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In this paper the authors present the experimental results of the thermal analysis of heteropolynuclear
coordination compound [Co2NiL3(OH)3(H2O)3]n, where L is lactate anion, obtained by a new method,
through the reaction of 1,2-propanediol with M(NO3)2·6H2O (M: Co, Ni).
recursor
,2-Propanediol
actate
hermal analysis
pinel

The reaction between 1,2-propanediol and M(NO3)2·6H2O (M: Co, Ni) occurs with the oxidation of
1,2-propanediol to the lactate anion (L), coordinated to M(II).

The thermal properties of the synthesized polynuclear coordination compound, [Co2NiL3(OH)3(H2O)3]n,
have been investigated by TG, DTG and DTA.

The mixed oxide of spinel type, NiCo2O4, impurified with NiO, obtained by thermal decomposition of
ation
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heteropolynuclear coordin
tion (XRD) and elemental

. Introduction

Knetsch and Groeneveld [1] have synthesized and studied a
umber of complexes with diols as ligands.

In our previous papers [2–11] we have reported the results of
he studies of the oxidation reactions between 1,2-ethanediol, 1,2-
ropanediol, 1,3-propanediol and some metallic nitrates.

The coordination compounds synthesized in this way con-
ain glyoxylate anion, lactate anion, malonate anion and 3-
ydroxypropionate anion as ligands.

The thermal conversion of homo- and hetero-polynuclear com-
lexes with anions of carboxylic acids as ligands has been carried
ut to oxide systems with irreductible structure and properties,
equired by the modern technology in various fields (heteroge-
eous catalysis, electrocatalysis, ceramic pigments, electronics,
hysical supports – carriers, brackets – for the stockage and pro-

essing of information, drug industry) [12–22].

These compounds decompose at relatively low temperatures,
orming simple or mixed oxides and volatile products (CO, CO2,

2O).
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compound was characterized by IR spectroscopy, X-ray powder diffrac-
sis.

© 2008 Elsevier B.V. All rights reserved.

The reaction between 1,2-ethanediol and Cu(NO3)2·3H2O occurs
ith the oxidation of 1,2-ethanediol to glyoxylate anion [2,11] or

xalate anion, depending on the working conditions.
The determination of the forming conditions of nonstoichiomet-

ic oxides of Ni and Co led to an original method of obtaining anodes
ith active electrocatalytically films for the oxygen evolution at the

lectrolysis of alkaline solutions [23].
Several studies about the properties of nickel cobaltite, NiCo2O4,

nd its applicability in electrochemistry have been performed by
ifferent authors [24–32].

For many years, the spinel NiCo2O4 has been used as an electro-
atalyst in electrochemical systems. It also possesses high electrical
onductivity and low thermal stability for a compound of this struc-
ure [24–29]. A number of film deposition procedures have been
eveloped for depositing the spinel phase of these films. These
rocedures comprise, but are not limited to, solution deposition
rocessing, reactive sputter deposition, and pulsed laser ablation
28].

Also, the nickel cobaltite, NiCo2O4, has been synthesized by the
hermal decomposition of carbonates, sol–gel methods, the decom-

osition of hydroxides, electrospinning technique [29–32]. Several
apers present the structure and the properties of nickel cobaltite,
iCo2O4 [24,27–32]. Films deposited on sapphire substrates exhibit
refractive index of about 1.7 and are relatively transparent in the
avelength region from 0.6 to 10.0 �m. They are also magnetic.

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:mniculescuro@yahoo.com
mailto:mircea.niculescu@chim.upt.ro
dx.doi.org/10.1016/j.tca.2008.03.011
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Table 1
Composition and elemental analysis data

Compound (composition formula) Co2NiL3(OH)3(H2O)3

Co(II)%
Calculation 21.48
Experiment 21.92

Ni(II)%
Calculation 10.70
Experiment 10.85

C%
Calculation 19.69
Experiment 19.38
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he electrical and spectroscopic properties of the oxides have been
tudied as a function of x = Co/(Co + Ni) ratio [28].

This paper presents the results obtained at the investi-
ation of 1,2-propanediol oxidation with Co(NO3)2·6H2O and
i(NO3)2·6H2O, in a weak acid medium (pH∼3). The obtained
oordination compound was investigated from the standpoint of
he composition and physical–chemical properties. It will be shown
hat it can be a precursor for nickel cobaltite, NiCo2O4, which is
btained at relatively low temperatures.

. Experimental procedures

.1. Chemicals and methods

For the synthesis of the coordination compound,
o(NO3)2·6H2O, Ni(NO3)2·6H2O “Reactivul”, Bucharest, with
inimal purity of 99%, 1,2-propanediol, “BDH Chemical Ltd.

oole “England with purity of 97 % and nitric acid solution 1 M
F = 1.000±0.002) were used. The impurities from the reagents
o not influence the synthesis and the purity of the obtained
ompound as they are removed in the subsequent purification
tep.

TG, DTG and DTA curves (in the range 25–600 ◦C) corresponding
o the decomposition of the coordination compound were recorded
n a Simultaneous TGA/SDTA 851/LF/1100 Apparatus produced by
ETTLER, under an air flow of 50 mL min−1 at a heating rate of

0 K min−1.
The coordination compound was also characterized by the fol-

owing methods: chemical analyses, IR-spectroscopy and electronic
pectroscopy (diffuse reflectance technique).

The IR spectrum (KBr pellets) was recorded on a Jasco FT-IR
pectrophotometer, in the range 400–4000 cm−1.

The electronic spectrum was recorded by diffuse reflectance
echnique using a spectrophotometer SPEKOL 10 Carl Zeiss Jena and

gO as a reference material.
The characterization of the nickel cobaltite, NiCo2O4, obtained

y thermal decomposition of heteropolynuclear coordination com-
ound was performed by elemental analysis, IR spectroscopy and
-ray diffraction (XRD).

Powder X-ray diffraction patterns of the samples were
ecorded on a BRUKER D8 Advance diffractometer with graphite
onochromator on the diffracted beam, using Mo K� radiation

� = 0.70930 ´̊A). The X-ray power was 40 KV and 30 mA.
The powder samples were grounded in order to reduce the gran-

lation (when necessary) and then pressed in the specimen holder.
The patterns were recorded over a range of 2� angles from 5◦

o 50◦ and crystalline phases were identified using the Joint Com-
ittee on Powder Diffraction Standards-International Centre for
iffraction Data (JCPDS-ICDD) files. The data were collected and
rocessed with the DIFFRAC plus program package.

.2. Synthesis of the coordination compound

The elaborated method of the synthesis of the complex com-
ound is based on the oxidation reaction of 1,2-propanediol in an
lcohol–water system by M(II) nitrates (M(II): Co(II), Ni(II)) and
itric acid and the simultaneous isolation of the complex com-
ound from the reaction system.
A solution of water + diol + Co(NO3)2·6H2O + Ni(NO3)2·6H2O + nitric
cid in the molar ratio: Ni(NO3)2·6H2O:Co(NO3)2·6H2O:1,2-
ropanediol:HNO3 = 1:2:4.5:0.001 was prepared. This mixture was
eated in a thermostat, gradually up to 90 ◦C. The reaction was
onsidered completed when no more gas evolution was observed.
%
Calculation 4.37
Experiment 4.20

The solid reaction product was purified by refluxing from an
cetone–water mixture.

After that, the solution was filtered and the solid beige prod-
ct was washed with acetone and finally maintained in air until
onstant mass. The yield was 75% (based on the 1,2-propanediol).

. Results and discussion

The evolution of the reaction between 1,2-propanediol,
o(NO3)2·6H2O and Ni(NO3)2·6H2O was investigated by IR spec-
roscopy. As the reaction advances the bands due to the nitrate ion
ecreases in intensity, proving that the nitrate ion is consumed in
he reaction [33].

At the same time, the appearance and the increase of the band
ntensity in the range of 1580–1680 cm−1 (�asymCOO−) is observed,

hich is specific to complex ligands that contain two oxygen atoms
s donors such as the carboxylic anions of the acids [34].

In order to separate and identify the ligand, the complex
as been treated with R–H cationite (Purolite C-100). After the
etention of the metal cations, the resulted lactic acid has been
dentified by specific reactions (haloform reaction, reaction with
eCl3 solution, reaction with KMnO4 solution). The physical prop-
rties (syrupy liquid, strongly acid, highly soluble in water, ethylic
lcohol, ethylic ether) are in good agreement with those from the
iterature [35].

The elemental analysis results (Table 1) as well as the
R investigation have indicated that the synthesized coordina-
ion compound has the following empirical chemical formula:
o2NiL3(OH)3(H2O)3, where L is lactate anion.

These results, as well as those previously reported [6–8]
oncerning the oxidation of 1,2-propanediol with Co(II) nitrate
espectively Ni(II) nitrate, suggest that the oxidation of the 1,2-
ropanediol with M(NO3)2·6H2O (M: Co, Ni) occurs, in some
orking conditions, to lactate anion, coordinated to M(II).

Consequently, we suggest the following mechanism for the
eaction between 1,2-propanediol and M(NO3)2 (M = Co, Ni):
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Fig. 2. IR vibrational spectrum of the heteropolynuclear coordination compound
[Co2NiL3(OH)3(H2O)3]n .

Table 3
Characteristic absorption bands in IR for Co(II)–Ni(II)-hydroxo-lactate and the cor-
responding assignments

Wavenumber (cm−1) Assignment

3397 s, b �(OH), �(H2O)
1627 vs �asym (COO−) + ısym (HOH)
1384 vs
1360 s �sym (COO−)
1317 m �sym (CO) + ı(OCO)
1127 w �(C–OH)
1049 w �(OH bridge)
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Fig. 1. Diffuse reflectance spectrum of Co(II)–Ni(II)-hydroxo-lactate.

C3H5O3
− + [M(OH)(H2O)(x−1)]

+

→ M(OH)C3H5O3·yH2O + (x−1− y) H2O (1)

O + 1/2 O2→ NO2. (2)

Analyzing reactions, one may notice the necessity of the pres-
nce of protons involved in the (c) stage in order to potentiate the
xidation activity of nitrate ion.

The suggested formula of the coordination compound as well as
nformation concerning its structure are going to be confirmed by
he results which will be presented in the following.

.1. Diffuse reflectance spectrum of Co(II)–Ni(II)-hydroxo-lactate

The diffuse reflectance spectrum of the coordination compound
hows the presence of the characteristic bands of the hexacoordi-
ated Co(II) and Ni(II) ions in a (pseudo)octahedral environment
Fig. 1).

Table 2 shows the wave numbers, which correspond to the dif-
use reflectance spectral bands with tentative assignments.

The spectrum exhibit an absorption band at 19.231 cm−1

� = 520 nm) which may be assigned to the 4T1g(P)← 4T1g(F) (�3)
ransition, characteristic to the Co(II) ion in a high spin octahe-
ral configuration. The band at 14.925 cm−1 (� = 670 nm) may be
ssigned to the 4A2g← 4T1g(F) (�2) transition. The absorption band
t 26.316 cm−1 (� = 380 nm) may be assigned to the 3T1g(P)← 3A2g
�3) transition, characteristic to the Ni(II) ion in a high spin octahe-
ral configuration while the band at 13.158 cm−1 (� = 760 nm) may
e assigned to the 3T1g(F)← 3A2g (�2) transition. The results are in
ood agreement with those from the literature [36].
Accordingly, the Co(II) ion exists in the fundamental state t5
2ge2

g,

igh spin, respectively Ni(II) ion in the fundamental state t6
2ge2

g, high
pin, the three ligands OH, L, H2O being of low field and of similar
trength.

m
c
t
o
c

able 2
iffuse reflectance spectral data of the investigated compound

ompound (composition formula) Co(II)

Wavenumber (cm−1) Transition

[Co2NiL3(OH)3(H2O)3]n 19,231 4T1g(P)← 4

14,925 4A2g← 4T1
24 w ı(OCO)
90 w �(M–O)

: high intensity (v: very); b: broad; m: medium; w: weak.

.2. IR vibrational spectrum of Co(II)–Ni(II)-hydroxo-lactate

In order to obtain information regarding the structure of syn-
hesized compound and the ligand coordination, the IR spectrum
as recorded within the range 400–4000 cm−1 (Fig. 2).

Table 3 shows the characteristic bands in IR (cm−1) for solid and
rown coloured complex and the corresponding assignments.

The broad band in the range 3200–3600 cm−1 with a maxi-
um at 3397 cm−1 is attributed to the formation of the hydrogen

onds between water molecules and the alcoholic hydroxyl
17,37].

The intense band at 1627 cm−1 is attributed to the asymmetrical
ibration of the carboxylate ion and the value shows that the res-
nance from the carboxylate group is maintained during complex
ormation, the metal–carboxylate bond prevailing with respect to
he ionic one [34]. At same time the band may correspond also to
he deformation vibration of H2O.

The band with maximum at 1384 cm−1 is attributed to the
ymmetric vibration �sym(COO−). As the difference between
asym−�sym is higher than 170 cm−1 one may say that the

etal–carboxylate bond is really preponderantly ionic, and the

arboxylate group acts as a bidentate ligand [34,38]. Also, the exis-
ence of the two bands for �sym(COO) can be explained through the
ctahedral deformation. The band at 1317 cm−1 confirms that the
arboxylate group is acting as a bidentate ligand [34].

Ni(II)

identification Wavenumber (cm−1) Transition identification

T1g(F) 26,316 3T1g(P)← 3A2g

g(F) 13,158 3T1g(F)← 3A2g



4 ochimica Acta 493 (2009) 1–5

1
s
a
s
p

v
a

o
v
t

I
T
p

[

F
a

M. Niculescu et al. / Therm

In the vibrational spectrum of lactic acid [36] the band at
127 cm−1 is attributed to the C–OH vibration. The fact that in the
pectrum of this complex this bands appears at the same value
nd that it is not shifting towards lower number permits to pre-
ume that OH alcoholic group does not take part in the coordination
rocess.

The band of mean intensity at 1049 cm−1 is attributed to the
ibration of the OH bridge group [39]. The band at 824 cm−1 is
ttributed to the vibration ı(OCO) [34,38].

In accordance with Nagase et al. [40], the 490 cm−1 band,
btained for the investigated complex can be attributed to the
ibration �(M–O), the atom O belonging to the COO− group from
he lactate anion.

The obtained compound is insoluble in water, ethanol and ether.
t can be destroyed only by concentrated solutions of HCl or H2SO4.
hese statements as well as the above mentioned data suggest a
olynuclear structure which corresponds to the following formula:
Co2NiL3(OH)3(H2O)3]n.

ig. 3. Thermal analytical curves for the coordination compound decomposition in
ir athmosphere at the heating rate of 10 K min−1: (a) TG and DTG; (b) DTA.
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Fig. 4. IR vibrational spectrum of the conversion product obtained at 600 ◦C.

.3. Thermal conversion of Co(II)–Ni(II)-hydroxo-lactate

In order to establish the conditions in which the coordination
ompound [Co2NiL3(OH)3(H2O)3]n is decomposed to NiCo2O4, the
hermal analysis methods (TG, DTG, DTA) were used [41].

The obtained TG, DTG and DTA curves, shown in Fig. 3, suggest
our steps which occur at the progressive heating of the coordina-
ion compound.

In the temperature range 25–240 ◦C, [Co2NiL3(OH)3(H2O)3]n

isplay two endothermic dehydration DTA peaks (broad), for the
wo losses of water (processes I and II). The TG weight losses cor-
espond to 3H2O (process I) respectively 2H2O (process II).
The strong exothermic effect that characterizes the III and IV
teps (maximals at 325 and 365 ◦C) is due to ligand combustion
espectively to the oxidation of Co(II) to Co(III) by oxygen leading
o the spinel formation [31,42].

ig. 5. The XRD of the solid product obtained by thermal conversion in air of the
olynuclear coordination compound [Co2NiL3(OH)3(H2O)3]n .
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M. Niculescu et al. / Therm

The spinel NiCo2O4, obtained at 600 ◦C, is the main
omponent of the conversion of the complex compound,
Co2NiL3(OH)3(H2O)3]n.

The composition of a residual sample determinated by elemen-
al analysis (Ni: 24.49 %; Co: 48.89 %; O: 26.60 %) corresponds to
his one.

The residue was identified by IR and XRD.
The IR spectrum (Fig. 4) of the conversion product obtained

t 600 ◦C exhibits the bands characteristic for the spinel NiCo2O4
�1[NiIIO4] = 658 cm−1 and �2[CoIIIO6] = 565 cm−1) being in agree-

ent with the literature data [31,43–45].
The low intensity band at 450 cm−1, characteristic for NiO,

evealed that the product of thermal decomposition of the coor-
ination compound is a nonstoichiometric metal oxide [44,45].

The X-ray diffraction patterns (Fig. 5) show the presence of the
haracteristic peaks for NiCo2O4 (nickel cobaltite), in accordance
ith JCPDS 73-1702.

As can be seen, the sample is relatively well crystallized [29,31].
Peaks of NiO were found in the XRD pattern (JCPDS 47-1049),

ndicating that NiCo2O4 obtained via this method consists of impu-
ified phase [32].

. Conclusions

A new elaborated method of synthesis of the complex com-
ound having lactate anion as ligand is based on the oxidation
eaction of 1,2-propanediol in an alcohol–water system by nickel
itrate, cobalt nitrate and nitric acid and the simultaneous isolation
f the complex compound in the reaction system.

The coordination compound synthesized by this new
ethod is a heteropolynuclear combination with the formula

Co2NiL3(OH)3(H2O)3]n; this complex was investigated by ele-
ental analysis, thermal analysis (TG, DTG and DTA), electronic and

R spectroscopy. All the experimental investigations lead to the con-
lusion that the complex is characterized by a (pseudo)octahedral
onfiguration of the metal(II) ions.

The spinel NiCo2O4 obtained by thermal decomposition of het-
ropolynuclear coordination compound, [Co2NiL3(OH)3(H2O)3]n is
nonstoichiometric oxide impurified with NiO.
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