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Abstract—Complexes [Сu2L4(MeOH)2] (I) and [СoL2] (II) are synthesized by the reactions of copper(II)
and cobalt(II) acetates with 3-[5-p-tolyl)-1,3,4-oxadiazol-2-yl]acrylic acid (HL). The crystal structure of
complex I is determined by X-ray diffraction (XRD) (CIF file CCDC no. 2052347). The crystals are mono-
clinic, space group C2/c, a = 26.056(4), b = 19.677(3), c = 13.998(2) Å, β = 91.571(3)°, V = 7175(2) Å3,
ρcalc = 1.026 g/cm3, Z = 4. In a molecule of complex I, the pair of centrosymmetric copper atoms is bound
by four bridging carboxyl groups. The intramolecular Cu…Cu distance is 2.654(2) Å. The coordination poly-
hedron CuO5 is a distorted square pyramid. The magnetic interactions between the copper(II) ions in com-
plex I are shown to be antiferromagnetic (2J = –185 cm–1). In the case of complex II, the application of an
external magnetic field decreases the magnetic relaxation rate. The Raman mechanism and direct mecha-
nism are the most probable route for magnetization relaxation. Unlike the copper(II) complex, complex II is
probably mononuclear in both the solution and solid phase.
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INTRODUCTION
Complex formation of transition metals with

polydentate organic ligands is one of the most import-
ant problems of the modern coordination chemistry. A
combination of the properties of organic and inor-
ganic substances in coordination compounds allows
one to synthesize new hybrid materials and reveal the
participation of metal complexes in chemical biologi-
cal processes.

Metal carboxylates play an important role in coor-
dination chemistry due to using them in diverse areas
of science and technology [1, 2]. Their structures
depend on both the nature of the metal and carboxylic
acid and synthetic conditions [3, 4]. Metals of unsatu-
rated carboxylates occupy a special place [5, 6]. They
are used as materials for the production of photoactive
agents [7–9], catalysts [10, 11], molecular magnetics
[12, 13], and biomimetic models of various enzymes.
Some monomeric and polymeric carboxylates are
good precursors for the synthesis of nanocomposite
and hybrid materials [14–18].

3-(5(p-Tolyl)-1,3,4-oxadiazol-2-yl)acrylic acid (HL)
was chosen as the ligand in this work. It is well known

that the compounds containing the 1,3,4-oxadiazole
fragment have pronounced biological activity [19, 20]
and interesting photochemical properties [21–24]. We
have previously synthesized and studied the zinc(II)
[25, 26] and silver(I) [27] complexes with 1,3,4-oxadi-
azolylacrylic acids. Since the copper(II) complexes
are good models of metalloproteins [28] and the
cobalt(II) complexes can manifest anomalous mag-
netic properties related to the retarded relaxation of
magnetic susceptibility [29, 30] and spin crossover
phenomenon [31–33], the copper(II) and cobalt(II)
complexes with HL, [Сu2L4(MeOH)2] (I) and [СoL2]
(II), were studied in this work.

EXPERIMENTAL

Copper(II) and cobalt(II) acetates, methanol, and
DMSO (reagent grade, Acros) were used.

The complexes were synthesized via the following
Scheme 1:
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Scheme 1.

Synthesis of complex I. A solution of copper(II)
acetate monohydrate (0.086 g, 2.15 mmol) in metha-
nol (5 mL) was added to a boiling suspension of acid
HL [34] (200 g, 4.30 mmol) in methanol (10 mL). A
blue precipitate formed immediately. The obtained
suspension was refluxed for 5 h, filtered, washed with
boiling methanol, and dried in vacuo. The yield of
compound I was 0.098 g (51%). According to the ele-
mental analysis data, compound I corresponds to the
composition CuL2·CH3OH.

IR (ν, cm–1): 3077 w, 1617 vs, 1557 m, 1532 m,
1497 s, 1407 vs, 1234 w, 1187 w, 1094 w, 978 w, 876 w,
828 w, 763 m, 613 w, 506 w, 437 w.

A single crystal of compound I·СН3ОН was
obtained by the slow evaporation of a solution of the
copper(II) complex in methanol.

Synthesis of complex II. Cobalt(II) acetate tetrahy-
drate (0.107 g, 2.15 mmol) in methanol (5 mL) and
KOH (0.048 g, 4.30 mmol) in methanol (5 mL) were
added to a boiling suspension of acid HL (0.200 g,
4.30 mmol) in methanol (10 mL). A pink precipitate
formed immediately. The obtained suspension was
refluxed for 5 h, filtered, washed with boiling metha-
nol, and dried in vacuo. The yield of compound II was
0.120 g (71%). According to the elemental analysis
data, compound II corresponds to CoL2.

IR (ν, cm–1): 3076 w, 1614 vs, 1585 m, 1567 m,
1497 vs, 1397 vs, 1309 w, 1262 s, 1176 w, 1092 w,
1025 w, 974 w, 837 w, 761 m, 701 w, 614 w, 503 w,
439 w.

1H NMR (300 MHz; 293 K; DMSO; δ, ppm): 4.05
(s, 3H, CH3), 7.51 (s, 2H, CHAr, 8.68 (s, 2H, CHAr,
12.11 (br.s, CH), 35–45 (br.s, CH–COO).

XRD of a single crystal of compound I·СН3ОН was
carried out on a Bruker Apex II diffractometer
equipped with a CCD detector (MoKα, λ = 0.71073 Å,
graphite monochromator) [35]. A semiempirical
absorption correction (Tmin/Tmax = 0.6055/0.7461)
was applied using the SADABS program [36]. The
structure was solved by full-matrix least squares in the
anisotropic approximation for all non-hydrogen
atoms. The positions of the hydrogen atoms at the
oxygen and carbon atoms of the organic ligands were
generated geometrically and refined by the riding
model. The calculations were performed using the
SHELX software [37] with OLEX2 [38]. Since the sol-
vate molecules were disordered, the XRD data were
corrected by the “squeeze” method of the PLATON
program [39]. A relatively low quality of the crystals
(several crystals were studied) resulted in high R fac-
tors. The crystallographic parameters and structure
refinement details for complex I at T = 100(2) K are as
follows: C50H44Cu2N8O14, M = 1108.00 g/mol, space
group C2/c, green needle-like crystal, 0.30 × 0.05 ×
0.05 mm, a = 26.056(4), b = 19.677(3), c =
13.998(2) Å, β = 91.571(3)°, V = 7175(2) Å3, Z = 4,
ρcalc = 1.026 g cm–3, μ = 0.645 mm–1, 1.30° ≤ θ ≤
26.37°, sphere segment –32 ≤ h ≤ 32, –24 ≤ k ≤ 24,
‒17 ≤ l ≤ 17, 27213 measured reflections, 7341 inde-
pendent reflections, 4687 reflections with I > 2.0σ(I),
Rint = 0.0893, GООF = 1.231, R1 (I > 2σ(I)) = 0.1433,
wR2 (I > 2σ(I)) = 0.4306, R1 (all data) = 0.1855, wR2
(all data) = 0.4609, Δρmin/Δρmax, е Å–3 =
‒1.866/3.962.

The structural parameters were deposited with the
Cambridge Crystallographic Data Centre (CIF file
CCDC no. 2052347; deposit@ccdc.cam.ac.uk or
http://www.ccdc.cam.ac.uk/data_request/cif).

NMR spectra were recorded on a Bruker Avance
300 spectrometer (working frequency for 1Н
300.13 MHz). Chemical shifts (δ, ppm) were deter-
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For C25H22N4O7Cu
Anal. calcd., %: C, 54.20 H, 4.00 N, 10.11 Cu, 11.47
Found, %: C, 55.60 H, 3.80 N, 10.40 Cu, 12.50

For C24H18N4O6Co
Anal. calcd., %: С, 55.74 Н, 3.48 N, 10.83 Co, 11.39
Found, %: C, 55.40 H, 3.80 N, 11.30 Co, 11.70
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mined relative to the residual signal of DMSO used as
the solvent (1H, 2.50 ppm).

EPR spectra were detected on a BRUKER Elexsys
E680X EPR spectrometer in the Х range (frequency
~9.8 GHz) at room temperature (297 K).

The magnetic behavior of the complexes was stud-
ied by the static and dynamic magnetic susceptibility
methods using the PPMS-9 Quantum Design auto-
mated complex for physical measurements with the
option for measuring magnetic properties. This instru-
ment makes it possible to perform measurements in a
temperature range of 2–300 K in constant magnetic
fields with the intensity up to 9 T. Variable magnetic
fields with an amplitude of 5, 3, and 1 Oe for the fre-
quency ranges 10–100, 100–1000, and 10–10000 Hz,
respectively, were used for studies of the dynamic
magnetic susceptibility. These measurement condi-
tions make it possible to avoid heating at low tempera-
tures (which can take place at high amplitude and
modulation frequency) and to obtain the best signal-
to-noise ratio. The magnetic behavior was studied on
polycrystalline samples wetted with Nujol (to avoid
the orientation of crystallites in the magnetic field)
and sealed in polyethylene packets [40]. The paramag-
netic component of the magnetic susceptibility (χ) was
determined with allowance for the diamagnetic con-
tribution of the sample itself estimated from Pascal’s
constants and magnetic contributions of the sample
holder and Nujol.

RESULTS AND DISCUSSION
The reactions of cobalt(II) and copper(II) acetates

with HL afford complexes with the composition ML2.
In the IR spectra of the complexes (compared to the
IR spectrum of the ligand), the absorption band of the
OH group stretching vibrations (which is observed at
2500–2600 cm–1 in the spectrum of HL) disappears
and the frequency of the С=О group stretching vibra-
tions decreases considerably (by ~100 cm–1), indicat-
ing the coordination of the carbonyl group to the metal
ion. The structure of complex I is a classical binuclear
tetracarboxylate-bonded copper(II) dimer in which
the inversion center is arranged between the copper
atoms (Cu…Cu 2.654(2) Å) (Fig. 1). The oxygen
atoms of the carboxylate groups (Cu–O 1.948(7)–
1.968(7) Å; OCuO 88.8(3)°–90.1(3)°, 167.8(3)°, and
168.3(3)°) lie in the base of the CuO5 square pyramid
(τ = 0.008 [41], the Cu(1) atom shifts from the O4
plane by 0.20 Å). The oxygen atom of the methanol
molecule is localized at the vertex of the pyramid
(Cu–O 2.134(7) Å). The Cu…Cu and Cu–O distances
are analogous to those observed in similar binuclear
complexes [42, 43]. In both L, the carboxyl group
and oxodiazole fragment lie in one plane (the average
deviation of the atoms from the plane is less than
0.088 Å). The angle between the aforementioned
plane and benzene ring is 11.7° and 23.4°, respectively.
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
The π–π-stacking interactions are observed in the
crystal between the oxodiazole cycle
(O(3)C(4)N(1)N(2)C(5)) and phenyl fragment of the
adjacent molecule of the complex (C(6)–C(11), 1 – x,
1 – y, 1 – z): the distance between the centroids is
3.730(6) Å, the angle between the planes is 6.5(5)°,
and the shortest distance between the atoms of the
rings is 3.572(4) Å. The interactions lead to the forma-
tion of a supramolecular three-dimensional porous
structure, the cavities of which are filled with the dis-
ordered solvate molecules (Fig. 2).

The static magnetic susceptibility of the complexes
was measured in a temperature range of 2–300 K in
the external magnetic field with an intensity of
5000 Oe (Fig. 3). The behaviors observed for com-
plexes II and I are basically different.

The value of χT for compound II based on one
metal atom is 1.40 cm3 K mol–1 at 300 K, which is
appreciably lower than the value characteristic of the
noninteracting Co2+ ion in the high-spin state (3d7,
4F9/2, χT = 1.875 cm3 K mol–1) [44]. On cooling com-
pound II, the values of χT decrease smoothly to
1.19 cm3 K mol–1 at 100 K and then decrease more
sharply down to 0.62 cm3 K mol–1 at 2 K. It should be
mentioned that the Co(II) complexes are more char-
acterized by an overestimation of the experimental
values over theoretical ones due to a noticeable spin-
orbital interaction. The magnetic behavior of complex
II can indicate appreciable interactions of the antifer-
romagnetic type, strong magnetic anisotropy, or an
significant fraction of the cobalt ions in the low-spin
state.

For complex I at 300 K, χT is 0.57 cm3 K mol–1

based on two metal atoms. This value is noticeably
lower than that characteristic of two noninteracting
Cu2+ ions (3d9, 2D5/2, χT = 0.76 cm3 K mol–1). With
decreasing temperature, χT decreases uniformly to
0.08 cm3 K mol–1 at 100 K, and then a smoother
decrease is observed down to 0.02 cm3 K mol–1 at 2 K.
This dependence is typical of the exchange-bound
binuclear copper complexes. In order to determine the
exchange interaction parameter, the experimental
dependence χT(Т) was approximated by the Bleaney–
Bowers equation

where N is Avogadro’s number, g is the copper ion fac-
tor, μB is Bohr’s magneton, k is the Boltzmann con-
stant, and J is the exchange parameter. According to
the EPR spectroscopic data, the values of giso= (gx +
gy + gz)/3 can be used as the g factor when modeling
the temperature dependence of the static magnetic
susceptibility in order to minimize fitting parameters
and obtain more real values of other approximation
parameters. In the case of complex I, giso= 2.134. The
exchange integral was found to be 2J = –185 cm–1

(R2 = 0.9898) as a sequence of the best approximation

( ) ( ) { }[ ] 12 2
B 3 1 1 3 exp –2 ,Ng kT J kT −χ = μ +
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Fig. 1. Molecular structure of complex I.
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Fig. 2. Fragment of the packing of molecules of complex I in the crystal.
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Fig. 3. Temperature dependences of χT for compounds
(1) II (based on one metal atom) and (2) I (based on two
metal atoms) in a magnetic field of 5000 Oe. Line is the
theoretical curve with the parameters indicated in the text. 
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of the theoretical curve to the experimental data and
taking into account the possible presence of a mono-
meric impurity. The content of the monomer impurity
in the studied sample did not exceed 5%. The static
magnetic susceptibility data unambiguously confirm
the binuclear structure of complex I [45–47].

It is known that complexes containing anisotropic
ions can manifest the properties of single-molecule
magnets (SMM), which implies the slow relaxation of
magnetization. The complexes containing the high-
spin Co2+ ion are most promising among complexes
with 3d-metal ions [48–52].

The dynamic magnetic susceptibility was measured
to determine the relaxation times of magnetization of
the cobalt ions in complex II. The measurements in
the zero magnetic field showed the absence of a signal
different from zero on the frequency dependence of
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY

Fig. 4. Frequency dependences of the (a) real (χ') and (b) imagi
sample II at different magnetic field intensities; Т = 2 K. 
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the imaginary component of the dynamic magnetic
susceptibility χ'' even at 2 K (Fig. 4), indicating a short
relaxation time of magnetization of the complex. The
application of an external magnetic field can substan-
tially increase the relaxation time of magnetization
because of a decrease in the influence of the quantum
tunneling (QT) effect. An increase in the relaxation
time can provide a possibility to observe a slow mag-
netization relaxation in a frequency range of 10–
10000 Hz accessible to the equipment used.

In the case of complex II, the application of an
external magnetic field decreases the magnetic relax-
ation rate, which makes it possible to observe the val-
ues different from zero with a maximum on the depen-
dences of χ'' on the frequency of the oscillating mag-
netic field. In order to determine the temperature
dependence of the relaxation time, the isotherms of
the frequency dependences of the dynamic magnetic
susceptibility were measured at the optimum magnetic
field intensity when the relaxation time of magnetiza-
tion is longest. The longest relaxation time corre-
sponds to the lowest frequency of the oscillating mag-
netic field to which the maximum of the frequency
dependence of the imaginary component of the
dynamic magnetic susceptibility corresponds. The
intensity of the constant magnetic field for complex II
turned out to be 2500 Oe due to measuring the dynam-
ics of the magnetic behavior of the complex in mag-
netic fields of different intensities (Fig. 5). The relax-
ation times at fixed temperatures were determined
using the approximation of the experimental data by
the generalized Debye model (lines χ" in Fig. 5).

The experimental values of the relaxation time vs.
inverse temperature plotted in the semilogarithmic coor-
dinates do not lie on one straight line (Fig. 6), indicating
that there are routes of magnetization different from the
Orbach mechanism (τ = τ0exp{ΔE/kBT}, Arrhenius
equation). The high-temperature (2.75–3.5 K) part of
the τ(1/T) dependence was approximated by the Arrhe-
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Fig. 5. Frequency dependences of the (a) real (χ') and (b)
imaginary (χ") components of the dynamic magnetic sus-
ceptibility of sample II in the temperature range 2–3.5 K
(increment 0.25 K) at a magnetic field intensity of
2500 Oe. 
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Fig. 6. Dependences of the relaxation time on the inverse
temperature τ(1/Т) for complex II at an optimum mag-
netic field intensity of 2500 Oe. Red solid line is the
approximation by the sum of the Raman and QT relax-
ation mechanisms; blue dashed line is the approximation
by the sum of the Orbach and QT mechanisms; green
dashed line is the approximation of the high-temperature
range (2.75–3.5 K) by the Arrhenius equation; and green
solid line is the approximation by the sum of the direct and
Raman relaxation mechanisms. 
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 s
nius equation in order to compare the results of our study
with other works devoted to studying the dynamics of the
magnetic behavior of the cobalt complexes. The best
approximation of the theoretical curve to the experimen-
tal data was obtained at the following parameters: τ0 =
4.1 × 10–6 s and ΔE/kB = 5 K.

In order to establish the most probable relaxation
routes of magnetization for complex II, the tempera-
ture dependence of the relaxation time was approxi-
mated in the whole temperature range using possible
relaxation mechanisms. When analyzing the experi-
mental data, the Raman relaxation mechanism
( = CRamanTn_Raman, where CRaman and nRaman are
the parameters of the Raman relaxation parameters),
QT mechanism (  = BQT, where BQT is the relax-
ation rate via the QT mechanism), and direct relax-
ation mechanism (  = AdirectH4T, Adirect is the
parameter of the direct relaxation mechanism), and
their linear combinations were used along with the
Orbach relaxation mechanism. The experimental data

1
Raman
−τ

–1
КТτ

1
direct
−τ
RUSSIAN JOURNAL OF C
are described most satisfactorily by the dependences
determined by the sum of the Raman and QT relax-
ation mechanisms with the parameters CRaman =
1756 K–n_Raman s–1, nRaman = 2.6, and BQT = 20585 s–1;
the sum of the Orbach and QT relaxation mechanisms
with the parameters τ0 = 1.8 × 10–6 s, ΔE/kB = 9 K,
and BQT = 25965 s–1; and the sum of the direct mech-
anism and the Raman relaxation mechanism with the
parameters CRaman = 2.5 K–n_Raman s–1, nRaman = 6.7,
and Adirect = 3.9 × 10–6 K−1 Oe−4 s−1 (Fig. 6). The use
of other relaxation mechanisms and their combina-
tions results in an excessive parametrization or unsat-
isfactory correspondence between the theoretical
curve and experimental data.

Sometimes the QT effect is not suppressed even by
a sufficiently strong magnetic field. However, as men-
tioned above, the external magnetic field application
noticeably affects the relaxation rate of the complex
decreasing the rate. Therefore, it can be asserted that
the QT mechanism is not involved in the relaxation of
the magnetization of the cobalt ion of complex II in a
field of 2500 Oe.

For complex II, the preexponential factor is τ0 ≈
10–6 s if taking into account the Orbach relaxation
mechanism. The relaxation times characteristic of the
overbarrier one-phonon magnetization reversal corre-
sponding to the Orbach mechanism should take values
of ~10–10–10–12 s [53]. The use of the sum of the direct
mechanism and Raman relaxation mechanism gives
the most convincing description of the experimental
OORDINATION CHEMISTRY  Vol. 48  No. 2  2022
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Fig. 7. Spectrum of compound I (powder) at 293 K.
Parameters of the theoretical model: S = 1, C = 85.7%,
|D| = 0.3512 cm–1, gz = 2.320, gx = 2.042, gy = 2.040; S =
1/2, C = 14.3%, gz = 2.300, gx = 2.055, gy = 2.055. 
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700
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dependence τ(1/T) from the viewpoint of the param-
eters of the theoretical model.

Therefore, the Raman mechanism and direct
mechanism are the most probable route for the mag-
netization relaxation of complex II.

EPR spectroscopy makes it possible to establish
unpaired electrons in coordination compounds and
determine the structure of the coordination sphere of
the ion containing unpaired electrons. The complexes
containing Cu2+ ions are excellent objects for studying
using EPR spectroscopy. In particular, the
mono/binuclear structure of complexes of this ion can
unambiguously be distinguished using EPR [54].

The EPR spectrum of complex I (Fig. 7) is a super-
position of the signal of the copper dimer (spin S = 1)
with the fine structure and the spectrum of the mono-
nuclear copper(II) complex (S = 1/2; signal in the
magnetic field range ~350 mT). The signal of the
mononuclear copper(II) complex (S = 1/2) is well
consistent with the studies by the static magnetic sus-
ceptibility method. The axial spin-Hamiltonian with
the fine structure was used for the theoretical descrip-
tion of the spectrum of the copper dimer

where S = 1; Sx, Sy, and Sz are the projections of the
full spin on the x, y, and z axes, respectively; D is the
component of the fine interaction tensor; gx, gy, and gz
are the components of the g tensor; and H is the
applied magnetic field.

The EPR spectrum described by the spin-Hamil-
tonian was simulated using the eigenfield method [55].
The best coincidence between the experimental data
and theoretical curve was obtained for the parameters
presented in the caption to Fig. 7.

At room temperature, the EPR spectrum of com-
plex II represents a broad unresolved line. An EPR
signal can be observed at room temperature only if the
Co2+ ion in the compound is low-spin. This is con-
firmed by the static magnetic susceptibility data on the
coexistence of the high-spin and low-spin cobalt com-
pounds in the studied substance.

Cobalt complex II was tested to the spin crossover
effect by NMR. The 1Н NMR spectrum of complex II
(Fig. 8) exhibits a strong signal broadening, 1Н chem-
ical shift values of several tens ppm uncharacteristic of
diamagnetic spectra, and a change in these values with
temperature (as a consequence of the Curie law),
which significantly indicates the paramagnetic nature
of the studied sample. As a rule, the nuclear relaxation
rate (and, hence, broadening) is related to the remote-
ness of the core from the paramagnetic center [56].
This regularity is also observed in the spectrum of
compound II: the signal of the methyl group is least
broadened (the full width at 1/2hmax is 8.0 Hz), the sig-
nals of the phenyl fragment protons are more broad-

( )2
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( 1) 3 ,
x x x y y y z z z

z

H g S H g S H g H S

D S S S

= β + +
+ − +
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
ened (18.5 and 27.1 Hz), and the signals of the CH
protons are broadened to the highest extent (~550 and
4000 Hz), which makes them poorly discernible in the
spectrum. Thus, the number, integral intensities, and
relaxation characteristics of the signals in the 1Н NMR
spectrum of complex II correspond to the composi-
tion of the complex, indicating its stability in a DMSO
solution. In addition, a decrease in the paramagnetic
shifts with increasing temperature indicates that no
spin transition occurs in the studied temperature range
from 293–340 K [57]. Thus, no spin crossover is
observed for this compound.
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Fig. 8. 1Н NMR spectra of complex II recorded at (a) 293 and (b) 340 K. 
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