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Abstract

Molyhdetellurates [M(H20)6]3-[TeMogO24], with M=Ni(1l) and Co(1l), were synthesized
and characterized by single-crystal X-ray diffraction for compound 1 and X-ray powder dif-
fraction for compound 2, EDAX, IR, electronic spectra in the salid phase and in solution, and
magnetic properties. Thermogravimetry and differential scanning calorimetry of both com-
pounds revealed a loss of 11 water molecules through an endothermal process with
AH=800 kJ mol™' for the nickel compound and AH=833 kI mol™' for the cobalt compound.
The residual compounds were characterized by chemical analysis, IR and XPS spectroscopy
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Introduction

Inorganic metal-oxygen clusters are of great interest in catalysis, supra-
molecular inorganic chemistry, electron transfer reactions and biological chem-
istry {1]. One important aspect of the chemistry of these compounds is their ther-
mal behaviour. To the best of our knowledge, no experimental data on the thermal
stability of telluromolybdates are available with the exception of diazolium
{2, 3] and some transition metal molybdotellurates [4].
formula M;[TeMosO24]-nH;0, where M=Ni, Co, Mn, Zn and Cu, were prepared
and incompletely characterized {4, 5]. These compounds are interesting as active
catalysts for the oxidation of olefins to unsaturated aldehydes and acids [4]. In
more recent work, we reinvestigated and completed the study of transition metal
molybdotellurates [6]. In the present work, we report on a study of the thermal
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stability in the solid phase of molybdotellurates of nickel(II) and cobalt(Il),
[Ni{H:0)5]3 [ TeMogO14] 1 and [Co(H20)6]5 [TeMosO24} 2, and the determina-
tion of kinetic parameters corresponding to the loss of 11 water molecules, using
dynamic and isothermal methods in dynamic dinitrogen atmosphere for com-
pound 2.

Experimental
Materials

The starting materials (reagent grade) were obtained commercially and used
without further purification.

Preparation of the compounds

The compounds were prepared in accordance with reference [6]. Thus, a suspen-
sion of MoOs (2 g, 13.9 mmol), Te(OH)g, (2.13 g, 10 mmol) and NiCO;-2Ni(OH)>-
4H,0 (5.2 g, 13.9 mmol) for compound 1, or of 2CoCO;-3Co(OH).-4H0 (7.8 g,
13.9 mmol) for compound 2, was prepared in deionized water (1 1). The suspen-
sions were heated under reflux with stirring for 4 h and adjusted to pH= 2 by
dropwise addition of HNO; (13.1 M). The resulting green solution for com-
pound 1 or pink solution for compound 2 was reduced in volume, first t0 300 cm’
with a rotatory evaporator, and then by slow evaporation to 200150 ¢cm ? for both
compounds at room tempel ature. Anal. calc. N13M06042H35Te {1): Ni, 10.90; H,
2.29; Mo, 36.26; Te, 8.03; Found: Ni, 11.20; H, 2.40; Mo; 36.83; Te, 7.96%.
Anal. cale. CosMog04:HasTe (2): Co, 11.13; H, 2.30; Mo, 36.24; Te, 8.03; Found:
Co, 11.74: H, 2.34; Mo, 36.95; Te, 8.20%.

Analytical methods

Chemical analysis of H was performed on an EA 1108 CHNS-O automatic
analyser, and EDAX chemical analyses of Ni, Co, Te and Mo were performed
with a Philips CM200 transmission electron microscope.

Single-crystal X-ray diffraction data for compound 1 were recorded on an
Enraf-Nonius CAD-4 four-circle diffractometer at 293(2) K. Intensity data were
obtained by use of an 28 scan, using graphite- -monachromated CuKg radiation
(A=1.54169 A).

X-ray powder diffraction data for compound 2 were collected by using De-
bye-Sherrer geometry, and a 120° arch detector INEL, with the sample in a rotat-
ing capillary to diminish preferred orientation. The radiation was CuK,
(A=1.5406 A), using a primary planar graphite monochromator.

IR spectra were recorded on a Nicolet 710 FTIR spectrophotometer, in KBr
as support, in the spectral range 4000-250 cm™'. Solid-state electronic spectra
were obtained with a Perkin-Elmer 5508 spectrophotometer in the spectral range
190--900 nm, with BaSO; as support, while the spectra in agueous solution were
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recorded on a Perkin-Elmer Lambda 9 spectrophotometer UV-VIS-NIR in the
spectral range 300-1300 nm. The magnetic susceptibility data on the powdered
samples were obtained with a Quantum Design SQUID MPMS-58 magnetome-
ter in the temperature range 1.7-300 K. Pd and Hg[Co(SCN)}4} were used for
calibration.

Thermogravimetric {TG) and calorimetric analyses were performed on a
Netzsch STA 409 EP simultaneous thermobalance and a differential scanning
calorimeter (DSC), respectively, at heating rates of 2.5 and 8°C min~" in a dy-
namic dinitrogen atmosphere of ca 70 cm’ min™' with 5.1 mg of compound. Sev-
eral runs were made on each sample, with good reproducibility. The instrument
was standardized for temperature and AH vs. five reference materials: KNOs, In,
KClO4, K250, and BaCOs.

For determination of the kinetic parameters, thermogravimetric curves and
their derivatives were obtained. The residual compounds were characterized by
IR and XPS spectroscopy. The XPS spectra were recorded on a Physical Elec-
tronics 5700 spectrometer equipped with a dual X-ray excitation source
(MgKq, iv=1253.6 eV and AlK,, hv=1486.6 eV) and an Electronics 80-3658
multichannel analyser.

Results and discussion

The compounds Nis[TeMogO2.]-20H,0O [4] and Cos[TeMogO24]-24H,0 [5]
were earlier precipitated from solutions containing the nitrates of the respective
transition metal, telluric acid and ammonium paramolybdate. This method of
synthesis is very different from our method of preparation (vide supra) and pro-
duces specties that are more hydrated than those described in the present work.

The compounds described here were characterized by X-ray diffraction, IR
and electronic spectroscopy in the solid state and in aqueous solution and via the
magnetic susceptibilities [6]. [Ni(H20)s]3-[TeMogO24] and [Co(H,O)els
[TeMoqOa4} crystallize in the trigonal space group R-3e¢, with a=b=17.906(5),
c=19.458(5) A, v=5403(3) A’ for 1, and a=b=17.902(4), ¢=19.686(3) A, V=
5448(2) A’ for 2. The structure of compound 2 was refined by using the Rietveld
method, starting with the structural parameters of the isostructural compound 1.
The two compounds are isostructural, because they present the same powder dif-
fractograms under the same conditions. The anion is located around aquo cations
[M(H:0)5]* (M=Ni(I); Co(ID)}. A hydrogen-bonding network allows the self-
assembly of the ionic counterparts [6].

The IR spectra of both compounds are discussed on the basis of the Dsg sym-
metry of the anion [TeMog024]%". The bands at 905 and 954 cm ™" are assigned to
v, and Vg, of ¢is-MoQs (A +2F,), corresponding to the idealized D symmetry
for [TeMos0O24]°". The bands at 622 and 692 cm ' could be tentatively assigned to
the v,; Te—O stretching mode (A2,+E,) [2, 6, 7). The band at 622 cm”' could also
correspond to wagging frequencies (p.) of the water molecules in [M(H.0)]™
(M=Ni(1l), Co(il)), with idealized O, symmetry of the cation [8].
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The visible spectrum for the nickel compound in agueous solut1on presents a
band at 393 (e=2.3M™" em™), a doublet at 660 ge-O 8 M ™ em™), and band at 725
(e=0.9M "' cm™) and 1120 nm (e=0.5M ' cm ). These bands correspond to li-
gand field trans:tlons of the octahedral complex [N1(H20)5] and are a531gned
to the transitions - Azg—> Ti,(P), Azg—> E., Aag--) T1g(F) and Aog—) Tvg, Te-
spectively. In the solid phase, the doublet is observed at 6530 and 715 nm. The vis-

ible spectrum for the cobalt compound in aqueous solution presents bands at 475
(e=17.3M" em™), 510 (=22, 7M™ em™) and 605 nm (e=1.7M"™ om” h, attrib-
uted to the transitions Tjg—> Tlg(P) (bands at 475 and 510 nm) and Tlg—> Ae
(band at 603 nm) of the ligand field of the octahedral complex [Co(H,0)4]
whereas in the solid phase, bands are observed at 470 and 517 nm [6].

The small nature of the shifts observed in the visible bands in the solid phase
with respect to the bands in solution for both complexes seems to indicate that the
complexes maintain the same structure in the solid phase as in aqueous solution.

The effective magnetic moment found for the nickel molybdotellurate is
3.10 BM, which s slightly higher than expected for the spin—only contribution of
Ni(II) with S=1. This small difference can be explained if it is taken into account
that the Ni(TT) is coordinated by 6 water molecules in a distorted octahedron. The
magnetic moment observed for the cobalt compound is 4 57 BM. This value
agrees with that expected for the crystal field ground term Ty, associated with
Co(IT) in a point idealized symmetry Oy, for which the orbital contribution
should be considered [6].

For both compounds, thermogrdvimetric analyses were performed between
22 and 600°C, at heatlng rates of 2, 5 and 8°C min™" in a dynamic dinitrogen at-
mosphere of ca 70 cm” min “ with 5.1 mg of compound. A clear step was ob-
served, corresponding to the loss of 11 water molecules {calc. mass loss 12.5,
found 12.3%) between 73 and 120°C for compound 1 (Fig. 1 and Table 1) and be-
tween 58 and 114°C for compound 2 (Fig. 2 and Table 1), according to the equa-
tion

where M=Ni(1I), Co(Il), through an endothermic process with AH=800 kJ mol '
for compound 1 and AH=833 kJ mol™' for compound 2.

The values of AH for the water molecules are larger than those obtained for
the loss of water molecules from other compounds where the water molecules
are bonded by hydrogen-bonds [2, 3].

Compound 2 loses the water molecules (between 58 and 114°C) before com-
pound 1 (between 73 and 120°C), due to the fact that the distortion of the octahe-
dron of [Co(H,0¥]* 2 is greater than that of [Ni(H,0)s]** 1 [6]. This is in ac-
cordance with the Irving-Williams series of stability [9].

The residual compounds [6MoO:-3MO-TeOs5-7H20] (M=Ni(Il), Co(I)) from
the first step, which are green for 1 and brown for 2, displayed thermal stability
up to 287°C for compound 1 and to 258°C for compound 2 (Figs 1 and 2, respec-
tively). These compounds were also characterized by IR spectroscopy and ele-
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Table 1 TG data obtained at different heating rates for the thermai dehydration of
{Ni(H,0)]5 [TeMo,0,,] (compound 1) and [Co(H,0),1, [TeMoO,,] (compound 2)

2°C min™" 5°C min” 8°C min™'
T L T, T T T, h 7 T
1 73 110 04 73 118 109 74 120 115
2 38 100 77 58 111 87 58 114 88

T, and Ty are the initial and final temperatures of reaction, respectively, whereas
T is the DTG peak temperature, measured in degrees centigrade

mental analyses. The IR spectra contain a band at 922 cm™, assigned to asym-
metric Mo—0 vibrations [2, 8], The band at 674 cm™ could be assigned to the v,
and v, Te—0 stretching modes [2, 8]. The stretching band at 478 cm” was as-
signed to M—0, where M=Ni(Il), Co(II) [8]. The deformation vibrations of the
OH groups of the water molecules were observed at 1623 cm™' [8]. The band at
3446 cm ' was assigned to symmetric and asymmetric stretching vibrations of
the OH groups of the water molecules [&].
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Fig. 1 TG, DTG and DSC curves at 5'C min™' in dynamic dinitrogen atmosphere at
70 em® min™ for [Ni{H,0).],[TeMo,O,,] (compound 1)

The second and third (overlapping) steps of the thermal decomposition for
h compounds (Figs 1 and 2, respectively) correspond to an overall of 7 water

molecules (cale. mass loss 9.0, found 8.5%) between 287 and 400°C for com-
pound 1, and between 258 and 398°C for compound 2, according to the equation

Tt
[ AW, %

[6M00O3-3MO-TeO3- TH20](sy — [6M003-3MO-TeO3]isy+ TH20 g

For this compound [6MoQO;-3MO-TeQs], the IR spectrum does not display
bands corresponding to water molecules.
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Fig, 2 TG, DTG and DSC curves at 5°C min™ in dynamic dinitrogen atmosphere at
70 em’ min~' [Co(H,0)],1TeMo,0,,] (compound 2)

For the compound Ni;[TeMogOz4 | 20H,O [4], the water molecules are lost in
two steps, up to 120°C (11 water molecules) and at 270°C (9 water molecules).

In the compounds described here, 7 water molecules are bonded more
strongly than the former 11 water molecules. These |1 molecules are bonded
only to cations (coordination water), whereas the remaining 7 are bonded both to
cations (coordination water) and to anions by hydrogen-bonds, in accordance
with the structures described in reference [6].

In the interval 400°C<T<600°C, yellow residual compounds were obtained
for both CGi"ﬁpO'Lli‘Lu§ which were characterized U_y IR and XPS. The XPS anzuyS‘ls
revealed that the oxidation states for Mo and Te are 6, and those for Niand Co are
2 [10].

The binding energy (BE) values for these elements in compounds 1 and 2 are
listed Table 2. This Table demonstrates that there is a possibility for the formation of

MoOs, NiMoQy, Te(s, NiTe(, and NiO for compound 1, and MoQ;, CoMoQ.,
'T‘::(‘I-. anr] r‘r\Tp(_‘l ‘For r‘ompnnnﬁ 2

B L

In reference [4], the overall thermal decomposition of [Nis[TeMogOa4]:
20H:0 is described by the following equation:

2N [ TeMogO24]-20H; — NisTeMo202+3NiMoO4+7MoO3 +TeQz+1/20.+20H-0

The conditions of thermal decomﬁposmon for [Niz[TeMogOa4]- ZOHZO [4]
(DTA and TG under a vacuum of 107 mbar and a heating rate of 10°C min™')
were very different from those described here, which explains why the residual
products are different.

In the study of the kinetics of the process

[M(H20)6]3-[T8M06034](5) = [6Mo(03-3MO-TeO3- 7TH20] (5 + llHQO(g)
where M=Ni(Il), Co(IT}, under dynamic and isothermal conditions for both com-

pounds, the results of the different models converged only for compound 2.
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Table 2 Experimental and theoretical binding energies (BE) in eV, for elements in
[Ni{H,0)];:[TeMo.0,,] (compound 1} and [Co{H,0)}+[TeMo,0,,] {compound 2}

Element Binding energy {BE)/cV
sment
experimental 400<7(°C)<600 theoretical {10]
[Ni(H,0)]4 [ TeMo,O,,] (compound 1)
MO345/ 232.5 MoO, 232.6
CoMoO, 232.4
O, 530.6 MoO, 530.4
CuMoeO, 530.6
Teqyen 576.5 TeO, 576.6
Na,TeO, 576.8
Nizpm 855.9 NiO 854.3
Ni,O, 857.3
Ni(OH), 835.6
[Co(H,0) 1y [ TeMo,0,,] (compound 2)
Moyy500 232.8 Mo, 232.6
CoMoQ, 232.4
0, 5309 Mo0O, 5304
CuMoO, 530.6
Tesgss 576.6 TeO, 576.6
Na,TeO, 576.8
Coypa 781.1 CoQ 780.4
C0,0, 779.9
CoMoQ, 780.9

For compound 2, to study the kinetics of the above process, we recorded three
curves in the dynamic regime at rates of 2, 5 and 8°C min ', and four on isother-
mal conditions at 60, 62, 64 and 66°C in a dynamic dinitrogen atmosphere. The
initial and final temperatures and also the temperature of the peak of the deriva-
tive thermogravimetric curve (DTG) corresponding to the above-mentioned
process are listed in Table 1.

To determine the possible model mechanism of the reaction, we used the formu-
lae listed by Satava [11] (non-isothermal regime): one-dimensional diffuston:
g(o)=a; two-dimensional diffusion, cylindrical symmetry: g{a)=
o+ 1—o)in(1—or); three-dimensional diffusion, spherical symmetry (Jander equa-
tion): g(o)=[1-(1—c)"*1%; three-dimensional diffusion, spherical symmetry
(Ginstling-Brounshtein equation): g(a)=(1~2/30&)—(1—a)%; random nucleation,
one nucleus on each particle: g(a)=—In(1-); random nucleation (Avrami equa-
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tion 1); g(o)=[—In(1—cx)]"* random nucleation symmetry: g(c)=[ ]n(ko&)m;
phase boundary reaction, cylindrical symmetry: g(o)=1-(1- o) and the
Johnson-Gallagher equation g{a)=141—u) [12].

The best values of the regression coefficient, for fitting to a straight line using

the least-squares method, correspond to ene-dimensional diffusion; the equation
o{(ﬂ_ﬂ2 [11] gave the best mechanism for the reaction of loss of the water mole-

SNV T L U3 AR AR LI R L RS U L WL RlIE0

cules (Table 3).

Table 3 Kinctic parameters and regression cocfficients (¢) caloulated by assuming
one-dimensional diffusion (0.D.D.), for the thermal dehydration of
[Co(H,0). 15 [TeMo,O,,] (compound 2}

2°C min ™, n=1.30 5°C min ', n=1.72 $°C min "', n=1.59
L, A ¢ E, A C E A C
ODD. 1634 4010 0940 167.1 541070 0.966 1685 1.610% 0.900

E,inkJmol” andA ins™

Kinetic parameters are very difficult to calculate merely from non-isothermal
TG curves, due to ignorance of the true g{ot) expression. It is necessary to com-
pare the results obtained by non-isothermal and isothermal TG measurements
for the expression g(o)=c" in order to calculate the true activation energy and to
know the physical mechanism of the solid-state process. For this reason, we re-
corded not only the non-isothermal TG curves, but also the isothermal TG
curves, at four different temperatures for compound 2.

Under isothermal conditions, we used the following general expression for
the solid-state kinetic parameters:

[
do
g(oc)-{dI =kt+c

where g(or) is the expression of the physical model according to which the solid-
state reaction is assumed to occur; the main expressions are presented in refer-
ence {11] (vide supra), ¢ is the fraction decomposed at time ¢, and £ is the rate
constant of the process, related to the activation energy E,, according to the Ar-
rhenius expression:

T
glo) = %fe’”‘“'dr

where A is the pre-exponential factor,  is d7/dr when the heating rate is constant,
and R is the gas constant,
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From the representation g(o) vs. ¢, the values of k are obtained. By applying
the Arrhenius equation, it is possible to obtam E, directly as the slope of the re-
sulting lnyc(]?] vs. YT (E.=167.4kJmol™), and the pre-exponential factor
(A=2.7.10 ). In this way, an F, value practically independent of the applied
q(m) 18 obtamed The value obtained for E, is in good agreement with that detur—
mined via the quauuu g\uv) 14 kone dimensional diffusion [1 1] u‘y’ U.Siﬂé uy-
namic methods (Table 3).

Since the values of k are known, we calculated the entropy AS™ and enthalpy

of activation AH” using the Eyring equation [13, 14]:

[k _AST AR
T|” R RT

where k is the rate constant, % is the Planck constant, kg is the Boltzmann con-
stant, T is temperature, R is the gas constant and AS”™ and AH" are the entropy and
enthalpy of activation, respectively.

By linear regresswn of In(ki/ksT) vs. 1/T, we obtained AH"=89.2 kJ mol™" and

= - Al
AS = Q6”][( mol™, and the free energy of activation is AGiss sk =
101.5 kJ mol ™.

The value of E, corresponds to a process with loss of water coordinatively
bound to a cation [15].

According to House [16], the entropy effect may be explained in terms of the
relative sizes of the atoms and the free volume; where there is a large space be-
tween the atoms, the water molecule may be able to slip into a position where it
causes little or no lattice distortion, and the entropy of activation may therefore be
negative, as in our case and in previous work on diazolium molybdotellurates [2, 3].

The calculated values of AH” and AG” are of the same order as those deter-
mined previously for other diazolium molybdotellurates [2, 3].

The computation for each function g(o) in the dynamic regime was carried

out with the program CINEDAT [17].

Supplementary material

Kinetic data on compound 2 and XPS spectra of residual compounds 1 and 2
are available from the authors upon request.
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