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Abstract: Binuclear double end-on azido bridged Ni(II) complex (1) with com-
position [Ni2L2(μ-1,1-N3)2(N3)2]⋅6H2O, (L = (E)-N,N,N-trimethyl-2-oxo-2-(2- 
-(1-(pyridin-2-yl)ethylidene)hydrazinyl)ethan-1-amin) was synthesized and 
characterized by single-crystal X-ray diffraction method. Ni(II) ions are hexa-
coordinated with the tridentate heteroaromatic hydrazone-based ligand and 
three azido ligands (one terminal and two are end-on bridges). DFT calculat-
ions revealed that coupling between two Ni(II) centers is ferromagnetic in 
agreement with binuclear Ni(II) complexes with similar structures. 

Keywords: Schiff base; azido-bridged; double end-on. 

INTRODUCTION 
Azido bridged Ni(II) complexes have received extensive attention from the 

viewpoint of magnetism and molecular structure, since azido bridges can effec-
tively transmit magnetic coupling, and can give rich structures including binuc-
lear and polynuclear complexes, one-dimensional chainlike complexes, as well as 
two- and three-dimensional structures.1–22 Generally speaking, the azido ligand 
has two typical single or double bridging coordination modes: end-to-end (μ1,3- 
-N3) and end-on (μ1,1-N3, Scheme 1).1,3 It has been proven that the end-to-end 
linking mode usually gives antiferromagnetic interaction, while the end-on mode 
leads to ferromagnetic interaction, although there are some exceptions.1,2,5 The 
angles within the M–(N3)n–M unit are the primary determinant of the type and 
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magnitude of the exchange coupling. The analysis of Ruiz et al.2 performed on 
bis(μ1,1-N3) Ni(II) complexes has predicted ferromagnetic interaction on all 
ranges of Ni–N(N3)–Ni angles, with coupling constant J increasing upon inc-
reasing this angle, yielding a maximum at 104° approximately and then J dec-
reases. They have also shown that the bond distance between the metal and 
bridging atoms has a strong influence on the coupling constant, with the ferro-
magnetic coupling diminishing upon increasing such distance. Moreover, the out- 
-of-plane displacement of the azido bridge was analyzed to have a negligible 
influence on the exchange coupling, in contrast to that for hydroxo and alkoxo 
bridging ligands. In general, in the binuclear Ni(II) complexes with the core for-
mula [Ni2(μ1,1-N3)2]2+ the mono-, bi-, tri- or tetradentate ligands complete the 
coordination spheres of Ni(II) ions.1,5–20,22 In some cases, the azide anions func-
tion as bridging and terminal ligands.1,7–20,22 

Scheme 1. The most common coordination modes 
of bridging azido ligands (single and double end- 
-to-end (μ1,3-N3) and end-on (μ1,1-N3)). 

Recently, we have reported the synthesis and magneto-structural character-
ization of the octahedral binuclear Ni(II) complex: 

[Ni2(L1)2(μ1,1-N3)2(N3)2]⋅H2O⋅⋅⋅CH3OH,7 
(L1 = (E)-N,N,N-trimethyl-2-oxo-2-(2-(quinolin-2-ylmethylene)hydrazinyl)-
ethan-1-aminium chloride) in which the azide anions function as terminal and 
bridging ligands. In continuation of our work on azido bridged Ni(II) complexes 
with heteroaromatic hydrazone based ligands, we report here the synthesis and 
characterization of new [Ni2L2(μ-1,1-N3)2(N3)2]⋅6H2O (1) (L = (E)-N,N,N-tri-
methyl-2-oxo-2-(2-(1-(pyridin-2-yl)ethylidene)hydrazinyl)ethan-1-amin) complex. 
For the structural characterization of 1, the IR spectroscopy and X-ray diffraction 
methods have been used. Furthermore, DFT calculations have been performed to 
probe magnetic properties (exchange coupling and local zero-field splitting para-
meters) in 1. 
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EXPERIMENTAL 
Materials and methods. 2-Acetylpyridine (≥99 %) and Girard’s T reagent (99 %) were 

obtained from Sigma-Aldrich. IR spectra were recorded on a Nicolet 6700 FT-IR spectro-
meter using the ATR technique in the region 4000−400 cm-1 (vs-very strong, s-strong, m-
medium, w-weak, bs-broad signal). 1H- and 13C-NMR spectra were recorded on Bruker 
Avance 500 spectrometer (1H at 500 MHz; 13C at 125 MHz) at room temperature using TMS 
as internal standard in DMSO-d6 (numbering of atoms according to Scheme 1). Chemical 
shifts are expressed in ppm (δ) and coupling constants (J) in Hz. Elemental analyses (C, H, 
and N) were performed by standard micro-methods using the Elementar Vario ELIII 
C.H.N.S.O analyzer.  

Synthesis of (E)-N,N,N-trimethyl-2-oxo-2-(2-(1-(pyridin-2-yl)ethylidene)hydrazinyl)-
ethan-1-aminium-chloride (HLCl). The ligand HLCl was synthesized in the reaction of 
Girard’s T reagent (0.84 g, 5.00 mmol) and 2-acetylpyridine (0.56 mL, 5.00 mmol) in meth–
anol (100 mL). The reaction mixture was acidified with 3–4 drops of 2M HCl and refluxed for 
120 min at 65 °C. The ligand was obtained as a white solid after evaporation of reaction sol-
ution at room temperature (~20 °C) during 5 days. 

Synthesis of [Ni2L2(μ-1,1-N3)2(N3)2]⋅6H2O complex (1). Into the solution of ligand HLCl 
(54 mg, 0.20 mmol) in methanol (10 mL), Ni(BF4)2·6H2O (75 mg, 0.22 mmol) dissolved in 
H2O (5 mL) and NaN3 (50 mg, 0.46 mmol) was added. Reaction mixture was stirred with 
heating for 3 h at 75 °C. Green crystals suitable for X-ray analysis arose from the reaction 
solution after slow evaporation of solvent in refrigerator (~7 °C) during three weeks.  

X-Ray crystallography. Crystal data and refinement parameters of compound 1 given in 
the Supplementary material. X-ray intensity data were collected at 150 K with Agilent 
SuperNova dual source diffractometer with an Atlas detector equipped with mirror-mono-
chromated MoKα radiation (λ = 0.71073 Å). The data were processed using Crysalis Pro.23 
The structures were solved by direct methods (SIR-92)24 and refined by a full-matrix least- 
-squares procedure based on F2 using SHELXL-2014.25 All non-hydrogen atoms were refined 
anisotropically. The water hydrogen atoms were located in a difference map and refined with 
the distance restraints (DFIX) with O–H = 0.96 Å and with Uiso(H) = 1.5Ueq(O). All other 
hydrogen atoms were included in the model at geometrically calculated positions and refined 
using a riding model. 

Computational details. The exchange coupling constant J of the Heisenberg–Dirac–van 
Vleck spin-Hamiltonian (H = −2JS1S2) was calculated with the ORCA program package (ver-
sion 4.1.2).26 Broken symmetry DFT formalism27-31 according to the Yamaguchi approach32 
was used:  

 HS BS
2 2

HS BS

E EJ
S S

−=
−

  (1) 

EHS is the energy of the high-spin, EBS is the energy of the broken-symmetry states; <S2>HS 
and <S2>BS are the corresponding spin expectation values. Scalar relativistic effects were con-
sidered at the zero-order-regular-approximation (ZORA) level.33 ZORA-def2-TZVP(-f)34,35 
basis set for all atoms have been used. The calculations were performed on the experimentally 
determined X-ray structure (CCDC 2011514) with M06-2X,36,37 PWPB9538 and B2PLYP39 
exchange-correlation functionals. The chain-of-spheres approximation to the exact exchange 
(COSX)40 and the resolution of the identity (RI) approximation41 in the MP2 part was used. 
The scalar relativistically recontracted SARC/J35,42,43 auxiliary basis sets have been used for 
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the fitting of the Coulomb integrals, and def2-TZVP/C44 correlation fitting basis sets were 
used in the RI-MP2. Positions of hydrogen atoms were optimized, adopting the high-spin state 
of the binuclear complex, at BP86-D3/def2-TZVP(-f) level of theory.45-48 Magnetic coupling 
is rationalized based on the analysis of the overlap of the unrestricted corresponding orbitals 49 
from the broken-symmetry determinants. 

The individual single-ion zero-field splitting (ZFS) parameters (D and E) in complex 1, 
was calculated with two DFT based methods, taking geometry of the binuclear complex and 
replacing one Ni(II) ion with diamagnetic Zn(II). The first method is the coupled perturbed 
method (CP)50,51 at ZORA-BP86/def2-TZVP(-f), CPCM(water) level of theory. The spin–spin 
contribution was calculated using a restricted spin-density obtained from singly occupied 
unrestricted natural orbitals.52 The second method is the ligand-field DFT (LF-DFT) approach 
by Daul et al.53,54 Details about the LF-DFT procedure can be found elsewhere.55 Briefly, LF- 
-DFT is based on the LF analysis of all the Slater determinants arising from the dn configur-
ation of the coordinated transition metal ion (45 in the case of Ni(II)) using Kohn–Sham orb-
itals. LF-DFT calculations are carried out with the ADF program package (version 2017.01)56-58 
at ZORA-OPBE/TZP, COSMO(water) level of theory. The ZFS parameters are deduced using 
an effective Hamiltonian approach from the lowest eigenvalues and corresponding eigen-
vectors from LFDFT multiplet calculations in the basis of 0, ±1 Ms wave functions.  

RESULTS AND DISCUSSION 

Synthesis. The ligand (E)-N,N,N-trimethyl-2-oxo-2-(2-(1-(pyridin-2-yl)ethyl-
idene)hydrazinyl)ethan-1-aminium-chloride (HLCl), was obtained in the conden-
sation reaction of 2-acetylpyridine and Girard’s T reagent Scheme 2a. Reaction 
of the ligand HLCl with Ni(BF4)2·6H2O and NaN3 in excess in methanol/water 
mixture results in the formation of binuclear double end-on azido bridged Ni(II) 
complex (1) with composition [Ni2L2(μ-1,1-N3)2(N3)2]⋅6H2O (Scheme 2b). The 
ligand HLCl is coordinated in deprotonated form through NNO donor set atoms. 

 
Scheme 2. Synthesis of: a) ligand HLCl and b) complex 1. 

Crystal structure of binuclear [Ni2L2(μ-1,1-N3)2(N3)2]⋅6H2O complex (1). 
The structure of 1 is depicted in Fig. 1. where the numbering scheme adopted for 
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the respective atoms is also given. Selected bond lengths and angles are given in 
Table I. The complex unit of 1 is a neutral dimer of formula [Ni2L2(μ-1,1- 
-N3)2(N3)2], which crystallizes in the triclinic crystal system with space group 
P−1 together with six solvent water molecules. 

Fig 1. ORTEP presentation of the 
[Ni2L2(μ-1,1-N3)2(N3)2]⋅6H2O (1). Ther-
mal ellipsoids are drawn at the 30 % 
probability level. Unlabeled part of the 
dimeric molecule and solvent water 
molecules are generated by symmetry 
operation –x+1, -y, –z+1. 

TABLE I. Selected bond lengths and angles for complex 1; symmetry codes: a = −x+1, −y, 
−z+1 
Bond Bond length, Å Angle Angle, ° 
Ni1–N1 2.077(2) N1–Ni1–N2 78.84(8) 
Ni1–N2 1.993(2) N1–Ni1–N5 91.63(9) 
Ni1–N5 2.111(2) N1–Ni1–N8 100.86(8) 
Ni1–N8 2.085(2) N1–Ni1–N8a 90.80(8) 
Ni1–N8a 2.122(2) N2–Ni1–N5 89.19(9) 
Ni1–O1 2.080(2) N2–Ni1–N8a 99.38(8) 
N3–C8 1.334(3) N5–Ni1–N8 90.72(9) 
O1–C8 1.268(3) N8–Ni1–N8a 80.72(9) 
N5–N6 1.195(3) N2–Ni1–N8 179.68(8) 
N6–N7 1.161(3) N5–Ni1–N8a 171.40(8) 
N8–N9 1.208(3) N2–Ni1–O1 77.55(8) 
N9–N10 1.155(3) N5–Ni1–O1 89.64(9) 

  N8–Ni1–O1 102.75(7) 
  N8a–Ni1–O1 91.45(8) 
  N1–Ni1–O1 156.34(8) 

In 1, each Ni(II) center is hexacoordinated with the tridentate heteroaromatic 
hydrazone-based ligand and three azido ligands (one terminal and the other two 
are end-on azido bridges). The azido bridges form common edge within the bi- 
-nuclear unit, leading to an edge-sharing bioctahedral structure, while the ter-
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minal azido ligands are coordinated in trans positions. The N6–N5–Ni1 bond 
angle of 120.05(18)° shows bent coordination of the anionic terminals. The ter-
minal azido ligands are nearly linear and slightly asymmetric (N5–N6 = 1.195(3) 
Å and N6–N7 = 1.161(3) Å) with the shorter N(azido)–N(azido) bond further 
from the metal center. In 1, L is bonded to Ni(II) center through Npy (Ni1–N1, 
2.077(2) Å), Nimine (Ni1–N2, 1.993(2) Å) and Oenolate (Ni1–O1, 2.080(2) Å) 
atoms. 

The tridentate coordination mode of each ligand molecule implies the form-
ation of two fused five-membered chelate rings (Ni–N–C–C–N and Ni–N–N–C–O) 
which are nearly coplanar, as indicated by the dihedral angle of 1.1°. One of the 
measures of the octahedral strain is average ΔOh value, defined as the mean 
deviation of 12 octahedral angles from ideal 90°. The average ΔOh value cal-
culated for 1 sums 5.97°. The M–L bond lengths in complex 1 have been com-
pared with those observed in [Ni2(L1)2(μ1,1-N3)2(N3)2]⋅H2O⋅CH3OH (L1 = ((E)- 
-N,N,N-trimethyl-2-oxo-2-(2-(quinolin-2-ylmethylene)hydrazinyl)ethan-1-amin-
ium chloride).7 The Ni–Nquinoline bonds (2.1850(18) Å and 2.1793(19) Å) 
observed in [Ni2(L1)2(μ1,1-N3)2(N3)2]⋅H2O⋅CH3OH7 are longer than the  
Ni–Npyridine (2.077(2) Å) in 1. Thus, the Ni–N(heterocycles) bond lengths dec-
rease in the order Ni–N(quinoline) > Ni–N(pyridine). The Ni–Nimine bond dis-
tances observed in 1 and [Ni2(L1)2(μ1,1-N3)2(N3)2]⋅H2O⋅CH3OH7 are compar-
able in length 1.993(2) vs. 1.9948(17) and 1.9962(18) Å. The Ni–Oenolate bond 
length in 1 (2.080(2) Å) is shorter than the mean Ni–Oenolate bond length (2.1185 
Å) in [Ni2(L1)2(μ1,1-N3)2(N3)2]⋅H2O⋅CH3OH.7 The difference in Ni–O(enolate) 
bond lengths may be attributed to the different weak interactions (electrostatic 
and dispersion) present in 1 and [Ni2(L1)2(μ1,1-N3)2(N3)2]⋅H2O⋅CH3OH7 that 
involve O(enolate) oxygen. Structural parameters correlating the geometry of the 
central Ni2N2 ring of complex 1 are given in Table II. The central ring (Ni2N2) is 
planar with bridging angle (Ni-Nazido(end-on)–Ni) of 99.28(9)° and Ni⋅⋅⋅Ni separ-
ation of 3.2055(5) Å. The Ni-Nazido(end-on) bond distances show a discrepancy of 
0.037 Å. In the analyzed complex, the out-of-plane deviation (δ) of the azide 
anions is 36.8(2)°. The Ni-Nazido(end-on)–Ni bond angle, the Ni–Nazido(end-on) 
bond lengths and Ni⋅⋅⋅Ni distance observed in binuclear complex 1 fit into the 
range of values obtained for the ferromagnetically coupled binuclear tetraazido 
Ni(II) complexes with tridentate or bis-tridentate ligands.7–20 The positions of 
the terminal azido ligands with respect to the Ni2N2 plane are defined by the 
Nazido(terminal)–Ni–Nazido(end-on)–Ni torsion angles. 

In the crystals of 1, the dimers are assembled into the three-dimensional 
supramolecular structure through intermolecular hydrogen bonds. The solvent 
water molecules mediate in connecting the Ni(II) dimers into the layer parallel 
with the (001) lattice plane through intermolecular hydrogen bonds: Ow–H⋅⋅⋅Ow, 
Ow–H⋅⋅⋅Nazide and Ow–H⋅⋅⋅Namide, Table S-II and Fig. S-1a of the Supplement-
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ary material to this paper. The neighboring layers are linked through weak inter-
molecular C–H⋅⋅⋅Nazide hydrogen bonds, Table S-II and Fig. S-1b. Besides, a 
weak intermolecular contact of C–H⋅⋅⋅π(py) type with H⋅⋅⋅Cg(py) of 3.130 Å (Cg 
is the center of gravity of the pyridine ring) which connects the dimers along b 
crystallographic direction, has been observed (Fig. S-1c). The solvent water 
molecules O1W, O2W and O3W fill the channels which were found to extend 
parallel with a crystallographic direction (Fig. S-1b). 

TABLE II. Structural parameters correlating the geometry of the central Ni2N2 ring of binu-
clear complex 1 

Complex Angle, ° Distace, Å Dihedral angel, ° δa / ° Ni–Nazido(end-on)–Ni Ni⋅⋅⋅Ni Ni–Nazido(end-on) Nazido(terminal)–Ni–Nazido(end-on)–Ni 
1 99.28(9) 3.2055(5)2.122(2); 2.085(2) 5.7(6); −179.15(9) 36.8(2) 
aδ is the out-of-plane deviation of the azide ion measured as the angle between Ni2N2 plane and the N–N bond 

Exchange coupling. The exchange coupling in binuclear complex 1 has been 
calculated by the broken-symmetry DFT approach27–31 with M06-2X, B2PLYP 
and PWPB95 functionals (Table III) revealing ferromagnetic coupling between 
Ni(II) centers regardless of the exchange-correlation functional. J coupling cal-
culated with double-hybrid functionals without perturbational correction, i.e., 
DFT only values (Table III), are similar to the calculated values by M06-2X.  

TABLE III. Exchange coupling constant (J) calculated by the broken-symmetry DFT 
approach with meta-hybrid M06-2X and double-hybrid B2PLYP and PWPB95 for Ni(II) 
binuclear complex 1. DFT only values for double-hybrids are given as well 
DFT J / cm-1

M06-2X 2 6.72 
B2PLYP (DFT) 31.35 
B2PLYP 19.24 
PWPB95 (DFT) 29.77 
PWPB95 19.40 

The reason is the high admixture of the exact exchange in all three 
exchange-correlation functionals 54 % in M06-2X, 53 % in B2PLYP and 50 % in 
PWPB95. Perturbational contribution to the exchange coupling brings the antifer-
romagnetic contribution, hence lower the calculated J. Calculated J coupling 
constant fit into the range of values obtained for the ferromagnetically coupled 
binuclear tetraazido Ni(II) complexes with tridentate or bis-tridentate ligands 
(1.9–36 cm–1).7–20 

Ni(II) ions are in local S = 1 electronic state in octahedral coordination. Loc-
alized single occupied molecular orbitals are of local dx2–y2 and dz2 character 
(Fig. 2). Calculated ferromagnetic coupling is a consequence of the poor overlap 
of the pairs of magnetic orbitals (Fig. 2). The calculated overlap is 0.00010 for 
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the first pair and 0.00098 for the second pair. Such insignificant overlaps indicate 
that the antiferromagnetic coupling is suppressed.59 

 
Fig. 2. Localized magnetic orbitals of 1. Isosurfaces were drawn at 0.04 e/Å3. 

Local zero-field-splitting. Local ZFS parameters (D and E) are calculated 
with two DFT based methods (CP-DFT50,51 and LF-DFT53,54) by replacing one 
Ni(II) ion with closed-shell Zn(II),60,61 Table IV. Both methods give comparable 
results, with LF-DFT giving slightly larger values. The trend in calculated ZFS 
parameters with these two methods is the same as previously observed for mono-
nuclear Mn(IV) complexes.62 LF-DFT is better suited for the cases where near 
degeneracy is present, i.e., when excitation energies are too small for pertur-
bational methods.55,63 In contrast, CP-DFT is more convenient when metal–lig-
and covalency is large.64 Spin–spin contributions to the ZFS parameters, as cal-
culated by CP-DFT, are negligible (0.02 cm–1 to D and –0.01 to E). The results 
are as expected for close to perfect octahedral coordination.65,66 The extent of 

TABLE IV. Calculated individual local ZFS parameters D and E for 1, with CP-DFT and
LF-DFT methods 
Parameter CP-DFT LF-DFT 
D / cm-1 –0.63 –1.36 
E / cm-1 –0.16 –0.12 
E / D 0.25 0.09 
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distortion from ideal octahedron is evaluated by the continuous shape measures 
(CShMs)67,68 calculated with SHAPE 2.1. CShM values, presenting the devi-
ation from ideal octahedron, is 1.668, in line with the ΔOh value of 5.97.  

CONCLUSION 

Herein, the synthesis and X-ray characterization of new [Ni2L2(μ-1,1- 
-N3)2(N3)2]⋅6H2O (1) (L = (E)-N,N,N-trimethyl-2-oxo-2-(2-(1-(pyridin-2-yl)-
ethylidene)hydrazinyl)ethan-1-amin) complex is presented. Binuclear complex 1 
crystallizes as the hexahydrate in the triclinic crystal system with space group 
P−1. Ni(II) centers are hexacoordinated with the tridentate heteroaromatic hyd-
razone-based ligand, one terminal azido ligand, and two end-on azide bridged 
ligands. Broken-symmetry DFT calculations based on the X-ray crystal structure 
of 1 indicate the ferromagnetic coupling between the metal centers, irrespectively 
of the exchange-correlation functional employed. Ferromagnetic coupling is 
characteristic of the double end-on azide bridged binuclear Ni(II) complexes.1,2 
Calculated magnetic coupling is in accordance with the range of values obtained 
for the structurally similar, ferromagnetically coupled binuclear tetraazido Ni(II) 
complexes.7–20 Furthermore, the computational study of magnetic properties of 1 
is supplemented with calculations of local zero-field parameters. 
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Синтетисан је и окарактерисан рендгенском структурном анализом бинуклеарни 
end-on азидом премошћени комплекс Ni(II) састава [Ni2L2(μ-1,1-N3)2(N3)2]⋅6H2O (L = 
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= (E)-N,N,N-триметил-2-оксо-2-(2-(1-(пиридин-2-ил)етилиден)хидразинил)етан-1-амин). 
Јони Ni(II) су хексакоординовани преко тридентатног хетероароматичног хидразонског 
лиганда и три азидо лиганда (од којих је један терминални и два end-on моста). Про-
рачуни функционала густине су показали да између два Ni(II) центра постоји феро-
магнетно купловање што је у сагласности са бинуклеарним комплексима Ni(II) сличних 
структура. 

(Примљено 25. јуна, прихваћено 1. јула 2020) 
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