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ral studies on a number of doubly
end-on cyanate and azide bridged dinuclear
nickel(II) complexes with {N3O} donor Schiff base
ligands†

Narayan Ch. Jana, a Marko Jagodič, b Paula Brandão, c Moumita Patra,a

Radovan Herchel, d Zvonko Jagličić be and Anangamohan Panja *af

Two new doubly m1,1-N3 bridged (1 and 3) and six new doubly m1,1-NCO bridged NiII complexes (2, 4–8) with

six different N3O donor Schiff base ligands have been synthesized and magneto-structurally characterized.

All these neutral complex molecules are isostructural and constitute edge sharing bioctahedral structures.

Magnetic studies revealed that all these complexes exhibit ferromagnetic interaction through bridging

pseudohalides with ferromagnetic coupling constant J being significantly higher for azide-bridged

complexes than that of the cyanate analogues. This is consistent with the literature reported data and

also the presence of polarizable p systems and two different N and O donor atoms in cyanate ion,

rendering it a poor magnetic coupler in comparison to azide analogues. Although, the magneto-

structurally characterized doubly m1,1-N3 bridged NiII complexes are abundant, only few such complexes

with m1,1-bridging NCO− ions are reported in the literature. Remarkably, addition of these six new

examples in this ever-growing series of doubly m1,1-NCO bridged systems gives us an opportunity to

analyse the precise magneto-structural correlation in this system, showing a general trend in which the J

value increases with an increase in bridging angles. Therefore, the high degree of structural and

magnetic resemblances by inclusion of six new examples in this series is the major achievement of the

present work. An elaborate DFT study was performed resulting in magneto-structural correlation

showing that nature and value of the J-parameter is defined not only by Ni–Nb–Ni bond angles, but an

important role is also played by the Ni1–Ni2–Nb–Xt dihedral angle (Nb and Xt are bridging N and

terminal N or O atom of bridging ligands, respectively).
Introduction

Di- and poly-nuclear transition metal complexes with organic
ligands have been widely studied because of their applications
in various elds including bioinorganic chemistry and
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magnetic materials.1–7 In such metal complexes, the para-
magnetic centres are either bridged by endogenous bridges
such as phenolate ion or exogenous bridging ligands viz.
hydroxide, alkoxide, carboxylate and pseudohalide groups or by
a combination of both.8–10 Among the different bridging
ligands, pseudohalides particularly azide ions, are the most
investigated ones due to their versatile coordination abilities
that lead to huge structural diversities and remarkable
magnetic properties.11 In this regard, pseudohalide-bridged NiII

complexes have attracted considerable attention in the eld of
molecular magnetism because of the presence of signicant
magnetic anisotropy in NiII ions, associated with the second
order spin–orbit coupling, and because of the occurrence of
possible high spin ground states through ferromagnetic inter-
actions among NiII ions, mediated by the bridging pseudoha-
lides, which are the essential criteria for displaying single-
molecule magnetic behaviour.12–16 It is well known that the
end-to-end (EE, m1,3) bridging mode usually propagates anti-
ferromagnetic (AF) interaction, while the end-on (EO, m1,1)
bridging azide ion transmits ferromagnetic (F) coupling
RSC Adv., 2023, 13, 11311–11323 | 11311
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between NiII ions, indicating that the introduction of more and
more EO bridging azide ions is prerequisite for developing
better molecule-based magnetic materials.11 Unlike azide ion,
other heteroatomic pseudohalides, particularly cyanate ion,
with polarizable p systems and two different N and O donor
atoms, which can coordinate the metal ions through either of
the heteroatoms, or both, are less versatile than the azide
ion.17–23 Therefore, in contrast to the vast chemistry of azide-
bridged complexes, magneto-structurally characterised
compounds with cyanate ion are very limited.17–23 Consequently,
unlike azide-bridged analogues, a sophisticated magneto-
structural correlation is yet to be established for cyanate-
bridged NiII systems, and therefore, it requires further atten-
tion.24,25 However, going through the only few examples avail-
able in the literature, one can assess that cyanate ion with EO
bridging mode usually propagates ferromagnetic interaction
between NiII centres in a similar way that azide ion does, but
weakly, while amixed immersion has been observed through EE
bridging mode.17–23

Although it is clear that the EO bridging mode of pseudoha-
lides is crucial for developing better molecule-based magnetic
materials with high spin ground state, it is difficult to control the
bridging motif of the pseudohalides in the resulting complexes as
it is inuenced by several factors including nature of the organic
ligands. Among several organic ligands, Schiff-base ligands have
been extensively utilised for the development of a large numbers
of NiII clusters with interesting structures andmagnetic properties
because of their synthetic simplicity and tuneable stereo-
electronic properties by incorporating different amine and
carbonyl counterparts.26 Our recent studies disclosed that Schiff
base ligands with N3O donor sets derived from condensation of
salicylaldehyde or its derivative with N,N-dimethyldipropylenetri-
amine are capable to produce doubly EO azide or cyanate bridged
ferromagnetically coupled dinuclear NiII complexes.20,22,23 There-
fore, we anticipated that a large numbers of EO cyanate-bridged
NiII complexes can be synthesised using different carbonyl
Scheme 1 Drawing of the ligands used in the present study.

11312 | RSC Adv., 2023, 13, 11311–11323
components of the Schiff base ligands derived from this triamine,
which not only add few more examples to the only limited
members of such complexes reported in the literature, but it is
a possibility to establish precise magneto-structural corelation in
this system. Consequently, in this present endeavour, a series of
tetradentate N3O donor Schiff base (HL1–HL6, Scheme 1), derived
from the condensation reaction of N,N-dimethyldipropylenetri-
amine with different carbonyl components, namely 2-hydroxy-3-
methoxy-5-methylbenzaldehyde, 2-hydroxy-3-
methoxybenzaldehyde, 5-nitrosalicylaldehyde, 5-bromo-3-
methoxysalicylaldehyde, 4-(diethylamino)salicylaldehyde and 2-
hydroxy-1-naphthaldehyde, have been utilised to prepare closely
related EO cyanate-bridged NiII complexes. Furthermore, two EO
azide-bridged NiII complexes with Schiff base HL1 and HL2 were
produced to compare its magnetic transmitting ability with
analogues EO cyanate-bridged NiII complexes. Herein, the struc-
tures and magnetic properties of eight new complexes
[Ni2(L

1)2(m1,1-N3)2] (1), [Ni2(L
1)2(m1,1-NCO)2] (2), [Ni2(L

2)2(m1,1-N3)2]$
2CH3CN (3), [Ni2(L

2)2(m1,1-NCO)2] (4), [Ni2(L
3)2(m1,1-NCO)2] (5),

[Ni2(L
4)2(m1,1-NCO)2] (6), [Ni2(L

5)2(m1,1-NCO)2] (7) and [Ni2(L
6)2(m1,1-

NCO)2] (8) have been reported, and an emphasis was also given to
establish magneto-structural correlation in these systems, that is
yet to be established for cyanate-bridged NiII complexes. More-
over, the elaborated DFT study was performed for in-depth
understating of the magnetic interaction in these systems.
Experimental section
Materials and physical measurements

Chemicals such as nickel(II) nitrate hexahydrate, 2-hydroxy-3-
methoxybenzaldehyde, 5-nitrosalicylaldehyde, 5-bromo-3-
methoxysalicylaldehyde, 2-hydroxy-1-naphthaldehyde, 4-(dieth-
ylamino)salicylaldehyde and N,N-dimethyldipropylenetriamine
were commercially available reagent or analytical grade chem-
icals and used as received. 2-Hydroxy-3-methoxy-5-
methylbenzaldehyde was synthesized following a literature
© 2023 The Author(s). Published by the Royal Society of Chemistry
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reported method.27,28 Solvents were of reagent grade and used
without further purication.

Elemental analyses for carbon, hydrogen and nitrogen were
carried out in a PerkinElmer 240C elemental analyser. FTIR
spectra of the complexes in the range 4000 to 400 cm−1 were
measured in a Thermo Scientic Nicolet iS5 FTIR spectrometer
using a universal ATR sampling accessory. Direct current (dc)
magnetic susceptibility measurements were performed on
a Quantum Design MPMS-XL-5 magnetometer under a static
magnetic eld of 10 kOe in the temperature range of 2 to 300 K.
The eld dependent magnetization data were collected in the
range of dc magnetic eld 0–50 kOe at 5 K. All magnetic data
were corrected for the sample holder and for the diamagnetic
contribution of the samples.
Synthesis of Schiff base ligands HL1–HL6

Ligands HL1–HL6 were prepared adopting conventional Schiff
base condensation method in which N,N-dimethyldipropyle-
netriamine was allowed to react with 2-hydroxy-3-methoxy-5-
methylbenzaldehyde, 2-hydroxy-3-methoxybenzaldehyde, 5-
nitrosalicylaldehyde, 5-bromo-3-methoxysalicylaldehyde, 2-
hydroxy-1-naphthaldehyde or 4-(diethylamino)salicylalde-
hyde in methanol under reux to afford tetradentate {N3O}
donor Schiff base ligands HL1–HL,6 respectively. In a typical
reaction, N,N-dimethyldipropylenetriamine (0.5 mmol, 80
mg) and 2-hydroxy-3-methoxy-5-methylbenzaldehyde
(0.5 mmol, 83 mg) in 20 mL methanol were heated to reux
for ca. 1 h, and thereaer allowed to cool at room tempera-
ture. The dark-orange methanol solution of HL1 was subse-
quently used for the synthesis of complexes 1 and 2. Similarly,
Schiff base ligands HL2–HL6 were prepared, when condensa-
tion reactions were carried out using 2-hydroxy-3-
methoxybenzaldehyde, 5-nitrosalicylaldehyde, 5-bromo-3-
methoxysalicylaldehyde, 4-(diethylamino)salicylaldehyde or
2-hydroxy-1-naphthaldehyde in place of 2-hydroxy-3-methoxy-
5-methylbenzaldehyde and aerward directly used for the
synthesis of complexes 3–8.
Synthesis of [Ni2(L
1)2(m1,1-N3)2] (1)

Ni(NO3)2$6H2O (145 mg, 0.5 mmol), dissolved in 10 mL of
methanol, was added to a 20 mL of methanol solution of Schiff
base HL1 (0.5mmol) with stirring. A 10mLmethanol solution of
sodium azide (NaN3) (0.5 mmol, 33 mg) was added to the
reaction mixture with constant starring. The resulting dark-
green solution was thereaer allowed to reux for ca. 30 min.
The reaction mixture was then ltered and kept at ambient
temperature for slow evaporation. Crops of dark-green crystals,
suitable for X-ray diffraction study, were developed over a period
of one week. The crystals were ltered off and washed with cold
methanol and dried in air to obtain analytically pure complex 1.
Yield: 175 mg (86%). Anal. calcd for C34H56N12Ni2O4: C 50.15%,
H 6.93%, N 20.64%. Found: C 50.34%, H 7.04%, N 20.47%.
Selected FTIR bands (cm−1): 1621 s (nC]N); 2051 s (nN3

�); 3161 w
(nN–H); 1400–1610 cm−1 (nC]C).
© 2023 The Author(s). Published by the Royal Society of Chemistry
Synthesis of [Ni2(L
1)2(m1,1-NCO)2] (2)

Complex 2 was prepared adopting a very similar method as
described for 1 with only exception that NaNCO was used in
place of NaN3. Colour: dark-green. Yield: 141 mg (69%). Anal.
calcd for C36H56N8Ni2O6: C 53.10%, H 6.93%, N 13.76%. Found:
C 53.24%, H 7.08%, N 13.52%. Selected FTIR bands (cm−1):
1617 s (nC]N); 2166 s (nNCO−); 3155 w (nN–H); 1405–1615 cm−1

(nC]C).
Synthesis of [Ni2(L
2)2(m1,1-N3)2]$2CH3CN (3)

Complex 3 was prepared applying a very similar methodology as
described for 1, but ligand HL2 was used instead of ligand HL1

and a methanol/acetonitrile (1 : 1, v/v) solvent mixture was used
for the synthesis. Colour: dark-green. Yield: 180 mg (83%). Anal.
calcd for C36H58N14Ni2O4: C 49.80%, H 6.73%, N 22.58%.
Found: C 49.94%, H 6.88%, N 22.37%. Selected FTIR bands
(cm−1): 1620 s (nC]N); 2052 s (nN3

�); 3163 w (nN–H); 1402–
1610 cm−1 (nC]C).
Synthesis of [Ni2(L
2)2(m1,1-NCO)2] (4)

Complex 4 was synthesised adopting the same methodology
applied for the synthesis of 2, but ligand HL2 was used instead
of ligand HL1. Colour: dark-green. Yield: 138 mg (70%). Anal.
calcd for C34H52N8Ni2O6: C 51.94%, H 6.67%, N 14.25%. Found:
C 52.05%, H 6.69%, N 14.11%. Found: C 53.24%, H 7.08%, N
13.52%. Selected FTIR bands (cm−1): 1624 s (nC]N); 2171 s
(nNCO−); 3165 w (nN–H); 1410–1615 cm−1 (nC]C).
Synthesis of [Ni2(L
3)2(m1,1-NCO)2] (5)

Complex 5 was synthesised following an identical methodology
that applied for the synthesis of 2, but ligand HL3 was used
instead of ligand HL1. Colour: dark-green. Yield: 155 mg (76%).
Anal. calcd for C32H46N10Ni2O8: C 47.09%, H 5.68%, N 17.16%.
Found: C 47.24%, H 5.78%, N 17.00%. Found: C 53.24%, H
7.08%, N 13.52%. Selected FTIR bands (cm−1): 1301 s and 1594
m (nNO2

); 1624 m (nC]N); 2173 s (nNCO−); 3211 w (nN–H); 1405–
1610 cm−1 (nC]C).
Synthesis of [Ni2(L
4)2(m1,1-NCO)2] (6)

Complex 6 was prepared following an identical procedure as
described for 2 with only exception that ligand HL4 was used in
place of ligand HL1. Colour: dark-green. Yield: 194 mg (82%).
Anal. calcd for C68H100Br4N16Ni4O12: C 43.26%, H 5.34%, N
11.87%. Found: C 43.01%, H 5.38%, N 11.72%. Selected FTIR
bands (cm−1): 1621 s (nC]N); 2172 s (nNCO−); 3172 w (nN–H); 1400–
1605 cm−1 (nC]C).
Synthesis of [Ni2(L
5)2(m1,1-NCO)2] (7)

Complex 7 was prepared applying a very similar methodology as
described for 2, but ligand HL5 was used instead of ligand HL1.
Colour: dark-green. Yield: 122 mg (59%). Anal. calcd for
C40H52N8Ni2O4: C 58.14%, H 6.34%, N 13.56%. Found: C
57.81%, H 6.49%, N 13.37%. Selected FTIR bands (cm−1): 1584 s
(nC]N); 2172 s (nNCO−); 3134 w (nN–H); 1410–1620 cm−1 (nC]C).
RSC Adv., 2023, 13, 11311–11323 | 11313
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Synthesis of [Ni2(L
6)2(m1,1-NCO)2] (8)

Complex 8 was synthesised adopting the same methodology
applied for the synthesis of 2, but ligand HL6 was used instead
of ligand HL1. Colour: dark-green. Yield: 132 mg (61%). Anal.
calcd for C40H66N10Ni2O4: C 55.32%, H 7.66%, N 16.13%.
Found: C 55.24%, H 7.89%, N 15.81%. Selected FTIR bands
(cm−1): 1613 s (nC]N); 2173 s (nNCO−); 3166 w (nN–H); 1400–
1600 cm−1 (nC]C).
X-ray crystallography

Single crystal X-ray diffraction data of complexes 1–8 were
collected on a Bruker Kappa Apex-II CCD diffractometer
equipped with a ne focus sealed tube of monochromated Mo-
Ka radiation (l = 0.71073 Å). The collected data frames were
processed with SAINT-plus programme, and nally the intensity
data were corrected by applying multi-scan absorption correc-
tion method implemented in SADABS programme.29 The
structures were solved by the direct method (SHELXS) and
rened by full-matrix least squares technique based on F2 using
SHELX-2018 programme.30 All the non-hydrogen atoms were
rened with anisotropic thermal parameters. Whereas
hydrogen atoms attached to carbon atoms were included in
geometrically idealised positions and rened with a xed
thermal parameter (1.2 or 1.5 times) with respect to their parent
atoms, the secondary amine protons were located on the
difference Fourier map and rened freely. Other details of
crystallographic data and structure renement parameters are
placed in Table 1. Crystal structures were generated through the
programme MERCURY-4.3.1 and POV-ray soware.
Results and discussion
Syntheses and general characterization

Tetradentate {N3O}-donor Schiff base ligands (HL1–HL6) were
synthesised by condensation reaction of N,N-dimethyldipropyle-
netriamine with 2-hydroxy-3-methoxy-5-methylbenzaldehyde, 2-
hydroxy-3-methoxybenzaldehyde, 5-nitrosalicylaldehyde, 5-bromo-
3-methoxysalicylaldehyde, 4-(diethylamino)salicylaldehyde or 2-
hydroxy-1-naphthaldehyde in methanol, respectively (Scheme 1).
Thereaer, eight new dark-green binuclear pseudohalide-bridged
complexes, [Ni2(L

1)2(m1,1-N3)2] (1), [Ni2(L
1)2(m1,1-NCO)2] (2),

[Ni2(L
2)2(m1,1-N3)2]$2CH3CN (3), [Ni2(L

2)2(m1,1-NCO)2] (4),
[Ni2(L

3)2(m1,1-NCO)2] (5), [Ni2(L
4)2(m1,1-NCO)2] (6), [Ni2(L

5)2(m1,1-
NCO)2] (7) and [Ni2(L

6)2(m1,1-NCO)2] (8) were resynthesized in high
yield through one-pot reaction of in situ generated Schiff base
ligand, Ni(NO3)2$6H2O and pseudohalide salts in a 1 : 1 : 1 molar
ratio in presence of triethylamine base in methanol or methanol/
acetonitrile under reux. All the compounds were routinely char-
acterised by elemental analysis and IR spectroscopy.

The IR spectra of all the complexes (Fig. S1†) disclose char-
acteristic azomethine C]N stretching bond of the Schiff base
ligands in the range 1584–1624 cm−1. All of them also consist of
N–H stretching band of the secondary amine group of the Schiff
base ligands in the range 3134–3211 cm−1. Most importantly,
the IR spectra of complexes 1 and 3 display a very strong
absorption band at around 2052 cm−1 which is attributed to the
© 2023 The Author(s). Published by the Royal Society of Chemistry
asymmetric stretching frequency of azide ion, which is consis-
tent with EO azide-bridged NiII systems. Similarly, IR bands for
the asymmetric stretching vibrations of EO cyanate bridges in
complexes 2, 4–8 were observed in the range 2166–2173 cm−1,
which are usual for EO cyanate-bridges. Moreover, broadening/
bifurcation of the stretching band of cyanate group in 2 and 6 is
consistent with the presence of two crystallographically inde-
pendent complex molecules (vide infra). The stretching
frequency in the range of 1400–1620 cm−1 are assigned to
phenyl (C]C) ring stretching for all the complexes. Additional
bands at 1301 and 1594 cm−1 in 5 have been assigned to
symmetric and asymmetric stretching vibrations of nitro group
of the Schiff base ligand, respectively.
Description of crystal structures

X-ray crystallography reveals that all the complexes are iso-
structural with formulas [Ni2(L

1)2(m1,1-N3)2] (1), [Ni2(L
1)2(m1,1-

NCO)2] (2), [Ni2(L
2)2(m1,1-N3)2]$2CH3CN (3), [Ni2(L

2)2(m1,1-NCO)2]
(4), [Ni2(L

3)2(m1,1-NCO)2] (5), [Ni2(L
4)2(m1,1-NCO)2] (6),

[Ni2(L
5)2(m1,1-NCO)2] (7) and [Ni2(L

6)2(m1,1-NCO)2] (8), and they
crystallized uniformly in the monoclinic unit cell but in either
space group P21/n (1 and 7) or P21/c (2−6 and 8). The structures of
all the complexes are eventually similar in that the neutral
dinuclear complex molecules are constructed by doubly EO
bridged N3

− ions in 1 and 3 (Fig. 1) and NCO− ions in 2 and 4−8
(Fig. 2). Whereas a full set of dinuclear complexmolecule in 1 and
two halves of the crystallographically independent centro-
symmetrical dinuclear complex molecules in 2 and 6 are
present in the asymmetric units, only a half of the centro-
symmetrical dinuclear complex molecule constitutes the asym-
metric units of 4, 5, 7 and 8. Additionally, only in 3, the complex
molecules crystallized with acetonitrile solvent molecules.
However, in all the complexes, the NiII centres are hexa-
coordinate with a distorted octahedral geometry in which each
of the NiII ion is surrounded by three N donor atoms and one
phenolate-O atom of the deprotonated Schiff base ligands and
twoN-atoms either from the EObridging azide ions (in 1 and 3) or
cyanate ions (in 2 and 4–8). The EO bridging pseudohalide ions
share the common edges, leading to the edged-sharing bio-
ctahedral structures (see Fig. 1 and 2). In all these complexes,
three N-atoms (imine, secondary amine and tertiary amine N-
atoms) from the triamine part of the deprotonated Schiff base
ligands coordinate the NiII centres in a facial conguration. The
Ni–N bond lengths of imine, secondary amine and tertiary amine
of the Schiff base ligands span in the range 2.046(2) to 2.239(2) Å
in 1–8, which are comparable to those found in closely related NiII

complexes reported in the literature (Table 2).17–23,31–51 The central
{NiN2Ni} core in 1 and 3 is planar with the metal–metal separa-
tion and the Ni–N–Ni bridging angles are 3.355(1) and 3.374(1) Å,
and 101.00(8)°–101.99(8)°, respectively. Similarly, the metal–
metal separations (3.327(1)–3.235(1) Å) in the central {NiN2Ni}
core structures in 2–8 are very similar as that found in 1 and 3, but
the Ni–N–Ni bridging angles in the range 96.79(9)–99.87(8)° are
slightly lower than that found in 1 and 3. The bridging region is
slightly asymmetric as can be seen from the Ni–N bond distances
of 2.120(2)–2.148(1) (shorter) and 2.197(2)–2.212(2) Å (longer) of
RSC Adv., 2023, 13, 11311–11323 | 11315
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Fig. 1 Crystal structures of doubly m1,1-azido-bridged dinuclear NiII complexes 1 and 3 showing selected atom numbering scheme (left) and local
polyhedral around NiII centre (right). Ellipsoids are drawn at the 30% probability level. The intramolecular H-bonds are shown as dashed lines.

Fig. 2 Crystal structures of dinuclear NiII complexes 2 and 4–8 with selected atom numbering scheme. Ellipsoids are drawn at the 30%
probability level. Hydrogen atoms are omitted for clarity of the picture. The noncovalent interactions are shown as dashed lines.
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the bridging azide ions in 1 and 3 and two sets the Ni–N bond
distances (2.091(4)–2.134(2) Å and 2.221(4)–2.2650(18) Å) of the
bridging cyanate ions in 2–8. Invariably, in these complexes,
secondary amine hydrogen atom establishes moderately strong
intramolecular hydrogen bonding interactions with the pheno-
late oxygen atom within the dinuclear unit with the donor–
acceptor distances varying in the range 2.914–3.099 Å, to provide
the solid-state stability of these compounds. Additional stability
in the solid state is appeared from the different weak intermo-
lecular interactions, such as C–H/N/O, p/p and C–H/p in
these complexes (Fig. S2–S9†).
Magnetic studies

The temperature dependence of direct current (dc) magnetic
susceptibility measurements was carried out on crystalline
11316 | RSC Adv., 2023, 13, 11311–11323
samples of 1–8 in the temperature range 2–300 K under
a constant applied dc eld of 10 kOe and themagnetic data were
plotted as a function of cT vs. T (Fig. 3 and 4; c being the molar
magnetic susceptibility per dimer), while the molar magneti-
zation as a function of applied dc magnetic eld (M/mB per f.u.
vs. H) for these complexes are depicted in Fig. S10.† At room
temperature, the cT values are in most cases slightly higher
than the theoretical value of 2.0 emu mol−1 K for two non-
interacting NiII ions with S = 1 and g = 2, consistent with the
presence of spin–orbit coupling in the NiII ion. As the temper-
ature is lowered, the cT products increase continuously with
decreasing temperature to attain maxima in all the cases and
thereaer decrease sharply until 2 K. Themagnetic behaviour of
these samples is typical for an intramolecular ferromagnetic
interaction between two NiII ions together with the inuence of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Selected bond lengths in Å for 1–8

Bond 1 2 3 4 5 6 7 8

NiII–N (imine) 2.050(2) 2.068(2) 2.060(1) 2.059(2) 2.077(2) 2.075(4) 2.059(2) 2.052(2)
2.046(2) 2.066(2) 2.059(4)

NiII–N (secondary amine) 2.109(2) 2.106(2) 2.123(1) 2.117(2) 2.102(2) 2.124(4) 2.122(2) 2.113(2)
2.109(2) 2.107(2) 2.117(4)

NiII–N (tertiary amine) 2.198(2) 2.233(2) 2.148(1) 2.239(2) 2.205(2) 2.225(4) 2.225(2) 2.202(2)
2.202(2) 2.189(2) 2.227(4)

NiII–O (phenolate) 2.002(2) 1.992(2) 2.013(1) 2.001(2) 2.069(2) 2.020(3) 2.003(1) 2.003(2)
2.005(2) 2.001(2) 2.011(3)

NiII–N (pseudohalide) 2.136(2) 2.134(2) 2.148(1) 2.114(2) 2.101(2) 2.118(4) 2.114(2) 2.112(2)
2.212(2) 2.223(2) 2.209(1) 2.248(2) 2.243(2) 2.221(4) 2.265(2) 2.247(2)
2.197(2) 2.115(2) 2.091(4)
2.120(2) 2.240(2) 2.235(4)

Ni/Ni 3.355(1) 3.258(1) 3.374(1) 3.286(1) 3.327(1) 3.299(1) 3.292(1) 3.292(1)
3.298(1) 3.235(1)

Ni–N–Ni bridging angle 101.00(8) 96.79(9) 101.48(5) 98.23(8) 99.87(8) 99.0(2) 97.43(7) 98.04(7)
101.99(8) 97.93(8) 96.8(2)
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intermolecular interactions and/or zero-eld splitting (ZFS) of
ground state (S = 2), particularly at lower temperature. The
saturation magnetization values of about 4 M/mB per f.u. also
suggest the ferromagnetic interaction between the NiII centres,
leading to the S = 2 ground state in these systems. Therefore,
the magnetic susceptibility data can nicely be modelled with
a full-matrix diagonalisation approach assuming an isotropic
spin exchange Hamiltonian (−2JŜ1$Ŝ2), Zeeman interaction (gNi,
average) and zero-eld splitting (D)/intermolecular interaction
(zJ′) to extract the different numerical parameters using the PHI
programme.52 The best ttings of the magnetic data yielded J =
+36.8(5) cm−1, gNi = 2.14(1), and D = +7.79(4) cm−1 for complex
1 and J = +34.48(2) cm−1, gNi = 2.07(1) and D = +13.61(1) cm−1

for complex 3, while the numerical parameters for complexes 2
and 4−8 are assembled in Table 3.

It is now well studied that the sign and magnitude of the
exchange interaction (J) among the paramagnetic centres is
governed by several structural parameters in which the bridging
angle plays themost important role in determining the sign and
Fig. 3 Temperature dependence of cT productsmeasured at 10 kOe dc fi
fitted data.

© 2023 The Author(s). Published by the Royal Society of Chemistry
strength of magnetic interactions. The extensive theoretical
works by Ruiz et al.24 showed that the doubly m1,1-azido-bridged
dinuclear NiII systems experience ferromagnetic interactions
through the bridging Ni–N–Ni angles (q) studied in between 80°
and 115° in which J value increases with increasing angles and
reaches the maximum at around 104°, and thereaer decreases
with increasing q. Interestingly, all the reported m1,1-azido-
bridged dinuclear NiII systems exhibit ferromagnetic interac-
tions with only one exception where a very low bridging angle of
90.4° mediates the antiferromagnetic interaction between NiII

centres.37 The Ni–N–Ni bridging angles found in 1 and 3 are
comparable (101.00(8)° and 101.99(8)° for 1 and 101.48(5)° for
3), and are close to the angle where the strong ferromagnetic
interaction is expected between two NiII ions as shown in the
theoretical study,24,53 and thus moderately strong J values
(36.8(5) and 34.48(2) cm−1 for 1 and 3, respectively) found in
these systems are in good agreement with the theoretical
calculations. However, unlike theoretical prediction, a large
number of magnetically characterized m1,1-azido-bridged
eld for 1 and 3. Symbols and solid lines represent experimental and best

RSC Adv., 2023, 13, 11311–11323 | 11317
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Fig. 4 Temperature dependence of cT products measured at 10 kOe dc field for 2 and 4–8. Symbols and solid lines represent experimental and
best fitted data.

Table 3 Selected structural and magnetic data of doubly end-on cyanato bridged NiII dimers (following Ĥ = −2JŜ1$Ŝ2 convention)
a

Compounds J (cm−1) D (cm−1) g M–N (Å) M–N–M (°)
Dihedral angles (°) between
two Ni1–Ni2–Nb–Xt planes

b Ref.

2 +4.17(8) +9.11(2) 2.22(1) 2.134, 2.223 96.79(9) 158.05 This work
4 +5.75(3) +10.80(2) 2.18(1) 2.114, 2.248 2.115,

2.240
98.23(8) 174.77 This work
97.93(8) 162.72

5 +7.80(9) +2.00(3) 2.238(2) 2.101, 2.243 99.87(8) 168.46 This work
6 +9.1(1) +2.84(2) 2.141(2) 2.118, 2.221 2.091,

2.235
99.0(2) 165.25 This work
96.8(2) 177.81

7 +4.6(2) +7.63(7) 1.973(6) 2.114, 2.265 97.43(7) 178.98 This work
8 +4.7(2) +2.34(2) 2.315(7) 2.112, 2.247 98.04(7) 174.55 This work
[Ni2(L

9)2(m1,1-NCO)2](ClO4)2 +1.7 +3.6 2.23 2.125, 2.090 94.4, 95.8 177.86 19
[Ni2(L

10)2(m1,1-NCO)2](ClO4)2 +2.8 +3.6 2.23 2.099, 2.115 95.33, 95.79 175.41 19
[Ni2(terpy)2(m1,1-NCO)2(H2O)2](PF6)2 +4.59 −12.32 2.23 2.044, 2.195 97.7 175.10 20
[Ni2(L

11)2(m1,1-NCO)2] +6.85 +7.18 2.19 2.107, 2.244 2.115,
2.280

97.84, 98.74 171.68 21

[Ni2(L
12)2(m1,1-NCO)2] +5.31 +5.00 2.19 2.225, 2.201 98.47 172.73 22

[Ni2(L
13)2(m1,1-NCO)2] +3.70 +8.05 2.28 2.119, 2.205 97.45, 97.84 172.94 23

a L9 = [N,N′-bis(2-pyridinylmethylene)]propane-1,3-diamine; L10 = N,N′-bis(pyridin-2-yl)benzylidene]ethane-1,2-diamine; terpy = terpyridine; L10,
L11 and L12 = tetradentate N3O donor Schiff base ligands. b As dened in the text and average values are reported.
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dinuclear NiII systems do not display a clear relationship of J
values with the Ni–N–Ni bridging angles as a small variation of
the Ni–N–Ni angles in a narrow range of 98°–103.9° display
a wide range of J values from 1.91 to 43.9 cm−1.31–51 This can be
further conrmed by the fact that the present bridging angles of
101.00(8)° and 101.99(8) ° for 1 and 101.48(5)° for 3 are
comparable to the value of 101.0° in [Ni2(L

7)2(m1,1-N3)2(N3)2] (L
7

= a tridentate quinoline-based ligand)40 and 101.79° (average
11318 | RSC Adv., 2023, 13, 11311–11323
angle) in [Ni2(L
8)2(N3)2(m1,1-N3)2]$CH3OH (L8= N,N-dimethyl-N′-

(pyrid-2-ylmethyl)-ethylenediamine),54 yet they display signi-
cantly different J values of 6.1 and 1.91 cm−1, respectively. In
contrast, the magnetic coupling constants of the present
systems are nicely matched with other reported compound
[Ni(pepci)(m1,1-N3)2]2 (where pepci = N′-(2-pyridin-2-ylethyl)
pyridine-2-carbaldimine)47 that displayed very similar bridging
angle of 101.6° with J value of 36.3 cm−1. Moreover, the present J
© 2023 The Author(s). Published by the Royal Society of Chemistry
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values are signicantly different from our previous report with
similar ligand system, derived from the condensation of sali-
cylaldehyde and N,N-dimethyldipropylenetriamine, in which J
value and average bridging angle are found to be 10 cm−1 and
101.35°, respectively.

In contrast to extensively rich magneto-structurally charac-
terized m1,1-N3 bridged NiII systems, only few doubly m1,1-NCO
bridged dinuclear NiII complexes are available in the
literature.19–23 Therefore, the addition of six new examples in
this series enriches the eld of doubly m1,1-NCO bridged dinu-
clear NiII compounds. As can be seen from Table 3 that the
magnetic coupling constants are weak compared to azide-
bridged systems, which is because of the presence of polariz-
able p systems and two different N and O donor atoms in
cyanate ion, rendering to be a poor magnetic coupler in
comparison to azide analogue. The magnetic and relevant
Fig. 5 Magneto-structural correlation data showing dependence of J val
that these data have been excluded from this correlation. The data have b
numbers.

Fig. 6 The comparison of DFT calculated and experimental values of J in
J-values: JRB3LYP and JYM062X (right).

© 2023 The Author(s). Published by the Royal Society of Chemistry
crystallographic data of all doubly m1,1-NCO bridged dinuclear
NiII systems as given in Table 3 show the variation of J values in
a narrow range of 1.7–9.1 cm−1.19–23 Remarkably, unlike azide-
bridged systems, the cyanate analogues follow a general trend
in which J value increases with increase in bridging angles
(Fig. 5, le), similar to theoretical prediction that has been
conducted by Ruiz et al. for azide analogues.24 The possibility of
more precise correlation cannot be ruled out if simultaneous
inuence of different structural parameters take into account in
correlation studies. For example, other than the bridging angle,
the deviation of the bridging azide or cyanate ligand from Ni2N2

plane could inuence the magnetic interaction between the
paramagnetic centres as with increase in deviation from Ni2N2

plane orbitals overlap is expected to be reduced, leading to
a weaker magnetic coupling via super-exchange mechanism.
Although a great correlation is not observed when experimental
ues with Ni–(m1,1-NCO)2–Ni bridging angles. The red symbols indicates
een taken from Table 3 and the data of the present work are denoted by

complexes 1–8 (left). The Ni–Nb–Ni angle dependence of selected DFT

RSC Adv., 2023, 13, 11311–11323 | 11319
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J values are plotted as a function of Ni1–Ni2–Nb–Xt dihedral
angles (Nb and Xt are bridging N and terminal N or O atom of
bridging ligands, respectively) (Fig. 5, right), the increasing
trend of J values with dihedral angles could not be ruled out,
further conrming that the simultaneous inuence of different
structural parameters are involved inmagnetic communication.

Theoretical calculations

The variation of the magnetic interaction in presented cyanate
and azide bridged NiII complexes motivated us to investigate
these molecular systems thoroughly by the Density Functional
Theory (DFT) using freely available ORCA 5.0 soware.55 The
isotropic exchange interaction J is usually calculated with the
help of the broken-symmetry DFT calculations by comparing
the energies of the high-spin (HS,[[) and broken-symmetry
spin states (BS, [Y), D = 3BS − 3HS. The D-parameter is then
used to calculate J with the help of Ruiz56 or Yamaguchi57

formulas:

JR = D/[(S1 + S2)(S1 + S2 + 1)]

JY = D/[hS2iHS − hS2iBS]

herein, we decided to apply two DFT functionals, namely well-
known B3LYP hybrid functional58 and M06-2X hybrid meta-
GGA functional.59 First one provided good performance for
many polynuclear 3d-metal complexes,60 while the second
functional was benchmarked as one of the best for thiocyanate
and cyanate double bridged binuclear NiII complexes.61 All
calculations were performed with ZORA relativistic approxi-
mation62 and relativistic analogues of Ahlrichs basis sets,63

ZORA-def2-TZVP for Ni, ZORA-def2-TZVP(-f) for all non-metals
except for C and H for which ZORA-def2-SVP was used. First,
dinuclear molecular fragments of 1–8 were extracted from
experimental X-ray data while the positions of the hydrogen
atoms were normalized with the help of Mercury soware.64 The
respective results of DFT calculations are presented in Fig. 6
and Table S1† as JRB3LYP, J

Y
B3LYP, J

R
M062X and JYM062X. It is evident

that the best match with the experimental J-parameters were
Fig. 7 The comparison of DFT geometries using M06-2X functional obt
angles equal to 100° (left) and similar calculation in which Ni1–Ni2–Nb–X
nitrogen atoms are blue, carbon atoms are grey, and the hydrogen atom

11320 | RSC Adv., 2023, 13, 11311–11323
achieved for JRB3LYP and JYM062X and both approaches provided
similar results as is also depicted in Fig. 6 (right) for Ni–Nb–Ni
angle dependence, where Nb is the bridging atom of N3 or NCO
ligand.

As discussed in previous section, the Ni–Nb–Ni angle is not
unique parameter to evaluate the magnetic interactions in these
dinuclear complexes. Indeed, the search in the Cambridge
Crystallographic Database (CSD)65 revealed not only large devi-
ation of Ni–Nb–Ni angle in azido and cyanate bridged
complexes, but also the signicant span of dihedral angles
dened as Ni1–Ni2–Nb-Xt, where Xt is terminal atom of pseu-
dohalide ligand (Xt is N for azide and O for cyanate) – Fig. S11
and S12.† This inspired us to further explore the magneto-
structural correlation in simple model compounds [Ni2(m1,1-
N3)2(NH3)8]

2+ and [Ni2(m1,1-NCO)2(NH3)8]
2+ – Fig. 7. The good

performance of M06-2X functional motivated us to use it both
for geometry optimization and calculations of JYM062X. First, we
studied dependence of J on Ni–Nb–Ni angle ranging from 75 to
115° without restricting dihedral angles (Fig. 8 le, empty
symbols).

It was found that dihedral angles Ni1–Ni2–Nb–Xt can reach
values down to ∼100° (the optimized molecular geometries are
provided as XYZ coordinates in ESI†). These calculations
showed that strongest ferromagnetic exchange is provided for
Ni–Nb–Ni angles close to 100° and that stronger ferromagnetic
exchange is induced by N3 ligand. For Ni–Nb–Ni angles below
∼90°, the antiferromagnetic exchange is expected. Second, the
dihedral angles Ni1–Ni2–Nb–Xt were xed to value 180° and
again Ni–Nb–Ni angle was varied similarly to previous case.
Interestingly, it led to dramatic threefold increase of the ferro-
magnetic exchange for N3-bridged complexes reaching value up
to J= 28 cm−1 for Ni–Nb–Ni angle equal to 100°. In case of NCO-
bridged complexes twofold increase was observed (Fig. 8 le,
full symbols). Finally, the impact of dihedral angle is demon-
strated in Fig. 8 (right), where the computational protocol was
applied for xed Ni–Nb–Ni = 100° and variation of dihedral
angle resulted in consequential changes of the isotropic
exchange.
ained for model complex [Ni2(m1,1-NCO)2(NH3)8]
2+ for Ni–Nb–Ni bond

t dihedral angles were fixed to 180° (right). The nickel atoms are green,
s were omitted for clarity.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Magneto-structural correlation for model complexes [Ni2(m1,1-N3)2(NH3)8]
2+ and [Ni2(m1,1-NCO)2(NH3)8]

2+ calculated with M06-2X
functional.
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Conclusion

We have synthesized and structurally characterized two new
doubly m1,1-N3 bridged and six new doubly m1,1-NCO bridged NiII

complexes with the six different N3O donor Schiff base ligands.
All these neutral complex molecules are isostructural and
construct edge sharing bioctahedral structures. Magnetic
studies revealed that all these complexes exhibit ferromagnetic
interaction through bridging pseudohalides with ferromagnetic
coupling constant J being signicantly higher for azide-bridged
complexes than that of the cyanate analogues, which is
consistent with the literature reported data and also the pres-
ence of polarizable p systems and two different N and O donor
atoms in cyanate ion, rendering it to be a poor magnetic coupler
in comparison to azide analogues. Although, the magneto-
structurally characterized doubly m1,1-N3 bridged NiII

complexes are abundant, only few such complexes with doubly
m1,1-NCO bridged systems are known in the literature. Inter-
estingly, inclusion of these six new examples in this ever-
growing series of doubly m1,1-NCO bridged systems gives us an
opportunity to analyse the precise magneto-structural correla-
tion in this system, showing a general trend in which J value
increases with increase in bridging angles, similar to theoretical
prediction that has been conducted by Ruiz et al. for azide
analogues. Therefore, the unprecedented high degree of struc-
tural and magnetic resemblances by inclusion of six new
examples in this series is the major achievement of the present
study. Moreover, very detailed DFT study fully conrmed that
N3-ligand is prominent to NCO-ligand in promoting ferromag-
netic exchange and that accurate magneto-structural correla-
tion of such NiII dinuclear complexes is two-dimensional, based
on Ni–Nb–Ni bond angles and Ni1–Ni2–Nb–Xt dihedral angles.
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