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Reaction of 2-hydroxy-acetophenone (HL) or 2-hydroxy-benzophenone (HL') with nickel(i) acetate
provides the tetrakis-[(uz-methanolato-k*0:0:0)(methanol-kO)(2-oxyacetophenone-«20,0")nickel(n)],
INi(L)(u3-CHsO)(CH3OH)l,4 (1) or tetrakis-[(uz-methanolato-k>0:0:0)(aqua-kO)(2-oxybenzophenone-
k20,0")nickel(i)] monohydrate, [Ni(L’)(uz-CH3O)(H,0)l4-H,O (2). Molecular structure determination
demonstrates each nickel(i) ion is six-coordinate with a distorted octahedral geometry defined by
three oxygen atoms from three methoxide fragments, a methanol (1) or water (2) molecule, and two
oxygen atoms from the acetophenonate (L™) or benzophenonate (L'7) ligand, such that the four nickel
atoms and four methoxide groups represent a cubane-type structural topology with each methoxide
fragment bridging three of the metal centers. Stabilization of the cubane core occurs via
O-H---O hydrogen bonds. Solid-state magnetic measurements
computational modeling confirm dominant ferromagnetic interactions for the compounds, attributed
to their cubane topology and the Ni-O-Ni angles adopting values lower than 100°. Thermogravimetric
analysis (TGA) suggests thermal decomposition of the complexes with successive release of the lattice
water, coordinated solvents (MeOH or H,0), OCH3 groups and fragmented ligand species, supported
by differential scanning calorimetry (DSC) studies. Cyclic voltammetry reveals a quasi-reversible two

intramolecular along with
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Introduction

Polynuclear compounds containing paramagnetic metal
centres show potential applications in various areas, including
biomimetic systems to study multielectron transfer mecha-
nisms and enzyme active sites,"* catalysis** and in magnetic
materials.>* Magnetic interaction among paramagnetic metal
centers is noteworthy for conceptual purposes™ in particular for
understanding the relationship between structural and
magnetic features for the improvement of molecular magnetic

“Department of Chemistry, Jahangirnagar University, Dhaka-1342, Bangladesh.
E-mail: enamullah@juniv.edu

*Department of Chemistry, University of Manitoba, 144 Dysart Road, Winnipeg,
Manitoba, R3T 2N2, Canada

‘Institut fiir Anorganische Chemie und Strukturchemie, Universitdt Diisseldorf,
Universitdtsstr. 1, D-40225 Diisseldorf, Germany. E-mail: janiak@uni-duesseldorf.de
“Institute of Physics of Materials, Czech Academy of Sciences, Zizkova 22, 61662 Brno,
Czech Republic

Department of Inorganic Chemistry, Faculty of Science, Palacky University Olomouc,
Olomouc 77146, Czech Republic

T Dedicated in memory of Professor ABP Lever, Department of Chemistry, York
University, Toronto, Canada.

1 Electronic supplementary information (ESI) available. CCDC 2367079 and
2367080. For ESI and crystallographic data in CIF or other electronic format see
DOI: https://doi.org/10.1039/d4ra08700c

4250 | RSC Adv,, 2025, 15, 4250-4261

electrons charge transfer process in N,N-dimethylformamide.

materials including single-molecule magnets (SMMs)."**
Nickel(n) complexes with high nuclearity have attracted
substantial attention as models for metal-containing sites.*®
Major efforts have been made to synthesize cubane-type Ni,O,
clusters, employing appropriate chelating ligands that can
concurrently function as both terminal as well as bridging
ligands for nickel(u) ions. Tetranuclear nickel(n) compounds
containing diketones or diketone like salicylaldehydates have
been well-established and have received considerable
interest.**">’

Currently, there is rising curiosity regarding the architecture
of active sites and catalytic functions of metalloenzymes and
enzymatic transformation of urea in the domains of medical
and agricultural chemistry that also include the nickel(u)
ions.”®*** Salicylaldehyde and its derivatives possess significant
coordination abilities with 3d transition metal ions, making
them useful in various areas of pure and applied chemistry. The
symmetrical NisO, cores have been extensively studied to
understand their crystal structures and magnetic properties. In
Ni O, cubane type compounds, the exchange interaction has
been found to be correlated with the Ni-O-Ni angle.**%” Several
theoretical models of super-exchange propose that the interac-
tion between the spins of two d® Ni(n) ions connected by an
oxide ion and coordinated in an octahedral manner, will be

© 2025 The Author(s). Published by the Royal Society of Chemistry
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positive (ferromagnetic) when the M-O-M angle is 90° and
negative (antiferromagnetic) when it is 180°.***” The tetranu-
clear nickel cubane-like core (Ni,O,) compounds consist of four
identical pz-O bridges, which can arise from OCH; **7**** or
OH* moieties.

We report herein the syntheses, molecular structures and
supramolecular analyses, thermal and electrochemical studies
of the tetranuclear [Ni(L)(p3-CH;0)(CH30H)], (1) and [Ni(L')(ps-
CH;0)(H,0)];-H,0 (2) (L™ = 2-hydroxy-acetophenonate or L'~ =
2-hydroxy-benzophenonate). Each nickel center is supported by
a deprotonated ligand and three of the methoxide bridging
units with either a methanol (1) or a water (2) molecule
completing the coordination sphere, resulting in a distorted
octahedral geometry around the metal ion. Each mononuclear
unit is further connected to the other by Ni-Ni and Ni-O-Ni
linkages, forming a tetranuclear cubane-type cluster. Although
a similar structure of 2 was reported earlier,*” but it contains
MeOH as coordinated solvent instead of H,O in 2. In addition,
there is a lattice H,O molecule in the structure of 2, which
connects two-symmetry related tetranuclear-Ni units via two
intermolecular hydrogen bonds. The complexes are further
tested for magnetic properties in the solid-state along with
computational modeling.

Results and discussion

2-Hydroxy-acetophenone (HL) or 2-hydroxy-benzophenone
(HL') reacts with nickel(n) acetate to give the tetranuclear
Ni(un)-complexes of tetrakis-[(1;-methanolato-k*0:0:0)(metha-
nol-k0)(2-oxyacetophenone-k*0,0" )nickel(n)],  [Ni(L)(n3-CHj-
0)(CH;0H)], (1) or tetrakis-[(uz-methanolato-k>0:0:0)(aqua-
k0)(2-oxybenzophenone-k>0,0 )nickel(u)] monohydrate,
[Ni(L")(n3-CH30)(H,0)]4-H,O (2) (Scheme 1). We trace the
formation of methanolate (CH;07) as a ligand in the tetranu-
clear clusters to the deprotonation by hydrogencarbonate.
Although HCO;™ is a weak base the acid-base equilibrium is
irreversibly shifted to the side of deprotonated methanol by the

R
0 Ni-acetate/NaHCO3
—_—
MeOH, Reflux
OH 7 - 8hrs

R = CHj : 2-hydroxyacetophenone (HL)
R = Ph : 2-hydroxybenzophenone (HL')
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escape of CO, from equilibrium under reflux (CH;0H + HCO; ™~
— CH30  + H,0 + CO,1). Vibrational spectra feature main
characteristic bands at 1616 (1) and 1604 (2) cm ™" for »(C=O0)
(Fig. S1}). A weak broad band is found at 3449 cm ™ for »(H,0)
in 2. Electron impact (EI) mass spectra show the ion peak at m/z
= 295 (1) and 452 (2), attributed to the monoligated species
(Fig. S21). The very low molar conductance (4,,) values of 1.53
(1) and 1.37 (2) suggest non-electrolyte nature of the complexes
in DMF at 25 °C.

Electronic absorption spectra

Electronic absorption spectra (UV-vis) for 1 and 2 in chloroform
(Fig. S31) feature several bands/shoulders below 450 nm, due to
intra-ligand n — w*/m — 7* electronic transitions (LL) for the
coordinated 2-oxy-aceto- or benzo-phenonate ligands. The
spectra further show a weak broad band in the visible region (ca.
550-950 nm), attributed to superposition of several metal-
centered d-d electronic transitions (MM) for the nickel(i) d*-
electrons (Fig. S3,1 inset).**™”

X-ray crystal structure determination

X-ray diffraction confirmed the formation of the cubane-type
cluster, with four Ni atoms occupying four vertices of the
cube, and the remaining vertices being occupied by the oxygen
atoms of triply-bridging methoxide groups (Fig. 1). Complex 1
crystallized in the monoclinic space group P2,/c, and 2 crys-
tallized in the triclinic space group P1. In both complexes, each
Ni atom is coordinated to one bidentate O*O-chelate from
acetophenonate (L7) or benzophenonate (L'") and three
bridging ps;-methoxide groups, with a terminal non-bridging
methanol (1) or water (2) molecule completing the six-
coordinated distorted-octahedral geometry around the metal
center, representing a cubane-type structural topology.**~>*
Further, there is a lattice H,O molecule in the unit cell of the
crystal structure of 2 (Fig. S5f). On the contrary, a similar
structure of compound 2 was reported earlier*?” which contains
MeOH as coordinated solvent instead of H,O in 2 with no

R

INi(L)(13-CH30)(X)]4 (X = CH30H, 1)
[Ni(L')(13-CH30)(X)la H20 (X = H20, 2)

Scheme 1 Synthetic route to the formation of tetranuclear [Ni(L)(uz-CH3sO)(X)14 and [Ni(L')(n3-CH3O0)(X)l4-H,O (X = CHsOH, 1 or H,0, 2)

complexes.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Molecular structures of 1 (a and b) and 2 (c and d) with thermal ellipsoids (in (a and c)) at 50% probability levels, and (b and d) emphasizing
the cuboidal core by showing only the six-membered chelate ring part of L~ and L', along with hydrogen bonds as dashed orange lines from
CH3OH (1) or H,O (2) to the phenolate oxygen atom (H bond details are given in Tables S1and S2 in ESI). The water molecule that was found to
be a part of the lattice of 2 is not shown for clarity purposes (cf. Fig. S51).

lattice H,O. However, the Ni-Ni and Ni-O bond distances
(Table 1) are in good agreement within the expected values
found in related Ni O, cubane-type clusters.**>*

X-ray analysis in 1 shows four strong charge-supported intra-
molecular hydrogen bonds between the alcoholic hydrogen (O-
H) of coordinated methanol and the phenolate-oxygen atom in
the cuboidal core (Fig. 1b and Table S17}). Similarly, compound 2
contains four strong intramolecular hydrogen bonds between the
hydrogen atom of coordinated H,O and the phenolate-oxygen
atom (Fig. 1d and Table S2}). In addition, two-symmetry
related tetranuclear-Ni complexes are connected via two inter-
molecular hydrogen bonds from the hydrogen atom of coordi-
nated H,O to the oxygen atom of lattice H,O molecule, and the
phenolate-oxygen atom of the neighboring molecule to the same
lattice H,O in 2 (Fig. S5 and Table S2}).

The Hirshfeld surface analysis provides a quantitative
assessment of the intermolecular interactions contributing to the
crystal packing in the complexes. The 2D fingerprint plot of
Hirshfeld surface using the program CrystalExplorer®>* shows all
contributions from closest contacts (Fig. 2, right: for a detailed

4252 | RSC Adv, 2025, 15, 4250-4261

breakdown see Fig. S6 and S71). The highest contribution to the
crystal packing arises from H---H interactions (e.g., 77.9% for 1
and 65.5% for 2 of the total contacts), which highlights the
prevalence of van der Waals forces between the hydrogen atoms
in organizing the crystal structure. The second highest contri-
bution includes the C---H contacts (19.0% for 1 and 27.4% for 2),
an indicator of C-H:--w and C-H---C interactions, which play
a critical role in modulating the packing arrangements. The
O---H interactions (2.9%) reflect a weak hydrogen bonding in 1,
while 6.1% indicate an increased role of polar hydrogen bonding
in 2 with the crystal water molecule. The comparative studies of
Hirshfeld surface features distinct differences in the intermo-
lecular interaction profiles of the two complexes. Complex 1
shows higher dependence on the nonpolar H---H interactions
(van der Waals forces), in contrast, complex 2 proves a more
diverse interactions scenario, with increased contributions from
C---H and O---H contacts, which are indicative of enhanced polar
interactions and hydrogen bonding. These differences are
attributed to variations in molecular geometry, functional group/
solvent distributions, or crystallographic environments between

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Selected bond lengths (A) and angles (°) in 1 and 2

Complex 1 Complex 2

Bond lengths/A

Ni1-01 2.053(1) Ni1-01 1.997(2)
Ni1-03 2.037(1) Ni1-02 2.022(2)
Ni1-04 2.051(1) Ni1-09 2.049(2)
Ni1-011 1.985(1) Ni1-010 2.055(2)
Ni1-012 2.031(1) Ni1-012 2.059(2)
Ni1-013 2.123(1) Ni1-013 2.130(2)
Ni2-01 2.044(1) Ni2-03 2.039(2)
Ni2-02 2.060(1) Ni2-04 2.017(2)
Ni2-04 2.044(1) Ni2-09 2.079(2)
Ni2-08 1.994(1) Ni2-011 2.042(2)
Ni2-09 2.022(1) Ni2-012 2.050(2)
Ni2-010 2.131(2) Ni2-017 2.146(2)
Ni3-02 2.043(1) Ni3-05 1.995(2)
Ni3-03 2.063(1) Ni3-06 2.016(2)
Ni3-04 2.056(1) Ni3-09 2.056(2)
Ni3-014 1.981(1) Ni3-010 2.046(2)
Ni3-015 2.033(1) Ni3-011 2.043(2)
Ni3-016 2.125(2) Ni3-014 2.162(2)
Ni4-01 2.058(1) Ni4-07 1.992(2)
Ni4-02 2.055(1) Ni4-08 2.034(2)
Ni4-03 2.059(1) Ni4-010 2.042(2)
Ni4-05 2.010(1) Ni4-011 2.071(2)
Ni4-06 2.024(1) Ni4-012 2.042(2)
Ni4-07 2.114(1) Ni4-015 2.140(2)
Intermetallic distances/A

Ni1---Ni2 3.0503(5) Ni1---Ni4 3.0272(7)
Ni1---Ni3 3.0520(5) Ni2---Ni1 3.1353(7)
Ni1---Ni4 3.1294(4) Ni2---Ni3 3.0612(8)
Ni2---Ni3 3.1193(4) Ni2---Ni4 3.0500(7)
Ni2---Ni4 3.0627(5) Ni3---Ni1 3.0285(7)
Ni3---Ni4 3.0508(5) Ni3---Ni4 3.1092(9)
Bond angles/°

Ni1-01-Ni2 96.24(5) Ni1-010-Ni4 95.28(8)
Ni1-O1-Ni4 99.13(5) Ni1-0O12-Ni4 95.13(8)
Ni2-01-Ni4 96.58(5) Ni2-09-Ni1 98.84(8)
Ni2-02-Ni3 98.99(5) Ni2-011-Ni3 97.10(8)
Ni2-02-Ni4 96.21(5) Ni2-011-Ni4 95.75(8)
Ni3-02-Ni4 96.24(5) Ni2-09-Ni3 95.54(8)
Ni1-03-Ni3 96.21(5) Ni2-012-Ni1 99.45(8)
Ni1-O3-Ni4 99.63(5) Ni2-012-Ni4 96.37(8)
Ni3-03-Ni4 95.48(5) Ni3-09-Ni1 95.08(8)
Ni1-04-Ni2 96.29(5) Ni3-010-Ni1 95.22(8)
Ni1-04-Ni3 95.97(5) Ni3-010-Ni4 99.03(8)
Ni2-04-Ni3 99.06(5) Ni3-011-Ni4 98.20(8)

the two complexes. The Hirshfeld surface, mapped with the d-
norm property, represents several red spots for the closest
contacts and blue ones for the most distant contacts from inte-
rior and exterior to the surface, respectively (Fig. 2, left).

TGA and DSC analyses

Thermogravimetric analysis (Fig. 3) demonstrates that compound
1 undergoes an initial mass loss of ca. 3% at 35-100 °C, attributed
to the elimination of one molecule of coordinated CH;0H (theor.
3.1%). Upon increasing the temperature, a mass loss of ca. 9% at
100-135 °C is detected due to release of three CH;OH groups
(theor. 9.3%). An elimination of one salicylaldehydate and one

© 2025 The Author(s). Published by the Royal Society of Chemistry
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CH;O0 is observed with a gradual mass loss of ca. 14% (theor.
14.7%) at 135-300 °C. However, the largest mass loss of ca. 44% is
shown at 300-350 °C due to decomposition of three salicylalde-
hydates and three OCHj; groups (theor. 44.1%). The residual mass
of ca. 27% at 1000 °C corresponds to a mixture of Ni and NiO
(theor. Ni 22.8%, NiO 29.1%). Accordingly, compound 2 under-
takes an initial mass loss of ca. 2% at 35-80 °C, attributed to the
loss of the lattice H,O molecule (theor. 1.5%) and a subsequent
mass loss of ca. 6% upon increasing temperature up to 130 °C due
to the release of four molecules of coordinated H,O (theor. 5.8%).
The mass loss between 130-500 °C of 70% correlates with the loss
of the four phenyl-salicylaldehydate and four OCH; groups (theor.
73.7%). The residual mass of ca. 17% at 1000 °C corresponds to Ni
(theor. Ni 19.0%, NiO 24.1%).%2b<>455

The thermal stability of the complexes was further investigated
by differential scanning calorimetry (DSC) in the range of 30-300 °
C (Fig. 4).*+*>*7°5%° The DSC heating curves feature several endo-
thermic peaks at ca. 62, 145, 209 and 231 °C for 1 and ca. 67, 129,
169 and 187 °C for 2, correspond to the release of the lattice water,
coordinated solvents (MeOH or H,0), OCH; groups and frag-
mented ligand species resulting from thermal decomposition of
the complexes, in parallel to TGA analyses. The DSC cooling curves
display no peaks in the reverse direction, suggesting an irreversible
phase transformation associated to the thermal decomposition.

Electrochemistry

Cyclic voltammograms for 2 were recorded from —1.40 to
1.00 V vs. Ag/AgCl at varying scan rates in N,N-dime-
thylformamide (DMF) at 25 °C (Fig. 5). The reductive and
oxidative scans showed a broad cathodic peak at ca. E. =
—0.89 V (I, = +15.55 pA) and an anodic peak at ca. E, = 0.73 V
(I, = —5.58 pA), respectively at a scan rate of 0.10 V s~ . The
peak separation value (AE,.) and E,,, values are ca. 1.61 V and
ca. —0.08 V, respectively. The larger peak separation value for
Ni**/Ni* redox couple may arise from large distortions at the
metal center following reduction to a Ni* d° species as it
would become Jahn-Teller distorted. However, CV results
suggest a one electron charge transfer process for the Ni*>*/Ni*
couple during reductive wave and for the Ni*/Ni** couple
during oxidative wave, diagnosing a quasi-reversible redox
process as reported in the related Ni complexes.®*** Analysis
of the voltammograms at faster scan rates showed the
cathodic and anodic peaks shifting to more negative and more
positive potentials, respectively with an increasing peak
intensity. The plots of the peak current vs. square root of the
scan rate (i.e., I. or I, or I,/I. vs. v*/*) display an increase of
cathodic (I.) as well as anodic (I,) peak current, while
a constant value of /I, ratio is maintained (Fig. 5, inset). The
linear relationship of the plots suggests a diffusion-controlled
electrochemical process in solution.

Decomplexation of compound 1 with NaCN and isolation of
HL

Reaction of complex 1 with NaCN in methanol results in
a decomplexation reaction followed by a color change from light
green to orange-yellow. The product was isolated as solid and

RSC Adv, 2025, 15, 4250-4261 | 4253
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Fig. 2 Hirshfeld surface mapped with the d-norm property (left side) and 2D fingerprint plot (right side) for 1 (a) and 2 (b), showing an overlay of
all possible contributions from closest contacts (details breakdown of all relative contributions to Hirshfeld surface for closest contacts is shown
in Fig. S6 and S7%). The abscissa (d;) and ordinate (d,) are the distances from the surface to the nearest atoms interior and exterior to the surface,
respectively. The large red spot on the Hirshfeld surface of 2 in (b) indicates the H-bond from the aqua ligand O13 to the lattice water O16 (cf.

Fig. S5%).
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Fig. 3 Thermogravimetric curves (TGA) for 1 and 2 (heating rate 5
K min~t under N, atmosphere).

confirmed as 2-hydroxy-acetophenone (HL) by "H NMR spec-

troscopy (Fig. S4,} details procedure and data are listed in the
Experimental section).

4254 | RSC Adv, 2025, 15, 4250-426]

Magnetic properties

The Ni, compounds with cubane topology often exhibit inter-
esting magnetic properties and can behave as magnetically
ordered molecular magnets.** Additionally, the Ni, molecule
can exhibit slow relaxation of magnetization without magnetic
ordering, showing behavior typical of Single-Molecule Magnets
(SMMs).** This results from the cubane topology which implies
the Ni-O-Ni angles within the cubane core to be close to 90
degrees. Previous works established several magneto-structural
correlations for this class of complexes based on the Ni-O-Ni
angle value with very similar outcomes: the Ni-O-Ni super-
exchange pathways possessing angles close to 90° results in
ferromagnetic coupling, whereas pathways having angles larger
than 99° result in antiferromagnetic coupling.®

This assumption can help to reduce the number of free
parameters in the spin Hamiltonian used for fitting the static
magnetic data.®® In this work, we decided to utilize the predic-
tive power of ab initio calculations to estimate the strengths and
nature of the exchange couplings between the Ni atom pairs by
using Broken-Symmetry Density Functional Theory (BS-DFT)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Differential scanning calorimetry (DSC) heating and cooling curves for 1 and 2.
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Fig. 5 Cyclic voltammograms for 2 (ca. 0.5 mM) at varying scan rates;
electrolyte: TBAP (ca. 0.1 M) in DMF at 25 °C.

calculations. Thus, for both 1 and 2, the calculations on frag-
ments involving only the complex molecule of the particular
crystal structure. The BS-DFT calculations were performed for
all six pairs of the Ni atoms within the cubane core, resulting in
six calculations. In each case, two Ni atoms were substituted
with diamagnetic d'° Zn(u) atoms to obtain the pair isotropic
exchange interaction constant j; (e.g. for J;, the fragment con-
taining NiNiZnZn atoms) using the following spin Hamiltonian
for two paramagnetic centers A and B: H; = JS,Sg. The energies
of high spin (HS, AT B 1) and broken symmetry states (BS,A1B|)
were evaluated using the approach of Ruiz et al. to calculate the
J-values (for more details see the ESI}).”” The scheme of
magnetic couplings is shown in Fig. 6. For both compounds, all
the calculated coupling constants are positive and thus ferro-
magnetic. They correlate well with the Ni-O-Ni angles, having
the largest couplings calculated for the smallest Ni-O-Ni angles
(/7 = 12 em™' for £NiONi = 96-97°) and vice versa (J; =
+3 ecm ™" for ZNiONi = 99-100°). The third exchange coupling
constant should adopt J; values of approximately +6 cm ™" for 1
and between +7 and +9 cm ™ for 2. Based on the BS-DFT results,
and accounting for the general coupling scheme of cubane core

© 2025 The Author(s). Published by the Royal Society of Chemistry

(Fig. 6) we established the following isotropic exchange spin
Hamiltonians for fitting of the magnetic data measured for 1
and 2:

- =

Hiso = *Jl <§1§2 + S1S3 + §2§4 + §3§4) — J2 <§1§4)

(55 0
for 1 and,
o =~ (55:+ §:8) = 1($18) — 1 (S5 + S5,
+§S) @

for 2, respectively.
Then, the overall spin Hamiltonian including axial param-
eter of magnetic anisotropy D then reads:
P 4 42 2 .
0= Hyo+ 3 D,(85 = 87) + B> eS, (3)
=1 i=1
where the a-direction of the magnetic field is defined as B, =
B(sin(6)cos(¢), sin(f)sin(¢), cos(#)). Such a form of general spin
Hamiltonian was chosen to avoid overparametrization and
possesses several simplifications such as same magnetic
anisotropy for each cubane center with parallel axes of D-tensor,

no rhombicity and equal g-values. We fitted both temperature
dependence of magnetic moment (T = 2-300 K) and isothermal

J12

Fig. 6 General coupling scheme for cubane core. Red dots represent
bridging oxygen atoms.
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molar magnetizations (T =2 and 5 K, B = 0-7 T) simultaneously
using the EasySpin package®* and we opted to test both, posi-
tive and negative D parameter in the fitting.

Both complexes exhibit effective magnetic moment (ueg/is)
values observed to be larger than the spin only value for four
non-interacting Ni(n) atoms (S =1, g = 2.0, Uest/tp = 5.66, Lefi/ ip
> 7.5 observed for 1 and 2). For both compounds, the per/up
values increase with decreasing temperature, reaching their
maximal values at approximately 15 K (Fig. S8 and S9%). Upon
further decreasing temperature, the u.g/up values drop. The
observed magnetic behaviour corresponds well to dominant
ferromagnetic coupling among the Ni(u) atoms within the
cubane core and is likely influenced by significant magnetic
anisotropy resulting from zero-field splitting at the Ni centers
and/or the presence of weaker antiferromagnetic exchange
pathways alongside the dominant ferromagnetic ones. In 2, the
high temperature dependence of magnetic moment differs
from that observed for 1 significantly, and we observed
a continuous increase in the p.g/up value up to 8.1 at 300 K. This
could correspond to a temperature independent para-
magnetism and/or small amount of ferromagnetic impurity.

As a first attempt to fit the magnetic data we employed
a simple model using only one “average” exchange interaction
and thus the isotropic spin Hamiltonian was reduced to the
following form

A — - = - o

Hj o= (§|Sz+5153+5154+§2§3+ §2§4+§3§4) (4)

For 1, the simultaneous fitting of the field and temperature
dependencies for both positive and negative D parameters
resulted in relatively reasonable fits (Fig. S7}), with small and
ferromagnetic exchange coupling constants and relatively large
magnetic anisotropy (+D fit: gjso = 2.335, D = +7.8 cm ™', J; =
+3.2 em™ Y —D fit: gigo = 2.324, D= —7.6 cm™ ', J; = +3.5cm ).
The inclusion of the coupling scheme based on DFT calcula-
tions and thus three exchange coupling constants (eqn (1)) led
to a slight improvement of the fit, especially in the case of the fit
for positive D. On the other hand, a slightly worse fit with the

View Article Online
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negative D parameter had all three coupling constants of posi-
tive value and thus ferromagnetic, which is in agreement with
previously published magneto-structural correlations and
results of BS-DFT calculations (+D fit: g, = 2.329, D =
+6.8cm Y, J; =+l.1em Y, J,=—4.7cm L, J; =+12.1cm ™Y —D
fit: giso = 2.324,D=—7.5cm ', J; =+2.9cm ', J, =+3.8cm ™, J;
= +5.6 cm !, Fig. 7 and Table S3}).

Fitting of magnetic data 2 did not result in satisfactory fits
(Fig. S9%). The results for the spin Hamiltonian with one
isotropic exchange coupling constant (eqn (4)) resulted in
relatively reasonable small values of the D parameters and large
ferromagnetic J; coupling (+D fit: giso = 2.054, D = +3.7 cm™ ', J;
= +14.7 em™ Y —D fit: g, = 2.045, D = —2.7 cm ', J; =
+14.5 cm™"). Even though the resulting fits reasonably recon-
structed experimental data, we needed to use very large values
of correction on temperature independent-paramagnetism,
with values larger than 100 x 10~° m® mol " due to the pres-
ence of an increase in the u.¢/up values at higher temperatures.
The maximal value should be up to 5 x 10~° m*® mol ™" for 4 Ni
atoms,®” indicating issues with the reliability of the experi-
mental data. Therefore, we measured X-ray powder diffraction
of the measured sample and found that it had lost its crystal-
linity and was amorphous, as no Bragg diffraction peaks were
observed. We suspect that during the sample preparation the
co-crystallized water molecule was lost leading to changes in the
crystal structure that caused the compound to lose long-range
periodicity. Probably, this is the reason why we cannot corre-
late its crystal structure with the measured magnetic properties.
The fitting of magnetic data using eqn (2) and (3) did not lead to
improvement and unreliably large exchange couplings (/5 >
+40 cm™') and again, very large correction on temperature-
independent paramagnetism were observed (Table S47).

Experimental
Chemicals and instrumentation

IR spectra were recorded on a Nicolet iS10 (Thermo Scientific)
spectrometer at ambient temperature. UV-vis spectra were

104 T T T T T T il 10 T T T T
N O experimental
[ —fit D+
o \ ---fitD-
o 84 (O] _
i
] O
74 —_— :
R e S N
6 4
T T T T T T T T T T T T T T T T T
0 50 100 150 200 250 300 0 1500 3000 4500 6000
T/K B/ Oe

Fig. 7 Magnetic data for compound 1. Temperature dependence of the effective magnetic moment and the isothermal magnetizations
measured at T = 2 and 5 K. The empty circles represent the experimental data points and the lines represent the best fits calculated by using egn
(1) and (3) with parameters listed in Table S3.1 Full red line represents the best fits calculated for the positive D parameter. The dashed blue line

represents the best fits calculated for the negative D parameter.
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obtained with a Shimadzu UV 1800 spectrophotometer in
chloroform at 25 °C. "H NMR spectra were recorded on a Bruker
Avance DPX 400 spectrometer in DMSO-de and CDCI; at 20 °C.
Thermogravimetric analysis was carried out on a Netzsch TG
209 F3 Tarsus in the temperature range of 35 to 1000 °C with
a heating rate of 5 K min~' under nitrogen atmosphere.
Differential Scanning Calorimetry (DSC) was performed on
a Shimadzu DSC-60 at 30-300 °C (ca. 5 °C above the melting
point) with a heating rate of 10 K min~' under nitrogen gas. The
molar conductance (4,,) was measured with a Mettler Toledo
Fivego (Model F3) conductivity meter in N,N-dimethylforma-
mide (DMF) at 25 °C. Electron Impact (EI) mass spectra were
recorded with a Thermo-Finnigan TSQ 700 mass spectrometer.
The spectra clearly show the isotopic distribution patterns for
the **°Ni containing ions. Cyclic Voltammetry (CV) were ran
with an Epsilon™ (BASi) instruments using the tetra-N-
butylammonium-hexafluorophosphate (TBAP) as supporting
electrolyte in DMF at 25 °C. A three electrodes system equipped
with a platinum disc (working), platinum wire (auxiliary) and
Ag/AgCl electrode (reference). Nitrogen gas was passed through
the solution for ca. 10 minutes to avoid any air contamination.

Magnetic measurements

Herein reported magnetic investigation have been carried out
on PPMS EverCool II (Quantum Design Inc., San Diego, CA,
USA). The exact amount of sample was finely grinded and filled
into the gelatine capsule, which has been used as the sample
holder. The temperature dependency was recorded in the
thermal range 2-300 K at B = 0.1 T using the 1 K min™"
sweeping rate, and field-dependency was measured at
isothermal conditions in the range B = 0-7 T. Collected data
were corrected for the diamagnetism of eicosane and gelatine
capsule as well as for the molecular diamagnetic contribution.

Synthesis of the complexes (1 and 2)

Two equivalents of 2-hydroxy-acetophenone or 2-hydroxy-
benzophenone (272.5 mg or 396.5 mg, 2.0 mmol) and
NaHCO; (168.12 mg, 2 mmol) were dissolved in 10 mL of
methanol. This solution was stirred for 10 min at room
temperature. One equivalent of Ni(u) acetate (249 mg, 1.0
mmol), dissolved in 5 mL methanol, was added to the solution
which was then continued to stir under reflux. The color of the
solution changed to green immediately and a greenish precip-
itate was formed within 2-3 hours. The reaction mixture was
refluxed for about 7-8 hours under N, gas. Green colored
microcrystals were filtered off, washed 3 times with methanol
(2 mL in each time) and dried in air for 2-3 days to obtain green
microcrystals of 1 (for 2-hydroxy-acetophenone) or 2 (for 2-
hydroxy-benzophenone). Single crystals suitable for X-ray
measurements were grown via slow diffusion of methanol
into a concentrated dichloromethane (DCM) solution of green
microcrystals 1 or 2 after 2-3 days.

Compound 1. Tetrakis-[(ji;-methanolato-k*0:0:0)(methanol-
k0)(2-oxyacetophenone-k>0,0 )nickel(u)], [Ni(L)(1;-CH;0)(CH;-
OH)],: yield: 0.375 g (72%). Anal. caled for C;oHs6NisO46: C,
46.71; H, 5.49%. Found C, 46.25; H, 5.12%. IR (KBr, cm ™ '): v =

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3076, 3010, 2926w (C-H), 1616 vs. (C=0) and 1531 vs. (C=C).
EIMS: m/z = 295 (45) ([Ni(L),-CH;0H-H]'), 251 (4)
([Ni(L)(CHO),]"), 240 (100) ([Ni(L)(CHO)(OH) + H]), 224 (45)
(INi(L)(CHO) + H,]"), 210 (15) ([Ni(L)(OH)]"), 181 (20) ([Ni(Ce-
H,)(O)(CHO) + H,]"), 136 (10) ([HL]') and 121 (20)
([CeH5(COCH3)]") {[Ni(L),] = Cy¢HuNiOy; (L)~ = 2-oxy-
acetophenonate; HL = CgHgO,}. Conductance (4,) = 1.53 S
m” mol ™' in DMF at 25 °C.

Compound 2. Tetrakis-[(1i;-methanolato-k*0:0:0)(aqua-
k0)(2-oxybenzophenone-k>0,0")nickel(n)] monohydrate,
[Ni(L")(n3-CH30)(H,0)]4- H,O: yield: 0.503 g (78%). Anal. caled
for CsgHseNi 046+ H,0: C, 54.28; H, 4.69%. Found C, 53.86; H,
4.42%. IR (KBr, cm™'): v = 3449wb (H,0), 3051, 3012, 2924w (C-
H), 1604 vs. (C=0) and 1573 vs. (C=C). EI-MS: m/z = 452 (3)
(INi(L)]%), 347 (8) ([Ni(L')-CH5(CO)]"), 285 (10) ([Ni(L')(CHO)
+H]"), 257 (20) ([Ni(L"),-L' + 2H]"), 197 (100) ([HL'-H]"), 182 (15)
(HL-0H]"), 121 (45) ([C;Hs0,]") and 105 (30) ([C;H;O]")
{[Ni(L"),] = C,6H13NiOy; (L')” = 2-oxy-benzophenonate; HL' =
C13H;00,}. Conductance (A4y,) = 1.37 S m”> mol " in DMF at 25 °©
C.

Decomplexation of compound 1 with NaCN and isolation of
the HL

Complex 1 (40 mg) was dissolved in 5 mL methanol with an
excess amount of NaCN. After 30 min of stirring, the solution's
color changed from light green to orange-yellow. The solution
was then filtered, the filtrate was collected and dried in vacuum
using a rotary evaporator at 40 °C followed by in air. The crude
products were again dissolved in 5 mL of dichloromethane
(DCM), filtered and dried on a vacuum rotary evaporator at 40 °C
followed by in air for 2-3 days to obtain the 2-hydroxy-
acetophenone (HL), confirmed by "H NMR spectrum (Fig. $37).

'"H-NMR (400 MHz, DMSO-dg). 6/ppm = 2.44 (s, 3H, CH3),
5.88 (t,Jun = 7.2 Hz, 1H, H3), 6.25 (d, Ji = 8.4 Hz, 1H, H,), 6.86
(dt, Ji = 6.8, 4.8 Hz, 1H, H,) and 7.40 (dd, Ju; = 6.0, 2.0 Hz,
1H, Hs) (for hydrogen atom numbering see Fig. S31).

X-ray structure determination

X-ray crystal structure data were collected from multi-faceted
crystals of suitable size and quality, selected from a represen-
tative sample of crystals of the same habit using an optical
microscope. Crystals were mounted on MiTeGen loops and data
collection for 1 was carried out at 298 K, for 2 in a cold stream of
nitrogen (150 K). For 1 a Rigaku XtaLAB Synergy-S, Dualflex,
HyPix diffractometer with a micro-focus X-ray tube with Cu-Ka
radiation (A = 1.54184 A) was used; for 2 a Bruker D8 QUEST
ECO. diffractometer was employed using the Bruker APEX4
software.®® For both 1 and 2 structure solution and refinement
were performed using XS, XT and XL software, embedded
within OLEX2.7° The non-hydrogen atom positions were refined
with anisotropic temperature factors. Hydrogen atoms for
aromatic CH, aliphatic CH and CH; groups were positioned
geometrically (C-H = 0.93 or 0.95 A for aromatic CH, and 0.96 or
0.98 A for CHj, in 1 or 2, respectively) and refined using a riding
model (AFIX 43 for aromatic CH, AFIX 13 for aliphatic CH, AFIX
137 for CHj), with Ujso(H) = 1.2U.q(CH) and Uio(H) =

RSC Adv, 2025, 15, 4250-4261 | 4257
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Table 2 Crystal data and structure refinement for compounds 1 and 2
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Complexes 1 2

Code NiL104_2 ena015
Empirical formula C40Hs56Ni4046 C56H56Ni4046-H,O
M (g mol™?) 1027.68 1237.86
Crystal size (mm) 0.31 x 0.23 x 0.13 0.48 x 0.13 x 0.08
Temperature (K) 298.60(14) 150.00

6 range (°) 2.31-76.11 2.35-27.50

h; k; [ range +24-23, +19-18, £19 +15, +£17, +23
Crystal system Monoclinic Triclinic
Space group P2,/c P1

a (A) 19.08705(9) 11.6867(17)

b (A) 15.15100(7) 13.294(3)

c(A) 15.82527(8) 18.419(4)

a(9) 90 76.144(9)

8 () 95.2175(5) 74.388(10)

v () 90 82.908(7)

v (A% 4557.51(4) 2670.5(9)

zZ 4 2

Deate. (g cm ™) 1.498 1.539

F(000) 2144 1284

w (mm™1) 2.417 1.461
Max/min transmission 0.744/0.521 0.7455/0.5951
Refl. measured 160 640 80855

Refl. unique 9486 12233

Rine 0.0410 0.0257
Parameters/restraints 576/8 726/0
Completeness 1.000 1.000

Largest diff. peak & hole (Ap/e A) 0.381/-0.324 0.856/-0.624

Ry/WRy [I > 20(D)]"
R,/WR, (all reflect.)”

0.0318/0.0967
0.0336/0.0980

0.0424/0.0815
0.0555/0.0911

Goodness-of-fit on F? 1.069 1.192

CCDC number

2367079

2367080

“ Ry = [Z(||Fs| — |Fe|)/Z|Fol]; WR, = [S[W(F,> — F2)PYS[W(F,2)?]]2 ® Goodness-of-fit § = [S[w(F,2 — F.2)*)/(n — p)]"*.

1.5Ucq(CHj;). The protic hydrogen atoms for CH;OH in 1 were
found and refined freely with Ujs(H) = 1.5U4(O). In 1, there is
a positional disorder for the methoxy CH; group on 010 which
is not shown in Fig. 1a and b. For each structure, the absence of
additional symmetry was confirmed using ADDSYM incorpo-
rated in the PLATON program.” Crystal data and details on the
structure refinement are given in Table 2. Graphics were drawn
with the program DIAMOND.”” Computations on the supra-
molecular interactions were carried out with PLATON for
Windows.”*”* The CCDC numbers are 2367079 and 2367080 for
1 and 2, respectively, and contain the ESI} crystallographic data
reported in this paper.

Conclusion

Molecular structure for the titled tetranuclear [Ni(L)(us-CHs-
O)(CH30H)], (1) and [Ni(L")(13-CH30)(H,0)]4-H,O (2) discovers
each nickel(u) ion is six-coordinate with a distorted octahedral
geometry comprising of three oxygen atoms from three meth-
oxide fragments, a methanol (1) or water (2) molecule, and two
oxygen atoms from the acetophenonate (L") or benzophenonate
(L), so that the four nickel atoms and four methoxide groups
provide a cubane-type structure with each methoxide fragment
bridging three of the metal centers. This cubane core structure
is further stabilized via intramolecular O-H---O hydrogen

4258 | RSC Adv, 2025, 15, 4250-4261

bonds. The two-symmetry related tetranuclear-Ni species are
connected via two intermolecular hydrogen bonds in 2. Studies
of supramolecular packing are in parallel to Hirshfeld surface
analyses. Solid-state magnetic measurements along with
computational modelling authenticate dominant ferromag-
netic interactions for the complexes, attributed to their cubane
topology and the lower Ni-O-Ni angle values than 100°.
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