Study of the [CaM(C;H,0,),(H,0),]-nH,0O [M = Mn, Fe or Co
(n = 0) and Ni (n = 2)] systems: synthesis, structure, spectroscopic

and magnetic properties
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The [CaM(mal),(H,0),] (M = Mn, Fe or Co; mal = C;H,0,) and [CaNi(mal),(H,0),]-2H,0 compounds have been
synthesized and characterized. X-Ray single crystal diffraction analysis was carried out on the [CaMn(C;H,0,),-
(H,0),] and [CaNi(C;H,0,),(H,0),]:2H,0 complexes. The [CaM(C;H,0,),(H,0),] (M = Fe or Co) compounds are
considered to be isostructural to the former one. The structures consist of three-dimensional networks of metal ions
co-ordinated by malonate ligand acting as bridges. The transition metal and calcium ions exhibit octahedral and
eight-co-ordination, respectively. Thermogravimetric studies confirm the presence of both co-ordinated and hydrated
water molecules. Spectroscopic measurements show high spin octahedral symmetries for the transition metal ions.
Magnetic measurements reveal the presence of weak antiferromagnetic interactions in all compounds.

Introduction

The study of perovskite-related mixed oxides was prompted by
the discovery of warm superconductors and the magnetoresis-
tive oxides.! It is worth mentioning the existence of mixed
valence transition metals in these phases. When the transition
ions are incorporated into a crystal lattice along with cations
such as calcium the higher valence states can be stabilized at
higher temperatures giving rise to Ca-M-O (M = Mn, Fe or
Co) mixed oxides with interesting properties.?

The synthesis of the mentioned oxides was usually performed
by solid state reactions which involve high temperatures and
long reaction times. In some cases, thermal decomposition of
heterometallic complexes has been discovered as a more advan-
tageous way.® This method allows one to prepare metastable or
stable phases at lower temperatures containing smaller grain
sizes than those obtained from the ceramic method. Although
different ligands can be used in the synthesis of these com-
pounds, the carboxylate ligands have been used exhaustively to
complex the transition metal ions. In this sense, different com-
pounds containing edta, oxalate, tartrate and malonate have
been synthesized and used as precursors.*’

The chemistry of heteronuclear complexes involving carb-
oxylate bridging ligands has been investigated exhaustively
aided by a wide variety of physical techniques such as electronic
spectroscopy, susceptibility measurements and EPR spectro-
scopy.® The malonate ligand, in the bis chelating co-ordination
mode, has been shown to be a useful tool for connecting differ-
ent metals and transmitting different magnetic interactions. In
this way, ferromagnetically or antiferromagnetically coupled
dimers and alternating chains have been obtained.”®

In this paper, we present the synthesis and characterization
of the [CaM(mal),(H,0),] (M = Mn, Fe or Co; mal = C;H,0,)
and [CaNi(mal),(H,0),]:2H,0 compounds. Magnetic measure-
ments indicate the presence of weak antiferromagnetic
interactions. Thermal decompositions of the compounds give
rise to mixed oxides in the case of manganese and iron
precursors.
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Experimental
Materials

Manganese(1) nitrate, cobalt(1), iron(m) and nickel(mr) chlor-
ides, calcium chloride and malonic acid were purchased from
Aldrich Co., sodium carbonate from Merck. All were used
without further purification.

Synthesis

To a solution of 2.5 mmol of disodium malonate, previously
formed from 2.5 mmol (0.2601 g) of malonic acid neutralized
with sodium carbonate, the corresponding chloride of the tran-
sition metal (1.0 mmol) was added. The mixture was main-
tained with stirring for 30 minutes, and then an equimolecular
amount of calcium chloride (0.1470 g) added. The mixture was
allowed to stand for two hours after which the addition of
ethanol (3 ml) yielded polycrystalline powders of all phases.
They were filtered off and washed with ethanol-water. The
[CaM(C;H,0,),(H,0),] (M =Mn, Fe, Co or Ni) compounds
were obtained, hereinafter denoted CaMn, CaFe, CaCo and
CaNi, respectively. For the iron complex a closed system with
a nitrogen atmosphere was employed in order to stabilize the
Fe?* ion. For the manganese and nickel compounds, prismatic
colourless and green single crystals, respectively, were obtained
in diffusion devices. In the case of the other cations, attempts to
obtain single crystals have been unsuccessful. Found (calc.)%:
for C¢H,CaMnO,,, C, 19.0(19.4); H, 2.9(3.2); Ca, 10.8(10.7);
Mn, 15.0(14.8); for C¢H,,CaFeO,,, C, 18.9(19.3); H, 2.8(3.2);
Ca, 10.6(10.7); Fe, 14.5(15.0); for C¢H,,CaCoOy,, C, 18.9(19.2);
H, 3.0(3.2); Ca, 10.7(10.6); Co, 15.40(15.7); for C4H;,CaNiO,,,
C, 17.2(17.5); H, 3.8(3.9); Ca, 9.5(9.7); Ni, 14.6(14.3).
Thermogravimetric data are in good accordance with the loss
of the water molecules present in the complexes, in the 145—
245 °C range. For the [CaNi(C,;H,0,),(H,0),]-2H,0 compound
the process takes place in two steps which correspond to loss of
both crystallization and co-ordination water molecules. X-Ray
diffraction of the final products yielded the identification of
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CaMnO,_,° and Ca,Fe,05' phases, in both air and nitrogen
atmospheres. For the cobalt and nickel compounds the final
residue is a mixture of phases.

Physical measurements

Elemental analyses were performed using a Perkin-Elmer 2400
microanalyser. Analytical measurements were carried out in an
ARL 3410 + ICP with Minitorch equipment. Diffuse reflec-
tance spectra were registered at room temperature on a Cary
2415 spectrometer in the range 500045000 cm™*. ESR spectra
were recorded on a Bruker ESP 300 spectrometer equipped with
a standard Oxford low-temperature device operating at X and
Q bands. The magnetic field was measured with a Bruker
BNM 200 gaussmeter, and the frequency determined with a
HP5352B-microwave frequency counter. TG measurements
were carried out with a Perkin-Elmer System-7 DSC-TGA unit.
Crucibles containing 20 mg of sample were heated at 5°C
min~ ! under dry air and nitrogen. The powder X-ray diffraction
(XRD) patterns were taken using a Philips X-PERT diffract-
ometer with Cu-Ka, radiation. Data were collected by scanning
in the range 5 < 260 < 70° with increments of 0.02° (26).

Crystal structure determination

Prismatic crystals of [CaMn(mal),(H,0),] 1 and [CaNi(mal),-
(H,0,)]-:2H,0 2 with approximate dimensions 0.12 X 0.22 X
0.38 and 0.10 x 0.10 x 0.30 mm, respectively, were mounted
on glass fibres and transferred to an Enraf-Nonius CAD-4 dif-
fractometer with graphite-monochromated Mo-Ka radiation.
The unit cell parameters were determined using 25 reflections
in the range 16-28° for both compounds. Data were collected
using w-26 scans and reduced using Lorentz and polarization
corrections. The structures were solved by heavy-atom
Patterson methods using the program SHELXS 97,'' com-
pleted using Fourier difference synthesis, and refined using
SHELXL 97."* The structures were refined using isotropic
thermal parameters prior to the refinement of anisotropic
thermal parameters for all the atoms. Hydrogen atom positions
were not calculated crystallographically. The geometric calcu-
lations were performed with PARST! and BONDLA ™ and
molecular illustrations were drawn with CRYSTAL MAKER."
Details of the data collection and structure refinement can be
found in Table 1. Selected bond distances and bond angles are
given in Tables 2 and 3.

CCDC reference number 186/2101.

See http://www.rsc.org/suppdata/dt/b0/b005661h/ for crystal-
lographic files in .cif format.

Results and discussion
Structural analysis

The structures of [CaMn(mal),(H,0),] 1 and [CaNi(mal),-
(H,0),]-2H,0 2 can be described as a three-dimensional net-
work of metal ions which are linked by malonate and hydrogen
bonds. Two of the co-ordination water molecules are linked to
the Ca?* ions and the other two to the transition metal ions. In
the nickel compound the additional water molecules are present
in the structure as crystallization water. The co-ordination
polyhedra of the metal ions for both phases are represented in
Fig. 1.

The maganese(i) and nickel(r) ions are octahedrally co-
ordinated lying on an inversion centre. There are four oxygen
atoms in the equatorial plane O(1), O(1"), O(3), O(3") for
manganese and O(2), O(2), O(3) and O(3") for nickel. The
apical positions are formed by O(2w) and O2w") for CaMn
and O(2w') and O(Qw) for CaNi. The average metal—
oxygen distances are shorter for the nickel compound than
for the manganese one, 2.05 vs. 2.16 A. The distortion around
the transition ions has been calculated by quantification of
the Muetterties and Guggenberger description.’® The values
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Fig. 1 Schematic representation of the atoms which form the co-
ordination polyhedra for the metals in (a) [CaMn(C;H,0,),(H,0),]
and (b) [CaNi(C;H,0,),(H,0),]-2H,0.

obtained, 4=0.05 and 0.035 for 1 and 2 respectively, are
indicative of regular octahedra with slight trigonal distor-
tions. The calcium ions, which lie on a binary axis in both
structures, are co-ordinated to eight oxygen atoms. Two of
them belong to two water molecules and the other six to
oxygen atoms from the malonate ligand, forming an irregular
polyhedron. For both compounds, the average calcium—
oxygen distance is 2.4 A.

The configuration of the malonate ligands is different in both
compounds. In the CaMn compound the chelated malonate
ring, Mn—O(3)-C(3")-C(2)-C(1)-O(1), has an ‘envelope’ con-
formation in which only the methylene group is significantly
displaced from the ring plane, 0.539(2) A. For the CaNi com-
pound the malonate rings have a ‘boat’ conformation in which
the methylene group and the nickel(1r) ions are displaced from
the other atoms. The average C-O distances are 1.253 and 1.260
A and the average O—C—O angles are 122 and 121.2°, for CaMn
and CaNi, respectively.

The O(3) atoms in CaMn link the Mn and Ca ions (Mn-—
O(3)-Ca" 138.33(6)°) forming perpendicular planes to the [101]
direction. In these planes the shorter distance Mn - - - Mn" is
6.984(5) A and the distance through the O(3)-Ca*'—O(3"") atoms
is 9.518(1) A. These planes are linked between them along the
[101] direction via hydrogen bonds in which the O(2), O(4)
atoms from malonate groups and O(lw), O(2w) from water
molecules are linked to the calcium and manganese ions,
respectively. The shortest distance between the manganese(ir)
ions from different planes is 7.62(4) A. The three-dimensional
package in this structure is maintained by the presence of
hydrogen bonds.

In the CaNi compound the O(3) atoms link the metal
ions forming a Ni-O(3)-Ca" angle of 141.0(2)°. These
connections form zigzag chains extended along the ¢ direc-
tion (Fig. 2). These chains are linked between them by
malonate bridges (Ni-O(2)-C(1)-O(1)-Ca), forming the three-
dimensional network. The shortest distance Ni - - - Ni** through
the chain is 6.637 A and along O(3)-Ca*'-O(3)" is 9.264(3) A.
In this structure the oxygen atoms from the water molecules
form hydrogen bonds maintaining the three dimensional
package.

In the case of [CaM(mal),(H,0),] (M =Fe or Co) high
quality crystals were not obtained. X-Ray diffraction patterns
of the microcrystalline products were recorded in the 26 range
between 5 and 70°. Indexation of the diffraction profile and
refinement of the cell parameters were made by FULLPROF
(pattern matching analysis)'? on the basis of the space group
C2/c and the cell parameters found for the CaMn phase.
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Table 1 Data collection and structure refinement of [CaMn(mal),-
(H,0),] 1 and [CaNi(mal),(H,0),]:2H,0 2

Table 2 Selected bond distances (A) and angles (°) with e.s.d.s in

parentheses for [CaMn(mal),(H,0),]

Formula C¢H,;,CaMnO,, C¢H,,CaNiO,,
Mlg mol™! 371.18 416.80
System Monoclinic Orthorhombic
Space group C2le Pbcen

alA 14.086(2) 8.921(2)

bIA 7.488(1) 11.935(5)

clA 13.273(3) 13.274(5)

pr 118.68(2)

VA 4 8

VIA? 1228.2(4) 1413.3(7)

TI°C 20 20

MA 0.71069 0.71069
w/mm™! 1.556 1.810

Unique data 1794 2062
Observed data 1437 1166

R(R") 0.027 (0.063) 0.05 (0.0936)

Mn-0(3) 2.143(1) Ca-0(2) 2.378(1)
Mn-O(1) 2.188(1) Ca-O(lw) 2,405(1)
Mn-O(2w) 2.192(1) Ca-O(4") 2.460(1)
o(1)-C(1) 1.257(2) Ca-O(3%) 2.616(1)
0(2)-C(1) 1.251(2) C(2)-C(3) 1.514(2)
C(1)-C(2) 1.519(2) C(3)-0(4) 1.245(2)
C(3)-0(3) 1.260(2)

O(Iw)-Ca-O(1w)  146.42(7) O(1)-Mn-OQ2w"™)  91.33(6)
O(1w)-Ca-O(di)  125.26(5) 0(3)-Mn-OQw)  89.34(6)
0" -Ca-O@i)  101.07(7) 0(2)-Mn-OQ2w"™)  180.0
0(2')-Ca-O(3) 94.91(5) O(3")-Mn-0(3)  180.0
O(Iw)-Ca-0@3%)  77.11(5) 0(3)-Mn-O(1) 83.85(5)
04" -Ca-0(3") 50.65(4) 0Q2)C(1)-C(2)  116.7(1)
O(4)-Ca-0(31) 76.27(5) O(1)-C(1)-C(2) 119.6(1)
0(2')-Ca-O(3'") 153.63(4) C(3)-C(2)-C(1) 115.9(1)
O(Iw)-Ca-O(3™)  128.24(4) 0(3)-C(3)-C(2) 121.1(1)
0(4)-C(3)-0(3) 120.6(1) 0Q2)-C(1)-0(1)  123.7(1)

Symmetry codes: (i) —x, y, {1 — z; (i) —x, 1 =y, i =z (i) x, 1 — y, z;

W)i-xi—pl-z

Table 3 Selected bond distances (A) and angles (°) with e.s.d.s in
parentheses for [CaNi(mal),(H,0),]-2H,0

Ni-O(2) 2.063(3) Ca-O(1) 2.384(4)
Ni-O(3) 2.039(3) Ca-O(1w) 2.409(4)
Ni-O(2wi) 2.066(4) Ca-0O(4") 2.454(4)
O(1)-C(1) 1.246(6) Ca-0(3") 2.593(3)
0(2)-C(1) 1.264(6) C(2)-C(3) 1.510(7)
C(1)-C(2) 1.517(7) C(3)-0(4) 1.248(6)
C(3)-0(3) 1.280(6)
0(2)-Ni-0(3) 89.1(1) 0(3)-Ni-0(3)) 180.0
0(2)-Ni-O(2w') 92.7(1) O(3)-Ni-O(2wi)  91.8(1)
Ni(1)-0(3)-Ca*l 141.0(2) O@)-Ca-O(lw)  125.1(1)
O(1)-Ca-O(1%) 94.5(2) O(1)-Ca-O(4") 76.5(1)
O(1w")-Ca-O(lw)  92.4(2) O(1)-Ca-O(4") 82.2(1)
0(4")-Ca-O(4") 148.4(2) 0(3)-Ca-O(lw")  73.2(1)
O(1)-Ca-O(1w) 92.9(1) 0(3")-Ca-0(4") 51.4(1)
0(1)-Ca-0(3) 82.6(1) Ni-0(2)-C(1) 123.7(3)
0(2)-C(1)-0(1) 122.3(5) 0(4)-C(3)-0(3)  120.2(4)
0(2)-C(1)-C(2) 120.2(4) 0(4)-C3)-C(2)  119.4(5)
0(1)-C(1)-C(2) 117.5(4) 0(3)-C(3)-C(2)  120.4(4)

Fig. 2 Schematic representation of (a) [CaMn(C;H,0,),(H,0),] in
the [0 1 0] direction and (b) [CaNi(C;H,0,),(H,0),]-2H,0 in the bc
plane.

The parameters obtained are in Table 4. From these data we
consider the three phases to be isostructural.

IR and UV-visible spectroscopies

The most useful information provided by the IR spectra per-
formed on the mentioned compounds is related to the carb-
oxylate bands. In the case of malonic acid a band is observed at
1730 cm™! which is shifted for the present compounds to 1590
cm™!. This fact is indicative of co-ordination of all the carb-
oxylate groups to the metal ions. This band appears together
with the antisymmetric v,,,,(OCO™) vibration, the bands
corresponding to the symmetric v,,,(OCO™) vibration being
localized in the 1330-1388 cm™' range. Taking into account
the relative position of the antisymmetric v,,,(OCO™) and
symmetric vg,,(OCO™) vibration bands, the bonding between
the metal and the ligand must be through bridges in all
compounds.'® Finally, the bending vibration corresponding to
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S_y_mmetry codes: (i) —x L, —y+1, —z () x+45, —y+4 —z
(iii) —x +l§, y+ %, z; (lIV) % P +5 1(V) X = » YTy, g
Vi) =x+ L —y+Lz+L i) —x +L -y+Lz-1L

Table 4 Crystallographic data for the [CaM(C;H,0,),(H,0),] (M =
Mn, Fe or Co) compounds

CaMn* CaFe CaCo
alA 14.086(2) 13.961(2) 13.879(2)
bIA 7.488(1) 7.53(1) 7.504(1)
clA 13.273(3) 13.487(4) 13.338(3)
pr 118.68(2) 119.6(1) 119.05(1)
VIA3 1228.2(4) 1232.88 1214.28
Space group C2/c C2/c C2/e

“ Data obtained from single crystal experiments.

the 6(C=0) group is observed in the 1220-1300 cm ™! range, for
all compounds.

Reflectance spectra for the [CaM(C;H,0,),(H,0),] (M = Fe
or Co) and [CaNi(C,;H,0,),(H,0),]:2H,0 compounds have
been recorded. In the case of the cobalt compound the posi-
tions of the bands appear at 7, = 8000, 7,=15600 and ¥, =
20000 cm ™" which have been assigned to the *T,,—— “T,,(F),
*A(F) and *T,(P) transitions. Considering an octahedral
model we obtain Dg=913 cm™ and B =875 cm™! which are
in good agreement with those observed for cobalt(ir) ions in
octahedral geometries. For the CaFe compound the band
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Fig.3 X-Band ESR spectra of (a) [CaMn(C;H,0,),(H,0),] at 290, 100
and 30 K and (b) [CaCo(C;H,0,),(H,0),] at 100, 80 and 60 K.

corresponding to the T,— °E, transition is split in two
(10600 and 8700 cm™), due to the Jahn-Teller distortion of
the °E, energy level. From the position of these bands a value
of (8/3)dg = 1900 cm™" (where (8/3)do is the splitting of the °E,
term) was calculated. This fact is indicative of the presence of a
slight distortion around the metal ion in this compound. For
CaNi the bands that appear at ¥ =9100, 7,=13900 and
7= 25300 cm ™! have been assigned to the three allowed transi-
tions *A,,—> *T,,, *T1,(F) and *T(P). The spin forbidden
transitions *A,,— 'E, and 'T,, were also observed at
¥, = 15400 and ¥5 = 22700 cm !, respectively. The Dg and Racah
parameters, calculated by fitting the experimental frequencies
by an energy level diagram for octahedral d® systems, are
Dg=910 cm™, B=950 and C=4050 cm ', values usually
found for octahedrally co-ordinated nickel(ir) compounds.'

ESR and magnetic properties

The X-band ESR spectra of polycrystalline samples of [CaM-
(C,;H,0,),(H,0),] (M =Mn or Co) have been recorded in the
temperature range 4-300 K. For the CaFe compound no signal
was observed due to the presence of Fe** ions. The spectra for
the CaMn compound at different temperatures are represented
in Fig. 3(a). Isotropic signals have been observed in all cases,
being broader and showing more intensity with decreasing
temperature. This fact is unusual and could be explained by the
presence of dipolar interactions which would be more signifi-
cant than the exchange ones at low temperatures. In this case,
the behaviour observed for Mn™ (S = 5/2) is very similar to that
for rare-earth-metal ions with high spin moments.?® The spectra
for the CaCo compound at different temperatures are shown in
Fig. 3(b). Broad and isotropic signals appear at room temper-
ature, being narrower at low temperatures. The spectrum at 4 K
shows the characteristics of a rhombic g tensor, g, =6.52,
g,=4.103 and g; = 2.008, values which are in good accordance
with those of a Co®* ion in an octahedral geometry.

Magnetic measurements for all the compounds were carried
out in the temperature range 1.8-300 K. The y,,Tand y,, ' vs. T
curves for the CaMn, CaFe and CaCo compounds are repre-
sented in Fig. 4. The y,, ! vs. T curves show a Curie-Weiss
behaviour in the range 5-300 K with 6 values of —0.21 (CaMn),
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Fig. 4 Thermal evolution of y,,7 and y ' for the [CaM(C;H,0,),-
(H,0),] compounds: M = Mn (a), Fe (b) Co (c).

—2.74 (CaFe) and —0.51 K (CaNi) and C,, constants of 4.36,
3.37 and 1.21 cm® K mol ™!, respectively. The decrease for the y,,
T vs. T curves when the temperature is lowered together with
the 0 values indicate the presence of slight antiferromagnetic
interactions for these compounds. Taking into account the
structural features, the magnetic behaviour for the CaMn and
CaFe compounds can be described by the expression given by
Rushbrooke and Wood for a Heisenberg three dimensional
network.? The expressions (1) and (2) were deduced taking into

Y= (NEBIET) [1 + 35x + 221.66x% + 608.22x° +
26049.56x* + 210986.5x° + 8014980x°] ' (1)

Y= (NGPYKT) 2[1 + 24x + 108x2 + 217.6x° +
5696.8x* + 33730.6x° + 825802x°] ! (2)

account the S'=5/2 and S = 2 values for the manganese(i1) and
iron(11) ions, respectively, based on the spin Hamiltonian H =
—2J X;;S:S;, where N is Avogadro’s number, f=Bohr
magneton, and k = Boltzmann constant, and x = J/kT.

The best least-squares fit leads to J/k values of —0.1 K for
CaMn and CaFe with (g) values of 2 and 2.11, respectively.
In the case of the CaNi compound it was not possible to fit
the experimental data by the model described because of the
weakness of the magnetic interactions.

For the CaCo compound the data at high temperatures
(T>60 K) can also be fitted by a Curie-Weiss law with
0=—13.45K and C,, =3.68 cm® K per mol of metal ion (Fig.
4c¢). In this case, the continuous decrease of the y,, T curve with
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decreasing temperature must be ascribed to the presence of
antiferromagnetic exchange interactions, and the effect of the
spin—orbit coupling (A= —170 cm™! for free Co** ion)* which
leads to an effective spin S = 1/2 for the system at low temper-
atures (<30 K). This latter effect is qualitatively similar to those
of the antiferromagnetic interactions, making it difficult to
distinguish the contributions of these two effects to the whole
magnetic behaviour of this compound.

Concluding remarks

The [CaM(C;H,0,),(H,0),]-nH,0 (M =Mn, Fe, Co (n=0) or
Ni (n = 2)) complexes have been synthesized and characterized.
The structures of [CaMn(C;H,0,),(H,0),] and [CaNi(C;H,-
0,),(H,0),]:2H,0 consist of three-dimensional networks of
metal ions co-ordinated by malonate ligand bridges, where the
manganese and nickel ions adopt an octahedral co-ordination.
The [CaM(C;H,0,),(H,0),] M =Fe or Co) complexes are
considered to be isostructural to the former one. Magnetic
measurements reveal the presence of weak antiferromagnetic
interactions in all of them. In the cases of CaMn and CaFe a
Heisenberg three-dimensional model has been used for explain-
ing the magnetic behaviour. For the cobalt compound the effect
of the spin—orbit coupling is similar in magnitude to the anti-
ferromagnetic exchange interactions. A detailed study of the
thermal decomposition of the complexes is being performed in
order to obtain different mixed oxides.
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