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Nickel(II) complexes of a Schiff base derived from
2-pyridinecarboxyldehyde
and
acetylhydrazide,
viz.,
[Ni(L)2].(NO3)2.H2O (1) and [Ni(HL)(L)].ClO4.(H2O)2 (2) (where
L = N'-(pyridine-2-ylmethylene)acetohydrazide), have been
synthesized and characterized by physicochemical techniques as
well as by single crystal X-ray structural analysis. The
supramolecular architecture in both complexes (1) and (2) are
totally guided by complicated H-bondings. The molecular
structures and spectral properties of the ligand and the complexes
have been explained by DFT and TD-DFT calculations. The
electronic excitation energies of these complexes calculated at
TD-DFT levels are in agreement with values deduced from the
experimental UV-visible spectra.
Keywords: Coordination chemistry, Supramolecular architecture,
Schiff bases, Density functional calculations, Nickel

The coordination chemistry of nickel(II) complexes
with redox-active ligands represents one of the more
promising developments of nickel coordination
chemistry with their applications in various areas of
science. From the biological point of view, a
combination of donor atoms present in many naturally
occurring mixed-ligand complexes recognized as
enhancing the complex stability1 is an interesting
aspect. The biocatalytic properties of nickel are
illustrated by its vigorous role in the global carbon
cycle in the catalysing the reversible dehydrogenation
of CO and H2O to CO22. Nickel is an essential
element for methanogenic bacteria, although its
function in human organism is still unknown3.
Synthesis and structural investigation for a series of
nickel(II) octahedral complexes have been reported4
and success has been achieved in generating stable
nickel(II) complexes with the help of density
functional calculations. The most commonly used
approach for engineering the crystal structures of such

systems is to employ their hydrogen bonds5-7. The
quantum chemical studies carried out using the
density functional theory have becomes an
increasingly useful tool for theoretical studies. The
success of DFT is mainly due to the fact that it
describes the small molecules more reliably. The
results of many studies have indicated that density
functional theory is a powerful method for predicting
the geometry and harmonic vibration of organic
compounds8-13. It is a useful method for investigation
of large molecules as well11. The Cartesian
representation of the theoretical force constants are
usually computed at optimized geometry by assuming
Cs point group symmetry. To show the existence of
intramolecular charge transfer (ICT) within a
molecular system, energy of the highest occupied
molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) levels and the molecular
electrostatic surface potential (MESP) energy surface
studies are manipulated by DFT14.
The present work stems from our interest to
explore the structural and chelation behavior of
N'-(pyridine-2-ylmethylene)acetohydrazide. In the
continuation of our work15-19 on nickel(II) complexes
of Schiff base, here we report the synthesis and
charactization
of
N'-(pyridine-2-ylmethylene)acetohydrazide nickel(II) complexes, viz., complexes
[Ni(L)2].(NO3)2.H2O (1) and [Ni(HL)(L)].ClO4.(H2O)2 (2).
The molecular as well as crystalline architectures
(supramolecular) of the both complexes (1) and (2)
are guided by complicated H-bonding interactions.
Density functional theory calculations complete the
characterization of the complexes.
Experimental
Nickel(II) perchlorate hexahydrate, nickel(II)
nitrate hexahydrate and N-ethylenediamine were
purchased from Aldrich, Qualigens and Across
organics respectively. All other chemicals were of
synthetic grade and used as received.
The Schiff base was prepared by standard literature
procedure20 and recrystallized from ethanol.
The ligand (HL) was synthesized by refluxing
2-pyridin-carboxyldehylde (0.951 g, 10 mmol) and
acetylhydrazide (0.740 g, 10 mmol) in ethanol for 4 h
at 75 °C, and filtered. The hot solution was cooled
slowly and kept at room temperature for slow
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evaporation of the solvent. After a week, a light
yellow crystalline solid was washed with ethanol
and stored in CaCl2 desiccator at RT. Yield: 80%.
Anal. Found (%): C, 58.50; H, 5.48; N, 25.70.
Calcd (%): C, 58.88; H, 5.56; N, 25.75. IR (KBr disc)
3133 s, 2924 m, 2905 m, 1676 vs, 706 m, 522 m (s,
strong; vs, very sharp; m, medium).
[Ni(L)2].(NO3)2 .H2O (1) was prepared as follows:
To a MeOH solution (20 mL) of Ni(NO3).6H2O
(0.365 g, 1.0 mmol), was added a MeOH solution
(20 mL) of HL (0.582 g, 2.0 mmol) dissolved with
stirring for 30 min at 25 °C. The resulting red solution
was allowed to evaporate slowly at room temperature
for 3 days. A violet microcrystalline solid deposited
was collected by filtration, washed with methanol,
and stored in CaCl2 desiccators at room temperature.
Anal. (%): Found: C, 36.28; H, 4.15; N, 21.10;
Ni, 11.02; Calcd for C16 H20 N8: Ni O9: C, 36.32; H,
4.19; N, 21.18; Ni, 11.09. FAB mass (m/z): Obs.
(Calcd) 529.08 (385.04). IR (KBr disc) 3538 br, 3133
br, 1650 vs, 1560 s, 746s cm–1 (NO3–) 1765s (br,
broad; s, strong; vs, very sharp; m, medium).
µeff (solid, 298 K): 3.10 µB.
[Ni(HL)(L)].ClO4.(H2O)2 (2) was also prepared
similarly, by employing Ni(ClO4).6H2O (0.730 g, 2.0
mmol) instead of NiNO3.6H2O. Anal. (%): Found: C,
31.12; H, 3.50;Cl, 11.40; N, 13.50; Ni, 9.40. Calcd for
C16 H21 Cl N6 Ni O8: C, 31.00; H, 3.58; Cl, 11.44; N,
13.56; Ni, 9.47. FAB mass (m/z): Obs. (Calcd) 619.89
(384.038). IR (KBr disc) 3538 br, 3133 br, 2924 s.
1624 s, 1652 m, 706 m, 522 m (ClO4–) 1104 vs, 863
m, 626 m, 460 vs .µeff (solid, 298 K): 3.05 µB.
Caution! Although no problems were encountered
in this work, perchlorate salts of metal complexes are
potentially explosive. They should be synthesized in
small quantities and handled with great care.
FAB mass spectra were recorded on a JEOL SX
102/DA 6000 mass spectrometer using xenon (6 kV,
10 mA) as the FAB gas. The accelerating voltage was
10 kV and the spectra were recorded at room
temperature with m-nitrobenzoyl alcohol as the
matrix. Room temperature magnetic susceptibilities
were measured by a Gouy balance using mercury(II)
tetrathiocyanato cobaltate(II) as calibrating agent
(χg = 16.44×10‾6 cgs units). Diamagnetic corrections
were estimated from Pascal tables. Ligand field
spectra were recorded in solution at 25 ºC on a
Shimadzu UV-vis recording spectrophotometer
(UV-1601). Infrared (IR) spectra were recorded in

KBr
medium
on
a
Perkin-Elmer
783
spectrophotometer. Molar conductances were
measured using a Systronic conductivity-TDS meter308. The molecular conductivity of the complexes
were measured in DMSO solution (3×103 M).
Diffraction quality block shaped dark violet crystal
of (1) and light violet crystal of (2) were mounted
on a Bruker APEX-II CCD diffractometer equipped
with graphite monochromated MoKα radiation
(λ = 1.54184 Å for 1 and 2) from a fine focus sealed
tube radiation source. Intensity data were collected at
120 K for (1) and (2) using φ and ω scan technique.
No significant intensity variation was observed during
data collection. Multiscan absorption corrections
were applied empirically to the intensity values
(Tmax = 0.894 and Tmin. = 0.717 for 1 and Tmax = 0.724
and Tmin = 0.464 for 2) using SADABS21. Data
reductions were done by using program Bruker
SAINT22. The structures were solved by Direct
Methods using the program SHELXS-9723 and refined
with full-matrix least-squares based on F2 using
program SHELXL-9723. All non-hydrogen atoms
were refined anisotropically. For both structures
hydrogen atoms were first located in the Fourier
difference map, then positioned geometrically and
allowed to ride on their respective parent. The
molecular graphics and crystallographic illustrations
for the compounds were prepared using PLATON24,
ORTEP25, and WinGX 26 program. Crystallographic
data and structure refinement parameters for the
complexes are summarized in Table 1.
For the computational studies, the input files of the
nickel(II) complexes were prepared with Gauss View
5.0.927. All calculations were made using
GUASSIAN09
package
program28
by
the
DFT/B3LYP method with LANL2DZ and 6-31G(d,p)
as the standard basic sets. 6-31G(d,p) is a popular
polarized basis set which adds p functions to
hydrogen atoms in addition to the d functions on
heavy atoms, while LANL2DZ is a basis set for postthird-row atoms. In the computational model, the
nitrate and perchlorate anion was ignored and the
cationic complex was taken into account. The
electronic spectrum was predicted by calculating the
excitation energy between the states. Electronic
spectrum calculations of the complexes were made by
using time dependent density functional theory
(TD-DFT)/B3LYP method with LANL2DZ basis set
in gas phase29. The LANL2DZ basis set, with an
effective core potential (ECP) was used for Ni 30.

NOTES

Results and discussion
The ligand (HL) was synthesized by acetyldrazide
and 2-pyridine-carboxyldehyde (1:1) in ethanol. All
the complexes gave satisfactory elemental analysis
and were further characterized by FAB+ mass
spectrometry. The molar conductivity values of
210 and 110 ohm-1 cm-1 mol-1 respectively, indicate
the presence of 1:2 and 1:1 electrolyte31, 32.
The molecular structures of complexes (1) and (2)
show that the nickel(II) centers are in a distorted
octahedral geometry with a N4O2 donor environment
(Fig. 1). Crystal data and structural refinement
parameters of the complexes are presented in Table 1.
The distortions from ideal octahedral geometry about
Ni are of the same extent as those commonly
observed for nickel(II) complexes containing
multidentate ligands15, 18, 33. Individual mean distances
and angles compare well with those found for other
octahedral nickel(II) complexes involving nitrogen
donors12, 18, 34. The cis and trans angles reflect the
degree of distortion from ideal octahedral geometry.
(a)

(b)

Fig. 1 – ORTEP view of (a) [Ni(HL)2].(NO3)2.H2O (1), and, (b) of
[Ni(HL)(L)]+ (2).
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The five-membered chelate ring is planar in these
complexes. These observations are comparable to
those found in similar nickel(II) complexes35, 36.
Complex (1) crystallizes in the triclinic space
group P-1. Nickel is in a distorted axially compressed
octahedron. The ligand (HL) is tridentate via one
pyridyl nitrogen, one hydrazone nitrogen and one
carbonyl oxygen, thus forming bis chelated structure
having four fused five-membered rings. The ligand is
coordinated meridionally and would be perpendicular
in an idealized octahedron. However, the disposition
of the ligands deviates noticeably from
perpendicularity as indicated by the decreased value
of the trans angles (N(2A)–Ni–N(2B)=177.94(7)) and
by a significant difference in the values of the
inter ligand cis angle associated with the same
Ni–N(hydrazide) bond [N(2B)-Ni-N(1A)=100.36(8) and
N(2B)-Ni-(O(1A)=105.10(7) for the angles involving
the N(2A)-Ni-N(1B) = 103.44(7) and 101.60(7) for
Table 1 – Crystal data and structure refinement for (1) and (2).
Comp.
(1)
(2)
Emp. formula
C16 H20 N8 Ni O9 C16 H21 Cl N6 Ni O8
Formula wt
527.11
519.55
λ (Å)
1.54184
1.54184
Crystal system
Triclinic
Triclinic
Space group
P -1
P -1
a (Å)
7.8454(5)
10.7168(5)
b (Å)
10.6664(9)
13.0287(5)
c (Å)
14.9060(12)
16.0190(7)
α (ᵒ)
70.025(7)
75.051(4)
β (ᵒ)
86.516(6)
82.354(4)
γ (ᵒ)
70.989(7)
88.680(4)
1106.59(16)
2141.61(17)
Vol. (Å3)
Z
2
4
Dcalc (mg/m3)
1.582
1.611
µ (Mo Kα) (mm-1)
1.867
2.974
F(000)
544
1072
Crystal size (mm3)
0.51×0.17×0.06 0.3372×0.2287×0.1088
θ range (°)
3.160 to 76.614 2.880 to 76.766
Index range
-9 ≤ h ≤ 8,
-13 ≤ h ≤ 13,
-13 ≤ k ≤ 9,
-16 ≤ k ≤ 11,
-18 ≤ l ≤ 16
-20 ≤ l ≤ 20
Refl. collected
9821
20902
Independent refl.
4579 (0.0223)
8907 (0.0271]
[R(int)]
Max. and min.
1.00000 and
0.787 and 0.560
transmission
0.65539
Data/ restraints/
4579/ 3/ 323
8907/ 31/ 633
parameters
1.037
Goodness-of-fit on F2 1.227
Final R indices
R1 = 0.0490,
R1 = 0.0423,
[I>2sigma(I)]
wR2 = 0.1312
wR2 = 0.1149
R indices (all data)
R1 = 0.0510,
R1 = 0.0494,
wR2 = 0.1329
wR2 = 0.1231
Largest diff. peak
1.830 and 1.174 and
and hole (e.Å-3)
0.662
-0.573
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the N(2A)-Ni–O(1B) bond]. The Ni–N(hydrazide)
bonds (1.9859(18) and 1.9895(19) Å) occupying the
equatorial positions are significantly shorter than the
Ni–O/N contacts (2.0991(19)–2.1102(16) Å). This
difference is indicated by the bis (chelating) mode of
the ligands in which Ni–N (hydrazide) bonds
appear to be shared by four condensed fivemembered chelate rings34. The C–N bond length in
(1) (C(7B)–N(3B) = 1.360(3) and C(7A)–N(3A) =
1.349(3) is inconsistent with partial single-bond
character. These factors confirm coordination through
the ketonic form. The C–N bond distances of 1.277(3)
Å and 1.283(3) Å close to the value of double bond
C=N (1.28 Å)37 confirm the formation of the Schiff
base38. Selected bond lengths and and bond angles are
given in Table S1 (Supplementary data).
The nitrate anions behave as H-bond acceptor
towards crystalline water molecules O–H······O–N and
N(3B)–H······O–N (nitrate) resulting in the formation
of a 2D undulated layered net-work (supramolecular
chain). A view of the packing down axis-b is shown in
(a)

Fig. 2. The geometrical parameters of H-bonds are
collected in Table S2 (Supplementary data).
Complex (2) also crystallizes in the triclinic
space group P-1. Hydrogen bonding and unit
cell packaging diagram is given in Fig. 3.The
tridentate ligand in both (HL) and (L) forms is
coordinated with nickel(II), as in complex (1).
The nickel resides in a distorted octahedral
environment. Among the Ni-N bond distances,
that involving the equatorial azomethine N donor is
shorter [Ni(1)-N(2A) and Ni(1)-N(5A) as 1.9783(16)
and 2.0027(16) Å], while the Ni-N(py) is [2.1076(16)]
is the longest for the sp3 hybridization of the nitrogen
atom [2.1120(16)Å]. Accordingly, the Ni-O2A,
trans to the Ni-O1A bond is 2.1715(14) and
2.0661(14) Å respectively. This difference is indicated
by the bis (chelating) mode of the ligands in
which Ni–N (hydrazide) bonds appear to be shared
by two condensed five-membered chelate rings.
The distortion can be further evidenced from
the deviation of the cisoid and transoid angles
from the ideal values (Supplementary data, Table S3).
The
N'-(pyridine-2-ylmethylene)-acetohydrazide
ligand has one unit in keto form as indicated by
short distance C—O distance 1.238(3)Å and one
unit in enol form as
indicated
by
C—O
distance 1.270(2) Å. Such an observation has
also been made by other workers34, 18.

(b)

Fig. 2 – (a) Hydrogen bonding, and, (b) unit cell packing diagram
with hydrogen bonding for (1).

Fig. 3 - Hydrogen bonding and unit cell packaging diagram for (2).

NOTES
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Table 2 - TD-DFT calculated excitations approximate assignments for L, [Ni(L)].(NO3)2 . H2O (1) and [Ni(HL)(L)].ClO4.2H2O (2)
Excitation (eV)

Wavelength (nm)

Oscillator strength (f)

N'-(pyridine-2-ylmethylene)acetohydrazide
2.5382
488.47

0.0000

3.0605
3.2110
3.2361
3.6329

405.11
386.12
383.13
341.28

0.0000
0.0000
0.0002
0.0000

3.7992

326.34

0.0013

[Ni(L)].(NO3)2 . H2O (1)
0.6984
1380.09
1.0109
1229.58
1.2336
959.47
1.4211
861.70
1.5625
628.54

0.0000
0.0001
0.0020
0.0041
0.0005

1.7708

0.0027

578.37

[Ni(HL)(L)].ClO4.2H2O (2)
0.3933
1352.59
1.0071
1231.12

0.0005
0.0002

1.3410

924.55

0.0007

1.4270
1.6624
1.8195

868.85
745.81
681.41

0.0003
0.0003
0.0115

The largest difference between experimental
and theoretical value is for the N(2A)-Ni(1)-N(5A)
and O(1A)-Ni(1)-N(1A) bond angles, 25.99 Å and
49.9 Å respectively. There is an extensive hydrogen
bonding network within each layer and between layers.
The geometrical parameters of H-bonds are collected in
Table S4 (Supplementary data). The two complex
molecules are firmly connected by several complicated
intermolecular H-bonds in the perchlorate anion,
O–H······O–Cl and C–H······O–Cl, crystalline water
molecules and N(6A)–H(6A)······O(1W)–H and N(3B)–
H(3B)······O(2W)–H, thus leading to the formation of
two dimensional supra-molecular networking.
To simulate the experimental electronic spectra,
TDDFT/B3LYP/LANL2DZ calculations for ligand
and complexes (1) and (2) in DMSO have been
carried out. The calculated vertical excitation energies
oscillator strength and tentative nature of the
transition obtained at the TD-DFT level presented in
Table 2, shows three absorptions [3A2g→3T2g(ν1),
3
A2g→3T2g(F) (ν2), 3A2g→3T2g (P) (ν3)] and one
weak absorption characteristic of regular octahedral

Major contribution
βHOMO-1→βLUMO (20%)
βHOMO→βLUMO (24%)
βHOMO→βLUMO+1 (22%)
βHOMO-2→βLUMO (40%)
βHOMO →βLUMO+1(44%)
βHOMO-1→βLUMO (22%)
βHOMO→βLUMO (21%)
βHOMO-2→ βLUMO (49%)
βHOMO-1→βLUMO+1 (23%)
βHOMO→βLUMO+1 (18%)
βHOMO-1→βLUMO (44%)
βHOMO→βLUMO (14%)
βHOMO→βLUMO+1 (32%)
βHOMO→βLUMO+2 (11%)
βHOMO→βLUMO (45%)
βHOMO→βLUMO (87%)
βHOMO→βLUMO (12%)
βHOMO→βLUMO +1(51%)
βHOMO→βLUMO +1(17%)
βHOMO→βLUMO +3(48%)
βHOMO→βLUMO +3(15%)
βHOMO→βLUMO +1(4%)
βHOMO→βLUMO +4(94%)

Expt. wavelength (nm)
320

998
693
382
998
680
380

nickel(II)
complexes39.
The absorption band at
320 nm for ligand is due to the six high
energy excitations. These excitation states are
contribution of βHOMO→βLUMO (49%), βHOMO1→βLUMO(22%),
βHOMO→βLUMO
(22%),
βHOMO→βLUMO+1(44%),
βHOMO-2→βLUMO
(40%), βHOMO→βLUMO (22%) and βHOMO-1
→βLUMO (20%) transitions (Supplementary data,
Fig. S1). The absorption band at 693 nm for complex (1)
appears to be contributed by three excitations at
1.0109 eV (1229 nm and f = 0.0001), 1.562 eV (628 nm
and f = 0.005) and 1.565 eV (628 nm and f = 0.005),
assigned to 3A2g→3T2g(F) (Fig. 4). Similarly, the band
998 nm for (1) is due to the composition of two
excitations, 0.698 eV (1380 nm and f = 0.000) and
1.233 eV (959 nm and f = 0.002), which can be attributed
to
βHOMO-1→βLUMO(44%)
and
βHOMO-1
→βLUMO+1(23%), assigned to 3A2g→3T2g/ d-d
transition. A more intense band at 82 nm is composed
of βHOMO→βLUMO (45%) at 1.770 eV (578 nm and
f = 0.0027) which may be assigned to 3A2g→3T2g (P)/
LMCT/ d-d transition.
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(1 )

(2 )

Fig. 6 – Optimized structure of complexes (1) and (2).

Fig. 4 – Selected orbital excitation of complex (1) and their
HOMO→ LUMO energy level diagrams.

(1 )

(2 )

Fig. 7 – Spin density plots of complexes (1) and (2).

Fig. 5 – UV-visible spectrum of complex (1) (0.00025 mol dm–3).
[Inset: UV-visible spectrum of complex (1) (0.003 mol dm–3).

In complex (2), the band at 998 nm appears to be a
composition of three excitations at 0.3933 eV (1352
nm and 0.0005), 1.0071 eV (1231 nm and 0.0002)
and 1.340 eV (924 nm and 0.0007). These are low
energy transitions due to βHOMO→βLUMO (87%),
βHOMO→βLUMO+1 (51%), and βHOMO→βLUMO+1
(17%), which may be assigned to d-d transitions.
Similarly, the band at 680 nm appears to be

composition of two excitations, at 1.341 eV (924 nm
and f = 0.007) and 1.4270 eV (868 nm and f = 0.0003)
due to the contributions of βHOMO→βLUMO+3
(48%)
and
βHOMO→βLUMO+3
(15%).
These transitions may be assigned to d-d
transitions. A more intense band at 380 nm is
composed of βHOMO→βLUMO+4 (94%). The
experimental electronic spectrum of complex (1) is
shown in Fig. 5.
To understand the electronic structure of
complexes (1) and (2), DFT calculations have been
performed. The fully geometry optimization for the
compounds (1) and (2) has been carried out in the
DFT/B3LYP level. The optimized bond lengths and
bond angles are well reproduced with the X-ray data
of the complexes (Tables S1 and S2). The geometries
of the (1) and (2) optimized in the singlet ground state
are given in Fig. 6. The LUMO orbitals of (1) and (2)
exhibit a larger number of nodes than the HOMO
orbitals. Figure 7 represents the spin density of the
unpaired spin distributed over 10% Cu, 5% N and
85% of C atom for (1) and 57% Cu, 35% N and 8% of
O atom for (2), along with major contribution on the
nickel center.

NOTES

Supplementary data
The X-ray crystallographic data for the
structures reported herein have been deposited under
CCDC No. 1414056 (1) and 1414058 (2). These data
can
be
obtained
free
of
charge
via
http://www.ccdc.cam.ac.uk/structure-summary-form
the Cambridge Crystallographic Data Centre,
12 Union Road, Cambridge CB2 1EZ, UK;
Email:
deposit@ccdc.cam.ac.uk
.
Other
supplementary data associated with this article, i.e.,
Fig. S1 and Tables S1-S4, are available in the
electronic form at http://www.niscair.res.in/jinfo/
ijca/IJCA_54A(12)1459-1465_SupplData.pdf.
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