
ISSN 1070-3284, Russian Journal of Coordination Chemistry, 2021, Vol. 47, No. 10, pp. 664–669. © Pleiades Publishing, Ltd., 2021.
Russian Text © The Author(s), 2021, published in Koordinatsionnaya Khimiya, 2021, Vol. 47, No. 10, pp. 598–603.
Coordination Polymers of Ni(II) with Thiophene Ligands: 
Synthesis, Structures, and Magnetic Properties

V. A. Dubskikha, A. A. Lysovaa, D. G. Samsonenkoa, A. N. Lavrova, D. N. Dybtseva, *, and V. P. Fedina

a Nikolaev Institute of Inorganic Chemistry, Siberian Branch, Russian Academy of Sciences, Novosibirsk, 630090 Russia
*e-mail: dan@niic.nsc.ru

Received March 15, 2021; revised April 9, 2021; accepted April 12, 2021

Abstract—Two new metal-organic frameworks [Ni(btdc)(bipy)(H2O)2] (I) and [Ni(azobipy)(H2O)4](btdc)
(II) (H2btdc is 2,2'-bithiophene-5,5'-dicarboxylic acid, bipy is 4,4'-bipyridyl, and azobipy is 4,4'-azobipyr-
idyl) are synthesized under the solvatothermal conditions. The structures and compositions of the com-
pounds are determined by single-crystal X-ray structure analysis (СIF files ССDС nos. 2068945 (I) and
2068946 (II)) and confirmed by X-ray diffraction, elemental, and thermogravimetric analyses and IR spec-
troscopy. The structure of compound I is a rare example for mutual interlacing of the network motifs in two
independent directions. Compound II is ionic and consists of the alternating cationic [Ni(azobipy)(H2O)4]2+

and anionic btdc2– fragments. The magnetic susceptibility and effective magnetic moment are measured for
compound I in a temperature range of 1.77–300 K in the magnetic fields up to 10 kOe. The value of μeff is
3.08 μB at 300 K, which is close to the spin-only value for the isolated high-spin Ni2+ ion with S = 1 (2.83 μB)
with allowance for the orbital moment contribution. Weak antiferromagnetic interactions are observed
between the Ni2+ ions at the temperatures T < 10 K.
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INTRODUCTION
Interest in the chemistry of metal-organic frame-

works (MOF) is increasing in the recent several
decades, since compounds of this class have unique
functional properties that can be finely tuned due to a
combination of various organic ligands and metal ions
(or clusters) [1–4]. One of the methods for MOF
functionalization is the use of bridging ligands con-
taining the heteroatom, including sulfur atom. Rela-
tively high electron density and polarizability of the
sulfur atom were shown to improve the sorption and
luminescence properties of such coordination poly-
mers [5–10]. In addition, it seems interesting to study
the magnetic properties of the MOF based on these
ligands [11] and paramagnetic metal cations, in partic-
ular, Ni(II). Only several works in which the magnetic
properties of the MOF based on Ni2+ ions and thio-
phene-2,5-dicarboxylic acid (H2Tdc) are discussed
have been published at the moment. Some works [12–
14] report on the antiferromagnetic interactions
between the Ni2+ ions in the thiophene-containing
coordination polymers inside the {Ni2} or {Ni3} build-
ing blocks, and no long-range magnetic ordering is
observed in these compounds. The 1D MOF
[Ni(Tdc)(Pen)2] (Pen is 1,3-diaminopropane) with
the effective magnetic moment (μeff) equal to 2.62 μB
at 300 K was reported [15]. The 3D MOF with isolated

nickel atoms was synthesized [16]. A decrease in μeff at
T < 25 K indicates antiferromagnetic interactions
occurring, in authors’ opinion, through the carboxyl-
ate ligands. No compounds with longer heterocyclic
ligands of the thiophene series with the studied mag-
netic properties were reported.

In this work, the nickel(II)-containing organic
coordination polymers were synthesized for the first
time using 2,2'-bithiophene-5,5'-dicarboxylic acid
(H2btdc), their crystal structures were determined,
and the magnetic properties were studied.

EXPERIMENTAL
The synthesis of H2Вtdc was carried out according

to a described procedure [17]. Other initial substances
and solvents were used as commercially available
reagents without additional purification.

Synthesis of [Ni(btdc)(bipy)(H2O)2] (I). A mixture
of Ni(NO3)2⋅6H2O (29.1 mg, 0.1 mmol), H2btdc
(25.4 mg, 0.1 mmol), 4,4'-bipyridyl (bipy) (15.6 mg,
0.1 mmol), N,N-dimethylformamide (DMF)
(25 mL), water (2.5 mL), and glacial acetic acid
(5.5 μL) was sealed in a Teflon reactor and heated in a
steel autoclave at 110°C for 48 h. The formed green
crystals were washed with DMF (3 × 5 mL) and dried
in air. The yield was 23 mg (46%). The composition
664
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and structure of the product were determined by sin-
gle-crystal X-ray crystallography (XRD).

IR (ν, cm–1): 3639 w, 3391 br.w, νs(O–H); 1609 m,
1547 m (νas(C=O)), 1512 m γ(С–С); 1435 m, 1414 m,
1372 s νs(C=O); 1217 m, 1121 w, 1100 w, 1070 w,
1038 w, 1009 w, 887 w, 814 s, 777 s (δoop(C–H); 752 w,
733 w, 671 w, 648 m, 633 m, 600 m, 567 m, 519 s,
471 w, 438 m.

Synthesis of [Ni(azobipy)(H2O)4](btdc) (II). A mix-
ture of Ni(NO3)2⋅6H2O (58.2 mg, 0.2 mmol), H2btdc
(50.8 mg, 0.2 mmol), 4,4'-azobipyridyl (azobipy)
(36.8 mg, 0.2 mmol), DMF (2.5 mL), water (2.5 mL),
and glacial acetic acid (22 μL) was sealed in a Teflon
reactor and heated in a steel autoclave at 110°C for
48 h. The formed red crystals were washed with DMF
(3 × 5 mL) and dried in air. The yield was 108 mg
(81%). The composition and structure of the product
were determined by XRD.

IR (ν, cm–1): 3291 br.m νs(O–H); 1603 m, 1564 s
νas(C=O); 1514 m γ(С–С); 1439 s νs(C=O); 1420 m,
1366 s νs(C=O); 1225 w, 1190 w, 1117 w, 1038 m,
1038 m, 1022 w, 885 m, 845 m, 827 m, 781 s δoop(C–
H); 696 m, 648 m, 575 s, 554 m, 532 w, 521 w, 498 w,
461 w.

IR spectra in a range of 4000–400 cm–1 were
recorded in KBr pellets on a Scimitar FTS 2000 FT-IR
spectrometer. Thermogravimetric analysis (TG) was
carried out on a NETZSCH TG 209 F1 thermal ana-
lyzer with the linear heating of the samples in a He
atmosphere at a rate of 10 deg min–1. Elemental anal-
ysis was carried out on a VarioMICROcube CHN
analyzer. The powder X-ray diffraction analysis
(pXRD) data were obtained on a Shimadzu XRD
7000S powder diffractometer (CuKα radiation, λ =
1.54178 Å (I) and CoKα, λ = 1.78897 Å (II)).

The magnetization of the polycrystalline samples
was measured on a Quantum Design MPMS-XL
SQUID magnetometer in a range of 1.77–300 K in the
magnetic fields up to 10 kOe. The temperature depen-
dences of the magnetization (M(T)) were measured on
heating the sample after cooling either in zero mag-
netic field, or in a specified magnetic field and also on
cooling the sample. In order to determine the para-
magnetic component of the molar magnetic suscepti-
bility (χp(T)), the temperature-independent diamag-
netic contribution (χd) and possible magnetization of

For C20H16N2O4S2Ni
Anal. calcd., %: C, 47.7 H, 3.2 N, 5.6
Found, %: С, 47.4 Н, 3.1 N, 5.7

For C20H20N4O8S2Ni
Anal. calcd., %: C, 42.3 H, 3.6 N, 9.9
Found, %: С, 42.2 Н, 3.6 N, 9.9
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ferromagnetic microimpurities (χFM(T)) were esti-
mated and subtracted from the measured values of the
total molar susceptibility (χ = M/H). The value of χd
was calculated using Pascal’s additive scheme, and
χFM(T) if any was determined from the measured iso-
thermal dependences M(H) and M(T) data taken in
different magnetic fields. To determine μeff of Ni2+

ions, the paramagnetic susceptibility χp(T) was exam-
ined using the Curie–Weiss dependence χp(T) =

 where NA and kB are Avogadro’s
and Bolztmann number, respectively. The effect of the
zero-field splitting of the Ni2+ ion levels on the mag-
netic susceptibility was evaluated using earlier
described approaches [18].

XRD. The diffraction data for a single crystal of
compound I were obtained at 100 K on the BELOK
Beamlines of the Kurchatov specialized source of syn-
chrotron radiation at the National Research Center
Kurchatov Institute (Moscow, Russia) using an area
Rayonix SX165 CCD detector (λ = 0.79313 Å, ω scan
mode, increment 1.0°). Integration was performed, an
absorption correction was applied, and unit cell
parameters were determined using the XDS software
[19]. The diffraction data for a single crystal of com-
pound II were obtained at 140 K on an Agilent Xcali-
bur automated diffractometer equipped with an area
AtlasS2 detector (graphite monochromator,
λ(MoKα) = 0.71073 Å, ω scan mode, increment
0.25°). Integration was performed, an absorption cor-
rection was applied, and unit cell parameters were
determined using the CrysAlisPro software [20]. The
structures were solved using the SHELXT software
[21] and refined by full-matrix least squares in the
anisotropic (except for hydrogen atoms) approxima-
tion using the SHELXL software [22]. The positions
of the hydrogen atoms of the organic ligands were cal-
culated geometrically and refined by the riding model.
The crystallographic data and details of diffraction
experiments are presented in Table 1. The full tables of
interatomic distances and bond angles, atomic coordi-
nates, and atomic displacement parameters were
deposited with the Cambridge Crystallographic Data
Centre ((CCDC nos. 2068945 (I) and 2068946 (II);
https://www.ccdc.cam. ac.uk/structures/).

RESULTS AND DISCUSSION

Single crystals of compound [Ni(btdc)-
(bipy)(H2O)2] (I) were obtained by heating
Ni(NO3)2⋅6H2O, H2btdc, and bipy in a DMF–water
(1 : 1 vol/vol) mixture of solvents with a minor addi-
tion of glacial acetic acid at 110°С. According to the
XRD data, compound I crystallizes in the monoclinic
crystal system with the symmetry space group С2 with
Z = 6. The independent part of the structure contains
one Ni2+ cation, one btdc2– anion, one bipy molecule,
and two water molecules. The Ni(1) atom exists in the

2
A eff B3 ( ),N k Tμ − θ
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Table 1. Crystallographic data and structure refinement parameters for compounds I and II

Parameter
Value

I II

Formula C20H16N2NiO6S2 C20H20N4NiO8S2

Formula weight 503.18 567.23
Crystal system Monoclinic Monoclinic
Space group С2 С2/с
a, Å 19.623(3) 6.6198(2)
b, Å 11.197(2) 12.8425(5)
c, Å 14.907(2) 26.0359(8)
α, deg 90 90
β, deg 103.80(3) 93.747(3)
γ, deg 90 90
V, Å3 3180.8(9) 2208.70(13)
Z 6 4
ρcalc, g/cm3 1.576 1.706

μ, mm−1 1.548 1.126
F(000) 1548 1168
Crystal size, mm 0.07 × 0.05 × 0.03 0.17 × 0.11 × 0.10
Scan range over θ, deg 1.57–31.00 3.14–28.98
Range of indices hkl −25 ≤ h ≤ 25,

−14 ≤ k ≤ 14,
−17 ≤ l ≤ 19

−8 ≤ h ≤ 9,
−9 ≤ k ≤ 15,
−33 ≤ l ≤ 32

Number of measured/independent reflections 23003/7131 5115/2442
Rint 0.0299 0.0124
Number of ref lections with I > 2σ(I) 7014 2271
GOOF 1.086 1.050
R-indices (I > 2σ(I)) R1 = 0.0380, wR2 = 0.1076 R1 = 0.0284, wR2 = 0.0724
R-indices (for all reflections) R1 = 0.0387, wR2 = 0.1088 R1 = 0.0310, wR2 = 0.0736

Residual electron density (max/min), e/Å3 0.566/−0.675 1.562/−0.243
octahedral environment formed by two nitrogen atoms
of two bipy ligands in the axial position, two oxygen
atoms of two carboxyl groups of two btdc2– ligands,
and two oxygen atoms of the coordinated water mole-
cules in the equatorial positions (Fig. 1a). The coordi-
nation number for the Ni(1) cation is 6. The Ni–N
bond lengths are 2.069(6) and 2.090(6) Å, and the
Ni–О bonds range from 2.043(3) to 2.086(3) Å. Each
nickel(II) cation is linked with four other cations
through two bridging bipy molecules and two bridging
btdc2– anions, resulting in the formation of 2D net-
work structures (Fig. 1b) with the square topology and
cell sizes of 7 × 9 Å. The distances between the planes
of the adjacent parallel networks correspond to
∼9.7 Å. Interestingly, these networks are arranged in
three different orientations parallel to the c axis,
resulting in the mutual interlacing of all networks of
the MOF to form a supramolecular carcass (Fig. 1c).
Thus, the crystal structure of compound I based on
RUSSIAN JOURNAL OF CO
the layered motifs cannot be decomposed without
chemical bond cleavage and represents 3D polycat-
enane. It should be mentioned that the mutual inter-
growth according to the polycatenane type is met
rather rarely in layered MOF and is interesting from
the point of view of target design of coordination and
supramolecular compounds [23–25].

Compound [Ni(azobipy)(H2O)4](btdc) (II) was
synthesized by heating an equimolar mixture of
Ni(NO3)2⋅6H2O, H2btdc, and azobipy in a DMF–
water (1 : 1 vol/vol) mixture of solvents with a minor
addition of glacial acetic acid at 110°С. According to
the XRD data, compound II crystallizes in the mono-
clinic crystal system with the symmetry space group
С2/с with Z = 4. The independent part of the structure
contains one Ni2+ cation, one azobipy molecule, four
water molecules, and one btdc2– anion (Fig. 2a). The
Ni(1) atom exists in the environment formed by two
nitrogen atoms of two azobipy ligands in the axial
ORDINATION CHEMISTRY  Vol. 47  No. 10  2021
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Fig. 1. Structure of MOF I: (a) structure of the secondary building block, (b) fragment of the layer, and (c) scheme of mutual
interlacing of the coordination networks in the supramolecular carcass structure. Hydrogen atoms are omitted for clarity. 
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Fig. 2. Structure of MOF II: (a) structure of the independent part and (b) view of the crystal packing. 
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positions and four oxygen atoms of four coordinated
water molecules in the equatorial positions. The coor-
dination number of the Ni(1) cation is 6, and the coor-
dination polyhedron is an octahedron. The Ni–N
bond lengths are 2.0971(15) and 2.0972(15) Å, and the
Ni–О bonds range from 2.0443(13) to 2.1144(13) Å.
The Ni(1) atoms are linked via the azobipy molecules
to form positively charged polymeric chains extended
along the crystallographic с axis. The btdc2– anions
serve as counterions. As a result, the [Ni(azobipy)-
(H2O)4]+ chains form positively charged layers parallel
to the ac plane and alternating with negatively charged
layers consisting of the Btdc2– anions, thus providing
the total neutral charge of the crystalline compound
(Fig. 2b).

The XRD data for the powdered samples of com-
pounds I and II correspond completely to the theoret-
ically calculated diffraction patterns and confirm the
phase purity of the synthesized compounds (Fig. 3).
According to the TG data, compound I is stable to Т ≈
100°С, and then a slight mass loss (~8%) is observed
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
associated with the removal of two coordinated water
molecules. The weight of the coordination polymer
remains unchanged up to Т ≈ 340°С, after which ther-
molysis occurs. Compound II has the mass loss step
(~12%) in a range of 140–180°С also related to the
removal of four coordinated water molecules. The
coordination polymer decomposes gradually at the
temperature higher than 230°С (Fig. 4).

The IR spectrum of compound I exhibits bands
characteristic of bending out-of-plane vibrations of
the C–H bond at 777 cm–1 and bands of stretching
symmetric and asymmetric vibrations of the С=О
bond in the carboxylate groups at 1372 and 1547 cm–1,
respectively. The broad band at 3391 cm–1 is assigned
to stretching vibrations of the О–Н bond in the water
molecule. The IR spectrum of compound II contains
a band at 781 cm–1 attributed to bending out-of-plane
vibrations of the C–H bond and bands characteristic
of stretching symmetric and asymmetric vibrations of
the С=О bond in the carboxylate groups at 1439 and
1564 cm–1, respectively. A broad medium-intensity
  Vol. 47  No. 10  2021
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Fig. 3. Comparison of the (black) experimental and (gray)
simulated powder diffraction patterns for compounds I
and II. 
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Fig. 4. TG curves for compounds (gray) I and (black) II. 
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Fig. 5. Temperature dependences of 1/χp and μeff per
nickel ion for compound I. Magnetic field H = 1 and
10 kOe. Dashed line shows the formal description of the
1/χp(T) curve by the Curie−Weiss dependence, and thin
solid line shows the results of approximation of the μeff(T)
dependence taking into account the splitting of the Ni2+

ion levels in the zero field and interionic exchange interac-
tion. 
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band at 3291 cm–1 corresponds to stretching vibrations
of the О–Н bond in the water molecule.

The temperature dependences of the molar mag-
netic susceptibility (χp(T)) of compound I were mea-
sured in a range of 1.77–300 K in the magnetic fields
up to 10 kOe. The magnetic susceptibility of the MOF
increased gradually with decreasing temperature to a
minimum available temperature of 1.77 K, which is
quite expected for a paramagnetic compound contain-
ing Ni2+ ions. After the diamagnetic contribution χd,
which was calculated using Pascal’s additive scheme,
was subtracted from the total magnetic susceptibility,
the remained paramagnetic component χp(T) was put
on the plot as 1/χp in the temperature dependence
(Fig. 5). The 1/χp(Т) curve is close to linear nearly in
the whole temperature range following the Curie–
Weiss paramagnetic dependence χp(T) =

 with θ ≈ 1–1.5 K The calculated
value of μeff for compound I is 3.08 μB at 300 K, which
is close to the spin-only value (2.83 μB) for the isolated
high-spin Ni2+ ion with S = 1. An excess is caused by
the contribution of the orbital moment to the mag-
netic moment of the nickel ion. A sharp decrease in μeff
at the temperatures T < 10 K can be related to both the
ion level splitting in the zero field expected for the Ni2+

ions with the spin S = 1 and a weak antiferromagnetic
interaction between the ions. The dipole-dipole
mechanism of the interionic interaction is next in sig-
nificance after the exchange mechanism and exerts no
determining effect in this case. The dipole-dipole
interaction has a characteristic scale of energies
(gμB)2/r3 (r is the distance between the magnetic ions),
which is ten times lower than the observed values of θ
for the Ni2+ ions with S = 1 at the distances observed

2
A eff B3 ( )N k Tμ − θ
RUSSIAN JOURNAL OF CO
in the MOF structure. Attempts of numerical descrip-
tion of the temperature dependence of μeff using the
described approaches [18] showed that good agree-
ment with experiment can be obtained only with
allowance for both factors: splitting in the zero field
and antiferromagnetic interaction. The results of
approximation with the splitting factor D/kB ≈ 4.8 K
and exchange intermolecular interaction zJ ≈ –0.16 K,
where z is the magnetic coordination number of Ni2+

ions, are shown by thin solid line in Fig. 5. The
obtained value of D is characteristic of the Ni(II) com-
plexes [18].
ORDINATION CHEMISTRY  Vol. 47  No. 10  2021
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The exchange interaction mechanisms in com-
pound I are not evident. Inside the layer the paramag-
netic centers are separated by long btdc2– and bipy
organic ligands at distances of 14.9 and 11.3 Å, respec-
tively, which makes impossible the exchange interac-
tion between the Ni2+ ions within one layer. However,
since MOF I is mutually intergrown, the distance
between the Ni2+ ions of different layers shortens to
6.9 Å, which results, most likely, in the formation of
routes for the weak antiferromagnetic interaction.

Thus, two new MOF based on Ni2+ ions were syn-
thesized and completely characterized. The magnetic
susceptibility and effective magnetic moment were
measured for compound I.
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