
Molecular, supramolecular and Hirshfeld surface analyses of square-planar 
nickel(II)-Schiff base complexes with antibacterial activities

Mohammed Enamullah a,b,* , Imdadul Haque a , Galib Abdullah a, Mohammad Khairul Islam a,  
Fahad Hossain Sourav a, Peter Ferber c, Christoph Janiak c,*

a Department of Chemistry, Jahangirnagar University, Dhaka-1342, Bangladesh
b Hajee Mohammad Danesh Science & Technology University (HSTU), Dinajpur, Bangladesh
c Institut für Anorganische Chemie und Strukturchemie, Heinrich-Heine-Universität Düsseldorf, Universitätsstr. 1, D-40225 Düsseldorf, Germany
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A B S T R A C T

The present paper reports the results of syntheses and characterizations of three nickel(II)-complexes with Schiff 
base ligands containing methyl and nitro substituents, bis[2-((Z)-(2-methyl-4-nitro-phenylimino)methyl)phe
nolato-κ2N,O]Ni(II) (1), bis[1-((Z)-(2-methyl-4-nitro-phenylimino)methyl)naphthalen-2-olato-κ2N,O]Ni(II) (2) 
and bis[1-((Z)-(4-methyl-2-nitro-phenylimino)methyl))naphthalen-2-olato-κ2N,O]Ni(II) (3). Molecular structure 
determinations by single crystal X-ray diffraction (SCXRD) or powder X-ray diffraction (PXRD) demonstrate that 
two chelating proligands coordinate to metal ion in a square-planar (1) or a distorted square-planar (3) geom
etry, forming a N2O2-chromophore via nitrogen and phenolate/naphthalen-2-olate oxygen atoms. Supramolec
ular packing associated with intermolecular interactions present in the crystal structure is in good accord with 
Hirshfeld surface analyses. Conductivity measurements confirm the formation of charge-neutral nickel(II)- 
complexes. Thermogravimetric analysis (TGA) demonstrates multi-step thermal decomposition to several frag
ments with distinct mass losses. Cyclic voltammetry analysis suggests a quasi-reversible redox profile involving 
one-electron charge transfer process in DMF. All complexes demonstrated notable antibacterial efficiency against 
four tested bacterial strains in comparison with the ampicillin. However, compared to the amoxicillin or 
chloramphenicol (10), the complexes exhibited lower activity E. coli and S. typhi, and moderate activity against 
B. cereus and S. aureus. Experimental results for molecular structures and absorption spectra are reproduced by 
computational modeling with DFT/TD-DFT simulations.

1. Introduction

Schiff-base compounds are a well-established class of ligands in co
ordination chemistry, recognized for their simple and highly reproduc
ible synthesis with versatile structural capabilities while coordinating to 
the metal ions [1–5]. Formed by the condensation of primary amines 
with aldehydes or ketones, Schiff bases contain the characteristic azo
methine (HC=N) group, from which the nitrogen atom functions as a 
key donor site to transition metal ions [6–9]. When suitably function
alized with additional donor atoms such as phenolic oxygen or other 
heteroatoms, these ligands offer bidentate or polydentate coordination 
modes, often leading to formation of thermodynamically stable and 
structurally diverse metal compounds [10–13]. The d8 electronic 
configuration of Ni(II) allows it to adopt square planar, tetrahedral or 
octahedral environments depending on ligand denticity, steric factors, 

and solvent effects [14–19]. This flexibility has made Ni(II) an attractive 
metal center for investigating structure–property relationships in both 
mono- and polynuclear complexes [20,21]. Schiff base ligands derived 
from aromatic aldehydes such as salicylaldehyde or 2-hydroxy-1-naph
thaldehyde are particularly advantageous, as their extended π-conju
gation and rigidity help stabilize planar geometries while enabling 
delocalization across the ligand framework [14,15,18,19,21].

Systematic variation of substituents on the Schiff base backbone 
provides a rational approach to tuning electronic properties of ligand 
and, consequently, coordination environment of metal center [18,19,22,
23]. Electron donating (e.g., –CH3, –OCH3) or electron withdrawing 
groups (e.g., –NO2, –Cl) influence ligand basicity, metal–ligand bond 
strength, and overall complex stability [8,18,19,23–25]. These effects 
are particularly relevant in modulating the ligand field strength around 
the metal(II) center, affecting parameters such as bond lengths, angles, 
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magnetic behavior, and redox potentials [14,15,18,19,26,27]. The 
planarity of the ligand framework and the extent of conjugation can 
influence intramolecular charge transfer and facilitate delocalized 
electronic interactions [28,29]. In this connection, several nickel 
(II)-Schiff base complexes have demonstrated biological 
relevance-such as antimicrobial or anticancer activity [30–34]. By 
employing Schiff base ligands with different aromatic frameworks and 
functional substituents, we aim to elucidate influences of ligand archi
tecture on geometry and electronic feature of nickel(II) complexes, 
thereby contributing to broader understanding of structure-function 
correlations in coordination compounds.

The present study reports syntheses, characterizations and physico
chemical properties of nickel(II)-Schiff base complexes (1 - 3), as illus
trated in Scheme 1. The molecular structures for 1 and 3 are elucidated 
by SCXRD and PXRD, respectively, and discussed along with supramo
lecular packing and Hirschfeld surface analyses. Antibacterial behaviors 
were estimated against E. coli, S. typhi, B. cereus and S. aureus and 
compared with standards such as Ampicillin, Amoxicillin and Chlor
amphenicol (10). Additionally, computational modeling by DFT/TD- 
DFT simulations was employed to rationalize experimental findings of 
electronic and molecular structures.

2. Methods and materials

2.1. Instrumentations

Infrared spectra (KBr) were collected on a Shimadzu IR (Prestige - 
21) spectrophotometer at ambient temperature. Absorption spectra 
were run in chloroform at 25 ◦C on a Shimadzu (UV-1800) spectro
photometer. Molar conductivity was measured on a Mettler Toledo 
(FiveGo F3) in DMF at 25 ◦C. Thermogravimetry (TGA) measurements 
were performed on a Netzsch (TG 209 F3) over 35 - 1000 ◦C (heating 
rate, 5 K/min) with a flow of N2 gas. EI-mass were run on a Thermo 
Finnigan (Trace DSQ) instrument. The nickel-containing species dis
playing a characteristic isotopic pattern corresponding to 58Ni and 60Ni 
isotopes. A Vario EL elemental analyser was used to collect elemental 
data. CV measurements were recorded on an Epsilon™ electrochemical 
workstation (BASi), using supporting electrolyte of tetra-n- 
butylammonium hexafluorophosphate in N,N-dimethylformamide at 
25 ◦C. A three-electrode component comprises of a platinum disc 
(working), platinum wire (counter), and Ag-AgCl (reference) electrodes. 
Before measurement, the solution was purged with nitrogen for 10 min 
to eliminate dissolved oxygen. The Schiff base ligands (HL1, HL2 and 
HL3) were synthesized as described in our earlier communications [35].

2.2. Syntheses of nickel(II) complexes (1 - 3)

Two equivalents of HL1 (256.5 mg, 1.0 mmol) or HL2 (306.1 mg, 1.0 

mmol) or HL3 (306.3 mg, 1.0 mmol) were combined with NaHCO3 (84.0 
mg, 1.0 mmol) in 12 mL MeOH and 4 mL CH2Cl2 and stirred at room 
temperature for 15 min. A solution of nickel(II) acetate (125.4 mg, 0.5 
mmol) dissolved in 8 mL MeOH was added slowly and continued to stir 
the solution. Color changed to light green instantly, followed by pre
cipitation. After 24 h, light green microcrystals were obtained by 
filtration, washed 3 times with MeOH (2 mL in each) and dried the 
products (1 - 3) in air at ambient temperature. Single crystals suitable for 
X-ray analysis were obtained via slow diffusion of MeOH into concen
trated DCM solution of complex 1 after 2 - 3 days.

[Ni(L1)2] (1): Yield, 0.263 g (69%). IR: 3080, 3067, 3042, 3019w 
(νH-Ar), 1607vs (νC=N) and 1582vs cm–1 (νC=C) (Fig. S1). Λm = 0.72 S 
m2 mol–1 in DMF at 25 ◦C. EI-mass: m/z (%, for 58Ni) = 568 (100) [Ni 
(L1)2]+, 312 (35) [Ni(L1)–H]+, 255 (45) [L1]+, 209 (50) [L1-NO2]+ and 
89 (18) [C6H2CH3]+ { [Ni(L1)2] = C28H22NiN4O6} (Fig. S2). Elemental: 
calcd. for C28H22N4NiO6: C, 59.08; H, 3.90; N, 9.84%; found: C, 59.47; 
H, 3.57; N, 9.66% (Fig. S3).

[Ni(L2)2] (2): Yield, 0.328 g (76%). IR = 3086, 3065, 2959, 2928w 
(νH-Ar), 1616, 1603vs (νC=N) and 1580vs cm–1 (νC=C) (Fig. S1). 
Λm = 0.105 S m2 mol–1 in DMF 25 ◦C. EI-mass : m/z (%) = 669 (7) [Ni 
(L2)2+H]+, 362 (9) [Ni(L2)-H]+, 306 (100) [L2]+, 259 (45) [L2-NO2]+

and 77 (17) [C6H5]+{[Ni(L2)2] = C36H26NiN4O6} (Fig. S2). Elemental: 
calcd. for C36H26N4NiO6: C, 64.60; H, 3.92; N, 8.37%; found: C, 64.25; 
H, 4.28; N, 8.84% (Fig. S3).

[Ni(L3)2] (3): Yield: 0.307 g (71%). IR = 3059, 3042, 3021, 2949w 
(νH-Ar), 1616, 1599vs (νC=N) and 1580vs cm–1 (νC=C) (Fig. S1). 
Λm = 0.97 S m2 mol–1 in DMF 25 ◦C. EI-mass : m/z (%) = 668 (15) [Ni 
(L3)2]+, 363 (30) [Ni(L3)]+, 306 (100) [L3]+, 259 (35) [L3-NO2]+, 171 
(55) [C10H6OHCHN+H]+ and 77 (17) [C6H5]+ { [Ni 
(L3)2] = C36H26NiN4O6} (Fig. S2). Elemental: calcd. for C36H26N4NiO6: 
C, 64.60; H, 3.92; N, 8.37%; found: C, 63.64; H, 3.97; N, 8.52% (Fig. S3).

2.3. Single crystal X-ray diffraction (SCXRD) measurement

A single crystal of [Ni(L1)2] (1) was picked using polarized-light 
microscope, polished with protective oil, mounted on a cryo-loop. 
CuKα radiation (λ = 1.54184 Å) with a multilayer mirror mono
chromator was used to gather data using a RIGAKU XtaLAB Synergy S 
four-circle diffractometer with hybrid pixel detector and PhotonJet X- 
ray source. ω scans were used to obtain data at 150.0 ± 0.1 K. CrysA
lisPro 1.171.41.105a was used to do data reduction and absorption 
adjustments [36]. Structure solutions and refinement: structure was 
solved by direct method using Sheltxt-2015, a full-matrix least squares 
refinement on F2 was achieved with Shelxl-2017/1 implemented in Olex 
2.1.5 [37–39]. Hydrogen atoms on carbon were estimated geometrically 
(C-H = 0.95 Å for aromatic and aliphatic CH and C-H = 0.98 Å for CH3), 
refined by riding model (AFIX 43, 137) with Uiso(H) = 1.2Ueq(C) for CH 
and 1.5Ueq(C) for CH3. Thermal displacement parameters were refined 

Scheme 1. Synthetic pathway illustrates formation of nickel(II) complexes (1 - 3). Annelated benzene ring highlighted in blue represents the 2‑hydroxy‑naph
thaldehyde moiety present in HL2, HL3, and the corresponding complexes 2 and 3, but are absent in the 2‑hydroxy‑benzaldehyde precursor. In contrast, the ligand 
HL1 and its derived complex 1 are shown with a black carbon framework.
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freely. The structure of [Ni(L1)2] (1) shows positional disorder affecting 
the arene ring atoms C8–C14, and the nitro group with N1, N2 and O2, 
O3 over two orientations (Fig. S4), with freely refined site-occupancy 
factors of 0.736(5) and 0.264(5). SADI, SIMU and DELU restraints 
were applied to maintain a chemically reasonable geometry. Crystallo
graphic data and refinements are listed in Table 1. Structure of complex 
1 was designed with DIAMOND [40]. The CCDC number for complex 1 is 
2517843, can be accessed free of charge at www.ccdc.cam.ac. 
uk/data_request/cif.

2.4. Powder X-ray diffraction (PXRD) measurements

PXRD data for 3 were recorded using GNR Explorer diffractometer 
equipped with Cu anode (λ = 1.5406 Å) working at 40 kV and 30 mA 
with Bragg–Brentano geometry. Samples were mounted on silicon zero- 
background sample holder and data were recorded at 25◦C over angular 
range of 5 - 50◦ (2θ) with step size of 0.02◦ and integration time 3.0 s per 
step. The indexing, structure solution and refinement procedures were 
performed step by step using different modules in EXPO2014 software 
[41]. The background was modeled using Chebyshev function with 20 
numbers of coefficient and the pattern was indexed with N-TREOR09 
module [42] of EXPO2014 using the 21 most intense peaks, which 
resulted in a monoclinic unit cell. Considering the unit cell volume and 
content volume, number of formula units per cell was found to be 2 
(Z=2). The space group determination was performed using the FIND
SPACE module (CSD v5.35, 2014) of the software which suggests most 
probable space groups as P21, P21/n, P21/m, P2/n, Pn and P2. Among 
the suggested space groups, the P21 was selected by considering the 

highest figure of merit (FoM 0.22), occurrence in CSD (% of CSD 5.18), 
and visual inspection of systemic absences for all suggested space groups 
(Table S1). The structure solution process was performed by simulated 
annealing technique using DFT optimized structure as input file. We 
generated 20 independent trial structures from which the best one was 
selected considering minimum cost function, the smallest difference 
between the simulated and experimental diffraction patterns and visu
ally inspecting reasonable crystal packing. Then the structural model 
was refined via Rietveld refinement method [43–45] applying planarity 
restraints only to the aromatic rings [44,46]. Table 1 summarizes the 
crystallographic parameters and refinement statistics.

2.5. Antibacterial studies

Antibacterial profiles for 1 - 3 were estimated by agar-well diffusion 
technique against four Bacteria: Bacillus cereus, Staphylococcus aureus 
(Gram-positive) and Escherichia coli, Salmonella typhi (Gram-negative) 
[6,30,31,47,48]. Bacterial cultures were grown in Mueller-Hinton broth 
at 37 ± 2 ◦C under shaking (120 rpm). Wells with 6 mm (diameter) were 
prepared on agar plates and dosed with a DMSO solution of the com
plexes (250 - 300 μg/mL). DMSO was employed as negative control, and 
antibiotic discs with 30 μg of amoxicillin or ampicillin or chloram
phenicol (10) was selected as positive control. The plates were incubated 
for 3 h at 4 ◦C, followed by 24 h at 37 ◦C. Antibacterial assessments were 
made by estimating the diameter of inhibition-zone. Although detailed 
studies of stability under physiological conditions were not performed, 
the mononuclear nickel(II) complexes with square-planar geometry 
show sufficient thermodynamic stability, consistent elemental analyses, 
low molar conductivity, reproducible UV-vis. spectra and CV profile in 
solution, suggesting the stability and structural integrity of the com
plexes over the experimental time scale and conditions.

2.6. Computational method

Computational studies were performed using the Gaussian 09 pro
gram [49]. The initial gas-phase geometry of complex 1 was constructed 
from its X-ray structure (cif file) and optimized at B3LYP/6-31G(d) 
considering both the high-spin (HS, S = 1, m = 3) and low-spin (LS, 
S = 0, m = 1) species, may be possible for (d⁸)Ni2⁺ ions in a square-planar 
geometry [15,19,50,51,53]. The results showed that the optimized 
structure for the LS configuration is more stable than the HS one by 6.67 
kcal/mol (Fig. S5). For Ni complex 3, the initial gas-phase geometry was 
designed from the X-ray structure of analogous square-planar copper(II) 
complex with the same Schiff base [35] and optimized accordingly at 
B3LYP/6-31G(d) considering the LS configuration (Fig. S5). The initial 
square-planar geometry turns into distorted square-planar after opti
mization (Fig. S5 and Table 2), alike its copper(II) analogue [35]. Car
tesian coordinates of DFT optimized structure for 3 have been listed in 
Table S5. Although the initial DFT input model for 3 was constructed 
with a square-planar geometry, a distorted square-planar geometry 
emerged during optimization, because of allowed free rotations of all 
atoms in the molecule at gas phase, resulted in a configuration with 
global minima.

Time dependent density functional theory (TD-DFT) was employed 
to simulate UV-vis. spectra using various combinations of exchange- 
correlation functionals (e.g., B3LYP and M06) and the basis sets (e.g., 
6-31G(d), SDD, and SVP) for complex 1 (Figs. S6a,b). The resulting 
spectra are mutually consistent and show good agreement with the 
experimental one, with a minor shift in the band maxima (Figs. 1, S6a, 
b). These findings clearly authorize accuracy and reliability of employed 
computational protocols. UV-vis. spectra were calculated for both the 
HS and LS species and compared with the experimental spectrum 
(Fig. 1). Solvent (chloroform) effects were minimized by applying 
polarizable continuum model (PCM) and 72 excited states (roots) were 
considered. Simulated spectra were visualized with SpecDis software 
[52]. Gaussian band shaped with exponential half-width, σ = 0.33 eV.

Table 1 
Crystal data and structure refinement for 1 and 3.

1 (from SCXRD structure) 3 (from PXRD structure)

Empirical formula C28H22N4NiO6 ​ C36H26N4NiO6

M (g mol-1) 569.20 ​ 669.32
Crystal size (mm) 0.30 × 0.10 × 0.08 ​ -
Temperature (K) 150.15 ​ 298
θ range (◦) 4.74–77.24 ​ 5 - 50
h; k; l range ±10; ±10; ±11 ​ -
Crystal system Triclinic ​ Monoclinic
Space group P-1 ​ P21

a (Å) 8.3151(2) ​ 12.94
b (Å) 8.5074(2) ​ 11.40
c (Å) 9.2384(3) ​ 10.37
α (◦) 88.374(2) ​ 90.0
β (◦) 84.537(2) ​ 106.7
γ (◦) 79.261(2) ​ 90.0
V (Å3) 639.13(3) ​ 1465.1
Z 1 ​ 2
Dcalc (g cm-3) 1.479 ​ 1.52
F(000) 294 Step size (2θ/◦) 0.02
μ (mm-1) 1.535 Counting time 

(sec)
3

Max/min 
transmission

1.000/0.469 No. of counts 4503

Refl. measured 26,610 No. of reflections 284
Refl. unique (Rint) 2734 (0.0296) No. of background 

points
20

Data/Restraints/ 
Parameters

2734/115/280 Rp 2.864

Completeness 0.999 Rwp/Rexp. 3.839/1.297
R1/wR2 [I > 2σ(I)] a 0.0588/0.1708 χ2 d 8.763
R1/wR2 (all reflect.) 

a
0.0599/0.1716 - -

Goodness of fit on F2 

b
1.133 Goodness of fit on 

F2 e
2.96

(Δρ/e Å-3) c 0.876/− 0.461 - -

a R1 = [Σ(║Fo|-|Fc║) / Σ|Fo|]; wR2 = [Σ [w(Fo
2-Fc

2)2] / Σ [w(Fo
2)2]]1/2.

b Goodness of fit (S) = [Σ [w(Fo
2-Fc

2)2] / (n-p)]1/2

c largest diff. peak & hole.
d χ2 = S2 = (Rwp/Rexp)2.
e Goodness of fit (S) = Rwp/Rexp.
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3. Results and discussion

The proligands containing the methyl and nitro substituents (HL1, 
HL2 and HL3) react with the nickel(II) acetate to give the mononuclear 
complexes of 1, 2 and 3 (Scheme 1). FT-IR displayed the bands at 1600- 
1616 cm-1 for νC=N. EI-mass spectra depict the molecular ion peak at m/ 
z = 568 ( [Ni(L1)2]+), 669 [Ni(L2)2+H]+ and 668 ( [Ni(L3)2]+) (Fig. 
S2). The spectra revealed several additional peaks corresponding to 
fragmented ionic species arising from both the ligands and the com
plexes. The molar conductance values are extremely low with Λₘ = 0.72 
(1), 1.05 (2), and 0.97 S m2 mol-1 (3) in DMF 25 ◦C, indicating formation 
of charge-neutral species as proposed structures in Scheme 1.

3.1. Experimental and simulated UV-vis. spectra

The UV-vis. spectra of all complexes (1 - 3) show a high degree of 
similarity and are characterized by intense absorption bands or 

shoulders below approximately 400 nm, assigned to intra-ligand n → π* 
and π → π* (LL) transitions (Figs. 1, S7). A moderately intense band 
appears in 400 - 550 nm, attributed to metal-ligand charge-transfer 
(MLCT) transitions, followed by weak broad band at 550 - 750 nm, 
assigned to d–d electrons (metal-centered) transition for Ni2⁺ (d8) ions 
(Figs. 1, S7, inset) [14,15,30,31,53–57]. To rationalize the experimental 
UV-vis. spectra, computational modeling by DFT/TD-DFT was applied to 
calculate the same spectra using different computational protocols with 
combination of two functionals (e.g., B3LYP and M06) and three basis 
sets (e.g., 6-31G(d), SDD and SVP), respectively for complex 1 (Fig. S6a). 
The calculated spectra obtained from different protocols visualized 
almost fairly matching the experimental spectrum with a minor shift in 
band position (Fig. S6a). However, the best fit to the experimental one is 
found at B3LYP/6-31g(d) or B3LYP/SVP level of calculations (Fig. S6b). 
Further, inspection of calculated spectra for HS and LS species reveals 
the best fit of experimental spectrum to the LS one (Fig. 1). This result is 
in parallel with the relatively more stable LS optimized structure as 
discussed above (Fig. S5).

3.2. Thermogravimetric analyses (TGA) for 1 - 3

Thermogravimetric analyses (TGA) were conducted over 25 - 
1000 ◦C (heating rate of 5 K/min) under N2 gas, featuring similar 
decomposition patterns across the series (Fig. 2). In complex 1, two 
minor weight losses (2.5% at 25–150 ◦C and 2.2% at 151–323 ◦C) are 

Table 2 
Selected bond lengths (Å) and angles (◦) in 1 and 3.

1 3

SCXRD structure a Optimized 
structure

PXRD structure Optimized 
structure (LS)

HS LS Ni1-O1 1.82 1.83

Ni1-O1 1.830 
(2)

1.870 1.822 Ni1-O4 1.83 1.83

Ni1-N1 1.916 
(5)

2.049 1.908 Ni1-N3 1.90 1.90

O1-C1 1.303 
(4)

1.308 1.303 Ni1-N1 1.89 1.89

C8-N1 1.441 
(7)

1.429 1.436 O1-C6 1.30 1.30

C7-N1 1.308 
(7)

1.307 1.311 O4-C24 1.30 1.30

N2-O3 1.230 
(6)

1.232 1.232 C4-N1 1.32 1.32

N2-O2 1.194 
(13)

1.232 1.231 C22-N3 1.31 1.31

C11-N2 1.485 
(7)

1.468 1.469 C1-N1 1.42 1.42

O1-Ni1- 
N1

94.6 
(16)

90.9 93.0 C19-N3 1.43 1.43

O1-Ni1- 
O1i

180.0 180.0 180.0 N2-O2 1.23 1.23

O1i-Ni1- 
N1i

85.4 
(16)

89.1 87.1 N2-O3 1.23 1.23

N1-Ni1- 
N1i

180.0 180.0 180.0 N4-O5 1.23 1.23

O3-N2- 
O2

125.3 
(7)

124.5 124.5 N4-O6 1.23 1.23

O3-N2- 
C11

117.2 
(5)

117.7 117.7 O1-Ni1- 
N1

93.2 93.2

O2-N2- 
C11

117.5 
(7)

117.8 117.8 O1-Ni1- 
O4

168.4 168.4

​ ​ ​ ​ O1-Ni1- 
N3

88.0 88.1

​ ​ ​ ​ N1-Ni1- 
O4

89.5 89.5

​ ​ ​ ​ N1-Ni1- 
N3

169.0 169.0

​ ​ ​ ​ O4-Ni1- 
N3

91.5 91.5

​ ​ ​ ​ O3-N2- 
O2

124.0 123.9

​ ​ ​ ​ O5-N4- 
O6

124.4 124.3

​ ​ ​ ​ θ /◦ b 15.6 15.6

a Despite the centrosymmetric relation at Ni for O1-Ni-O1i and N1-Ni-N1i 

there is a standard deviation given in the cif file as 180.00(12) and 180.0(2), 
respectively, reflecting the temperature factors of the involved atoms. 

Symmetry transformation in 1, i = 2–x, 1–y, 1–z.
b θ /◦ = Dihedral angle between the N1-Ni1-O1 and N3-Ni1-O4 planes.

Fig. 1. Experimental and calculated UV–vis. spectra for 1 (0.039 mM) in CHCl3 
(d-d bands are shown in the inset). Spectra were calculated for both the LS and 
HS species at B3LYP/6–31G(d) with PCM in CHCl3 (σ = 0.33 eV).

Fig. 2. TGA curves for the complexes (1 - 3).
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consistent with stepwise loss of methyl groups (calcd. 2.6%). A further 
decrease of ca. 14.0% (calcd. 16.1%) at 324 - 340 ◦C due to release of 
N2O4 group, followed by extensive degradation of ca. 66.0% (calcd. 
68.2%) at 341- 820 ◦C for decomposition of C26H16N2O2. Complex 2 
exhibits an initial loss of 2.3% (calcd. 2.2%) below 250 ◦C, attributed to 
methyl. Subsequent removal of a C7H6N2O4 fragment leads to a 20.0% 
mass decrease (calcd. 22.4%) between 251-308 ◦C. The dominant 
decomposition occurs from 308-600 ◦C with a mass loss of 70.0% (calcd. 
72.9%), corresponding to breakdown of the C34H20N2O2 unit. For 3, an 
initial loss of ca. 6.0% at 25-280 ◦C is observed for decomposition of 
C2H6 (calcd. 4.5%). At 281-315 ◦C, additional heating results in a mass 
loss of about 12.0% (calculated at 13.7%) because N2O4 is released, 
followed by a constant mass loss of ca. 73.7% (calcd. 72.9%) at 316- 
680 ◦C due to release of C34H20N2O2. Finally, residual masses remaining 
at 1000 ◦C (15.0% for 1, 6.0% for 2, and 10.0% for 3) are consistent with 
formation of metallic Ni and/or NiO (calcd. Ni/NiO: 10.3/13.1%, 8.8/ 
11.1%, and 8.8/11.1%, respectively) [58–61].

3.3. Single crystal X-ray diffraction (SCXRD) structure

The molecular structure determination reveals that compound 1 
crystallizes in the triclinic space group P-1. Structure discloses coordi
nation of two N^O-chelate proligands forming a N2O2-chromophore 
around metal ion in a square-planar geometry [15,31,54,55] (Fig. 3). 
The asymmetric unit presents half of molecule with Ni atom at the center 
of inversion. However, in the environment of Schiff base ligands, Ni can 
also form complexes with pseudotetrahedral [18] or distorted 
square-planar geometry [19,53] due to flexible ligand environments. 
For pseudotetrahedral Ni(II)-Schiff base complexes, half of molecules 
exist in asymmetric unit [18], while for distorted square-planar com
plexes, two symmetry independent molecules [53] or a single molecule 
[19] exist in asymmetric unit of the crystal structure. The structural 
parameters listed in Table 2 are in good agreement with the analogous 
Ni(II)-Schiff base complexes [14–15,18,19,31,54–56,62–63], and 
correspond well to the relatively more stable LS optimized structure. The 
structure reveals that the compound exists in the neutral form, incor
porating both the phenolate (O–) and azomethine (CH=N) functional
ities around the metal ion. The metal-donor atoms bond distances 
Ni1-O1/Ni1-N1 = 1.830/1.916 Å and the chelating angles 
O1-Ni1-N1/N1i-Ni1-O1i = 94.6◦ are consistent with the typical N2O2 
chromophore, while the imine-bond distance N1–C7 = 1.308(7) Å 
agrees well with the C=N double bond character. The Ni(II) atom is 
four-coordinate with a near square-planar coordination geometry.

There are weak π− π interactions [64,65], weak C–H⋅⋅⋅π interactions 
[65–69] and C–H⋅⋅⋅O interactions in packing of crystal structure of 1 
(Figs. 4 - 5 and Tables S2 – S4). Thereby, the C–H⋅⋅⋅π interactions only 
derived from the disordered to the non-disordered part in-between two 
complexes, the (C–)H⋅⋅⋅π(centroid) distances are larger than 2.7 Å (Table 
S3) and will not be discussed further. Otherwise, significant 

intermolecular C–H⋅⋅⋅π interactions would have (C-)H⋅⋅⋅ring centroid 
distances shorter than 2.7 Å and C–H⋅⋅⋅centroid angles greater than 145◦

[66–71]. Concerning the π− π interactions, the two aromatic rings form a 
close parallel contact over a center of symmetry and the π− π 
centroid-centroid contact is 3.85 Å (Table S2). Strong π− π stacking in
teractions generally require relatively short Cg-Cg (Cg = ring centroid) 
distances (< 3.8 Å), nearly parallel aromatic-ring planes, minor slip 
angles between vertical plan from centroid(1) onto ring(2) and Cg-Cg 
vector (< 25◦), and minimal vertical shifts (e.g., distance between the 
vertical plan of centroid(1) onto ring(2) and centroid(2) < 1.5 Å). These 
geometric criteria result in substantial overlap between the aryl ring 
planes [64,65].

3.4. Powder X-ray diffraction (PXRD) structure

PXRD patterns for microcrystalline samples (1 - 3), run over 5–50◦

(2θ) at 25 ◦C (Fig. S8), indicate some variation in the degree of crys
tallinity [15,31,54,55,72]. The experimental diffractogram for 1 showed 
a fair match with simulated pattern from single crystal X-ray structure, 
authenticating phase purity and integrity of microcrystalline bulk sam
ples as of single crystals. Suitable single crystals for 2 and 3 could not be 
isolated mainly due to their limited solubility in common solvents. 
Although PXRD measurements were carried out for all three complexes, 
unfortunately the data quality for 2 was not satisfactory for a meaningful 
structure solution (e.g., several overlapped peaks, lower figure of merit 
(FoM) during indexing, and large number of unindexed peaks). The 
powder X-ray diffractogram for 2 is shown in Figure S8. Consequently, 
PXRD structural analysis (structure solve) was successful only for 3. 
Comparison of diffraction patterns for the free ligand HL3 and complex 
3 (Fig. S9) confirms the formation of a distinct crystalline phase, indi
cating the absence of uncoordinated ligand in the bulk sample. The 
presence of sharp and well-resolved reflections permitted structure so
lutions using the EXPO2014 [44] program, followed by refinement 
employing the Rietveld method (see Experimental section) [43–45]. The 
structure of complex 3 was solved by simulated annealing technique 
using DFT optimized structure as the starting model, and refined by the 
Rietveld method, in which only the aromatic-rings were restrained (rigid 
body), while central metal atom (Ni) as well as other surrounding atoms 
(O and N) were independently refined. The results showed no significant 
changes after refinements; hence a fair agreement was observed be
tween the experimental and calculated patterns with minimal residuals 
(Fig. 6 and Table 2), aligned with acceptable refinements as well as 
correct DFT optimization.

In contrast to complex 1, DFT optimized structure for 3 exhibits a 
pronounced deviation from square-planar geometry. This distortion 
arises from the presence of ortho-positioned NO2-substituents on the 
aromatic-ring, which introduces significant steric congestion in the vi
cinity of the metal center. As shown in Fig. S10, the short O⋅⋅⋅H contact is 
observed between the oxygen atom of NO2 and the adjacent aromatic 
C–H units, which is absent in 1. To accommodate this steric constraint, 
the NO2-substituent adopts a markedly twisted orientation relative to 
the aromatic-ring plane, which in turn perturbs Ni-coordination envi
ronment and results in a distortion from a square-planar geometry. The 
unit-cell packing diagram of complex 3 within the crystal lattice is 
shown in Fig. S11, which supports the validity of the proposed structural 
model. The refined structure showed a distortion from square-planar 
geometry with dihedral angle, θ = 15.6◦ around the Ni(II) center with 
the formation of a N2O2 chromophore, resulting from coordination of 
two imine-nitrogen and two naphthalen-2-olate oxygen atoms from two 
Schiff base ligands (Fig. 7). The bond lengths and angles (Table 2) are 
comparable to the X-ray data for compound 1 (Fig. 3) as well as to the 
more stable LS optimized structure (Fig. S5 and Table 2). The metal- 
ligand bond distances Ni1-O1/Ni1-O4 = 1.82/1.83 Å and Ni1-N3/Ni1- 
N1 = 1.90/1.89 Å and the chelating angles O1-Ni1-N1/N3-Ni1- 
O4 = 93.2/91.5◦ are aligned with the typical N2O2-chromophore, while 
the imine-bond distances are C4-N1/C22-N3 = 1.32/1.31 Å, agree well 

Fig. 3. Molecular structure for 1 (50 % thermal ellipsoids, hydrogen atoms 
shown with arbitrary radii). The disorder in the methyl(nitro)phenyl part of 
ligand is not depicted for clarity (see Fig. S4 for disorder). Symmetry trans
formation: i = 2-x, 1-y, 1-z.
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with the C=N double bond character. The bond angles N1-Ni1-N3/O1- 
Ni1-O4 = 169.0/168.4◦ suggest a distorted square-plnar geometry.

3.5. Hirshfeld surface analyses

Hirshfeld surface analyses quantitatively assess intermolecular in
teractions exist in crystal lattices. The fingerprint plots, produced with 
CrystalExplorer (Fig. 8, right) [73–76], represent all possible intermo
lecular interactions to Hirshfeld surfaces (for detailed breakdown see 
Figs. S12-S14). Complex 1 exhibits predominant H⋅⋅⋅H contacts (37.4%), 
indicative of pervasive van der Waals interactions, like 3 (38.2%). Sig
nificant O⋅⋅⋅H contacts, associated with C–H⋅⋅⋅O hydrogen-bonding 
involving nitro group oxygens atoms (Fig. 5), contribute to 33.5 and 
19.8% for 1 and 3, respectively, underscoring their importance in 
directing supramolecular assembly. The C⋅⋅⋅H contacts, reflective of 
non-covalent interactions such as C–H⋅⋅⋅π and C–H⋅⋅⋅C, increase from 
15.6% (1) to 27.8% (3) (Fig. S14), further stabilizing the crystal packing. 
The reciprocal values for O⋅⋅⋅H and C⋅⋅⋅H contacts in 1 and 3 are in part 
due to the larger naphthyl group in 3 which strongly increases the share 
of C⋅⋅⋅H contacts and thereby diminishes the other contacts within the 
100% sum. Also in 1, the NO2 group in p-position of the phenyl ring, 
while in 3 the CH3 group in p-position which is probably the most 
amenable ring position for interaction with neighboring molecules (cf. 
Fig. 5).

In both complexes, the π⋅⋅⋅π interactions (i.e., C⋅⋅⋅C contacts) are 

relatively minor (4.8-5.7%), suggesting steric or coordination effects 
restrict effective aromatic stacking. The N⋅⋅⋅H interactions are very low 
(2.0-2.3%), likely arising from weak hydrogen bonding to the NO2 ni
trogen atoms. These hydrogen bonds are correlated with distinctive red 

Fig. 4. π-π interaction in packing of 1, shown as a black dashed line with Cg - Cg distance expressed in Å. The symmetry transformations, ii = 2-x, -y, 1-z. Further 
details of the π-π interaction are presented in Table S2 (Cg = ring centroid).

Fig. 5. C–H⋅⋅⋅O interactions in packing of crystal structure of 1, indicated as dashed orange lines with H⋅⋅⋅O distance given in Å. The symmetry transformations are 
iii = 1 − x, 1 − y, 2 − z and iv = x, − 1 + y, − 1 + z. Further details of these C–H⋅⋅⋅O interactions are listed in Table S4.

Fig. 6. PXRD patterns for complex 3 after final Rietveld refinement: experi
mental and calculated patterns along with difference plot and back
ground profile.
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spots on surfaces mapped with d-norm property (Fig. 8: left), indicating 
their spatial relevance. These findings illustrate that the naphthyl vs. 
benzyl ring which makes a difference and maybe the different orienta
tion of CH3 and NO2 groups on the ring.

3.6. Cyclic voltammetry (CV)

The cyclic voltammetry profiles, recorded in DMF at − 1.40 to +1.00 
V (vs. Ag/AgCl) with different scan rates (Fig. 9 and Table S6), are 
almost similar for all complexes. The CV profiles feature a reduction 
peak at Ec = − 0.852 V (Ic =+7.07 µA) for 1, − 0.911 V (+4.69 µA) for 2 
and − 0.876 V (+11.45 µA) for 3 and a oxidative peak at Ea = +0.683 V 

(Ia = − 28.41 µA) for 1, +0.546 V ( ̶ 8.92 µA) for 2 and +0.420 V ( ̶ 12.51 
µA) for 3 at a scan rate of 0.10 V/s, suggesting a single electron charge 
transfer process for Ni(II) complexes [30,31,53,54,56]. The CV runs at 
different scan rates reveal that when scan rates increase, the cathodic 
and anodic peaks shift to lower and higher potentials, respectively. 
Accordingly, plots of Ic or Ia (or Ia/Ic) vs. ν1/2 exhibit a linear increase of 
cathodic (Ic) or decrease of anodic (Ia) peak current, while Ia/Ic remains 
essentially constant (Fig. 9, inset). This linear dependence indicates that 
the CV profile is diffusion-controlled in solution. Furthermore, Ia/Ic 
values and peak-to-peak separation ΔE(c-a) values (Table S6) suggest a 
quasi-reversible electrochemical process, consistent with analogous Ni 
(II)-Schiff base complexes [30,31,54–57,77].

3.7. Antibacterial activities

Antibacterial activities of complexes (1-3) and standard antibiotics 
are presented in Figure 10 (Table 3) [6,30,31,47,48]. All samples were 
evaluated in vitro against Escherichia coli and Salmonella typhi (Gram-
negative) as well as Bacillus cereus and Staphylococcus aureus (Gram-
positive) strains. Compared with ampicillin, all complexes exhibited 
measurable antibacterial activities against all tested bacteria. However, 
relatively lower activities against E. coli and S. typhi and moderate ac
tivities against B. cereus and S. aureus are shown in comparison to 
amoxicillin or chloramphenicol (10). The activities of the present 
complexes were compared with those of reported analogous Ni(II)-Schiff 
base systems and found in good agreement (Table S7). The observed 
antibacterial activities are supported by low value of HOMO–LUMO 
energy gap, ΔEg = 8.33 (1) and 5.32 kcal/mol (3) (Fig. S15), generally 
implies higher chemical reactivity or polarizability and a stronger pro
pensity for intermolecular interactions with biological targets [78].

Fig. 7. Molecular structure for 3 based on the Rietveld refinement of PXRD 
pattern (50 % thermal ellipsoids, hydrogen atoms shown with arbitrary radii).

Fig. 8. Hirshfeld surfaces mapped with d-norm property are shown on left side (the red and blue regions indicate the closest and most distant intermolecular in
teractions). The fingerprint plots (right) present an overlay of all possible intermolecular contacts that exist in the structures of complexes (detailed breakdowns are 
provided in Figs. S12–S14). The di and de represent distances between the closest atoms inside and outside the surface, respectively.
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4. Conclusion

In this study, we report three nickel(II)complexes (1 - 3) with Schiff 
base ligands containing the methyl- and nitro-substituents on the 
phenyl-ring. The analytical data along with molar conductance 
confirmed the formation of charge-neutral nickel(II)complexes. Molec
ular structure determinations by single crystal X-ray diffraction (SCXRD) 
uncovered a square-planar geometry with N2O2-coordination around 
the metal ion for 1. For complex 3, a deviation from square-planar ge
ometry with a dihedral angle of θ = 15.6◦ was observed from DFT 

optimization and subsequently from PXRD structure solution. Ther
mogravimetric analysis (TGA) suggested multi-step decomposition of 
the complexes to several fragments with distinct mass losses. Cyclic 
voltammetry (CV) measurements featured a quasi-reversible redox 
profile with a single electron charge transfer process in DMF. All com
plexes demonstrated notable antibacterial activities, surpassing Ampi
cillin against all tested bacterial strains compared to Amoxicillin and 
Chloramphenicol (10). Molecular modeling by DFT/TD-DFT calcula
tions complies well with the experimental results of molecular structures 
and absorption spectra. However, present findings highlight comparable 
structural behaviors by SCXRD and PXRD, redox and thermal flexibility 
along with antibacterial activities of Ni(II)-Schiff base complexes, 
providing a foundation for future studies aimed at ligand design and 
metal ion selection effects thereof.
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