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a b s t r a c t
The Schiff base ligand H2L has been synthesized by condensation of 2-aminophenol with 3-methyl-1phenyl-4-formylpyrazol-5-one and reaction between H2L and Ni(OOCR3)2, R = H in 1, –CH3 in 2, Cl in
3, yielded three new tetranuclear Ni(II) complexes. The complexes have been characterized by elemental
analysis, IR- and ES-MS spectroscopy. Their structures as well as structure of ligand were determined by
single-crystal X-ray diffraction. Compounds 1–3 possesses tetranuclear cubane-like structures containing
[Ni4L4(R3COO)2]2 complex anions, which are charge balanced by two triethyl ammonium cations.
Furthermore, the crystal structure of the Ni(II) cubane compound containing trichloroacetate bridging
ligands, is reported for the first time. Variable temperature magnetic susceptibility measurements
revealed interplay between ferromagnetic and antiferromagnetic exchange in the tetranuclear cubanelike compounds 1–3, in which ferromagnetic interactions were enhanced by introducing carboxylate
bridging groups. DFT calculations supported the analysis of magnetic data.
Ó 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction
Tetranuclear cubane-like M4O4 complexes including high-spin
cobalt(II) and nickel(II) metal centers have been a very important
class of molecules due to their potential application as a new type
of magnetic materials [1,2]. The magnetic behavior of Co(II) and Ni
(II) complexes with a cubane-like inner core, typically with Schiff
base ligands, is very intriguing and depends on several structural
factors. In general, the Ni4O4 cubane may exhibit either ferromagnetic or antiferromagnetic interactions among the nickel ions,
depending upon the combination of the cubane topology and NiO-Ni angles. The structure of the cubane cores can be modified
by introducing alterations in the coordinating ligands and the
change in crystallization conditions such as solvent, temperature,
guest molecules and pH [3–20]. This is apparently helpful for the
synthesis of new molecular magnets allowing preparation of the
Co(II) or Ni(II) cubanes with the dominant ferromagnetic interactions among the metal centers and non-negligible magnetic anisotropy of the ground state. Such compounds can exhibit slow
⇑ Corresponding author.

relaxation of magnetization of molecular origin characteristic for
Single-Molecule Magnets (SMMs) [3–6].
A great number of the cubane structures based on Schiff bases
are formed on the basis of derivatives of salicylic aldehyde [3–
20]. Such complexes are widely investigated due to the simplicity
of their synthesis. Recently, we have started to develop new metal
complexes based on polydentate Schiff-base ligands on 4-acylpyrazol-5-ones basis [21], which could be considered as a structural
analog of salicylic aldehyde. In the present study, we have synthesized new Schiff-base ligand H2L by the condensation of oaminophenol with 3-methyl-1-phenyl-4-formylpyrazol-5-one
(Scheme 1). We have also prepared three new cubane complexes
by a reaction between H2L and Ni(OOCR)2xH2O (R = CH3, (CH3)3C
and CCl3). The alteration of the carboxylate ligands was done in
an attempt to modify the cubane structures and thus also the NiO-Ni exchange pathways. Furthermore, it must be stressed that
trichloroacetate is a rather uncommon ligand in the nickel coordination compounds and its bridging function has been structurally
confirmed only in a couple of compounds yet [22]. None of them
possessed the cubane like structure and thus, here we present
the first Ni cubane compound bridged by trichloroacetate ligand.

https://doi.org/10.1016/j.poly.2020.115017
0277-5387/Ó 2021 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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2.2.2. Coordination compounds
Synthesis of (Et3NH)2[Ni4L4(CH3COO)2]∙ CH3COOH5H2O (1).
Ni(CH3COO)24H2O (0.248 g, 1 mmol) was added to 30 mL of a
MeOH solution of the Schiff base ligand H2L (0.293 g, 1 mmol). Et3N
(0.300 g, 2 mmol) was added to the resulting solution followed by
further addition of 5 mL of MeOH. The resulting greenish-brown
solution was stirred for 2 h and kept at room temperature for slow
evaporation. Greenish-brown colour crystals appeared after 7 days.
Compound 1. Yield 62 (%). Anal. Calc. for C86H106N14Ni4O20 (%):
C, 54.63; H, 5.65; N, 10.37. Found: C, 54.91; H, 5.58; N, 10.48%. IR
(cm1): 3326(br), 3056(w), 2979(w), 1723(m), 1625(s), 1597(m),
1567(m), 1524(s), 1494 (s), 1353(s), 1334(s), 1247(s). ESI-MS: m/
z 350.0450 [Ni(L)] + H+] (Calcd 350.0239), m/z 699.0846 [Ni2(L)2] +H+] (Calcd 699.0729).
Compounds (Et3NH)2[Ni4L4(Me3CCOO)2]∙4H2O, (2) and (Et3NH)2[Ni4L4(Cl3CCOO)2]∙2H2O, (3) were obtained in a similar manner using nickel(II) pivalate and nickel(II) trichloroacetate,
respectively, instead of Ni(CH3COO)24H2O.
Compound 2. Yield 75 (%). Anal. Calc. for C90H110N14Ni4O16 (%):
C, 57.54; H, 5.90; N, 10.44. Found: C, 57.38; H, 5.77; N, 10.32%. IR
(cm1): 3310(br), 3056(w), 2980(w), 1626(s), 1599(m), 1522(m),
1500(s), 1352(s), 1331(s), 1246(s). ESI-MS: m/z 350.0438 [Ni
(L)] + H+] (Calcd 350.0239), m/z 699.0848 [Ni2(L)2] + H+] (Calcd
699.0729).
Compound 3. Yield 58 (%). Anal. Calc. for C84H88Cl6N14Ni4O14
(%): C, 51.34; H, 4.51; N, 10.82. Found: C, 51.62; H, 4.26; N,
10.72%. IR (cm1):): 3302(br), 3057(w), 2980(w), 1621(s), 1595
(m), 1519(s), 1499(s), 1354(s), 1339(s), 1238(s). ESI-MS: m/z
350.0440 [Ni(L)] + H+] (Calcd 350.0239), m/z 699.0842 [Ni2(L)2] +H+] (Calcd 699.0729).

H2L
Scheme 1. Structure of H2L.

Moreover, we present a detailed magnetic study explaining the
observed unexpected magnetic behavior of complexes in correlation to their structures.
2. Experimental
2.1. Materials and methods
All chemicals and solvents used for the synthesis were of analytical grade. 2-Aminophenol and Ni(CH3COO)24H2O were commercially available and used as received without further
purification. The starting nickel pivalate and trichloroacetate were
synthesized according to known procedures [23]. The synthesis of
new compounds was carried out with the use of trimethylacetic
ant trichloracetic acid (Acros Organics). 3-methyl-1-phenyl-4formylpyrazol-5-one was synthesized as described in the literature
[24,25]. The purity and composition of the prepared complexes
were confirmed by means of elemental analysis, electrospray-ionization mass-spectrometry (ESI–MS), and FT-IR spectroscopy, and
single-crystal X-ray structure analysis.
Elemental analyses of C, H, and N were performed with a Perkin–Elmer 240 C analyzer. 1H NMR spectra were recorded on a Bruker VXR-400 spectrometer at 400 MHz from solutions in DMSO-d6.
IR spectra were measured with a Spectrum Two PerkinElmer Inc
spectrometer in the range 4000–400 cm1. Electrospray mass spectra of complexes were measured with the Finnagan TSQ 700 mass
spectrometer in positive ion mode. Samples were prepared at a
concentration of ~2 mg/ml MeOH. The mass spectra were acquired
over the m/z range of 50–2000; several scans were averaged to provide the final spectrum.
Magnetic measurements were carried out on a SQUID MPMS 5S
Quantum Design magnetometer in the 2–300 K temperature range.
The diamagnetic contributions of the samples were estimated from
Pascal’s constants.

2.3. X-ray crystallography
Diffraction data were collected using the standard rotational
method on a Bruker SMART APEX II automated diffractometer
equipped with a CCD detector and a monochromatic radiation
source (H2L, MoKa radiation, k = 0.71073 Å) or a Bruker D8 Quest
diffractometer equipped with a Photon 100 CMOS detector using
the Mo-Ka radiation (compounds 1–2) or a Super-Nova diffractometer equipped with a HyPix-3000 detector (Cu-Ka radiation
k = 1.54184 Å) (compound 3). Data collection, data reduction,
and cell parameters refinements were performed using the Bruker
Apex III software package [26]. The molecular structures were
solved by direct methods SHELXS-2014 and all non-hydrogen
atoms were refined anisotropically on F2 using full-matrix leastsquares procedure SHELXL-2014 [27]. All hydrogen atoms were
found in differential Fourier maps and their parameters were
refined using a riding model with Uiso(H) = 1.2(CH) or 1.5(CH3)
Ueq. The crystallographic parameters and X-ray diffraction experimental parameters are given in Table S1. Non-routine aspects of
refinement: The crystals of 2 and 3 suffer from solvent loss and
therefore, despite numerous attempts, we were not able to get
diffraction data of sufficient quality to reasonably model the electron density corresponding to triethylammonium cations and cocrystallized solvent molecules. However, the positions of the Et3NH+ cations in 2 and 3 were localized and the figures of the (approximate) second coordination spheres in these compounds are
shown in supplementary. Prior the final refinement, a SQUEEZE
procedure incorporated to PLATON was used to subtract the electronic density corresponding to cations and solvent molecules [28].

2.2. Synthesis
2.2.1. Syntheses of the Schiff base ligand
The ligand H2L 4-{[(2-hydroxyphenyl)amino]methylene}-5methyl-2-phenyl-2,4-dihydro-3H-pyrazol-3-one was prepared by
the condensation of 2-aminophenol (0.546 g, 5 mmol) with 3methyl-1-phenyl-4-formylpyrazol-5-one (1.01 g, 5 mmol) in presence of a single drop of glacial acetic acid in methanol medium
(50 mL). On refluxing the methanolic solution for 5 h a light-yellow
solid was obtained. Precipitate was filtered off and recrystallized
from ethanol. Yield 1.55 g (87%).
Light-yellow crystals. Yield 84%. Anal. calc. for C17H15N3O2: C
69.61%, H 5.15%, N 14.33%. Found: C, 69.70; H, 5.22; N, 14.41%. IR
spectrum, selected bands, cm1: 1668, 1623, 1593, 1488, 1317,
1270, 758, 688. 1H NMR, d (ppm): 2.30 (3H, s, CH3), 6.93 (H, d,
2
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absorption band, which is absent in the spectra of free ligand,
appeared in the spectra of 1–3 with a maximum at 1352–
1354 cm1. This could be assigned to Cpyr-O stretching vibrations
confirming thus the formation of the imine-ole form of ligand upon
coordination. Furthermore, two intense bands of the characteristic
of the carboxylate-anion stretching are found in the regions 1621–
1625 cm1 and 1519–1524 cm1.
The crystal structures of 1–3 have been determined by X-ray
single-crystal diffraction. Complexes 1–3 crystallizes in the monoclinic space groups P21/c (2, 3) and P21/n (1). The crystallographic
data are listed in Tables S1. The asymmetric unit of 1–3 contains
anionic tetranuclear complex molecules and in the case of 1, the
positions of the triethylammonium cations, co-crystallized water
and acetic acid molecules were determined. However, in 2 and 3,
the electron density outside of the complex anions was affected
by partial solvent loss and thus it was not possible to be modeled
reasonably and thus, it was removed using SQUEZZE procedure
[28].
Molecular structures of complex anions are shown in Fig. 1.
Complex anions exhibit distorted cubane topology of their coordination polyhedral in which the Ni(II) and the l3-O oxygen atoms
occupy alternate vertices of the cube (Fig. 1). The Ni4O4 cubane
cores are encapsulated by an organic shell of four Schiff base
ligands (in double deprotonated form, L2) and two coordinated
carboxylate-anions. Each Ni(II) atom is six-coordinated by five oxygen atoms and one imino nitrogen atom. Four out of five oxygen
atoms originate from the Schiff base ligands and one is from the
bridging carboxylate ligand. The H2L ligand coordinates nickel
atoms in a tridentate manner (the ONO atom donor set) by one
imine nitrogen atom, oxygen atom from pyrazole ring and phenolate oxygen atom, which acts as l3-bridging atom. The metal–ligand bond lengths are very similar for both types of bonds,
whereas the Ni-N bonds are a bit shorter than Ni-O bonds
(Fig. 1). Remarkably, the longest bond lengths exceeding 2.10 Å
are observed for some of the Ni-l3-O bonds.
Considering only the Ni4O4 cubane cores and the nature of the
bridging ligands for the different faces of the cube, the D2d symmetry could be assumed. The cubane cores are elongated and the
NiNi distances between the Ni atoms bridged by the carboxylate
ligands (forming opposite faces of cubane) are shorter (e.g. 2.95–
2.98 Å for 1) than in four other faces (d(NiNi) = 3.20–3.27 Å for 1).
In crystal structure of 1, the Et3NH+ cations are not linked to the
complex anions by hydrogen bonding involving amine groups but
remarkably, by weaker CAHO hydrogen bonding (d(CO) = 3.37–
3.98 Å). The amine groups form rather strong NAHO hydrogen
bonds with co-crystallized water molecules (d(NO) = 2.687(4)
Å). These form OAHO hydrogen bonds between the coordinated
acetate ligands, other water molecules and non-coordinated mole-

3. Results and discussion
New ligand H2L was synthesized by the condensation of 2aminophenol with the corresponding pyrazolone in refluxing
anhydrous methanol and in the presence of a catalytic amount of
acetic acid. An important aspect of this type of ligand is related
to its tautomerism, both in the solid state and solution [29]. These
molecules may exist in four tautomeric forms differing by the positions of the hydrogen atom, which could be located at the oxygen
(imine-ol (form -A)), nitrogen (imine-one (form – B)), and carbon
(imine-one (form – C)) atoms of the pyrazolone ring or at the
azomethine N atom (amine-one) (form – D) – Scheme 2.
IR, 1H NMR, and XRD data reveal that ketoamine tautomeric D –
form predominates for the azomethines of H2L both in solutions
and in the solid state. Indeed. 1H NMR spectra of H2L (Fig. S1)
demonstrate double signals of CH groups of the aminomethylene
fragment @CHANHA at 8.68 ppm a doublet of the NH-groups at
11.57 ppm. Moreover, IR spectra of H2L show intense bands at
1668 cm1 attributed to m(Cpyr@O) vibrations (Fig. S3a). The crystal
structure of H2L was determined by single-crystal X-ray diffraction. H2L1 crystallized in the orthorhombic space group Pca21.
The structure of H2L molecule is shown in Fig. 1. The crystallographic data are listed in Tables S1. The X-ray data on these compounds confirm that the present ligand exists in the amine-form.

3.1. Coordination compounds on the H2L basis
The synthesis of 1–3 was carried out by reacting H2L with the
nickel carboxylates in methanol in presence of triethylamine as a
base at ambient temperature. Detailed synthetic procedures are
given in the experimental section. Complexes 1–3 were characterized by standard analytical/spectroscopic techniques and their
solid-state structures were established by single-crystal X-ray
diffraction analysis.
According to the element analysis data, these complexes possess Ni:L = 1:1 M ratio. ESI – mass spectroscopic data clearly suggests this ratio. Electrospray mass spectrum revealed a sequence of
peaks corresponding to {NiL + H+}, and {Ni2L2 + H+} fragments with
the correct isotopic spacings consistent with the charge (Fig. S2).
ESI-data indicate that the tetranuclear cluster is fragile in solution
and broke up under the conditions of the MS experiment
The infrared spectra for all complexes have been analyzed and
compared with the free ligand spectrum (Fig. S3a-d). No stretching
vibrations of the @CRANHA fragments were found in IR-spectra of
1–3, while the strong and sharp bands in the region of 1595–
1599 cm-1 that can be assigned to the azomethine C@N stretching
vibrations of the coordinated ligand were observed. A new intense
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Fig. 1. Molecular structures of ligand H2L (A) and tetranuclear complex molecules 1 (B), 2 (C) and 3 (D). In drawings of 1–3 the hydrogen atoms and phenyl rings (binding to
pyrazol-3-one) were omitted for clarity. Selected bond lengths in the complex cations are listed in Table S2.

non-covalent interactions are similar to those observed in 1 with
Et3NH+ cations forming NAHO hydrogen bonds with co-crystallized water molecules (Fig. S5a and S5b). The noticeable difference
is the absence of the co-crystallized acid molecule when compared
to the crystal structure of 1.

cules of acetic acid. Some of them provide non-covalent bridging
between pyrazolone rings (OAHN) and coordinated acetato
ligands (non-covalent interactions are summarized in Supplementary Table S3).
In the case of crystal structures of 2 and 3, the detailed discussion of the non-covalent interactions is prevented by a heavy disorder of the Et3NH+ cations and co-crystallized solvent molecules
caused by the partial solvent loss. The positions of the cations
and some of the solvent molecules can be located from difference
maps and it can be concluded that in both compounds the present

3.2. Magnetic properties
The thermal variation of the molar magnetization of 1–3 was
measured over the range of 2–300 K and additionally, the magnetic

Table 1
The fitted spin Hamiltonian parameters for compounds 1–3.
Compound

1

Jcb (cm1)
7.57
3.84
aJ
448
439
bJ
4.47
4.37
D (cm1)
1.90
10.8
g
2.32
2.34
RSSa
0.00110
0.00415
Jph derived values from linear equation Jph = aJ + <(Ni-O-Ni)av  bJ
1
J13 (cm )
0.79
0.18
J14 (cm1)
7.33
6.60
1
J23 (cm )
0.37
0.26
J24 (cm1)
2.22
2.75
2
P  exp:
calc:
a
RSS is residual sum of squares, i Mmol;i  M mol;i .

2

3

4.29
437
4.34
10.6
2.30
0.0638

4.31
416
4.13
12.4
2.29
0.501

1.40
467
4.67
2.70
2.12
0.0181

1.12
474
4.74
3.33
2.12
0.0268

1.80
0.52
1.67
1.67

1.75
0.53
1.62
1.56

3.13
4.86
1.42
0.77

3.14
4.90
1.41
0.74

4
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Thus, the spin Hamiltonian comprising the isotropic exchange,
ZFS and Zeeman term was postulated as follows

field dependent isothermal magnetizations were acquired up to 5T.
X-ray diffraction (XRD) measurements on the powder of 1–3 confirmed the retention of purity and crystallinity of related samples
for magnetic measurement (Fig. S4 a–c).
The tetranuclear compounds 1–3 have the room temperature
value of the effective magnetic moment in the 6–6.5 lB range,
which corresponds to four magnetic centers with S = 1 having
the g-factor slightly above free-electron value, which is typical
for hexacoordinate Ni(II) ions [30]. At temperatures below 50 K,
the increase of leff is observed followed by its decrease on cooling
to 2 K. Such behavior is most probably caused by the interplay of
ferromagnetic and antiferromagnetic exchange interactions among
Ni(II) ions influenced also by the single-ion zero-field splitting
(ZFS). This complex situation is also reflected in the isothermal
magnetization data, which does not follow Brillouin function and
does not saturate at the maximal magnetic field.

^ ¼
H

3
4
X
X
k¼1 l¼kþ1

4
 2

! !  X
2
J kl S k  S l þ
Dk ^Sz;k  ^Sk =3
k¼1

4
 2

X
2
þ Ek ^Sx;k  ^Sy;k þ lB B
g k ^Sa;k

ð1Þ

k¼1

where a-direction of the magnetic field is defined as Ba = B(sin(h)cos
(u), sin(h)sin(u), cos(h)) [31]. Such general spin Hamiltonian possesses too many free parameters and therefore the theoretical calculations at DFT level were performed to estimate the isotropic
exchange parameters Jkl (vide infra). Furthermore, we assumed all
ZFS parameters equal for the given tetranuclear compound and also
the g-tensors were treated as isotropic. The DFT calculations
showed that Ni(II) ions bridged also by the carboxylic groups pos-

Fig. 2. Magnetic data for compounds 1–3. Temperature dependence of the effective magnetic moment and the isothermal magnetizations measured at T = 2, 4, and 6 K. The
empty circles represent the experimental data points and the lines represent the best fits calculated by using Eq. (1) with parameters listed in Table 1.
5
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Table 2
The comparison of selected structural and magnetic parameters for dicarboxylato-bridged Ni4O4 cubanes.

a
b
#

CSDa

m-carboxylato

d(Ni-Ni) (Å)

<(Ni-O-Ni)aver.

Jcb (cm1)b

ref.

FOCXED
FOCXIH
GIMBUC
GIMCAJ
HALCIJ
HALCOP
HALCUV
IBOGAI
LAWXUF
LAWYAM
MUHLAE
TOPJEP
TUFPEQ
WIYVOQ
XIWFUG
XIWGAN
1
2
3

acetato
acetato
acetato
propanoato
acetato
propanoato
4-nitrobenzoato
pivaloato
formato
2-chlorobenzoato
pivaloato
acetato
acetato
acetato
trifluoroacetato
phenylacetato
acetato
pivaloato
trichloroacetato

2.880
2.879
2.906;
2.922;
2.958
2.953
2.959;
2.838;
3.037
3.027
2.922;
2.919;
2.889;
2.949;
2.979;
2.937;
2.948;
2.964;
2.982;

88.66
88.51
90.53;
91.54;
91.13
91.07
91.37;
87.68;
93.70
94.23
90.90;
91.32;
89.11;
90.54;
93.60;
91.83;
90.67;
90.99;
91.74;

6.2
12.0
5.5
8.3
4.06
5.16
4.06
16.8#
6.08
3.08
11.4
9.64
10.1
2.04
16.8#
14.4#
7.57/3.84#
4.29/4.31#
1.40/1.12#

[35]

2.923
2.911

2.959
2.907

2.895
2.907; 2.919; 2.929
2.956
2.947
2.962
2.944
2.986
2.987
3.005

91.38
90.92

91.61
89.92

90.51
90.28; 90.35; 90.99
90.51
91.22
93.05
92.42
91.93
91.68
92.63

[36]
[37]

[38]
[38]
[39]
[40]
[41]
[42]
[43]
this work
this work
this work

Cambridge Structural Database codes are used.
J-values were scaled to spin Hamiltonian with -J(S1S2) formulation.
Means that also the zero-field splitting term was included in the analysis of magnetic properties.

sess ferromagnetic interactions (Jcb) and we assumed Jcb = J12 = J34.
Whereas other interactions mediated solely by phenolato groups
are either weakly antiferromagnetic or weakly ferromagnetic (Jph)
and as expected, there is linear correlation between Jph and average
<(Ni-O-Ni) angle. Therefore, these Jph (J13,J14, J23, J24) were calculated
during fitting procedure as Jkl = aJ + bJ<(Ni-O-Ni)kl, which significantly reduced the number of varied parameters. We employed
similar approach previously for analogous systems [3]. Next, both
temperature and field-dependent data were fitted simultaneously
for both possible signs of the D-parameters, and the best-fits results
are summarized in Table 1 [32]. The better agreement with the
experimental data was acquired for a positive value of D-parameters, and these fits are shown in Fig. 2. It is evident that the modification of bridging carboxylate acid led to a variation of both the
isotropic exchange parameters and ZFS parameters – Table 1.
Next, the summary of similar Ni4O4 cubanes having octahedrally coordinated Ni atoms and two carboxylato-bridging ligands
similarly to compounds 1–3 is presented in Table 2. First, it is obvious that various carboxylato ligands were already utilized in this
part of the coordination chemistry, but this is first time when
trichloroacetato ligand was used. Secondly, both antiferromagnetic
and ferromagnetic exchange is reported for these carboxylatobridging ligands ranging from 10 to +17 cm1 and no clear correlation with selected structural parameters, like interatomic distance between two Ni atoms or average Ni-O-Ni angle, was
found. Moreover, it must be pointed out that in all previously published results in Table 2, the authors used temperature dependent
magnetic data (cT vs T) for analyzing magnetic properties. Furthermore, only in case of three compounds, magnetic data were analyzed together with ZFS terms. The fitted D-values were 3.1 cm1
or 2.2 cm1 for IBOGAI, 7.8 cm1 for XIWFUG and 8.5 cm1 for
XIWGAN. However, even large values of |D| up to 10–15 cm1
can be expected for octahedral Ni(II) ions having the heterogenous
coordination sphere and the large deviations from the ideal octahedron geometry [33,34]. To conclude, the nature of carboxylato
bridging ligand has deep impact on the magnetic properties, albeit
there is no obvious magneto-structural correlation.

computation package [44]. The respective molecular structures
were extracted from the experimental X-ray data followed by the
optimization of the hydrogen atom’s positions with PBE functional
[45]. Next, B3LYP functional [46] was utilized for the calculations
of high-spin (HS) states and several broken-symmetry spin states
(BS) in order to calculate individual J-parameters using Ruiz’s
approach [47]. In all calculations, def2-TZVP basis set was used
for all atoms except for carbon and hydrogen atoms, for which
def2-SVP basis set was used [48]. Moreover, RIJCOSX approximation [49] was used to speed up the calculations together with
def2/J auxiliary basis set [50]. The calculations for 1–3 were based
on the following spin Hamiltonian


! ! 
! ! 
!
^ ¼ J !
H
12 S 1  S 2  J 13 S 1  S 3  J 14 S 1  S 4
! ! 
! ! 
! ! 
 J 23 S 2  S 3  J 24 S 2  S 4  J 34 S 3  S 4

ð2Þ

and the values of the calculated J-parameters are listed in
Table 3. An example of BS calculation for 3 is visualized in Fig. 3
[51]. Evidently, a relatively strong ferromagnetic exchange is triggered by the carboxylate-bridging ligands OOCR3 and its strength
is only slightly modified by the alternation of carboxylic groups.
Comparison with isotropic exchange parameters (Table 1) determined from the experimental data shows that DFT calculations
overestimates this type of the exchange. It is well-known that
the isotropic exchange in Ni4 cubane is dependent on Ni-O-Ni
angle, [3–5,52] and also in this series of compounds 1–3, the magneto-structural linear correlation can be established – Fig. 4.

Table 3
The calculated J-parameters for 1–3 using B3LYP functionals.

J12
J13
J14
J23
J24
J34

3.3. DFT calculations
The complexity of the isotropic exchange interactions in 1–3
was assessed also by DFT calculations employing ORCA 4.2 ab initio

1

2

3

10.0*
0.11
5.08
0.36
2.36
11.2*

10.1*
1.26
2.28
1.35
0.76
11.3*

10.6*
0.17
0.11
1.09
3.60
10.9*

Values of J-parameters are in cm1, the values marked with an asterisk correspond
to superexchange pathways comprising also acetate group.

a
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or antiferromagnetic exchange interactions. DFT calculations are in
agreement with this model albeit predicted stronger ferromagnetic
exchange interactions mediated by carboxylate ligands in 1–3.
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