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Four Ni4O4 cubanes with formula [Ni4(Cl2-L)4(m3-OMe)4(MeOH)4] (1), [Ni4(Br2-L)4(m3-OMe)4(MeOH)4] (2),

[Ni4(I2-L)4(m3-OMe)4(MeOH)4] (3) and [Ni4(BrCl-L)4(m3-OMe)4(MeOH)4] (4) (Cl2-LH = 3,5-dichloro-

salicylaldehyde, Br2-LH = 3,5-dibromosalicylaldehyde, I2-LH = 3,5-diiodosalicylaldehyde, BrCl-LH = 3-bromo-

5-chlorosalicylaldehyde) were obtained by self-assembly from commercially available 3,5-halogen-substituted

salicylaldehydes and NiCl2�6H2O in high yields at room temperature. The X-ray crystal structure analysis

of 4 showed a cubane-type structural topology as each Ni(II) ion is six-coordinated in a distorted

octahedral geometry defined by four oxygen atoms from the MeOH molecule (three as bridging

methoxy-oxygens and one as terminal group) and two oxygen atoms from the 3-bromo-5-

chlorosalicylaldehyde ligands. The cubane core is stabilized via an intramolecular O–H� � �O hydrogen

bond, while in the crystal, complex molecules are linked into the zigzag chain to the a-axis via strong

Br� � �Br interaction. Both SQUID and mSQUID measurements indicate the coexistence of ferromagnetic

and antiferromagnetic interactions in two complexes. The fitting of the magnetic data yields different

magnetic parameters for each complex, clearly highlighting the differences in the magnetic properties

among these systems. DFT calculations have also been performed on compounds 1–4 to explain the

exchange interaction mechanisms between the Ni(II) ions, supporting both the magnitude and sign of

the coupling constants.

Polynuclear metal complexes have become a major area of
study over the last 20 years. The interests in these clusters span
from pure academic aspects of chemistry to potential applications
as functional materials in biological systems,1,2 catalysis3,4 and
molecular magnetism.5 10 Among them, cubane-type {M4O4}

clusters [M(II) = Cu, Ni, Co, etc.] have attracted a renewed
interest, especially for magnetic properties.11 15 The tunability
of magnetic exchange between paramagnetic metal ions is
important not only from a theoretical point of view,16 which
aims to understand the fundamental correlation between the
structure and magnetic properties but also targets the development
of single-molecule magnets (SMMs) for versatile applications.17 23
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i Department of Chemistry, Faculty of Physics and Chemistry Alzahra University, P.O. Box 1993891176, Vanak Tehran, Iran
j Department of Chemistry, University of Zurich, Winterthurerstrasse 190, CH-8057, Zurich, Switzerland

1. Introduction



–OH, –OMe, or a chelating ligand.24 29

The most important parameter to govern the sign and
magnitude of exchange interaction of the M4O4 cubane cores
is the M–O–M angle; for example, it has been shown that
the Ni4O4 core exhibits ferromagnetic interactions when the
Ni–O–Ni angle is less than 981 and antiferromagnetic inter-
actions when the angle is greater than 1091.30 32 However,
recently many different directions have been pursued in the
research field of SMMs,33 45 in which an important direction is
to explore the effects of ligand substitution.10,46

On the other hand, it is found that the relaxation of
magnetization in a SMM could be tuned by electronic effects
on its ligand set. Indeed, two binuclear phenoxo-bridged
[Dy – radical] compounds were synthesized and despite the
same structure, the presence of the Br substituent was found to
have a dramatic effect on the AC susceptibility behavior.47 Also,
some studies have revealed that halogen atoms substantially
influence magnetization dynamics. These atoms which are
electronegative elements could be influencing the strength of
the magnetic exchange interaction,48 which have previously
been shown to directly influence the anisotropy barrier and
thus the relaxation time.49 Several factors affecting the mag-
netic properties of the cluster were investigated to explore ways
to improve the SMM properties. An instance of studies in this
field has shown that the presence of halogen atoms through
supramolecular interaction between molecules influences
the anisotropy of metals, which leads to different blocking
temperatures (TB).10

Recent studies show that halogen atoms have a good
potential to improve SCO properties due to their high ability

in the formation of intermolecular interactions (halogen bond)
as well as electronic effects.50 53 The halogen bond occurs
when there is evidence of a net attractive interaction between
an electrophilic region associated with a halogen atom in a
molecular entity and a nucleophilic region in another, or the
same, molecular entity. Halogen atoms undergo three kinds of
weak non-covalent interactions, specifically halogen bonding,
halogen–halogen interactions, and halogen–p interactions.
Based on the geometry, halogen� � �halogen interactions are
known to be of two types, type 1 and type 2.54 Aiming to
understand the role of halogen atoms in magnetic properties
of cubane-type {M4O4} clusters, here, a number of cubane-type
{Ni4O4} clusters with 3,5-substituted-2-hydroxybenzaldehyde
were synthesized and their magnetic properties were investi-
gated (Scheme 1).

2. Results and discussion
2.1. Synthesis and general characterization

Tetranuclear cubane-like Ni(II) complexes, 1–4, in high yields
were prepared by the reaction of NiCl2�6H2O with methanolic
solutions of halogen-substituted salicylaldehyde as chelating
ligands in the presence of triethylamine at room temperature
(Scheme 1).

The IR spectra show broad peaks at B3350 cm 1 for all
complexes due to the presence of OH group of the methanol
molecule in all structures, while the v(C–Ophen) stretching mode
occurs as a very strong band at B1150 and alcoholic C–O
stretches as a peak at 1041 cm 1,55 Several weak peaks observed
in the range 3000–2760 cm 1 and are attributed to the aromatic
and aliphatic C–H stretches (Fig. S1, ESI†).

Scheme 1 Overview of the synthesis and topology of complexes.

In these cubane cages, the interaction between two paramag-
netic metal centers is mediated by m3-O bridges originating from



15.396 Å, respectively. Similar to what was observed in the pre-
viously published [Ni4L4(solv)4] compounds, the four exogen-
ous MeOH ligands serve as hydrogen bond donors toward the
phenolate oxygen. Thus, four faces of the {Ni4O4} cube (denoted
as side faces, SF) are spanned by O–H� � �O hydrogen bonds,
while the two remaining faces, which are located at opposite
sides of the cube (denoted OF and colored in blue in Fig. 3), are
not bridged. This leads to distinct bond lengths and angles for
the two different types of cube faces SF and OF (Table S2, ESI†).
In particular, bond angles at the bridging oxygen atoms are
significantly more acute along the faces spanned by O–H� � �O
hydrogen bonds (SF), resulting in shorter Ni� � �Ni distances and
deformation of the cubane core away from ideal cubic symmetry.
Thus, the complex displays approximate S4 site symmetry, while
the exact crystallographic point symmetry is C1. These differences,
primarily in the bridging Ni–O–Ni angles (Table S2, ESI†), are
crucial factors that determine the sign of the magnetic exchange
interactions through O-atom bridges; their modulation has dras-
tic effects on the ground state of the complexes.

In the crystal packing, the molecules pack in a herringbone
arrangement along the a-axis, and stack in an eclipsed manner
down the c-axis (Fig. 4). A zigzag chain of Br atoms is visible when
viewed down the a-axis and involves a short Br� � �Br contact of
3.5013(17) Å. Based on the distance (Br(2)� � �Br(4) = 3.5013(17) Å)
and angles (C(16)–Br(4)� � �Br(2) = 145.8671 and C(9)–Br(2)� � �Br(4) =
137.1641) in Br� � �Br contacts, the halogen–halogen interactions

Fig. 1 Molecular structure of [Ni4(BrCl-L)4(m3-OMe)4(MeOH)4] (4). Hydro-
gen atoms (except those involved in hydrogen bonding interactions) have
been omitted for clarity. Hydrogen bonds are represented by dashed lines.
Color code: Ni, blue; O, red; C, black; Cl, green; Br, dark red.

Fig. 2 (a) Coordination polyhedron at each Ni(II) ion (b) cubane-type
{Ni4O4} core; (c) and (d) environment of each bridged oxygen atom in
[Ni4(BrCl-L)4(m3-OMe)4(MeOH)4] (4). Color code: Ni, blue; O, red; C, gray;
H, light blue.

2.2. Crystal structures of [Ni4(BrCl-L)4(l3-OMe)4(MeOH)4] (4)

Single crystal X-ray structure analysis reveals that 4 crystallizes 
in the monoclinic system space group P21/c. Crystallographic 
data and parameters for compound 4 are given in Table S1 
(ESI†), while, selected bond distances and angles are listed in 
Table S2 (ESI†). As shown in Fig. 1, four Ni atoms and four 
O atoms, each from MeO , occupy alternate corners of the 
cubane unit where each Ni atom is surrounded by three 
bridging O atoms derived from MeO , one from MeOH and 
two O atoms from chelating ligand leading to a distorted 
octahedral geometry (Fig. 2a). The bond lengths are in the 
range of 1.991(5)–2.153(6) Å (average value 2.0497 Å). Looking 
down the b-axis, the cubane core is slightly distorted; the top 
face is faintly rotated in comparison with the bottom face 
(Fig. 2b). A tetrahedron structure with Ni� � �Ni separations 
being in the range of 3.0332(15)–3.1001(15) Å is generated by 
linking the adjacent Ni(II) centers (Fig. 2c). The tetranuclear 
core is bridged solely by m3-methoxide groups resulting in one 
unique exchange pathway between the metal centers. Each of 
the bridging oxygen atoms has a remarkably distorted tetra-
hedral geometry (Fig. 2d). The Ni–O(MeOH) bond lengths are 
longer than those for Ni–O(MeO ).

It has been shown that the Ni(II) core exhibits ferromagnetic 
interactions when the Ni–O–Ni angle is less than 981 and 
antiferromagnetic interactions when the angle is greater than 
1091.30 32 All the bond angles (Ni–O–Ni and O–Ni–O) of 
the cubane in 4 are close slightly smaller than 981, except for 
Ni(3)–O(9)–Ni(4) (99.0(2)1). The trans O–Ni1–O and Ni–O–Ni 
angles cover the ranges 166.60(8)–177.83(9)1 and 166.60(8)–
177.83(9)1, respectively.

The cubane units are well isolated from each other, the 
centroid–centroid distance between adjacent {Ni4O4} entities 
along the crystallographic a, b, c axes are 9.079, 15.037 and



can best describe as type II.54,56 Non-classical hydrogen bonds and
other intermolecular interactions with distances shorter than the
sum of van der Waals radii are shown in Table S3 (ESI†).

Supramolecular packing in complex 4, as mentioned above,
is further supported by the analyses of intermolecular inter-
actions with the Hirshfeld surfaces using the program Crystal-
Explorer.57 61 The Hirshfeld surfaces with dnorm properties,
fingerprint plots and percentages of contributions to
various types of contacts in the fingerprint plots are illustrated
in Fig. 5.

As shown in Fig. 5, supramolecular packing analyses for
complex 4 show different kinds of intermolecular interactions
such as halogen� � �halogen, halogen� � �carbon, halogen� � �hydro-
gen, carbon� � �hydrogen and hydrogen� � �hydrogen. Because of the
Br and Cl halogen atoms as substituents on the salicylalde-
hyde ligand, most of the strong intermolecular interactions
are between these halogen atoms and other atoms. As shown
in Fig. 5, the chlorine and bromine intermolecular contacts
(X� � �X, X� � �C and X� � �H, X� � �O) cover 48% of the whole
Hirshfeld surface. This high contribution of intermolecular

interactions for halogen atoms can be attributed to the
relatively large vdW radius of halogen atoms.

Hirshfeld surface analyses indicate the stronger intermole-
cular interactions between two molecules at a distance shorter
than the sum of the vdW radii as red spots on the dnorm surfaces
(Fig. 5). These strong intermolecular interactions are Br� � �Br,
Br� � �H, and Cl� � �H, which cover 42% of the whole Hirshfeld
surface (Fig. 5).

Among these interactions, the strongest one is observed for
Br� � �Br with the lowest contribution (1%). The van der Waals
radii (vdW) for the Br atom is 1.87 Å and the corresponding
sum of the van der Waals radii for Br + Br = 3.74 Å,61 while
the length of this intermolecular interaction in complex 4 is
3.5013(17) Å, which is clearly shorter than the sum of van der
Waals radii of two Br atoms.

The bar chart in Fig. 5 illustrates that the highest contribu-
tion to the Hirshfeld surfaces is due to the H-atom interactions
with other atoms such as halogen (Br� � �H and Cl� � �H), oxygen
(O� � �H), carbon (H� � �C), and hydrogen (H� � �H). These contacts
contribute to nearly 90% of the total Hirshfeld surface area. Also, it
is worth noting that except the Br� � �Br interaction, all other strong
interactions identified in Hirshfeld surfaces map are between
hydrogen atoms with other atoms (Br� � �H, Cl� � �H and H� � �H).

2.3. Magnetic studies

Magnetic studies of complexes 1 to 4 were carried out on
powdered samples in a SQUID magnetometer. Fig. 6 shows
the magnetic behavior of the thermal variation of the wMT
product (wM is the molar magnetic susceptibility corrected for
the diamagnetism) under an applied field of 1 kOe. As depicted,
the room temperature wMT(T) is 5.43, 5.48, 5.61 and 5.47 cm3

mol 1 K for 1, 2, 3 and 4, respectively. The wMT(T) is in the
range of Ni(II) complexes (i.e., for S = 1 and g 4 2.00). Upon
cooling, wMT increases slightly to ca. 100 K, where it abruptly
increases to a maximum of 10.28 cm3 mol 1 K at 9 K for 1,
while for 2, 3 and 4 values of 12.05, 11.83 and 10.65 cm3 mol 1

K are observed at 14 K, respectively. The upsurge present in all
cases highlights the presence of ferromagnetic interactions
operating within the Ni4 cage.62 66 Magnetization versus field
studies show the highest M(H) values at the highest field (5 T)
and lowest temperature (2 K) of 8.8, 8.9, 9.8 and 8.5 Nb for 1, 2, 3
and 4, respectively (see insets in Fig. 6).

Fig. 3 Emphasis of the cubane-like {Ni4O4} fragment and hydrogen
bonding interactions in [Ni4(BrCl-L)4(m3-OMe)4(MeOH)4] (4). Blue faces
(OF) are not spanned by hydrogen bonds.

Fig. 4 Br� � �Br interactions in complex 4.



Considering the crystal structure of the Ni4 cage, two inter-
action pathways were considered,62 66 to simultaneously fit the
wMT(T) and M(H,T) in PHI.67 A Hamiltonian of the following
form was employed:

H ¼ � 2J1 SNi1SNi2 þ SNi2SNi3 þ SNi3SNi4ð Þ

� SNi1SNi3 þ SNi2SNi4ð Þ

þDNi

X4

i¼1
½Szi

2 � SðS þ 1Þ=3�

(1)

where the first and second terms are the exchange interaction
between the closest Ni(II) ions and the third term is the zero-
field splitting parameter. For 1, the best fit yields J1 =
+9.3(6) cm 1, J2 = �0.4(7) cm 1, DNi = �1.79(3) cm 1, g =
2.190(1) and zJ = 5.54(4) � 10 3 cm 1 with R = 5.4 � 10 5 (with

R ¼
Ppoints

i

Mexp �Mcalc

� �2
). For 2, the following parameters were

obtained: J1 = +6.27(9) cm 1, J2 = +6.26(2) cm 1, g = 2.217(5)
with R = 0.6047, while for 3 the best fits yields: J1 = +12.5(2)
cm 1, J2 = +1.94(2) cm 1, DNi = �1.13(6) cm 1, g = 2.182(9),
zJ = 7.9(1) � 10 4 cm 1 with R = 3.23. In contrast to the fits for
complexes 1–3, the fit for M(H,T) data for 4 is rather poor

(especially at high fields), indicating that more than two
exchange pathways might be operative and/or strong intermo-
lecular interactions. Inclusion of the rhombic term (E) did
not improve the fits. The best fit for 4 yields the following
parameters: J1 = +32.5(3) cm 1, J2 = �18.8(2) cm 1, DNi =
+0.05(9) cm 1, g = 2.083(1), zJ = 4.7(1) � 10 3 cm 1 with
R = 15.7. The first clearly highlights important differences
between all complexes, e.g., while for 1 and 3 important
anisotropy is expected due to the sign and magnitude of the
zero-field splitting parameter, negligible anisotropy is expected
for 2 and 4.

To further investigate the magnetic anisotropy of the com-
plexes, mSQUID studies were carried out at sub-Kelvin tempera-
tures. The studies were carried out on micrometer-sized single
crystals, with the field aligned along the easy crystallographic
axis. As shown in Fig. 7, the loops are rather narrow for all
complexes. For 1 and 3 a small opening is observed between
�0.4 T, indicative of small magnetic anisotropy. In contrast, for
2 and 4 the loops are almost closed at the lowest temperature
and fastest sweeping rate (i.e., 30 mK and 0.128 T s 1). The
mSQUID results are in agreement with the parameters obtained
from wMT(T) and M(H,T) in which larger D parameters were
obtained for 1 and 3. Unfortunately, the lack of crystal

Fig. 5 Hirshfeld surfaces mapped with dnorm properties (up) and fingerprint plot (left down) for complex 4. Red spots represent the closest contacts and
blue the most distant contacts. ESP (electrostatic potential) plotted on Hirshfeld surfaces mapped from �0.1810 au (red) to 1.6179 au (blue). Right down:
relative contributions to the Hirshfeld surfaces area for different inter and interamolecular contacts in complex 4.



structures of these complexes precludes detailed analysis of the
mSQUID loops. However, the high-temperature data as well as
the sub-Kelvin temperature loops show some of the important
variations between the four complexes.

Apart from larger anisotropy in complexes 1 and 3, indicated
by the opening of the mSQUID loops, complexes 1 and 4 have
certain similarities in the type of exchange interaction. Both
the SQUID and mSQUID data suggest a coexistence of ferro-
magnetic (FM) and an antiferromagnetic (AFM) interaction in
these two compounds. In the fitting of SQUID data, this
results in two exchange interactions J1,2 with different signs
and in the mSQUID loop it results in three peaks in dM/dH at
�Bex and B = 0 fields (Fig. 7a, d and e). The derivative-field
map (Fig. 7f) obtained from angle-dependent mSQUID M(H)
loops in compound 4 elucidates this fact. A 3D vector magnet
equipped with the mSQUID setup allows angle dependent M(H)
measurements with an angular precision better than 0.11
without manually rotating the sample. The derivatives dM/
dH in complex 4, from experimental M(H) curves (positive
cycle) measured at different angles of external field, are
mapped with direction of applied field (Hx, Hy). The observed
parallel lines in Fig. 7f indicate the switching fields between
AFM to FM states. Only one pair of lines would suggest a
single easy axis for the AFM ordering. However, here two sets of
parallel lines are observed, suggesting two AFM axis, and a strong
derivative about zero field along x (overall easy) direction,

indicating FM interaction. These results suggests that in the
low temperature ground state, the four Ni ions are oriented in
such a way that FM and AFM couplings coexist. Such fine
features in the M(H) curves disappears or is averaged out
due to thermal fluctuations for temperature above 200 mK,
as shown in temperature dependent mSQUID measurements
(Fig. S3, ESI†).

2.4. DFT calculations analysis of magnetic interactions

To support the plausibility of the nature and strength of the
magnetic interactions, the magnetic coupling for all com-
plexes was theoretically modelled and the spin-density dis-
tribution was analyzed. Due to the lack of crystal structures
for 1–3, and to account for possible structural changes due
to the halogen substituents on the ligand moieties, the
structures of the four complexes were optimized at B3LYP/
def2-SVP level. Comparison of the optimized structure of 4
and its experimentally determined geometrical parameters
show are in good agreement (see Table S4, ESI†). The calcula-
tion of the individual pairwise exchange constants was per-
formed by changing two Ni(II) atoms by two Zn(II) atoms
because this method has been probed to give accurate results
compared to tetranuclear models.68,69 The calculated values
of the magnetic coupling constant, J were obtained using the
broken-symmetry approach70 73 and the results are gathered in
Table 1 and Tables S5 and S6 (ESI†). As observed, the interactions

Fig. 6 Magnetic susceptibility (wMT(T)) data for complexes 1–4, magnetization (M(H)) (insets) and fits (solid red traces) employing the parameters
described in the text. wMT(T) and M(H) data (a) for 1; (b) 2; (c) 3 and (d) 4.



are found to be ferromagnetic and of the same order for all
of them.

J ¼ �EHS � EBS

Smax
2

(2)

Mulliken spin population analysis calculated for these
compounds (see Tables S7–S11, ESI†) shows that although
the maximum spin-density is located on the Ni atoms
(ca. 3.45 e), there is a significant delocalization over the ligands
(ca. 0.55 e). The unpaired electrons of the octahedral Ni(II)

Fig. 7 M(H) loops for a micron-sized single crystal of (a) 1; (b) 2; (c) 3 and (d) 4, measured by mSQUID at 30 mK bath temperature and different field
sweep rates. (e) shows the derivatives dM/dH(H) obtained from the M(H) loops of complex 4 shown in (d). (f) shows the derivative-field angle map, i.e.,
dM/dH mapped with field directions (Hx, Hy).

Table 1 Experimental and theoretical magnetic coupling constants J (cm�1) obtained for complexes 1–4

Compound

Jexp Jcalculated

J1 J2 Ni(1)–Ni(2) Ni(1)–Ni(3) Ni(1)–Ni(4) Ni(2)–Ni(3) Ni(2)–Ni(4) Ni(3)–Ni(4)

1 9.3(6) 0.4(7) 6.58 13.08 13.46 13.47 13.15 6.73
2 6.27(9) 6.26(2) 6.87 12.92 13.28 13.18 12.95 6.88
3 12.5(2) 1.94 7.74 13.10 6439.48 13.46 13.20 7.54
4 32.5(3) 13.8(2) 7.45 12.88 12.95 12.86 12.99 7.74



orbitals (dz2 and dx2 y2) along with the orbitals of the bridging
ligands are involved in the superexchange pathway. Fig. 8 and
Fig. S4–S8 (ESI†) collect the spin density plot calculated for
complex 1 involving the six combinations of couples of Ni
atoms showing the participation of the surrounding oxygen
atoms. The contributions to the spin density of the dz2 and
dx2 y2 orbitals are around 40% for each nickel (see Table S12,
ESI†). Analogous comments can be done for the other
complexes.

The DFT obtained J values for all compounds lie in two
groups. The coupling constants JNi1 Ni2 and JNi3 Ni4 display
values of around 7 cm 1 while the coupling constants of the
other combinations of Ni pairs show values around 13 cm 1.
The nature and magnitude of the values are in good agreement
with the experimental values obtained for J in complexes 2 and
3. A reasonable agreement can likewise be observed when
comparing the interactions found for 1 and considering that
the experimentally determined J2 is antiferromagnetic but very
close to zero. In contrast, the data for 4 predicts relatively
strong ferromagnetic and antiferromagnetic interactions. Note
that, although the crystal structure of complex 4 was the only
one experimentally determined, the wMT(T) and M(H,T) fits
for this complex are lower compared to the fits for 1–3. The
discrepancies between the experimentally determined and
DFT-obtained interaction in this case can be ascribed to the
structural distortion of complex 4.

3. Conclusions

In summary, four tetranuclear cubane-like nickel(II) complexes
with general formula Ni4(X,Y-L)4(m3-OMe)4(MeOH)4 have been
prepared by the reaction of NiCl2�6H2O with halogen-
substituted salicylaldehydes at room temperature to investigate
the effects of halogen groups in salicylaldehyde ligand on the
magnetic properties. The X-ray crystal structure analysis
revealed that 4 has a distorted cubane topology shaped by four
bidentate ligands and [Ni4(m-O4)] core is formed via the O atoms
from the methoxy groups. Each Ni(II) ion has a distorted
octahedral geometry and is coordinated by three bridging
methoxo-oxygens, one oxygen atom from a methanol molecule
and two oxygen atoms from the bidentate ligands similar to

previous works.71 Conventional SQUID and mSQUID measure-
ments down to 30 mK bath temperature suggest the co-
existence of ferromagnetic and antiferromagnetic couplings
among the four Ni ions in the cubane cell. Assessment of the
interactions via wMT(T) and M(H,T) fits and DFT calculations
show that ferromagnetic interactions are operative in all com-
plexes. The observed interactions are in good agreement with
the structural considerations, i.e., the Ni–O–Ni angles observed
in 4. While we find a good agreement between the experimen-
tally determined and DFT-determined parameters for 1–3, the
fits and DFT values for 4 have a lower agreement. The differ-
ences might arise from geometrical distortions and/or strong
intermolecular interactions operating in 4.

4. Experimental
Materials and general methods

All reagents and solvents for the synthesis and analysis were
purchased from commercial sources and used as received. The
FT-IR spectra were recorded on a JASCO, FT/IR-6300 spectro-
meter (4000–400 cm 1) as KBr pellets. The elemental analysis
was performed on Leco, CHNS-932 and PerkinElmer 7300 DV
elemental analyzers.

Synthesis of complexes

The addition of 10 mmol of NiCl2�6H2O to a MeOH solution
(30 mL) of 3-bromo-5-chlorosalicylaldehyde (10 mmol) and
triethylamine (15 mmol) at room temperature yielded a green
solution. The reaction mixture was stirred for six hours. The
solution was left for slow evaporation of the solvent. Green
crystals of the product (Ni–ClBr) formed within several days.

Other complexes were synthesized using identical reaction
conditions but yielding precipitates as products. A green pre-
cipitate was collected by filtration, washed with methanol, and
dried in air.

[Ni4(Cl2-L)4(l3-OMe)4(MeOH)4] (1). Yield: 85%. Anal. calc. for
C37H43Cl8Ni4O16: C, 35.21; H, 3.43%; found: C, 35.17; H, 3.40%.
FT-IR (KBr, cm 1): 3370 (nOH methanol), 1147 (nC O phen), 1044
(nC O alcoholic).

[Ni4(Br2-L)4(l3-OMe)4(MeOH)4] (2). Yield: 79%. Anal. calc.
for C37H43Br8Ni4O16: C, 27.47; H, 2.68%; found: C, 27.45;
H, 2.65%. FT-IR (KBr, cm 1): 3400 (nOH methanol), 1150
(nC O phen), 1046 (nC O alcoholic).

[Ni4(I2-L)4(l3-OMe)4(MeOH)4] (3). Yield: 78%. Anal. calc. for
C37H43I8Ni4O16: C, 22.29; H, 2.17%; found: C, 22.25; H, 2.14%.
FT-IR (KBr, cm 1): 3398 (nOH methanol), 1129 (nC O phen), 1042
(nC O alcoholic).

[Ni4(BrCl-L)4(l3-OMe)4(MeOH)4] (4). Yield: 82%. Anal. calc.
for C37H43Br4Cl4Ni4O16: C, 30.86; H, 3.01%; found: C, 30.83;
H, 2.99%. FT-IR (KBr, cm 1): 3379 (nOH methanol), 1135
(nC O phen), 1041 (nC O alcoholic).

Single crystal diffraction studies

Single crystal X-ray diffraction data for [Ni4(BrCl-L)4(m3-OMe)4-
(MeOH)4] (4) was collected on a Rigaku OD Synergy/Pilatus

Fig. 8 Graphical representation of the spin density (contour 0.004 e Å�3)
at the ground-state (high-spin) configuration (left) and theoretical model
used (right) of compound 1, J1.



diffractometer using the molybdenum X-ray radiation (l =
0.71073 Å) from a dual wavelength X-ray source and an Oxford
Instruments Cryojet XL cooler. The selected suitable single
crystal was mounted using polybutene oil on a flexible loop
fixed on a goniometer head and immediately transferred to the
diffractometer. Pre-experiment, data collection, data reduction
and analytical absorption correction were performed with the
program suite CrysAlisPro.74 Using Olex2, the structure was
solved with the SHELXT75 small molecule structure solution
program and refined with the SHELXL program package76 by
full-matrix least-squares minimization on F2. Hydrogen atoms
attached to carbon were located in their idealized positions by
using appropriate HFIX instructions in SHELXL and included in
subsequent refinement cycles in riding-motion approximation with
isotropic thermal displacements parameters (Uiso) fixed at 1.2 times
Ueq of the carbon atom to which they are attached. The hydrogen
atoms of the –OH group of the methanol molecules were found
in difference Fourier maps and refined isotropically. PLATON77

was used to check the result of the X-ray analysis. For more
details about the data collection and refinement parameters, see
the CIF file.

DFT calculations

DFT calculations were performed using the ORCA 5.0.4 package.78,79

using the broken-symmetry approach69 73 as implemented in the
software. The level of theory used in this study is B3LYP/def2-SVP
which makes use of the hybrid functional B3LYP80,81 and the basis
set def2-SVP for the description of all atoms.82 The auxiliary def2/J
basis set was used to speed up the calculations.83 Weak interactions
were taken into account using the atom-pairwise dispersion correc-
tion with the Becke–Johnson damping scheme (D3BJ).84,85
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