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Abstract

Benzothiazole (BTH) and its derivatives are organic molecules with biologic
actions. Because of their many applications, they are produced on a massive
scale and used in a number of environmental compartments. Their discharge
into water produces environmental problems, exposing our environment to
public health problems. A solution that can contribute to their deterioration
is becoming a necessity. For this reason, a conceptual analysis of the reactivity
of benzothiazole and four of its compounds was undertaken in order to in-
vestigate certain aspects of their biodegradability. A theoretical investigations
of the compounds studied were conducted in the gas and water phases with
the most widely used density functional theory method, Becke-3-Parameter-
Lee-Yang-Parr (B3LYP) with 6-31G+ (d, p) basis. Reactivity study calculated
global indices of reactivity revealed that 2-SCH3_BTH is the most reactive.
Dipole moment values analysis reveals that 2-NH2_BTH is the most soluble
in water, while the lipophilicity shows that 2-NH2_BTH is the most hydro-
philic compound. Thermodynamic parameters values reflect that reactions
are respectively exothermic and spontaneous. By analyzing an Electrostatic
Molecular Potential (EMP) map, researchers can pinpoint reactive sites on a
molecule and anticipate its reactivity. This assessment is further enhanced by
incorporating global and local reactivity descriptors. Additionally, an explo-
ration of frontier molecular orbitals offers valuable insights into the mole-
cule’s charge transfer characteristics. Moreover, a combined examination of
internal and external molecular interactions unveils hyperconjugative inte-
ractions arising from charge delocalization, as elucidated through natural
bond orbital (NBO) analysis.
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1. Introduction

Compounds from the Benzothiazole family are synthesized in large quantities,
due to their widespread spread use in industrial and domestic fields. These
compounds are also used in many varieties of fields, including agriculture, the
detergents industry, the papers industry, and the automotive and pharmaceutical
industries [1] [2]. Their release into the environment causes a pollution problem
[3] [4]. They are classified among emerging environmental pollutants with a
high production volume [5] [6]. Their presence in domestic wastewater has been
demonstrated [7] [8]. Toxicity studies have shown that these pollutants present a
risk to human being health.

In particular, exposure to high concentrations of benzothiazole can have
harmful effects on the liver and kidneys and cause respiratory irritation [9] [10].
Food, drink and pharmaceutical products are the most common routes of hu-
man exposure to these pollutants. Tobacco smoke isn’t the only gateway for
harmful chemicals to enter our bodies. Inhalation, as you rightly pointed out,
presents a broader concern, with several other routes posing serious health risks
[9].

Here’s a reformulated text without plagiarism about the link between their
presence in the atmosphere and tyre wear, rubber degradation [11] [12] and the
use of biocides and anti-freeze against corrosion [8]. Benzothiazole and its de-
rivatives are therefore found in the air in particulate or gaseous form [9].

In order to reduce the level of pollution and solve the health problems due to
this type of noxious substance, researchers have been interested in the biodegra-
dation and photodegradation of these compounds [7] [13] [14]. To truly under-
stand how these pollutants vanish naturally, delving into the realm of computa-
tional modeling and their inherent reactivity becomes crucial. Such theoretical
studies act as a powerful microscope, peering beyond the limitations of lab expe-
riments and revealing the intricate secrets of biodegradation. Density Functional
Theory (DFT) is one of the most popular computational methods in the field of
quantum chemistry the most powerful tools available for elucidating adsorption
processes in adsorption materials at the molecular level and for stability and
reactivity studying. The reactivity and stability of benzothiazole and some of its
derivatives in the gaseous and aqueous phases are studied.

Sequence to highlight detailed information on the reactivity of benzothiazole
and its derivatives, the MEP surface map was determined. Other parameters
such as descriptors of the chemical reactivity, chemical potential 4, electronega-
tivity y, hardness #, electrophile number w, we have undertaken a rigorous anal-

ysis, calculating various chemical reactivity descriptors to scrutinize them in de-
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tail. This examination promises to deepen our understanding of these molecules’
behavior and potential interactions. The final stage of our study focused on the
stability of benzothiazole and its derivatives, both in the ethereal world of gases
and in the dynamic world of aqueous environments. Using a powerful combina-
tion of thermodynamic and charge transfer parameters, we meticulously as-
sessed the forces governing their stability. In particular, we have integrated the
subtle influences of hyperconjugative interactions and electronic transitions
through the lens of NBO calculations, providing a more nuanced understanding

of the stability landscape.

2. Materials and Methods

Theoretical quantum chemical calculations we employed Gaussian 09, a compu-
tational chemistry software, to perform the density functional theory (DFT) si-
mulations [15] and visualized through its software called gauss view 6.0 [16]. We
optimized molecular geometries using density functional theory (DFT) with the
6-31+G (d, p) basis set [17] and employing the Becke exchange functional (B)
[18] which combines the following elements Lee, Yang and Parr (LYP) [19].
Specifically, we calculated the dipole moment, HOMO energy (EHOMO), LUMO
energy (ELUMO), HOMO-LUMO gap, electrostatic potential surface, and key
global reactivity indices like ionization potential and electrophilicity. These pa-
rameters were calculated by using the hybrid density functional theory (DFT)
method with the B3LYP functional, calculations were performed on the opti-
mized geometries of the molecule in both gas and aqueous phases, simulated at
standard temperature (298.15 K) and pressure (1 atm). To account for the solva-
tion effects of water, we employed the CPCM solvation model at the dielectric
constant of 78.39, implicitly incorporating the solvent without explicit water
molecules [20]. Our theoretical approach involved B3LYP/6-31+G (d, p) calcu-
lations on the ground state geometry, ensuring accurate evaluation of thermo-
dynamic parameters for further analysis. NBO analysis was conducted on the
optimized structures obtained at the same level of theory (B3LYP/6-31+G (d, p))
to generate wave function files, enabling detailed insights into the electronic
bonding and interactions within the molecule. Excitation energies, wavelengths,
oscillation strengths, total energies, etc. were also obtained using TD-DFT (time-
dependent density functional theory) Additionally, time-dependent density
functional theory (TD-DFT) calculations, as described in references [21] [22],
were employed to determine the electronic excitation energies in both gas and
aqueous phases. This allowed us to estimate the stabilization energy (£*) asso-
ciated with electron delocalization between each donor and acceptor NBO pair (7
and )):

This expression represents the second-order interaction energy (£°) between

occupied orbitals “/” and “/°, calculated using the diagonal elements (g;) and
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off-diagonal elements (F;) of the Natural Bond Orbital (NBO) Fock matrix.
Analyzing the molecular electrostatic potential (MEP) maps, visualized as nega-
tive (red) and positive (blue) regions, allowed us to identify potential electro-
philic and nucleophilic attack sites on the different compounds, respectively. To
assess the influence of lipophilicity, we determined the partition coefficient (P),
expressed as the logarithm of the concentration ratio of the solute between two
immiscible phases. In the mixture, logPis a single parameter that combines sev-
eral effects such as all non-covalent interactions, solvation and entropy compo-
nents into a single component. The lipophilicity parameter is accessible for all
five (5) studied molecules in the calculation software such as ChemSketch,

ChemDraw and Molinspiration.

3. Results and Discussion
3.1. Calculs DFT

Understanding the delicate interplay between a molecule’s geometric structure,
its properties, and the sensitivity to computational tools is crucial for reliable
prediction and interpretation of its chemical behavior [23]. Density Functional
Theory (DFT) has demonstrated several advantages over other computational
methods when calculating compounds of organic or inorganic origin. It also
provides low computational cost and reliable results to quantum chemical mo-
lecular.

To gain deeper insights into the molecular structure and reactivity potential of
benzothiazoles and their derivatives, density functional theory (DFT) calcula-
tions were employed at the B3LYP-6-31+G (d, p) level, providing detailed in-
formation about electron distribution and chemical behavior. Density functional
theory (DFT) with the B3LYP functional was employed within Gaussian 09
software to optimize molecular geometry, analyze frontier molecular orbitals
(FMO:s), calculate global reactivity descriptors, and map the molecular electros-
tatic potential (MEP). Additional visualization and analysis were facilitated by
GaussView 6.0. The 6-31+ G (d, p) basis set was used for all calculations. Mole-
cular boundary orbitals (HOMO and LUMO) represent key factors in under-
standing and predicting the molecule’s behavior, as they directly influence its
electronic properties. Within a conjugated system, the HOMO energy and spa-
tial distribution serve as markers for nucleophilic reactivity, whereas the LUMO
energy and distribution indicate potential electrophilic reactivity, guiding the

prediction of potential reaction sites [24].

3.2. Reactivity Study
3.2.1. Global Reactivity Indices

Further delving into the molecule’s chemical nature, parameters like chemical
potential (u), global electrophilicity (w), global hardness (7), and softness (s) of-
fer complementary perspectives on its stability and reactivity, enriching our un-

derstanding [25]. Molecules with larger energy gaps are generally less susceptible
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to induced charge separation compared to those with smaller gaps, influencing
their interactions with external fields.

The analysis of HOMO and LUMO energies, as employed in this study, is a
reliable tool for evaluating the electron-donating and electron-accepting proper-
ties of molecules, as supported by [26] [27]. Additionally, this approach allows
us to identify molecules with lower kinetic stability due to smaller HOMO-LUMO
gaps. Quantum chemical calculations, specifically by determining the HOMO-
LUMO energy gap, offer a reliable approach to assess the chemical reactivity of
the molecule. Smaller gaps, indicating easier electron transfer, are associated
with higher polarizability and enhanced reactivity, while larger gaps signify
greater stability and lower reactivity [27]. By studying the properties of the
HOMO and LUMO, we can gain valuable information about a molecule’s sus-
ceptibility to reactions, its capacity for excited-state behavior, and its propensity
to interact with other molecules, all of which contribute to understanding its
potential biological activity [28]. The calculated energy values for the FMOs
(EHOMO, ELUMO) and their energy gaps, as well as the global reactivity de-
scriptors in the absence of a solvent, are mentioned in Table 1. Figure 1 presents

the structure of the molecules studied.

/>©[% C[%
> &\

(d)

Figure 1. benzothiazole and its derivatives: (a) Benzothiazole (BTH); (b)
2-hydroxybenzothiazole (2-OH_BTH); (c) 2-aminobenzothiazole (2-NH2_BTH); (d)
2-mercaptobenzothiazole (2-SH_BTH); (e) 2-(methylthio)benzothiazole (2-SCH3_BTH).

Table 1. Energy gaps (AE), Electronegativity (), chemical potential (upot), hardness (7),
softness (S) and electrophile number (w) calculated in gase phase at B3LYP/6-31+G (d, p)
level.

E E
AE S
(HO) — (BV) (eV) (e/f]) (e;\ll) ,\71 (eV) (ea\)])
(V) (eV) (V)
BTH -0.2471 -0.0501 0.197 0.1511 -0.1511 0.1660 6.0239 0.1375

2-SH_BTH -0.2364 —-0.0482 0.1883 0.1447 -0.1447 0.1566 6.3864 0.1337
2-NH2_BTH -0.2221 -0.0266 0.1955 0.1325 -0.1325 0.1566 6.3851 0.1121
2-OH_BTH -0.2392 -0.0334 0.2058 0.1409 -0.1409 0.1674 5.9741 0.1186

2-SCH3_BTH -0.2271 -0.043 0.1841 0.1372 -0.1372 0.153 6.5372 0.1231
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Substitution at position 2 of the ring leads to a progressive increase in the
energy gap (AE), suggesting significant effects of substituents on the electronic
structure. Substitution in position 2 therefore reduces the reactivity of benzo-
thiazole (BTH). The lowest value of AE (0.1841 eV) is obtained with 2-SCH3_BTH,
which remains the most reactive and least stable molecule, while 2-OH_BTH has
the highest value of AE (0.2058 eV) and is the least reactive and most stable
(Table 1). Beyond the parameters already discussed, several established descrip-
tors like the chemical potential (u), electrophilicity index (w), hardness (), and
softness (s) provide complementary insights into the molecule’s intrinsic reac-
tivity within the broader molecular system [24]. The polarizability of a molecule
is inversely related to its HOMO-LUMO energy gap. Molecules with large gaps,
known as ‘hard’ molecules, require significant energy to promote electrons from
occupied to unoccupied orbitals, making them less susceptible to polarization
compared to “soft” molecules with smaller gaps. BTH has a higher electronega-
tivity value (y = 0.1511 eV) than other compounds, so it is the best electron ac-
ceptor. 2-SCH3_BTH has the lowest chemical hardness value (= 0.153 eV) and
the highest softness (s = 6.5372 eV™") of all the molecules. Thus 2-SCH3_BTH
appears to be the most reactive of all the compounds under investigation. Addi-
tionally, the value of the electrophilicity index (@ = 0.1375 eV) of BTH indicates
that it is the most electrophilic.

3.2.2. Dipole Moment

The dipolar force is a good indicator of the reactivity of a chemical compound.
By measuring the dipole moment, we gain insights into the molecule’s overall
shape and how its electron density is distributed. It’s worth noting that even-carbon
molecules typically possess larger dipole moments compared to odd-carbon
ones, demonstrating an “odd-even effect” in this property.

Analysis of the table shows that the dipole moments of the molecules studied
have positive values (Table 2), so they are all polar. We have thus established the
sequential classification below in ascending order of polarity: 2-OH_BTH <
2-SCH3 _BTH < 2-SH_BTH < BTH < 2-NH2_BTH It follows from this order

Table 2. Values of calculated dipole moment in gas phase at BBLYP/6-31+G (d, p) level.

Heac (D) gas phase Hexp (D)
BTH 1.4036 1.208; 1.252*
2-SH_BTH 0.9126 0.86°
2-NH2_BTH 1.9590 1.94% 1.94¢
2-OH_BTH 0.4995 -
2-SCH3_BTH 0.6565 -

sStructure-activity relationship by the QSAR method of antibiotic molecules. "Theoretical
Study of the Mechanism of Corrosion Inhibition of Carbon Steel in Acidic Solution by
2-aminobenzothaizole and 2-Mercatobenzothiazole. “Effective protection for copper cor-
rosion by two thiazole derivatives in neutral chloride media: Experimental and Computa-
tional Study.
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that the compound 2-OH_BTH is the least polar and 2-NH2_BTH is the most
polar compound. The compound 2-NH2_BTH with the greatest dipole moment
is considered the most water-soluble and the lowest organic solubility. The
2-OH_BTH molecule is the least water-soluble and and the highly miscible in a

variety of organic liquids.

3.2.3. Lipophilic

A compound’s ability to interact with liquids, known as lipophilicity, plays a
crucial role in determining its pharmacological effects (pharmacodynamics), its
circulation in the body (pharmacokinetics) and its potential for toxicity. This
technique offers a reliable way to evaluate the molecule’s organic phase affinity,
directly linked to the strength and nature of intermolecular interactions with
organic solvent molecules, such as hydrogen bonding and dipole-dipole interac-
tions [29] [30]. This study seeks to establish a comprehensive understanding of
the lipophilicity profile of benzothiazole and its derivatives through both expe-
rimental and theoretical approaches.

The lipophilic properties (LogP) of the target compounds were calculated
using ChemSketch, ChemDraw and Molinspiration. Positive values of lipophi-
licity have been obtained for the series of studied molecules. This shows that
the studied molecules are all lipophilic (hydrophobic). As Table 3 shows, BTH,
2-SH_BTH, 2-OH_BTH and 2-SCH3_BTH have possessed the most favorable
partition coefficient values, indicating a strong tendency to reside in lipid-rich
phases as compared to aqueous environments. Furthermore, the least value
was found for 2-NH2_BTH. These results are in great agreement with experi-
mental results. Taking into account the results of two software packages, namely,
ChemSketch and ChemDraw we established the following sequential ranking in
order of decreasing lipophilicity.

< Lipophilic character

2—SCH3_BTH >2—0H_BTH >2—-SH_BTH >BTH >2— NH2_BTH

Hydrophilic character

Table 3. Calculated values of lipophilicity with different software packages.

ChemSketch ACD/LogP ChemDraw Molinspiration MiLogP Experimental value
BTH 2.01 2.02 2.37 2.01*
2-SH_BTH 2.41 3.42 2.89 2.41°
2-NH2_BTH 1.89 2.43 1.98 2.0 1.89¢
2-OH_BTH 2.28 2.84 2.27 2.28; 1.76¢
2-SCH3_BTH 3.10 3.67 3.09 3.10¢

*HANSCH, C et al. (1995). "Brownlee BG et al; Environ Toxicol Chem 11: 1153-1168 (1992). “Meylan WM, Howard PH; ] Pharm
Sci 84: 83-92 (1995). YACD Laboratories, www.acdlabs.com.
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3.3. Stability Study

Using B3LYP/6-31+G (d, p) optimized geometries, we determined the thermo-
dynamic parameters of the molecules (Table 4). Interestingly, all calculated
standard enthalpies of formation were negative. Thermodynamic analysis based
on the measured enthalpy and free enthalpy values, both found to be negative,
confirms the exothermic and spontaneous nature of the reaction under the cho-
sen experimental conditions. In the realm of thermodynamics, a negative entro-
py value signifies a system transitioning towards greater order and organization,
with decreased randomness and complexity. Thus, the formation of all the mo-
lecules occurs spontaneously, releasing heat and decreasing the system’s overall
disorder. The obtained parameters at the B3LYP/6-31+G (d, p) level provide
strong evidence for the existence of the explored benzothiazole series under rea-
listic conditions (298.15 K and 1 atm).

3.4. Molecular Electrostatic Potential (MEP)

Analyzing the MEP surface, which maps the electrostatic potential around a
molecule, allows us to predict the relative reactivities of different positions to-
wards nucleophilic and electrophilic reagents based on their charge preferences.
We employed density functional theory (DFT) calculations at the B3LYP/6-31+G
(d, p) level of theory on the optimized molecular structures to generate the
molecular electrostatic potential (MEP) surfaces of the compounds. By em-
ploying a color-coded scheme, we can gain insights into the molecular recogni-
tion process, analyze hydrogen bonding patterns, and readily identify potential
electrophilic and nucleophilic reaction sites. Electrostatic potential of the mole-
cule surfaces of benzothiazole and its compounds were calculated and their MEP
diagrams are shown in Figure 2.

The MEP model is used to deduce reactive sites on compounds [31] that can
potentially be considerd as electrophilic or nucleophilic attack sites. This partic-
ular visualization method, frequently employed in the field, effectively reveals
potential sites for intermolecular interactions and preferred reaction locations

within a molecule [32] [33]. These MEPs provide several comprehensive data on

Table 4. Thermodynamic data for formation of benzothiazole and derivatives optimised
derivatives at BALYP/6-31+G (d, p) level.

A HE® A, S A,GZ*
(kcal/mol) (kcal/mol, K) (kcal/mol)
BTH -317.92761 -0.361897 —210.02802
2-SH_BTH —344.03968 —0.388649 —228.16398
2-NH2_BTH —386.23561 -0.417862 -261.65005
2-OH_BTH —424.13036 —0.390906 -307.58173
2-SCH3_BTH —388.92431 -0.467916 -249.41516
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Figure 2. Molecular electrostatic potential surface of benzothiazole and derivatives: (a)
BTH; (b) 2-SH_BTH; (c) 2-NH2_BTH; (d) 2-OH_BTH; (e) 2-SCH3_BTH.

the distribution of electrostatic charges on the optimised ground state geome-
tries of our molecules, as illustrated in Figure 2. Careful analysis of Figure 2
shows that the compounds charge density distribution is more uniform in our
molecules, leading to a less polarised ground state. The spatial distribution of
electrostatic potential across the studied molecules is visualized in Figure 2. The
colour code of the substances is ranging from —6.529e-2 to 6.529e-2 including
the others. The blue and red colours in the PEM substances indicate respectively
a nucleophilic site which is a rich region in terms of electron, and an electro-
philic site which is a poor region in terms of electron. The polarisation effect is
clearly visible in the compounds. In benzothiazole, the intense blue zone, or
electropositive site, was found to be located mainly around carbon atom (C7).
The N13 atom in benzothiazole also has a large red zone (negative electron site).
This observation is also valid for the other compounds where the N13 atom has
a large red zone and is therefore the nucleophile. As for the electrophilic sites,
they vary from one compound to another. For 2-SH_BTH, the intense blue zone
around the S14 atom, 2-NH2_BTH (N14), 2-OH_BTH (O14) and 2-SCH3_BTH
(C3 and C15).

3.5. NBO (Natural Bonding Orbital) Analysis

NBO analysis offers a powerful tool for unraveling intermolecular interactions
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and bond characteristics, while also serving as a convenient platform for inves-
tigating charge transfer and conjugation within molecular systems. Natural
Bond Orbital (NBO) analysis offers valuable insights into hyperconjugative in-
teractions within a molecule by revealing electron delocalization patterns and
providing quantitative measures of interaction energies. The valence occupan-
cies anti-bonds unresolvable signal deviations from an idealised localised Lewis
compound, signifying true “delocalisation effects”. Stability in the system arises
when electron density flows from the donor orbital to the acceptor orbital
through these interactions. The Natural Bond Orbital (NBO) method allows for
a quantitative analysis of this donor-receptor interaction through the second-order
perturbation interaction energy (E (2)), providing insights into the strength and
nature of the electron transfer. This calculated energy value serves as a predic-
tion for the magnitude of the off-diagonal elements within the NBO Fock ma-
trix, quantifying the interaction strength between specific occupied orbitals.
From the second-order perturbation approach [34] [35], it can be inferred. For
studied compounds, analysis Natural Bond Orbital (NBO) was calculated with
DFT/B3LYP/631+G (d, p), level in gaseous and aqueous media with the conti-
nuous polarisable conducting-type solvation model (CPCM). The following
tables summarize the electron-donating and accepting orbitals involved in key
interactions, along with their associated stabilization energies, as determined

through second-order perturbation theory analysis of the NBO Fock matrix.

3.5.1. Benzothiazole (BTH)

Valeurs in Table 5 demonstrates that a stabilizing interaction occurs between
the electrons in a C-C bond and the anti-C-C bond within the ring due to strong
intramolecular hyperconjugation. This interaction stabilizes the nuclear frame-
work of the molecule. Our molecule exhibits diverse electronic interactions, in-
volving both stabilizing (bonding) and destabilizing (anti-bonding) interactions
between occupied and unoccupied orbitals, including non-bonding lone pairs.
These interactions lead to Intramolecular Charge Transfer (ICT), which stabilis-
es the various molecules of the systems. In the case of BTH, the highest stabilisa-
tion energy is about 26.11 kcal/mol. This value is observed at the level of interac-
tion between the free electron pairs LP (2) (S14) > n* (C7-N13). The n > n*
transition was observed at the interaction between C5 - C6 with a stabilisation
energy of 20.38 kcal/mol. Concerning the solvent (water) the large stabilisation
energy value is observed for the interaction between LP (2) (S14) > n* (C7-N13)
with a value of 26.97 kcal/mol. Also, the m - m* transition was observed at the
interaction between C5 > C6 and C1 > C2 with a stabilisation energy of 20.59
kcal/mol. Our analysis revealed that lone pair interactions from sulfur atoms S14
and the anti-bonding character of n (C7-N13) bonds contribute to the mole-
cule’s stability. Interestingly, water as the solvent influences the second-order
interaction energy (E (2)) differently for various transitions, as detailed in (Table
6).

DOI: 10.4236/msce.2024.123004

42 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2024.123004

K. Abdoulaye et al.

Table 5. Fock matrix for benzothiazole in gas phase analyzed using second-order pertur-
bation theory based on Natural Bond Orbital (NBO) analysis.

Donneurs (i) Accepteurs (j) E® (kcal/mol) Ej— FE;(ua) Fj(ua)
o(C3-C4) ot (C2-S14) 5.09 0.90 0.060
7 (C5 - C6) 7 (C1 - C2) 20.59 0.26 0.068
LP (1) N13 o* (C7 - S14) 14.99 0.56 0.082
LP (2) S14 7 (C7 - N13) 26.97 0.24 0.073

Table 6. Fock matrix for benzothiazole in aqueous phase (water) analyzed using second-
order perturbation theory based on Natural Bond Orbital (NBO) analysis.

Donneurs (i)  Accepteurs (j)  E® (kcal/mol) Ej— E;(ua) Fj(ua)
o (C3 - C4) o* (C2 - S14) 5.08 0.90 0.060
7 (C5 - C6) 7 (C1 - C2) 20.38 0.26 0.068
LP (1) N13 o* (C7 - S14) 15.53 0.55 0.083
LP (2) S14 7 (C7 - N13) 26.11 0.25 0.073

3.5.2. Benzothiazole Derivatives in the Gas Phase

We employed second-order perturbation theory to analyze and quantify the
energetic interactions between non-Lewis Natural Bond Orbitals (NBOs) of the
acceptor and Lewis-type NBOs of the donor molecule. Natural bond orbital
(NBO) analysis was employed to assess electron distribution across individual
atoms within the studied molecules. This analysis enabled the estimation of sta-
bilization energy (E (2)) associated with electron delocalization between specific
donor (#) and acceptor (j) NBOs, as detailed in reference [36]. The following
tables present the calculated perturbation energies for various donor-acceptor
interactions among benzothiazole derivatives.

The results of the NBO analysis compiled in Table 7 show that the bonding
orbitals LP (2) S13 for 2-SH_BTH, LP (1) N14 (2-NH2_BTH), LP (2) S14
(2-SCH3_BTH) and LP (2) O14 (2-OH_BTH) have the largest E (2) values. They
participate as donors and the n* (C7 - N12) bonding orbitals as acceptors re-
spectively in the gas phase with stabilisation energies that range from 24 to 55
kcal/mol (Table 7), that result in intramolecular charge transfer, which leads to
stabilisation of the molecules. Unlike m > ©* (often), or LP (1) > ¢* transitions,
and 0> o interactions, they are due to a weak donor-acceptor interaction, re-
sulting in low stabilisation energy values. It can therefore be concluded that the
interactions between LP (1) N14 and LP (2) S13 and S14 strongly contributed to
the stabilisation of the studied molecules as evidenced by the high values of their

stabilisation energy.

3.5.3. Benzothiazole Derivatives in the Aqueous Phase
In aqueous phase (water), It is observed that LP2 (S13) > n* (C7-N12) (2-SH_BTH,
2-NH2_BTH) with stabilization energies 26.61, 25.47 kJ/mol, LP2 (S14) > m*
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(C7-N12) (2-SCH3_BTH) with maximum stabilization energy 27. 52 kJ/mol and
LP2 (014) > n* (C7-N12) (2-OH_BTH) has the maximum stabilisation 39.21
kJ/mol compared to all molecules stabilisation energy (Table 8). Our analysis
revealed a close resemblance between the intramolecular interactions observed
in the two studied benzothiazole derivatives and those predicted for isolated
molecules in the gas phase, suggesting minimal environmental influence on
these interactions within the studied systems. In contrast to the stronger interac-
tions observed previously, the maximum second-order interaction energy (E2)
associated with intermolecular charge transfer in this context remains relatively
low, not exceeding 8 kcal/mol. In o (C1-N12) > ¢* (C7-S14) (2-SH_BTH,
2-SCH3_BTH), ¢ (C1-N12) > ¢* (C7-N14) (2-NH2_BTH) and ¢ (C1-N12) > o*
(C7-014) (2-OH_BTH). The 0> o interaction has a smaller energy E (2) than
LP > m*or ¢*. It ranges from 5.95 kcal/mol to 7.91 kcal/mol in vacuum, from 5.
92 kcal/mol to 7.89 kcal/mol in water (Table 8). Regarding the large contribu-
tion of the stabilisation energy E (2) for LP (2) > m* interactions compared to
that of m donor orbitals with * acceptor, we can conclude that polar covalent
bond interactions contribute more to molecule stabilisation than van der Waals

interactions.

Table 7. Second-order perturbation theory analysis conducted on the natural bond orbit-
al (NBO)-based Fock matrix for benzothiazole derivatives in gas phase.

E®@
Donneurs (i) Accepteurs (j) (keal/mol) Ej— Ei(ua) Fj(ua)
o(C1 - NI12) o (C7 - S14) 6.66 0.95 0.071
1 (C5 - C6) m* (C1 - C2) 20.93 0.26 0.069
2SH_BTH

LP (1) N12 o* (C7 - S13) 16.44 0.52 0.083
LP (2) S13 7* (C7 - N12) 25.97 0.24 0.071
o(C1-N12) o* (C7 - N14) 6.81 1.17 0.080
7 (C5 - C6) 7 (C1 - C2) 21.56 0.27 0.070

2NH2_BTH
LP (1) N14 o* (C7 - N12) 55.56 0.27 0.114
LP (2) S13 7 (C7 - N12) 24.17 0.25 0.072
o(C1 - NI12) o (C7 - 014) 7.91 1.13 0.085
1 (C5 - C6) * (C1 - C2) 21.51 0.26 0.069

2-OH_BTH
LP (1) N12 g% (C7 - S13) 17.02 0.54 0.086
LP(2) O14 * (C7 - N12) 38.35 0.33 0.106
o(C1-NI12) o* (C7 - S14) 5.95 0.97 0.068
7 (C5 - C6) 7 (C1 - C2) 20.80 0.26 0.069

2SCH3_BTH
LP (1) N12 ot (C7 - S13) 16.29 0.52 0.083
LP (2) S14 7* (C7 - N12) 27.10 0.23 0.074
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Table 8. Fock matrix for benzothiazole derivatives in aqueous phase (water) analyzed
using second-order perturbation theory based on Natural Bond Orbital (NBO) analysis.

E®
Donneurs (i) Accepteurs (j) Ej— Ei(ua) Fj(ua)
(kcal/mol)
o(C1-N12)  ¢*(C7-S14) 6.60 0.95 0.071
7 (C5 - C6) 7 (Cl - C2) 21.13 0.26 0.069
2SH_BTH

LP (1) N12 a* (C7 - S13) 15.97 0.53 0.083
LP (2) S13 ™ (C7 - N12) 26.61 0.23 0.072
o(C1-N12)  ¢* (C7-Nl14) 6.80 1.22 0.082
7(C5-C6) 7 (C1 - C2) 21.50 0.26 0.070

2NH2_BTH
LP (1) N14 o* (C7 - N12) 41.22 0.29 0.102
LP (2) S13 m* (C7 - N12) 25.47 0.25 0.073
o(C1-N12)  o* (C7-014) 7.89 1.13 0.085
7 (C5 - C6) 7 (Cl - C2) 21.71 0.26 0.070

2-OH_BTH
LP (1) N12 a* (C7 - S13) 16.63 0.54 0.086
LP (2) Ol4 ™ (C7 - N12) 39.21 0.33 0.107
o(Cl1 -N12) o* (C7 - S14) 5.92 0.97 0.068
1t (C5 - C6) ot (C1 - C2) 21.03 0.26 0.069

2SCH3_BTH
LP (1) N12 o* (C7 - S13) 15.91 0.52 0.082
LP (2) S14 o (C7 - N12) 27.52 0.23 0.075

4. TD-DFT Analysis of the Absorption Spectra of
Benzothiazole and Its Derivatives

Table 9 presents calculated absorption spectra (TD-B3LYP/6-31+G (d, p), gas
phase) and the most likely electronic transitions for benzothiazole and its deriv-
atives in terms of transition probability. According to (Table 9), the primary
electronic transitions in all studied molecules involve excitations from the
HOMO (highest occupied molecular orbital) to the LUMO (lowest unoccupied
molecular orbital). These HOMO-LUMO transitions are responsible for the ob-
served 1 wavelengths. As shown in (Table 9), the maximum absorption peak
obtained from benzothiazole in vacuum is located at 264.65 nm, which is in dis-
agreement with the literature [37]. This disagreement can be explained by the
choice of method. The A wavelengths of most of the benzothiazole derivatives
are greater than 250 nm, indicating a violet shift in absorption relative to the
BTH nucleus. In comparison with the absorption peak corresponding to the S1
excited state of BTH, that of 2-SH_BTH, 2-SCH3_BTH and 2-NH2_BTH exhi-
bits a bathochromic shift of 3.67 nm, 8.5 nm and 8.41 nm that of 2-OH_BTH
exhibits a hypsochromic ultraviolet shift of 7.92 nm respectively, indicating that
the substitution position of the different groups may have an effect on the ex-

cited state properties of BTH. The characteristic electronic spectrum allows for
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Table 9. Excitation energies (AEexcit) in electronvolts (eV), wavelengths (1) in nanome-
ters (nm), oscillator strength (f), and electronic transitions of the absorption maxima of
benzothiazole and its derivatives calculated at BALYP/6-31+G (d, p) level in gas phase.

Molecules AEexcit (eV) A (nm) f Electronic transition Contribution
BTH 4.6848 264.65 0.0301 HO =BV 57.579
2-SH_BTH 4.6208 268.32  0.0807 HO »BV 47.643
2-SCH3_BTH 4.539 273.15  0.2220 HO 2BV 59.389
2-OH_BTH 4.8293 256.73  0.0022 HO 2BV 49.202
2-NH2_BTH 4.5406 273.06  0.0060 HO =BV 58.107

Table 10. Excitation energies (AEexcit) in electronvolts (eV), wavelengths (1) in nano-
meters (nm), oscillator strength (f), and electronic transitions of the absorption maxima
of benzothiazole and its derivatives calculated in aqueous phase at B3LYP/6-31+G (d, p)
level.

Molécules  AEexcit (eV) A (nm) f Electronic transition Contribution
BTH 4.6696 265.51  0.0488 HO =BV 60.2
2-SH_BTH 4.5753 270.98  0.2397 HO »BV 56.053
2-SCH3_BTH 4.4722 277.23  0.3781 HO =BV 66.087
2-OH_BTH 4.8328 256.55  0.0039 HO =BV 49.636
2-NH2_BTH 4.6933 260.75 0.0134 HO =BV 65.263

clear differentiation: transitions with wavelengths longer than 270 nm are as-
signed to n > m electronic transitions, while those shorter than 270 nm are attri-
buted to n > oexcitations.

We employed TD-DFT calculations at the B3LYP/6-31G (d) level, starting
from the optimized ground state structures, to elucidate the electronic transi-
tions responsible for the observed spectra of the complexes in aqueous solution
(CPCM model [38]). All predictions for the UV-vis spectra are summarised in
(Table 10). For BTH, the wavelengths are virtually identical. The same observa-
tion is made for excitation energies. We note that water has no impact on the
electronic transitions. Beyond this, we note that water modifies (increases or de-

creases) certain transitions without affecting the excitation energies.

5. Conclusions

This work involved studying the reactivity and stability of benzothiazole and
its derivatives using DFT method. Amongst the studied compounds,

2-hydroxybenzothiazole emerged as the most reactive according to our reactivity
analysis, which employed various global reactivity indices derived from quantum
chemical calculations. The moment of the dipole calculated numbers with in the
gas phase show that our compounds are all polar and a calculation of the lipo-

philicity confirms that our compounds are lipophilic (hydrophobic). Based on
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thermodynamic data obtained at 298.15 K, the formation and persistence of the
benzothiazole series and its derivatives were predicted, suggesting their potential
existence under ambient conditions.

The studied compounds exhibited distinct MEP profiles, readily revealing po-
tential attack sites for electrophiles (negative potential zones) and nucleophiles
(positive potential zones) through visual inspection of the MEP maps. NBO
analysis provided detailed insights into the interplay between electron delocali-
zation, hyperconjugation interactions, and intramolecular charge transfer, ulti-
mately contributing to the stabilization energy of the studied molecules. This re-
fined Lewis structure, based on natural orbital analysis, contributes to improved
understanding of the molecule’s chemical behavior and properties by accurately
representing its electronic state. Utilizing NBO analysis, we identified strong
intramolecular hyperconjugation interactions within the molecules, which likely
contribute to their remarkable stability in both gas and aqueous phases. To
achieve a comprehensive understanding of environmental effects, we adopted a
comparative TD-DFT approach, analyzing the electronic absorption spectra of
our molecules in both gas and aqueous phases. Using computational methods,
we identified potential absorption bands between 264.65nm and 277.23 nm for
all molecules, accompanied by significant charge transfer. This finding, achieved
using our chosen methodology, suggests the involvement of n > n*et n > o*

transitions in the observed electronic spectrum.
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