
Vol.:(0123456789)1 3

Journal of Inorganic and Organometallic Polymers and Materials (2020) 30:965–975 
https://doi.org/10.1007/s10904-019-01227-8

Coordination Polymer Based on Nickel(II) Maleate and 4′‑Phenyl‑2
,2′:6′,2″‑Terpyridine: Synthesis, Crystal Structure and Conjugated 
Thermolysis

Igor E. Uflyand1  · Vladimir A. Zhinzhilo1 · Gulzhian I. Dzhardimalieva2

Received: 30 April 2019 / Accepted: 9 June 2019 / Published online: 13 June 2019 
© Springer Science+Business Media, LLC, part of Springer Nature 2019

Abstract
New complex (1) based on nickel(II) maleate and 4′-phenyl-2,2′:6′,2″-terpyridine (L) was synthesized. The complex 1 is 
a 1D coordination polymer formed from a L-Ni(II) node bridged by maleate ligands and crystallizes in monoclinic form 
with space group  P21/n. There are two Ni(II) moiety’s in the asymmetric unit. Each nickel atom is five coordination and is 
chelated by three nitrogen atoms of L and two oxygen atoms of Mal fragments with the formation of a  NiN3O2 chelate node. 
The polyhedron of the first Ni(II) moiety is close to the ideal tetragonal pyramidal structure, while the polyhedron of the 
second Ni(II) moiety belongs to the distorted tetragonal pyramidal structure. The main stages and kinetics features of the 
conjugated thermolysis of complex 1 were evaluated. Metal–polymer nanocomposite containing Ni nanoparticles uniformly 
distributed in a stabilizing nitrogen-containing polymer matrix was obtained.
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1 Introduction

In recent years, considerable attention of researchers has 
been attracted to coordination polymers containing metal 
chelate units, which are widely used as precursors of nano-
composite materials [1]. Among such compounds, a spe-
cial place is occupied by coordination polymers, including 
unsaturated bonds capable of entering into polymerization 
transformations. The presence of two carboxylate groups in 
dicarboxylic acid molecules expands their ligand capabili-
ties and allows them to create a wide range of monomeric 
and polymeric architectures. As a typical example, mention 
should be made of coordination polymers based on maleate 
(Mal) of transition metals, in which maleic acid can act as 
a mono-, bi-, and tetradentate ligand [2–13]. In particular, 
we found that normal Ni(II) [Ni(Mal)(H2O)2](H2O) maleate 

crystals belong to the monoclinic crystal system and both 
maleic acid carboxylate groups are involved in the bind-
ing of metals to form a seven-membered chelate ring [14]. 
At the same time, nickel bimaleate has a monomeric chain 
structure, in which maleic acid is a monodentate ligand [15].

The conjugated thermolysis of such compounds, includ-
ing the simultaneous thermal polymerization of the starting 
monomer and the thermolysis of the resulting metallopoly-
mers, leads to advanced materials based on nanoparticles 
of metals, their oxides or carbides stabilized by the polymer 
matrix [16]. For example, four types of nanoparticles were 
found in the products of conjugated thermolysis of cobalt(II) 
maleate: α-Co, β-Co, and CoO (2–12 nm) in polymer shells 
and  Co3O4 without a polymer shell [13]. At the same time, 
the conjugated thermolysis of nickel maleates led to nan-
oparticles of metallic nickel (4–5 nm) coated with two to 
five layers of graphene [10]. Note also that the products of 
thermolysis of iron(III) and copper(II) maleates are  Fe3O4 
nanoparticles (4–9 nm) and copper aggregates ranging in 
size from 50 nm to several microns [7]. It is important that 
the composition and structure of products of conjugated 
thermolysis are determined by the conditions of thermoly-
sis (temperature, gaseous medium), the ligand environment, 
and the nature of the metal. In addition, data on the phase 
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composition of the resulting nanomaterials make it possible 
to predict their functional properties [17].

One of the promising areas of research for unsaturated 
metal carboxylates is to obtain mixed-ligand complexes, 
including unsaturated carboxylic acids and polypyridine 
ligands, for example, 1,10-phenanthroline (phen) [18, 19], 
2,2′-bipyridine (bpy) [20], and others. Such complexes are 
characterized by a wide variety of compositions and spatial 
architectures of the formed compounds. In particular, various 
types of complexes [Ni(Mal)(bpy)(H2O)3]·H2O, [Ni(Mal)
(bpy)2]0.7·34H2O and [Ni(Mal)(bpy)(H2O)3]H2O were 
obtained on the basis of nickel maleate and bpy [21–23]. 
At the same time, the interaction of nickel(II) maleate and 
phen in different reaction conditions made it possible to 
obtain [Ni(Mal)(phen)(H2O)3]·2H2O [24], [Ni(Mal)(phen)
(H2O)3]·H2O, [Ni(Mal(phen)(H2O)2]·2H2O complexes [25]. 
Depending on the conditions of conjugated thermolysis of 
mixed-ligand complexes, nanoparticles of metal oxide or 
pure metal were obtained, uniformly distributed in a stabi-
lizing nitrogen-containing polymer matrix [26] However, a 
detailed study of the kinetics of thermal transformations of 
such complexes has not yet been carried out.

In the past decades, coordination complexes based on 
substituted 2,2′:6′,2″-terpyridine have been widely investi-
gated for their diverse structures [27–32] and potential appli-
cations in luminescence [33–37], magnetism [38–41], sens-
ing [42, 43], catalysis [44–46], organic light emitting diodes 
[47] and redox and photophysical properties [48]. It is of 
interest to use metal complexes with vinyl-derived terpyri-
dines as metal-containing monomers [49–53]. To our knowl-
edge, the complexes of unsaturated metal dicarboxylates 
with terpyridine derivatives have not been practically stud-
ied. Here we report on the synthesis, characterization and 
thermal properties of new complex (1) based on nickel(II) 
maleate [Ni(Mal)] and 4′-phenyl-2,2′:6′,2″-terpyridine (L). 
This paper is a continuation of our studies on thermal trans-
formations of unsaturated nickel(II) carboxylates and the 
properties of the resulting nanocomposites [2–4, 14, 17].

2  Experimental

2.1  Reagents

All reagents were purchased from Aldrich and Merck and 
used without further purification.

Nickel(II) maleate was synthesized according to the fol-
lowing method. To 2.32 g maleic acid (0.1 mol) dissolved in 
20 cm3  H2O 2.38 g freshly prepared nickel basic carbonate 
(0.1 mol) were introduced. The mixture was stirred until gas 
evolution stops and heated in a water bath at 60 °C until a 
green crystalline precipitate was formed. Without allowing 
to cool, the precipitate is separated on a porous glass plate, 

washed with a small amount of ice water and dried first in air 
and then in vacuum at 40 °C. Yield is 1.36 g (61.26% based 
on maleic acid). The resulting compound corresponds to the 
hydrated nickel bimaleate Ni(C8H6O8)·4H2O. Found (%): 
C 26.87; H 4.0; Ni 16.44.  C8H14O12Ni. Calcd (%): C 26.6; 
H 3.88; Ni 16.34. IR (KBr pellet), ν/cm−1: 3540 and 3400 
(O–H); 3043 ν(=C–H); 1649 ν(C=C); 1620 ν(H2O); 1578 
and 1442 νas(C=O); 1067 (=CH–C); 1547, 1524 νs(C=O).

The complex (1) of nickel(II) maleate with 4′-phenyl-
2,2′:6′,2″-terpyridine (L) was synthesized as follows. To 
3.61 g nickel bimaleate tetrahydrate (0.01 mol) dispersed in 
30 mm3 of ethanol a suspension of 3.09 g L (0.01 mol) in 
20 mm3 of ethanol was gradually added stirring on a mag-
netic stirrer. After making the entire amount of L, the mixture 
is stirred for 30 min and heated at 50 °C for 1.5 h. The hot 
mixture is quickly filtered through a porous glass plate and 
left in a tightly closed vessel at room temperature. Within 
3–5 days, the product crystallizes in the form of light-green 
monoclinic crystals. The crystals are separated by filtration 
under vacuum on a glass plate, quickly washed with a small 
amount of ethanol and dried in vacuum at 40 °C. Yield is 
3.64 g (60.87%). Found (%): C, 62.21; H, 3.5; N, 8.6; Ni, 
12.84.  C50H34O8N6Ni2. Calcd (%): C, 62.24; H, 3.53; N, 8.71; 
Ni, 12.24. IR (KBr pellet), ν/cm−1: 3408 and 3387 (O–H); 
3043 ν(=C–H), 1644 (C=C); 1620 (heterocycle); 1583 and 
1427 νas(C=O), 1520, 1384 νs(COO); 1106 (=CH–C).

2.2  Characterization

Elemental analyses were carried out on a CHNOS vario EL 
cube analyzer (Elementar Analysensysteme GmbH, Germany), 
their results were found to be in good agreement (± 0.3%) with 
the calculated values. Nickel was determined on an energy 
dispersive X-ray fluorescence spectrometer « X-Art M » (Com-
ita, Russian) or atomic absorption spectrometer « MGA-
915 » (Lumex, Russia). IR spectra were performed on the Per-
kin-Elmer Spectrum 100 FTIR spectrometer using KBr tablets 
and Softspectra data analysis software. Thermal analysis and 
differential scanning calorimetry were carried out on synchro-
nous thermal analyzer STA 409CLuxx coupled to quadrupole 
mass spectrometer QMS 403CAeolos (NETZSCH, Germany) 
and on a Perkin-Elmer Diamond TG/DTA derivatograph under 
air (powders, m = 0.3–0.4 g) with the standard α-Al2O3 at a rate 
of 10 K/min in the range of 20–800 °C. X-ray diffraction analy-
sis was carried out on the diffractometer DRON-UM-2 with 
CuKα radiation (λCu = 1.54184 Å) in the range of 2θ = 5–80° 
angles 2θ with a scan rate of 50/min and a temperature of 
25 °C to determine the phase composition and the size of the 
crystallites. The size of crystallites of nanomaterials (D, nm) 
was determined by the Debye–Scherrer equation:

(1)D =
K ⋅ �

�cos�
,
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where K is a constant (ca. 0.9); λ is the X-ray wavelength 
used in XRD (1.5418 Å); θ is the Bragg angle; β is the pure 
diffraction broadening of the peak at half-height that is, 
broadening due to the crystallite size.

The structure of metal–polymer nanocomposites was 
studied with a Tecnai G2 Spirit BioTWIN FEI high-reso-
lution transmission microscope (Netherlands). Samples for 
transmission electron microscopy were prepared as follows: 
a powder suspension in hexane was applied onto a carbon-
coated copper grid and the solvent was dried in air.

2.3  Study of the Thermolysis Kinetics

The kinetics of the isothermal transformations of complex 
1 was studied based on gas evolution in static nonisother-
mal reactor using a membrane zero manometer (Fig. 1). 
Thermolysis was carried out under static isothermal con-
ditions at temperatures  Texp in an argon atmosphere. The 
weight loss of the sample (Δm, wt%) and the amounts of 
gaseous products at ~ 20 °C were determined at the end 
of the experiments. The volume of the heated tube did not 
exceed 0.05 V, where V is the total reactor volume. The ratio 
 m0/V = (0.60–3.85) × 10−3 g cm−3, where  m0 is the initial 
weight of the sample.

2.4  X‑Ray Crystallography

X-ray structure analysis of a single crystal of complex 1 
was conducted on a Bruker SMART APEX II diffrac-
tometer equipped with a CCD detector (MoKα-radiation, 
λ = 0.71073 Å, graphite monochromator). The intensity 

data were collected and integrated using the Bruker APEX2 
and SMART software suites. A semiempirical absorption 
correction was applied [64]. The structure was solved by 
direct methods and refined by full-matrix least squares in 
the anisotropic approximation for all non-hydrogen atoms. 
All hydrogen atoms were placed in calculated positions 
and were refined isotropically in the riding model with 
Uiso(H) = 1.2Ueq(C) (Uiso(H) = 1.5Ueq(C) for  CH3-groups). 
The calculations were performed using the SHELX-2014 
program package [65]. CCDC-1879328 contains the supple-
mentary crystallographic data for this paper. These data can 
also be obtained free of charge at ccdc.cam.ac.uk/structures 
(Cambridge Crystallographic Data Centre).

3  Results and Discussion

Complex 1 was synthesized by the reaction of an excess 
of L with the initial nickel maleate in ethanol. Complex 1 
is a green crystalline substance, easily soluble in ethanol. 
According to the elemental analysis, the complex can be 
formulated as [Ni(Mal)(L)]. The IR spectrum fits well with 
coordination architectures of related complexes obtained 
previously [54, 55].

The solid-state structure of complex 1 was determined 
by single-crystal X-ray diffraction. The crystal and structure 
refinement data of the compound are given in Table 1.

X-ray crystal analysis shows that the compound is a 1D 
coordination polymer formed from a 4′-phenyl-terpyridine-
Ni(II) node bridged by maleate ligands and crystallizes in 
monoclinic form with space group  P21/n. There are two 
Ni(II) moiety’s in the asymmetric unit. Each nickel atom is 
five coordination and is chelated by three nitrogen atoms of 
L and two oxygen atoms of Mal fragments with the forma-
tion of a  NiN3O2 chelate node (Fig. 2).

The complex structure is described in detail. The selected 
bond lengths and angels of the complex are listed in Table 2.

Nickel five-coordination complexes are common in the 
coordination chemistry of terpyridine derivatives [56–59]. 
Five coordinate complexes with chelating ligands can have 
either a square pyramidal or trigonal bipyramidal geometry, 
and both steric and electronic factors influence the specific 
case. The change in the five coordinate species between the 
square pyramidal and trigonal bipyramidal is quantified 
using Reedijk’s τ values calculated by the formula (2):

where β is the largest X–Ni–X bond angle and α is the sec-
ond largest X–Ni–X angle [60].

The coordination polyhedrons of two Ni(II) moiety’s in 
complex 1 are closer to the square pyramidal than to the 
trigonal bipyramidal, because the values of the Reedijk’s τ 
parameter are closer to 0 (the ideal tetragonal pyramid) than 

(2)� = (� − �)∕60,

Fig. 1  The scheme of a unit for kinetic studies of the thermolysis 
of complex 1: (1) reaction vessel, (2) vacuum gauge, (3) vessel for 
sampling of gaseous products, (4) vacuum cock, (5) furnace for cal-
cination, (6) thermocouple, (7) heat controller, and (8) ampule with 
substance
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Table 1  Crystallographic data 
and structures refinement details 
for complex 1 

Empirical formula C50H34N6Ni2O8

Mr 964.25
Temperature 120.0 K
Wavelength 0.71073 Å
Crystal system Monoclinic
Space group P21/n
Unit cell dimensions a = 13.493(5) Å α = 90°

b = 18.411(7) Å β = 98.832(9)°
c = 16.239(6) Å γ = 90°

Volume 3986(3) Å3

Z 4
Density (calculated) 1.607 Mg/m3

Absorption coefficient 1.015 mm−1

F(000) 1984
Crystal size 0.14 × 0.09 × 0.03 mm3

Theta range for data collection 1.683° to 25.998°
Index ranges − 16 ≤h ≤ 16, − 22 ≤ k ≤ 22, − 20 ≤ l ≤ 20
Reflections collected 38,056
Independent reflections 7823 [R(int) = 0.1721]
Completeness to theta = 25.242° 100.0%
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.7459 and 0.6402
Refinement method Full-matrix least-squares on  F2

Data/restraints/parameters 7823/0/595
Goodness-of-fit on  F2 0.963
Final R indices [I > 2sigma(I)] R1 = 0.0566, wR2 = 0.1118
R indices (all data) R1 = 0.1386, wR2 = 0.1464
Extinction coefficient n/a
Largest diff. peak and hole 0.771 and − 0.617 e Å−3

Fig. 2  Molecular structure of complex 1 including the atom numbering scheme. The labeling for all hydrogen atoms has been omitted for clarity
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1 (the trigonal bipyramid). At the same time, the polyhedron 
of the Ni(1) moiety is close to the ideal tetragonal pyramidal 
structure (τ = 0.038), while the polyhedron of the Ni(1′) moi-
ety belongs to the distorted tetragonal pyramidal structure 
(τ = 0.162). Base planes are created by the two N atom from 
the ligand, N1 and N3, and by two oxygen atoms from the 
Mal ligands. The remaining N2 atom of ligand molecule is 
at the apex position. The lengths of the bonds Ni(1)–N(1) 
(2.077 Å), Ni(1)–N(2) (1.939 Å), and Ni(1)–N(3) (2.069 Å) 
are within the normal range of Ni–N bonds for five-coordi-
nate nickel complexes with terpyridine derivatives [56–59]. 
The rigid nature of the L bite forces the lengths of the Ni–N 
bonds in the complex to follow the general tendency of the 
Ni–terpyridine complexes, namely, that their central Ni–N 
bond is slightly shorter than the lateral Ni–N bonds.

It is well known [16] that the conjugated thermolysis of 
unsaturated metal carboxylates consists of two successive key 
stages [16]: solid-phase polymerization of the initial mono-
mer and decarboxylation of the resulting metallopolymer, 
accompanied by intense gas evolution. According to the data 
of thermal analysis (Fig. 3), the first stage of thermolysis of 
complex 1 takes place up to 230 °C and is accompanied by a 
slight weight loss (less than 10%) against the background of a 
continuously growing exothermic effect from 0.8 to 1.7 mW. 
At this stage, the structural transformation of the coordination 
polymer occurs and its solid-phase polymerization proceeds. 
The second stage includes decarboxylation followed by a 
deeper decomposition of the polymer, starting at 230 °C, and 
associated with a short-term significant evolution of gases, 

reaching a peak at 232 °C against the background of a sharp 
increase in the endothermic effect. The temperature interval 
from 230 to 250 °C has a significant weight loss of to 46 wt% 
of the original sample and is associated not only with decar-
boxylation, but also with partial elimination of maleic acid 
and terpyridine ligand, forming a volatile adduct under these 
conditions. Above 230 °C to 380 °C a significant increase in 
the exothermic effect is observed from 1.7 to 8 mW against 
the background of a moderate weight loss of 15.3%.

The first stage of reaction is initiated in accordance 
with the Borodin–Hunsdiecker mechanism: the initial 
slight decarboxylation leads to the formation of biradicals 
•OOCCH=CHCOO•, which, in turn, cause the polymeriza-
tion and the formation of polymers (Scheme 1).

The kinetics of isothermal transformations of complex 1 
was studied on the basis of the evolution of gas in a static 
non-isothermal reactor using a manometer with a zero mem-
brane. To measure the volume of gaseous products released, 
the temperature range is determined at which, according to 
the TG data coupled to the mass spectrometer, there is an 
intense release of gaseous products. In the future, the sample 
of the substance is heated and the released gas determine 
volumetrically in the specified interval.

We have previously shown [26] that the kinetics of the 
evolution of the gas η(τ) in the general case (up η ≤ 0.95) 
is satisfactorily approximated by the equation for the two 
parallel reactions:

(3)�(�) = �1f
[
1−exp(−k1�)

]
+
(
1−�1f

)[
1−exp(−k2�)

]

Table 2  Selected bond lengths and angles for the complex 1 

Symmetry transformations used to generate equivalent atoms
#1 x,y,z + 1
#2 x,y,z − 1

Bond d/Å Bond d/Å Bond d/Å

Ni(1)–O(1) 1.924(4) Ni(1)–O(1A)#1 2.135(4) Ni(1)–N(1) 2.077(4)
Ni(1)–N(2) 1.939(4) Ni(1)–N(3) 2.069(4) Ni(1′)–O(1′) 2.141(4)
Ni(1′)–O(1″) 1.913(4) Ni(1′)–N(1′) 2.049(4) Ni(1′)–N(2′) 1.941(4)
Ni(1′)–N(3′) 2.067(4) O(1A)–Ni(1)#2 2.135(4) C(22A)–O(1A) 1.277(6)
C(2)–C(1) 1.374(7) N(1)–C(1) 1.330(6) C(22A)–C(23A) 1.492(7)

Angle ω/deg Angle ω/deg Angle ω/deg

N(3′)–Ni(1′)–O(1′) 94.22(16) N(1′)–Ni(1′)–O(1′) 101.42(15) N(1′)–Ni(1′)–N(3′) 155.74(18)
O(1″)–Ni(1′)–O(1′) 87.95(15) O(1″)–Ni(1′)–N(3′) 103.37(16) O(1″)–Ni(1′)–N(1′) 95.67(17)
O(1″)–Ni(1′)–N(2′) 165.48(17) N(2′)–Ni(1′)–O(1′) 106.35(16) N(2′)–Ni(1′)–N(3′) 78.51(17)
N(2′)–Ni(1′)–N(1′) 79.35(18) N(2)–Ni(1)–O(1A)#1 102.44(16) N(2)–Ni(1)–N(1) 78.20(18)
N(2)–Ni(1)–N(3) 79.24(17) N(1)–Ni(1)–O(1A)#1 91.25(16) N(3)–Ni(1)–O(1A)#1 100.34(16)
N(3)–Ni(1)–N(1) 156.38(18) O(1)–Ni(1)–N(2) 158.68(17) O(1)–Ni(1)–O(1A)#1 94.63(16)
O(1)–Ni(1)–N(1) 88.85(16) O(1)–Ni(1)–N(3) 110.40(16) C(22A)–O(1A)–Ni(1)#2 123.1(3)
C(10)–N(2)–Ni(1) 119.5(4) C(5)–N(1)–Ni(1) 114.4(3) C(6)–N(2)–Ni(1) 120.1(4)
C(1)–N(1)–Ni(1) 126.8(4) C(11)–N(3)–Ni(1) 113.7(3) C(15)–N(3)–Ni(1) 128.3(4)
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where η is degree of conversion, τ = t –  t0  (t0 is the time of 
heating), �1f = �(�)||k2t→0, k1t→∞

,  k1,  k2 are the effective rate 
constants.

The initial rate of gas evolution W�=0 = W0 is

Equations (3) and (4) describe the kinetics of the gas evo-
lution of complex 1 and the dependence of the logarithm 
of the thermolysis rate constant on inverse temperature for 
complex 1 are shown in Fig. 4. Analytically calculated acti-
vation energy of conjugated thermolysis is  Ea = 589 kJ/mol.

(4)W0 = �1fk1 +
(
1−�1f

)
k2

Fig. 3  Thermogram of the complex 1 

Scheme 1  Scheme of second stage of conjugated thermolysis of complex 1

Fig. 4  Dependence lgk versus 1/T for complex 1 
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The powder obtained at the end of thermolysis of com-
plex 1 is a shiny powder of black color, which is explained 
by the presence of amorphous carbon [13]. The product 
obtained by thermolysis of complex 1 was investigated by 
X-ray diffraction analysis, which made it possible to obtain 
data on its phase composition and crystallite size (Fig. 5). 
XRD pattern of the powder of the thermolysis products 
of complex 1 at 300 °C in a self-generated atmosphere 
suggests that the nickel nanoparticles are included in the 
matrix of an amorphous polymer, giving clear diffraction 
peaks located in the region of 2Θ of 44.45 and 51.75. The 
data on the structure of fcc β-Ni phase were taken from 
the JCPDC database (nos. 04-0850) [61]. The calculation 
using the Debye–Scherrer formula allowed us to determine 
the size of crystallites of 22.08 nm (for a reflection angle 
of 2Θ = 44.45) and 55.05 nm (for a reflection angle of 
2Θ = 51.75), the average crystallite size is 38.57 nm.

The absence of the ν(C=C) and δ(=CH) absorption bands 
at 1644 and 1106 cm−1 confirms the consumption of C=C 
bonds as a result of polymerization (Fig. 6). The IR data 
lead us to conclude that, during the thermolysis, the initial 
structure of the formed metallopolymer undergoes degra-
dation, with some fragments remaining preserved. Broad 
absorption bands arise in the region of 1600 cm−1, which 
attest to the presence of the stretching vibrations of C–C 
bonds typical of triene and diene conjugated fragments. The 
band at 1560 cm−1 relates to the stretching vibrations of the 
N-heterocycle. All absorption bands have a Gaussian pat-
tern, showing that interatomic and deformational vibrations 
occur in a limited space and the system is characterized by 
a high degree of crosslinking.

Considering our previous data [2–4, 14, 62] and based 
on IR spectroscopy and elemental analysis (N, 7.21%; Ni, 
16.1%; C, 58.9%), it is assumed the formation of a network 
containing conjugated double bonds and C=N fragments.

Fig. 5  X-ray diffraction pattern 
of the thermolysis product of 
complex 1 in a self-generated 
atmosphere

Fig. 6  IR spectrum of the prod-
uct of thermolysis of complex 
1 at 300 °C in a self-generated 
atmosphere
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According to high-resolution transmission electron 
microscopy (HRTEM) data (Fig. 7), the obtained nanopar-
ticles have a spherical shape with an average size of 28 nm. 
At the same time, the products of nickel maleate thermoly-
sis were agglomerated with an average size of 5.5–20.5 μm 
[3], which indicates the effect of chelating N-heterocycle 
on the structure and size of the products of conjugated ther-
molysis. From the HRTEM data it is clearly seen that there 
are electron-dense metallic particles in electron-less-dense 
polymeric matrix.

The combination of experimental data allows us to con-
clude that nanoparticles in such a system have a characteris-
tic “core–shell” structure, which includes a metal-containing 
core and a polymer shell (Scheme 2). It should be noted 
that nanoparticles of metals with a “core–shell” structure 
have recently been the subject of numerous studies, and first 
of all, attention to them is due to the possibility of com-
bining various properties (magnetic, electrical, optical) in 
one nanoparticle by changing the composition and number 
of layers [16, 63]. Conjugated thermolysis of unsaturated 
metal carboxylates makes it possible to obtain metal–poly-
mer core–shell nanocomposites in one stage. A distinctive 
feature is their stability over time; no changes are observed 
in the chemical composition, size and shape of nanoparticles 
during their storage.

4  Conclusion

In this article, we report the synthesis and structural charac-
terization of a new complex based on nickel(II) maleate and 
4′-phenyl-2,2′:6′,2″-terpyridine. We found that this complex 
is a 1D coordination polymer containing two five-coordi-
nated Ni(II) moiety’s in the asymmetric unit. In addition, 
the metal chelate node has the ideal tetragonal pyramidal 
geometry for the first Ni(II) moiety and the distorted tetrago-
nal pyramidal structure for the second Ni(II) moiety. Conju-
gated thermolysis of complex 1 made it possible to obtain a 

Fig. 7  HRTEM image of the morphology of the product of thermolysis of complex 1: × 43,000 (a), × 105,000 (b)

Scheme 2  Scheme of formation of core-shell nanoparticles
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metal-polymer nanocomposite containing metal nanoparti-
cles uniformly distributed in a stabilizing nitrogen-contain-
ing polymer matrix. We believe that such nanocomposite 
materials can be used further, for example, as anti-friction 
additives to lubricants, which is the subject of our further 
research.
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