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Compounds with general formula [K
x
M
y
Ni(NO2 )6(H2O)

n
] (M=Ca, Sr, Ba, La; x=0–2; y=1, 2; n=0, 4) have been prepared and

characterized by XRD, IR and EPR techniques. The structure of [Ba2Ni(NO2 )6 (H2O)2]Ω2H2O has been determined by single
crystal X-ray diffraction: space group P63 , a=7.525(1) Å and c=14.516(1) Å. The geometry of the compound consists of an

intricate network of ligand-bridged coordination polyhedra, where the arrangement of the nickel() ion exhibits a slightly
distorted octahedral topology. The Ca, Sr and La phases have been indexed with a cubic cell, space group Pm3 m and cell
parameters 10.354(5) Å, 10.517(5) Å and 10.571(8) Å, respectively. Thermal decomposition of the different compounds using TG

involves two consecutive steps: ligand pyrolysis and evolution of the inorganic residue. For the barium compound a third step
appears which corresponds to the dehydration process. Further thermal treatments in tubular furnaces yield the formation of
different mixed oxides of NiIII and NiIV at lower pressures of oxygen than those obtained from the ceramic method. Advantages of

using the metallo–organic method can also be deduced from the SEM study.

heated at different temperatures to obtain the respective oxides.Introduction
Scanning electron microscopy was performed to study the

In the last few years the RNiO3 (R=rare-earth metal ) phases morphology of these phases.
have attracted considerable attention since they are among the
few transition metal oxides that exhibit metallic properties or

Experimental
metal-to-insulator (MI) transitions.1 The transition tempera-
ture TMI systematically rises when the rare-earth-metal size Synthesis of the compounds
becomes smaller, as the distortion of the perovskite with NaNO2 (40 mmol) was added to a solution of Ni(NO3 )2Ω6H2Orespect to the ideal structure increases.2 In this way, LaNiO3 , (5 mmol) and the mixture was stirred for 1 h, after which an
which shows a slightly distorted rhombohedral structure, keeps aqueous solution of MCl2 (M=Ca, Sr, Ba) or LaCl3 was
its metallic character down to 1.5 K, showing no MI trans- added. After several hours, crystalline powder compounds were
ition.3 Related to these compounds, other nickel oxides have obtained, filtered off and dried over P2O5 for 24 h. For the
long being investigated because of their low dimensionality. barium compound, crystals suitable for X-ray structure deter-
Among these, the M–Ni–O phases, where M is an alkaline- mination were obtained.
earth metal,4–6 must be mentioned.

These oxides have been traditionally prepared by the ceramic Physical measurements
method and, in some cases, high pressures of oxygen have

Elemental analyses were performed using a Perkin-Elmer 240B
been employed with the aim of obtaining trivalent and tetra-

microanalyzer. IR spectra were obtained with KBr pellets and
valent nickel oxides. Nevertheless, in the past alternative

Nujol mulls in the 400–4000 cm−1 range, using a MATTSON
strategies have been used to improve the final mixed oxides. FTIR 1000 spectrophotometer. EPR spectra were recorded on
Among these, the use of metallo–organic precursors could be a Bruker ESP 300 spectrometer, equipped with a standard
considered as one of the best alternative methods because they Oxford low-temperature device operating at X and Q band
allow the synthesis of different oxides at the molecular level, frequencies. The magnetic field was measured with a Bruker
with diffusion distances in the range 2–20 Å.7 As a result, the BNM 200 gaussmeter, and the frequency was determined with
phases can be obtained using shorter heating times and lower an HP5352B microwave frequency counter. TG measurements
temperatures than those used for the conventional ceramic were carried out with a Perkin-Elmer System-7 DSC–TG unit.
method. Moreover, suitable precursors would result in signifi- Crucibles containing 20 mg of sample were heated at
cant modifications in the microstructure of the final products.8,9 10 °C min−1 under dry air and nitrogen. The powder X-ray

To date, carboxylates have long been known and studied as diffraction (XRD) pattern was taken using a Stoe
binding agents; however, they have the disadvantage of diffractometer equipped with a germanium monochromater
incorporating very large amounts of carbon, which later must (Cu-Ka1 radiation). Data were collected by scanning in the
be removed.10 In order to prepare suitable precursors for the range 10°<2h<90° with increments of 0.02° (2h). Scanning
nickel oxides we have chosen the nitrite ion as a ligand. This electron microscopic (SEM) observations were also carried
is a versatile ligand which forms a range of compounds of the out to give some indication of the compactness of the oxide

using a JEOL JSM-6400 instrument.A2B[Ni(NO2 )6] form, where A is a monovalent cation, such
as K+, and B a divalent one.11,12

Crystal structure determination†This paper reports the usefulness of the metallo–organic
method for the soft synthesis of nickel oxides. For this pur- A hexagonal pale yellow crystal having approximate dimen-
pose, different complexes with formulae [Ba2Ni(NO2 )6 sions of 0.1×0.7×0.7 mm was mounted on a glass fibre and
(H2O)2]Ω2H2O, [K2SrNi(NO2 )6], [KLaNi(NO2 )6] and
[K2CaNi(NO2 )6] have been synthesized and characterized. † Full atomic coordinates, bond lengths and angles, and thermal
The decomposition of the compounds has been studied by parameters have been deposited at the Cambridge Crystallographic

Data Centre (CCDC). CCDC reference number 1145/49.TG. Taking these results into account, the complexes were
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Table 1 Data collection and structure refinement of [Ba2Ni(NO2)6
(H2O)2]Ω2H2O

formula H8Ba2N6NiO16
crystal system hexagonal
space group P63
a/Å 7.5250(10)
c/Å 14.5160(10)
Z 2
M 681.54
V /Å3 711.85(14)
Dm/g cm−3 3.15(2)
Dcalc/g cm−3 3.18
m(Mo-Ka)/mm−1 6.887
F(000) 636

measurements
l(Mo-Ka) 0.71069 Fig. 1 A perspective view of the [Ba2Ni(NO2)6 (H2O)2]Ω2H2O com-
h range° 2.81–29.91 pound in the ab plane
no. measured reflections 4533
interval h, k, l 10, ±10, ±20

Table 2 Atomic coordinates and equivalent isotropic temperature fac-
refinements

tors (Å2) for [Ba2Ni(NO2)6(H2O)2]Ω2H2Ono. variables 76
selection criterion I�2.5s(I )

atom x y z Beq/Å2
R(int) 1394
observed reflections 1344

Ba(1) 0.6667 0.3333 0.2923(1) 16(1)
weighting scheme Ba(2) 0.6667 0.3333 0.6426(2) 20(1)

w=1/[s2 (Fo2 )] Ni 0.0000 0.0000 −0.1086(3) 12(1)
R=(S||Fo |−|Fc ||)/(S|Fo |) 0.0536 O(1) −0.425(2) −0.122(3) −0.0441(2) 47(6)
wR2=[S[w(Fo2−Fc2)2]/S[w(Fo2)2]]1/2 0.0659 O(2) −0.272(3) −0.232(6) 0.0457(1) 43(6)

O(3) −0.015(3) −0.302(3) −0.251(1) 29(4)
O(4) −0.301(4) −0.395(3) −0.187(3) 67(10)
O(5) 0.434(3) 0.344(3) 0.133(2) 30(4)

transferred to an Enraf-Nonius CAD-4 diffractometer with O(6) 0.6667 0.3333 −0.027(3) 5(4)
N(1) −0.270(2) −0.140(2) −0.025(1) 12(3)graphite-monochromated Mo-Ka radiation. The orientation
N(2) −0.122(2) −0.258(2) −0.1901(9) 4(3)matrix and the final lattice parameters were determined from

25 machine-centred high-angle reflections (14°<2h<24°).
Beq=8/3p2[U33+4/3(U11+U22−U12)].Crystallographic data and processing parameters are summar-

ized in Table 1. Two standard reflections were recorded every
1 h. Their intensities showed no statistically significant change and Guggenberger description.19 The value obtained, D=0.03,

is indicative of a highly regular octahedron.over the duration of the data collection. Lorentz and polariz-
ation corrections were applied. The structure was solved In the ligands, the average NMO distances are 1.2 Å, except

for N(2)MO(3) which is 1.34(2) Å. The average NMOMNby direct methods using the program SHELXS8613 and
Fourier synthesis, isotropic least-squares refinement, using angle is 117°. The trans ligands are coplanar and exhibit an

arrangement similar to that observed for the K2A[Ni(NO2 )6]SHELXL93.14 Further anisotropic refinements followed by a
difference Fourier synthesis did not allow the location of all of salts, where A is Ba, Sr or Pb.11 The NiMN bond lengths and

internal dimensions of the nitro groups are also very similarthe H atoms. Non-hydrogen atomic scattering factors were
taken from International T ables for X-ray Crystallography.15 to those observed in other nickel( ) hexanitro complexes.11

The nitro ligands are bonded to different barium ions byThe final difference Fourier map showed no peaks higher than
2.35 or deeper than −1.66 e Å−3 . The geometric calculations the oxygen atoms, so that they serve as bridges to hold the

tridimensional network. In all cases, two barium atoms arewere performed with PARST16 and molecular illustrations
were drawn with ATOMS17 and BALL&STICK.18 linked to each oxygen, except for the O(2) atom which is

coordinated to Ba(2).17 In this way, twelve oxygen atoms form
the coordination polyhedron of the barium ions with maximumResults and Discussion
and minimum distances of 3.03(2) Å and 2.82(2) Å for the
O(4) and O(3) atoms, respectively. Some of these oxygenDescription of the structure
atoms are from water molecules, Ow(5), and they are also

The structure of the [Ba2Ni(NO2 )6 (H2O)2]Ω2H2O compound
bonded to other barium atoms forming the tridimensional

may be described as a complex three-dimensional network of
network.

barium and nickel( ) ions, coordinated by nitro ligand bridges.
In the case of the Ca, Sr and La phases, high quality crystals

In the unit cell, two non-equivalent water molecules are
were not obtained. X-Ray diffraction patterns of the microcrys-

present. One of them, Ow(5), is coordinated to the barium
talline products were performed and indexation was made by

atom and the other one, Ow(6), remains as crystallization
FULLPROF (pattern matching analysis)20 in the range 2h=

water. A perspective drawing of the compound is shown in
10–90°. The spectra were indexed on the basis of a cubic cell,

Fig. 1. Atomic coordinates and some selected bond distances
space group Pm3 m with cell parameters of 10.517(5) Å,

and angles are given in Tables 2 and 3.
10.354(5) Å and 10.571(8) Å for [K2SrNi(NO2 )6],The nickel atom is octahedrally coordinated to six equivalent
[K2CaNi(NO2 )6] and [KLaNi(NO2 )6], respectively.

nitro groups, through the nitrogen atom (Fig. 2). In the
equatorial positions, the N(1), N(1)15 , N(2)16 and N(2)15

IR and EPR spectroscopies
atoms are present, the nickel( ) ion displacement from the
mean plane being 0.005 Å. There are two different distances in The interest of the IR spectra lies in the bands of the NO2−

group. In the nitro species, the bands corresponding to the nsthe compound from the nickel atom; the N(1), N(1)15 and
N(1)16 atoms are at 2.14(2) Å and the N(2), N(2)15 and N(2)16 symmetric and nas antisymmetric vibrations appear in the

1320–1340 cm−1 and 1370–1470 cm−1 ranges, respectively.atoms are at 2.06(2) Å. The distortion around the nickel( )
ion has been calculated by quantification of the Muetterties However, in the nitrite species, the two bands appear at
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Table 3 Some selected bond distances (Å) and angles (°) with e.s.d.s in 1000–1100 cm−1 , corresponding to the n(NO) and at
parentheses for [Ba2Ni(NO2)6(H2O)2]Ω2H2O 1400–1500 cm−1 to the n(NNO) vibrations. In the title com-

pounds, the presence of bands only at about 1300 cm−1 for all
NiMN(2) 2.06(2) N(1)MO(1) 1.27(2)

of them is indicative of the metal–ligand coordination throughNiMN(2)15 2.06(2) N(1)MO(2) 1.23(3)
the nitrogen atoms, as was observed in the structural data ofNiMN(2)16 2.06(2) N(2)MO(3) 1.34(2)

NiMN(1)15 2.14(2) N(2)MO(4) 1.22(3) the barium compound. The band that appears at 820 cm−1
NiMN(1)16 2.14(2) can be attributed to the deformation vibration of the OMNMO
NiMN(1) 2.14(2) group, d(ONO), in all compounds.
Ba(1)MO(3)1 2.82(2) Ba(2)MO(4)13 3.13(3) The X-band EPR spectra of the polycrystalline samples
Ba(1)MO(3)2 2.82(2) Ba(2)MO(5)9 2.88(2) show isotropic signals with a variation in the linewidth with
Ba(1)MO(3)3 2.82(2) Ba(2)MO(5)10 2.88(2) decreasing temperature. The spectra of the barium derivative
Ba(1)MOw(5)4 2.92(2) Ba(2)MO(5)11 2.88(2)

are shown in Fig. 3. No significant variations in the spectra of
Ba(1)MOw(5)5 2.92(2) Ba(2)MO(3)12 3.02(2)

the other compounds were observed. At room temperatures,Ba(1)MOw(5) 2.92(2) Ba(2)MO(3)13 3.02(2)
nickel( ) compounds usually show broad bands because of theBa(1)MO(1)6 2.93(2) Ba(2)MO(3)14 3.02(2)

Ba(1)MO(1)7 2.93(2) Ba(2)MO(2)6 3.02(2) short spin–lattice relaxation times. The obtained g values for
Ba(1)MO(1)8 2.93(2) Ba(2)MO(2)8 3.02(2) the barium compound are 2.166, 2.167 and 2.068, at 293, 100
Ba(1)MO(4)6 3.03(2) Ba(2)MO(2)7 3.02(2) and 4 K, respectively. A diminution of the linewidth with
Ba(1)MO(4)8 3.03(2) Ba(2)MO(4)12 3.13(3)

decreasing temperature is observed until 100 K. Nevertheless,
Ba(1)MO(4)7 3.03(2) Ba(2)MO(4)14 3.13(3)

at lower temperatures, an inhomogeneous broadening in the
O(3)1MBa(1)MO(3)2 115.2(2) O(5)9MBa(2)MO(5)10 119.79(8) lines can be seen, as was observed in other nickel() com-
O(3)1MBa(1)MO(5)4 60.5(5) O(5)10MBa(2)MO(3)12 61.0(5)

pounds.21 This fact might be explained by the different splitting
O(3)2MBa(1)MO(5)4 62.9(5) O(3)12MBa(2)MO(3)13 96.0(4)

in the ground state of all the paramagnetic centres.O(3)3MBa(1)MO(5)4 115.0(5) O(5)10MBa(2)MO(2)6 63.5(6)
O(5)4MBa(1)MO(5)5 64.2(6) O(3)12MBa(2)MO(2)6 59.1(5)
O(3)1MBa(1)MO(1)6 67.0(5) O(3)14MBa(2)MO(2)6 134.6(6) Thermal analysis
O(3)2MBa(1)MO(1)6 116.4(6) O(2)8MBa(2)MO(2)7 100.1(5)

The decomposition steps of the title compounds were obtainedO(3)3MBa(1)MO(1)6 119.0(5) O(5)9MBa(2)MO(4)12 57.1(6)
from the TG curves (Fig. 4) which show the occurrence of twoO(5)4MBa(1)MO(1)6 115.9(5) O(3)13MBa(2)MO(4)14 96.4(6)

O(5)MBa(1)MO(1)6 176.6(6) O(2)7MBa(2)MO(4)14 86.9(5) consecutive processes, ligand pyrolysis and inorganic residue
O(3)3MBa(1)MO(4)6 172.0(8) O(4)12MBa(2)MO(4)14 64.5(8) formation. For the barium compound the presence of a third
O(5)4MBa(1)MO(4)6 57.9(7) O(5)9MBa(2)MO(4)13 98.6(6) step, which corresponds to the loss of the four water molecules,
O(1)7MBa(1)MO(4)8 120.2(9) O(2)7MBa(2)MO(4)13 106.2(7)

was also observed.
N(2)MNiMN(2)15 90.3(6) N(1)MO(1)MBa(1)17 118.3(18) In the anhydrous nitro complexes, the decomposition begins
N(2)15MNiMN(1) 179.3(7) N(1)MO(1)MBa(2)17 95(2) with ligand pyrolysis. This process generally involves different
N(1)15MNiMN(1)16 90.9(7) N(2)MO(3)MBa(1)18 124.9(11)

steps which generate a diversity of products, to yield, after-N(2)MNiMN(1)15 89.0(6) O(3)MN(2)MNi 124.9(13)
wards, ligand elimination.22 In these compounds, the break-N(2)15MNiMN(1)15 89.8(6) O(1)MN(1)MNi 121(2)
down of the nitro complexes generates NiO.23 Alkali- andN(2)16MNiMN(1)15 179.3(7) O(2)MN(1)MO(1) 119(2)

N(2)MNiMN(1)16 179.3(7) O(2)MN(1)MNi 119.4(13) alkaline-earth-metal ions remain coordinated to the ligands,
N(2)MO(4)MBa(2)19 103(2) which is in good agreement with the theoretical mass losses

accompanying the degradation:
Symmetry code: 1=(1−x, −y, z+1/2); 2=(x−y, x, z+1/2); 3=
(y+1,−x+y+1, z+1/2); 4=(−y+1, x−y, z); 5=(−x+y+1,−x+1, MM∞Ni(NO2 )6]�NiO+M(NO2 )n+M∞(NO2 )nz); 6=(y+1, −x+y, z+1/2); 7=(−x, −y, z+1/2); 8=(x−y+1,

After this process, an increase in mass is observed in the TGx+1, z+1/2); 9=(x−y+1, x, z+1/2); 10=(y,−x+y, z+1/2); 11=
(−x+1, −y+1, z+1/2); 12=(−x+y+1, −x, z+1); 13=(x+1, y+1, curves obtained under air. This increase may be due to the
z+1); 14=(−y, x−y, z+1); 15=(−y, x−y, z); 16=(−x+y, −x, z); nitrite–nitrate oxidation reaction, which generally takes place
17=(−x, −y, z−1/2); 18=(−x+1, −y, z−1/2); 19=(x−1, y−1,
z−1); 20=(−x+1, −y+1, z−1/2).

Ni

N(1)16

O(1)16

O(2)16

O(3)15

N(2)15

O(4)15

O(1)

O(1)15

O(2)15

O(2)

O(3)

O(3)16

O(4)

O(4)16

N(1)15

N(2)

N(2)16

N(1)

Fig. 3 X-Band spectra of a powdered sample ofFig. 2 View of the coordination polyhedron for nickel() with atom
numbering in [Ba2Ni(NO2)6(H2O)2]Ω2H2O [Ba2Ni(NO2)6(H2O)2]Ω2H2O
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Fig. 4 TG curves of the different compounds (a) in air (—) and (b) in a nitrogen atmosphere (A)

between 500 and 600 °C:

NiO+M(NO2 )n+M∞(NO2 )m
�Ni1−xO+M(NO3 )n+M∞(NO3 )n

This mass increase was not observed in the thermal
decomposition performed in nitrogen atmosphere. In the case
of the lanthanum compound, the formation of an oxonitrate,
LaO(NO3 ),22 could also be possible.

After this step, a continuous mass loss occurs, which can be
attributed to nitrate pyrolysis. Understanding of this stage is
required for a study of the final products. In this step, no
significant differences have been observed in TG analyses
performed under different atmospheric conditions. In both
cases, the ligand degradation does not seem to be complete,
as substantial slopes appear in the TG data. Nevertheless, the
characterization of the final products using X-ray diffraction
was not possible because of the formation of melts, due to the
low melting points of the nitrate compounds.

Evolution of the inorganic residue

In order to obtain pure phases of mixed oxides, the complexes
were fired in tubular furnaces at different temperatures. X-Ray
diffraction patterns of the products were obtained (Fig. 5)
and indexation of the phases was performed in the range
2h=10–70°.

The thermal decomposition of [K2CaNi(NO2)6] did not lead
to the formation of any mixed oxide. After thermal treatment at
500 °C, a mixture of phases formed by KNO3, CaCO3, CaO and
NiO was observed. The calcination of the mixture at 700 and
800 °C led to the disappearance of the nitrate, but modifications
in the other phases were not observed. Nevertheless, some peaks
of the diffraction patterns could not be indexed with any of the

Fig. 5 X-Ray diffraction spectra of the phases obtained at differ-phases cited in the literature.
ent temperatures from the [K2SrNi(NO2)6] (a) andThe thermal treatment of the [K2SrNi(NO2 )6] complex at
[Ba2Ni(NO2)6(H2O)2]Ω2H2O (b) precursors680 °C yielded a melt formed by KNO3 , Sr(NO3 )2 , SrCO3 and

NiO. After that, the mixture was calcined at 750 and 800 °C
for 2 h at each temperature. The diffraction patterns of the the formation of a unique phase of the mixed oxide, but the

Sr2Ni2O5 phase is a minority phase and the new SrNiO3 oxideproducts showed the presence of Sr2Ni2O5 , SrCO3 and NiO.
No peaks corresponding to any potassium phases are present, is formed. It is important to note that this last compound,

which contains tetravalent nickel ions, was only obtainedprobably due to the formation of K2O which sublimes at
higher temperatures. Thermal treatment at 900 °C did not yield under a high pressure of oxygen (50–2000 atm, 600 °C).24

2262 J. Mater. Chem., 1997, 7(11), 2259–2264



The [Ba2Ni(NO2 )6 (H2O)2]Ω2H2O compound was first
heated at 680 °C for 10 h and a melt formed by Ba(NO3 )2 ,
BaCO3 and NiO was obtained. As can be seen, oxidation of
the nitrite groups, which was observed in the TG study, and
carbonation of a part of the alkaline-earth metal, occur. After,
this process the melt was ground and heated at 750 and 800 °C
for 2 h. At these temperatures the nitrate decomposes and a
mixture of the BaNiO325 and Ba3Ni3O826 oxides, together with
the NiO and BaCO3 phases, is obtained. Thermal treatment
at 900 °C did not yield a unique phase, with both the BaNiO3
and Ba3Ni3O8 oxides obtained. This last oxide is not well
defined and seems to be related to the BaNi0.83O2.56 phase.
Taking into account the stoichiometry of these phases
(BaNi0.83O2.5 and BaNiO3 ) and that it is not possible to
calculate their relative proportions from the diffraction pat-
terns, it is very difficult to establish a relationship between the
precursor and the final products, as has been performed in
other decompositions.8,9 In the BaNi0.83O2.5 compound the
nickel atoms are octahedrally coordinated to the oxygen atoms
at distances which could correspond to NiII and low spin NiIII
(observed by EPR measurements) and NiIV .

Finally, in the case of the [KLaNi(NO2 )6] compound the
LaNiO3 mixed oxide was obtained at 500 °C, together with
small amounts of KNO3 and NiO. At higher temperatures
(700 °C) the nitrate decomposes and LaNiO3 becomes the
majority phase. The remaining minor peaks correspond to a
small amount of NiO phase.

As can be seen, no mixed oxides were obtained from the
calcium precursor, as was observed in the literature for
CaO–NiO mixtures. This may be due to the small size of the
calcium ions. The other compounds led to the formation of
mixed oxides with NiIII and NiIV employing soft conditions of
temperature and pressure. According to the literature,27,28 the

Fig. 6 SEM photographs of the inorganic residue obtained at 800 °C
attainment of these kinds of compounds by the ceramic method

from the precursors: (a) Sr–Ni–O system; (b) La–Ni–O system
requires higher temperatures and oxygen pressures than those
employed in the metallo–organic method. Nevertheless, it, as
yet, has not been possible to obtain a unique mixed oxide ions coordinated by nitro ligand bridges. Thermal decompo-

sition of these complexes led to the formation of mixed oxidesfrom the strontium and barium compounds. Further experi-
ments in oxygen atmosphere are being performed in order to such as BaNiO3 , SrNiO3 , Sr2Ni2O5 and LaNiO3 at compara-

tively lower temperatures and oxygen pressures than thoseimprove these results.
observed in the literature from the ceramic method. Scanning
electron microscopy has shown the usefulness of soft chemicalScanning electron microscopy
routes in order to obtain homogeneous and small particles.

Scanning electron microscopic photographs of some oxides Some attempts to purify these phases are been carried out by
pellets are shown in Fig. 6. As can be seen, no individual modifiying thermal treatments.
particles were obtained, showing the material in a continuous
form only interrupted by cracks. In the case of the Sr–Ni–O This work was financially supported by the DGICYT
system, the sample exhibits compactness. This process could (PB94–0469) and the Basque Government (PI9640).
be explained by the progressive sintering of the sample from
small particles appearing in the decomposition of the com-
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