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Our research interest was related to the synthesis of polynuclear metal complexes containing oxalate as
ligand with the aim of obtaining potentially new functional materials and precursors for oxide nanoparticles.
Two new heteronuclear complexes Co2Zn2(C10H8N2)3(C2O4)4 . 2H2O, 1, and CoZn(C4H10N2)(C2O4)2 . 0.75H2O,
2, were obtained by direct metal-ligand synthesis. Based on UV-Vis, IR, Raman and elemental analysis, a
polymeric tridimensional structure of complexes was established, in which metal-oxalate chains are bridged
by 4,4’-dipyridine or piperazine. Morphological characters have been proved by BET and SEM measurements.
Scanning electron microscopy shows particles as assemble of parallel porous sheets for complex 1 and rods
and hollow rod-like particles for complex 2. The surface area and porosity were evaluated from the nitrogen
adsorption-desorption isotherms. Complex 1 presents mesoporous morphology with the surface area of
29.9 m2/g while complex 2 was also porous, with the surface area of 84.3 m2/g due to the more complex
morphology. Thermo-gravimetric analysis showed that the decomposition proceeds via three well-defined
steps up to final residue expressed as cobalt and zinc oxides for both complexes.
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The versatility of the oxalate ligand leads to a great
variety of metal complexes which attracted interest mainly
on their morphological aspects and the resulting properties.
Among them, homo- and heterometallic [1, 2], coordination
polymers of ribbon infinite chain [3-5], 2D [6, 7] and 3D [8]
structures have been obtained in which oxalate acting as
bis-bidentate ligand bridges two or more metal ions. The
strong magnetic interaction mediated by oxalate ligand
has been used in search for new molecular – based
magnetic materials [9, 10]. In order to obtain a controlled
structure, organic co-ligands, including di- or polyamines
like 4,4’-dipyridine and piperazine has been used as
directing ligands and spacers. It was found that piperazine
[11], adopting a low energy conformation, coordinates two
metal centers belonging to two metal oxalate chains.
Additionally to this linkage, 4,4’-dipyridine is capable to
develop π−π  stacked interactions leading to
supramolecular architectures with specific cristallinity
[12].

Monometallic oxalate forms of nanoribons [13] or
nanorods [14] were obtained by the reverse micellar route
and used as new battery materials.

It was found that polymetallic oxalates can act as single
source precursor, for the synthesis of various oxides in
which the morphology of the precursors is preserved [15-
20], phenomenon known as coordination memory. The
preservation tendency of morphology is more pronounced
for the oxalates than other metal carboxylates. Beside,
oxalates easily decompose to their corresponding oxides
[21]. These properties can explain the expanded trends of
use of oxalates as precursors for a wide variety of mixed
metal oxides nanoparticles with designed properties and
industrial importance [10]. The recent literature research
revealed the focused interest on the zinc-cobalt spinels

with relevance in many industrial applications such as
pigments or dying materials, as catalysts [22], as anode
material in lithium batteries [23] and in supercapacitor
applications [24]. For example, the obtaining of the
precursor ZnCo2(C2O4)3

.6H2O was reported as nano-
particles by a one-step solid state reaction [25]. Changchun
and all [24] reported the obtaining of ZnCo2O4 spinel by
calcination of a mixed metal oxalate obtained by
rheological phase reaction. However, in both of cases the
nature of the bimetallic oxalates as precursors was not
proved by any physical or chemical methods. In previous
studies we reported heteronuclear metal oxalates [26] and,
for some of them, catalytic properties were demonstrated.

Our present research interest is related to the synthesis
of polynuclear metal complexes containing oxalate as
ligand in order to obtain new functional materials and
precursors for oxide nanoparticles. We report here the
synthesis and primary characterization of new
heterometallic oxalates in the cobalt(II) – zinc(II) system
containing 1,10-dipyridyl or piperazine as co-ligands having
in mind that they can act as catalysts or precursors for
bimetallic oxides.

Experimental part
All chemicals used for the present study were purchased

from commercial sources and used without further
purification.

Elemental analyses were carried out on a Perkin-Elmer
model 240C elemental analyzer. The infrared (IR) spectra
of samples were recorded on a Jasco FT/IR-430
spectrometer in the range 4000-400 cm-1 on KBr pellets.
FT-Raman spectra were recorded on a Jasco Raman NRS
3300 spectrometer, with excitation wavelength of 785 nm,
spectral resolution of 0.65 cm-1. Electronic absorption
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spectra were recorded in nujol on a Lambda 12 Perkin-
Elmer spectrophotometer. Thermal analysis was carried
out under static air at a heating rate of 10 K/ min from 20 to
900°C using a Netzsch STA 409 PC/PG instrument. The
morphology of the samples was examined with scanning
electron microscopy, SEM PHILIPS XL 30 CP, coupled with
detectors: SE, BSE, Robinson and EDX. Opp’, N2 adsorption
- desorption isotherms of the samples were recorded on a
Quantachrome Nova 1200e, at 77 K. The samples were
degassed at room temperature for 3 h under vacuum, prior
to the adsorption measurements.

Co2Zn2(C10H8N2)3(C2O4)4 . 2H2O (1) 0.5 g (2 mmol)
Co(CH3COO)2 . 4H2O dissolved in 10 ml water  was treated
with 0.64 g (4 mmol) 4,4' - dipyridine, 0.3 g (2 mmol) ZnCl2
and 0.6 g (4 mmol) (NH4)2C2O4 . H2O under stirring. The
mixture was heated at 80oC for one hour. The pink solid
was collected by filtration, washed with diluted
ammonium oxalate solution, water and ethylic alcohol and
dried over CaCl2.

Anal. Calc. for C38H28N6Co2Zn2O18 (M = 1105.30) %: C
41.29; H 2.55; N 7.60; Co 10.66; Zn 11.83. Found %: C 41.09;
H 2.41; N 7.17; Co 10.62; Zn 11.41;

IR (KBr, ν/cm-1): 3373m, 3053w, 2923w, 1602s, 1408m,
1358w,1312m, 1220w, 1076w, 1001w, 855w, 807m, 739w,
623m, 577w, 502m.

Raman: 1608s, 1515m,1460m, 1448sh, 1427w, 1299s,
1238m, 1229sh, 1084m, 1016s, 997m, 903w, 878w, 863w,
767m, 672w, 655m, 574m, 533w, 506m, 391m, 337m,
292w, 273w, 241w, 214m, 108m.

UV - VIS (nujol): λ = 550 nm, 630 nm.

CoZn(C4H10N2)(C2O4)2 . 0.75H2O (2) 0.5 g (2 mmol)
Co(CH3COO)2 . 4H2O disolved in 10 m:L water, was treated
with 0.78 g (4 mmol) piperazine, 0.3 g (2 mmol) ZnCl2  and
0.6 g (4 mmol) (NH4)2C2O4 . H2O under constant stirring.
The mixture was heated at 80oC for one hour. The pink
solid was collected by filtration, washed with diluted
ammonium oxalate solution, water and ethylic alcohol,
and dried over CaCl2.

Anal. Calc. for C8H11.5N2CoZnO8.75  (M = 400.00) %: C
24.02; H 2.90; N 7.00; Co 14.73; Zn 16.35; Found %: C 23.62;
H 2.69; N 7.12; Co 14.77; Zn 16.52.

IR (KBr, ν/cm-1): 3373s, 2133w, 1628s, 1358m,1317m,
1234m, 819m 754m, 608m, 495m, 466w.

Raman: 1617w, 1460s, 1430sh m, 910m, 855w, 584m,
529s, 450w, 240s, 219m, 199m, 126m.

UV - VIS (nujol): λ = 560 nm, 680 nm.

Results and discussions
The new heteronuclear complexes Co2Zn2(C10H8N2)3

(C2O4)4 . 2H2O (1) and CoZn(C4H10N2)(C2O4)2 . 0. 75H2O (2)
have been obtained by direct  metal - ligand synthesis as
pink microcrystalline powders in aqueous media. Typical
methods are presented in the experimental part and the
synthesis of 1 is shown in scheme 1:
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Scheme 1. Synthesis chemical reaction of complex 1

The compounds are insoluble in water and in common
polar organic solvents like alcohols, acetone, acetonitrile,
dimethylformamide and dimethylsulphoxide. The nature
of the resulted compounds was established based on

elemental analysis and structural information was
obtained from electronic, FT-IR and FT-Raman spectra.
Electronic spectra

The electronic spectra of the two complexes show the
presence of two ligand-field transitions: one near 550 nm
and the second at 630 and 680 nm, respectively. According
to Lever [27], the bands can be assigned to the (ν3) 4T1g(P)
←4T1g and (ν2) 4A2g ←

 4T1g  transition, respectively,
characteristic to a  high-spin d7 ion in a distorted-octahedral
environment.

Infrared and Raman spectra
The infrared spectra of the new compounds are very

complex. However, bands attributable to the oxalate and
organic N-donor ligands can be noticed. In the spectra of
the both complexes the asymmetric stretching mode
νas(OCO) emerged at 1602 cm-1 for (1) and 1628 cm-1 for
(2). This mode is also Raman active as a strong band at
1608 cm-1 for (1) and a weak one at 1617 cm-1 for (2). The
νs(OCO) mode can be noticed as doublets at 1358, 1312
and 1358, 1317 cm-1 for (1) and (2), respectively. For both
complexes, Raman spectra show for this mode a medium
intense band at 1460 with shoulders at 1448 for (1), and
1430 cm-1  for (2).  In the region  807 - 819 cm-1 of the
infrared spectra, bands attributable to the deformation
vibration mode δ(OCO) can be noticed. According to Frost
[28],  in the Raman spectra, the low intensity bands at 878
cm-1  (1) 854 cm-1 (2) respectively are assigned to the
δ(OCO) bending mode. The observed values agree well
with those reported for the presence of bis-chelating
oxalate ion [29].

The presence of 4,4'-bipyridyl ligand in complex 1 is
proved by the bands at 3053 cm-1 assigned to ν(Car-H),
and 1408 cm-1, 1220 cm-1 assigned to ν(C-C) and  ν(C-N)
valence vibrations of aromatic rings, respectively. The γ(C-
H) out-of-plane vibrations can be noticed at 739 cm-1. Also
the pyridine “breathing” frequency appearing at 993 and
612 cm-1 in free ligand is shifted to 1001 and 623 cm-1

respectively in the spectra of the complexes. In the Raman
spectrum, the weak band at 997 cm-1 is assigned to the
γ(C-H) out-of-plane bending vibration, the  band  at 391
cm-1 to the pyridil ring and γ(C-C) out-of-plane bending
vibration [30].

In the IR spectrum of 2, the νas(C-N) asymmetric
stretching vibration at 1270 cm-1 in the free piperazine is
shifted to 1234 cm-1. The deformation vibration frequency
of CCN moiety emerges at 608 cm-1 and the valence
vibration of M-N is present at 466 cm-1. Further, the absence
of the band at 2800 cm-1 characteristic to ν(Npip-CH2) in the
spectrum of 2 denoting the presence of the coordinated
piperazine in energetically stable chair conformation.
According to [31] the bands at 910, 450 cm-1 in the Raman
spectrum of complex 2 can be assigned to the ν(C–N)
stretching mode and δ(CCN) deformation vibration mode,
respectively.

For both complexes, the presence of coordinated water
is pointed out by the strong and large band at 3373 cm-1.

Based on above presented analytical data, spectral
properties and literature, we propose a polymeric structure
of complex 1 and 2. The metal ions cobalt (II) and zinc (II)
are held together by the bis-bidentate oxalate bridge leading
to chains that further are connected by 4,4’-dipyridyl or
piperazine bridges bonded via nitrogen atoms. The
proposed structure of complex 1 and 2 illustrating their
polymeric nature is presented in scheme 2.

The overall arrangement can consist of interpenetration
of two dimensional networks thus leading to a
tridimensional structure. The crystal structure of the
complexes is assumed to be stabilized by hydrogen
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bindings which involve the water molecules and the oxygen
atoms of the oxalate ligand. Moreover, for 1, the stabilization
can be achieved by the π-π stacking interactions between
the pyridine rings.

EDX analysis
The EDX analysis of the samples showed the ratio

between Co(II) and Zn(II) to be 1:1 (fig. 1) which is
consistent with previous results.

SEM analysis
SEM studies of complex 1 and 2 were undertaken. The

complex 1 figure 2 presents mica-like aggregates, forming
particles as assembles of parallel porous sheets.

The second one, complex 2 aggregates (fig. 3) as rod-
like with wide aspect ratio and distribution, figure  4(a),
and hollow rod-like, (fig. 4b), particles with relative
homogenous dimensional distribution; rod’s length is
situated between tenths of nanometers to ~20
micrometers and diameter of ~1micrometre.
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Scheme 2. Proposed structure for
complex 1(n=1, fragment from 4,4’-
dipyridil) and 2(n=2, fragment from

piperazine)

Fig. 1. EDX spectra of
the complex (a) 1 and

(b) 2

Fig. 2. SEM images of 1 at (a) x 250 and
(b) x 2500 magnification

Fig. 3. SEM images of 2 at (a) x 500 and
 (b) x 1500 magnification

Fig. 4. SEM pictures (details) of rods (a)
and cubic hollow (b) particles of 2



REV. CHIM. (Bucharest) ♦ 65 ♦ No. 4 ♦ 2014 http://www.revistadechimie.ro 419

Hollow cubes of ~1 micrometer, with hollow interior of
almost square shape (~320 x 320 nm), and wall thickness
of ~300nm, it was observed as well.

BET Analysis
In accordance to IUPAC (International Union of Pure

and Applied Chemistry) classifications, both isotherms, (fig.
5), show a type IV pattern. The hysteresis loop, which
resulted from capillary condensation in the mesopores (2-
50 nm) seems to be slightly different for the two
compounds. In figure 5, the hysteresis loop of complex 1
resembles type H3 IUPAC classification, resulting from slit-
shaped pores between parallel layers, with a non-uniform
size [32, 33].

The type H4 hysteresis loop can be attributed as better
resemblance in case of complex 2 and it is believed to be
associated with narrow-slit pores of varying diameter;
more likely the pore size distribution is shifted toward the
micropore range.

Total BET surface area of complex 1 was 29.87 m2/g. In
the inset representation of pore diameters distribution, (fig.
5) it was observed a bimodal pore diameter distribution,
around the values of 3.78 nm and 24.7 nm. The total BET
surface area of complex 2 was 84.30 m2/g. The complex 2
exhibited also a wide range of pore diameters figure 5 inset.
It is possible that the difference between the morphology
of the two compounds comes from the different template
effect that the two co-ligands, 4,4'-bipyridine and
piperazine, may have upon the metal oxalates.

The surface area observed for both complexes 1 and 2
of 29.9 m2/g and 84.3 m2/g is greater than the value found
in literature for crystalline compounds with large grain size
but highly agglomerated.

Thermal analysis
The thermal stability of compounds 1 and 2 correlated

with their thermolysis products was determined by
thermogravimetric and thermo-differential analysis (TG-
DTA) in static air (fig. 6). It indicates that the decomposition
of 1 and 2, in the range of temperature 0-800oC, proceeds

Fig. 5. Nitrogen adsorption-desorption isotherms:
Co2Zn2(C10H8N2)3(C2O4)4 . 2H2O (1) and

CoZn(C4H10N2)(C2O4)2 . 0.75H2O (2)

Fig. 6.  Thermogrames of  1
(a) and 2 (b) in static air

in three steps.  The first weight loss, in both cases,
associated with endothermic effect from 150 to 180oC for
1 and between 120 and 150oC for 2 was due to the loss of
free water molecules [34-36]. The second weight loss  was
observed from 240 to 295oC for 1 and between 160 and
190oC for 2. This second step, also had an endothermic
effect, it corresponds to complex phenomena that means
the superposition of different thermal effects. It could be
attributed to the decomposition of oxalate and the cleavage
of N-Co bonds. Although, the oxalate oxidation is generally
an exothermic process [36], the endothermic process of
N-M bond cleavage has a greater enthalpy value, turning
the overall process into an endothermic one.

The third weight loss ( 73.23 % for 1 and 52.98 % for 2),
from 320 to 425oC for 1 and respectively 240 to 350oC for 2,
is due to the decomposition of organic phase (bipyridine
and piperazine) and the formation of the following possible
oxides: either Co3O4 and ZnO or ZnCo spinels (Zn1/3Co2/3O4,
ZnCo2O4), Co3O4 and ZnO [35, 37].

Conclusions
In summary, new heteronuclear complexes Co2Zn2

(C10H8N2)3(C2O4)4 . 2H2O (1) and CoZn(C4H10N2) (C2O4)2 .
0.75H2O (2) were obtained by direct metal – ligand reaction.
IR and Raman spectra are in agreement, both show the
presence of the bis-bidentate bridging form of the oxalate
and the coordinated ligands. From electronic spectra was
established distorted-octahedral configuration for Co(II)
in both compounds and elemental analysis proves the
presence of the two metal ions in molar ratio 1:1. The metal/
metal ratio was confirmed also by EDX analysis on solid
compounds. SEM and BET measurements sustain the
proposed structure and morphology of heteronuclear
complexes. Complex 1 is composed by particles as
assembles of parallel porous sheets that could be formed
from flat primary crystallites. Complex 2 aggregate as rod-
like particles with wide aspect ratio and distribution, and
hollow cube-like particles with relative homogenous
dimensional distribution.
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