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A B S T R A C T

The complexes with the new Ni(II) ion, coordinated through O,N,N,O-donor atoms from the dibasic iso
thiosemicarbazone ligand, which has recently attracted special attention among a wide range of biologically 
active substances, were synthesized, and their structures were explained using the XRD, FT-IR, and UV–Vis 
spectroscopy as well as theoretical calculation methods. The single-crystal X-ray diffraction studies confirmed the 
formation of in the form of a distorted square-planar coordination. These complexes are mainly stabilized by π⋅⋅⋅π 
stacking interactions in their crystal structures. Also, the electronic properties (frontier molecular orbitals, 
molecular electrostatic potential, charge analyses, and Fukui functions) of complexes were determined for 
optimized structures by theoretical calculation methods. Topological studies were carried out with the Multiwfn 
program to determine the basic binding sites and weak interactions of the complexes. In the last part of the study, 
molecular docking studies were performed to investigate whether the synthesized complexes could be used as 
lung and breast cancer agents. The obtained results show that these two newly synthesized complexes can be 
evaluated as anticancer agents.

1. Introduction

Thiosemicarbazones, consisting of hydrazino nitrogens (N1 and N2), 
amino nitrogen (N4), and thiocarbonyl sulfur (S), are multidentate li
gands obtained through the condensation of thiosemicarbazide with 
aldehydes or ketones [1]. The thiosemicarbazone structure can be 
further functionalized by introducing various alkyl, aryl groups, and 
variable substituent groups (R1, R2, R3, R4, R5), through the thiol and 
amino groups (R1R2CH=N1-N2=C-(SR3)-N4(R4)(R5)) [2,3]. The lone 
pair of electrons on the nitrogen imparts basic character to the imine 
group. Due to the nucleophilic properties of the nitrogen atom in the 
molecule, thione-thiol tautomerism occurs in these compounds. The 
tautomeric behavior of the compound can be influenced by factors such 
as pH, temperature, and solvent, which determine whether the structure 
exhibits anionic, cationic, or neutral characteristics during complex 

formation [4,5]. Thiosemicarbazones demonstrate versatile ligand be
haviors influenced by the nature and position of their substituent 
groups, as well as the type and oxidation state of the metal atom [6–14]. 
These compounds and their metal complexes exhibit a broad range of 
biological activities and represent a highly significant class of com
pounds in pharmaceutical chemistry [15–27]. These compounds also 
have applications in sensors, dyes, nonlinear optics, supercapacitors, 
qualitative and quantitative analytical reagents, and catalysis [28–33].

Isothiosemicarbazones are structures formed when alkyl and aryl 
halides attach to the thiolic sulfur atom of the thiosemicarbazones. In 
these structures, because of the alkylation of the sulfur atom, the iso
thiosemicarbazones coordinate to a metal atom via the terminal nitro
gen atom instead of the sulfur, thereby altering the molecular geometry 
[34–37]. These ligands exhibit a broad range of biological activities, 
particularly anticancer activity [38–40]. The biological activities of 
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ligands arise from their ability to chelate transition metal ions. The 
complexation can alter biological properties and lead to new activities 
that free ligands do not exhibit [41–43]. Nickel metal ions are quite 
important in biological systems. Nickel is a critical cofactor for many 
enzymes and metalloenzymes [44]. Therefore, the synthesis of new 
nickel complexes and their biological activities are attracting attention 
[21,24,38,45,46]. Especially in recent years, theoretical computational 
publications have been focused on compounds suitable for biological 
systems [47–49].

S-alkyl isothiosemicarbazones can also exhibit tetradentate ligand 
behavior as a result of template reactions. This reaction involves the 
condensation of the amin group of thioamide with the carbonyl group of 
an aldehyde or a ketone in the presence of a metal ion [50–54] and these 
complexes have significant biological applications [55–57].

Herein, two N1,N4-disalicylidene-S-alkyl isothiosemicarbazone Ni(II) 
complexes were prepared using N1-salicylidene-S-methyl
isothiosemicarbazone (L1) and N1-salicylidene-S-propylisothiosemi
carbazone (L2). The structures of the obtained compounds were 
characterized through elemental analysis, UV–visible, FT-IR, and 1H 
NMR spectroscopies. The structures of these complexes (1 and 2) were 
elucidated using XRD and theoretical calculation methods. Additionally, 
the electronic properties of the complexes, including frontier molecular 
orbitals, molecular electrostatic potential, charge analysis, and Fukui 
functions, were determined for the optimized structures using theoret
ical calculation methods. Topological analyses were performed with 
Multiwfn to identify the primary binding sites and weak interactions of 
the complexes. Molecular docking studies were conducted to evaluate 
the activity of the complexes as potential agents for lung and breast 
cancer treatment.

2. Material and methods

2.1. Chemicals and apparatus

All chemicals and solvents were of reagent grade and used as 
received without further purification (methyl iodide, Sigma-Aldrich, 
≥99 % purity; n-propyl bromide, Sigma-Aldrich, 99 % purity; thio
semicarbazide, Sigma-Aldrich, 99 % purity; salicylaldehyde, Sigma- 
Aldrich, 98 % purity; nickel(II) chloride hexahydrate, Sigma-Aldrich, 
99.9 % purity; 2-aminopyridine, Sigma-Aldrich, ≥99 % purity; 
ethanol, Sigma-Aldrich, ≥99.8 % purity; ethanol, Sigma-Aldrich, ≥99.8 
% purity). Elemental analyses were performed on a Thermo Finnigan 
Flash 2000 Elemental Analyzer. IR spectra of the compounds were 
recorded on a Cary 630 FTIR spectrometer with a diamond ATR from 
Agilent. 1H nuclear magnetic resonance spectra were recorded on a 
Varian UNITY INOVA 500 MHz spectrometer using DMSO as solvent. 
The electronic spectrum was recorded on a Shimadzu UV-2600 UV–Vis 
spectrophotometer using a pair of matching quartz cuvettes with a 
thickness of 1 cm.

2.2. Syntheses

2.2.1. Synthesis of the N1-salicylidene-S-alkylisothiosemicarbazones
The starting materials were prepared using a literature method [52]. 

Methyl iodide was used for the synthesis of compound L1 [methyl N’-(2- 
hydroxybenzylidene)carbamohydrazonothioate], while n-propyl bro
mide was used for the synthesis of compound L2 [propyl N’-(2- 
hydroxybenzylidene)carbamohydrazonothioate].

Characterization data of the L1: The Color: Light Yellow; Yield: 93 %; 
m.p. (◦C): 160; Anal. Calc. For C9H11N3OS (209.27 g/mol): C, 51.63; H, 
5.32; N, 20.05; S, 15.32; Found: C, 51.66; H, 5.30; N, 20.08; S, 15.28 %. 
IR (cm− 1): 3449 υ(OH); 3278 υsym (NH2); 3239 υasym (NH2); 1636 δ(N- 
H); 1615, 1597 υ(C=N); 1145 υ(C-O); 3036, 2967, 2923 υ(C-H). UV–Vis 
(5.10− 5 M, CHCl3): ((λ (ε)) 239.5 (41000), 293 (54750), 304.5 (52800), 
333.50 (54400). 1H NMR (ppm): 11.60, 10.88 (cis/trans ratio: 2/1, s, 
1H, OH), 8.47, 8.35 (syn/anti ratio: 1/2, s, 1H, CH=N1), 7.55 (m, 1H, d), 

Scheme 1. Synthesis of the compounds.

Table 1 
Crystal data and structure refinement parameters for 1 and 2.

Parameters 1 2

CCDC depository 2124811 2124812
Color/shape Dark red/rod Dark red/prism
Chemical formula [Ni(C16H13N3O2S)] [Ni(C18H17N3O2S)]
Formula weight 370.06 398.11
Temperature (K) 296(2) 296(2)
Wavelength (Å) 0.71073 Mo Kα 0.71073 Mo Kα
Crystal system Monoclinic Monoclinic
Space group P21/n (No. 14) P21/n (No. 14)
Unit cell parameters
a, b, c (Å) 11.3096(12), 7.9228(6), 

18.0953(18)
10.9958(12), 7.8645(7), 

20.955(2)
α, β, γ (◦) 90, 106.465(8), 90 90, 104.348(8), 90
Volume (Å3) 1554.9(3) 1755.6(3)
Z 4 4
Dcalc. (g/cm3) 1.581 1.506
μ (mm− 1) 1.394 1.240
Absorption correction Integration Integration
Tmin., Tmax. 0.6914, 0.9714 0.6969, 0.9185
F000 760 824
Crystal size (mm3) 0.50 × 0.14 × 0.02 0.48 × 0.19 × 0.07
Diffractometer/ 

measurement method
STOE IPDS II/ω scan STOE IPDS II/ω scan

Index ranges − 13 ≤ h ≤ 13, − 9 ≤ k ≤ 8, 
− 21 ≤ l ≤ 21

− 14 ≤ h ≤ 14, − 10 ≤ k ≤
10, − 26 ≤ l ≤ 27

θ range for data 
collection (◦)

1.911 ≤ θ ≤ 25.038 1.926 ≤ θ ≤ 27.931

Reflections collected 8140 13,885
Independent/observed 

reflections
2754/1109 4190/1923

Rint. 0.0944 0.0816
Refinement method Full-matrix least-squares 

on F2
Full-matrix least-squares 

on F2

Data/restraints/ 
parameters

2754/104/236 4190/170/283

Goodness-of-fit on F2 0.882 0.901
Final R indices [I > 2σ 

(I)]
R1 = 0.0569, wR2 =

0.0843
R1 = 0.0542, wR2 = 0.1057

R indices (all data) R1 = 0.1691, wR2 =

0.1078
R1 = 0.1374, wR2 = 0.1315

Δρmax., Δρmin. (e/Å3) 0.40, − 0.23 0.38, − 0.40
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Fig. 1. Molecular structures of 1 (a) and 2 (b) showing the atom-labelling scheme. Displacement ellipsoids are drawn at the 20% probability level and H atoms are 
shown as small spheres of arbitrary radii. For simplicity, only the major parts of the disordered fragments are shown.
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7.39 (dt, 1H, b), 7.25 (m, 1H, c), 6.93 (s, wide, 2H, NH2), 6.89 (m, 1H, a), 
2.45, 2.39 (cis/trans ratio: 2/1, s, 3H, S–CH3).

Characterization data of the L2: The Color: Yellow; Yield: 91 %; m.p. 
(◦C): 188; Anal. Calc. For C11H15N3OS (237.32 g/mol): C, 55.67; H, 6.37; 
N, 17.71; S, 13.51; Found: C, 55.66; H, 6.39; N, 17.75; S, 13.48 %. IR 
(cm− 1): 3434 υ(OH); 3300 υsym (NH2); 3266 υasym (NH2); 1641 δ(N-H); 
1616, 1597 υ(C=N); 1149 υ(C-O); 3015, 2948, 2915 υ(C-H). UV–Vis 
(5.10− 5 M, CHCl3): ((λ (ε)) 239.5 (35750), 293.5 (21580), 304.5 
(51850), 334 (54000). 1H NMR (ppm): 11.70, 10.87 (cis/trans ratio: 2/ 
1, s, 1H, OH), 8.40, 8.37 (syn/anti ratio: 2/3, s, 1H, CH=N1), 7.56 (d, 
1H, d), 7.39 (d, 1H, b), 7.24 (dd, 1H, c), 6.94 (d, 2H, NH2), 6.89 (t, 1H, 
a), 2.97 (dd, 2H, 1CH2), 1.64 (m, 2H, 2CH2), 0.98 (m, 3H, 3CH3).

2.2.2. Synthesis of the N1,N4-disalicylidene-S-alkyl isothiosemicarbazone 
Ni(II) chelates

For the synthesis of complex 1 {[methyl N,N’-bis{[2-(hydroxy) 
phenyl]methylidene}carbamohydrazonothioatato]-nickel}, the starting 
material L1 (0.2 g, 1 mmol) was dissolved in methanol and added to a 
solution of NiCl2⋅6H2O (0.24 g, 1 mmol) in methanol (10 mL). The 
mixture was stirred at 60 ◦C for 5 min. Subsequently, 2-aminopyridine 
(0.095 g, 1 mmol) was added, and the reaction was allowed to pro
ceed for 1 h. After approximately 2 weeks, red crystals were isolated. 
(Scheme 1). Complex 2 {[propyl N,N’-bis{[2-(hydroxy)phenyl]methyl
idene}carbamohydrazonothioatato]-nickel} was synthesized in the 
same way by using L2 instead of L1, in the same stoichiometric ratio. 
Both products were isolated in a dark red crystalline form soluble in 
alcohol and chloroform and very much soluble in polar aprotic solvents 
such as DMF and DMSO.

Characterization data of the complex 1: The Color: Dark Red; Yield: 
62 %; m.p. (◦C): 223; Anal. Calc. For C16H13N3OSNi (370.05 g/mol): C, 
51.93; H, 3.54; N, 11.36; S, 8.66; Found: C, 51.96; H, 3.58; N, 11.37; S, 
8.61 %. IR (cm− 1): 1604, 1589, 1577 υ(C=N); 1154 υ(C-O); 3052, 3004, 
2919 υ(C-H). UV–Vis (5.10− 5 M, CHCl3): ((λ (ε)) 240 (54500), 301 

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

Parameters 1 Parameters 2

X-ray DFT X-ray DFT

Bond lengths ​ ​ ​ ​ ​
Ni1─O1 1.818(4) 1.840 Ni1─O1 1.845(3) 1.839
Ni1─O2 1.831(5) 1.850 Ni1─O2 1.842(3) 1.850
Ni1─N1 1.835(6) 1.839 Ni1─N1 1.837(3) 1.839
Ni1─N3 1.837(5) 1.858 Ni1─N3 1.825(3) 1.858
S1─C8 1.779(10) 

[1.679 
(17)]

1.761 S1─C8 1.737(6) 
[1.731(7)]

1.762

S1─C9 1.706(7) 
[1.647(9)]

1.809 S1─C9 1.779(6) 
[1.781(7)]

1.823

O1─C1 1.298(8) 1.292 O1─C1 1.309(5) 1.291
O2─C16 1.261(7) 1.282 O2─C18 1.306(5) 1.282
N1─N2 1.349(9) 

[1.280 
(16)]

1.372 N1─N2 1.373(5) 
[1.358(6)]

1.372

N1─C7 1.294(8) 1.308 N1─C7 1.297(5) 1.308
N2─C8 1.296(10) 

[1.323 
(16)]

1.294 N2─C8 1.302(6) 
[1.308(6)]

1.294

N3─C8 1.490(13) 
[1.490 
(16)]

1.391 N3─C8 1.450(6) 
[1.448(7)]

1.391

N3─C10 1.297(8) 1.318 N3─C12 1.328(5) 1.318

Bond angles ​ ​ ​ ​ ​
O1─Ni1─O2 85.9(2) 87.23 O1─Ni1─O2 86.49(13) 87.18
O1─Ni1─N1 95.5(2) 94.92 O1─Ni1─N1 95.83(13) 94.91
O1─Ni1─N3 178.2(3) 178.04 O1─Ni1─N3 178.90 

(13)
178.03

O2─Ni1─N1 177.8(2) 177.85 O2─Ni1─N1 177.33 
(14)

177.91

O2─Ni1─N3 95.4(2) 94.72 O2─Ni1─N3 94.61(14) 94.80
N1─Ni1─N3 83.2(3) 83.12 N1─Ni1─N3 83.07(15) 83.11
C8─S1─C9 102.5(5) 

[113.9(8)]
100.07 C8─S1─C9 103.7(3) 

[103.6(4)]
101.07

N2─C8─S1 119.8(10) 
[110.9 
(15)]

120.66 N2─C8─S1 121.2(5) 
[118.8(6)]

121.15

N3─C8─S1 116.1(8) 
[122.7 
(12)]

120.36 N3─C8─S1 120.9(4) 
[122.4(5)]

120.08

N2─N1─C7 111.1(7) 
[107.0(8)]

115.98 N2─N1─C7 114.8(4) 
[112.7(4)]

116.02

N1─N2─C8 103.0(9) 
[100.3 
(15)]

110.68 N1─N2─C8 109.1(5) 
[108.9(6)]

110.83

N1─C7─C6 127.3(8) 124.28 N1─C7─C6 125.2(4) 124.30
N2─C8─N3 124.1(10) 

[126.5 
(16)]

118.98 N2─C8─N3 117.8(5) 
[118.0(6)]

118.77

C8─N3─C10 127.4(7) 
[131.3(9)]

122.58 C8─N3─C12 120.8(4) 
[123.3(4)]

122.57

N3─C10─C11 124.2(7) 124.70 N3─C12─C13 123.4(4) 124.73

Note: Parameters for the minor parts of the disordered fragments are quoted in 
square brackets.

Fig. 2. Atom-by-atom superimposition of the structures calculated (red) over 
the X-ray structure (black) for 1 (a) and 2 (b). H atoms were not taken into 
account in the determination of RMSD values.
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(25200), 323.5 (18500), 397.50 (21400), 471.5 (8190), 552 (5000). 1H 
NMR (ppm): 8.55 (s, 1H, CH=N1), 8.32 (s, 1H, CH=N4), 7.78 (dd, 1H, d), 
7.57 (dd, 1H, h), 7.48 (ddd, 1H, b), 7.32 (ddd, 1H, f), 6.99 (m, 1H, c), 
6.94 (m, 1H, g), 6.74 (ddd, 1H, a), 6.68 (ddd, 1H, e), 2,74 (s, 3H, S–CH3).

Characterization data of the complex 2: The Color: Dark Red; Yield: 
44 %; m.p. (◦C): 236; Anal. Calc. For C18H17N3OSNi (398.11 g/mol): C, 
54.30; H, 4.30; N, 10.56; S, 8.06; Found: C, 54.36; H, 4.28; N, 10.57; S, 
8.02 %. IR (cm− 1): 1603, 1590, 1577 υ(C=N); 1143 υ(C-O); 3055, 3014, 
2969 υ(C-H). UV–Vis (5.10− 5 M, CHCl3): ((λ (ε)) 239.5 (46500), 301.5 
(20000), 325.5 (14500), 397 (17000), 471.5 (7500), 552 (4000). 1H 
NMR (ppm): 8.56 (s, 1H, CH=N1), 8.38 (s, 1H, CH=N4), 7.79 (dd, 1H, d), 
7.59 (dd, 1H, h), 7.49 (ddd, 1H, b), 7.33 (ddd, 1H, f), 7.00 (d, 1H, c), 6.94 
(d, 1H, g), 6.75 (t, 1H, a), 6.69 (t, 1H, e), 2.29 (t, 2H, CH2), 1.78 (m, 2H, 
CH2) 0.86 (t, 3H, CH3).

2.3. X-ray crystallography

X-ray diffraction data were recorded with an STOE IPDS II diffrac
tometer at room temperature using graphite-monochromated Mo Kα 
radiation by applying the ω-scan method. Data collection and cell 
refinement were carried out using X-AREA [58], while data reduction 
was performed using X-RED32 [58]. The structures were solved by a 
dual-space algorithm using SHELXT [59] and refined using full-matrix 
least-squares calculations on F2 using SHELXL [60]. All H atoms were 
placed in idealized positions and treated using a riding model, fixing the 
bond lengths at 0.93, 0.97, and 0.96 Å for CH, CH2, and CH3 atoms, 
respectively. The displacement parameters of the H atoms were included 
as Uiso(H) = 1.2Ueq (1.5Ueq for CH3). Atoms S1/N2/C8/C9 in complex 1 
and atoms S1/N2/C8/C9/C10/C11 in complex 2 were disordered over 
two positions and the refined site-occupancy factors of the disordered 
atom are 0.719(4)/0.281(4)% for complex 1 and 0.842(2)/0.158(2)% 
for complex 2. Crystal data, data collection, and structure refinement 
details are collected in Table 1. Molecular graphics were generated using 
OLEX2 [61].

2.4. Computational methods

Computer-based calculations for the initial structures obtained from 
XRD data for complexes 1 and 2 were performed using the Gaussian 09 
W package program [62,63]. Also, the Gauss View 5.0 program was used 
for visualizations [64]. Optimization, frequency, and electronic property 
calculations were carried out with the DFT/HSEH1PBE method, using 
the cc-pvdz (for C, H, N, O, and S atoms) and LanL2DZ (for Ni atom) 
basis sets together [65,66]. This level of theory was chosen since diverse 
studies have reported that it yields theoretical results in good agreement 
with the experimental values in general [67–70]. 1H NMR chemical shift 
values were calculated using the cc-pvdz and LanL2DZ basis sets 
together [71]. UV–Vis spectrum analyses were performed with the same 
basis sets in the TD-DFT/HSEH1PBE method and IEFPCM model in 
chloroform solvent [72]. Images for ELF, LOL, and dual descriptor an
alyses were created using the Multiwfn program. Topological analyses of 
base pairs at different orientations were conducted utilizing the Mul
tiwfn and VMD software applications [73].

2.5. Molecular docking

Molecular docking studies were performed with the Auto dock 4.2.6 
Tools program [74]. These selected proteins for the key targets, such as 
HepG-2 (PDB ID:2OH4) and MCF-7 (PDB ID:3W2S), have been depos
ited in the RCSB Protein Data Bank [75]. Hence, we needed to perform 
the SiteMap analysis for the selection of suitable binding or active sites 
for the proteins of interest. The binding site was selected for the HepG-2, 
which includes residues His814, Leu838, Gly839, Val846, Ala864, 
Lys866, Leu880, Glu883, Ile886, Ile887, His889, Ile890, Val896, 
Val897, Val912, Val914, Glu915, Phe916, Cys917, Gly920, Asn921, 
Leu1017, Arg1020, Lys1021, Cys1022, Ile1023, His1024, Arg1025, 
Leu1033, Lys1041, Ile1042, Cys1043, Asp1044, Phe1045, Gly1046, 
Leu1047, Arg1049 of chain A. In the same way, the active sites were 
selected for MCF-7, which include residues Leu718, Gly719, Ser720, 
Gly721, Ala722, Phe723, Gly724, Val726, Ala743, Lys745, Leu747, 
Arg748, Glu749, Ala750, Thr751, Met766, Cys775, Arg776, Leu777, 

Fig. 3. Crystal structure of 1 (a) and 2 (b) showing the formation of a π-stacked chain along [010]. For the sake of clarity, the H atoms have all been omitted.
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Fig. 4. Experimental and theoretical FT-IR spectra of the 1 (a) and 2 (b).
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Val786, Ile788, Ile789, Thr790, Gln791, Leu792, Met793, Phe795, 
Gly796, Cys797, Leu799, Asp800, Arg803, Glu804, His805, His835, 
Arg836, Asp837, Ala839, Arg841, Asn842, Leu844, Thr854, Asp855, 
Phe856, Gly857, Leu858, Ala859, Leu862, Lys875, Val876, Pro877, 
Ile878,Lys879, Trp880, Met881, Thr891, Glu906, Ser912, Lys913, 
Ala920. The nickel complexes in the output format from the Gaussian 09 
program have been converted into docking format (.pdbqt) by using 
Open Babel, and the genetic algorithm (GA) parameters were tethered to 
the protein using 10 runs of the GA criteria. Then, non-polar hydrogen 
was added, and the AD4 parameters for nickel were set, while all other 
settings remained default. Visualizations for docking poses were created 
using the Discovery Studio Visualizer program [76].

3. Results and discussion

3.1. Experimental and theoretical structures

The solid-state structures of 1 and 2 have been unambiguously 
determined by single crystal X-ray analysis. Perspective views of the 
complexes are presented in Fig. 1, while relevant bond lengths and an
gles are documented in Table 2.

The complexes are formed by chelating a thiosemicarbazone ligand 
to a Ni(II) metal center. The Schiff-base ligands undergo double depro
tonation to act as an O,N,N,O tetradentate ligand, coordinating via its 
two phenolate oxygen atoms (O1 and O2) and two azomethine nitrogen 
atoms (N1 and N3). The difference in the composition of the two mol
ecules originates from the thiosemicarbazone ligands, propyl versus 
methyl groups on the S atom. The central nickel atoms lie in a four- 
coordinate environment and adopt a slightly distorted square-planar 
geometry. Coordination of the symmetric [N2O2] donors to the nickel 
atoms generates three approximately planar chelate rings, two six- 

Table 3 
Experimental and calculated frequency values with mode assignments of 1.

Calculated Observed

Mode Fre Frea IIRb IR TED

36 680 653 0.50 654 m 12δNiNN+ + 21δCCN +

28δCCC

37 688 662 0.39 665 m 13υNiO + 11υNiN +

32δCCO

39/40 761/762 731/732 8.24 732 vs 69ΓCCCH

41/42 776/779 746/749 3.46 749 vs 21ΓCCCH +

10ΓCCCC+ + 38ΓCCCO

46 878 843 1.92 844 s 65ΓCCCH + 21ΓCCCO

48 924 888 2.23 886 m 15δCCH + 28ΓCCCH

51 953 916 0.08 913 s 77ΓCCCH

53/54 977/980 939/942 1.17 942 s 78ΓCCCH

56/57 1001/ 
1007

962/968 0.08 967 m 70ΓCCCH

58/59 1047/ 
1053

1007/ 
1012

0.50 1018 s 47υCC + 24δCCH

61/62 1151/ 
1155

1106/ 
1110

4.85 1083 m 78ΓCCCH

63/64 1163/ 
1165

1117/ 
1120

3.99 1120 vs 72δCCH

65 1217 1169 51.18 1160 s 26υCN + 10δCCH

66/67 1250/ 
1254

1201/ 
1205

5.98 1201 s 12δHCH + 27δCCH +

24ΓCCCH

68 1269 1220 5.77 1228 m 21υNN + 29δCCH

69 1303 1252 9.84 1258 m 10υCC + 17δCCH

71 1369 1316 2.59 1314 s 19υCO + 34δCCH

72/ 
73/ 
74

1393/ 
1398/ 
1395

1338/ 
1340/ 
1344

3.62 1341 s 11υCC + 42δCCH

75 1422 1367 1.55 1369 s 73δHCH + 26ΓHCSC

79 1497 1439 0.20 1435 s 30υCC + 12δCCC +

10δCCH

80 1506 1447 0.92 1446 s 10υCC + 32δCCH

82 1520 1460 46.89 1459 m 25υCC + 28δCCH

83/84 1585/ 
1589

1523/ 
1527

35.98 1536 s 33υCC + 11δCCC +

14δCCH

85 1619 1556 11.27 1577 vs 12υCN + 52υCC (C=N)
86 1660 1595 43.45 1589 s 10υCN + 52υCC +

12δCCH(C=N)
87 1671 1605 37.41 1604 vs 12υCN + 58υCC (C=N)
90 3081 2961 1.98 2919 

vw
99υCH(sym, CH3)

91 3148 3025 0.68 3004 
vw

100υCH (asy, ring)

92 3178 3054 0.52 3052vw 100υCH (asy, ring)

υ: stretching, δ: in-plane bending, γ: out-of bending Γ: torsion, s: strong, m: 
medium, w: weak, v: very.
cTotal energy distribution level (TED) less than 10% are not shown.

a 0.961 was used as the scaling factor for all wavenumbers calculated at DFT/ 
HSEH1PBE/cc-pvdz + LanL2DZ [71].

b Relative absorption intensities normalized with highest peak absorption 
equal to 100.

Table 4 
Experimental and calculated frequency values with mode assignments of 2.

Calculated Observed

Mode Fre Frea IIRb IR TED

40 679 652 0.50 654 vw 13δNiNN + 24δCCN

41 689 662 0.47 665 vw 12υNiO + 10υNiN +

28δCCO

44/45 761 732 8.54 736 vs 72ΓCCCH

46/47 775/779 745/749 3.42 751 vs 33ΓCCCH + 38ΓCCCO

51/52 875/877 841/843 1.97 846 s 31ΓCCCH + 38ΓCCCO

59/60 975/980 937/942 1.09 944 s 78ΓCCCH

61/62 1000/ 
1007

961/968 0.07 970 m 73ΓCCCH

63/67 1047/ 
1053

1006/ 
1012

0.57 1017 s 44υCC + 14δCCH

65/66 1069/ 
1076

1028/ 
1034

0.75 1037 s 41δHCS + 26ΓCCCH

71/72 1162/ 
1165

1117/ 
1119

4.74 1120 vs 64δCCH

73 1214 1166 6283 1163 s 39υCN +19δCCH tek CN
75/76 1250/ 

1252
1201/ 
1204

8.01 1202 m 13δHCH + 33δCCH +

26ΓCCCH

78 1269 1220 6.68 1225 m 15υNN + 24δCCH

82 1370 1316 2.60 1314 s 18υCO + 33δCCH

84/85 1394/ 
1395

1337/ 
1338

3.62 1341 m 13υCC + 35δCCH

86 1398 1343 2.62 1354 m 18υCC + 23δCCH

87 1425 1370 3.35 1376 s 64δHCH + 13ΓHCSC

92 1476 1419 1.10 1423 s 74δHCH

93 1497 1439 0.21 1440 vs 27υCC + 12δCCC +

25δCCH

96 1520 1460 51.62 1461 s 21υCC + 12δCCC +

28δCCH

97/98 1585/ 
1589

1523/ 
1527

36.81 1524 s 24υCC + 17δCCH

99 1619 1553 12.79 1577 vs 15υCN +52υCC (C=N)
100 1659 1595 45.03 1589 vs 12υCN +54υCC (C=N)
101 1670 1605 37.16 1604 vs 11υCN +58υCC (C=N)
102/ 

103
1691/ 
1701

1625/ 
1634

100 1663 m 54υCC

104 3051 2932 4.87 2969 
vw

94υCH (sym, CH3)

108 3137 3015 3.49 3014 
vw

87υCH (asy, CH2, CH3)

112 3176 3052 0.59 3055 
vw

99υCH (asy, ring)

υ: stretching, δ: in-plane bending,γ: out-of bending Γ: torsion, s: strong, m: me
dium, w: weak, v: very.
cTotal energy distribution level (TED) less than 10% are not shown.

a 0.961 was used as the scaling factor for all wavenumbers calculated at DFT/ 
HSEH1PBE/cc-pvdz + LanL2DZ [71].

b Relative absorption intensities and relative Raman intensities normalized 
with highest peak absorption equal to 100.
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membered (NiONC3) and one five-membered (NiN3C). The Ni─N bond 
distances are 1.835(6) and 1.837(5) Å for 1, and 1.837(3) and 1.825(3) 
Å for 2. The Ni─O bond distances are 1.818(4) and 1.831(5) Å for 1 and 
1.845(3) and 1.842(3) Å for 2. The Ni─N and Ni─O bonds are found in 
the range of 1.839–1.850 Å and 1.839–1.858 Å for the optimized 
structures, respectively. These coordination bond distances are compa
rable to those found in similar Ni(II)-salen-type complexes [77–82].

As can be seen from the trans angles, which vary from 177.33(14)◦ to 
178.90(13)◦, and the cis angles, which change from 83.07(15)◦ to 95.83 
(13)◦, the coordination around the Ni(II) ions is distorted. These angles 
span ranges of 177.85◦-178.04◦ and 83.11◦-94.92◦, respectively, in the 
calculated structures. For quantitative evaluation of the extent of 
distortion around the metal centers, the four-coordinate structural in
dexes τ4 [83] and τ4́ [84] were employed; 

τ4 =
360◦

− (α + β)
360◦

− 2θ
τʹ

4 =
β − α

360◦
− θ

+
180◦

− β
180◦

− θ
(1) 

where α and β (β > α) are the two largest valence angles and θ is the 
ideal tetrahedral angle (109.5◦). The τ4 and τ́4 values are 0 for an ideal 
square-planar geometry while these become 1 for an ideal tetrahedral 
coordination sphere. The values of the calculated τ4 and τ4́ geometry 
indices are both 0.03 for 1, and 0.03 and 0.02 for 2, respectively. Both 
indices were calculated to be 0.03 for the DFT structures.

The most common way to see the three-dimensional similarity of the 
X-ray and DFT structures is to superimpose them. As a result of this 
process, the root mean square deviation (RMSD) values were obtained 
0.103 and 0.203 Å for 1 and 2, respectively (Fig. 2). These values show 
that the agreement between the two structures is good, and the level of 
theory can be used in the calculation of electronic properties. The reason 
for the observed difference between theoretical and experimental data is 
that the theoretical calculations are performed for a single molecule 
isolated in an environment where there is no Coulombic interaction. 
Because the molecule in the crystal lattice is in Coulombic interaction 
[85].

There are no intramolecular interactions in the molecular structures 
of the complexes. In their crystal structures, no classic hydrogen bonds 
are found. Instead, the molecules are linked into centrosymmetric di
mers by π⋅⋅⋅π stacking interactions. The Ni⋅⋅⋅Ni separation in the 
centrosymmetric dimer is 3.266 Å in 1 and 4.190 Å in 2, suggesting the 
absence of Ni─Ni bonding interactions [86]. In 1, the two different six- 
membered chelate rings in the molecules at (x, y, z) and (1–x, 1–y, 1–z) 
are mutually parallel with a distance of 3.310(4) Å between the ring 
centroids. Further, π⋅⋅⋅π stacking interactions between the five- 
membered chelate ring and (C11-C16) benzene ring and between the 
(Ni1/O2/N3/C10/C11/C16) chelate rings in the molecules at (x, y, z) 

and (1–x, 2–y, 1–z) are also observed, with a distance of 3.490(5) and 
3.590(4) Å between the ring centroids, respectively. In 2, the five- 
membered chelate ring in the molecule at (x, y, z) stacks above its 
symmetry-related partner at (1–x, 1–y, 1–z), with a distance of 3.477(3) 
Å between the ring centroids. In addition, π⋅⋅⋅π stacking interactions 
between the five-membered chelate ring and (C1-C6) benzene ring and 
between the (Ni1/O1/N1/C1/C6/C7) chelate rings in the molecules at 
(x, y, z) and (1–x, 2–y, 1–z) exist, the corresponding ring-centroid sep
arations being 3.491(3) and 3.366(2) Å, respectively. Propagation by 
translation and inversion of these interactions then leads to the forma
tion of a π-stacked chain of centrosymmetric molecules running parallel 
to the [010] direction (Fig. 3).

3.2. Vibrational analysis

The recorded FT-IR spectra of the synthesized complexes are shown 
in Fig. 4. Tables 3 and 4 present the experimental frequency values and 
the theoretical frequency values generated by the calculation methods 
corresponding to these values along with mode assignments for complex 
1 and complex 2, respectively. Mode assignments were performed with 
the Veda program [87]. Theoretical frequency values were scaled by a 
scale factor of 0.961 to ensure consistency between experimental and 
theoretical values [88].

The IR spectral analysis of the ligands revealed bands at approxi
mately 3460 cm− 1 for υ(OH) stretching vibrations, 3280 cm− 1 and 3230 
cm− 1 for symmetric and asymmetric υ(NH2) stretching, around 1630 
cm− 1 for δ(N–H) in-plane bending, and at 1610 cm− 1 and 1590 cm− 1 for 
υ(C=N) stretching vibrations. After chelation, the bands corresponding 
to the amino and hydroxyl groups were observed, alongside the emer
gence of three distinct bands attributed to the vibrations of the C=N 
groups.

For 1, the C–H stretching vibrations were observed at 3052 (vw), 
3004 (vw), and 2919 (vw) cm− 1 in the experimental spectrum while 
they were theoretically calculated at 3054, 3025, and 2961 cm− 1. Also, 
these stretching vibrations were observed at 3055 (vw), 3014 (vw), and 
2969 (vw) cm− 1 in the experimental spectrum of 2, and they were 
calculated at 3052, 3015, and 2932 cm− 1. The C–H stretching vibrations 
recorded and calculated for the title complexes were obtained in the 
region of 2800–3100 cm− 1, which is given in the literature for this 
stretching vibration of heteroaromatic structures [89].

The C–C stretching vibrations for the aromatic rings of heterocyclic 
compounds are often detected in the range of 1650–1200 cm− 1 [90]. 
The C–C stretching vibration values for 1 were observed at 1536 (s), 
1459 (m), 1446 (s), 1435 (s), 1341 (s), and 1258 (m) cm− 1 and calcu
lated at 1523/1527, 1466, 1447, 1338/1340/1344, and 1252 cm− 1. 

Table 5 
Experimental and theoretical 1H NMR chemical shift values of 1 and 2.

1 2

ATOMS Experimental Theoretical ATOMS Experimental Theoretical

H2 6.74 7.67 H2 6.75 7.69
H3 7.48 7.98 H3 7.49 7.98
H4 6.99 7.29 H4 7.00 7.29
H5 7.78 7.91 H5 7.79 7.93
H7 8.55 9.23 H7 8.56 9.23
H10 8.32 8.96 H12 8.38 9.01
H12 7.57 7.99 H14 7.59 7.98
H13 6.94 7.34 H15 6.94 7.34
H14 7.32 8.11 H16 7.33 8.11
H15 6.68 7.72 H17 6.69 7.72
H16 2.74 3.23 H18 2.29 3.95
H17 2.74 3.23 H19 2.29 3.27
H18 2.74 2.90 H20 1.78 2.51

​ ​ ​ H21 1.78 2.01
​ ​ ​ H22 0.86 1.51
​ ​ ​ H23 0.86 1.78
​ ​ ​ H24 0.86 1.51
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Fig. 5. Experimental 1H NMR spectra 1 (a) and 2 (b).
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These vibration values of 2 were assigned at 1663 (m), 1524 (s), 1461 
(s), 144 (vs), 1354 (m), and 1341 (m) cm− 1. Also, theoretical values 
were calculated at 1625/1634, 1523/1527, 1460, 1439, 1343, and 
1337/1338 cm− 1.

The C=N stretching vibrations for 1 and 2 were observed at 1604 
(vs), 1589 (s), and 1577 (vs) cm− 1 in the FT-IR spectrum, and the 
theoretical values of these vibrations were calculated at 1605, 1595, and 
1556 cm− 1. For the two complexes, both C=N stretching vibrations were 
observed within the appropriate ranges given in the literature [91,92].

The C-O stretching vibration was observed at 1154 and 1143 cm− 1 in 
the IR spectra of 1 and 2, but no corresponding values could be obtained 
in the calculations made for both complexes. Also, this stretching vi
bration occurred at 1314 cm− 1 for 1 and 2 in the IR spectra and was 
calculated at 1316 cm− 1. In another study, two new square-planar nickel 
(II) complexes were synthesized from (2-((E)-(9-ethyl-9H-carbazole-7- 
ylimino)methyl)phenol) (SIC) and (1-((E)-(9-ethyl-9H-carbazole-7-yli
mino)methyl)naphthalene-2-ol) (NIC) ligands, and their spectroscopic 
characterization was carried out. In this study, C-O stretching vibrations 

Fig. 6. Experimental UV–Vis spectra of the 1 (a) and 2 (b).
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of the synthesized complexes were observed at 1335 and 1399 cm− 1, 
respectively [93].

The N-N stretching vibrations of the title complexes were assigned at 
1225 and 1228 cm− 1 for complex 1 and complex 2, respectively, and 
calculated at 1220 cm− 1. The Ni-O and Ni-N stretching vibrations 
resulting from the coordination of nitrogen and oxygen atoms to nickel 
atoms were assigned at 665 (vw) cm− 1 in both complexes. According to 
theoretical calculations, the value for this mode is 662 cm− 1. In other 
studies, Ni-O and Ni-N stretching vibrations for Ni(II) complexes derived 
from 4,5-Dichloro-o-phenylenediamine and 3,5-Dichloro-2-hydroxyace
tophenone and from aspartateguanido acetate nickel (II) complex were 
also reported at 629, 630 cm− 1 [94] and 611 cm− 1 [95], respectively, in 
the FT-IR spectrum.

3.3. 1H NMR analyses

The chemical shift values in experimental and theoretical 1H NMR of 
complexes 1 and 2 are listed in Table 5, and the spectra are presented in 
Fig. 5.

In the 1H NMR spectra of the starting materials, cis/trans isomer 
peaks for –OH protons were observed at 11.60/10.88 ppm and 11.70/ 
10.87 ppm for L1 and L2, respectively. Peaks corresponding to the NH2 
group appeared at 6.93 (for L1)/6.94 (for L2) ppm, while the syn/anti 
isomer peaks of the imine group were detected at 8.47/8.35 ppm and 
8.40/8.37 ppm. Peaks associated with the aromatic ring were identified 
in the range of 7.56–6.89 ppm.

The experimental chemical shift values of H atoms in the rings of 
complex 1 were measured as (H2/H15) 6.74/6.68 ppm, (H3/H14) 7.48/ 
7.32 ppm, (H4/H5) 6.99/6.94 ppm, and (H5/H12) 7.78/7.57 ppm 
(Fig. 5a). The theoretical values corresponding to these chemical shifts 
were calculated as 7.67/7.72, 7.98/8.11, 7.29/7.34, and 7.91/7.72 

ppm, respectively. Following chelation, the –OH and –NH2 proton sig
nals of the ligand disappeared, and two imine peaks were observed at 
8.55 ppm for the CH=N1 group and 8.32 ppm for the CH–N4 group, 
which were theoretically monitored at 9.23 and 8.96 ppm, respectively. 
In addition, the experimental chemical shift values for H16, H17, and 
H18 atoms in the S1-CH3 group were observed at 2.74 ppm. Theoretical 
values for H16 and H17 atoms were calculated at 3.23 ppm, and the 
value for the H18 atom was calculated at 2.90 ppm.

The experimental chemical shift values of the H atoms in the rings of 
complex 2 were measured as (H2/H17) 6.75/6.69 ppm, (H3/H16) 7.49/ 
7.33 ppm, (H4/H15) 7.00/6.94 ppm, and (H5/H14) 7.79/7.59 ppm 
(Fig. 5b). The theoretical values corresponding to these chemical shifts 
were calculated as 7.69/7.72 ppm, 7.98/8.11 ppm, 7.29/7.34 ppm, and 
7.93/7.98 ppm, respectively. Following chelation, the –OH and –NH2 
proton signals of the ligand disappeared, and two imine peaks were 
observed at 8.56 ppm for the CH=N1 group and 8.38 ppm for the CH=N4 

group, which were theoretically resonated at 9.23 and 9.01 ppm, 
respectively. In addition, the experimental chemical shift values for 
H18/H19 and H20/H21 atoms in the S1-CH2-CH2-CH3 group were 
recorded as 2.29 and 1.78 ppm. Also, the value for H22, H23, and H24 
atoms of the CH3 group was measured as 0.86 ppm. In theoretical cal
culations, the results for H18, H19, H20, H21, H22, H23, and H24 atoms 
were found to be 3.95, 3.27, 2.51, 2.01, 1.51, 1.78, and 1.51 ppm, 
respectively.

3.4. UV–Vis analyses

UV–Vis spectral analyses of 1 and 2 were performed by recording 
their experimental spectra and by using theoretical calculation methods. 
The experimental UV–Vis. spectra are presented in Fig. 6. The wave
lengths of the absorption peaks in the experimental spectrum, corre
sponding to the wavelengths obtained from theoretical values and 
calculations, are presented in Table 6. In addition, the percentages of 
major electronic transitions contributing to the formation of these ab
sorption peaks and the energy values of these transitions are also pro
vided in Table 6.

The UV–Vis. spectra of the L1 and L2 displayed three distinct bands 
at 239.5 nm, 304.5 nm, and 334 nm, corresponding to π → π*, n → σ*, 
and n → π* transitions, respectively. These transitions are attributed to 
the phenol ring, azomethine group, and thioamide group. In the UV–Vis. 
spectra of 1 and 2, absorption bands were observed at 240/239.5 nm, 
301/301.5 nm, 323.5/325.5 nm, 397.5/397 nm, 471.5 nm, and 552 nm 
for 1 and 2, respectively. A comparison between the spectra of the li
gands and the complexes indicates that the bands in the 301–324 nm 
range can be attributed to intra-ligand π → π* and n → σ* transitions, 
while the bands at 397 and 471 nm are associated with charge transfer 
transitions. The weak absorptions at 552 nm in the complexes are likely 

Table 6 
Experimental and theoretical UV–Vis. parameters of the 1 and 2.

Molecule Experimental Theoretical

λ 
(nm)

λ (nm) E (eV) f Symmetry Major Contributions

1 552 502 2.47 0.0951 Singlet-A HOMO → LUMO %97
471.5 429 2.88 0.1435 Singlet-A HOMO-1 → LUMO %91
397.5 − − − − −

323.5 − − − − −

301 − − − − −

240 − − − − −

2 552 502 2.47 0.0976 Singlet-A HOMO → LUMO %97
471.5 429 2.88 0.1466 Singlet-A HOMO-1 → LUMO 91 %
397 − − − − −

325.5 − − − − −

301.5 − − − − −

239.5 − − − − −

Table 7 
Energy values of HOMO-LUMO molecular orbitals of 1 and 2, as well as other 
quantum chemical properties.

Parameters Energy Values (eV)

1 2

EHOMO − 5.33 − 3.24
ELUMO − 2.81 − 0.70
Energy band gap (ΔE = ELUMO − EHOMO) 2.52 2.54
Iozination potential (I = − ELUMO) 5.33 3.24
Electron affinity (A = − EHOMO) 2.81 0.70
Chemical hardness (η = − (EHOMO + ELUMO)/2) 1.26 1.27
Chemical softness (σ = 1/2η) 0.80 0.79
Electronegativity (χ = μc) 4.07 1.97
Chemical potential (μc = (EHOMO − ELUMO)/2) − 4.07 − 1.97
Global electrophilicity (ω = μ2

c /2η) 6.60 1.52
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due to Laporte-forbidden d–d transitions.
It was determined that the theoretical UV–Vis spectra for 1 and 2 

exhibit signals at 502 and 429 nm. The main contributions for these 
electronic transitions come from the HOMO → LUMO and HOMO-1 → 
LUMO transitions, respectively.

3.5. Frontier molecular orbitals analyses (FMOs)

To explain the chemical reactivity of a molecule, it is necessary to 
determine the energy gap between the HOMO and LUMO orbitals, which 
are known as the electron donating and electron accepting capacity, 
respectively [96]. The smaller the energy gap of a molecule, the better 
the chemical reactivity, polarizability, and softness it has. In addition, 
this electronic absorption represents the transition from the lowest en
ergy state to the first excited state. In other words, it corresponds to the 
electron transition from the highest occupied molecular orbital (HOMO) 
to the lowest unoccupied molecular orbital (LUMO) [97]. The energy 
values of the HOMO and LUMO orbitals of both synthesized structures 
and the energy values of other quantum chemical properties derived 
from these energy values (with their formulas) are presented in Table 7
[98]. Also, Fig. 7 shows how the distributions of the 1 and 2 change 
when an electron is transferred from the HOMO orbital to the LUMO 
orbital.

The EHOMO and ELUMO energies calculated for 1 are − 5.33 and − 2.81 
eV, respectively. The energy gap for this complex is found to be 2.52 eV. 
The EHOMO and ELUMO values for 2 are calculated as − 3.24 and − 0.70 
eV, while the energy gap is found to be 2.54 eV. The addition of methyl 
and propyl groups to the sulfur atoms in the structures has changed the 

energy values of the HOMO and LUMO orbitals. The energy values of the 
HOMO and LUMO orbitals of the complex with the methyl added are 
more negative than those of the complex with the propyl group added. 
However, no significant difference was observed between the energy 
gap values. Chemical hardness values were calculated as 1.26 and 1.27 
eV, and chemical softness values were calculated as 0.80 and 0.79 eV for 
1 and 2. Chemical potential values for both complexes were found as 
− 4.07 and − 1.97 eV, respectively. Additionally, the global electrophilic 
indices (as strong electrophiles with ω > 1.5 eV) of both structures were 
calculated as 6.60 for 1 and 1.52 for 2. According to the results, it was 
determined that the chemical reactivity of these complexes was low. It 
has been stated in the literature that organic and inorganic structures 
with energy values in this range have low reactivity and are chemically 
stable. In addition, the negative chemical potential values and the fact 
that the global hardness values are greater than the global softness 
values indicate that these complexes tend to remain chemically stable 
[99,100].

3.6. MEP analyses

The molecular electrostatic potential surface (MEP) map is a valu
able instrument that predicts the electrophilic and nucleophilic regions 
of a molecule, as well as providing information on its chemical stability 
and reactivity [101]. The map depicts electron densities in various 
colors. The electron-rich region (electrophilic) is denoted by the red 
color, whereas the electron-poor region (nucleophilic) is denoted by the 
blue color. Neutral regions are represented by green, while slightly 
electron-rich regions are represented by yellow [102]. MEP maps of the 

Fig. 7. Frontier molecular orbital distributions of 1 and 2.
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Fig. 8. Molecular electrostatic potential surface maps of 1 (a) and 2 (b).
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title complexes are presented in Fig. 8. When the MEP maps of 1 and 2 
were examined, the red electrophilic regions with the most negative 
charge values were determined around the O1 and O2 atoms. N1, N2, 
and N3 atoms in both complexes are in the yellow region and are located 
in the slightly electron-rich region. In 1, the S1 atom and the C9 atom 
were bound to this atom, and in 2, the S1 atom and the C9, C10, and C11 
atoms bound to this atom were found in the blue nucleophilic region. 
Moreover, the C1, C6, C7, C10, C11, and C16 atoms in the 1, and the C1, 
C6, C7, C10, C11, and C16 atoms in the 2 are situated in the yellow 
region, which is a slightly electron-rich region. Ni1 atoms coordinated 
with N and O atoms in both complexes are in the yellow region and are 
located in the slightly electron-rich region.

3.7. Atomic charge analyses

Understanding atomic charges in a molecule is crucial because they 
influence electronic structure, molecular polarizability, dipole moment, 
and other molecular properties [103]. Additionally, charge analysis is 
widely used to determine the electrophilic and nucleophilic attack sites 
of the molecule, such as the results obtained from the MEP map [104]. 
Table S1 illustrates the distribution of atomic charges (APT, Hirshfeld, 
and Natural) in both complexes. In terms of atomic charges, the Ni ion 
has the highest positive charge. The negative charges of the O and N 
atoms create the coordination environment around the metal center.

As can be seen from the ATP values in Table 8; high positive charges 
on atoms indicate that the atom has fewer electrons, that is, the electron 
density of the atom is low. Similarly, the high positive charges on C1 
(0.522), C7 (0.854), C8 (0.990), C10 (0.889), C16 (0.541) atoms are due 
to the flow of electron density in these atoms towards the electronega
tive nitrogen and oxygen atoms next to them. Therefore, the electrons 
accumulated on electronegative oxygen and nitrogen atoms caused a 
higher negative charge on these atoms. On the other hand, since the 
electron density on the nickel atom flows towards the oxygen and ni
trogen atoms that nickel coordinates, nickel has a positive charge, and 
since oxygen is more electronegative than nitrogen, it has a more 
negative charge than nitrogen. Regions with higher atomic charges 
indicate that the atoms interact with each other with more electrostatic 

attraction.
The atoms O1, O2, N1, N2, and N3 of 1 and 2 have negative values in 

all charge analyses. The atom S1 has a negative value in the APT and 
Hirshefeld analyses but a positive value in the NBO analysis. While all 
the H atoms of 1 are positive, some of the H atoms of 2 have very small 
negative values only in the APT charge analysis. All other H atoms are 
positive, like those of the 1. When the results obtained from the charge 
analyses were compared with the MEP maps presented in Fig. 8, similar 
results were obtained. In other words, the results obtained from the load 
analyses support the MEP map.

3.8. Fukui function analyses

The Fukui function provides a comprehensive understanding of the 
ability of atoms within a molecule to donate or accept electrons [105]. 
The local selectivity of a molecule with respect to nucleophilic, elec
trophilic, and radical attacks can be determined by Fukui functions 
calculated for Hirshfeld charges using the following equations: 

f −k = qk(N) − qk(N − 1) (electrophilic attack) (2) 

f+k = qk(N) + 1 − qk(N) (nucleophilic attack) (3) 

f − 0
k =

(
1
2

)

[qk(N + 1) − qk(N − 1) (neutral attack) (4) 

While qk in these formulas represents the total charge of the rth 
atom, qkN, qk(N + 1), and qk(N-1) represent the charge values of the 
molecule in its neutral, anionic, and cationic states [106].

The value obtained from the result of the following equation is 
known as the dual descriptor and allows a clear distinction to be made 
between electrophilic and nucleophilic regions. If the value obtained 
from this formula Δf(r) > 0, the atom is in an electrophilic region and is 
exposed to nucleophilic attacks. If Δf(r) < 0, the atom is in a nucleo
philic region and is exposed to electrophilic attack [107]. 

Δf(r) = f+(r) − f − (r) (5) 

The Fukui functions and dual descriptor values calculated for 1 and 2 

Table 8 
Topological parameters of the BCP, RCP and NRCP for both Ni(II) complexes.

Compounds Interactions ρ(r) ∇2ρ(r) H(r) G(r) V(r) Eint(kcal/mol) |V(r)|/G(r) ε

1 Ni-N5 0.12875 0.59250 − 0.00441 0.19228 − 0.23644 − 74.1831 1.22966 0.02719
Ni-N6 0.12056 0.57841 − 0.00380 0.18269 − 0.22077 − 69.2666 1.20844 0.04183
Ni- O3 0.10937 0.68007 − 0.00166 0.18664 − 0.20328 − 63.7791 1.08915 0.12653
Ni-O4 0.10514 0.67155 − 0.00144 0.18231 − 0.19673 − 61.7242 1.07909 0.13491

C25-H26….S 0.14526 0.56891 0.00226 0.11954 − 0.96869 − 303.926 8.10348 0.65896
RCP1 0.19819 0.15788 0.00926 0.30208 − 0.20946 − 0.69339 − 1.18766
RCP2 0.19662 0.15624 0.00919 0.29864 − 0.20668 − 0.69207 − 1.18878

NRCP1 0.15716 0.91808 0.00417 0.18775 − 0.14599 − 0.77757 − 1.25784
NRCP2 0.33571 0.21403 0.00789 0.45614 − 0.37772 − 0.82807 − 1.40752
NRCP3 0.15509 0.90530 0.00411 0.18514 − 0.14395 − 0.77751 − 1.26482
NRCP4 0.14165 0.72959 0.00371 0.14523 − 0.10807 − 0.74413 − 2.12902

2 Ni-N5 0.12883 0.59354 − 0.04419 0.19258 − 0.23678 − 74.28972 1.22951 0.02747
Ni-N7 0.12064 0.57796 − 0.03816 0.18266 − 0.22083 − 69.28541 1.20896 0.04158
Ni- O4 0.10521 0.67211 − 0.01445 0.18248 − 0.19693 − 61.78678 1.07918 0.13542
Ni-O5 0.10939 0.68040 − 0.01663 0.18674 − 0.20337 − 63.80733 1.08905 0.12638

N6….H26 0.83383 0.29303 0.01074 0.62510 − 0.51762 − 162.4032 0.82805 0.75373
C31-H32….S 0.14949 0.57198 0.02185 0.12114 − 0.99284 − 311.5035 8.19580 0.55427

RCP1 0.19962 0.15624 0.00919 0.29864 − 0.20667 − 0.69203 − 1.18870
RCP2 0.19821 0.15788 0.00926 0.32010 − 0.20948 − 0.65442 − 1.18754

NRCP1 0.15502 0.90436 0.00411 0.18497 − 0.14386 − 0.77774 − 1.26454
NRCP2 0.33555 0.21431 0.00793 0.45646 − 0.37713 − 0.82620 − 1.40644
NRCP3 0.15724 0.91845 0.00417 0.18783 − 0.14606 − 0.77761 − 1.25791
NRCP4 0.14459 0.74980 0.00380 0.14943 − 0.11141 − 0.74556 − 2.01391
NRCP5 0.18613 0.32953 0.00155 0.66864 − 0.51346 − 0.76791 − 2.07068

D (Ǻ): Distance; ρ(r) (a.u.): Density of electrons; ∇2ρ(r) (a.u): Laplacian of electron density; V(r) (a.u): Potential energy density; (Eint) (kcal/mol): Interaction energy, ε: 
Ellipticity,
RCP: ring critical point, NRCP: new ring critical point.
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are presented in Table S2, while the maps of the dual descriptors created 
using the Multiwfn program are presented in Fig. 9. In this map, the blue 
color indicates electrophilic regions, and the green color indicates 
nucleophilic regions. The results obtained from the calculations made at 
the DFT/HSEH1PBE/cc-pvdz + LanL2DZ level of theory presented in 
Table S2 and the visual results in Fig. 9 obtained from the Multiwfn 
program are compatible with each other. In the calculations, especially 
O1, N1, C4, and C6 atoms were found in the electrophilic region for 1 
and 2. The dual descriptor results obtained for Ni1 and S1 atoms were 
positive, and these atoms were found in the electrophilic region. 
Although the values obtained for Ni1 and S1 atoms do not agree with the 
charge analyses, the surroundings of the Ni1 atom are yellow in MEP 
maps. This was defined as being in a slightly electron-rich region.

3.9. Non-covalent intermolecular interactions

3.9.1. Atoms in molecules analysis (AIM)
The topological analysis of the atoms in the molecule (AIM) was used 

to determine the compound’s bonding and non-covalent interactions, 
such as hydrogen and intermolecular interactions. The electron density 
(ρ) at the bond critical point differentiates covalent and non-covalent 
interactions (BCP) [108]. In our study, the different intermolecular in
teractions stabilizing the studied metal complexes were explored with 
the topological analysis of the electron, within the conceptual 

framework of the quantum theory of atoms in molecules (QTAIM). The 
properties of BCPs are significantly influenced by the topological pa
rameters, including the electron density ρ(r), the Laplacian ∇2ρ(r), the 
kinetic energy densities G(r), the potential V(r), the total energy den
sities H(r), and the bond energy E (Eint = V(r)/2), as proposed by 
Espinosa [109]. The topological analysis was applied to study the intra- 
and inter-molecular interactions in 1 and 2. The various bond critical 
points (BCPs), new ring critical points (NRCPs), and ring critical points 
(RCPs) were identified and shown in Fig. 10. The calculated topological 
parameters were also listed in Table 8. The maximum nonbonded as
sociation for the highest energy 303.92 and 311.50 kcal/mol for 1 and 2 
suggests the existence of interactions between the intermolecular bonds 
of hydrogen, which is supported by structural evidence studies for C31- 
H32…S and C25-H26…S, respectively. According to AIM theory, these 
interactions characterize weak H-bonds, ∇2ρ(r) > 0 and H(r) > 0, and 
are mainly electrostatic in nature. It also clearly shows how weak C-H⋯S 

Fig. 9. Dual descriptor maps obtained from Fukui functions were calculated 
from the Hirshfeld charges of the 1 (a) and 2 (b).

Fig. 10. AIM molecular graph showing the different BCPs, RCPs and NRCPs in 
1 (a) and 2 (b).
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bonding links the cation and anion layers. These weak interactions 
contribute to the stabilization of substances within the binding pocket 
for investigating enzymes.

Significant BCPs were observed between the metal ion and nitrogen 
and oxygen atoms (Ni-N, Ni-O). The values of ρ(r) for all bonds were 
small (10− 1 a.u.), with ∇2ρ(r) > 0, ranging from + 0.57796 a.u. to +
0.6840 a.u. for 2 and from + 0.57841 a.u. to + 0.6804 a.u. for 1. At the 
same time, H(r) < 0, and the |V(r)|/G(r) ratio was found to be 1.2, 
which characterizes the closed-shell interactions, including the highly 
polar covalent character of the studied bonds. In both complexes, the 
low ellipticity values at the RCP points confirm the delocalization of 
electrons in the aromatic nucleus. In addition, the high ellipticity values 
indicate a strong delocalization in the NRCP structures. All RCPs and 
NRCPs related to ρ(r) and ∇2ρ(r) values are positive, so we can talk 
about of charge concentrations around these points.

3.9.2. Non-covalent interaction-reduced density gradient (NCI-RDG)
The reduced density gradient (RDG) is highly effective for assessing 

non-covalent interactions (NCI) [110]. Johnson et al. devised an 
approach to discover and visualize weak interactions in molecular sys
tems, including van der Waals, hydrogen bonds, and steric effects [111]. 
This method is a representation of a fundamental dimensionless quantity 
in DFT that characterizes the electron distribution deviation [112]. The 

results of the 2D and 3D RDG plots in Fig. 11 distinguish the nature of 
intra/intermolecular interactions. The isosurfaces elucidate the various 
types of NCI in real space via color codes. The van der Waals interactions 
are diminished in the regions highlighted in green, whereas the steric 
impact is more pronounced in the locations outlined in red and illus
trated. From the 2D scatter plots, red spikes in the scatter chart between 
0.005 and 0.020 a.u. confirm the strong steric influence that is suggested 
by red flaky patches in the core of the new ring critical points and ring 
critical points on the RDG isosurface. Moreover, the green plates with 
slight brown located between the anionic and cationic entities are 
attributed to Van der Waals interactions related to repulsive 
interactions.

3.9.3. The electron localization function (ELF) and localized orbital 
Locator analyses

The Electron Localization Function (ELF) and Localized Orbital 
Locator (LOL) are executed using the Multiwfn software program. The 
ELF and LOL maps are effective for identifying the locations of bond 
pairs, lone pairs, and the dimensions of the bonding in the compounds. 
The color map of ELF and LOL provides information on the distribution 
of electron density charge [113]. The ELF map is within the range of 0.0 
to 1.0. In the ELF map, the white hue signifies the maximum limit of the 
ELF scale (1.0), while the medium range (0.5) is denoted by yellow to 

Fig. 11. 2D scatter and isosurface density plots illustrating the non-bonded interactions of 1 (a) and 2 (b) (aimm3).
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Fig. 12. The ELF (a and c) and LOL (b and d) maps of the 1 and 2. a and b for 1c and d for 2.

Table 9 
Molecular docking results of the 1 and the 2 with anticancer receptors.

Donor Receptor H-Bonded residues Bonded distance 
(< 3Å)

Hydrophobic interactions 
(< 4 Å)

Inhibition constant 
Ki (µM)

Binding energy (kcal/mol)

I Liver cancerHepG-2 (PDB ID: 2OH4) CYS 917 2.39 LEU 838 
VAL 897 
VAL 914 
PHE 916 
PHE 1045

16.95 − 10.88

Breast cancer cellsMCF-7 (PDB ID:3W2S) GLY 857 2.87 PHE 723 
LEU 747 
GLU 749 
ASP 837 
ALA 859 
LEU 862

446.49 − 8.66

2 Liver cancerHepG-2 (PDB ID: 2OH4) LYS 866 2.47 VAL 846 
LYS 866 
VAL 914 
ILE 1042 
ASP 1044

67.67 − 9.78

Breast cancer cellsMCF-7 (PDB ID:3W2S) GLY 857 2.85 PHE 723 
LEU 747 
ARG 836 
ASP 837 
ALA 859 
LEU 862

185.30 − 9.08
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green, and blue represents the lower limit of the ELF scale. In the color 
map, fully delocalized electron regions are represented by lower values 
of ELF (<0.5), whereas higher ELF values (ELF = 1.0) denote localized 
electron regions associated with nonbonding and bonding interactions. 
ELF and LOL values are comparable [114]. The ELF and LOL maps 
designed for 1 and 2 are presented in Fig. 12 (a and c) illustrate the 
elevated electron localization function (ELF) areas surrounding the 
hydrogen atom, signifying a high concentration of localized bonding 
and non-bonding electrons. Also, the delocalization cloud is illustrated 
by the blue zone around the oxygen, nitrogen, carbon, and sulfur atoms. 
The LOL maps presented in Fig. 12 (b and d) also present similar results 
as the ELF images.

3.10. Molecular docking

Molecular docking studies are an important part of computational 
drug design because they assess the inhibitory potential of compounds in 
enzyme pockets and anticipate the binding mode or mechanism of the 
moieties in the pockets [115]. In order to predict the affinity and binding 
capabilities of two molecules, computational chemistry implements an 
algorithmic approach known as molecular docking [116]. This approach 
helps with the rational creation of new anti-cancer drug classes by 
providing crucial information about the drug-binding mechanism in the 
active site [117]. Thiosemicarbazone derivatives are an effective drug in 
the treatment of cancer, and it also has a good affinity to bind with 
metals, which act on certain pathways in the cell. In this study, docking 
analysis was carried out with selective pharmacological targets such as 

aromatase enzymatic proteins of human hepatocarcinoma (HepG2) and 
human breast (MCF-7) cancer, which are involved in the pathogenesis 
and induction of cancer. MCF-7 cells are a well-known model of estrogen 
receptor-positive breast cancer. MCF-7 (PDB ID: 3W2S) was chosen for 
docking simulations because it is highly relevant to breast cancer 
pharmacology, particularly for evaluating drugs with estrogenic or 
antiestrogenic actions that may alter breast cancer cell growth. HepG-2 
(PDB ID: 2OH4) is obtained from hepatocellular carcinoma and is mostly 
used to investigate liver cancer. This cell line exhibits a number of liver- 
specific activities, making it useful for investigating drug metabolism 
and its effects on liver cancer cells. For molecular docking experiments 
using cell lines such as MCF-7 and HepG-2, binding sites are frequently 
chosen based on known targets in these cells that are required for cancer 
cell survival and proliferation.

Based on the bond type and lengths formed by the synthesized 
compounds and target proteins, molecular docking calculates the 
binding energy values, which Table 9 provides; see compound in
teractions in Fig. 13 and Fig. 14. The more negative relative binding 
energy of a candidate suggests more ability to bind to the protein 
docking pose, and therefore more inhibition efficiency to reduce the 
growth of the cancer cell lines. Binding energy (Ei) and constant inhi
bition (Ki) were used as parameters to analyze the interaction between 
them. The most potent inhibitor is indicated by the lowest Ei and Ki 
[118,119]. The results of this analysis indicate the ability of compounds 
to inhibit enzyme activity, commonly called inhibitors. When we look at 
the interaction results, the activity of both Ni(II) complexes against 
HepG-2 (PDB ID: 2OH4) is better than MCF-7 (PDB ID: 3W2S) because it 

Fig. 13. Molecular docking visual of 1 and 2 with 2OHT protein.
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showed the lowest binding energy and inhibition constant. As a glance at 
Table 9, title complexes exhibit interaction with HepG-2 via hydrogen 
bond LYS866→(C=N) and CYS7 917→(C=N), which were found to be 
lower than 3.0 Å in most cases, can be taken as evidence for true docking 
scores as reported in the literature. Whereas the complexes’ interaction 
with MCF-7 occurred through the hydrogen bond GLY 857 residues. 
Since chemotherapeutic therapy is one of the most important and well- 
known procedures to treat tumors, our study evaluated the antitumor 
effect of newly synthesized metal complexes against two significant 
types of malignancy, human hepatocellular carcinoma cells (HepG-2 
cells) and breast cancer cell line (Mcf-7 cells), using the molecular 
docking method.

4. Conclusion

Complex 1 and complex 2 were synthesized by the reaction of S- 
alkyl-salicylaldehyde-isothiosemicarbazones with 2-aminopyridine in 
the presence of NiCl2, in contrast to the conventional template synthesis. 
Instead of coordinating with the metal as a co-ligand in the reaction, 2- 
aminopyridine decomposed the S-alkyl-salicylaldehydeisothiosemi
carbazone compound into its constituent salicylaldehyde and S-alkyl- 
thiosemicarbazide. In the presence of NiCl2, in the same vessel and 
simultaneously, the decomposed salicylaldehyde bonded to both amine 

ends of thiosemicarbazide, forming a chelate and simultaneously coor
dinating to nickel via O,O,N,N atoms. In the crystal structure of the two 
square-planar nickel(II) complexes, π⋅⋅¶π stacking interactions are 
responsible for stabilization. Experimental FT-IR, NMR, and UV–Vis 
spectra of the synthesized complexes were recorded, and their theoret
ical values were reproduced by the DFT method and compared with each 
other. In addition, electronic properties (MEP, atomic charge, Fukui 
functions, ELF, and LOL maps) and chemical reactivity of complexes 1 
and 2 were explained using quantum chemical calculation methods. In 
addition, topological studies were carried out to determine the basic 
binding sites and weak interactions of the complexes. With these ana
lyses, electrophilic and nucleophilic regions of the structures were 
determined, and the regions where they can enter into chemical re
actions in molecular docking studies were determined. The fact that the 
energy difference between the HOMO and LUMO orbitals is not too high 
allows these complexes to be used in biological activity studies. Mo
lecular docking studies were carried out for liver and breast cancers. 
According to the obtained results, it was evaluated that both complexes 
could be effective in the treatment of these two cancer types.
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[26] H. Yakan, Ü.M. Koçyiğit, H. Muğlu, M. Ergul, S. Erkan, E. Güzel, P. Taslimi, 
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crystal structure, DFT studies and catalytic activity of an N-(2,2-dimethyl-1,3- 
dioxolane-4yl-methyl)benzimidazole ruthenium(II) hydrate complex, J. Mol. 
Struct. 1281 (2023) 135159.

[66] E.A. Altiparmak, S. Yazar, N. Özdemir, T.B. Demirci, B. Ülküseven, 
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