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ABSTRACT: In this study, seven derivatives of salicylaldehyde thiosemicarbazones (1—7) were synthesized by refluxing substituted
thiosemicarbazide and salicylaldehyde in an ethanol solvent. Different spectral techniques (UV—vis, IR, and NMR) were used to
analyze the prepared compounds (1—7). Accompanied by the experimental study, quantum chemical studies were also carried out at
the M06/6-311G(d,p) level. A comparative analysis of the UV—visible spectra and vibrational frequencies between computational
and experimental findings was also performed. These comparative data disclosed that both studies were observed to be in excellent
agreement. Furthermore, natural bond orbital investigations revealed that nonbonding transitions were significant for the stability of
prepared molecules. In addition, frontier molecular orbital (FMO) findings described that a promising charge transfer phenomenon
was found in 1—7. The energies of FMOs were further used to determine global reactivity parameters (GRPs). These GRP factors
revealed that all synthesized compounds (1—7) contain a greater hardness value (7 = 2.1 eV) and a lower softness value (¢ = 0.24
eV), which indicated that these compounds were less reactive and more stable. Nonlinear optical (NLO) evaluation displayed that
compound § consisted of greater values of linear polarizability (a) and third-order polarizability (y) of 324.93 and 1.69 X 10° a.u,,
respectively, while compound 3 exhibited a larger value of second-order polarizability (B) of S08.41 a.u. The NLO behavior of
these prepared compounds may be significant for the hi-tech NLO applications.

1. INTRODUCTION

Thiosemicarbazones can undergo tautomerism and form
planar, rigid Schiff bases that are proficient to interact with

Thiosemicarbazones (TSCs) correspond to a versatile class of
Schiff-based ligands having sulfur and nitrogen as donor atoms
with considerable interest due to their ion-sensing ability,
structural diversity, bonding modes, and biological implica-
tions." Heterocyclic thiosemicarbazones due to their biological
properties like antimicrobial,” anticonvulsant,’ anti-HIV,”
antihypertensive,” hypoglycemic,’ trypanocidal,’” local anes-
thetic,” and cytotoxic activities”'® have been focused on. A
heterocyclic analogue has applications in drug development
such as bacterial infection, central nervous system disorders,
and anti-allergic and analgesic agents. Thiosemicarbazones also
exhibit a variety of scientifically promising procedures such as
anticorrosion, antifouling,'’ and plant growth-promoting
activities'” and are employed for making electrodes.'
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metal cations that have attracted the attention of researchers to
consider thiosemicarbazones as interesting ligands to synthe-
size metal complexes.'* Another application of such analogues
is to coordinate with transition metal ions in N,S-bidentate
mode; more diversified binding modes also become possible
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when an additional coordinating group is present.'> Transition
metal complexes having soft or hard donor moieties have been
extensively used in organometallic and coordination chem-
istry.'® Salicylaldehyde thiosemicarbazone derivatives are
remarkable materials for their second harmonic generation
(SHG)'” and are applicable in the field of material sciences
such as nonlinear optics (NLO)."® NLO materials have been
extensively applied in broad practical fields as these are
essential freguency conversion sources in real-time laser
instruments'*~*® and exhibit outstanding advantages in
comparison to conventional inorganic materials such as low
absorption loss, lower dielectric constants, higher electro-optic
coeflicients, and easiness to modify and process.27_31 Second-
order NLO displays a wide range of applications in the field of
biological imaging, optical switches, optical data processing,””
communication technology, and photonics industries.

Recently, computational analysis along with the experimen-
tal work provides complete perception regarding the properties
of materials. Therefore, the newly synthesized compounds are
theoretically characterized via infrared (IR), UV—vis, NBO,
FMO analyses, etc. The principal aim of the current work is to
present the complete structural and spectroscopic description
of these novel compounds with the support of combined
theoretical techniques and experimental data.

2. RESULTS AND DISCUSSION

All thiosemicarbazone derivatives were prepared according to
the modified procedure as described earlier. The IR spectra
gave important information about the skeleton of structures.
The infrared spectrum of novel compounds showed a
significant absorption band in the functional group region.
Intense bands at frequencies of 3322—3000 and 3770—3640
cm™ were responsible for NH and OH group stretching,
respectively. The characteristic band at 1680 cm™" correspond-
ing to C=0 disappeared, and bands of the azomethine linkage
(C=N) appeared in the frequency range of 1650—1519 cm™’,
which verified the existence of the carbonyl group. The
significant strong absorption peak of C=S and the free
aliphatic CH group appeared in the regions of 1296—1221 and
3077—2970 cm ™, respectively.

"H NMR and "*C NMR spectra also helped determine the
structure of entitled products. The triplet peak appeared in the
region of 9.061—9.176 ppm, corresponding to one proton of
the CS—NH group. The 'H NMR singlet signals of the
hydrazine proton (N—NH) and the azomethine proton (—
CH=N) appeared at the more deshielded regions of 11.551—
11.695 and 10.261—10.286 ppm, respectively. In the aromatic
region, the multiple absorption bands at 7.017—7.373 ppm
were responsible for protons 2—6. The 13 and 15 H of 1—4
showed a singlet peak at 8.139—8.334 ppm and the singlet
peak at 8.296—8.327 ppm corresponds to 14 and 16 H for 5—
7. The doublet signal for 12 H for 1—4 appeared at 8.132—
8.161 ppm, whereas the doublet peak at 8.135—8.148 ppm was
responsible for 13 H for 5—7. The signals that appeared in the
region of 6.776—6.815 ppm correspond to phenolic hydroxy
hydrogen (OH proton) for 1—7. Compounds 5—6 showed a
singlet peak in the shielded region of 2.285-2.231 ppm as
attributed to the three protons of phenyl-CH;. Compound 7
has a methyl group attached to benzene whose peak appeared
in a more shielded region of 2.247 ppm. The signal observed at
the upfield region (shielded proton) of 4.762—4.834 ppm
corresponds to CH,—N for compounds 1—7. The *C NMR
spectra of 1—7 showed that the peak in the upfield region in

the range of 68.042—99.997 ppm corresponds to CH,—NH.
The large shifts arise for C=S and N=CH at 177.914—
206.626 and 126.832—178.182 ppm, respectively. The other
characteristic signals resonated in good agreement through the
proposed structures.

2.1. Natural Bond Orbital (NBO) Analysis. NBO
analysis is significantly adopted for the explanation of inter-
and intramolecular transitions and transfer of charges from an
electron donor to acceptor orbitals of studied molecules.*” The
NBO analysis of 1—7 was performed at the M06/6-311G(d,p)
level, and their calculated outcomes are tabulated in Tables
S1—S7. For the evaluation of interactions, the second-order
Fock matrix was utilized.>

(E))’
g

1 —
§ & (1)

E® =

In eq 1, E® stands for the stabilization energy, g; refers to
the donor—orbital occupancy, F;; indicates the off-diagonal
NBO Fock matrix elements, and ¢ and ¢ point out the
diagonal elements.

Generally, four kinds of molecular interactions, 7 — 7%, 6 —
o*, LP — 7%, and LP — o%*, are found for the investigated
compounds. Among them, 7 — 7* exhibited a higher value of
stabilization energy; hence, it is considered as a significant
transition, while ¢ — o¢™* transitions presented the smallest
stability values. However, interactions LP — 7* and LP — o*
are examined with substantial energy of stabilization. Among
the studied compounds transitions, 7(C25-C27) — #*(C28-
C30), 7(C24-C26) — =*(C27-C29), n(C1-C6) — n*(C4-
Cs), 7(C23-C25) — 7*(C26-C28), n(C21-C23) — n*(N18-
C19), 7(C22-C24) — 7*(C22-C24), and 7(C24-C26) —
7*(C27-C29) displayed higher values of stabilization energies
of 26.69, 26.68, 25.42, 26.75, 54.54, 26.68, and 26.71 kcal/mol
in 1-7, respectively. Moreover, some other kinds of significant
7 — m* donor—acceptor intramolecular charge transfer (ICT)
interplays are also studied such as z(C28-C30) — z*(C24-
C26), n(C3-C4) - =n*(C1-C2), n(C2-C3) — =*(C1-C6),
7(C1-C6) — n*(C2-C3), n(C22-C14) — m*(C25-C27),
7(C5-C6) — 7*(C1-C2), and 7(C2-C3) — n*(C4-CS) with
24.23, 25.66, 24.46, 22.84, 26.78, 24.71, and 21.89 kcal/mol
stabilization energies in 1—7, respectively. The least values of
stability are determined as 4.87, 0.54, 0.51, 1.09, 0.54, 0.53, and
1.13 kcal/mol for #7(N21-C22) — #*(C24-C26), n(C24-C26)
— 7%(C24-C26), 7(C4-CS) — n*(C4-CS), n(N19-C20) —
7%(N19-C20), 7(C22-C24) — 7%(C22-C24), n(C24-C26) —
7%#(C24-C26), and 7(N20-C21) — #*(N20-C21) transitions
for compounds 1—7, respectively (see Tables S1—S7).

In 6 — o* transitions, greater values of stabilization energies
are found to be 9.06, 9.10, 9.06, 9.03, 8.89, 4.74, and 9.01 kcal/
mol for o(C22-H23) — o*(N19-N21), o(C21-H22) —
c*(N18-N20), 6(C21-H22) — o¢*(N18-N20), 6(C20-H21)
— 0%(N17-N19), 6(C19-H20) — 0¢*(N16-N18), 6(032-
H33) — 0%(C23-C24), and 6(C21-H22) — ¢*(N18-N20)
interactions in 1-—7, respectively. Similarly, some other
transitions such as 6(C12-H14) — 6%(C3-C12), 6(C2-F35)
— 06%(C1-C2), 6(C16-N18) — ¢*(N18-H19), 6(C6-F34) —
6*(CS5-C6), 6(C34-H37) — 0*(C4-C34), 6(C29-H31) —
6%(C26-H30), and o(C11-H13) — o¢*(C3-C11) with the
lowest stabilization energies of 0.51, 0.51, 0.54, 0.50, 0.52, 0.81,
and 0.51 kcal/mol, respectively, are also obtained for 1—7 as
shown in Tables S1—S7. These least values of energy are
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examined due to the existence of weak interactions between
the donor and accepter species.

Similar kinds of transitions are also examined in accordance
with resonance. LP1(N15) — o¢*(C17-S18), LP1(N14) —
7%(C16817), LP1(C27) — x*(C23C25), LP1(N13) —
6*(C15-S16), LP1(N12) — o¢*(C14-S15), LP1(N14) —
6*(C16-S17), and LP1(N14) — ¢*(C16-S17) with high
stabilization energies, ie., 49.93, 31.93, 70.69, 50.52, 68.04,
55.03, and 54.60 kcal/mol, are studied for 1—7, respectively.
On the other hand, LP1(N15) — ¢*(C3-C12), LP1(S17) —
6*(C16-S17), LP1(N14) — o¢*(C3-C11), LP1(N13) —
6*(C3-C10), LP1(N12) — o0*(C14-N16), LP2(S17) —
6*(C3-C11), and LP1(N14) — ¢*(C3-C11) produced 0.52,
0.88, 0.71, 0.66, 0.66, 0.91, and 0.55 kcal/mol, respectively,
which demonstrated the least energies of electron-donating
interactions in 1—7 (Tables S1—S7). Finally, based on the
NBO study, it can be inferred that the intramolecular charge
transfer, hyperconjugative interactions, and extended con-
jugations are the primary causes that offer stability to these
prepared products.

2.2. UV-Visible Analysis. To evaluate the absorption
properties, charge transfer, and molecular orbital transitions in
1-7, UV—vis analysis was performed at the TD-DFT/MO06/6-
311G(d,p) level of theory. A comparative analysis was carried
out between experimental and DFT-computed works to
investigate molecular orbital contributions, oscillator strengths
(f), absorption wavelengths (1), and excitation energies of 1—
7 as tabulated in Table S8. The simulated wavelength (1) is
noticed in the ranges of 291-393, 277—-389, 275—386, and
276—387 nm for 1—4, respectively, which is found to be in
accordance with the experimentally determined A, values:
296, 222, 222, and 219 nm. Similarly, the experimental 4,
values for 5—7 are found at 296, 223, and 244 nm, respectively,
while their DFT absorption bands are examined in the ranges
of 278-392, 273—390, and 273—390 nm, respectively. Overall,
DFT-calculated A, of 1—7 showed reasonable agreement
with the experimentally determined A,,,, as manifested in Table
Ss.

2.3. Vibrational Analysis. The simulated and experimen-
tal vibrational analyses were performed to explore the nature of
vibrational modes of 1—7. The absorption frequencies are
listed in Tables S9—S15 and the experimental spectra are
shown in Figures S3—S9.

2.3.1. C—H Vibrations. In heteroaromatic and aromatic
stretching, absorption frequencies for C—H were determined
at 3100-3000 cm™.* In compounds 1-7, simulated
asymmetric and symmetric absorption bands are found to be
at 3174, 3192, 3010, 3188, 3144, 3147, and 3110 cm™,
respectively (Tables S9—S15). These aforesaid vibrations are
strongly in agreement with experimental vibrational frequen-
cies at 3150, 3170, 3150, 3155, 3175, 3140, and 3130 cm™,
respectively (see Figures S3—S9).

2.3.2. C—C Vibrations. The absorption bands for C=C
vibrations were investigated at 1650—1400 em™1* In
compound 1, simulated C—C stretching frequencies in the
benzene ring are found at 1643—1627 cm™', which closely
matched with experimentally calculated data in the region of
1450—1600 cm™. Meanwhile, in compound 4, simulated C—C
absorption vibrations are found at 1668—1626 cm™', which
significantly matched with the experimental data (1550—1650
cm™'). Similarly, in compound 7, carbon—carbon stretching
absorption peaks emerged at 1647—1626 cm™' (see Tables

§9—S15), which are in excellent resemblance with exper-
imental data (see Figure S9).

2.3.3. N—H Vibrations. Usually, nitrogen—hydrogen wave-
numbers were located at 3450—3250 cm™.>” In compounds
1-7, N—H simulated stretching vibrations for NH, are located
at the ranges of 3564—3466, 3563—3465, 3561—3453, 3562—
3454, 3564—3451, 3560—3469, and 3565—3451 cm™',
respectively. Furthermore, the experimental spectra showed
the symmetric stretching vibrations at 3450—3400, 3460—
3450, and 3500—3450 cm™' in compounds 1, 2, and 7,
respectively (Figures S3, S4, and S9). Moreover, in 1—7, the
rocking vibrations for NH, appeared at 1688, 1550, 1546,
1693, 1689, 1694, and 1692 cm™, respectively. Alternatively,
the experimentally noticed rocking vibrations for NH, are
found at 1600, 1650, 1550, 1545, 1585, 1600, and 1630 cm ™!,
respectively, for 1—7. Furthermore, some other N—H
vibrational frequencies are determined experimentally at
3002, 3114, 3006, 3117, 3045, 3000, and 3117 cm™ in
compounds 1—7, respectively.

2.3.4. C=N Vibration Bands. Vibrational bands for C=N
were studied at 1382—1266 cm™'.>® In aromatic nitro
compounds, stretching (symmetric and asymmetric) mode of
vibrations becomes the main reason for strong absorption at
1700-1500 cm™'. In 1-7, C=N vibrational mode is
examined at 1543, 1689, 1693, 1546, 1692, 1686, and 1534
cm™!, respectively (Tables S9—S15), showing good agreement
with experimental values of 1542, 1548, 1548, 1550, 1530,
1548, and 1547 cm™', respectively (see Figures S3—S9).
Furthermore, in C=N, some other vibrations are found at
1380—1361, 1379—1360, and 1381—1376 cm™' for com-
pounds 1, 4, and 7, respectively.

2.3.5. C=S Vibrations. The C=S absorption peaks are
analyzed in the region of 1500—1200 cm™.*’ Considering
compounds 1-7, the experimentally determined C=S$§
vibrations are found at 1229, 1229, 1226, 1275, 1223, 1225,
and 1196 cm™', respectively, while simulated values are
observed at 1361, 1360, 1369, 1360, 1357, 1381, and 1381
cm™, respectively; both are in excellent agreement with each
other (see Tables S9—S15 and Figures S3—S9).

2.3.6. O—H Vibrations. The O—H vibrational mode is also
considered, a significant stretching absorption frequency
examined in entitled compounds. The O—H absorption
bands emerged at 3700—3550 cm™.** The simulated modes
for the aforesaid wavenumber occurred at 3889, 3888, 3887,
3887, 3887, 3888, and 3887 cm™! for molecules 1-7,
respectively, which are excellently matched with the exper-
imental band. Apart from this, some other simulated modes of
vibrations appeared at 1643, 1626, and 1647 cm~lin 1, 4, and
7, respectively (Tables S9—S14).

2.3.7. C=X Vibrations. The C—Cl group existed in our
compound 4. The stretching bands for C—Cl usually appeared
at 800 cm™.*"** The simulated modes for 4 occurred at 880
cm™L Additionally, the C—Br group is also presented in our
synthesized compounds; hence, DFT-based vibrational modes
occurred at 910—864, 910—880, 947—863, 914—880, 923—
810, 920—810, and 948—913 cm™! in 1-7, respectively
(Tables S9—S15), which are excellently correlated with
experimental values of 850, 800, 830, 810, 815, 800, and 840
cm™, respectively (see Figures S3—S9).

2.4. Frontier Molecular Orbital (FMO) Analysis.
Frontier molecular orbital (FMO) theory is considered a
significant model to evaluate the optoelectronic behavior, light
absorption potential, and reactivity of a molecule.”** The
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bandgap between HOMO and LUMO is in direct relation with
the kinetic stability and chemical reactivity of compounds. The
smaller energy gap of molecules indicated the more
possibilities of intramolecular charge transfer; hence, it
enhanced their reactivity as well as polarizability and vice
versa."” The HOMO/LUMO, HOMO-1/LUMO+1, and
HOMO-2/LUMO+2 energies of 1—7 were explored and
their results are tabulated in Table 1 and Table S16, while their
pictorial description of charge densities is displayed in Figure 1
and Figures S1 and S2.

Table 1. Computed Values of Eygyo, Erymos and Energy
Gap (Erumo — Enomo) for 1-77

compound Enowmo ELumo AE
1 -5.76 -1.59 417
2 -5.76 —1.58 418
3 —5.84 -1.62 4.22
4 —5.82 —1.62 420
5 —5.78 ~1.65 413
6 —5.72 -157 415
7 —571 -1.55 416

“Energy gap (AE) = E;ypo — Enomo; units in eV.

The calculated energy gap values of HOMO/LUMO for 1—
7 are 4.17, 4.18, 422, 420, 4.13, 4.15, and 4.16 eV,
respectively. This energy difference (AE) between HOMO
and LUMO orbitals for all compounds (1—7) is found to be
nearly equal magnitude. The highest value of AE revealed that
all compounds have high chemical stability and low reactivity.
Accompanying the energies of molecular orbitals, FMO
analysis also explained the ICT transitions in compounds.
The pictographs of charge densities for HOMO/LUMO are
displayed in Figure 1, while those for HOMO-1/LUMO+1
and HOMO-2/LUMO+2 are shown in Figures S1 and S2. The
charge densities for HOMO are located over the N-methyl-2-
methylenehydrazinecarbothioamide part in 1—4, while those
for LUMO are concentrated at (Z)-2-(S-bromo-2 hydrox-
ybenzylidene) hydrazine carbothioamide. Similarly, for 5—7,
charges for HOMO exist at the (Z)-N-(but-2-en-1-yl)-2-
methylenehydrazinecarbothioamide portion, while those for
LUMO are located at (Z)-2-(5-bromo-2 hydroxybenzylidene)
hydrazinecarbothioamide (see Figure 1).

2.5. Global Reactivity Parameters. The reactive nature
of compounds can be determined by global reactivity
parameters (GRPs), global hardness (#7), softness (5), electron
affinity (EA), electronegativity (X), chemical potential (y),
ionization potential (IP), and global electrophilicity (w) by
using HOMO/LUMO energies. " ®*7 The ionization potential
and electron affinity might be utilized to depict the electron
gaining and losing capacity of molecules, which interrelated
with HOMO/LUMO energies.[m’49 The data tabulated in
Table S17 indicate that the values of ionization potential are
noticed to be higher than electron affinity, which disclosed that
all compounds have better capability to accept an electron.
Furthermore, the molecules with the least energy gap were soft
exhibiting tunable character, least kinetic stability, and high
reactivity and vice versa.’’ The observed value of chemical
hardness for 1—7 is higher (3.73 eV) than their softness (0.24
eV), which illustrates the less reactivity and more stability of
the synthesized compounds (see Table S17).

2.6. Nonlinear Optical Properties. NLO materials are
recognized as significant due to their applicability in the fields
of medicine, electronics, modulation of optical signals, and
telecommunication.’*> Organic compounds are appreciably
able to exhibit strong NLO properties.””>* The NLO response
in organic molecules is observed due to asymmetric polar-
ization. The stronger NLO response might be noticed owing to
the existence of electron-withdrawing or electron-donating
groups in the compounds at the appropriate site that creates
strong push—pull architecture. Moreover, these electron-
withdrawing or electron-donating groups are connected with
the conjugated system of the 7 framework that enhances the
NLO response.”” Herein, the linear optical response (polar-
izability) and nonlinear optical response including first
hyperpolarizability (f;) and second hyperpolarizability
({y)) were carried out by using the MO06/6-311G(d,p)
functional. The determined results are presented in Tables
S18—S21, while the main values are summarized in Table 2.

Among all compounds, a higher value of dipole moment is
examined in 7 to be 7.74 D, while 4 showed the least value of
6.87D. However, the extent of dipole moments of all
synthesized compounds is found to be larger as compared to
the urea molecule (1.3732 D).*° Similarly, compound $
expressed the greater values of polarizabilities (@) and second
hyperpolarizability (y) of 324.93 and 1.69 X 10° au,
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Figure 1. Frontier molecular orbitals of studied compounds 1-7.
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Table 2. Values of Dipole Moments (,,), Polarizability {a),
First Hyperpolarizability (o), and Second

Hyperpolarizability (y)

compound Ho (@) Prota (r) x 10°
1 7.50 307.52 293.64 1.54
2 7.28 305.32 462.82 1.45
3 7.08 306.14 508.41 1.51
4 6.87 305.70 408.22 1.50
S 7.55 324.93 302.44 1.69
6 7.70 323.67 387.60 1.57
7 7.74 324.49 269.44 1.60

respectively. Moreover, 3 has the highest value of .., (508.41
a.u.), while the lowest value is investigated in 7 (269.44 a.u.).
Overall, the order of the first hyperpolarizability was observed
tobe3>2>4>6>85>1>7 Nevertheless, all the prepared
molecules expressed a significantly higher value of hyper-
polarizability than urea (S = 43 a.u.), the standard molecule
to analyze the NLO behavior.”” All these compounds (1—7)
have 6.82, 10.76, 11.82, 9.49, 7.03, 9.01, and 6.26 times greater
values of f, as compared to the urea molecule. This urea-
relative investigation indicated that all synthesis compounds
are appropriate NLO candidates.

3. EXPERIMENTAL STUDIES

3.1. Preparation of Thiosemicarbazones. Thiosemicar-
bazones were synthesized by mixing S-bromo-salicylaldehyde
(4.2 mmol) and substituted thiosemicarbazide (4.2 mmol) in
ethanol (20 mL). A few drops of catalytic acetic acid were
added through constant stirring. The precipitates formed after
refluxing the mixture for 3 h. The products were then filtered
and washed many times with ethanol, dried, and weighted
(Scheme 1).

Scheme 1. Synthesis of Thiosemicarbazones Derivatives

(1-7)
| = NH
OH
= ; Ethanel
Or - O e s
= - Acetic T
R/ Hl\lx‘ S Br CHO Acetic Acid r|\{
NHa CH
OH
1-R=H 5- R= 2-methyl Br
2- R=2-fluoro 6- R=3-methyl
3- R= 3-fluoro 7- R= 4-methyl
4- R= 4-fluoro

3.1.1. N-Benzyl-2-(5-bromo-2-hydroxybenzylidene)-
hydrazinecarbothioamide (1).°° Yield, 72%; white crystalline;
mp 213 °C; IR (KBr), v (cm™): 3650 (O—H), 3114, 3002
(N—H), 3077 (C—=H), 1524 (C=N), 1229 (C=S). UV—vis
(ethanol): A,,,,, 296 nm. '"H NMR (4), § (ppm): 4.834 (s, 2H,
CH,—NH), 10.286 (s, 1H, N=CH), 9.157 (s, 3H, CH,—
NH), 11.590 (s, 1H, NHN), 6.820 (d, J = 2.5 Hz, 1H, OH),
8.334 (s, 2H, 2 X CH phenyl), 8.161 (d, J = 3.5 Hz, 1H, CH
phenyl), 7.222 (s, 4H, 4 X CH phenyl).

3.1.2. 2-(5-Bromo-2-hydroxybenzylidene)-N-(2-
fluorobenzyl)hydrazinecarbothioamide (2). Yield, 78%;
white crystalline; mp 225 °C; IR (KBr), v (cm™): 3750
(O—-H), 3114, 3002 (N—H), 2977 (CH), 1548 (C=N),
1221(C=S). UV—vis (ethanol): 4,,, 222 nm. 'H NMR §
(ppm): 4.847 (d, ] = 8.5 Hz, 2H, CH,), 10.277 (s, 1H, N=
CH), 9.111 (t, J = 8.5 Hz, 1H, CH,=NH), 11.661 (s, 1H,

NHN), 6.815 (d, J = 11.0 Hz 1H, OH), 8.160 (s, 2H, 2 X CH
phenyl), 8.153 (d, J = 3.5 Hz, 1H, CH phenyl), 7.291-7.274
(m, 4H, 4 X CH phenyl). *C NMR & (ppm): 123.334 (C1),
140.738 (C2), 76.422 (C3), 111.589 (C4), 102.522 (CS),
111.589 (C6), 70.022 (C7), 178.383 (C8), 126.837 (C9),
100.465 (C10), 156.201 (C11), 99.997 (C12), 126.744 (C13),
85.536 (C14), 126.603 (C15).

3.1.3. 2-(5-Bromo-2-hydroxybenzylidene)-N-(3-
fluorobenzyl)hydrazinecarbothioamide (3). Yield, 72%;
white crystalline; mp 218 °C; IR (KBr), v (em™): 3770
(OH), 3118, 3095 (N—H), 3007 (C—H), 1539 (C=N), 1264
(C=S). UV—vis (ethanol): A, 222 nm. '"H NMR (6), §
(ppm): 4.828 (d, J = 8.5 Hz, 2H, CH,—NH), 10.271 (s, 1H,
N=CH), 9.176 (t, ] = 8.5 Hz, 3H, CH,=NH), 11.624 (s, 1H,
NHN), 6.810 (d, J = 11.0 Hz, 1H, OH), 8.147 (s, 2H, 2 X CH
phenyl), 8.140 (d, J = 3.5 Hz, 1H, CH phenyl), 7.328—7.321
(m, 4H, 2 X CH phenyl). *C NMR & (ppm): 175.708 (C1),
111.583 (C2), 190.705 (C3), 101.982 (C4), 156.200 (CS),
147.934 (C6), 90.898 (C7), 194.683 (C8), 178.182 (C9),
143.084 (C10), 186.841 (Cl11), 123.382 (Cl12), 160.732
(C13), 115219 (C14), 163.737 (C15).

3.1.4. 2-(5-Bromo-2-hydroxybenzylidene)-N-(4-fluoroben-
zyl) hydrazinecarbothioamide (4). Yield, 70%; white
crystalline; mp 223 °C; IR (KBr), v (cm™): 3680 (O—H),
3150, 3050 (N—H), 2970 (C—H), 1650 (C=N), 1275 (C=
S). UV—vis (ethanol): 4., 219 nm. '"H NMR (7), § (ppm):
4.792 (d, ] = 9 Hz, 2H, CH,—NH), 10.264 (s, 1H, N=CH),
9.155 (t, J = 8.5 Hz, 3H, CH,—NH), 11.624 (s, 1H, NHN),
6.805 (d, J = 11.0 Hz, 1H, OH), 8.139 (s, 2H, 2 X CH
phenyl), 8.132 (d, J = 3.5 Hz, 1H, CH phenyl), 7.351—-7.373
(m, 4H, 4 X CH phenyl). *C NMR, § (ppm): 156.162 (C1),
123.345 (C2), 100.263 (C3), 168.200 (C4), 100.263 (CS),
123.34 (C6), 99.99 (C7), 177.995 (C8), 162.850 (C9),
120.964 (C10), 165.609 (C11), 114.030 (C12), 1366.211
(C13), 111.577 (C14), 136.178 (C15).

3.1.5. 2-(5-Bromo-2-hydroxybenzylidene)-N-(2-
methylbenzyl)hydrazinecarbothioamide (5). Yield, 72%;
white crystalline; mp 220 °C; IR (KBr), v (em™): 3150,
3050 (N-H), 1544 (C=N), 1250 (C=S). UV-vis
(ethanol): A, 296 nm. 'H NMR (8), § (ppm): 4.776 (d, J
= 8.5 Hz, 2H, CH,—NH), 10.266 (s, 1H, N=CH), 9.061 (t, J
= 8.5 Hz, 3H, CH,=NH), 11.695 (s, 1H, NHN), 6.812 (d, ] =
11.0 Hz, 1H, OH), 8.327 (s, 2H, 2 X CH phenyl), 8.148 (d, ]
= 3.5 Hz, 1H, CH phenyl), 7.077-7.324 (m, 4H, 4 x CH
phenyl), 2.285 (s, CH;). *C NMR, § (ppm): 170.917 (C1),
145.865 (C2), 137.200 (C3), 122.912 (C4), 121.227 (CS5),
134.760 (C6), 40.379 (C7), 88.776 (C8), 206.626 (C9),
177.646 (C10), 115.587 (Cl11), 192.476 (C12), 111.095
(C13), 155.667 (C14), 99.509 (C15), 150.726 (C16).

3.1.6. 2-(5-Bromo-2-hydroxybenzylidene)-N-(3-
methylbenzyl)hydrazinecarbothioamide (6). Yield, 70%;
white crystalline; mp 215 °C; IR (KBr), v (cm™): 3640
(0O—H), 3250, 3067 (N—H), 3050 (C—H), 1519 (C=N),
1224 (C=S). UV—vis (ethanol): 4,,, 223 nm. '"H NMR (9), §
(ppm): 4.762 (d, J = 8.0 Hz, 2H, CH,—NH), 10.261 (s, 1H,
N=CH), 9.106 (t, ] = 8.0 Hz, 3H, CH,—NH), 11.540 (s, 1H,
NHN), 6.798 (d, ] = 11.0 Hz, 1H, OH), 8.296 (s, 2H, 2 X CH
phenyl), 8.135 (d, J = 3.5 Hz, 1H, CH phenyl), 7.285—7.314
(m, 4H, 4 X CH phenyl), 2.231 (s, 3H, CH;). 3C NMR, §
(ppm): 136.947 (C1), 129.043 (C2), 136.204 (C3), 127.735
(C4), 128.691 (C5), 123.371 (C6), 32.165 (C7), 99.997 (C8),
177.914 (C9), 156.139 (C10), 112.701 (C11), 170.513 (C12),
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111.569 (C13), 129.423 (Cl14), 106.774 (C1S), 129.138
(C16).

3.1.7. 2-(5-Bromo-2-hydroxybenzylidene)-N-(4-
methylbenzyl)hydrazinecarbothioamide (7). Yield, 72%;
white; mp 200 °C; IR (KBr), v (cm™): 3750 (O—H), 3152,
3000 (N—H), 3062 (C—H), 1594 (C=N), 1196 (C=S).
UV—vis (ethanol): A, 244 nm. '"H NMR (10), § (ppm):
4778 (d, J = 8.0 Hz, 2H, CH,—~NH), 10.274 (s, 1H, N=CH),
9.113 (t, J = 7.5 Hz, 3H, CH,—NH), 11.551 (s, 44, NHN),
6799 (d, J = 11.0 Hz, 1H, OH), 8301 (s, 2H, 2 X CH
phenyl), 8.136 (d, J = 3.0 Hz, 1H, CH phenyl), 7.017—7.315
(m, 4H, 4 X CH phenyl), 2.247 (s, 3H, CH;). *C NMR, §
(ppm): 139.934 (C1), 111.580 (C2), 119.537 (C3), 137.685
(C4), 121.799 (CS), 111.698 (C6), 18.902 (C7), 78.019 (C8),
177.977 (C9), 15249 (C10), 85.31 (C11), 156.13 (C12),
81.343 (C13), 130.814 (C14), 79.171 (C15), 123.361 (C16).

3.2. Computational Studies. Quantum chemical compu-
tations at the M06/6-311G(d,p) level® were accomplished for
novel thiosemicarbazone derivatives (1—7) with aid of the
Gaussian 09 program package®® to find out the vibrational
wavenumbers and NBO and NLO properties. Further,
GaussView 5.0°" was used for creating input files and
Chemcraft,®” GaussSum,63 and Avogadr064 programs were
used to interpret results of 1—7 from output files. Moreover,
time-dependent density functional theory (TD-DFT)®*°°
calculations at the aforesaid level with the same basis set
were adopted for UV—visible and frontier molecular orbital
(FMO) analyses. The energy gap of HOMO/LUMO was used
to investigate the global reactivity parameters of compounds.
Equation 2 was used to determine the dipole moment.®’
22)1/2

p= W +ut @)

The average polarizability (@) was determined with eq 3.°®
(a) = 1/3(a, + @, + @) 3)

Analysis of the Gaussian output file yields 10 hyper-
polarizability tensors oriented along x, y, and z directions:
ﬂ xxx) ﬁxyy} ﬂxzzl ﬂ yyy ﬁ xxy) ﬂ yz2) ﬂ 222) ﬂ xx2) ﬂ o and ﬁxyz' The extent
of the total first hyperpolarizability (f) was calculated with
the help of eq 4.%

ﬂtotal = [(ﬂxxx + ﬂxyy + /);czz)z + (‘B

2
7y xx)
+ (ﬁzzz + ﬂzxx + 'Bxyz

B 4,

1/2
)] (4)

Equation 5 was employed to calculate the second hyper-
polarizability.®”

<y> = l/s[yxxxx + yyyyy + 7/Zzzz + Z(yxx)o( + }/)’YYY + yzzzz)]
(8

4. CONCLUSIONS

A series of novel derivatives of thiosemicarbazones of
salicylaldehyde (1—7) was prepared and characterized by 'H
NMR, C NMR, UV—vis, and IR spectroscopies. Along with
the experimental study, DFT investigations were also carried
out for 1—7. A comparative study between the computational
and experimental findings of the vibrational spectra and UV—
vis revealed that both studies were found to be in excellent
agreement. Additionally, the NBO study evaluated non-
covalent interactions that were proved to offer significant
stability for compounds. FMO findings explored the HOMO/

LUMO bandgap of 1—7 in the range of 4.13—4.22 eV. GRPs
explicated that compounds (1—7) showed greater ionization
potential (IP) (5.84—5.71 eV) than the electron affinity (EA)
(1.65—1.55 eV); hence, 1—7 have greater electron-accepting
ability. Nevertheless, compounds 1—7 also expressed higher
values of hardness (7 = 2.11—2.06 eV) and a smaller value of
softness (6 = 0.25 eV). These data revealed that 1—7 were
found to be kinetically more stable and less reactive. NLO
investigation described that compound 5 exhibited higher
values of linear polarizability (@) and third-order polarizability
(y) of 32493 and 1.69 X 10° au., respectively, while
compound 3 exhibited a larger value of second-order
polarizability (f,.) of S08.41 au. A relative study with a
standard molecule (urea) revealed that compounds 1—7 might
be considered as a good NLO material.
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