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ABSTRACT: The hydrothermal reaction of 2-MeIlm (2-Melm: 2- 03 - Gap Energy ~

methylimidazole) with nickel sulfate hexahydrate in methanol EOL&\ £ -

afforded a mononuclear complex formulated as [Ni(SO,)(2- £, ] . %‘ : E.
Melm),(H,0),]-CH;0H (1). The title compound was described M— © -

by X-ray single-crystal diffraction, thermal assessment, IR, and O % T1'?< 20 25 ?T N~

UV—vis spectroscopy. The crystal structure of 1 is composed of oK r -E; ,\/.___\/

segregated [Ni(SO,)(2-Melm),(H,0);] neutral entities and a _ o1 b7 e *([ ) s

solvent methanol molecule. Two (2-Melm) ligands, a sulfate group, 2 oo 5 £ _;

and a water molecule reside in the equatorial positions of the .oz EP o [L ) :

vertices in this 6-fold coordination. Two aqua ligands lay in the S Fluorescence - n

apical positions, resulting in a subtly distorted octahedral AT Walonth (om)
framework, as was supported by spectroscopic analysis. The

complex’s self-assembly is firmly governed by robust O—H:--O/N—H---O interactions. Further details on these bonds have been
furnished via Hirshfeld surface scrutiny and 2D fingerprint plots. As proven by TGA/DSC analysis, raising the temperature of 1
above 60 °C instigates progressive decomposition stages, which culminates in the production of metal oxide as the ultimate product
at 700 °C. The optical analysis suggests the dielectric nature of the material with large direct and indirect gap energies of 5.25 and
4.96 eV, respectively. The results of magnetic studies suggest that 1 undergoes a transition to a magnetically ordered state below 6 K.

1. INTRODUCTION Suzuki—Miyaura and Sonogashira Coupling Reactions.'”
Previous studies have also reported some imidazole-containing
complexes to possess dominant antiferromagnetic interactions
and ferromagnetic coupling.zo’21 In addition, some exhibit
interesting luminescence properties.

Taking inspiration from the aforementioned points, we
hydrothermally synthesized a new imidazole-based complex
utilizing both 2-methylimidazole and nickel sulfate hexahydrate
that was anticipated to afford distinct arrangement, with
entrancing properties.

In pursuit of an accurate structural depiction, an apt
structural examination is conducted in conjunction with

Hydrothermal reactions guarantee favorable routes for the
preparation of novel metal-containing complexes with highly
thermodynamically stable phases and intriguing structural
configurations, imparting them with alluring characteristics"*
applicable in potential applications such as superionic
conductors,® chemical sensors,” electronic conduction,’
luminescence phosphors,’ and magnetism.” Nevertheless,
controlling the formation and structure types of the produced
complexes remains an arduous and daunting task. Countless
studies have demonstrated that the use of N-donor
heterocyclic ligands yields a profusion of structurally diversified Hirshfeld surface scrutiny, accompanied by spectroscopic,
multifunctional materials.””'® Among an extensive array of N- thermal, optical, and magnetic assessments.

donor heterocyclic ligands, imidazole and its derivatives have

triggered considerable attention for being a prominent 2. EXPERIMENTAL SECTION

structural constructor owing to their high affinity to metal,
amphoteric character, and their ability to create hydrogen
bonds and 7—z* interactions. Imidazole-bearing complexes
raise the interest of researchers not only from a structural point
of view but also from their efficiency in a plethora of Received: January 19, 2024
pharmacological and biological processes, as already proven in Revised: ~ May 31, 2024
various studies, viz. antiprotozoal, antifungal, antioxidant, Accepted:  June 17, 2024
antimicrobial, antibacterial, and antitumor properties. Fur- Published: June 26, 2024
thermore, they have witnessed their effectiveness as catalysts in

the oxidation of cyclohexane,'” 4-nitrophenol reduction,'® and

2.1. Materials and Physical Measurements. All of the
chemicals were employed as received without additional
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purification. Nickel(II) sulfate hexahydrate and 2-methylimi-
dazole were procured from Sigma-Aldrich.

Infrared measurements were undertaken at room temper-
ature using KBr pellets in the range 400—4000 cm™"' with a
Bruker Optics Vertex 70 FT-IR spectrophotometer.

Thermal analyses (combining TGA with DSC) were carried
out using a Mettler Toledo 1100 system with a UMXI1 balance
on a 9.48 mg sample within the 40—800 °C temperature range
with a heating rate of 10 K/min under an argon atmosphere.

The absorption spectra in solutions were recorded using a
Hewlett-Packard 8452A spectrophotometer in 1 X 107> M
water and DMSO solutions. Fluorescence spectra were
measured on a Xenius SAFAS spectrofluorometer in water
and DMSO (1 X 107 M) solutions.

Solid-state optical behavior was studied using diffuse
reflectance measurements performed on a Varian Cary 5000
UV—vis-NIR spectrophotometer operating at room temper-
ature in the 200—1000 nm region.

Susceptibility (derived from the ratio of the measured
magnetic moment to the applied magnetic field) and
magnetization measurements were conducted on a commercial
Quantum Design MPMS-XLS5 magnetometer. An incipient
polycrystalline sample was enclosed in a gelatin capsule
fastened to a long, uniform straw (not contributing to the
measured magnetic moment). First, the sample was cooled
down in the zero-magnetic field, a small magnetic field of 1
kOe was implemented, and the magnetic moment was assessed
during the warming up from 1.8 to 300 K. Then, the sample
was cooled back in the same applied field and magnetic
moment measured again. The magnetic moment of the gelatin
capsule obtained from the independent measurements was
subtracted from the measured magnetic moment. Subse-
quently, the diamagnetic susceptibility of the sample itself was
estimated using Pascal’s constants and subtracted.

2.2. Computational Details. Ab initio calculations were
performed using the ORCA 5.0.1 computational package.”
The crystal field parameter calculations were based on the
state-averaged complete-active-space self-consistent field (SA-
CASSCF) wave functions followed by N-electron valence
second-order perturbation theory (NEVPT2).”*~** The active
space of the CASSCEF calculations on metal-based d-orbitals of
Ni(II) ions was set as CAS(8,5) and CAS(8,10). All 10 triplet
and 15 singlet states equally weighted were included in the
state-averaged approach. The zero-field splitting (ZFS)
parameters were then calculated through the quasi-degenerate
perturbation theory,” in which an approximation to the Breit—
Pauli form of the spin—orbit coupling operator’’ and the
effective Hamiltonian theory was utilized.”'

Relativistic effects were taken into account by using the
zeroth-order regular approximation®”*® using segmented all-
electron relativistic contracted (SARC) version of the triple-¢
basis set Def2-TZVP** for all atoms. The calculations utilized
the RI approximation and the chain-of-spheres (RIJCOSX)
approximation to exact exchange35 and appropriate decon-
tracted auxiliary basis sets.”**” Tight SCF convergence criteria
were used in all calculations. Positions of hydrogen atoms in
the model molecule were optimized by the DFT method using
the B3LYP functional. The atom-pairwise dispersion correc-
tion with the Becke—Johnson damping scheme (D3BJ)***
was included. The SARC def2-SVP basis set was used for the
hydrogen and carbon atoms in the DFT calculations.

2.3. X-ray Data Collection. Diffraction data for complex 1
were obtained at 120 K by using an Oxford Gemini S

diffractometer. The determination of unit cell parameters and
data collection utilized a graphite monochromatic Mo Ka (4 =
0.71073 A) radiation source. The molecular solid-state
structure was resolved via direct methods and refined with
full-square methods on F* using SHELXS/SHELXL-2013 in
the WinGX interface.*” Positions of all non-hydrogen atoms
were determined directly. C-bonded hydrogen atoms were
geometrically fixed at determined positions and treated as
riding on their parent atoms, and a riding model was used in
the treatment of the hydrogen atom positions. The NH
hydrogen atoms were set up from the inspection of the
difference Fourier maps and coerced using DFIX 0.870 and
0.010. Crystal data and refinement results are summarized in
Table 1, and molecular graphics were generated using the

Table 1. Crystallographic and Structure Refinement Data
for 1

structural parameters

empirical formula
formula weight (g mol™)
temperature (K)
crystal system

space group

a (A)

b (A)

¢ (A)

B (deg)

volume (A%)

V4

diffractometer

Pea (mg m™)
absorption correction
crystal size (mm?)
crystal color/shape

p (mm™)

hkl range

no. of reflections collected
no. of independent reflection
F (000)

R,

wR,

GooF

transmission factors

largest difference map hole

compound (1)
CyHy,N,O4SNi
405.07
120
monoclinic
P2,/n
7.5024 (5)
16.9691 (10)
14.3776 (10)
99.837(7)
1803.5 (2)
4
Oxford Gemini S
1.492
semiempirical from equivalents
0.4 X 0.2 X 0.02
block, pale green
1.233
-8<h<8
-20<k<19
-17<51<17
100 63
3130
848
0.0520
0.1224
1.039
T, = 0.95569, T, = 1.00000

Apoin = —0.437 ¢ A% Ap,. = 1231 e A3

DIAMOND program.*' Crystallographic data are accessible in
the Supporting Information and deposited at the Cambridge

Crystallographic Data Centre.

To corroborate the structural findings, the powder X-ray
diffraction (XRD) pattern was documented (Figure S1). The
alignment observed between the experimental and simulated
patterns verifies the phase integrity of the material obtained.

2.4. Hirshfeld Surface Analysis. To explore and quantify
the intermolecular interactions in our compound, Hirshfeld
surface (HS) analysis was achieved. 3D HS and 2D fingerprint
plots (FP) are generated by importing the structure of the
crystallographic information file (CIF) in CrystalExplorer
software (version 3.1)** as an input file. The HS is constructed
based on the electron distribution that is assessed using (d,om)
given by this formula:

https://doi.org/10.1021/acsomega.4c00421
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Scheme 1. Reaction Scheme of the Synthesis of the Complex [Ni(SO,)(2-MeIm),(H,0),]-CH;0H (1)

/ N CH;0H
2 J +NiSO, 6H,0 ————— 3 [Ni(SO,)(C4HgN,),(H,0);]-CH;OH+ 3H,0
N
vdw vdw
d _ di -1 de — T
norm vdw vdw 100
i e (1)
where d, ., stands for the normalized contact distance, which o
permits the pinpointing regions of particular significance to the S
intermolecular interactions, d, is the distance from a point on g
the surface to the nearest internal nucleus, d, is the distance £ 94
from a point on the surface to the nearest nucleus external to E
the surface, and /™ and r'*" correspond to the van der Waals E
radii of the atoms. 85 -
Within a scientific framework, a color spectrum spanning
from red (indicating distances shorter than van der Waals
separation) to blue (indicating distances longer than van der 801
Waals separation) is utilized to highlight significant areas in the , : . . : : :
4000 3500 3000 2500 2000 1500 1000 500

dnorm map.

3. SYNTHESIS PROCESS, RESULTS, AND DISCUSSION

3.1. Synthesis Process. Compound 1 was synthesized via
a hydrothermal procedure in a sealed Teflon-coated stainless-
steel autoclave under autogenous pressure, which contains
nickel(I) sulfate hexahydrate and 2-methylimidazole in a
molar ratio of 1:2, and 7 mL of methanol. Then, it was placed
inside a programmable stove and subjected to heating for 24 h
at 140 °C (with a heating rate of S °C/min). Subsequent
cooling of the autoclave to 100 °C at the same rate was
followed by a 24 h incubation period at this temperature before
gradual cooling to room temperature at a rate of 2 °C/min.
The resulting pale green crystals were separated via filtration,
washed, and recrystallized from methanol. The yield of this
synthesis method was around 84%. The reaction scheme of the
synthesis of complex 1 is given below (Scheme 1).

The elemental analysis was carried out to validate the
composition of complex 1. The outcomes indicated the
presence of H: 5.335(3)% (theor. 5.436%), C: 26.515(2)%
(theor. 26.687%), N: 13.742(2)% (theor. 13.837), O:
31.743(3)% (theor. 31.629), and S: 8.112(2)% (theor.
7.907). These experimental results strongly corroborate the
molecular formula of the complex, confirming its precise
composition and structural stability.

4. RESULTS AND DISCUSSION

4.1. Infrared Spectroscopy. According to the literature,
IR characteristic bands were tentatively assigned (Figure 1).
The broad peaks observed in the range [3500—3200] cm™ are
assignable to the O—H stretching vibration of methanol and
water molecules. The weaker ones around 3136-3156 cm™" are
typical for the stretching vibration of C—H in the imidazole
ring together with ¥(N—H) of the secondargr amine group,
proving the neutrality of the organic ligand."’ The relatively
faint peaks between the 2800 and 3000 cm™' spectral range
represent the methyl group of 2-MeIm. The band around 1648
cm ™! corresponds to vibrational mode v(C=N). Compared to
the spectra of the free organic ligand, this band is shifted
toward lower wavenumbers, which denote its coordination
with the metal through a pyridine-type nitrogen atom.** The
C—C and C—N stretch vibrations of the 2-Melm appear

29312

Figure 1. Infrared spectra of 1 (KBr pellet).

between the 1400 and 1600 cm™ range. Stretching vibration
modes of the 2-Melm ring are detected in the wavenumber
range [1100—1400] cm™, while deformation vibration modes
are observed in the range [650—850] cm™". The strong band
around 750 cm™! corresponding to vibration mode p,(H,0)
proves the involvement of the water molecules in the
coordination environment of the nickel complex."> Alongside
the mentioned typical bands for the organic ligand and the
water molecules, three bands appear at 970, 1111, and 630
cm™, assignable to v, v, and v, of (—SO,) group in a (C,,)
symmetry, confirming its monodentate coordination.

Therefore, the IR data are significantly consistent with the
results obtained from the crystallographic data.

4.1.1. Thermal Behavior. As can be seen in Figure 2, the
thermal decomposition initiates at 60 °C with the liberation of
the methanol and three water molecules with a calculated mass
loss of 21.2% (exp 21.1%), coinciding with an endothermic
peak on the DSC curve. The resulting anhydrous compound is
thermally stable until 280 °C, and then two (2-Melm)
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9 L 20 Top
% 60 z
g
2 L 15 £
= =
o0 ©
z 407 F10 2
ll{ndo
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Figure 2. Simultaneous TG-DTA curves for the decomposition of 1.
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molecules are released in an oxidative degradation between
280 and 410 °C as two overlapped processes associated with
an exothermic effect (calc. mass loss 40.5%, exp. 40.2%).
Continued heating of the remainder of the complex results in
the loss of the sulfate group, producing a strong exothermic
effect (calc. mass loss 23.7%, exp. 22.8%). Ultimately, thermal
decomposition above 700 °C is anticipated to produce nickel
oxide (NiO).

4.1.2. Crystal Structure Determination. The molecular
arrangement of 1 (Figure 3) consists of a [Ni(SO,)(2-
Melm),(H,0);] neutral entity and a solvate methanol
molecule. The crystalline form belongs to the monoclinic
P2,/n space group.

0

@‘a
Figure 3. ORTEP representation (at a 50% probability level)
showcases the asymmetric unit of the molecular structure of 1,
alongside the atom numbering scheme. For clarity, hydrogen atom
labels have been left out.

More in-depth information about bond lengths (A), bond
angles (deg), and torsion angles (deg) is listed in Table SI.

Two distinct 2-Melm ligands, three water molecules, and a
sulfate group ligate the nickel(II) center to construct a slightly
distorted octahedron, as indicated by the values of the angles
(N1-Ni—N3= 93.961(2)°, 02—Ni—04= 85.225(2)°, 04—
Ni—N1= 89.600(2)°, and O2—Ni—N3= 91.202(2)°). Two
oxygen atoms of the water molecules occupy the axial positions
(03—-Ni—O1= 171.842 (2)°), while the equatorial plane is
built up with the third water molecule, the sulfate anion plus
two nitrogen atoms from the organic ligand. As can be seen in
Figure 3, the nitrogen atoms of the amine are cis to each other,
with a fac-disposition of the aqua ligands. The angle formed
between the two imidazole rings is measured at 55.394°. The
central ion is practically located in the equatorial plane with a
deviation of —0.0294 A. The bond angles around the Ni-center
range from 89.600(2)° to 171.842(2)°; Ni—N bond lengths
are equal to 2.046(4) and 2.053(4) A, while the Ni—O bond
lengths vary from 2.083(3) to 2.114(3) A. Those values align
well with those observed in other hexacoordinated nickel
imidazole analogues."”**

The packing of the different molecular entities is shown in
Figure 4; the projection along the a-axis discloses a
supramolecular layered structure built of an alternate stacking
of organic layers, between which the inorganic units were
intercalated. The closest Ni--Ni spacing is 5.1621(2) A. A
labyrinthine network of hydrogen bonds guarantees the
connectivity of the various constituents within the crystal
lattice (Table S2). The methanol molecule participates via its

<

Figure 4. Packing of 1 along the crystallographic a-axis.

hydroxyl group hydrogen-bonded to the N atom of the organic
ligand, conjointly with its interactions with water molecules
and the sulfate group. O1 and O3 act as bifurcated donors with
04, 07, and 04, O2, respectively. Conversely, atoms O8, OS,
06, and O7 partake in bifurcated acceptor interactions. Thus,
all oxygen and noncoordinated nitrogen atoms in 1 engage in
intermolecular interactions, resulting in a robust hydrogen-
bond network. Supplementary C—H:--z interactions (Figure
S2), created between the organic ligands, complement the
stability of the packing toward 3D assembly.

4.1.3. Hirshfeld Surface Analysis. Figure S showcases a
visualization of the three-dimensional Hirshfeld surface for
compound 1, where the normalized contact distance is plotted
against the electrostatic potential energy range from —0.7101
to 2.4247 atomic units.

The bright-red circular spots on the d,, surface highlight
the predominance of O—H--O hydrogen bonding of the O—
H--O ions arising from the interaction of the coordinated
water molecules and the sulfate group with neighboring
molecules.

The generated 2D fingerprint plots (Figure S3) consistently
underline the preponderance of H--H and O--H/H--O
intermolecular contacts in the crystal stability, accounting for
49.6 and 41.3% of the total HS, respectively. The C--H-7
interactions, referred to as C--H interactions and depicted as a
wing pair in the FP, represent 4.7% of the contribution.
Additionally, the existence of those interactions can be
evidenced on the HS mapped over the shape index (Figure
S4), showing intense red spots above the (2-Melm) ring
system and blue blots adjacent to the C--H donor.

Moreover, certain other interactions with minor quantitative
involvement in sustaining the crystal packing are observed,
such as H-N/N-H (1.5%), C--C (1.1%), and C-N/N--C
(1%) contacts. A summary of the main intermolecular contacts
contributing to the supramolecular assembly is illustrated as a
histogram in Figure 6.

4.2, Optical Properties. 4.2.1. Absorption Properties.
The solid-state diffuse reflectance spectrum of the synthesized
complex was recorded between 200 and 1000 nm. According
to Kubelka—Munk (K M) function (eq 1, where R is the
sample reflectance),””" the reflectance spectrum has been
transformed into absorption spectrum F(R) (Figure 7). The
UV—vis spectrum of the investigated complex bears a
resemblance to the absorption spectra of octahedral Ni(II)

https://doi.org/10.1021/acsomega.4c00421
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Figure S. Hirshfeld surface mapped with d., around the
asymmetrical unit of 1.

| C-N/N-C; 1%

I C-C; L1%

- C-HH-C; 4.7%

0 10 20 30 40 50 60

Figure 6. Proportional impacts of intermolecular interactions on the
Hirshfeld surface area for 1.

complexes with N, O donors.”’ ~>* The material displays an
intense absorption band below 250 nm and a low band around
391 nm resulting from Ligand—Ligand charge transfer (LLCT)
and Ligand—Metal charge transfer (LMCT), respectively.

(1-R’_K
2R S )

As shown in the inset of Figure 7, the spectrum displays
broad absorption bands between 545 and 1000 nm, which
originate from the d—d transitions within the Ni** cations.
Spellbinding research on electronic structures of octahedral
Ni(II) complexes with N,0,,°" N;0;, N,O,, and Ng** donor
sets has been reported. All of these studies substantiated the

F(R) =

{

F(R) (a.u)

F(R) (a. u)

800
Wavelength (vm)

200 300 400 500 600 700 800 900 1000
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Figure 7. K-M absorption spectra of 1.

dependence of the observed d—d transition energies on the

donor stets and then on the symmetry site of the Ni** ions.
The best multipeaks fitting of the absorption bands observed

above 550 nm (Figure 8) shows the existence of three d—d

l 655 ]
B 748
& 1018
g
600 800 1000

Wavelength (nm)

Figure 8. Three peaks Gaussian fitting of the d-d transitions within 1.

transitions around 655 nm (15267 cm™), 748 nm (13 368
cm™!), and around 1018 nm (9823 cm™). Such observed
transitions are characteristic of Ni(II) complexes with N,O,
coordination spheres, where the NiN,O, octahedra have
elongated D,;, geometry.”' According to the similar Ni(II)
complexes previously reported, the NiN,O, })olyhedron
displays six triplet—triplet d-d transitions.”">>>® For the
[Ni(CMA),(Im),(MeOH),]>” (CMA = 9,10-dihydro-9-oxo-
10-acridineacetate ion), where Ni—N and Ni—O distances of
the NiN,O, octahedron are close to those of our complex, four
d—d transition bands are observed at about 16 020, 13 855,
10770 and 8220 cm ™. These bands are assigned to transitions
from the ground-state *B,, to °E, (*T,,—Oy,) *A,,, °B,, and °E
' g g g , Py P g
(°T1i—O), respectively.’
The direct and indirect fundamental bandgap energies of the
synthesized complex have been investigated using the Tauc
relation (eq 2).

[F(R) x h]"'™ = A(hv — Eg) (3)

where A stands for a constant, h represents Planck’s constant,
and v denotes the photon frequency.

The graph of [F(R)hv]* and [F(R)hv]"? vs hv (Figure 9)
shows that 1 is particularized by direct and indirect gap energy
of 5.25 and 4.96 eV, respectively. This large gap value confirms
the dielectric property of the synthesized complex and makes it
suitable for optoelectronic applications.”®~*
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Figure 9. Tauc plots of the direct and indirect gap energies.

To scrutinize the impact of the solvent on the absorption
properties of 1, we recorded the absorption spectra in H,O and
DMSO solutions. As shown in Figure 10, the absorption in

|
o
o

P ——
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200 300 400 500 600
Wavelength (nm)

Figure 10. Absorption spectra of 1 in water and DMSO.

water closely resembles that in the solid state. However, in
DMSO, the intense band observed in the UV region resulting
from LLCT is shifted to the highest wavelengths with
deconvolution of different electronic transitions that con-
tributed to this band. The absorption spectrum in DMSO is
comparable to that of octahedral nickel(1I) complex with N,O,
donors, [{NiL(MeOH)(1-OAc)},Ni]-4CH,Cl,, that has been
measured in dichloromethane solutions.”

4.2.2. Photoluminescence Properties. The photolumines-
cence spectrum of 1 has been recorded in water and DMSO
under an excitation wavelength of 222 and 268 nm,
respectively. As depicted in Figure 11, in DMSO, the complex
exhibits a broad emission centered at 336 nm, which is
observed at 357 and 365 nm in the previously reported Ni(II)
complexes.’’ This band was attributed to the 7—z* transition.
In water, our compound exhibits two emission bands at around
334 and 377 nm.

4.3. Magnetic Properties and Theoretical Calcula-
tions. The magnetic properties of 1 were studied in the
temperature range between 1.8 and 300 K. The room-
temperature value of yT = 1.34 emuK/mol (the effective
magnetic moment fi ¢ = 3.28 g, where yy is Bohr magneton)
is typical for Ni(II) ions (3d®, spin S = 1) in the paramagnetic
limit. The temperature dependence of the yT product of 1 in
Figure 12 shows an increase with the lowering temperature,
followed by a steeper decrease down to the lowest temper-
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- ——DMSO
3
&
=
‘®
2
2
£
I
o
300 400 500
Wavelength (nm)
Figure 11. PL spectrum of 1 under A= 222 nm.
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Figure 12. Temperature dependence of the yT product of 1
(symbols) in the ZFC regime, including the fit of the FM spin
chain model in the high-temperature region (solid red line) at
temperatures above the magnetic ordering. The inset shows the ZFC
and FC susceptibility behavior with the magnetically ordered state
suggested below 6 K.

atures. A difference between zero-field-cooled (ZFC) and field-
cooled (FC) magnetic response was observed in the magnetic
susceptibility, measured in the applied magnetic field of 1 kOe,
shown in the inset of Figure 12 below 7 K. The ZFC
susceptibility subsequently dropped below 6 K.

A hysteretic behavior was then observed in the field
dependence of the magnetization at 1.8 K with a coercive
field of 300 Oe, as shown in the inset of Figure 13 as an
indication of long-range magnetic order. An increase of the yT
could not be associated with the presence of isolated Ni(II)
ions only in 1 described by the spin Hamiltonian, which
includes an axial ZFS parameter D and a rhombic parameter E.
A ferromagnetic (FM) exchange coupling between the Ni(II)
centers must be considered due to an extensive network of
hydrogen bonds mediating the exchange coupling. Besides, the
drop in susceptibility below 6 K could be explained by the
competition between the major FM and an additional
antiferromagnetic (AFM) exchange coupling. The presence
of a relatively strong exchange coupling mediated by hydrogen
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Figure 13. Initial magnetization curves of 1 (symbols) in rescaled
coordinates measured at several temperatures. The inset shows the
hysteresis of the magnetization loop observed at 1.8 K.

bonds in Ni(I) coordination complexes is not unusual, e.g,,
in.” The field dependence of the magnetization measured at
different temperatures was plotted in the rescaled coordinates
in Figure 13. The deviation between magnetization curves in
Figure 13 over the whole field range suggests an interplay of
the exchange coupling and magnetic anisotropy described by
the spin Hamiltonian; if FM coupling was only taken into
account, the curves would tend to meet at high H/T at low
temperatures.

To assess the ZFS parameters, ab initio calculations were
performed in the ORCA on isolated neutral [Ni(SO,)(2-
Melm),(H,0);] molecules. The SA-CASSCF/NEVPT2 cal-
culations using the atom positions estimated from X-ray
diffraction are summarized in Table 2. The positions of
hydrogen atoms were optimized using the DFT method before
such calculations. The obtained values suggest that ZFS in 1 is
characterized by the easy-plane type of anisotropy (D > 0) with
a relatively large rhombic contribution. Usually, ZFS
parameters and exchange couplings are highly correlated in
the analysis of magnetic response, and several experimental
methods need to be implemented to assess all parameters
accurately, as shown in.>*** No simple formula for the
susceptibility (or magnetization) analysis is available to
account for the complicated exchange-coupling network
mediated by hydrogen bonds and ZFS in 1. The main
exchange path could be forming spin chains along the
crystallographic a-axis through H,0 and SO, groups or along
the crystallographic c-axis through 2-Melm ligands. Therefore,
the high-temperature part of the susceptibility well above the
magnetic ordering was analyzed using an anisotropic S = 1 FM
chain model with Hamiltonian in the form of —]).S:S;,
derived by Fisher® as

NG S(S+ 1)1 4

)(chain - 3kBT 1—u (4)
JS(S + 1) kT
u = coth —
kyT JS(S + 1) (8)

with exchange-coupling constant J, Avogadro constant N, and
Boltzmann constant kg. The predicted D value of about 5 K
and additional AFM correlations may be neglected at
sufficiently high temperatures. A contribution of the temper-
ature-independent paramagnetism and a possible correction to
the estimation of diamagnetic susceptibility of the sample was
included as ¥ = Yqin + Xo- A fit of the temperature dependence
of the T in Figure 12 yielded the estimate of a dominant FM
exchange-coupling J/ky = 3.25 K with an average g-factor g =
2.242 and y, = 2.7 X 107* emu/mol. Further high-frequency
electron paramagnetic resonance or inelastic neutron scattering
experiments on sufficiently large single crystals are possibly
necessary to estimate the parameters accurately.

5. CONCLUSIONS

To summarize, a novel imidazole-based complex was
effectively synthesized. Its crystal arrangement was solved
and refined from X-ray diffraction data, which shows that the
asymmetric unit incorporates one crystallography-independent
[Ni(SO,)(2-Melm),(H20);] fragment and a solvent meth-
anol molecule. The central Ni(II) metal ion is coordinated by
two nitrogen atoms derived from two neutral (2-Melm)
ligands, a sulfate group, and a water molecule in the equatorial
plane of a distorted octahedron, whose coordination sphere is
completed by two aqua ligands occupying the axial positions.
The great number of potential hydrogen-bond donors and
acceptors in 1, i.e., two N—H groups and three noncoordinated
sulfate oxygen atoms, H,0, and MeOH molecules, enables the
formation of a rigid hydrogen-bonding network. Additional
weak intermolecular C—H---7 contacts established among the
organic ligands enhance the rigidity of the complex. A thermal
study reveals that 1 undergoes three decomposition steps,
leading to the metal oxide as a final expected product. The
optical analysis suggests the dielectric nature of the material
with large direct and indirect gap energy of 5.25 and 4.96 eV,
respectively. The photoluminescence response of 1 in water
and DMSO shows ultraviolet emission. The examination of the
magnetic results implies the presence of a relatively strong
exchange coupling mediated by hydrogen bonds in 1, which
yields magnetic ordering at temperatures below 6 K.
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