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Abstract: Thiophene and sulfonamide derivatives serve as biologically active compounds, used for
the manufacture of large numbers of new drugs. In this study, 11 selected derivatives of thiophene
sulfonamide were computed for their geometric parameters, such as hyperpolarizability, chemical
hardness (η), electronic chemical potential (µ), electrophilicity index (ω), ionization potential (I), and
electron affinity (A). In addition, FT-IR and UV-Vis spectra were also simulated through theoretical
calculations. The geometrical parameters and vibrational frequencies with assignments of the
vibrational spectra strongly resemble the experimentally calculated values. Besides, the frontier
molecular orbitals were also determined for various intramolecular interactions that are responsible
for the stability of the compounds. The isodensity surfaces of the frontier molecular orbitals (FMOs)
are the same pattern in most of the compounds, but in some compounds are disturbed due to the
presence of highly electronegative hetero-atoms. In this series of compounds, 3 shows the highest
HOMO–LUMO energy gap and lowest hyperpolarizability, which leads to the most stable compound
and less response to nonlinear optical (NLO), while 7 shows the lowest HOMO–LUMO energy gap
and highest hyperpolarizability, which leads to a less stable compound and a high NLO response.
All compounds have their extended three-dimensional p-electronic delocalization which plays an
important role in studying NLO responses.

Keywords: computational; molecular orbitals; optical; thiophene; sulfonamide

1. Introduction

Thiophene is a stable compound that is readily available in the market, and the inves-
tigation of thiophene and its compounds has been a continual matter [1]. They are used
in organic cells and also act as organic light-emitting diodes (OLEDs), organic field-effect
transistors (OFETs) [2], etc. Fused thiophenes are electron-rich structures that enable them
to act as good electron donors, thus finding applications in organic semiconductors such
as dye-sensitized solar cells [3,4]. Thiophenes have also found applications in sensing
bisulfite, which is an environmental pollutant [5]. Heterocyclic compounds such as thio-
phene show biological activities in pharmaceutical and medicinal fields [6]. Derivatives of
thiophene are used as biologically active molecules for different diseases [7]. Thiophene
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derivatives are important compounds for the discovery of new medicines. Substituted
thiophenes show good antiproliferative [8], antioxidant [9], antimicrobial [10], and an-
ticancer activity [11]. Imidazole coupled with thiophene acts as an antimycobacterial
agent [12]. Thiophene-2-carboxylic acid has good agonistic activity against the GPR35 [13].
Thiazole coupled with thiophene acts as an adenosine receptor antagonist [14]. Among
the large number of pharmaceutical compounds, the sulfonamide functional group plays
a basic role in the manufacture of many drugs [15]. Sulfonamides are an important class
of compound which produce various biologically active molecules [16]. Some important
applications of sulfonamides are their therapeutic action against several bacterial species,
most commonly positive and negative Gram-staining species. Sulfonamides and related
moieties have been known to possess moderate to good activities against these microbes,
and this has resulted in the synthesis of various important medicines of these compounds
against various diseases caused by bacteria and other microbial species [17]. Sulfonamide
derivatives are usually attached to the dihydropteroate synthase, which is used to catalyze
folic acid metabolic pathways in bacteria and some eukaryotic cells [18].

Over the past two decades, density functional theory (DFT) has become an abundantly
useful technique in many fields of chemistry [19]. Many experimental studies in inorganic
and organic chemistry normally include such calculations, using a standard functional
approximation, a standard basis, and a popular code [20]. The history of DFT starts from
Dirac’s local exchange approximation and Thomas Fermi’s theory [21]. DFT seems to be an
extremely successful approach for the description of the ground-state properties of metals,
semiconductors, and insulators [22]. DFT investigations were accompanied not only to
explain the structural properties but also to compare the theoretical structural parameters
with those from X-ray diffraction outcomes [23]. Our research group already reported
the synthesis and biological activities of various thiophene based molecules [24–26]. On
behalf of the reported biological activities of thiophene derivatives, we decided on the
computational study of selected thiophene sulfonamide derivatives (1–11).

2. Computational Details

This research was done using Gaussian 09W [27] to find the chemical and thermody-
namic properties of molecules using DFT calculations. These calculations were performed
using Becke–Lee–Yang–Parr’s three-parameter hybrid functional (B3LYP) [28,29] with
Pople’s triple zeta basis set 6-311G(d,p). The solvent effects were added through the SMD
parameter set [30] as implemented in Gaussian. The solvent used in all the calculations was
1,4-dioxane [31]. GaussView has been used to visualize the results of quantum mechanical
calculations. It has been previously verified that the B3LYP functional can provide an
excellent compromise between the accuracy of the vibrational spectra of large and medium-
sized molecules and the computational efficiency [1]. A charge distribution diagram of
frontier molecular orbitals was obtained which shows various properties of molecules,
such as the energy of the highest occupied molecular orbital (EHOMO) and the energy of
the lowest unoccupied molecular orbital (ELUMO), as well as global reactivity parameters
such as chemical potential (µ), electrophilicity index (ω), and chemical hardness (η) to
analyze the reactivity of the inhibitor molecules [9]. Reactivity descriptors such as ioniza-
tion potential and electron affinity are calculated from HOMO and LUMO and chemical
hardness (η), and electronic chemical potential (µ) is calculated from ionization potential (I)
and electron affinity (A). UV-Vis spectra were simulated using the time-dependent density
functional theory (TD-DFT) [32] at the same level of theory as optimizations. The hyper-
polarizabilities were calculated using the “polar” keyword as implemented in Gaussian
09. GaussSum [33] was used to draw the IR and UV-Vis spectra. The structures with the
IUPAC names of the thiophene sulfonamide derivatives [26] under study are given in
Figure S1 (see supplementary materials).
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3. Results and Discussion
3.1. Geometrical Parameters

The geometrical parameters such as bond length and bond angle were calculated
by applying the B3LYP/6-311G (d,p)/SMD1,4-dioxane level of theory. The bond lengths
and bond angles for selected bonds of 1 to 11 are given in Tables 1 and 2. The calculated
intramolecular distances of S1–C2 and C5–S1 are in the range of 1.73 Å to 1.75 Å which
deviate significantly from the experimental value of 2.74 Å [34]. The intramolecular
distances of S=O and S–NH2 in the sulfonamide group lie from 1.45 Å to 1.46 Å and 1.67 Å
to 1.68 Å, respectively, but the bond length of S=O in most of the compounds is 1.46 Å. The
intramolecular distances S1–C2 and C5–S1 were calculated to be in the range of 1.73 Å to
1.75 Å. The experimentally calculated bond lengths of S=O and S–NH2 in the sulfonamide
group in literature are 1.42 Å and 1.64 Å, respectively. The bond angles of S1¬–C2–C3 and
C4–C5¬¬¬–S1 were calculated to be in the range of 110.84–112.44◦ and 110.63–112.45◦

respectively. The bond angles of O=S–NH2 and O=S=O were calculated to be in the range
of 105.04–111.26◦ and 120.46–121.18◦, which are very close to the experimental values
105.4◦ and 123.1◦ [35]. The dihedral angles between the rings in the molecules under study
have been given in Table 3. All the optimized structures of selected thiophene sulfonamide
derivatives under study are given in Figure 1.

Table 1. Bond length Å of selected bonds of 1 to 11.

Bond Lengths (Å)

S1–C2 C2–S S=O S–NH2 C5–S1 C3’–CN C4’–Cl C5’–CF3 C5’–Cl

1 1.73 1.76 1.46 1.68 1.74 – – – –
2 1.73 1.77 1.45 1.67 1.74 1.43 – 1.50 –
3 1.73 1.77 1.45 1.67 1.73 – – 1.50 –
4 1.74 – 1.46 1.68 1.74 – – – 1.73
5 1.75 – 1.46 1.68 1.74 – – – –
6 1.73 1.76 1.46 1.68 1.75 – – – –
7 1.73 1.76 1.46 1.68 1.75 – – – –
8 1.73 1.76 1.45 1.67 1.74 – 1.76 – –
9 1.73 1.76 1.45 1.67 1.74 – 1.74 – –
10 1.73 1.76 1.46 1.68 1.74 – – – –
11 1.73 1.76 1.46 1.67 1.74 – 1.76 – –

Table 2. Bond angles (◦) of selected bonds of 1 to 11.

Bond Angles (◦)

S1¬–C2–C3 S1¬–C2–S C2–S=O C2–S– NH2 O=S–NH2
C4–

C5¬¬¬–S1
O=S=O

1 112.27 122.58 106.44 102.06 111.26 110.80 120.60
2 112.44 122.53 109.53 101.85 105.36 111.06 120.84
3 112.44 122.53 109.53 101.85 105.36 111.07 121.05
4 111.04 – – – 110.90 112.45 121.18
5 110.84 – – – 110.74 112.34 121.12
6 112.22 122.68 109.95 102.03 105.04 110.74 120.46
7 112.17 122.58 109.98 101.96 105.06 110.63 120.46
8 112.28 122.63 109.73 102.06 105.16 110.86 120.62
9 112.37 122.70 109.84 101.77 105.24 110.92 120.52

10 112.22 122.85 110.29 101.29 105.04 110.75 120.52
11 112.34 122.60 109.93 101.74 105.17 110.95 120.44
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Table 3. Dihedral angles (◦) of selected dihedrals of 1 to 11.

Dihedral Angle (◦)

1 S1–C5–C1’–C2’ 33.37 C4–C5–C1’–C2’ −147.56
2 S1–C5–C1’–C2’ 32.01 C4–C5–C1’–C2’ −148.83
3 S1–C5–C1’–C2’ 34.19 C4–C5–C1’–C2’ −145.73
4 S1–C2–C2’–C3’ 31.55 S1–C2–C2’–S1’ −147.72
5 S1–C2–C2’–C3’ 24.44 S1–C2–C2’–S1’ −155.45
6 S1–C5–C1’–C2’ 32.38 C4–C5–C1’–C2’ −148.10
7 S1–C5–C1’–C2’ 30.88 C4–C5–C1’–C2’ −150.09
8 S1–C5–C1’–C2’ 32.73 C4–C5–C1’–C2’ −147.65
9 S1–C5–C1’–C2’ 30.86 C4–C5–C1’–C2’ −149.76

10 S1–C5–C1’–C2’ 33.07 C4–C5–C1’–C2’ −148.02
11 S1–C5–C1’–C2’ 32.85 C4–C5–C1’–C2’ −148.06
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Table 1. Bond length Å  of selected bonds of 1 to 11. 

Bond Lengths (Å) 

 S1–C2 C2–S S=O S–NH2 C5–S1 C3'–CN C4'-Cl C5'–CF3 C5'–Cl 

1 1.73 1.76 1.46 1.68 1.74 – – – – 
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Figure 1. Optimized geometries of all the derivatives (1 to 11) under study at the B3LYP/6-311G (d,p)/SMD1,4-dioxane level
of theory. In 3D models, the grey color symbolizes carbon, white symbolizes hydrogen, the red color is for oxygen, green is
for chlorine, the yellow color symbolizes sulfur, and the light blue color indicates fluorine.

3.2. Frontier Molecular Orbital Analysis

The frontier molecular orbitals (FMOs) are also used to describe the interactions of
molecules with the other molecules [36]. These orbitals are the major aspect that tells us
about the stability of the compounds. From the value of EHOMO we can determine the
electron-donating ability, and from the value of ELUMO we find the electron-accepting
ability. In conjugated systems there is a slight difference between HOMO–LUMO, due to
which electron (charge) can transfer from one atom (electron donor groups) to the other
(e-accepting groups) via a pi-conjugated system [37].

The iso-density surface of the FMOs showed almost the same style for all derivatives
except 2, 3, 4, 7, and 8 due to the presence of electron-withdrawing groups (CF3, CN, Cl,
F, CH3O) bonded to the substituted phenyl ring. The electronic cloud was spread over
the whole compound, mostly on the rings (phenyl thiophene). The FMOs of 1 to 11 were
obtained from optimized geometries at the B3LYP/6-311G (d,p)/SMD1,4-dioxane level of
theory and are given in Figure 2.
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level of theory.

The energy of HOMO–LUMO, the energy difference (∆E) in HOMO–LUMO, and the
hyperpolarizability of thiophene sulfonamide derivatives are given in Table 4. The values
of energy difference (∆E) of all of the thiophene sulfonamide compounds under study were
analyzed in the range 4.65–3.44 eV. These values reflect that all the compounds are stable in
the 1,4-dioxane solvent. As expected, the hyperpolarizability varies roughly as the inverse
of the squared HOMO–LUMO gap (from the 2-state model).

Table 4. Energies of HOMO–LUMO, energy gap, and hyperpolarizability values of 1 to 11. The units
of βo are Hartree while all the other energies are shown in eV.

Compound EHOMO ELUMO ∆E Hyperpolarizability (βo)

1 −6.45 −1.84 4.61 641
2 −6.99 −2.42 4.57 754
3 −6.92 −2.27 4.64 443
4 −6.29 −2.14 4.15 2012
5 −5.98 −1.95 4.03 2089
6 −6.28 −1.77 4.50 1391
7 −5.97 −2.52 3.44 3357
8 −6.50 −1.99 4.51 1380
9 −6.64 −2.16 4.48 1077
10 −6.32 −1.77 4.55 1192
11 −6.62 −2.11 4.50 1240

Compounds 3 and 1 have the highest energy gap (∆E) values among the thiophene
sulfonamide series. This energy gap makes them the most stable compounds compared
to the others. On the other hand, compound 7 has the lowest energy gap (∆E) value
among the thiophene sulfonamide series. This lowest energy gap makes it the least stable
compound in the series.

The energy gap decreased in the following order.
3 > 1 > 2 > 10 > 8 > 11 = 6 > 9 > 4 > 5 > 7
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3.3. Nonlinear Optical (NLO) Properties

Over the past several decades, the design of new compounds with large nonlinear
optical (NLO) responses has attracted extensive theoretical and experimental attention
due to their large number of applications in electro-optical and optical devices [38]. The
significant requirements for becoming a high-quality NLO material include a high optical
coefficient, high thermal and chemical stability, and good transparency [39]. In the thio-
phene sulfonamide series, molecule 7 with substituted methoxy groups (OCH3) at the para
position has the highest hyperpolarizability value, and molecule 3 with a CF3– group at
the meta position has the lowest hyperpolarizability value.

The hyperpolarizability decreases in the following order.
7 > 5 > 4 > 6 > 8 > 11 > 10 > 9 > 2 > 1 > 3

3.4. Molecular Electrostatic Potential (MESP)

The molecular electrostatic potential (MESP) provides information about the size,
charge, and overall shape of the molecule [40]. It is a very useful tool to analyze the
relationship between the molecular structure and the physicochemical properties of com-
pounds including drugs and biomolecules [41]. In the MESP map, the different values
of the electrostatic potential at the surface are represented by different colors. The most
negative electrostatic potential region is illustrated by red color, the most positive electro-
static potential region is represented by blue color, and the green color indicates the zero
potential regions [42]. The MESP surfaces of all the compounds under study are shown in
Figure 3. The most negative electrostatic potential region is mainly located on the oxygen
of the carboxyl group as a probable position for the attack of electron-deficient species,
while the largest electrostatic potential region is located on the hydrogen of the NH2 group
as a potential site for the attack of electron-rich species.
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3.5. IR Spectra

Infrared or vibrational spectroscopy is an effective technique for identifying functional
groups in organic compounds [43]. The IR spectra of the thiophene sulfonamide deriva-
tives under study have not been studied in detail experimentally or theoretically in the
literature. We calculated the theoretical IR spectra of thiophene sulfonamide derivatives at
the B3LYP/6-311G (d,p)/SMD1,4-dioxane level of theory.

The vibrational investigation aims to find the vibrational modes associated with
specific molecular structures of calculated compounds (Table 5). The infrared spectra of 1
to 11 are given in Figure 4. None of the calculated vibrational spectra have an imaginary
frequency that confirms the structures as true minima.

Table 5. Calculated frequency ranges and vibrational modes based on them for compounds 1–11.

Bond/Group Frequency Range (cm−1) Vibrational Mode Compounds

H–N–H (amine) 3590–3610 Deformation (out of plane) 6,7,8,9,10,11
H–N–H (amine) 3602 Scissoring Only 3
H–N–H (amine) 3590–3600 Antisymmetric stretching 1,4,5
H–N–H (amine) 3597 Wagging Only 2
H–N–H (amine) 3490–3500 Symmetric stretching 1,4,5
H–N–H (amine) 3490–3500 Deformation (out of plane) 3,6,7,8,9,10,11
H–N–H (amine) 3494 Twisting Only 2
C–H (thiophene) 3210–3235 Deformation 2,3,6,7,8,9,10,11

C–H (phenyl) 3150–3210 Deformation 2,3,6,7,8,9,10,11
C–H (thiophene) 3210–3235 Stretching 1,4,5

C–H (phenyl) 3165–3200 Stretching Only 1
C–H (methyl) 3010–3140 Deformation 5,6,7,10

Ph–CN 3246 Deformation Only 2
C–C (phenyl) 1590–1655 Stretching Except 4,5

C–C (thiophene) 1550–1650 Stretching All
H–N–H (amine) 1580–1600 Wagging 2,6,7,8,9
H–N–H (amine) 1580–1600 Scissoring 1,4,5
H–N–H (amine) 1580–1600 Deformation 3,10,11

C–H (methyl) 1400–1490 Deformation 5,6,7,10
O=S=O (sulfonamide) 1308 Antisymmetric stretching Only 1
O=S=O (sulfonamide) 1300–1315 Deformation Except 1,4,5

C–H (thiophene) 1220–1265 Deformation 1,4,5
C–H (thiophene) 1215–1265 Stretching Except 1,4,5

C–H (phenyl) 1180–1205 Deformation Only 1
C–H (phenyl) 1120–1210 Stretching Except 1,4,5

C–H (thiophene) 995–1130 Stretching Except 1,4,5
C=C (thiophene) 1004–1020 Stretching 3,6,7,8,9,10,11

C–H (phenyl) 915–975 Deformation Except 4,5
C–H (thiophene) 920–940 Deformation All
H–N–H (amine) 850–865 Antisymmetric stretching Except 1,4,5
H–N–H (amine) 850–865 Wagging 1,4,5

C–H (phenyl) 820–850 Deformation Except 4,5
C–C (thiophene) 735–755 Stretching Except 1,8
H–N–H (amine) 655–690 Antisymmetric stretching All

Phenyl, benzo ring 40–600 Complex All

H–N–H vibrations: The thiophene sulfonamide derivatives have a large number of vi-
brations. The NH2 group gives rise to one of the most readily recognizable bands in the IR
spectrum. The highest frequency range 3590–3610 cm−1 belongs to the deformation (out of
plane) stretch of the NH2 group in most of the compounds. The H–N–H scissoring and wagging
vibration appears as bands at 3602 and 3597 cm−1 as shown in the spectra of 3 and 2 respectively.
The H–N–H antisymmetric stretching vibration appears in the range of 3590–3600 cm−1 as
shown in the spectra of 1, 4, and 5. In 2, the amino group shows one absorption band at
3494 cm−1 arising from twisting vibrations. The H–N–H wagging, scissoring, and deformation



Crystals 2021, 11, 211 8 of 14

vibrations are observed in the range of 1580–1600 cm−1. The H–N–H antisymmetric stretching
vibrations are observed in the ranges of 1580–1600, 850–865, and 655–690 cm−1.
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C–H vibrations: The C–H deformation and stretching vibrations in the thiophene
ring are observed in the ranges of 3220–3235, 1220–1265, 920–940 cm−1, and 3210–3235,
1215–1265 cm−1, respectively. In the literature, the stretching vibrations of C–H of the
aromatic molecules arise in the range of 2900–3150 cm−1 [44] which are in good agreement
with the C–H deformation, and stretching vibrations in the phenyl ring are observed
in the ranges of 3150–3210, 1180–1205, 820–975 cm−1 and 3165–3200, 1120–1210 cm−1,
respectively.

Ph–CN vibration: The Ph–CN deformation vibrations are observed at 3246 cm−1 in 2.
C–C vibration: The C–C stretching vibrations of thiophene and phenyl rings are

observed in the ranges of 1590–1655 and 1550–1650 cm−1, respectively. In the literature,
the experimentally calculated C–C stretching vibrations of thiophene and benzene rings
appeared in the range of 1465.2–1597.3 cm−1 [43], which is in good agreement with the
theoretically calculated frequency.
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O=S=O vibration: The antisymmetric stretching vibrations of O=S=O are observed at
1308 cm−1 in 1, and deformation vibrations are observed in the range of 1300–1315 cm−1

in most of the compounds.

3.6. UV-Vis Spectrum

The UV-Vis spectrum is a photophysical property of molecules, caused by the absorp-
tion of light by electrons that are excited to higher energy levels [45]. When the absorption
wavelength (λmax) of ultraviolet light is high, the tendency of thiophene derivatives to be
easily oxidized can be considered as a basic parameter for predicting their reactivity, and
this is a new method of calculating their kinetics, which can replace time-consuming and
expensive experiments [46]. The calculated excitation energies (E), absorption wavelengths
(λ), and oscillator strengths (f) are given in Table 6. The theoretical UV-Vis spectrum of 1 is
given in Figure 5. The theoretical UV-Vis spectra of the remaining compounds are given in
the supporting information (Figure S2).

Table 6. Theoretical calculated excitation energies (E), absorption wavelengths (λ max), and oscillator
strengths (f) of all compounds under study.

Compound Excitation Energy (eV) λ max (nm) Oscillator Strength (f)

1 4.1523 299 0.6476
2 4.853 256 0.0374
3 5.054 245 0.0481
4 4.835 256 0.2583
5 4.734 262 0.2742
6 5.111 243 0.0384
7 5.105 243 0.0385
8 5.097 243 0.0411
9 5.017 247 0.0150

10 5.112 243 0.0437
11 5.089 244 0.0550
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3.7. Conceptual DFT Reactivity Descriptors

The tendency of a chemical substance to react with another chemical substance can be
defined as chemical reactivity. Reactivity descriptors such as chemical hardness (η), elec-
tronic chemical potential (µ), electrophilicity index (ω), ionization potential, and electron



Crystals 2021, 11, 211 11 of 14

affinity are calculated from the energies of HOMO and LUMO. Ionization potential and elec-
tron affinity are the negative of EHOMO and ELUMO according to Koopman’s theorem [47];
other thermodynamic properties, chemical hardness (η), chemical softness (σ), electronic
chemical potential (µ), and electrophilicity index (ω), can be calculated from these by using
Equations (1)–(4) [48]. The ionization potential (I), electron affinity (A), chemical hardness
(η), chemical softness (σ), electronic chemical potential (µ), and electrophilicity index (ω)
are given in Table 7.

η = (I − A)/2 (1)

µ = − (I + A)/2 (2)

ω = µ2/2η (3)

σ = 1/η (4)

Table 7. The values of the important reactivity descriptors of compounds 1–11.

Compound I (eV) A (eV) η (eV) σ(eV) µ (eV) ω (eV)

1 6.45 1.84 2.30 0.43 −4.14 3.73
2 6.99 2.42 2.28 0.43 −4.71 4.85
3 6.92 2.27 2.32 0.43 −4.60 4.55
4 6.29 2.14 2.07 0.48 −4.21 4.28
5 5.98 1.95 2.01 0.49 −3.97 3.90
6 6.28 1.77 2.25 0.44 −4.02 3.60
7 5.97 2.52 1.72 0.58 −4.25 5.24
8 6.50 1.99 2.25 0.44 −4.24 4.00
9 6.64 2.16 2.24 0.44 −4.40 4.32

10 6.32 1.77 2.27 0.44 −4.04 3.59
11 6.62 2.11 2.25 0.44 −4.37 4.24

A higher energy of HOMO shows that a molecule will be more reactive in chemical
reactions with electrophiles, with the corresponding lower LUMO energy for chemical
reactions with nucleophiles [49]. The gap between these two (HOMO and LUMO) provides
information about the stability of the compound in the given medium. The relatively larger
gap between HOMO and LUMO is evidence of general stability of these compounds, which
is in support of the reactivity descriptors shown in Table 7. The low chemical softness and
higher hardness support this fact. The chemical potential (µ) is the tendency of an electron
to escape from a stable molecule. The negative chemical potential means that the complex
is stable and will not spontaneously decompose into elements. Hardness indicates the
resistance to changes in the distribution of electrons in molecules [50].

4. Conclusions

The structural properties, thermodynamic properties, fundamental vibrational fre-
quencies, and the optimized ground state geometries of the thiophene sulfonamide deriva-
tives under study are reported for the first time by applying DFT calculations. The
energy gap of HOMO and LUMO reveals the stability of the compounds in the given
solution. Moreover, the nonlinear optical, first-order hyperpolarizability characteristics
of the molecule explain that the molecule is an interesting agent for further studies of
nonlinear optical characteristics. The chemical reactivity relations of these derivatives were
determined through local reactivity descriptors such as electrophilicity, electronegativity,
softness, hardness, and chemical potential, by using DFT methods.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-4352/
11/2/211/s1. Figure S1: Structures and names of all compounds under study; Figure S2: Theoretical
calculated UV-Vis spectra of 2–11.
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