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Abstract
Thiosemicarbazones are considered as emerging scaffolds for various research domains 
due to their diverse applications. Herein, novel thiosemicarbazone based compounds 1–5 
were derived from the condensation reaction between salicylaldehyde and differently 
substituted thiosemicarbazides with an excellent yield. The structures of yielded chromo-
phores have been confirmed by UV–Vis, vibrational (IR) and NMR spectral techniques. 
Besides this, DFT study was also accomplished to elucidate the electronic properties of 
1–5 chromophores at M06/6-311G(d,p) level. Different kind of investigation: natural bond 
orbital (NBO), natural population analysis (NPA), frontier molecular orbitals (FMOs), 
molecular electrostatic potential (MEP) and global reactivity parameters (GRPs) were 
determined to explore the NLO assets of chromophores. The NBO analysis elucidated that 
the intramolecular interactions, electron delocalization and hyper conjugative interactions 
played a significant role in stabilizing the compounds. The NPA and MEP analyses were 
performed for predicting the charge distributions for the atoms and chemical reactivity 
regions of studied compounds. The GRPs were calculated utilizing FMOs energies and 
compound 1 was found as soft, less stable, more reactive molecule from other compounds 
The non-linear optical (NLO) findings exploited that 1–5 compounds showed 40.6, 34.2, 
34.6, 35.4 and 29.1 times greater hyperpolarizability than the urea and can be utilized as 
efficient optoelectronic materials.
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1  Introduction

Thiosemicarbazones, also considered as Schiff bases related to a group of thiourea deriva-
tives, are extensively studied compounds because of their broad applications in biologi-
cal activities, industries and analytical determinations (Subhashree et  al. 2017; Mysli-
wiec et al. 2009). The biological activities of thiosemicarbazones comprise antibacterial, 
antifungal (Kumar and Arunachalam 2009), antitumor (Silveira et al. 2008; Zhong et al. 
2006), anticancer (Desai et al. 2001), antidiabetic, anti-inflammatory (Vančo et al. 2008), 
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antiproliferative (Prajapati and Patel 2019), and herbicidal (Samadhiya and Halve 2001) 
activities. The analytical applications of thiosemicarbazones involve the sensitive and 
selective detection of metal ions in which thiosemicarbazone ligands act as chelating 
agents for metal ions and form colored complexes. Intended for the analytical recognition 
of metal ions, spectrophotometric (Reddy et al. 2003; Arroudj et al. 2016), potentiometric 
and stripping voltammetric techniques are mainly used (Mahajan et  al. 2006). From the 
last few years, computational chemistry has been emerging as a significant implement for 
chemists and as a well-accepted companion with experimental chemistry. The DFT analy-
sis has mainly been used for the theoretically detailed investigation of molecules (Shahab 
et al. 2017a, 2017b; Khalid et al. 2020, 2023a; Mahmood et al. 2023).

The NLO materials have attained noteworthy consideration due to their number of 
functions in laser technology, molecular switches, data storage, microfabrication, imag-
ing, spectroscopic and electrochemical sensors (Forrest 1997; Achelle et al. 2013; Cinteza 
and Marinescu 2018; Mirershadi et al. 2016; Iliopoulos et al. 2012; Mehmood et al. 2023; 
Mahmood et  al. 2015a). Organic materials possess a high degree of delocalization and 
exhibit potential NLO properties than inorganic materials (Kamanina and Plekhanov 2002; 
Likhomanova and Kamanina 2016; Kamanina et al. 2012; Kamanina 2001; Denisov 2009; 
Shafiq et al. 2023). A strong push–pull system in molecules along with donor‒π‒accep-
tor (D‐π‐A) conjugation improves the molecular polarizability which will further increase 
NLO responses (Palanisami and Moon 2014; Bullo et al. 2023; Khalid et al. 2021a, 2019a; 
Mahmood et al. 2015b).

The present report is based on the synthesis of different substituted novel salicylalde-
hyde-based thiosemicarbazone moieties and their characterization was performed via the 
use of diverse spectroscopic approaches. The DFT method is used for a thorough explora-
tion of optoelectronic properties.

2 � Materials and methods

The chemicals and solvents were purchased from Merck that was in pure form and no need 
to be purified before use. For the determination of melting points Stuart SMP 10 melt-
ing point apparatus was used. FT-IR spectrum was obtained from FT-IR spectrophotom-
eter Tensor 27 using KBr pellets. The UV–Visible spectrophotometer BK D560 was used 
for electronic spectral analysis using ethanol solvent. The 1H and 13C NMR spectra were 
obtained by utilizing DMSO as solvent and TMS as internal standard on a Bruker AM 300 
spectrophotometer at 300 MHz. Thin-layer chromatography was executed using aluminum 
sheets coated with silica gel. The mobile phase used for TLC was n-hexane and ethyl ace-
tate in 3:1 quantity.

2.1 � Synthesis of Thiosemicarbazones

A condensation reaction of salicylaldehyde with different substituted thiosemicarbazides pro-
duced thiosemicarbazone compounds 1–5. The ethanolic solution (5 ml) of substituted thi-
osemicarbazide (0.01 mol) was mixed with the ethanolic solution (5 ml) of salicylaldehyde 
(0.01 mol) by adding few drops of glacial acetic acid as a catalyst. The mixture was heated 
and refluxed with continual stirring at 80–100 °C for four to five hours or until the formation 
of white color precipitates. The TLC was used to observe the reaction and check the purity of 
the product. The mixture was cooled and the resulting precipitates of products were filtered, 
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washed, dried and then recrystallized from ethanol. The graphical synthesis representation of 
entitled compounds is illustrated in Scheme 1

3 � Experimental

3.1 � (E)‑2‑(2‑hydroxybenzylidene)‑N‑(2‑methylbenzyl)hydrazinecarbothioamide (1)

C16H17N3SO, White amorphous, Yield: 86%, M.p: 212–214 °C. UV–Vis (Ethanol) λmax: 
344 nm. IR (KBr) ν (cm−1): 3005 (O–H), 3322 (N–H), 1539 (C=N), 1258 (C=S). 1H NMR 
(DMSO, 300  MHz) δ (ppm): 2.32 (s, 3H, C–H3), 4.79 (d, J = 4.8  Hz, 2H, Ph–CH2), 8.42 
(s, 1H, O–H), 8.87 (t, J = 4.5 Hz, 1H, NH–CS), 9.95 (s, 1H, N=CH), 11.56 (s, 1H, NH–N), 
6.82–7.95 (m, Ar–H). 13C NMR (DMSO, 300 MHz) δ (ppm): 21.3 (CH3), 46.4 (CH2), 158.7 
(C=N), 177.7 (C=S), 114.0–140.0 (Ar–C).

3.2 � (E)‑2‑(2‑hydroxybenzylidene)‑N‑(3‑methylbenzyl)hydrazinecarbothioamide (2)

C16H17N3SO, White amorphous, Yield: 82%, M.p: 214–215  °C. UV–Vis (Ethanol) λmax: 
341 nm. IR (KBr) ν (cm−1): 3008 (O–H) 3323 (N–H), 1519 (C=N), 1229 (C=S). 1H NMR 
(DMSO, 300  MHz) δ (ppm): 2.50 (s, 3H, C–H3), 4.80 (d, J = 4.5  Hz, 2H, Ph–CH2), 8.40 
(s, 1H, O–H), 8.97 (t, J = 4.8 Hz, 1H, NH–CS), 9.91 (s, 1H, N=CH), 11.51 (s, 1H, NH–N), 
6.81–7.96 (m, Ar–H). 13C NMR (DMSO, 300  MHz) δ (ppm): 21.6 (CH3), 47.0 (CH2), 
156.9(C=N), 177.7 (C=S), 116.5–140.0 (Ar–C).

3.3 � (E)‑2‑(2‑hydroxybenzylidene)‑N‑(4‑methylbenzyl)hydrazinecarbothioamide (3)

C16H17N3SO, White amorphous, Yield: 84%, M.p: 206–208  °C. UV–Vis (Ethanol) λmax: 
342 nm. IR (KBr) ν (cm−1): 3313 (O–H), 3398 (N–H), 1538 (C=N), 1296 (C=S). 1H NMR 
(DMSO, 300  MHz) δ (ppm): 2.50 (s, 3H, C–H3), 4.76 (d, J = 3.3  Hz, 2H, Ph–CH2), 8.40 
(s, 1H, O–H), 8.93 (t, J = 4.5 Hz, 1H, NH–CS), 9.91 (s, 1H, N=CH), 11.50 (s, 1H, NH–N), 
6.81–7.95 (m, Ar–H). 13C NMR (DMSO, 300 MHz) δ (ppm): 21.1 (CH3), 46.8 (CH2), 158.7 
(C=N), 177.3 (C=S), 114.0–140.0 (Ar–C).

Scheme 1   Synthesis of compounds 1–5
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3.4 � (E)‑2‑(2‑hydroxybenzylidene)‑N‑(2,4‑dichlorobenzyl)hydrazinecarbothioamide 
(4)

C15H14N3SOCl2, White amorphous, Yield: 79%, M.p: 191–192  °C. UV–Vis (Ethanol) 
λmax: 342 nm. IR (KBr) ν (cm−1): 3137 (O–H), 3394 (N–H), 1521 (C=N), 1228 (C=S). 1H 
NMR (DMSO, 300 MHz) δ (ppm): 4.70 (d, J = 4.2 Hz, 2H, Ph–CH2), 8.08 (s, 1H, O–H), 
8.50 (t, J = 4.5, 1H, NH–CS), 10.05 (s, 1H, N=CH), 11.77 (s, 1H, NH–N), 6.83–7.58 (m, 
Ar–H). 13C NMR (DMSO, 300 MHz) δ (ppm): 47.1 (CH2), 157.1 (C=N), 176.2 (C=S), 
116.5–140.6 (Ar–C).

3.5 � (E)‑2‑(2‑hydroxybenzylidene)‑N‑(3,4‑dichlorobenzyl)hydrazinecarbothioamide 
(5)

C15H14N3SOCl2, White amorphous, Yield: 77%, M.p: 195–197  °C. UV–Vis (Ethanol) 
λmax: 342 nm. IR (KBr) ν (cm−1): 3135 (O–H), 3386 (N–H), 1515 (C=N), 1226 (C=S). 1H 
NMR (DMSO, 300 MHz) δ (ppm): 4.81 (d, J = 4.2 Hz, 2H, Ph–CH2), 8.42 (s, 1H, O–H), 
8.53 (t, J = 4.5, 1H, NH–CS), 9.94 (s, 1H, N=CH), 11.62 (s, 1H, NH–N), 6.81–7.98 (m, 
Ar–H). 13C NMR (DMSO, 300  MHz) δ (ppm): 46.0 (CH2), 156.9(C=N), 177.9 (C=S), 
116.5–141.4 (Ar–C).

3.6 � Computational methodology

The complete theoretical calculations for compounds 1–5 were accompanied utilizing 
Gaussian 09 program package (Gaussian 2009). The DFT (Braga et al. 2006, 2005; García-
Melchor et  al. 2013; Guest et  al. 2015) study was executed using M06 functional with 
6-311G (d, p) basis set. At first, global minimum geometries (Figure S22) were obtained 
through optimization at above-mentioned functional then these structures were utilized 
for further investigations. The NBO (Reed et al. 1988) analysis was carried out with the 
embedded package of the NBO 3.1 program. TD-DFT study was used at M06/6-311G (d, 
p) level for the UV–Vis and FMO analysis. The global reactivity descriptors were exam-
ined by utilizing the HOMO and LUMO energy values. The NLO (Muhammad et al. 2018, 
2017, 2016) analysis was attained at the same level of theory. The GaussView 5.0 (Den-
nington et al. 2009) was used to organize the input files. The interpretation of output files 
was carried out through Avogadro (Cerqueira 2016), GaussView 5.0 (Frisch et al. 2000), 
Gauss sum (N.M. O’boyle et al. 2008) and the Chemcraft program (Zhurko 2014). The 3D 
representation of entitled chromophores along xyz-axes was illustrated in Figure S21.

4 � Result and discussion

The synthesized compounds 1–5 were solid and soluble in ethanol and dimethyl sulfoxide 
solvent and the percentage yield varies from 77 to 86%. The structure of the newly pre-
pared compounds was investigated by the inspection of their spectral data.

UV–Vis spectra exhibited intense absorption bands at 344, 341, 342, 342 and 342 nm 
for the entitled compounds. FT-IR spectra showed the O–H vibrational frequencies in the 
region of 3005–3313 cm−1 as characteristic intense bands due to the phenolic group. The 
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spectra exhibited bands at 3322–3398 cm−1 were allocated to the N–H group. The vanish-
ing of carbonyl (C=O) band in their characteristics frequency region and appearance of 
new vibrational band at 1515–1539 cm−1 accredited to the imine (C=N) group confirmed 
the formation of thiosemicarbazone compounds. The band corresponding to the thiocar-
bonyl (C=S) group vibrations were noticed at the 1226–1296 cm−1 region.

A singlet peak in the shielded region of 1H NMR spectrum appeared at 
2.322–2.498 ppm is assigned to methyl (C–H3) protons. One proton singlet at the region 
of 8.078–8.422 ppm, ascribed as the phenolic (O–H) proton. The spectrum shows triplet 
in the region 8.495–8.966 ppm due to the NH–CS proton. The singlet of imine (N=CH) 
proton is displayed at region of 8.966–10.052  ppm. The NH–N proton is observed as a 
singlet at 11.503–11.766  ppm region. The multiplet of aromatic protons has appeared 
in the expected region of 6.809–7.979  ppm has displayed peak of methyl (CH3) carbon 
at 21.171–21.568  ppm region. The peak in the region of 45.993–47.125  ppm is related 
to the methylene (CH2) carbon. The aromatic carbons emerged in the expected range of 
114.029–141.421  ppm. The spectra showed the peak of imine (C=N) and thiocarbonyl 
(C=S) carbons at 156.871–158.663 and 176.196–177.917 ppm, correspondingly. 1H NMR 
and 13C NMR spectrum of compounds 1–5 are displayed in Figure S11-20.

4.1 � Natural bond orbital (NBO) analysis

The NBO analysis is an efficacious way for studying the interactions between bonds in both 
filled and empty orbitals and also offers a useful basis for exploring the conjugative interac-
tions in molecular structures (Snehalatha et al. 2009). The outcome of an interaction is an 
occupancy loss from the localized NBO (idealized Lewis structure) to a vacant NBO (non-
Lewis structure). The second-order perturbation interaction energy E(2) is used to clearly 
express bonding (donor) and anti-bonding (acceptor) interaction in NBO approaches. Each 
type of NBO donor (i) and acceptor (j) interactions and their stabilization energies related 
to electron delocalization between donor and acceptor is predicted from the second-order 
Fock-matrix approach as given below.

where εi and εj denotes as diagonal elements (orbital energies), qi symbolizes the donor 
orbital occupancy and Fi,j is the off-diagonal Fock matrix element among the NBOs 
(Inkaya et  al. 2013). The higher value of E(2) demonstrates that the interaction is more 
intensive among donor and acceptor orbitals. The more affinity of electrons donation from 
donor to acceptor increases the degree of conjugation in a complete molecule (Weinhold 
and Landis 2001).

NBO analysis has been executed for studied compounds 1–5 at the DFT/M06/6-
311G(d,p) level to determine the interactions between orbitals and the stabilization ener-
gies of molecules and the results are tabularized in Tables S1-S5.

The significant interactions such as � → �∗ , � → �∗ , LP → �∗ , LP → �∗ are investi-
gated for each titled compound. Among these four types of transitions, the most noticeable 
transition is � → �∗ due to its higher stabilization energy values than other transitions and 
causes the extended conjugation in the molecular system. The LP → �∗ , LP → �∗ transi-
tions are moderate dominant and � → �∗ transitions are slightly dominant transitions.

(1)E(2) = ΔEij = qi

(

Fi,j

)2

�j − �i
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The � → �∗ interactions are the most substantial interactions due to their greater 
values of stabilization energies causes extended conjugation in the molecular system 
and stabilized the entire molecule. The significant interactions noticed in compounds 
1–5 are �(C31-C33)→ �∗(C27-C29), �(C25-C27)→ �∗(C21-C23),), �(C23-C25)→ �∗

(C19-C21), �(C22-C24)→ �∗(C18-C20) and �(C22-C24)→ �∗(C18-C20) with the sta-
bilization energy values 25.95, 26.12, 26.10, 26.08 and 26.54 kcal/mol, respectively. 
Further, some other remarkable � → �∗ interactions observed in compounds 1–5 are 
�(C27-C29)→ �∗(C28-C30), �(C3-C33)→ �∗(C4-C5), �(C19-C21)→ �∗(C20-C22),), �
(C19-C21)→ �∗(C22-C24) and �(C19-C21)→ �∗(C22-C24) with stabilization energy 
values 24.78, 24.87, 24.60, 25.51 and 25.87  kcal/mol, correspondingly. In contrast, 
the interactions originate from � (donor) → �∗ (acceptor) are weak interactions such 
as �(N18-H19)→ �∗(C20-N22), �(N12-H13)→ �∗(C14-N16), �(C12-S13)→ �∗(C12-
S13), �(C11-S12)→ �∗(C11-S12) and �(C11-S12)→ �∗(C11-S12) having the least val-
ues of stabilization energy 7.03, 6.52, 5.73, 6.92 and 7.43  kcal/mol, respectively in 
compounds 1–5. Similarly, the resonance energy values in compounds 1–5 are 32.26, 
33.38, 33.23, 32.15 and 32.62 kcal/mol are exhibited by the interactions LP1(N22)→ �∗

(N24-C25), LP2(O31)→ �∗(C22-C24), LP2(O29)→ �∗(C20-C22), LP2(O28)→ �∗

(C19-C21) and LP2(O28)→ �∗(C19-C21), respectively. Moreover, LP1(N18)→ �∗

(C20-S21), LP1(N12)→ �∗(C14-S15), LP1(N10)→ �∗(C12-S13), LP1(N9)→ �∗(C11-
S12) and LP1(N13)→ �∗(C11-S12) are also observed in compounds 1–5 with stabiliza-
tion energy values 81.30, 77.51, 78.26, 66.15 and 41.00 kcal/mol, respectively (Tables 
S1-S5).

The ICT results in stabilization of the studied molecules due to the interactions 
formed by the overlapping of the donor and the acceptor orbitals. The transfer of 
electronic cloud from donor towards acceptor orbital causes ICT which increases the 
polarizability of molecule that is accountable for the NLO properties of a molecule. So 
the entitled compounds might show good NLO applications.

4.2 � Natural population analysis (NPA)

The NPA is the most useful population analysis method. NPA gives information 
regarding the charge distribution for each atom of the molecule and is also significant 
to recognize the molecular electrostatic interactions and the chemical reactivity of an 
extensive range of chemical systems (Demircioğlu et  al. 2019; Khalid et  al. 2021b). 
The effective atomic calculations also play a substantial part in the chemical analy-
sis of the molecular framework as charges of atoms influence the electronic structure, 
polarizability, dipole moment, and many other assets of molecules (Sıdır et al. 2010; 
Khalid et al. 2021c).

The values of natural atomic charges are used to describe the electronic distribu-
tion among atoms of the molecule. They help to find that which atom loses an electron 
and has a positive charge and which atom accepts electrons and has a negative charge. 
The NPA has been performed to reveal the electrophilic and nucleophilic nature of 
the titled compounds. The NPA analysis of the studied compounds 1–5 shows that all 
hydrogen atoms possess positive atomic charges and nitrogen, oxygen, sulfur, chlorine 
atoms possess negative atomic charges. The carbon atoms that are attached to hydro-
gen atoms have negative charges and those that are attached to oxygen, sulphur and 
nitrogen atoms have positive atomic charges as presented in Fig. 1.
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4.3 � UV–Vis analysis

UV–Visible analysis of the entitled compounds has been examined by theoretical calcu-
lations along with the experimental studies. The major contributions of each maximum 
wavelength are beneficial to a deep insight into the study of the molecule. The experi-
mental and simulated data of the entitled compounds have been described in Table S6 
and UV–Vis spectra are presented in Figures S1-S5.

Fig. 1   Natural population analysis depiction of compounds 1–5
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The simulated maximum absorption band ( �max) of compound 1 is observed at 335 nm 
(E = 3.702 eV, f = 0.892) with the contributions H → L (93%), H-2 → L (2%) which is attrib-
uted to methyl group at ortho position of benzene ring that shows hyper conjugative effect. 
The calculated maximum absorption band appears at 334 nm (E = 3.708 eV, f = 0.879) with 
the H → L (94%) transition for compound 2. The computed band of maximum absorption 
is occurred at 334 nm (E = 3.711 eV, f = 0.885) with the H → L (94%) excitation in com-
pound 3. The reduction in �max value to 334 nm in compound 2 and 3 is because of methyl 
group at meta and para positions, respectively. Further, the �max value is observed to be 
increased to 338 nm (E = 3.668 eV, f = 0.767) in compound 4 owing to the manifestation 
of chloro group at ortho and para positions of benzene ring. The maximum absorption for 
compound 5 is observed at 341 nm (E = 3.636 eV, f = 0.676) related to the H → L (90%), 
H-1 → L + 3 (2%), H → L + 3 (2%) transitions. The highest value of �max of compound 5 is 
accredited to the presence of dichloro substituent at 3 and 4 positions of benzene ring. The 
calculated maximum absorption wavelength values are in good harmony with experimental 
values: 344, 341, 342, 342 and 342 nm respectively, for studied compounds 1–5.

4.4 � Vibrational analysis

The vibrational spectral analysis is a significant method used for the identification of func-
tional groups of a molecule through their fundamental vibrational modes. The vibrational 
modes of the organic compound are relying on the planes of the functional groups of the 
entire molecule. The realistic vibrational modes were allocated rendering to the distinctive 
region of functional group frequencies. Theoretical harmonic frequencies, experimental 
fundamental frequencies and vibrational modes of studied compounds 1–5 calculated at 
DFT/M06/6-311G(d,p) level are described in Tables S7-S11 and the corresponding FT-IR 
spectrum has been depicted in Figures S6-S10.

4.4.1 � C=S vibrations

The C=S stretching vibrations normally occurred in the frequency of 1570–1395  cm−1 
(Moorthy et  al. 2016a, 2016b). In entitled compounds 1–5, the C=S bond stretching 
vibrational frequencies are positioned at 1258, 1229, 1296, 1228 and 1226  cm−1 corre-
spondingly in the FT-IR spectrum. The computed C=S bond stretching frequencies have 
occurred at 1257, 1282, 1274, 1201 and 1196 cm−1 respectively.

4.4.2 � N–H vibrations

The high-frequency region above 3000 cm−1 is the representative region of N–H stretching 
vibrations (Silverstein and Bassler 1962). The N–H in-plane bending vibrations are usu-
ally assigned in the region of 1640–1080  cm−1 in thioamides which are slightly affected 
through the inductive effect of a more electronegative group (Roeges and Baas 1994; Ohno 
et  al. 1992; Singh et  al. 2012). The N–H out-of-plane bending vibrations in thioamides 
generally give bands in the region 710–580 cm−1 (M. susai Boobalan et al. 1072). In the 
entitled compounds 1–5, the bands appeared at 3322, 3323, 3398, 3394 and 3386 respec-
tively cm−1 in the experimental spectra and calculated at 3581, 3602, 3605, 3580 and 
3587 cm−1 respectively computationally belong to stretching vibrations of N–H. Addition-
ally, the N–H in-plane bending vibrational bands were noticed at 3322, 3323, 3398, 3394 
and 3386  cm−1 respectively and calculated at 3605–3580  cm−1. The bands at 747, 668, 
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750, 693 and 751 cm−1 respectively and their corresponding computed values in the region 
668–627 cm−1 ensured the presence of N–H out-of-plane bending vibrations.

4.4.3 � C=N and C–N vibrations

The heteronuclear bond (dipole bond) C-N and C = N stretching vibrational modes pre-
dicted in the range of 1600–1490 cm−1 (Silverstein et al. 2005). In the entitled compounds 
1–5, the C=N stretching vibration bands were detected at 1539, 1519, 1538, 1521 and 
1515  cm−1 respectively in FT-IR spectra and calculated at 1690, 1690, 1689, 1692 and 
1687 cm−1 respectively. The bands that appeared in the region 1508, 1539, 1520, 1539 and 
1536 cm−1 respectively of FT-IR spectra and happened theoretically at 1528, 1529, 1529, 
1516 and 1517 cm−1 respectively are attributed to the C–N stretching modes.

4.4.4 � O–H vibrations

The O–H stretching vibrations are normally lie in the region around 3500  cm−1. The in-
plane phenolic O–H bending vibration, commonly appeared in the region 1250–1150 cm−1 
and O–H out of plane usually appeared at 950–900  cm−1 (Michalska et al. 1996). In the 
entitled compounds 1–5, the O–H stretching vibrations were examined in the region 3872, 
3853, 3854, 3876 and 3863  cm−1 respectively in terms of theoretical calculations and at 
3005, 3008, 3313,3137 and 3135 cm−1 respectively in experimental FT-IR spectra. The in-
plane O–H bending vibration band was obtained at 1209, 1261, 1234, 1262 and 1295 cm−1 
respectively in FT-IR spectrum and calculated at region 1368–1114 cm−1. The O–H out of 
plane bending wavenumbers were noticed at 815, 948, 766, 947 and 751 cm−1 respectively 
(experimentally) and calculated at 961–858 cm−1 (theoretically).

4.4.5 � C–C vibrations

The absorption bands for C–C stretching vibrations of the aromatic ring are located 
between the frequency at 1666, 1665, 1665, 1619 and 1640 cm−1 respectively (Muthu and 
Paulraj 2012; Govindarajan et al. 2011). In the entitled compounds 1–5, the bands appeared 
at 1585, 1573, 1520, 1605 and 1618 cm−1 respectively in the FT-IR spectrum and theoreti-
cally happened at 1692–1251 cm−1.

4.4.6 � N–N vibrations

The homonuclear bond N–N is a significant core bond of the azine group in thiosemicar-
bazones and acts as a bridge point for the NLO properties of molecules. The N–N bond 
stretching vibrations are found around 1080 cm−1 (Dhandapani et al. 2014). In the entitled 
compounds 1–5, the vibrations observed at 1095, 1034, 966, 1042 and 1195 cm−1 respec-
tively in the FT-IR spectrum, and theoretically calculated in the region 1039, 1058, 114, 
1045 and 1058  cm−1 respectively have been allocated to N–N stretching vibrations. The 
peaks of azine group obtained correspond with those in the literature which confirmed 
their presence and revealed the conducting properties of the entitled compounds.
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4.4.7 � C–H vibrations

The C–H stretching vibrations of the aromatic ring are seemed in the region 
3100–3000  cm−1 that is the specific region of C–H stretching vibration (Arivazhagan 
2011; Erdogdu 2013). The region of in-plane bending vibrations of C–H bonds is 
1300–1000  cm−1 (Sundaraganesan et  al. 2007). The out-of-plane bending C–H bond 
vibrations are assigned in the range of 1000–780  cm−1 (Arjunan et  al. 2013). In the 
entitled compounds 1–5 the C–H stretching bands are located at 3322, 3385, 3001, 3394 
and 2997 cm−1, correspondingly in the experimental FT-IR spectrum. In addition, theo-
retical results appeared in the region between 3156, 3159, 3142, 3164 and 3137  cm−1 
correspondingly. The C-H in-plane bending vibrational modes were appeared at 
1666–1045 cm−1 (theoretically) and noticed at 1575, 1543, 1520, 1539 and 1536 cm−1 
correspondingly (experimentally). The C-H out-of-plane bending modes were detected 
at 972, 968, 966, 962 and 1195 cm−1 respectively in the FT-IR spectrum and theoreti-
cally computed at 964–753 cm−1.

4.4.8 � C–H3 vibrations

The stretching vibrational modes of C-H3 are commonly noticed in the region of 
2990–2950 cm−1 (Lin-Vien et al. 1991). In the entitled compounds 1–3, the C–H stretch-
ing mode was predicted at 3015, 3013 and 3102 cm−1 respectively computationally and 
perceived at 3005, 3008 and 3313 cm−1 respectively in experimental FT-IR spectra. The 
compounds theoretically exhibit symmetric stretching at 3015, 3013 and 3011  cm−1 
respectively, asymmetric stretching at 3102 and 3081 cm−1 and mixed stretching vibra-
tions (symmetric and asymmetric) at 3108, 3106 and 3079 cm−1 respectively.

4.4.9 � C–Cl vibrations

The C–Cl absorption bands are detected in the range between 850 and 550 cm−1 (Arju-
nan et al. 2011; Govindarajan et al. 2010). In the entitled compounds 4–5, the calculated 
frequency of C–Cl stretching vibrations has appeared at 862 and 881 cm−1 theoretically 
while determined at 781 and 751 cm−1 in the experimental FT-IR spectrum.

4.5 � Frontier molecular orbital (FMO) analysis

The FMO analysis plays a significant role in quantum chemistry, UV–Visible spectra 
and optoelectronic properties (Khalid et  al. 2023b, 2021d; Arshad et  al. 2023). The 
HOMO is the higher energy orbital having electrons and behaves as an electron donor 
and LUMO is the lowest-lying energy orbital that can accept electrons and act as an 
electron acceptor (Khalid et al. 2022a, 2019b). The energy difference between the ener-
gies of HOMO (EHOMO) and LUMO (ELUMO) is called the energy gap that significantly 
describes the charge transfer interaction, kinetic stability and reactivity of the molecule 
from the quantum chemical perspective (Saka et  al. 2016; Khalid et  al. 2022b). The 
small value of energy gap (∆E) displays that the molecule is more reactive and less 
stable and the large energy gap value exhibits that the molecule is less reactive and 
more stable. The computed values of HOMO, LUMO, HOMO-1, LUMO + 1, HOMO−2 
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and LUMO + 2 at TD-DFT/M06/6-311G(d, p) level for compounds 1–5 are described in 
Table S12 and their pictorial representations is shown in Fig. 2.

The HOMO and LUMO energy gap describes the ICT inside the molecule. The 
HOMO, LUMO energy gaps are found to be 4.223, 4.344, 4.342, 4.277 and 4.276 eV, 
respectively, for compounds 1–5 which shows that compound 1 is more reactive and less 
stable due to its small value of energy gap and compound 2 is less reactive, more stable 
because of high value of the energy gap. The least ∆E value (4.223 eV) of compound 1 
might be due to the hyper conjugative effect of methyl substituent. The slight increase 
in ∆E value of 4.276 and 4.277 eV is viewed in compound 5 and 4 owing to the chloro 
substituent at the 3, 4 and 2, 4 positions of position of benzene ring, respectively. The 
further escalation in ∆E value of 4.342 eV is spotted in compound 3 owing to the mani-
festation of –CH3 group at ortho position. The highest value of ∆E (4.344 eV) is viewed 
in compound 2 which might be because of CH3 group at meta position of benzene ring. 
The decreasing order of reactivity is 1 > 5 > 4 > 3 > 2 between compounds 1–5. The 
small value of the band gap between FMO enables intramolecular charge transference 
(ICT) that makes the material act as NLO active. The energy gap values of the enti-
tled compounds 1–5 are smaller than that of the urea (ΔE = 6.7063  eV) (Uludağ and 
Serdaroğlu 2018) so, they exhibit more NLO active material property than that of the 
urea. The positive and negative phases have been signified by blue and red color respec-
tively. The HOMO discloses that parts of the molecule having ability to donate elec-
trons to the corresponding vacant LUMO of an acceptor moiety. The orbitals figure of 
studied compounds show that the electronic cloud of HOMO is mainly presides over 
hydrazinecarbothioamide moiety whereas the LUMO region of the molecule is presides 
over (E)-2-(2-hydroxybenzylidene) hydrazinecarbothioamide.

Fig. 2   Frontier molecular orbitals representation of compounds 1–5
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4.6 � Global reactivity parameters (GRP) analysis

The quantum chemical reactivity parameters are significant parameters that provide ben-
eficial information associated with the physical and physicochemical characteristics of the 
molecule (Khan et al. 2021). The EHOMO and ELUMO are used in the calculation of global 
reactivity parameters such as chemical potential (µ), ionization potential (I), electronegativ-
ity (X), electron affinity ( EA ), global hardness (η) electrophilicity (ω) and chemical soft-
ness (σ) (Demircioğlu et  al. 2017; Khalid et  al. 2023c). The computed global reactivity 
descriptors value of studied compounds 1–5 are tabularized in Table S13.

The value of the ionization potential of a molecule is associated with the energy value 
needed to donate an electron. Electronegativity provides an insight into the capability of a 
molecule to attract electrons towards itself and the electron affinity is associated to the abil-
ity of the molecule to accept specifically one electron from a donor. The I and EA values 
of the titled compounds show the following trend: 5 > 1 > 4 > 2 > 3 which clears that com-
pound 5 loses the highest amount of energy when added to its LUMO, leading to a more 
stabilizing interaction. The chemical potential calculations are a good measure to describe 
the tendency of electrons escaping from an equilibrium system and exhibit the order of 
decreasing for compounds 1–5: 3 > 2 > 1 > 4 > 5. The value of the electrophilicity index 
is helpful to measures the susceptibility of the electrophilic influence of a molecule. The 
high values of the electrophilicity index suggest that the molecule is a good electrophile 
while its low value suggests that the molecule is a good nucleophile. The electrophilicity 
index values of titled compounds exhibited the decreasing order: 5 > 1 > 4 > 2 > 3 which 
shows that compound 5 has a more electrophilic nature and can accept the electrons. The 
global hardness and softness measure the extent of chemical reactivity and are inverse to 
each other. The following trend: 2 > 3 > 4 > 5 > 1 from hardness to softness values of title 
compounds shows that compound 2 is a hard, more stable, less reactive molecule and com-
pound 1 is a soft, less stable, more reactive molecule from other compounds.

The computed values of global reactivity parameters revealed that compound 1 has 
more proficient NLO properties than other entitled compounds.

4.7 � Non‑linear optical (NLO) properties analysis

The NLO materials have gained considerable attention in scientific aspects as they offer 
potential applications in frequency shifting and optical memory in emerging optoelec-
tronic technologies, signal processing and telecommunications (Muthu and Maheswari 
2012; Govindarasu and Kavitha 2014; Govindarasu et  al. 2014; Bouchouit et  al. 2016). 
The organic molecules increase the movement of charges by �-electron delocalization are 
important NLO materials because they possess synthetic resilience and higher hyperpo-
larizability in comparison to inorganic materials (Uludağ and Serdaroğlu 2018; Guezguez 
et al. 2014). The electric � , � , and � values are significant to predict NLO properties of the 
material are calculated via x, y, z constituents from the equations given below (Rajamani 
and Muthu 2013; Mydlova et al. 2018).

For dipole moment calculations.

For polarizability calculations.

(2)�tot = (�2

x
+ �2

y
+ �2

z
)1∕2
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For hyperpolarizability calculations.

DFT study is an effective method in the investigation of the organic NLO material. The 
NLO properties of the examined compounds have been computed at M06, B3LYP and 
M06-2 × along with /6-311G(d, p) level. The values of polarizability, hyperpolarizability 
and dipole moment of the studied compounds 1–5 are described in Tables S14–S16.

The greater values of polarizability, hyperpolarizability and dipole moment are signifi-
cant for NLO properties. The tensors of polarizability (αxx, αyy, αzz) and hyperpolarizability 
(βxxx, βxxy, βxyy, βyyy, βxxz, βyyz, βxzz, βyzz, βzzz) are used to calculate the total values. The cal-
culated polarizability values of compounds 1–5 are 151.802, 239.598, 241.346, 261.350 
and 256.288 a.u. respectively at M06, 247.018, 240.426, 241.980, 261.411 and 256.355 
a.u., respectively at B3LYP whereas 237.422, 231.666, 233.109, 251.258 and 246.841 a.u., 
at M06-2x. Among the other tensors, αxx is dominant and exhibits remarkably larger val-
ues than other tensor components. The values obtained for hyperpolarizability (βtot) are 
found in range of 1472.182–1522.007 a.u. at M06, 1814.907–2148.175 a.u. at B3LYP and 
957.44–1247.69 a.u. at M06-2 × for compounds 1–5. The βxxx depicted the largest values 
among the individual components that entails the better intramolecular charge transference 
along x-axis. Significant results for NLO are examined at B3LYP functional. Further, the 
dipole moment values of compounds 1–5 are appeared to be 6.811, 6.159, 6.475, 6.311 and 
5.6395 D, respectively at M06, 7.108, 6.466, 6.776, 6.605, 5.906 at B3LYP whereas 7.302, 
6.641, 6.956, 6.755 and 6.041 D, respectively for compound 1–5. Urea is an accepted pro-
totypical molecule to use as a reference in the examination of NLO properties of mole-
cules. The dipole moment of titled compounds are 4.10, 4.5, 4.7, 4.6 and 4.1 times greater 
than urea (1.3732 D) and the hyperpolarizability of titled compounds are 40.6, 34.2, 34.6, 
35.4 and 29.1 times larger from the value of urea (βtotal = 43 a.u.) at M06 leel (Prasad and 
Williams 1991).

It is concluded from the comparative study of entitled compounds with urea that all the 
investigated compounds have excellent NLO properties but compound 1 may be proved a 
powerful molecule in the future for the study of NLO features and in the development of 
NLO materials.

4.8 � Molecular electrostatic potential (MEP) analysis

The MEP analysis is associated with the electron density and is a precise method to 
describe the sites of nucleophilic and electrophilic reactivity and also designate hydrogen-
bonding interactions (Güveli et al. 2010). MEP is an actual physical term that can be calcu-
lated through computational methods or experimentally via diffraction techniques (Truhlar 
1981). The various regions of MEP surface diagram are distinguished on the basis of color 
distribution. The red color is used to signify the negative regions (electrophilic region), the 
blue color represents the positive regions (nucleophilic region) and the green color for the 
zero potential regions as shown for studied compounds 1–5 in Fig. 3.

It is clear from the MEP map of the entitled compounds that negative part is over the 
azomethine nitrogen (N) atom, thiolate sulfur (S) atom and phenolate oxygen (O) atom, 
so it has three feasible sites for the electrophilic attack. The positive region has covered 

(3)< 𝛼tot >=
(

𝛼xx + 𝛼yy + 𝛼zz
)

∕3

(4)�tot =
[(

�xxx + �xyy + �xzz
)

+
(

�yyy + �yzz + �yxx
)

+
(

�zzz + �zyy + �zxx
)]1∕2
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the hydrogen (H) atoms, which is a probable position for the nucleophilic attack. These 
outcomes provide evidence regarding the regions of intermolecular interaction and metallic 
bonding.

5 � Conclusion

In this work, new thiosemicarbazone compounds 1–5 have been synthesized in an excel-
lent yield 77% to 86% by refluxing the salicylaldehyde with different substituted thio-
semicarbazides in the presence of acetic acid. The synthesized products were examined 
by UV–Vis, IR, 1H NMR and 13C NMR spectroscopic methods. Quantum chemical com-
putations have been used to perform detailed investigations of NLO properties. The out-
comes of NBO analysis revealed that the compounds transitions have the highest stabili-
zation energy values that lead to the stability of the compounds. The NPA findings show 
that all the hydrogen atoms possess positive atomic charges and nitrogen, oxygen, sulfur, 
chlorine and mostly carbon have negative atomic charges. The FMO results disclosed that 
energy gap of compound 1–5 is found to be 4.344- 4.223  eV. Also, GRP results exhib-
ited the softness values in the range 0.230–0.237 eV for the entitled compounds. Addition-
ally, the λmax is noticed in UV region from 341 to 344 nm with lesser excitation energies 
(3.702–3.711  eV). The study MEP maps describe that the azomethine nitrogen, thiolate 
sulfur and phenolate oxygen atoms are negative regions (red color) having three feasible 
sites for the electrophilic attack and the amino nitrogen atom (blue region) is the positive 
region and probable site for nucleophilic attack. The NLO properties of the synthesized 

Fig. 3   Molecular electrostatic potential Surfaces of compounds 1–5
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compounds have been examined and results show that compounds 1–5 are 40.6, 34.2, 34.6, 
35.4 and 29.1 times greater than the urea. Among the studied compounds, that compound 1 
is found to be more reactive, soft and less stable molecule and exhibit excellent NLO prop-
erties. Thus it can be utilized as favorable candidates for different applications in photonic 
and electronic devices.
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