were
recorded in the 4000-400 cm~! range on a Perkin
Elmer Spectrum 65 FT IR Spectrometer.

Thermogravimetric analysis (TG) and differential
thermal analyses (DTA) were carried out simultane-
ously using a SETARAM TG-DTA92 instrument.
The sample mass of 9 mg was placed in a platinum
crucible heated from 25 to 600°C in a dynamic N,

atmosphere. The heating rate was 10°C min~".

The ultraviolet—visible (UV) absorption behavior
of the title compound was analyzed in the 200—
400 nm range using an aqueous solution (2 x 10—3 M)
with a Perkin-Elmer Lambda 650 spectrophotometer.

The electrochemical behavior was studied by cyclic
voltammetry in 0.2 M H,SO, aqueous solutions at dif-
ferent scan rates in the potential range from 0 to 1 V.
Platinum electrodes were used as the working elec-
trode and counter electrode, the reference electrode
was an Ag/AgCl (sturated KCl) electrode.

RESULTS AND DISCUSSION
Crystal Structure

Single-crystal X-ray diffraction analysis reveals
that the title compound is constructed of B-
[MogOx]* and four organic molecules linked via
hydrogen bonding interaction. The B-[MogO,c]*
anion consists of eight distorted edge-sharing [MoQOq]
octahedra (Fig. 1). Due to different coordination
modes of oxygen atoms in polyanion unit, the Mo—O
bond lengths can be classified into four categories: (I)
Mo—Ot bonds, where Ot is the terminal oxygen atom
02, 03, 05, 09, 010, 012, O13, 02*!, 0O3*!, O5%!,
09*1, 010!, 012%!, 013*!, 1.685—1.722 A; (II) Mo—
Ob bonds, where Ob is the twofold-coordinated oxy-
gen atom O7, 08, Ol11, O7%!, O8*!, O11%!, 1.749—
2.289 A; (III) Mo—Oc bonds, where Oc is threefold-
coordinated oxygen atom O1, 04, O1%!, 0471, 1.949—
2.366 A; (IV) Mo—Op bonds, where Op is the penta-
fold-coordinated oxygen atom 06, 06*!, 2.135—
2.517 A (Table 2).
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Table 2. Selected bond lengths d (A) and angle limits (deg) for the (CgHg)4[H4sMogOx]

Bonds d,A Bonds d,A
Mol1-01 1.949(5) Mo3—01%! 2.366(2)
Mol1-03 1.711(6) Mo3-02 1.721(6)
Mol1-04 1.956(5) Mo3—-04 1.999(6)
Mol-06 2.135(5) Mo3-06 2.336(5)
Mol1-06%! 2.380(5) Mo3-08 1.889(6)
Mol1-011 1.749(6) Mo3—-09 1.696(6)
Mo2-01 1.996(5) Mo4-05 1.722(7)
Mo2—04%! 2.357(5) Mo4—-06 2.517(5)
Mo2—-06 2.327(5) Mo4—-07 1.929(6)
Mo2-07 1.890(6) Mo4-08 1.927(6)
Mo2—-010 1.702(6) Mo4—0O11%! 2.289(6)
Mo2—-013 1.708(6) Mo4—-012 1.685(6)
Polyhedra Angle limits Polyhedra Angle limits
Mo10g¢ 75.71(2)—174.83(2) Mo30g¢ 71.25(1)—158.52(2)
Mo20 71.78(2)—163.22(2) Mo40 68.86(1)—164.89(2)

6 6

Symmetry code: #1) —x, —y, —z.

The +6 oxidation state of Mo atoms was confirmed
by the bond valence sum (BVS) calculations [43],
according to which the valence sum from Mol to Mo4
is 6.085, 5.953, 5.909, and 5.928, respectively, the
average value being 5.969, which is consistent with
that expected for Mo in +6 oxidation state. According
to the results of the bond valence sum for all oxygen

atoms in the cluster anion, we presume that the H*
ions for the balancing charge may be bonded to the
terminal oxygen, O2 and 02! (BVS = 1.556), and the
pentafold-coordinated oxygen, O6 and O6*! (BVS =
1.456), as their BVS values are smaller than those of
the other oxygen atoms yielding to the [H,MogzOx]
cluster. The organic molecules C4Hg are in two crys-

010z

Fig. 1. Ball-and-stick representation of the octamolybdate B—[M08026]4_ cluster anion.
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?

Fig. 2. Representation of the association mode of the organic molecules and the $-octamolybdate clusters showing the hydrogen

bonding interactions.

tallographically independent sites, which can be
named as M1 and M2. They connect to the clusters by
a complex network of hydrogen interactions. The mol-
ecules M1 and M2 are interlinked with three neighbor-
ing clusters via hydrogen interactions (Fig. 2). The

Table 3. Selected hydrogen-bond geometry (A, deg) for the
(CeHe)a[H4MogOy]

D-H-A |D-H,A|H-AA|D-a A|P~H"4
deg
CI-HI1--03 | 0920 | 1982 |2.864(2)| 157
C2-H2-09 | 0924 | 2701 |3.510(5) | 164.9
C3-H3--012 | 0928 | 2745 |3.317(3) | 120.2
C4—H4--010 | 0924 | 2343 |3.0352)| 131
C4—H4-013 | 0924 | 2281 |3.0492) | 127
C5-H5-04 | 0922 | 2422 |3.3192) | 159
C7-H7--05 | 0922 | 2.207 |3.060(2) | 153
C9—H9-07 | 0927 | 2940 |3.524(2)| 122.3
ClHI—H11--O11| 0931 | 2491 |3.2112) | 133
CI2-HI2+-02 | 0923 | 2121 |3.0102) | 159

D = donor, A = acceptor.

CRYSTALLOGRAPHY REPORTS

first cluster shares two oxygen atoms O2 and O5 with
M1, the bond lengths are C12—H 1202 =2.121 A and
C7—H7-+05 = 2.207 A, and it also shares two other
oxygen atoms O3 and O13 with the organic molecule
M2, the bond lengths are C1—H1-+-03 = 1.982 A, C4—
H4--013 = 2.281 A. The second cluster is hydrogen
bonded to M1 via C5—H5---:O4 and to M2 via Cl11—
H11---O11, the hydrogen bond lengths are 2.422 and
2.491 A, respectively. The third cluster is connected to
the organic molecule M1 by sharing its oxygen atom
07, bond length is 2.940 A, and connected to M2 by
sharing its oxygen atom O12, bond length is 2.745 A.
The important hydrogen bond interactions observed
are listed in Table 3. This arrangement leads to a two-
dimensional structure parallel to the plane (111). The
three-dimensional structure of title compound is
made up by a stack of these identical layers following a
stack of ABAB-type. The hydrogen bonding interac-
tions exist also between two successive two-dimen-
sional layers (Fig. 3), the organic molecule of the first
layer is connected to the cluster of the second layer via
hydrogen interactions C2—H2--09 and C4—H4---010
with bond lengths 2.701 and 2.343 A, respectively.

Vol. 64
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Fig. 3. A view of hydrogen bonding interactions
between two 2-dimensional layers in the structure of
(CeHg)a[H4M0gOy].

Infrared Spectroscopy

The IR spectrum of the title compound shows the
characteristic vibrational peak similar to that known
for octamolybdate cluster anions. The series of bands
in the range of 592—422 ¢cm™' are attributed to the
(Mo—O—Mo) vibrations. Bands at 950, 872, and 785 cm™!
are assigned to the terminal Mo=0 stretching. There
are some characteristic bands for the organic mole-
cules at 1382 and 1468 cm~!, which can be ascribed to
the aromatic (C=C) vibration. Bands at 2876 and
2963 cm™! are attributed to the characteristic (C—H)
aromatic vibration.

Thermogravimetric and Differential Thermal Analyses

The TG curve exhibits a two-step of mass loss in
the temperature range from 220 to 500°C (Fig. 4). It
CRYSTALLOGRAPHY REPORTS
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Fig. 4. Thermogravimetric and differential thermal curves
of the compound (C¢Hg)4[H4MogOy¢].

can be observed that the experimental result of TG
analysis (21.1%) is in agreement with the results of
structure determination and the calculated value
(20.8%).

The DTA curve shows that two mass losses are
endothermic. The first loss display a weight loss of
10.9% (calculated value, 10.4%) occurring from 220 to
350°C corresponding to the loss of two organic mole-
cules C4Hg. The second weight loss of 10.2% occurs
between 350 and 500°C, corresponding to the removal
of two other organic molecules (calculated value,
10.4%).

Ultraviolet—Visible Spectroscopy

The UV spectrum of the compound exhibits an
absorption peak at 216 nm (Fig. 5), ascribed to the
ligand-to-metal charge transfer (LMCT) from termi-
nal oxygen atom to the molybdenum center (O, = Mo),
where the nonbonding electrons localized over the
oxygen atoms in the highest occupied molecular
orbital (HOMO) are transferred to the lowest unoccu-
pied molecular orbital (LUMO) of the molybdenum
atoms. The absorption onset of the title compound
was about 262 nm, indicating an optical energy
gap (E,) of 4.7 eV and the absorption coefficient € of

9864 mol~! Lcm~L

FElectrochemical Behavior

The cyclic voltammogram of the compound
(C¢Hg)4|HsMo0gO,4] recorded at different scan rates
(Fig. 6) shows one reversible redox wave, correspond-
ing to the redox couple MoV in the cluster structure.
The mean peak potential is £, = (Epa + Epc)/2 =
607 mV (scan rate: 200 mV s~!). Moreover, the
cathodic peak potentials shift toward the negative
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Amax = 216 nm
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Fig. 5. Ultraviolet—visible absorption spectrum of the
compound (C¢Hg)4[H4MogOy¢].

Current, mA
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Fig. 6. Cyclic voltammograms of (CgHg)4[H4sMogOy4] in
H,S0, at different scan rates: 10, 20, 50, 200 mV s7L

direction and the corresponding anodic peak poten-
tials shift to the positive direction with increasing scan
rates. The peak currents are proportional to the square
of the scan rates which indicate that the redox process
on the electrode is diffusion-controlled.

CONCLUSIONS

In this study, we have hydrothermally-synthesized
an organic-inorganic compound (C4Hg) 4 HsMo0gO,4]

(space group P1) consisting of B-[MogO,6]* clusters
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linked by aromatic organic molecule C¢Hg in a two-
dimensional network parallel to the plane (111) via the
hydrogen-bonding interactions. The three-dimen-
sional network is made up by a stack of these identical
layers following a stack of ABAB-type via hydrogen-
bonding interactions.

The synthesized compound was characterized by
some physicochemical methods. The electrochemical
behavior has revealed that the organic-inorganic
hybrid polyoxomolybdate exhibits a reversible reduc-
tion wave corresponding to the Mo""V system. It can
be used in modified electrodes to study some electro-
chemical applications and catalyzed reactions. The
ultraviolet—visible spectra of the title compound in
aqueous solution display an absorption peaks, appear-
ing at 216 nm, which can be attributed to the charge
transfer pr(0,) — dn*(Mo). According to the thermo-
gravimetric analysis, the whole weight loss (21.1%) is
consistent with the calculated value (20.8%).
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