
94

L.I. Sliusarchuk, N.B. Ivakha, L.I. Zheleznova, S.V. Kuleshov, O.K. Trunova

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2023, No. 4, pp. 94-104

© L.I. Sliusarchuk, N.B. Ivakha, L.I. Zheleznova, S.V. Kuleshov, O.K. Trunova, 2023

                          This article is an open access article distributed under the terms and conditions of the Creative
                           Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).

UDC 546+54-386+543.42+543.57

L.I. Sliusarchuk a, N.B. Ivakha a, b, L.I. Zheleznova a, S.V. Kuleshov a, O.K. Trunova a

SYNTHESIS AND STUDY OF MIXED-LIGAND HETEROMETALLIC COMPLEXES OF
COBALT AND NEODYMIUM SUCCINATES WITH PYRIDINE OR PHENANTHROLINE

a V.I. Vernadsky Institute of General and Inorganic Chemistry of the NAS of Ukraine, Kyiv, Ukraine
b National Technical University of Ukraine «Igor Sikorsky Kyiv Polytechnic Institute», Kyiv, Ukraine

The paper reports the results of the study on the synthesis of new heterometallic complexes

of Co(II) and Nd(III) with succinic acid in the presence of 1,10-phenanthroline or pyridine.

The following hetero- and monocomplexes were synthesized: [Ñî(Ñ4Í4Î4)2Ðó]2H2O

and [Ñî(Ñ4Í4Î4)Ðhen]2H2O; [Nd2(Ñ4Í4Î4)3]5Í2Î and [Nd2(Ñ4Í4Î4)32Phen]2Í2Î;

[Ño2Nd2(C4Í 4O 4)54Py] 4Í 2Î and [Ño2Nd2(C4Í 4O 4)52Phen] 4Í 2Î (Phen –

phenanthroline, and Py – pyridine). The study of their composition, structure, thermal

properties and determination of the ability of heterocomplexes to form complex oxides

was carried out. The complexes were characterized by a number of physicochemical methods:

elemental analysis, IR- and diffuse reflection spectroscopies, X-ray powder diffraction

and differential thermal analysis. Based on the analysis of diffuse reflection spectra and IR

spectra of heterocomplexes, it was shown that succinic acid and 1,10-phenanthroline are

bidentately bound to metal atoms. The metals are connected by succinic acid, forming a

chain. Oxide powders were obtained during thermolysis of heterocomplexes up to 8000C.

The composition of the synthesized heterometallic compounds was controlled by X-ray

powder diffraction. It was shown that a complex oxide of NdÑîÎ3 (cubic crystal system),

without impurities, was formed, when the heterocomplex of phenanthroline

[Ño2Nd2(C4Í4O4)52Phen]4Í2Î was heated to 8000C. When heating the heterocomplex

of pyridine [Ño2Nd2(C4Í4O4)54Py]4Í2Î, in addition to the complex oxide NdÑîÎ3,

oxides Nd2Î3 (hexagonal crystal system), Nd2Î3 (cubic crystal system) and Ñî3O4 oxide

(cubic crystal system) were formed. The heterocomplex [Ño2Nd2(C4Í4O4)52Phen]4Í2Î

can be used as a precursor for the synthesis of cobaltate of neodymium with lower energy

costs than in solid-phase synthesis.

Keywords: heterometallic complex, neodymium, cobalt, succinic acid, phenanthroline,

pyridine, complex oxide.
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Introduction
Homo- and heterometallic coordination

compounds, which include 3d- and 4f-metals, are
among the most intensively studied ones. This is
due to the possibility of synthesizing compounds with
valuable properties of molecular magnets and
luminescent, sorption, catalytic and biologically
active characteristics. The study of the possibility of
using such coordination compounds as precursors
of functional oxide materials of various morphologies
(polycrystalline samples, thin films, and nano-

particles) is an urgent task. Intensive research in the
field of synthesis and characterization of
heterometallic complexes with organic ligands made
it possible to consider and use them as individual
precursors of complex oxide materials. For the
synthesis of complex oxides, the method of thermal
destruction of heterometallic precursors is the most
optimal, since this method makes allows obtaining
materials with a high degree of homogeneity of the
phase composition.

According to the literature data [1–7], the use



95

Synthesis and study of mixed-ligand heterometallic complexes of cobalt and neodymium succinates with
pyridine or phenanthroline

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2023, No. 4, pp. 94-104

of precursor methods for the synthesis of Ln-
containing complex oxides has a number of
advantages. When using the optimal precursor, the
phase homogeneity of the resulting thermolysis
product is achieved due to the mixing of heterometal
ions at the molecular level of the precursor. It is
possible to obtain polycrystalline products with a
developed surface under conditions that are not harsh.
In addition, control of the metal stoichiometry in
the resulting oxide system is ensured at the stage of
precursor synthesis.

It can be noted that in most works devoted to
the synthesis of complex oxides with 3d–4f metals
from the corresponding carboxylate precursors, there
are no complete and correct data on the structure of
these precursors. Many works that use the precursor
synthesis of complex oxides are mostly of a
technological nature [8,9]. Therefore, the search for
and development of efficient methods for the
synthesis of such heterometallic compounds is a very
topical issue.

This work was aimed at determining the
conditions for the synthesis of new heterometallic
complexes Co(II) and Nd(III) with succinic acid in
the presence of pyridine or phenanthroline, studying
their composition, structure, thermal properties and
ability to form complex oxides in «soft» conditions;
and synthesizing Co(II) and Nd(III) succinates with
phenanthroline or pyridine as starting coordination
compounds for preparing heterometallic complexes.

Experimental
Materials
Neodymium nitrate Nd(NO3)36Í2Î, cobalt

nitrate Co(NO3)26Í2Î, phenanthroline and pyridine
used for the synthesis of mono- and heterometallic
succinate complexes of cobalt and neodymium with
phenanthroline or pyridine were of the grade
chemically pure. Succinic acid was of the analytical
grade. A solution of ammonium hydroxide (10%)
NH4OH was used. The solutions of the salts of
required concentration were prepared using samples
of reagents with exact weights.

Methods
The content of metals in the complexes was

determined by the method of absorption spectroscopy
using a Perkin Elmer-200 atomic absorption
spectrophotometer. The content of carbon and
nitrogen was determined by the method of elemental
microanalysis using a C, H, N Perkin Elmer-2400
analyzer.

The composition of the phases in the obtained
compounds during the thermolysis of the
heterometallic precursor was established by means
of X-ray powder diffraction (XRD) method. X-ray
powder diffraction patterns of the samples were
recorder using X-ray diffractometer DRON-3M. The
experiment was carried out under normal conditions
using CuK-radiation (=1.54187 Å) with computer
recording of the output signal. The beams were
focused according to the scheme of Bragga-Brentano
in the range of angles of 200<2<900 with a scanning
step of 0.050 and with exposure time of 5 s. The
measurement error was 0.01%. The diffraction
patterns were processed using Match! Crystal Impact1

with COD (Crystallography Open Database) and
ICDD PDF databases for identifying the composition
phases of the final products. The crystal cells
parameters were calculated using the «Unit Cell»
program. This software allows installing the unit cell
parameters from powder diffraction data using the
least non-linear squares method, which allows
refining the data actually obtained. The method and
its implementation are detailed elsewhere [10].

X-ray diffraction analysis of the complexes were
carried out using a Bruker SMART APEX 2 single-
crystal diffractometer (MoK-radiation, =0.71073 Å,
with graphite monochromator) with a CCD array
detector in a nitrogen flow at 100 K by - and
-scanning.

The infrared spectra were recorded in a KBr
matrix on a spectrophotometer Specord M-80 in a
range of 4000–400 cm–1.

The diffuse reflection electronic spectra were
recorded on a UV-2450-Shimadzu spectrophotometer
with an ISR-240A attachment in the range of 190–
900 nm.

The thermogravimetric study was performed
using a Q-1500D Paulik-Paulik Erdey system
derivatograph in the temperature range of 20–8000C
at the heating rate of 50C min–1.

The pH was measured on a pH meter «150-
MA», the accuracy being ±0.05.

Synthesis
The synthesis of [Ñî(Ñ4Í4Î4)2Ðó]2H2O and

[Ñî(Ñ4Í4Î4)Ðhen]2H2O was carried out by mixing
equimolar warm solutions of cobalt nitrate and
sodium succinate in the presence of pyridine or
phenanthroline at pH 5.5. The solutions were kept
in a water bath at the temperature of 600C for
45 minutes. The formed brick-red precipitates for

1  Match! – Phase Identification from Powder Diffraction. Crystal Impact, version 3: manual. – Dr. H. Putz and Dr.K. Brandenburg

GbR, Kreuzherrenstr. 102, 53227 Bonn, Germany, 2020. 143 p.

http://www.crystalimpact.com/match.
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[Ñî(Ñ4Í4Î4) 2Ðó] 2H2O and  bright-orange
precipitates for [Ñî(Ñ4Í4Î4)Ðhen]2H2O, which
precipitated, were left for a day, filtered and dried to
a constant weight at room temperature. The yields
were as follows: 44 wt.% and 57 wt.% for
[Ñî(Ñ4Í4Î4)2Ðó]2H2O and [Ñî(Ñ4Í4Î4)Ðhen]2H2O,
respectively.

Synthesis of [Nd2(Ñ4Í 4Î4)3] 5Í 2Î and
[Nd2(Ñ4Í4Î4)32Phen]2Í2Î

An aqueous solution of sodium succinate was
added to a warm aqueous solution of neodymium
nitrate in the presence of solutions of pyridine or
phenanthroline (pH ~5). Both salts were taken in
equimolar ratios. The resulting solution was kept in
a water bath at 600C for one hour. The pale pink
precipitates that formed, were left for a day, filtered,
and dried to a constant weight at room temperature.
The product yields were as follows: 63 wt.% and
54 wt.% for [Nd2(Ñ4Í 4Î4)3] 5H 2O and
[Nd2(Ñ4Í4Î4)32Ðhen]2H2O, respectively.

Synthesis of [Ño2Nd2(C4Í4O4)54Py]4Í2Î
To 10 ml of the warm (t=500C) solutions of

Co(NO3)26Í2Î and Nd(NO3)36Í2Î with a
concentration of 0.15 mol/l each, was added to 20 ml
of the ethanolic solution of pyridine (0.15 mol/l),
and 10 ml of the 10% solution of succinic acid was
further added at stirring. The pH of the solution was
controlled (pH ~5) by adding a solution of NH4OH.
The resulting pale orange precipitate was left for a
day, and then it was filtered, and dried to a constant
weight at room temperature. The yield was 43 wt.%.

Synthesis of [Ño2Nd2(C4Í4O4)52Phen]4Í2Î
20 ml of the ethanolic solution of

phenanthroline (Ñ=0.15 mol/l) was added to 10 ml
of the warm (t=500C) solutions of Co(NO3)26Í2Î
and Nd(NO3)36Í2Î with a concentration of
0.15 mol/l each, and then 10 ml of the 10% solution
of succinic acid was added at stirring. The pH of the
solution was controlled (pH ~5) by adding a solution

of NH4OH. The resulting bright orange precipitate
was left for a day, and then it was filtered, dried to a
constant weight at room temperature. The yield was
50 wt.%.

Results and discussion
The results of chemical analysis of hetero- and

monocomplexes of Co(II) and Nd(III) with succinic
acid and phenanthroline or pyridine are given below.
Found (calculated) (%):

1. Ñî 15.94 (15.96), Ñ 45.52 (45.54), Í 4.85
(4.87), N 7.56 (7.59) for [Ñî(Ñ4Í4Î4)2Ðó]2H2O
(C14CoH18N2O6) (368.90 g/mol).

2. Ñî 15.08 (15.06), Ñ 49.13 (49.12), Í 2.84
(2.81), N 7.15 (7.16) for [Ñî(Ñ4Í4Î4)Ðhen]2H2O
(C16CoH16N2O6) (390.90 g/mol).

3. Nd 39.69 (39.66), Ñ 19.85 (19.83), Í 3.05
(3.03) for [Nd2(Ñ4Í4Î4)3]5Í2Î (C12H22Nd2O17)
(726.00 g/mol).

4. Nd 27.92 (27.91), Ñ 13.94 (13.95), Í 3.13
(3.10), N 5.43 (5.42) for [Nd2(Ñ4Í4Î4)32Phen]2Í2Î
(C36H32Nd2N4O14) (1032.00 g/mol).

5. Nd 21.09 (20.96), Ñî 8.50 (8.57), Ñ 34.85
(34.94), Í 3.43 (3.49), N 3.98 (4.07) for
[Ño2Nd2(C4Í4O4)54Py]4Í2Î (C40Co2H48Nd2N4O24)
(1373.80 g/mol).

6. Nd 21.29 (20.31), Ñî 8.20 (8.30), Ñ 37.25
(37.24), Í 3.13 (3.10), N 3.93 (3.95) for
[ Ñ o 2 N d 2 ( C 4 Í 4 O 4 ) 5  2 P h e n ]  4 Í 2 Î
(C44Co2H44Nd2N4O24) (1417.80 g/mol).

In order to obtain data on the composition,
structure, and thermal properties of the synthesized
mono- and heterometallic complexes of cobalt and
neodymium with succinic acid and pyridine or
phenanthroline, IR spectra and diffuse reflection
spectra were recorded and the elemental analysis,
X-ray powder diffraction, differential thermal analysis
were carried out.

The structure of the complexes
[Ño(C4Í4Î4)2Py]2Í2Î was established by the

Fig. 1. Fragment of the molecular structure of the compound [Ño(C4Í4Î4)2Py]2Í2Î (a), and packing of the structural units of

the crystals of the compound [Ño(C4Í4Î4)2Py]2Í2Î in projection along the c axis (b). H atoms have been omitted for clarity
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method of X-ray structure analysis of single crystals.
The unit cell of the complex is shown in Fig. 1.

It is seen that the complex has a chain structure
with a cell [Ño(C4Í 4Î4) 2Ðy 2Í 2Î]. The
monodentate coordination of the carboxyl group to
the metal atom is realized in the complex.

The IR spectra of the synthesized coordination
compounds were compared with the IR spectra of
succinic acid, pyridine and phenanthroline (Table 1).
The IR spectrum of [Ño2Nd2(C4Í4O4)52Phen]4Í2Î
is shown in Fig. 2. The assignment of vibration
frequencies for all synthesized compounds is given
in Table 1.

Fig. 2. IR spectrum of succinate heterocomplex

[Ño2Nd2(C4Í4O4)52Phen]4Í2Î

The assignment of the most important
absorption bands in the IR spectra was carried out
in accordance with the literature data for Co(II)
and Nd(III) complexes with carboxylic acids [3–
7,9,11]. Succinic acid in the complexes is in the
ionized form, which is confirmed by the presence of
vibration bands, the frequencies of which are assigned
to asymmetric and symmetric vibrations of the
deprotonated carboxyl group in the regions of 1610–
1530 cm–1 and 1440–1390 cm–1, respectively.

It is known that the difference between as(C–
OO) and s(C–OO) ((C–OO)) of the carboxyl
group COO– in an ionized state can serve to
determine the method of its coordination with the
metal complexing agent [11]. The difference in the
positions of the asCOO– and sCOO– bands is
229 cm–1 and indicates monodentately coordinated
COO– groups of succinic acid, which is confirmed
by the results of X-ray structure analysis of single
crystals for the [Ño(C4Í4Î4)2Ðy]2Í2Î (Table 1).

In the IR spectrum of [Nd2(C4H4O4)3]5H2O,
in the regions of 1610–1520 cm–1 and 1465–
1344 cm–1, the bands of deprotonated carboxyl groups
appear as doublet and triplet bands, which may
indicate different ways of their coordination in the
complex. For lanthanides, monodentate coordination
is not typical; most often a bidentate mode of
coordination is observed, which is realized in the
case of neodymium succinate.

Analyzing the IR spectrum of

Table  1

Vibrational frequencies and their assignments in the IR spectra of the complexes of cobalt and neodymium succinates

with phenanthroline or pyridine

Assignments/frequencies, cm–1 
Compound 

(М–O) 

as(С–ОО), 
(Н2О) 

s(C–OО) (М–N) (C–Н) 
(Н2О), 
(С–Н) 

[Co(C4Н4O4)2Pу]2Н2О 434, 551, 645 1565, 1696 1467 724, 773 1153, 1231 3440 

[Nd2(C4Н4O4)3]5Н2О 
484, 596, 657, 

695 
1516, 1560 1410, 1430 – 1184, 1230 3450 

[Сo2Nd2(C4Н4O4)54Py]4Н2О 
482, 517, 584, 
620, 643, 675 

1528, 1570 1383, 1430 740, 758 1168, 1260 3360 

Н6C4O4 – 1694 1400 – 1170 3400 

Pу –    
1100, 1220, 
1590, 1618 

3060 

[Co(C4Н4O4)Phen]2Н2О 434, 551, 642 
1565,  

1696 sh. 
1467 732 1153, 1230 2980, 3440 

[Nd2(C4Н4O4)32Phen]2Н2О 
448, 528, 579, 

648 
1511, 1561, 

1633 sh. 
1424 730 1145, 1203 2920, 3405 

[Сo2Nd2(C4Н4O4)52Phen]4Н2О 
430,521, 582, 

639 

1510, 1566, 
1651 sh., 
1680 sh. 

1397 711 1185, 1305 2975, 3433 

Phen – – – – 
1090, 1138, 

1216 
3060 
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[Ño2Nd2(Ñ4Í4Î4)54Ðó]4Í2Î, it can be seen that
the difference in the position of the asCOO– and
sCOO– bands is 140 cm–1–145 cm–1, i.e., the
carboxyl groups are coordinated bidentately in the
complex. A similar difference is observed for the
phenanthroline heterocomplex

[Ño2Nd2(C4Í4O4)52Phen]4Í2Î.

Bands of metal-oxygen stretching vibrations are
observed for all complexes in the spectra in the region
of 400–650 cm–1, and when comparing the spectra
of monocomplexes with the spectrum of
heterocomplexes, their slight shift is noted, which
may be due to a slight distortion in the coordination
environment of cobalt and neodymium.

In the region of 1000–1300 cm–1, the bands of
C–H bending vibrations assigned to (C–H) of
succinic acid and (C–H) in the rings of pyridine or
phenanthroline are observed.

In the region of 3400–3300 cm–1, broad bands
assigned to the vibrations of the Î–Í groups of
water molecules are observed for all coordination
compounds.

The diffuse reflection spectra of mono- and
heterocomplexes were recorded to assess the
geometry of the coordination environment of cobalt
and neodymium in the studied complexes. Diffuse
reflection spectra of samples of coordination
compounds of cobalt (II) and neodymium (III) with
succinic acid and phenanthroline in the near
ultraviolet region (200–400 nm) are presented in

Fig. 3. The bands corresponding to n* and *

transitions from the ground state (S0) to the excited
state (S1) of ligand molecules are observed for all
coordination compounds in this region.

In all cases, this band is extended and split
into two components. Considering that pure
phenanthroline is also characterized by the presence
of bands of transition in the low-energy region, this
may be due to the presence of two ligands in the
composition of the complexes (succinic acid and
phenanthroline) and is associated with the
superposition of * bands of transition and bands
of charge transfer from the ligand to the metal. A
significant bathochromic shift and broadening of this
band is observed in the spectrum of
[Ño2Nd 2(C 4Í4O 4)52Phen] 4Í 2Î, which can
indirectly confirm the formation of a heterometallic
complex.

Let us consider the diffuse reflection spectra in
the visible region for each complex separately in
detail. Figure 4 shows the diffuse reflection spectrum
of [Co(C4Í4O4)Phen]2Í2Î in the range of 400–
800 nm, where one broad band is observed with a
transition maximum at 19380 cm–1, which is in the
region characteristic of transitions for ion cobalt:
4Ò1g(

4F)4À2g(
4F), and 4Ò1g(

4F)4Ò1g(
4Ð) (18200–

23550 cm–1). Based on the shape, intensity of the
reflection spectrum, and the position of the single
transition band for [Co(C4Í4O4)Phen]2Í2Î, we can
assume that cobalt is in a curved octahedral
environment.

The assignments of the characteristic bands of
transitions for the mixed-ligand and heterometallic

Fig. 3. The diffuse reflection spectra of

1 – [Co(C4Í4O4)Phen]2Í2Î,

2 – [Nd2(C4Í4O4)32Phen]2Í2Î, and

3 – [Ño2Nd2(C4Í4O4)52Phen]4Í2Î in the region of 200–400 nm

Fig. 4. The diffuse reflection spectrum of

[Co(C4Í4O4)Phen]2Í2Î
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complexes of neodymium are given in Table 2.
The diffuse reflection spectrum of the mixed-

ligand neodymium complex with succinic acid and
phenanthroline, taken at room temperature for fine
crystal samples, is presented in Fig. 5. It is known
that lanthanides are characterized by narrow-line
spectra, which are due to the weaker interaction of
4f-orbitals of lanthanides with electronic shells of
ligands compared, for example, with 3d-metals. The
study and analysis of the diffuse reflection spectra of
lanthanides allows obtaining information about the
structure and symmetry of the nearest coordination
environment of the ion, since there is a shift and
splitting of the characteristic transition bands during
complexation.

The bands corresponding to the f–f transitions
of the neodymium ion from the ground state are

present in the visible region of the spectrum for
[Nd2(C 4Í4O4)32Phen] 2Í 2Î. The so-called
«ultrasensitive» transition bands are usually chosen
to consider the effect of the ligand field in the
complexes. The most informative in the spectrum
of neodymium complexes is the transition 4I9/2

2P1/2,
due to the fact that the upper levels of this transition
are not split in the fields of any symmetry. It is
known that the value of the relative displacement of
the transition bands depends on the nature of the
lanthanide-ligand bond and can characterize
deviations from the ionic type of bond. Comparing
the presented spectrum with the spectrum of the
aqua-ion of neodymium and calculating the value
of the nepheloauxetic shift for the transition 4I9/2

2P1/2,
the following can be concluded.

The presence of one unsplit band at 23245 cm–1

indicates that only one type of compound (one
absorption center) is present in the investigated
complex. The long-wavelength shift of this band
compared to the spectrum of the aqua-ion
(=155 cm–1) can be a confirmation of the increase
in the covalency of the bond. Sinha’s parameters
are as follows: =0.9934 and =0.66% [12]. They
were calculated based on the position of the transition
4I9/2

2P1/2. The  value is close to 1, which may be
an indication of the high ionicity of the Nd–O bond.
At the same time, since the absolute value of  is
significantly less than 1.5%, the presence of a minor
covalent component in the metal-ligand bond can
be assumed. In addition, it is known that each type
of connection corresponds to a certain value of the
nepheloauxetic effect. For example, as a result of
the addition of a dissociated carboxyl group, this
band is shifted by 25 cm–1 [13]. In the case of
simultaneous joining of several groups, the total

Transitions Ndaq
3+ [Nd2(C4Н4O4)32Phen]2Н2О NdL–Ndaq, cm–1 [Сo2Nd2(C4Н4O4)52Phen]4Н2О hetero –NdL, cm–1 

4I9/2
2P1/2 23400 23245 –155 – – 

4I9/2
4G9/2,11/2 21467 21623 156 – – 

4I9/2
2D3/2, 

2Р3/2  20973  21132 159 

4I9/2
2G9/2, 

4G7/2 
19560, 
19160 

19504, 19054 –56, –106 19141 87 

4I9/2
2G7/2, 

4G5/2 17360 17285 –75 17231 –54 
4I9/2

2H11/2
  15949  – – 

4I9/2
4F9/2

 14720 14681 –39 14845 164 
4I9/2

4S3/2, 
4F7/2 13480 13441 –39 13618 177 

4I9/2
4F5/2, 

2H9/2
 12560, 

12484 
12537, 12415 –23, –69 12543 6 

4I9/2
4F3/2

 11561 11510 –51 – – 

 

Table  2

Transition energies (cm–1) in the diffuse reflection spectra of complexes [Nd2(Ñ4Í4Î4)32Phen]2Í2Î and

[Ño2Nd2(C4Í4O4)52Phen]4Í2Î

Fig. 5. The diffuse reflection spectrum of

[Nd2(C4Í4O4)32Phen]2Í2Î
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displacement is approximately equal to the sum of
all displacements that are characteristic of each
individual group. The obtained value of the
nepheloauxetic shift correlates well with the proposed
structure of the complex [Nd2(C4Í4O4)32Phen]2Í2Î,
in which the central atom attaches three –ÑÎÎ–

groups and two nitrogen atoms of phenathroline.
It is also possible to talk about the symmetry

of the coordination environment of the central ion
based on the shape and position of the bands of
hypersensitive transitions in the region of 570–
620 nm. Thus, in the presented spectrum of
[Nd2(C4Í4O4)32Phen]2Í2Î, the half-width of the
«ultrasensitive» transition bands 4I9/2

4G5/2, 
2G7/2 is

–169 cm–1 and +287 cm–1, which is characteristic
for complexes with sufficiently high symmetry. At
the same time, a slight long-wavelength shift
(=75 cm–1) is observed with respect to the aqua-ion.

The ratio of the intensities of the «ultrasensitive»
transition bands in the spectrum of a solid sample of
a succinate of neodymium with phenanthroline at
4I9/2

4F5/2,
2H9/2 and I9/2

4G5/2, 
2G7/2 is 0.94 (for

neodymium nitrate –1.07), which may indicate a
similar symmetry of the studied complex compared
to the original lanthanide salt. Based on the received
research data, it can be assumed that the coordination
environment of neodymium is not cubic, but of lower
symmetry.

Figure 6 shows the diffuse reflection spectrum of the
heterometallic complex [Ño2Nd2(C4Í4O4)52Phen]4Í2Î.
There is an overlap of the transition bands that are
present in the diffuse reflection spectra of
monometallic complexes in the region of 400–550
nm discussed above. It is impossible to assign
transition bands in this region.

The bands characteristic of the f–f transitions
of the neodymium(III) ion (4I9/2

2G7/2, 
4G5/2;

4I9/2
4F9/2; 

4I9/2
4F7/2; and 4I9/2

2H9/2) are clearly
manifested in the region of higher energies, at the
same time, they slightly shift (=30–200 cm–1) in
comparison with the spectrum of

[Nd2(C4Í4O4)32Phen]2Í2Î both in the region of
low and high energies.

In addition, a significant increase in the
intensities of the transition bands occurs, which may
indirectly indicate the formation of heterometallic
complexes. Based on the results of a comparison of
the diffuse reflection spectra of mono- and
heterometallic complexes, it can be concluded that
significant changes in the coordination environment
of the neodymium ion do not occur during the
synthesis of heterometallic complexes, and slight
shifts in the characteristic absorption bands can be
explained by the distortion of the geometry of the
coordination node during the formation of the
heterometallic compound.

X-ray powder diffraction and differential
thermal analysis were carried out in order to
determine the final decomposition products of the
synthesized heterometallic complex compounds. The
thermal decomposition of the synthesized
heterocomplexes is gradual and has a multistage
character (Tables 3 and 4).

Complex oxides are formed after heating

Fig. 6. The diffuse reflection spectrum of

[Ño2Nd2(C4Í4O4)52Phen]4Í2Î

Process and temperature region 
desolvation decomposition 

H2O Py Compounds 

t, 0С 
found, 

% 
calculated,  

% 
t, 0С 

found, 
% 

calculated, 
% 

t, 0С 
found, 

% 

[Сo(C4Н4O4)2Py]2Н2О 145–230 10.0 9.7 230–400 42.9 42.8 400–520–800 22.0 

[Nd2(C4Н4O4)3]5Н2О 100–260 12.8 12.4 300–400 – – 440–750 41.8 
[Co2Nd2(C4Н4O4)54Py]4Н2О 100–220 5.1 5.5 200–310 24.6 24.0 330–700 46.8 

 

Table  3

Thermal stability of the complexes [Ño(C4Í4O4)2Py]2Í2Î, [Nd2(C4Í4O4)3]5Í2Î and

[Co2Nd2(C4Í4O4)54Py]4Í2Î
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succinates without the formation of carbonates as
intermediate products. This nature of decomposition
is comparable to the process of thermolysis of succinic
acid, which decomposes with the formation of
succinic anhydride and water. The process of loss of
water molecules, which is accompanied by an
endothermic effect, is observed first for the complex
[Ño(C4Í4O4)2Py]2Í2Î. The weight loss is 10%,
which corresponds to 2 mol of coordinated water
(theoretically 9.7%). Further weight loss is associated
with the removal of molecules of pyridine, after which
intense decomposition of cobalt succinate begins at
temperatures above 4000C.

The dehydration of neodymium(III) succinate
for the [Nd2(C4Í4O4)3]5Í2Î complex occurs in two
following stages: first, adsorbed water is removed,
and then water molecules that enter the inner
coordination sphere of the metal ion are split off.
After the loss of water (100–2600C), anhydrous
neodymium succinate is stable in a wide temperature
range (300–4400C), then its decomposition begins.

Dehydration temperatures for heterometallic
succinate [Ño2Nd2(C4Í4O4)54Py]4Í2Î are in the
range of 100–2200C, and this process is superimposed
on the process of removal of the pyridine molecule.
The complete destruction of the heterometallic
complex occurs at 2600C. The fact that the thermal
characteristics corresponding to the processes of
dehydration and complete destruction of mono- and
heterocomplexes are significantly different can be
an additional confirmation of the formation of
individual compounds.

Control of the phase composition of the
obtained oxide powders was carried out using X-ray
powder diffraction. The X-ray powder diffraction
pattern of the sample of [Ño2Nd2(C4Í4O4)52Phen]4Í2Î
was given earlier [14], and it was shown that the
product of thermolysis is a complex oxide NdCoO3

of cubic crystal system without extraneous phase
inclusions.

Figure 7 shows X-ray powder diffraction pattern

of sample obtained by heating the heterocomplex
[Ño2Nd2(C4Í4O4)52Py]4Í2Î at 8000C for 1 hour.
The analysis of the obtained results of the X-ray
powder diffraction showed that the product of heating
the pyridine heterocomplex is a complex oxide
NdCoO3 of cubic crystal system with diffraction peaks
with the value of 2=23.400, 33.350, 41.450, 48.000,
59.800, 70.250, and 80.250 correspond to ICDD PDF-2
card No. 00-025-1047. The unit cell parameter a is
calculated which is 7.56(7) Å, and the unit cell
volume V=433.31(9) Å3 (standard values for NdCoO3

are 7.546 Å and 429.69 Å3, respectively). The
calculated size of NdCoO3 crystallites (coherent
scattering blocks) is 20–35 nm.

The composition of the product also includes
two phases Nd2O3 of cubic and hexagonal crystal
systems, as evidenced by the presence of recorded
reflexes that correspond to the data of cards
No. 00-021-0579 (Nd2O3 cubic crystal system) and
No. 00-041-1089 (Nd2O3 hexagonal crystal system).
Peaks with low intensity are also recorded, which
correspond to the data of card No. 00-002-0770 –

Table  4

Thermal stability of the complexes [Ño(C4Í4O4)Phen]2Í2Î, [Nd2(C4Í4O4)32Phen]·2Í2Î and

[Co2Nd2(C4Í4O4)52Phen]4Í2Î

Process and temperature region 
Desolvation Decomposition 

H2O Py Compounds 

t, 0С 
found, 

% 
calculated, 

% 
t, 0С 

found, 
% 

calculated, 
% 

t, 0С found, % 

[Сo(C4Н4O4)Phen]2Н2О 90–155 9.0 9.2 155–400 41.9 46.0 400–590–800 13.2 

[Nd2(C4Н4O4)32Phen]2Н2О 100–150 3.3 3.48 150–330 33.5 34.8 350–750 16.5 

[Co2Nd2(C4Н4O4)52Phen]4Н2О 100–185 5.5 5.10 185–260 26.56 25.39 260–600 41.6 

 

Fig. 7. X-ray powder diffraction pattern of sample obtained by

thermolysis of [Ño2Nd2(C4Í4O4)52Py]4Í2Î at 8000Ñ
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Co2O3 hexagonal crystal system.
It can be concluded from the obtained results

that for preparation of pure neodymium cobaltate
by heating of [Ño2Nd2(C4Í4O4)52Phen]4Í2Î, the
temperature in the range of 700–8000Ñ is sufficient,
whereas it  is necessary to decompose the
heterocomplex at a higher temperature (10000C) for
preparation of neodymium cobaltate by heating of
[Ño2Nd2(C4Í4O4)54Py]4Í2Î.

Conclusions
New heterometallic complexes of Co(II) and

Nd(III) with succinic acid were synthesized in the
presence of phenanthroline and pyridine. The
complexes were characterized by the methods of IR
spectroscopy and electronic diffuse reflection spectra.
Their thermal properties and ability to form complex
oxides during thermal destruction were studied. The
compounds [Ño2Nd2(C2Í4O4)52Phen]4Í2Î and
[Co2Nd2(C4Í4O4)54Py]4Í2Î can be used as
precursors to obtain neodymium cobaltate with lower
energy costs than in solid-phase synthesis.
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ÑÈÍÒÅÇ ² ÄÎÑË²ÄÆÅÍÍß Ð²ÇÍÎË²ÃÀÍÄÍÈÕ
ÃÅÒÅÐÎÌÅÒÀË²×ÍÈÕ ÊÎÌÏËÅÊÑ²Â ÑÓÊÖÈÍÀÒ²Â
ÊÎÁÀËÜÒÓ ÒÀ ÍÅÎÄÈÌÓ Ç Ï²ÐÈÄÈÍÎÌ ÀÁÎ
ÔÅÍÀÍÒÐÎË²ÍÎÌ

Ë.². Ñëþñàð÷óê, Í.Á. ²âàõà, Ë.². Æåëºçíîâà, Ñ.Â. Êóëåøîâ,
Î.Ê. Òðóíîâà

Ó ðîáîò³ íàäàíî ðåçóëüòàòè äîñë³äæåííÿ ñèíòåçó íî-
âèõ ãåòåðîìåòàë³÷íèõ êîìïëåêñ³â Co(II) òà Nd(III) ç ÿíòàð-
íîþ êèñëîòîþ ó ïðèñóòíîñò³ 1,10-ôåíàíòðîë³íó àáî ï³ðèäè-
íó. Ñèíòåçîâàíî ìîíî- òà ãåòåðîêîìïëåêñè:
[Ñî(Ñ4Í 4Î4) 2Ðó] 2H2O òà [Ñî(Ñ4Í4Î4) Ðhen] 2H 2O;
[Nd 2(Ñ 4Í 4Î4)3] 5Í2Î ³ [Nd 2(Ñ4Í 4Î4) 32Phen] 2Í2Î;
[Ño2Nd2(C4Í4O4)54Py]4Í2Î òà [Ño2Nd2(C4Í4O4)52Phen]4Í2Î
(Phen – ôåíàíòðîë³í, Py –ï³ðèäèí). Çä³éñíåíî äîñë³äæåííÿ
¿õ ñêëàäó, ñòðóêòóðè, òåðì³÷íèõ âëàñòèâîñòåé i âèçíà÷åííÿ
çäàòíîñò³ ãåòåðîêîìïëåêñ³â óòâîðþâàòè ñêëàäí³ îêñèäè. Êîì-
ïëåêñè îõàðàêòåðèçîâàí³ ô³çèêî-õ³ì³÷íèìè ìåòîäàìè àíàë³-
çó: åëåìåíòíèì àíàë³çîì, ²×- ñïåêòðîñêîï³ºþ òà ñïåêòðî-
ñêîï³ºþ äèôóçíîãî â³äáèòòÿ, ðåíòãåíîñòðóêòóðíèì òà äèôå-
ðåíö³àëüíèì òåðì³÷íèì àíàë³çîì. Íà îñíîâ³ àíàë³çó
ñïåêòð³â äèôóçíîãî â³äáèòòÿ òà ²×-ñïåêòð³â ãåòåðîêîìïëåêñ³â
ïîêàçàíî, ùî ÿíòàðíà êèñëîòà òà 1,10-ôåíàíòðîë³í çâ’ÿçàí³
á³äåíòàòíî ç àòîìàìè ìåòàë³â. Ìåòàëè ç’ºäíóþòüñÿ áóðøòè-
íîâîþ êèñëîòîþ, óòâîðþþ÷è ëàíöþã. Ïîðîøêè îêñèä³â îäåð-
æàíî ïðè íàãð³âàíí³ ãåòåðîêîìïëåêñ³â äî 8000Ñ. Ñêëàä ñèí-
òåçîâàíèõ ãåòåðîìåòàë³÷íèõ ñïîëóê êîíòðîëþâàâñÿ ìåòîäîì
ðåíòãåíîñòðóêòóðíîãî àíàë³çó. Ïîêàçàíî, ùî ïðè íàãð³âàíí³
ãåòåðîêîìïëåêñó ç ôåíàíòðîë³íîì [Ño2Nd2(C4Í4O4)52Phen]4Í2Î
äî 8000Ñ óòâîðþºòüñÿ ñêëàäíèé îêñèä NdÑîÎ3 (êóá³÷íà êðè-
ñòàë³÷íà ñèíãîí³ÿ), áåç äîì³øîê. Ïðè íàãð³âàíí³ ãåòåðîêîì-
ïëåêñó ç ï³ðèäèíîì [Ño2Nd2(C4Í4O4)54Py]4Í2Î, êð³ì ñêëàä-
íîãî îêñèäó NdÑîÎ3, îäåðæóþòü îêñèäè Nd2Î3 (ãåêñàãîíàëü-
íà êðèñòàë³÷íà ñèíãîí³ÿ), Nd2Î3 (êóá³÷íà êðèñòàë³÷íà ñèí-
ãîí³ÿ) òà îêñèä Ñî3O4 (êóá³÷íà êðèñòàë³÷íà ñèíãîí³ÿ). Ãåòå-
ðîêîìïëåêñ [Ño2Nd2(C4Í4O4)52Phen]4Í2Î ìîæå áóòè âèêî-
ðèñòàíèé ÿê ïðåêóðñîð äëÿ ñèíòåçó êîáàëüòàòó íåîäèìó ç
ìåíøèìè åíåðãåòè÷íèìè âèòðàòàìè, í³æ ïðè òâåðäîôàçíî-
ìó ñèíòåç³.

Êëþ÷îâ³ ñëîâà: ãåòåðîìåòàë³÷íèé êîìïëåêñ, íåîäèì,
êîáàëüò, áóðøòèíîâà êèñëîòà, ôåíàíòðîë³í, ï³ðèäèí, ñêëàäí³
îêñèäè.
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The paper reports the results of the study on the synthesis
of new heterometallic complexes of Co(II) and Nd(III) with
succinic acid in the presence of 1,10-phenanthroline or pyridine.
The following hetero- and monocomplexes were synthesized:
[Ñî(Ñ4Í4Î4)2Ðó] 2H2O and [Ñî(Ñ4Í4Î4)Ðhen] 2H2O;
[Nd2(Ñ4Í4Î4)3]5Í2Î and [Nd2(Ñ4Í4Î4)32Phen]2Í2Î;
[Ño2Nd2(C4Í4O4)54Py]4Í2Î and [Ño2Nd2(C4Í4O4)52Phen]4Í2Î
(Phen – phenanthroline, and Py – pyridine). The study of their
composition, structure, thermal properties and determination of
the ability of heterocomplexes to form complex oxides was carried
out. The complexes were characterized by a number of
physicochemical methods: elemental analysis, IR- and diffuse
reflection spectroscopies, X-ray powder diffraction and differential
thermal analysis. Based on the analysis of diffuse reflection spectra
and IR spectra of heterocomplexes, it was shown that succinic
acid and 1,10-phenanthroline are bidentately bound to metal
atoms. The metals are connected by succinic acid, forming a
chain. Oxide powders were obtained during thermolysis of
heterocomplexes up to 8000C. The composition of the synthesized
heterometallic compounds was controlled by X-ray powder
diffraction. It was shown that a complex oxide of NdÑîÎ3 (cubic
crystal system), without impurities, was formed, when the
heterocomplex of phenanthroline [Ño2Nd2(C4Í4O4)52Phen]4Í2Î
was heated to 8000C. When heating the heterocomplex of pyridine
[Ño2Nd2(C4Í4O4)54Py]4Í2Î, in addition to the complex oxide
NdÑîÎ3, oxides Nd2Î3 (hexagonal crystal system), Nd2Î3 (cubic
crystal system) and Ñî3O4 oxide (cubic crystal system) were
formed. The heterocomplex [Ño2Nd2(C4Í4O4)52Phen]4Í2Î can
be used as a precursor for the synthesis of cobaltate of neodymium
with lower energy costs than in solid-phase synthesis.

Keywords: heterometallic complex; neodymium; cobalt;
succinic acid; phenanthroline; pyridine; complex oxide.
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