














ABSTRACT

This research has been undertaken to examine the structural, electronic, and vibrational fea-
tures between two phytochemicals with significant medicinal and therapeutic potential, Allicin
and Trigonelline, using a quantum mechanical approach alongside ADMET analysis to assess
their drug-likeness and bioactivity. The compounds were optimized by using density func-
tional theory (DFT), employing the B3LYP functional and 6-311++G(d,p) basis set, executing
the calculations with Gaussian 16. The optimized structures and parameters of these com-
pounds were then examined, including their electronic characteristics: Frontier orbitals, global
reactivity indicators, molecular electrostatic potential of molecules, Mulliken charge distribu-
tions, and absorption spectra (UV-Vis), which were yielded with the time-dependent (TD)-DFT
method at the identical level of computation while the ADMET evaluation was carried out
using SwissADME and ProTox-3.0. The findings revealed that Allicin exhibited higher sta-
bility and a larger HOMO-LUMO gap, suggesting lower reactivity compared to Trigonelline,
which demonstrated a higher dipole moment and greater electron-donating capacity, making it
a strong candidate for antioxidant activity. ADMET analysis indicated that both compounds
had suitable lipophilicity, solubility, and gastrointestinal absorption, with Allicin emerging as
a more promising drug candidate based on radar plot analysis. Both compounds abided by
Lipinski’s Rule of Five and exhibited low toxicity, backing their potential as promising drug
candidates.
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शोधसार

यो अनसुन्धान महत्वपूणर् औषधीय र िचȤकत्सीय सम्भाव्यता भएका दईु वनस्पȥतमा पाईने रसायन; एȥलȥसन
र शाईगोनोȥलनको क्वान्टम मेकाȥनकल दृिष्टकोणलको ूयोग गदɱ संरचनात्मक, इलेक्शोȥनक र भाइॄेसनल
Ȥफचर परɫक्षण गनर् र त्यसको साथै ȥतनीहरूको ए.ड.ȥम.ई.ट. (ADMET) Ȥवश्लेषणको मूल्याȝन गदɱ
ȥतनीहरूको औषधी सम्भावयता र जैȤवक सȤबयताको अध्ययन गनर् गȢरएको हो। कम्पाउन्डहरूलाई B3LYP
कायार्त्मक र 6-311++ G(d,p) आधार सेटको साथ डेिन्सȤट फȟसनल ȥसǺान्त (DFT) ूयोग गदɱ, गाउȥसयन
१६ सफ्टवेयर ूयोग गरेर अनकूुȥलत गȢरयो। यी यौȥगकहरूको अनकूुȥलत संरचना र प्याराȥमटरहरू त्यसपȥछ
जाँच गȢरयो, ȥतनीहरूको इलेक्शोȥनक गणुहरू सȤहत: ृिन्टयर आणȤवक कक्षाहरू, Ȥवश्वव्यापी ूȥतȤबया
वणर्नकतार्हरू, आणȤवक इलेक्शोस्टेȤटक क्षमता, मȥुलकन चाजर्, र अवशोषण स्पेक्शा (UV-Vis), जनु गणनाको
एउटै स्तरमा समय-ȥनभर्र (TD)-DFT Ȥवȥधको साथ ूाȁ भयो। िस्वसएडीएमई(SwissAdme) र ूोटक्स-३.०
ूयोग गरेर ए.ड.ȥम.ई.ट. मूल्याȝन गȢरएको ȥथयो। ȥनष्कषर्ले एȥलȥसनले उच्च िस्थरता र ठूलो हमुो(HOMO)-
लमुो(LUMO) अन्तर देखाएको छ, जसले ȥनम्न सझुाव ȣदन्छ; शाईगोनोȥलनको को तलुनामा एȥलȥसन कम
ूȥतȤबयाशीलता। तर शाईगोनोȥलन एȥलȥसनलको तलुनामा उच्च िȀीवु क्षण र ठूलो इलेक्शोन-दान गनɰ
क्षमता ूदशर्न गदɱ , एिन्टअिक्सडेन्ट गȥतȤवȥधको लाȥग बȥलयो उम्मेȀार देखाएको छ एȥलȥसन भन्दा। साथै
ए.ड.ȥम.ई.ट. अध्ययन ले यो संकेत गर् यो Ȥक दबैु यौȥगकहरूमा उपयǲु ȥलपोȤफȥलȥसटɫ, घलुनशीलता, र
ग्यास्शोइंटेस्टाइनल अवशोषण छ तर रडार प्लटमा आधाȢरत रहादाँ भने एȥलȥसन अȥधक आशाजनक औषȥध
उम्मेȀारको रूपमा उिभ्भएको छन।् दबैु यौȥगकहरूले ȥलȤपन्स्कɯको पाँच ȥनयमको पालना गरे र अत्यन्तै
कम Ȥवषाǲता भएको साȤवत गदɱ दवैु यौȥगकहरूलाई सम्भाȤवत औषधीको उम्मेȀारहरूको रूपमा ȥनष्कषर्
ȥनकाȥलएको छ।

मखु्य शब्दहरू: डेिन्सȤट फȟसनल ȥसǺान्त, ृिन्टयर आणȤवक कक्षाहरू, मȥुलकन चाजर्, अवशोषण स्पेक्शा,
िस्वसएडीएमई
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CHAPTER 1

1. INTRODUCTION

1.1 General Introduction

Through the ages, natural compounds have been widely used in traditional medicine (Greenwell
& Rahman, 2015). Because of their minimal side effects and significant role in early treat-
ments, organic compounds derived from natural sources have offered considerable inspiration
in drug discovery (Rishton, 2008; Yatoo et al., 2017) . In the last few decades especially within
the realm of computational biophysics as well as computational chemistry, there has been a
tremendous upsurge of interest on these organic compounds and their molecular features, reac-
tivity within the body, and their possible uses in therapeutics and medicine through the use of
sophisticated computational tools (Wu et al., 2020; Nogrady & Weaver, 2005). Analyzing the
active components of folk remedies enables one to deliberate about their practical application
for healing ailment and create new forms of modified treatment with the help of those folk
remedies or treatment strategies.

1.1.1 Allicin

Sources: Allicin is an organic compound containing sulphur predominantly found in garlic,
but it is also present in other plants like garden onions and Savoy cabbage (Block, 1985). It is
most abundant in the cloves of garlic and is responsible for the characteristic aroma when gar-
lic bulbs are chopped or crushed (Kourounakis & Rekka, 1991). This compound is produced
through the initiation of the enzyme alliinase, which forms Allicin from Alliin when garlic is
damaged (Borlinghaus, Albrecht, Gruhlke, Nwachukwu, & Slusarenko, 2014). Allicin also
functions as an antifeedant, working as a safeguard against pests preying on the garlic plant
(Borlinghaus et al., 2014).

Figure 1: Chemical structure of Allicin.
(Ojha, Tüzün, & Bhawsar, 2020)
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Chemical Composition and Structure: Allicin is a thioester derived from sulfenic acid and
is chemically identified as diallyl thiosulfinate. The structure of this molecule is characterized
by a thiosulfinate group, which contributes to its reactivity and biological activity (Koch &
Lawson, 1996). The chemical structure of allicin includes two allyl groups (C3H5) attached to
a sulfur atom, which is bonded to a sulfinyl group (S=O).

The structure can be represented as:

• Chemical Structure: CH2=CH-CH2-S-S(=O)-CH2-CH=CH2

• IUPAC Name: 3-prop-2-enylsulfinylsulfanylprop-1-ene

• Molecular Formula: C6H10OS2

• Molecular Weight: 162.27 g/mol

Biological Significance: Allicin contains a thiosulfinate functional group, which is highly
reactive and imparts oxidizing abilities. It can oxidize thiols present in cells, including glu-
tathione and cysteine, which are considered residues in proteins. This reactivity is believed to
be critical for its biological activity and contributes to its antioxidant properties (Gruhlke &
Slusarenko, 2012). It could boost the immune system, aiding the body in combating illnesses
and infections more effectively. It poses broad-spectrum antimicrobial properties (Choo et al.,
2020), being effective against bacteria, fungi, and viruses. It can restrict the growth of strains
resistant to antibiotics like Staphylococcus aureus, making garlic a traditional remedy in many
cultures for treating infections (Borlinghaus et al., 2014). It functions as an antioxidant by
neutralizing free radicals and mitigating oxidative stress (Chan, Yuen, Chan, & Chan, 2013).
It has exposed itself with potentiality to lower cholesterol levels, minimizing platelet aggrega-
tion, and lessening blood pressure, all of which contribute to improved cardiovascular health
(García-Trejo et al., 2016). It can promote programmed cell death in cancer cells and suppress
their growth (Y. Zhou et al., 2022). At sub-lethal concentrations, it provides various health
benefits, including supporting cardiovascular health and potentially offering protective effects
against certain diseases (Gao et al., 2024). It is a vital compound derived from garlic, possess-
ing significant biological importance due to its range of human health benefiting properties,
including antioxidant, antimicrobial, anti-inflammatory, anticancer, and antidiabetic (Saikat et
al., 2021; Gao et al., 2024).

1.1.2 Trigonelline

Sources: Trigonelline, also known as Caffearine, is a naturally occurring alkaloid derived
from the amino acid tryptophan. It is a dipolar ion formed through the methyl modification
of the nitrogen atom in niacin (vitamin B3), and consequently acts as a byproduct from vi-
tamin B3 metabolism (Ouzir, El Bairi, & Amzazi, 2016). It is widely distributed in multiple
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plants, such as coffee beans, fenugreek seeds, garden peas, hemp seeds, oats, and some legumes
(Henry Anderson, 1949). It is particularly abundant in Arabica coffee.

Figure 2: Chemical structure of Trigonelline
(Yarnell, 2015).

Chemical composition and structure: Trigonelline features a distinctive chemical structure
consisting of a pyridine ring with a methyl group and a carboxamide group attached. The
six-membered pyridinium ring includes five carbon atoms and one nitrogen atom, with a car-
boxylate group (-COO) on the third carbon to balance the nitrogen’s positive charge.

The structure is represented as follows:

• Chemical Structure: CH3-N+(CH2)3-COO−

• IUPAC Name: 1-methylpyridin-1-ium-3-carboxylate

• Molecular Formula: C7H7NO2

• Molecular Weight: 137.14 g/mol

Biological Significance: The hypoglycemic effects of Trigonelline are scientifically attributed
to its insulin-comparable effects on human system, given that it lowers blood sugar levels, so
it may be of great interest to diabetics (Aktar, Ferdousi, Kondo, Kagawa, & Isoda, 2024). The
material has shown potential for eradicating cancer through halting of cancer cell prolifera-
tion, induction of apoptosis and overcoming chemo-resistance, all without severe side effects
(Raymond Tice, 2000). It is also found that it can act as an anti-inflammatory and antimicrobial
to fight inflammation and bacterial and viral infections in the body (J. Zhou, Chan, & Zhou,
2012). It has the anti-oxidant activity that may aid in the reduction of cellular damage. Protec-
tion of the brain and a possible enhancement of the learning and memory may be achieved by

3



the decrease of the pro-inflammatory cytokines and increase in the release of neurotransmitters
such as Trigonelline (Daglia, Cuzzoni, & Dacarro, 1994). Furthermore, it is crucial for various
short-term and long-term processes associated with plant growth and development. In plants, it
is involved in halting the cell cycle during the G2 phase and may function as a signal transducer
in response to oxidative stress (Daglia et al., 1994). In addition, it is utilized in a number of
metabolic reactions in different plants as well as nitrogen metabolism, and is used up in the
synthesis of niacin (vitamin B3) in certain species (Nguyen, Taine, Meng, Cui, & Tan, 2024).
Being the bio active compound, it exhibits great prospect in medicine, nutrition and agriculture.

With significant potential across medicine, nutrition, and agriculture, it is a noteworthy bio-
active compound.

1.1.3 ADME characteristics and Toxicity:

ADME refers to the processes of Absorption, Distribution, Metabolism and Excretion that
define interaction within the body of the drugs or substances. These characteristics impact on
the function and pharmacology of a compound as a drug and it levels and disposition kinetics
in tissues and target organs (Tetko, Bruneau, Mewes, Rohrer, & Poda, 2006). The assessments
of ADME characteristics are critical concerning the drug development process because they
determine its safety and effectiveness (Tetko et al., 2006). Distribution is the process through
which a compound moves from place to another in the body, especially into the bloodstream
us, from the site of administration, and the factors influencing this process include presence of
food in the stomach, the formulation of the compound itself and its chemical characterizations
like solubility and permeability, among others. After absorption, distribution takes place, in
this process the substance goes with the blood stream to other tissues and organs in the body.
Some of the parameters that define this phase include the flow rate of blood, molecular size, cell
membrane permeability and binding of the compound to plasma proteins particularly albumin.
It mainly occurs in the liver where enzymes work to make alterations on the compound and
release products referred to as metabolites. Through this process the drugs activity may be
changed and the chemical gets ready for excretion. Metabolism depends among other things
on genetics, interactions with other drugs, the patients age, and overall heath condition. Last of
all, metabolism includes the elimination of a drug and its metabolites from the body normally
in urine, feces, sweat or breath. Urine elimination is of great importance in order to avoid
accumulation of such substances. ADME factors are pivotal in assessing the pharmacokinetics
of drugs and the general impact it beholds to the body, a major concern to the realisation of the
efficacy and safety of therapeutic agents. This understanding also applies to the correct dosage,
frequency of administration, method of administration and the possibility of interaction with
other drugs (Balani, Miwa, Gan, Wu, & Lee, 2005).

Toxicity is the measure of extent of the effect that a chemical compound has on the human body
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in its interaction with the chemical compound. In toxicity assessment execution, the assessment
of the adverse impacts of a substance on life forms is usually considered.

1.2 Rationale

Over the past few decades, there has been a significant increase in interest in identifying various
biochemical compounds for their medicinal and therapeutic properties.This trend is focused
on identifying and characterizing natural chemicals from plants, marine organisms, and mi-
crobes, and analyzing their potential health benefits and efficacy as drugs. The sophistication
of technology, including computational methods in the realms of biotechnology, biophysics,
and medical chemistry, has fueled the study of molecular bioassays, genetics, proteomics, and
theoretical computational methods at high speeds, paving the way toward the discovery and
development of novel medicinal compounds. The combined efforts of chemists, biologists,
physicists, pharmacologists, and medical science experts have advanced the understanding of
how these compounds interact with living organisms and their impact on human health.

The primary reasons for this increased interest are; the crucial need for effective treatments
for cancer, tumors, neurological disorders, and other chronic diseases such as diabetes, hyper-
tension, increased cholesterol, uric acid, and others that have been spreading like a pandemic
(Wani et al., 2022). Other reasons include the different chemical structures of natural products
compared to synthetic ones, and the consideration and preference for natural products because
they are safer for the environment and consumer use (Wani et al., 2022). Considering this, this
study aims to compare two phytochemical compounds, Allicin and Trigonelline, derived from
widely consumed daily foods, which will surely add some impacts on the research rush for
finding biological medicinal alternatives of such chronic diseases.

Allicin offers significant medical benefits such as antihypertensive and antimicrobial properties,
while Trigonelline has shown strong antidiabetic effects (Gao et al., 2024; Aktar et al., 2024).
Both compounds have been found to have common clinical applications in antioxidant, anti-
inflammatory, anticancer, and neuroprotective contexts (Borlinghaus et al., 2014; Gao et al.,
2024). This research will conduct a comparative DFT analysis to study their molecular effects
and aid in designing improved therapeutic agents. Comparing the stability and reactivity of
allicin and trigonelline will help assess which compound might be more effective or safer in
biological systems. Within DFT, this research focuses on properties such as Dipole moment,
HOMO-LUMO gaps, MEP, Mulliken charges, vibrational and absorption analysis, which are
crucial parameters for determining polarity, permeability, reactivity, stability, possible targeted
sites, and mechanisms of action (Adekoya, Adekoya, Sadiku, Hamam, & Ray, 2022). All these
factors are essential for identifying the potential of these compounds as drugs. Both compounds
are known for their antioxidant activity (Daglia et al., 1994; Gruhlke & Slusarenko, 2012),
which is crucial for combating oxidative stress-related diseases. This study will contribute in
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identifying their favorable electronic structures for antioxidation and their redox potentials to
determine which one is more efficient in its antioxidant mechanisms.

Furthermore, ADMET evaluation will reveal which of the two compounds can be efficiently ab-
sorbed, distributed, metabolized, and excreted by the human body, which is crucial information
for determining the effectiveness of a compound to be a drug (Tetko et al., 2006). Addition-
ally, it is essential to assess toxicity to detect possible negative impacts and ensure safety. This
comparative study using DFT and ADMET aims to provide a comprehensive understanding of
both compounds, assisting in identifying their potential therapeutic and medicinal value and
suitability for specific biological targets according to various diseases.

Therefore, the findings of this research could assist to understand the alignment of its quan-
tum mechanical and ADMET properties with biological significance of these compounds, their
properties to be drug candidates and help to enhance the specific field of medicine with the help
of these phytochemicals.

1.3 Objectives

The primary goal of this dissertation is to conduct an inclusive comparative study about the
electronic properties, ADME characteristics, and toxicity profiles of allicin and trigonelline
using advanced computational methods. This study aims to reveal clear insights in the potential
applications and safety profiles of these compounds, which are significant in various fields such
as biophysics and medicinal chemistry.

1.3.1 General Objective

• To carry out Density Functional Theory (DFT) analysis of Allicin and Trigonelline using
Gaussian software, applying the Becke 3-parameter, Lee-Yang-Parr (B3LYP) functional
with the 6-311++G(d,p) basis set, along with an ADMET analysis

1.3.2 Specific Objectives

1. To conduct a DFT study of Allicin and Trigonelline to:

• Determine the optimized molecular structures of both compounds

• Analyze their electronic properties; Dipole moment, Mulliken Charge, Molecular
electrostatic potential, Global reactivity descriptors, including HOMO-LUMO en-
ergy gaps

• Analyze the stability and reactivity of these compounds through computational
methods based on these above calculations
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2. To examine the ADME (absorption, distribution, metabolism, and excretion) character-
istics of Allicin and Trigonelline using SwissADME to:

• Predict the lipophilicity, permeability, and solubility of both compounds

• Evaluate the pharmacokinetic profiles of these compounds and their druglikeness

3. To assess the toxicity of Allicin and Trigonelline using ProTox to:

• Assess and compare the toxicity profiles of Allicin and Trigonelline

• Identify any potential toxic effects and safety concerns associated with these com-
pounds

4. To compare the overall biological activity and potential therapeutic applications of allicin
and trigonelline based on the DFT, ADME, and toxicity results

By achieving these objectives, this study aims to deliver valuable knowledge to the field of
computational biophysics, providing a foundation for future research and potential therapeutic
applications of Allicin and Trigonelline.
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CHAPTER 2

2. LITERATURE REVIEW

Numerous researchers have studied these compounds quantum mechanically using both exper-
imental and computational methods. I have reviewed the following literature during my study
because it provides a clear understanding of my research efforts:

Muhhamad et al. (2007) studied on Allicin and other bioactive constituents in garlic and based
on his findings he concluded that it increases antimicrobial, anticancer, antioxidant effects, de-
creases cardiovascular diseases as well as improve immune and anti-diabetic effects (Rahman,
2007).

Allred et al. (2009) studied Trigonelline, concluding that it it encourage antidiabetic activity,
anticancer activity, antioxidant activity and the ability to minimize occurrence of cardiovascular
diseases (Allred, Yackley, Vanamala, & Allred, 2009).

Ting and Danzhi (2010) researched the uses of quantum mechanics in drug designing and
highlighted the vast significance of DFT in drug design, including its contribution in choosing
the chemicals for the drugs (T. Zhou, Huang, & Caflisch, 2010).

Faik Gökalp (2018) carried out a DFT study of Allicin together with other garlic-derived com-
pounds using the Gaussian 09 software with B3LYP functional and 6-31G(d,p) basis sets. The
study found that allicin has a Gibbs free energy of -1106.104763 hartree, indicating its ther-
modynamic stability in biological environments. The HOMO energy of -0.25650 eV suggests
a moderate electron-donating capability, while the LUMO energy of -0.06745 eV reflects its
ability to accept electrons. The HOMO-LUMO gap of 0.18905 eV points to balanced chemi-
cal reactivity, and the dipole moment of 4.3439 Debye indicates suitable polarity for effective
interactions with biological targets (Gökalp, 2018).

Rodriguez-Clemente et al. (2017) studied Allicin through both experimental and DFT theo-
retical methods, using the B3LYP functional and 6-311G(d,p) basis set. They found that allicin
can adsorb via oxygen and sulfur atoms, with ELUMO and EHOMO values indicating a strong
tendency to donate electrons, linking its electronic properties to its efficiency. The presence of
water increased allicins chemical reactivity, as seen in less negative ELUMO values, highlighting
its propensity to donate electrons. The study also showed differing electron affinity (EA) be-
tween gas and solvent phases, with positive EA in water. Optimized parameters were computed
and compared with data from the literature. (Rodriguez-Clemente et al., 2017).

Yavuz et al. (2023) conducted DFT-based quantum chemical computations on allicin with the
help of the Gaussian 09W program using B3LYP/6-31++G(d,p) basis set. The study found that
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Allicin has a strong electron-donating tendency, with a LUMO-HOMO diffrence of 5.06837 eV
in gas and 5.21504 eV in water, indicating high energy needs for electron transfer. MEP anal-
ysis revealed electrophilic regions on sulfur atoms, suitable for nucleophilic attacks. Allicins
quantum descriptors showed high reactivity and low stability. ADMET characteristics were as-
sessed using tools like ADMETlab, admetSAR, SwissADME, ProTox-II, and SwissTargetPre-
diction, confirming allicins favorable drug-like properties without toxicity or carcinogenicity
(Yavuz, n.d.).

Babatunde Joseph et al. (2022) conducted pharmacoinformatics studies on Allicin, evaluating
its pharmacokinetics, including lipophilicity, water solubility, and gastrointestinal absorption.
Allicin exhibited good water solubility and high gastrointestinal absorption, suggesting its suit-
ability for oral administration. Additionally, it showed potential to cross the blood-brain barrier,
indicating that further toxicity evaluation is necessary. Virtual toxicological assessments indi-
cated that allicin has moderate toxicity with an LD50 value of 874 mg/kg, but it does not pose
significant risks for hepatotoxicity, carcinogenicity, or mutagenicity, making it a promising
candidate for therapeutic use (Oso, Adeoye, & Olaoye, 2022).

Rashmi Ranjan (2023) evaluated Trigonelline and other phytochemicals for their potential in
diabetes management. They used chemical databases to obtain 2D structures and SMILES for-
mulas and assessed drug-likeness properties. Trigonelline, with a molecular weight of 137.14
Da and a logP value of 0.14, met drug-likeness criteria, indicating favorable properties. Phar-
macokinetic analysis showed high gastrointestinal absorption and minimal blood-brain barrier
crossing for trigonelline. The study concluded that trigonelline, alongside Andrographolide,
demonstrated significant therapeutic potential with low toxicity, suggesting it is a promising
candidate for diabetes treatment (Ranjan, Choudhary, Singh, et al., 2023).

Gap in the Research: Although there is a few number of DFT studies conducted on Allicin
only, Trigonelline is relatively less explored compared to other phytochemicals. Additionally,
there is a lack of comparative DFT studies between Allicin and Trigonelline. This study aims
to address the limited exploration of trigonelline and the absence of comparative analysis of
these chemicals by conducting a comparative DFT study, along with incorporating ADMET
analysis.
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CHAPTER 3

3. MATERIALS AND METHODS

3.1 Theoretical Background

To fully and precisely characterize the electronic system , the quantum mechanical method is
the only one that can be applied (Jensen, 2007). According to quantum mechanics, the wave
function can be used to determine a system’s observable properties. In other words, the wave
function provides valuable information about molecules, including dipole moments, polariz-
ability, and more (Sherrill, 2000). Thus, in principle, the molecular structure and its chemical
reactivity can be quantitatively predicted at a precise level by implementing the Schrödinger
equation. However, in fact, this objective is challenging to achieve due to mathematical and
computational diffculty, symboling the use of approximate techniques (Hehre, Ditchfield, &
Pople, 1972).

To understand chemical problems, methods based on either wave function theory (WFT) or
density functional theory (DFT) can be employed. The ab initio method is a non-empirical
computational approach used to estimate the structural and electronic properties of molecules.
Essentially, all quantum mechanical methods begin with the Schrödinger equation as their foun-
dational basis (Hehre et al., 1972). It is used to obtain the properties of non-relativistic quantum
systems from the given equation (Schrödinger, 1926):

ĤΨ(R,r) = EΨ(R,r) (3.1)

For a molecular system with N electrons and M nuclei, the Hamiltonian can be represented as:

Ĥ =− ℏ2

2me

N

∑
i=1

∇2
i −

M

∑
U=1

ℏ2

2MU
∇2

U +
1
2 ∑

i̸= j

e2

|ri − r j|
− 1

2 ∑
i,U

ZU e2

|ri −RU |
+

1
2 ∑

U ̸=V

ZU ZV e2

|RU −RV |
(3.2)

Where,
MU =U th nucleus mass
e = electron charge
me = electron mass
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The summation with U,V stands for nuclei and i, j stands for electrons. In this equation 3.2,
the first two terms represent the kinetic energies of the electrons and nuclei. The remaining
three terms include the attractive electrostatic potential between the electrons and nuclei, while
the last two terms account for the repulsive potentials between electron-electron and nucleus-
nucleus interactions.

The Schrödinger equation can only be completely solved for a single-particle system., but for
a two-electron or many electron system it cannot be solved exactly, so an approximation is
needed to be introduced. The ab initio (or first principles) approach, which is non-empirical,
is employed to accurately address the many-body problem. These calculations use the correct
Hamiltonian that depends on only the fundamental physical parameters. A commonly used
method is the Hartree-Fock Self-Consistent Field (SCF), ab initio calculation, which employs
an anti-symmetrized wave function.

3.1.1 Born-Oppenheimer approximation (BOA)

The pioneer approach required to simplify the Schrödi-nger equation is considered for Born-
Oppenheimer approximation the pioneer approach required to simplify the Schrödi-nger equa-
tion.In a many-body system, the interactions among electrons become more intricate and inten-
sify with the increasing number of electrons. Hence, to reduce the complexity, the electronic
and nuclear parts are taken diffrently .The masses of the nuclei are several times greater than
those of the electrons. Consequently, as noted by Born and Oppenheimer (1927), the kinetic
energy of the nuclei is negligible compared to that of the electrons, and the nuclear-nuclear
Coulomb repulsion can be considered constant. Now, the wave function can be interpreted as

Ψ(R,r) = ϕ(R)χ(r,R) (3.3)

where ϕ(R) denotes the wave function of the nucleus, and χ(r,R) represents the wave function
of the electron. The Schrödinger equation for the electronic part is as follows:

Ĥelχ(r,R) = Eelχ(r,R) (3.4)

where, the electronic Hamiltonian is,

Ĥ =− ℏ2

2m

N

∑
i=1

∇2
i +

1
2 ∑

i̸= j

e2

|ri − r j|
− 1

2 ∑
i,U

ZU e2

|ri −RU |
(3.5)

After adding the constant repulsion term(VNN):, the total energy of the system is
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Etot = Eel +VNN (3.6)

VNN =
1
2 ∑

U ̸=V

ZU ZV e2

|RU −RV |
(3.7)

Hϕ (R) = Eϕ (R) (3.8)

Solving these two equations provides the total energy of the system.

3.1.2 Hatree-Fock approximation

The BOA approximation simplifies the Schrödinger equation, separating the Hamiltonian into
two parts: electronic and nuclear. However, the Schrödinger equation is still unsolvable due to
the inter-electronic repulsion term, 1

2 ∑i̸= j
e2

|ri−r j| . The distance between electrons is difficult to
measure since their motions are correlated (Jensen, 2007).

Hartree and Fock solved the problem by considering electrons with no correlation. According
to the independent particle approximation introduced by Hartree (1928) (Hartree, 1928), a one-
electron molecular orbital (wave function) is assumed that each electron is influenced by the
average effective field created by the nuclei and all other remaining electrons. This assumption
is made for each electron, and the total wave function of the electrons in a many-body system
is approximately expressed as the product of N one-electron wave functions, as follows:

Ψ(r1,r2, . . . ,rn) = χ1(r1)χ2(r2) . . .χn(rn) (3.9)

It is referred to as a Hartree product. The energy of the system is subsequently estimated using
this wave function in the following manner::

HΨ(r1,r2, . . . ,rN) = EΨ(r1,r2, . . . ,rN) (3.10)

Since the wave function Ψ(r1,r2, . . . ,rN) derived from the Hartree product does not agree the
anti-symmetry property, it fails to describe fermions. Moreover, to incorporate the exchange
and correlation terms, Hartree’s method was further improved using the anti-symmetric nature
of electrons by Fock (1930). As a consequences, the approach is called as the Hartree-Fock
(H-F) approximation (Hartree, 1928). In the Hartree-Fock approximation, the wave functions
are arranged in a single Slater determinant for N spin-orbitals (Slater, 1937):
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Ψ =
1√
N!

∣∣∣∣∣∣∣∣∣∣
χ1(r1,s1) χ2(r1,s2) · · · χn(r1,sn)

χ1(r2,s1) χ2(r2,s2) · · · χn(r2,sn)
...

... . . . ...
χ1(rn,s1) χ2(rn,s2) · · · χn(rn,sn)

∣∣∣∣∣∣∣∣∣∣
(3.11)

This is the anti-symmetrized wave function which is used to describe electrons. Now the energy
expression is resulted by,

(Eel) = ⟨Ψ|Ĥ|Ψ⟩ (3.12)

The appropriate approximate wave function that corresponds to the minimum energy can be
determined using the variational theorem. Now, the Hartree-Fock energy expression is

EHF = ∑
u
⟨Ψ|h|Ψ⟩+ 1

2 ∑
uv
[uu|vv]− [uv|vu] (3.13)

where, for one-electron integral

∑
u
⟨Ψ|h|Ψ⟩=

∫
dx1Ψ∗

1(x1)h(r1)Ψx(x1)

and for two-electron integral

[uv|wx] =
∫

dx1dx2Ψ∗
u(x1)Ψv(x1)

1
r12

Ψ∗
w(x2)Ψx(x2)

Now, after minimizing and simplifying the Hartree-Fock energy expression, we get

h(x1)Ψu(x1)+ ∑
v̸=u

[∫
dx2|Ψv(x2)|2

1
r12

]
Ψu(x1)− ∑

v̸=u

[∫
dx2Ψ∗(x2)

1
r12

]
Ψu(x1) = εuΨu(x1)

(3.14)

where, εΨ is the energy related to Ψu, the initial term in the equation above that is

∑
v̸=u

[∫
dx2 |Ψv(x2)|2

1
r12

]
Ψu(x1)

is the Coulomb force of electrons and the next part

∑
v̸=u

[∫
dx2 Ψ∗(x2)

1
r12

]
Ψu(x1)

is the exchange term (Sherrill, 2000).
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Moreover, The HF approximation could not take the consideration for the correlation effect of
the electrons. It overestimates the total energy. Correlation is the coupling of electron motions
that decrease the electron-electron repulsion energy. Thus, correlation given the difference
between the Hartree-Fock energy and actual energy of the system (Hehre et al., 1972). Fur-
ther, many methods such as MP2, MP3, MP4, etc. were developed to account the correlated
molecular system (Hehre et al., 1972).

Correlated molecular system (Harrison, 2003). However, these methods rely on the wave func-
tion and these wave function consists the 4N coordinates system: 3N space coordinates and N

spin coordinate. Thus, it requires a large computational cost for a huge system. In contrast,
the density functional theory (DFT) method is grounded in the density of the electrons. Since
the electron density depends on only 3N space coordinates, it requires less computational cost
(Harrison, 2003; Baseden & Tye, 2014). Hence, it has become more widely used to address
many-body problems.

3.2 Density functional theory (DFT)

DFT is the most frequently employed quantum theory for determining the electronic struc-
ture of molecules, relying on the electron density ρ(r) not in many electron wave function
Ψ(r1,r2, . . .). It is applied to compute electronic ground state energy in terms of electron den-
sity. It has become the method of choice for theoretical physicists and chemists for determining
the structures, surfaces, defects, and electrical properties of solids over the last three decades
. The base of the DFT lies on the two theorems proposed by Hohenberg and Kohn (Kohn &
Sham, 1965)) and on the Kohn-Sham approximation (Hohenberg & Kohn, 1964). These can
be stated as follows:

3.2.1 Hohenberg-Kohn Theorem

Hohenberg-Kohn has been expressed in two theorems:

Theorem first: It states that "the ground state density determines the external potential uniquely".

ρ(r)→V (r) (3.15)

If for any electron body, the density ρ(r), potential V (r) and V ′(r) are associated to the N-
ground state different external potential H and be the respective Hamiltonian

H = T +U +Vee, H ′ = T +U ′+V ′
ee (3.16)

14



where,

T =−1
2

N

∑
i=1

∇2
i

U =
1
2 ∑

i ̸= j

1
|ri − r j|

The term defining interaction between electron-elctron is given by:

Vee = ∑
i

V (ri)

V ′
ee = ∑

i
V ′(ri)

If the energy linked with Ψ and Ψ′ are E and E ′ correspondingly, then, utilizing the variational
principle,

E = ⟨Ψ|H|Ψ⟩ ≤ ⟨Ψ|H ′|Ψ′⟩ (3.17)

≤ ⟨Ψ|H ′|Ψ′⟩+ ⟨Ψ|H −H ′|Ψ′⟩ (3.18)

≤ E ′+
∫

dr ρ(r)
[
V (r)−V ′(r)

]
(3.19)

and

E ′ = ⟨Ψ′|H ′|Ψ′⟩ ≤ ⟨Ψ|H ′|Ψ⟩ (3.20)

≤ ⟨Ψ|H|Ψ⟩+ ⟨Ψ|H ′−H|Ψ⟩ (3.21)

≤ E +
∫

dr ρ(r)
[
V ′(r)−V (r)

]
(3.22)

E ′ ≤ E +
∫

dr ρ(r)
[
V ′(r)−V (r)

]
(3.23)

Summing Equations 3.19 to 3.23, it becomes

E +E ′ ≤ dE +dE ′ (3.24)

which is a contradiction. Hence, the theorem is verified by reductio ad absurdum

Theorem second: It states that "the universal functional F [ρ0(r)], gives the true ground state
energy E0 when ρ(r) is the true minimum energy density for the initial density is the true
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ground state density". To the provided external potential Vex(r), energy is defined as

EHK[ρ(r),Vex] = T [ρ(r)]+Vee[ρ(r)]+
∫

Vex(r)ρ(r)dr (3.25)

where, the initial, second and third part in right hand side respectively represents kinetic energy
due to electron-nuclei interactions (K.E.), Coulomb potential energy of interacting electrons
and external potential energy i.e. because of interactions between electron and nuclei. Then,the
universal functional, F [ρ(r)], is given as

F(ρ) = T [ρ(r)]+Vee[ρ(r)] (3.26)

E(ρ) is assumed to be minimum energy for exact density, where

N =
∫

ρ(r)dr (3.27)

Now, the above equation can be written as F [ρ(r)] is stated as

EHK[ρ(r),Vex] = F [ρ(r)]+
∫

Vex(r)ρ(r)dr (3.28)

From the principle of minimal

E[ρ(r),Vex]≥ E[ρ0(r),Vex] = E (3.29)

The exact ground parameters are obtained by minimizing above with respect to electron density.
Nevertheless, obtaining exact energy functional is challenging since it is concerned with the
Kinetic energy associated with the electrons. The F [ρ(r)], is further solved by employing
Kohn-Sham approach (Kohn & Sham, 1965).

3.2.2 Kohn-Sham approach

Accurately determining the kinetic energy related to density remains challenging. However,
it is easy to calculate in terms of wavefunction. Thus, Kohn & Sham (1965) considered an
interacting electronic system to a non-interacting such that it gives the exact density of the real
interacting system . The K-S stated the universal functional as follows (Kohn, Becke, & Parr,
1996):

F [ρ(r)] = Ts[ρ(r)]+ JH [ρ(r)]+EXC[ρ(r)] (3.30)
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In expression given above, where

Ts[ρ(r)] = K.E. for non-interacting particle

JH [ρ(r)] =
1
2

∫∫ ρ(ri)ρ ′(r j)

|ri − r j|
dridr j

= energy resulting from the electrons’ coulomb electrostatic interaction

EXC[ρ(r)] = exchange-correlation energy

Also, EXC is stated as,

EXC = ∆T [ρ]+∆V [ρ]

Where’
∆T [ρ] = T [ρ]−Ts[ρ]

∆V [ρ] =Vee − JH [ρ(r)]

Now, the energy functional can be written as

E[ρ] = Ts[ρ]+
∫

Vex(r)ρ(r)dr+ JH [ρ(r)]+EXC[ρ(r)] (3.31)

where, Ts[ρ(r)] = ∑N
i
∫

ψ∗
i
(
−1

2∇2)ψ(i)dr

The minimum energy is obtained by differentiating the total energy corresponding to electron
density, ρ(r) i.e. δ [E(ρ)] = 0. Now, the Kohn-sham equation is derived using lagrange unde-
termined multipliers method employing constrain as follows:

δ [E(ρ)−λN] = 0 (3.32)∫ δ
δρ(r)

[E(ρ)−λN]δρ(r)dr = 0 (3.33)

where, λ = lagrange multiplier and constrain is
∫

ρ(r)dr = N
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∫ δTs[ρ(r)]
δρ(r)

δρ(r)dr+
∫ δVex(r)ρ(r)

δρ(r)
δρ(r)dr+

∫ δ
δρ(r)

[
ρ(r)ρ ′(r j)

|r− r′|

]
δρ(r)dr′ dr

+
∫ δEXC[ρ(r)]

δρ(r)
δρ(r)dr−λ

∫ δρ(r)
δρ(r)

δρ(r)dr = 0

(3.34)

∫ [
δ

δρ(r)
Ts[ρ(r)]+Vex(r)+

∫ ρ(r′)
|r− r′|

dr′+
δEXC[ρ(r)]

δρ(r)
−λ

]
δρ(r)dr = 0 (3.35)

Now, as stated by Kohn and Sham’ theory, the terms in the bracket in the above equation can
be described by one-dimensional Schrodinger for non-interacting reference system as follows:

[(
−1

2
∇2

)
+VKS

]
ψi = εiψi (3.36)

where, VKS = JH(r)+Vex(r)+VXC(r)

And,
δ

δρ(r)
[Ts[ρ(r)]] =−1

2
∇2

i

Here,

JH(r) =
∫ ρ(r′)

|r− r′|
dr′,

VXC(r) =
δ

δρ(r)
[EXC[ρ(r)]]

λ = εi

ρ(r) =
N

∑
i=1

|ψi|2

Finally, the arbitrary density is taken and VKS is determined. This VKS is used to find out the
wavefunction and ultimately, the electron density. The process is repeated unless, the VKS and
ρ(r) is converged (Bretonnet, 2017).

Now to determine the exchange-correlation energy item EXC, the approximation required. The
most widely used approximations for the exchange-correlation functional are the local density
approximation (LDA), the generalized gradient approximation (GGA), and hybrid functionals.

3.2.3 Local density approximation (LDA)

LDA is the most simple approximation proposed by Kohn & Sham (1965). It is suitable in the
context where the density for the system remains almost uniform . According to this approxi-
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mation, the exchange-correlation term is expressed as:

ELDA
XC [ρ(r)] =

∫
ρ(r)εXC[ρ(r)]dr (3.37)

where εXC[ρ(r)] denotes the exchange-correlation energy of each electron of interacting system
and ρ(r) is the density of electron in that homogeneous system. Within this approximation, the
exchange energy functional is calculated using Dirac (1930) approach and correlation energy
employing quantum Monte-Carlo (QMC) simulations (Bretonnet, 2017).

3.2.4 Generalized gradient approximation (GGA)

LDA can account good for only a homogeneous system. However it is not applicable for inho-
mogeneous and thermochemistry system where as GGA can account good for thermochemistry
(Bretonnet, 2017). GGA has been developed for real system, where the distribution of electrons
may not be uniform. Thus, for inhomogeneous, thermochemistry and solid state system, GGA
is stated by:

EGGA
XC [ρ(r)] =

∫
f [ρ(r),∇ρ(r)]dr (3.38)

where, ∇ρ(r) represent the gradient of ρ(r). Moreover, exchange functional is computed em-
ploying the method provided by Becke (1988) and the methods of calculation of correlation
functional are Perdew (1986), etc.

3.2.5 Hybrid functionals

The hybrid functional is the combination of both LDA and GGA approximations. The fre-
quently used hybrid functional is the B3LYP functional (Becke, 1988). B3LYP means Becke
3-parameter Lee, Yang, and Parr, which is composed of both exchange and correlation func-
tional. The hybrid exchange-correlation term is defined as follows:

Ehybrid
xc = aEHF

x +(1−a)ELDA
x + cEGGA−PBE

x +ELDA−PBE0
c (3.39)

where A, B, and C are parameters that provide the computed energy with the best fit to molecular
atomization energies. The other terms in the right hand side like; the first two terms indicate
the H-F exchange energy function based on KS orbitals, third, fourth and fifth term represent
the Becke 88 exchange functional, the homogenous electron gass exact correlation component
in LDA and the LYP correlation functional, respectively
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3.3 Basis set

The wave function corresponding to a system is constructed using molecular orbitals. A math-
ematical representation of molecular orbitals (MOs) is a basis set, that is a linear combination
of basis functions. The atomic orbitals often represent the basis function (Hehre et al., 1972).
The molecular orbital ψ is presented in basics of basis functions ϕi as given below:

ψi =
N

∑
j=1

ci jϕ j (3.40)

where c(i j , the coefficients of the MOs expansion, Slater-type and Gaussian-type orbitals can
be considered as the most prevalent orbitals.

3.3.1 Slater and Gaussian-type orbitals

The solution obtained of Hartree-Fock equations is the atomic orbital known as wave function
for a single electron in an atom. The wave function is subsequently means the basis function.
Currently, Slater Type Orbitals (STO) and Gaussian Type Orbitals (GTO), both are the two
most widely employed basis functions.

Slater-type orbitals have been stated as:

using spherical polar coordinates

ψSTO
nlm (r,θ ,ϕ) = Nrn−1e−β rYlm(θ ,ϕ) (3.41)

where, N represent the normalization constant; n being principal quantum, l is angular mo-
mentum and m is a magnetic quantum number; β is orbital exponent that controls the width of
orbitals.

In cartesian coordinate,

ψSTO
nlm (r,θ ,ϕ) = Nxnylzne−β rYlm(θ ,ϕ) (3.42)

The exponential term has a more significant role in STO. With an expanding number of func-
tions, the exponential dependence assures a surprisingly quick convergence. STOs are mostly
employed in semi-empirical approaches and for atomic and diatomic systems.

Gaussian-type orbitals have been defined as:

In polar coordinate,
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ψGTO
nlm (r,θ ,ϕ) = Nnlmrn−1e−β r2

Ylm(θ ,ϕ) (3.43)

where, Nnlm denotes the normalization constant, r2 = x2 + y2 + z2 and l,m,n are the integral
exponentials.

In cartesian coordinate,

ψGTO
nlm (x,y,z) = Nxnxynyznze−β r2

(3.44)

The GTOs functions exhibit no cusp behavior at the nucleus, that is, slope is zero when r tends
to zero, whereas STOs exhibit the proper cusp behavior, and when r tends to infinity, that is, in
the tail regions, GTOs fall off rapidly while STOs decay exponentially (Perdew, 1986).

3.3.1.1 Minimal and split valence basis set

The minimal basis set is such that includes the minimum functions for representating an atomic
orbital of an atom . The STO-3G minimal Basis set is the simplest basis set that consists of
a single function, 1s. The one basis function, 1s, is used to express the hydrogen and helium
atoms; five basis functions, i.e., 1s, 2s, 2px, 2py, and 2pz, to represent atoms from Lithium to
neon; and nine basis functions, i.e., 1s, 2s,2px, 2py, 2pz 3s,3px, 3py, 3pz, for atoms from sodium
to argon. Further, the minimum basis set can be improved by adding extra basis functions, i.e.,
double-zeta or triple-zeta basis sets or so on. so, double-zeta basis is obtained by adding one
extra basis function to the existing one, so it has twice as many functions as the previous ones.
Similarly, the triple-zeta basis is obtained by adding two to the previous set, so it has three
times as many functions as the previous ones (Hehre et al., 1972).

In a split-valence basis set, core and valence electrons are described separately. Popel and his
colleagues created the n-ijG and n-ijkG Gaussian basis sets. Each valence orbital in this basis
set has two or more basis functions of various sizes (Binkley, Pople, & Hehre, 1980). The
double-zeta split valence basis set, n-ijG is referred to as a double-zeta split valence basis set,
in which core orbitals are described by a linear combination of n Gaussian-type orbitals, while
valence orbitals are represented by two separate orbitals: one composed of a linear combination
of i-Gaussians and the other of j-Gaussians. Similarly, in triple-zeta split valence basis set,
n-ijkG. Some examples of the split valence basis set are 3-21G, 6-31G, 6-311G, etc. The
linear combination of primitive Gaussian-type orbitals is referred to as contracted Gaussian-
type orbitals (CGTOs). CGTOs can be used to describe the core electrons, which reduces the
computational cost (Hohenberg & Kohn, 1964).
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ψCGTO
nlm (x,y,z) =

n

∑
i=1

cixlymzne−β r2
(3.45)

3.3.2 Polarization and diffuse function

For anisotropic charge distribution, only increasing the basis set to double or triple or higher-
zeta basis set may not improve the result. However, the result can be promoted by adding the
orbital of greater momentum compared to the adjusted one, known as the polarized basis. For
example, basis function p can be added to s occupied orbital and d can be added to p orbital, so
that the occupied orbitals are polarized. The examples of polarized basis sets are 6-311G*/6-
311G(d),6-311G**/ 6-311G(d,p), etc. Here, 6-311G* represents that polarized function has
been added to the heavy atoms and 6-311** represents that polarized function has been added
to both hydrogen as well as heavy atoms.

Moreover, for the system which may characterize with either of the properties like as, lone
pair, anions, a lot of negative charge or low ionization potentials, the result can be improved
using diffuse functions. The diffuse function is the additional s and p-type orbitals to the atoms.
The examples of diffuse functions are 6-31+, 6-31++ etc.Here, 6-31+ denotes the addition of a
diffuse function for heavy atoms, while 6-31++ indicates the inclusion of diffuse functions for
both hydrogen and heavy atoms (Krishnan, Binkley, Seeger, & Pople, 1980)).
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3.4 Used Materials

3.4.1 Gaussian 16W

Gaussian 16W is the latest version of the Gaussian program, a sophisticated computational
chemistry software tool used to model, simulate, and conduct various quantum chemical cal-
culations of atoms, molecules, and other reactive systems. John Pople and his colleagues at
Carnegie Mellon University initially released this software under the name Gaussian 70 in 1970
(Frisch et al., 2009). Due to this significant development, which has made substantial contribu-
tions to the field, Pople was decorated with the Nobel Prize in the field of Chemistry in 1998 for
his contributions in developing computational methods in quantum chemistry (Salahub et al.,
1991). Since its release, Gaussian has been revised and updated multiple times and has become
widely popular and useful among chemists, chemical engineers, physicists, biochemists, and
other researchers due to its increasing credibility, reliability, cost-efficiency, and time-efficiency
features. This versatile software offers advanced capabilities for predicting energies, structures,
vibrational frequencies, transition states, and various other significant properties of chemical
systems based on ab initio calculations, including Hartree-Fock (HF) & Post-Hartree-Fock
methods, Density Functional Theory (DFT), semi-empirical methods, molecular dynamics, and
other hybrid methods (Frisch et al., 2009). Furthermore, It is capable of generating theoreti-
cal spectra, including UV-Vis, IR, and NMR, that could be directly leveled with experimental
data. This feature is highly valuable for analyzing experimental outcomes and confirming the
accuracy of computational models.

3.4.2 GaussView 6

GaussView 6 is the Graphical User Interface (GUI) for Gaussian, with the number six indicating
its latest edition. It allows users to observe molecules from all possible angles in 3D, enabling
zooming, rotating, and even altering the bond lengths, angles between various bonds of various
atoms within the molecules. It generates Gaussian files of the molecules or atoms, which
serve as input files to execute optimization and desired calculations based on various principles
within Gaussian. It facilitates easy visualization of the results and allows for more detailed
analysis by displaying molecular orbitals, electrostatic molecular potential, electron density
maps, vibrational modes, and other properties. Additionally, it includes features for visualizing
different spectra and interpreting them. This latest version offers enhanced visualization and
supports more complex molecular systems.

3.4.3 GaussSum 3.0

GaussSum 3.0 is a graphical user interface (GUI) and post-processing tool in computational
chemistry, capable of analyzing and visualizing the output of electronic structure calculations
conducted using Gaussian. It can be used to analyze spectra, such as UV-Vis absorption spectra
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and IR spectra, visualize molecular orbitals, and handle data from Gaussian results. It is robust
software for analyzing theoretical calculation data from Gaussian.

3.4.4 SwissADME and ProTox-3.0

For a compound to be an applicable medicine, it should exhibit high biological interaction, min-
imal toxicity, and be able to reach and maintain an appropriate concentration at the therapeutic
target in the body. Considering all these factors, an ADME study is crucial in the development
of novel lead compounds (Tetko et al., 2006). A molecules pharmacokinetic properties are ad-
dressed in ADME studies, covering absorption, distribution, metabolism, and excretion; these
are crucial elements in contemporary drug development. The applications of in silico methods
via online platforms upgrades ADME investigation much easier in today’s context (Balani et
al., 2005).

SwissADME is a tool based on the web developed and regulated by the molecular model-
ing group belonging to the Swiss Institute of Bioinformatics (SIB), available free of charge
at [http://www.swissadme.ch] (Daina, Michielin, & Zoete, 2017). It enables the prediction
of ADME parameters, pharmacokinetics, drug-likeness, and medicinal chemistry suitability,
along with the computation of physicochemical descriptors for small molecules in drug dis-
covery. According to the official site, the main motive behind SwissADME is to provide open
availability to a number of parameters and anticipatory algorithms to compute & estimate the
druglikeness of small molecules (Daina et al., 2017). SwissADME’s accessibility allows re-
searchers of all levels to utilize it for their studies. Extra care should be exercised if the platform
is employed for non-drug-related activities.

ProTox-3.0 is also a web-based tool and it is builted by the Computational Toxicology Group at
the Charité University Hospital in Berlin, Germany (Banerjee, Kemmler, Dunkel, & Preissner,
2024). The full form of ProTox is "Prediction of Toxicity". It integrates various modern and ad-
vanced algorithms to estimate and forecast toxicity endpoints, taking account of acute toxicity,
hepatotoxicity, cytotoxicity, carcinogenicity, mutagenicity, immunotoxicity, adverse outcome
pathways (Tox21), and toxicity targets. It provides a free, no-login-required web server for in-

silico toxicity projection and estimation at https://tox.charite.de/proTox-3.0 (Drwal, Banerjee,
Dunkel, Wettig, & Preissner, 2014). Users can input two-dimensional chemical structures and
receive a toxicity logs for thirty-three models, along with confidence marks and a comprehen-
sive radar chart for toxicity.

3.4.5 Jupyter Notebook

Jupyter Notebook is an interactive browser-based tool that is very useful for writing and dis-
playing code, showing the outputs generated by the code, and adding commentary about the
code. It supports multiple programming languages, but Python is preferred by most users. It
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is a very useful tool in STEM fields for analyzing data, performing computations, and pre-
senting results in a well-organized and clear manner. In our research, it is used to plot spectra
graphs, which consist of a large number of coordinates and would be too time-consuming to do
manually.
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3.5 Methods

3.5.1 DFT calculations

Initially, the 3D structure files for allicin and trigonelline were first retrieved in SDF format
from the PubChem website and then imported into GaussView 6 software. After that, by us-
ing the GaussView 06 Software, the Gaussian input files for Allicin and Trigonelline were
generated. These molecules were then optimized, followed by quantum chemical calcula-
tions using the DFT method at the Becke 3-parameter, Lee-Yang-Parr (B3LYP)/6-311++G(d,p)
level of calculation, by employing Gaussian 16W software. Negative frequencies were elimi-
nated by reoptimizing the molecules. Different molecular characteristics namely; Dipole mo-
ment, Mulliken charges, Molecular electrostatic potential (MEP), Highest occupied molecu-
lar orbital (HOMO), Lowest unoccupied molecular orbital (LUMO), and optimized parame-
ters, were computed. For spectral analysis, UV-Vis spectra was produced implementing the
time-dependent (TD)-DFT method at the same level of calculation. Throughout the work,
GaussView 6 and GaussSum 3.0 were employed for visualization and further detailed analysis,
while Jupyter Notebook was used for plotting graphs manually with the produced coordinates.

3.5.2 Drug likeliness and Toxicity prediction

The absorption, distribution, metabolism, excretion, and toxicity (ADMET) of these molecules
were computed with the help the SwissADME and ProTox-3.0 websites by entering the canoni-
cal SMILES of these molecules taken from the PubChem website [https://pubchem.ncbi.nlm.ni-
h.gov/]. These calculations helped evaluate their physicochemical, lipophilic, pharmacokinetic,
medicinal chemistry friendliness and drug-likeness parameters, along with their potential harm-
fulness to the human body.
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CHAPTER 4

4. RESULTS AND DISCUSSION

4.1 Geometry optimization and stability analysis

Allicin and Trigonelline were optimized using the 6-311++G(d,p) basis set at the B3LYP level
of approximation, and the optimized molecular conformation of these molecules with atomic
numbering in a neutral state is presented in Figure 3.

Figure 3: Optimized structure and numbering for (A) Allicin and (B) Trigonelline.

The optimized parameters i.e bond angles, bond length and Tetrahedral angle of allicin and
trigonelline from their optimized structures are tabulated below in Table 1 and 2, respectively.
In Allicin, there are five types of bonds in the optimized structure: S–S, S–O, S–C, C=C, and
C–H. The bond between sulfur and oxygen is a coordinate covalent bond where sulfur donates
its lone pairs of electrons to oxygen (S → O). There are two double coordinate covalent bonds
between carbon atoms, while all other bonds are single covalent bonds. The results of the calcu-
lations show that the longest bond in the system is the S(1)–S(2) bond, which is 2.2358 Å, and
the shortest bond is the C(8)–H(16) bond at 1.0838 Å. The highest bond angle corresponds to
C(5)–C(7)–C(9), and the highest dihedral angle corresponds to H(14)–C(6)–C(8)–H(17). The
lowest bond angle and dihedral angle correspond to S(1)–S(2)–C(5) and C(4)–C(6)–C(8)–H(17),
respectively.

In trigonelline, there are four types of bonds in the optimized structure: C–O, N–C, C–C,
and C–H. Among these bonds, there are four coordinate covalent bonds, four double covalent
bonds, and the rest are single covalent bonds. The results of the calculations show that the
longest bond in the system is the C(5)=C(10) bond, which is 1.5669 Å, and the shortest bond
is the C(6)–H(12) bond at 1.0811 Å. The highest bond angle corresponds to O(1)–C(10)–O(2),
and the highest dihedral angle corresponds to C(4)–C(5)–C(7)–H(13). The lowest bond angle
and dihedral angle correspond to N(3)–C(8)–H(14) and C(4)–N(3)–C(6)–C(9), respectively.
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Table 1: Optimized parameters of the Allicin.

Bond
Bond

Length (Å)
Bond Angle

Bond Angle
Value (◦)

Dihedral Angle
Diahedral

Angle
Value (◦)

S(1)-S(2) 2.2358 S(2)-S(1)-O(3) 107.1004 O(3)-S(1)-S(2)-C(5) 11.8059
S(1)-O(3) 1.5081 S(2)-S(1)-C(4) 99.1966 C(4)-S(1)-S(2)-C(5) -97
S(1)-C(4) 1.8814 O(3)-S(1)-C(4) 104.9014 S(2)-S(1)-C(4)-C(6) -76.1267
S(2)-C(5) 1.8459 S(1)-S(2)-C(5) 97.9715 S(2)-S(1)-C(4)-H(10) 163.5385
C(4)-C(6) 1.4899 S(1)-C(4)-C(6) 111.8565 S(2)-S(1)-C(4)-H(11) 48.4887
C(4)-H(10) 1.0932 S(1)-C(4)-H(10) 101.8166 O(3)-S(1)-C(4)-C(6) 173.3048
C(4)-H(11) 1.0891 S(1)-C(4)-H(11) 106.6849 O(3)-S(1)-C(4)-H(10) 52.97
C(5)-C(7) 1.4951 C(6)-C(4)-H(10) 112.4935 O(3)-S(1)-C(4)-H(11) -62.0797
C(5)-H(12) 1.0908 C(6)-C(4)-H(11) 113.4626 S(1)-C(5)-C(7)-C(9) 110.5418
C(5)-H(13) 1.0995 H(10)-C(4)-H(11) 109.7666 S(1)-C(5)-C(7)-H(15) -126.3868
C(6)-C(8) 1.3325 S(2)-C(5)-C(7) 113.2703 S(1)-C(5)-C(7)-H(13) -11.8078
C(6)-H(14) 1.0873 S(2)-C(5)-H(12) 106.2698 S(1)-C(4)-C(6)-C(8) 106.7359
C(7)-C(9) 1.3315 S(2)-C(5)-H(13) 105.2648 S(1)-C(4)-C(6)-H(14) -72.3288
C(7)-H(15) 1.0874 C(7)-C(5)-H(12) 111.7487 H(10)-C(4)-C(6)-C(8) -139.3791
C(8)-H(16) 1.0838 C(7)-C(5)-H(13) 111.7279 H(10)-C(4)-C(6)-H(14) 41.5562
C(8)-H(17) 1.0847 H(12)-C(5)-H(13) 108.1461 H(11)-C(4)-C(6)-C(8) -14.0162
C(9)-H(18) 1.0838 C(4)-C(6)-C(8) 124.2136 H(11)-C(4)-C(6)-H(14) 166.9191
C(9)-H(19) 1.0858 C(4)-C(6)-H(14) 116.3564 S(2)-C(5)-C(7)-C(9) 115.3243

C(8)-C(6)-H(14) 119.4235 S(2)-C(5)-C(7)-H(15) -65.464
C(5)-C(7)-C(9) 124.313 H(12)-C(5)-C(7)-C(9) -4.6694
C(5)-C(7)-H(15) 116.1254 H(12)-C(5)-C(7)-H(15) 174.5424
C(9)-C(7)-H(15) 119.5569 H(13)-C(5)-C(7)-C(9) -125.9972
C(6)-C(8)-H(16) 121.2919 H(13)-C(5)-C(7)-H(15) 53.2146
C(6)-C(8)-H(17) 121.6951 C(4)-C(6)-C(8)-H(16) -179.6359
H(16)-C(8)-H(17) 117.013 C(4)-C(6)-C(8)-H(17) 0.4429
C(7)-C(9)-H(18) 121.545 H(14)-C(6)-C(8)-H(16) -0.5981
C(7)-C(9)-H(19) 121.6023 H(14)-C(6)-C(8)-H(17) 179.4807
H(18)-C(9)-H(19) 116.8519 C(5)-C(7)-C(9)-H(18) 178.7259

C(5)-C(7)-C(9)-H(19) -0.9367
H(15)-C(7)-C(9)-H(18) -0.4605
H(15)-C(7)-C(9)-H(19) 179.8768
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Table 2: Optimized parameters of the Trigonelline.

Bond
Bond

Length
(Å)

Bond Angle
Bond Angle

Value (◦)
Dihedral Angle

Diahedral
Angle

Value (◦)
O(1) - C(10) 1.245 C(4) - N(3) - C(6) 120.6725 C(6) - N(3) - C(4) - C(5) -0.0853
O(2) - C(10) 1.239 C(4) - N(3) - C(8) 119.6374 C(6) - N(3) - C(4) - H(11) 179.7969
N(3) - C(4) 1.3532 C(6) - N(3) - C(8) 119.651 C(8) - N(3) - C(4) - C(5) 177.633
N(3) - C(6) 1.3575 N(3) - C(4) - C(5) 121.5058 C(8) - N(3) - C(4) - H(11) -2.4848
N(3) - C(8) 1.477 N(3) - C(4) - H(11) 118.9172 C(4) - N(3) - C(6) - C(9) -0.0118
C(4) - C(5) 1.3839 C(5) - C(4) - H(11) 119.5768 C(4) - N(3) - C(6) - H(12) -179.9509
C(4) - H(11) 1.0836 C(4) - C(5) - C(7) 118.2383 C(8) - N(3) - C(6) - C(9) -177.7298
C(5) - C(7) 1.3923 C(4) - C(5) - C(10) 118.874 C(8) - N(3) - C(6) - H(12) 2.3311
C(5) - C(10) 1.5669 C(7) - C(5) - C(10) 122.8876 C(4) - N(3) - C(8) - H(14) 29.1223
C(6) - C(9) 1.379 N(3) - C(6) - C(9) 120.2772 C(4) - N(3) - C(8) - H(15) 148.6836
C(6) - H(12) 1.0811 N(3) - C(6) - H(12) 116.4228 C(4) - N(3) - C(8) - H(16) -90.7876
C(7) - C(9) 1.3979 C(9) - C(6) - H(12) 123.2999 C(6) - N(3) - C(8) - H(14) -153.1358
C(7) - H(13) 1.0848 C(5) - C(7) - C(9) 119.8685 C(6) - N(3) - C(8) - H(15) -33.5746
C(8) - H(14) 1.0877 C(5) - C(7) - H(13) 117.4889 C(6) - N(3) - C(8) - H(16) 86.9542
C(8) - H(15) 1.0886 C(9) - C(7) - H(13) 122.6424 N(3) - C(4) - C(5) - C(7) 0.033
C(8) - H(16) 1.091 N(3) - C(8) - H(14) 108.9159 N(3) - C(4) - C(5) - C(10) 179.9277
C(9) - H(17) 1.0828 N(3) - C(8) - H(15) 109.4185 H(11) - C(4) - C(5) - C(7) -179.8485

N(3) - C(8) - H(16) 109.6833 H(11) - C(4) - C(5) - C(10) 0.0463
H(14) - C(8) - H(15) 109.4135 C(4) - C(5) - C(7) - C(9) 0.1129
H(14) - C(8) - H(16) 109.5698 C(4) - C(5) - C(7) - H(13) 179.9804
H(15) - C(8) - H(16) 109.8221 C(10) - C(5) - C(7) - C(9) -179.7774
C(6) - C(9) - C(7) 119.4373 C(10) - C(5) - C(7) - H(13) 0.0901
C(6) - C(9) - H(17) 118.8525 C(4) - C(5) - C(10) - O(1) -0.7668
C(7) - C(9) - H(17) 121.71 C(4) - C(5) - C(10) - O(2) 179.2032
O(1) - C(10) - O(2) 133.6283 C(7) - C(5) - C(10) - O(1) 179.1228
O(1) - C(10) - C(5) 112.9129 C(7) - C(5) - C(10) - O(2) -0.9072
O(2) - C(10) - C(5) 113.4589 N(3) - C(6) - C(9) - C(7) 0.1569

N(3) - C(6) - C(9) - H(17) -179.7113
H(12) - C(6) - C(9) - C(7) -179.9083
H(12) - C(6) - C(9) - H(17) 0.2235
C(5) - C(7) - C(9) - C(6) -0.2071
C(5) - C(7) - C(9) - H(17) 179.6572
H(13) - C(7) - C(9) - C(6) 179.9325
H(13) - C(7) - C(9) - H(17) -0.2033
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The geometrical parameters were calculated that includes total energy (global minimum en-
ergy), dipole moment, the RMS Cartesian force and the maximum Cartesian force of the
molecules are shown in Table 3.

The smaller values of the root mean square (RMS) Cartesian force and maximum Cartesian
force relects that the compounds under study have gained their stable geometries and confor-
mation (Kudin & Scuseria, 2000). The total energy( Global Minimunm energy) for Allicin
(-1106.3181 Hartrees) is relatively lower than Trigonelline (-476.26062 Hartrees) which signi-
fies that Allicin has more stabilty than Trigonelline. Unstable drug molecules may have low
bioavailability, a short shelf life, and may not maintain their intended structure and function
over time, leading to inconsistent efficacy and potential safety issues as they decompose into
byproducts and lose their therapeutic effects (Snape, Astles, & Davies, 2010; Haneef, Amir,
Sheikh, & Chadha, 2023). Comparing the stability based on global minimum energy, Allicin
could be a comparatively better potential drug candidate than Trigonelline.

The dipole moment reveals the distribution of charges within a molecule, offering insight into
how charge moves throughout its structure (Noureddine, Issaoui, & Al-Dossary, 2021). The
computed value of the dipole moment for Allicin is 2.7117 Debye while for Trigonelline is
14.4698 Debye, respectively. The huge difference in dipole moments of two molecules sug-
gests stronger intermolecular interaction of Trigonelline compounds promoting the formation
of number of hydrogen bonds than that of Allicin (Issaoui, Ghalla, Muthu, Flakus, & Oujia,
2015). Molecules with higher dipole values enhance solubility and bioavailability but may
reduce permeability; both are essential for a chemical to be a drug, so the appropriate dipole
value should be chosen based on the specific use case (Pereira & Aires-de Sousa, 2018).

Allicin and Trigonelline can participate in interaction with proteins via dipole-dipole interac-
tions, impacting the binding energy of the system, which can be affected by the dipole. (Lien,
Guo, Li, & Su, 1982).

Table 3: Calculated total energy, dipole moment, RMS cartesian force, and maximum cartesian
force of Allicin and Trigonelline.

Molecules
Total energy
(E)

Dipole moment
(µ)

RMS cartesian
force
(Hartrees/Bohr)

Maximum carte-
sian Force
(Hartrees/Bohr)

Allicin -1106.3181 2.7117 6.74×10−7 1.809×10−6

Trigonelline -476.26062 14.4698 1.474×10−6 8.738×10−6

4.2 Molecular electrostatic potential

MEP maps are helpful to interpret the reactive properties of molecules related to electrophilic
and nucleophilic attacks and intermolecular interactions (Demircioğlu, Kaştaş, & Büyükgüngör,
2015). The reactive electrophilic sites and reactive nucleophilic sites: both helps in the forma-
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tion of hydrogen bonds (Taghour et al., 2022). The corresponding MEP maps along with con-
tour lines for Allicin and Trigonelline is shown in the figure 4 and 5 respectively. Molecullar
electrostatic potential diagram displays diffrent level of electrostatic potential regions through
color labelling. The color coding of MEP map illustrates the electrostatic potential, with red
indicating the highest potential regions with strong attraction, followed by yellow, green, and
blue for progressively lower potentials with strong repulsion. For Allicin, the potential ranges
from -0.88 a.u. (red) to 0.88 a.u. (blue), while for Trigonelline, it ranges from -0.16 a.u. (red)
to 0.16 a.u. (blue). Yellow and green represent neither more postive nor more negative levels
of electrostatic potential i.e they represents almost neutral level.

The oxygen atom O3 in Allicin shows the most negative charges while O1 and O2 in Trigonelline
have the maximum negative charges, denoting nucleophilic sites. The most positive areas are
situated around the vicinity of the hydrogen atoms H10, H14, and H17 in Allicin, and H12,
H15, H16, and H17 in Trigonelline, signifying potential sites for electrophilic attack. Addi-
tionally, both sulfur atoms in Allicin have considerable negative potential regions in their sur-
roundings. Therefore, these sites has significant role in the biological activities of the molecule
and process of formation of intermolecular hydrogen bonds within crystal packing (Lien et al.,
1982).

Additionally, both positive and negative potential regions are evident in the vicinity of the car-
bon atoms in each of the molecules, reflecting a complex distribution of electrostatic potential
in these areas.

Figure 4: Molecular electrostatic potential map with contour lines for Allicin.
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Figure 5: Molecular electrostatic potential map with contour lines for Trigonelline.

4.3 Mulliken atomic charges

Mulliken atomic charges, which estimate the partial charges on the atoms within the molecule,
are valuable to understand how molecules react, particularly in terms of electrophilic and nu-
cleophilic attacks (Demircioğlu et al., 2015). This approach is commonly applied in quantum
chemical calculations due to its importance in determining a molecule’s polarizability, elec-
tronic structure, dipole moment, and other critical properties (Taghour et al., 2022). The Mul-
liken atomic charge distributions for Allicin and Trigonelline are presented in Table 4. The
comparative bar graph for mulliken charges of both compound is shown in the Figure 6.

For Allicin, Mulliken charges indicate that oxygen atoms carry negative charges, while hydro-
gen atoms are positively charged. Sulfur and carbon atoms show both negative and positive
charges. In Trigonelline, oxygen atoms also bear negative charges, but nitrogen and hydro-
gen atoms are positively charged, with carbon atoms exhibiting a mix of negative and positive
charges.

Mulliken charge with the highest positive value has great importance. In Allicin, this value
is found on sulfur atom S1 and in Trigonelline it is found in carbon atom C5. Conversely,
the smallest negative charges are presented in the carbon atoms C4 in Allicin and C10 in
Trigonelline. Among hydrogen atoms, the majority of the Mulliken charge is concentratd in
hydrogen atom H10 in Allicin and on H13 in Trigonelline.
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These charge distributions highlight the polar nature of both Allicin and Trigonelline molecules.
The presence of electrophilic and nucleophilic sites makes them potentially reactive with other
biological molecules, which may impact their interactions and biological activity in the human
body. Such detailed charge analysis can help predict their behavior in biochemical pathways
and assess their potential therapeutic effects (Taghour et al., 2022).

Table 4: Mulliken atomic charges for Allicin and Trigonelline.

Allicin Trigonelline
Atom Charge Atom Charge
S1 0.488464 O1 -0.429286
S2 -0.148803 O2 -0.403156
O3 -0.433046 N3 0.228406
C4 -0.557744 C4 -0.454513
C5 -0.512805 C5 0.562004
C6 0.187149 C6 -0.108680
C7 0.209507 C7 0.327271
C8 -0.461630 C8 -0.319916
C9 -0.476818 C9 -0.387145
H10 0.249467 C10 -0.513691
H11 0.238051 H11 0.253450
H12 0.158217 H12 0.183022
H13 0.200581 H13 0.271465
H14 0.165550 H14 0.185832
H15 0.165957 H15 0.159585
H16 0.134143 H16 0.226715
H17 0.123367 H17 0.218638
H18 0.137185
H19 0.133208
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Figure 6: Mulliken atomic charge distributions of Allicin and Trigonelline.

4.4 Frontier molecular orbitals

Electronic absorption (UV-Vis) spectra for these two compounds were calculated using the
TD-DFT method at the B3LYP/6-311++G(d,p) level, as shown in Figures 7 and 8. For Allicin,
the wavelengths 265.75 nm and 389.6 nm correspond to its electronic transitions. Notably, the
transition with the highest oscillatory strength occurs at 289 nm, attributed to the transition from
the electron donating orbital (HOMO) to the electron accepting orbital (LUMO), as detailed in
Table 5. Trigonelline, on the other hand, shows a wavelength of 527.9 nm, with the maximum
oscillatory strength observed at 528 nm, which is associated with the transition from HOMO-2
to LUMO.

Table 5: Calculated electronic properties of Allicin and Trigonelline.

Compound Wavelength (nm) Oscillatory strength Contributions

Allicin

340 0.0071 HOMO → LUMO (95%)
289 0.008 HOMO-1 → LUMO (91%)

HOMO-4 → LUMO (3%)
HOMO-3 → LUMO (2%)

262 0.02 HOMO → LUMO+1 (87%)
HOMO → LUMO+2 (8%)

Trigonelline
642 0.0 HOMO → LUMO (99%)
637 0.0 HOMO-1 → LUMO (98%)
528 0.0162 HOMO-2 → LUMO (99%)

The frontier molecular orbitals (FMOs) are employed to predict reactivity. In these orbitals,
the green regions around the atoms represent negative charge phases and red regions around
the atoms represent positive charge phases (Barim & Akman, 2019). This visualization pro-
vides a clear depiction about charge distribution within the molecule (Mishra, Joshi, Srivastava,
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Tandon, & Jain, 2014).

The key molecular orbitals participating in chemical reactivity and the stability of the com-
pounds are the HOMO (Highest Occupied Molecular Orbital) and LUMO (Lowest Unoccu-
pied Molecular Orbital). The energy of the HOMO (EH) and the LUMO (EL), along with
their energy gap (∆EL-H), are indicative of the molecule’s biological activity (Atkins, 2001).
The HOMO and LUMO orbitals, which relate to ionization potential and electron affinity
respectively, describe the molecule’s ability to donate and accept electrons (Borah & Devi,
2020). Figure9 and figure10 show the HOMO and LUMO energy and their gap for Allicin
and Trigonelline respectively. The computed LUMO value of Allicin is -1.85 eV, while for
Trigonelline it is -3.05 eV, indicating that Allicin has a higher electron affinity compared to
Trigonelline. The energy differences, calculated as the subtraction of EHOMO from ELUMO,
are 4.46 eV for Allicin and 2.76 eV for Trigonelline. A smaller energy gap facilitates elec-
tron flow, making Trigonelline more reactive and softer than Allicin. The compound having a
high HOMO energy acts as an effective electron donor, whereas the compound having a low
LUMO energy serves as an efficient electron acceptor (Kumar, Vasudevan, Prakasam, Geetha,
& Anbarasan, 2010). Therefore, Trigonelline is a more effective electron donor compared to
Allicin due to its higher HOMO energy. Overall, these findings suggest that both Allicin and
Trigonelline are capable of facilitating charge transfer and possess significant potential for bi-
ological activities (Fouad & Adly, 2021).
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Figure 7: UV-Vis absorption spectrum of Allicin.

Figure 8: UV-Vis absorption spectrum of Trigonelline.

36



Figure 9: Energy gap between HOMO and LUMO in Allicin.
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Figure 10: Energy gap between HOMO and LUMO in Trigonelline.
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4.5 Global reactivity descriptors:

Using Koopmans’ principles, the ionization potential (I =−EHOMO) and electron affinity (A =

−ELUMO) for Allicin and Trigoneline were determined (Pearson, 1988). These calculations
allow for the prediction of global reactive descriptors, including chemical hardness (η = I−A

2 ),
chemical softness (S = 1

η ), electronic chemical potential (µ = − I+A
2 ), and the global elec-

trophilicity index (ω = µ2

2η ) (Pearson, 1988). Table 6 shows the calculated values of global
reactivity descriptors of both compounds.

Table 6: Global reactivity descriptors for Allicin and Trigonelline.

Parameter Allicin Trigonelline
HOMO -6.61 eV -5.81 eV
LUMO -1.85 eV -3.05 eV
ELUMO −EHOMO 4.76 eV 2.76 eV
Ionization Potential Energy (I) 6.61 eV 5.81 eV
Electron Affinity (A) 1.85 eV 3.05 eV
Electronegativity (χ) 4.23 eV 4.43 eV
Electronic Chemical Potential (µ) -4.23 eV -4.43 eV
Chemical Hardness (η) 2.38 eV 1.38 eV
Chemical Softness (S) 0.42 (eV)−1 0.72 (eV)−1

Global Electrophilicity Index (ω) 3.76 eV 7.11 eV

Allicin and Trigonelline exhibit non-negative values for both chemical hardness and Global
electrophilicity index (Parr, Szentpály, & Liu, 1999). Positive values of this both parameter
signifies that both molecfules are conducive to charge exchange processes within the molecules
and may influence binding affinity in the interactions between receptor and ligand (Parr et al.,
1999). The chemical hardness (η) reflects the capacity for charge transfer within the molecules
(Padmanabhan, Parthasarathi, Subramanian, & Chattaraj, 2007).

Morever, the chemical softness (S) of Allicin (0.72 eV) is found to be lower compared to
Trigonelline (0.42 eV), suggesting that Trigonelline is more reactive than Allicin (Fouad &
Adly, 2021). Molecules with lower Ionization potential (IP) values can more readily donate
electrons to neutralize free radicals (Tayyem & Almatarneh, 2016). Considering this fact,
Trigonelline has a lower ionization potential energy than allicin, indicating that it has com-
paratively better antioxidant properties than Allicin.

The difference energy in the HOMO and LUMO for Allicin and Trigonelline are found to be
4.76 eV and 2.76 eV, sequentially. The small values values symbolizes small energy gaps,
which indicate that the molecules are chemically reactive, with Trigonelline being more re-
active, and both can participate in interactions of transferring charge within the molecules
(Gunasekaran, Balaji, Kumeresan, Anand, & Srinivasan, 2008). The calculated Global elec-
trophilicity index , 3.76 eV for Allicin and 7.11 eV for Trigonelline taking together their
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electronic chemical potentials, indicate the avaibility of prominent electrophilic characteris-
tics within these two molecules. Also this computed electrophilicity offers perception about
the biological activeness of Allicin and Trigonelline. Low values of electronic chemical poten-
tial (µ) i.e. -4.23 eV for Allicin and -4.43 eV for Trigonelline, relects the ability of the both
molecules to donate the electrons.

4.6 Druglikeness and Toxicity:

Integrating computer-based simulations into evaluations of drug absorption, distribution, metab-
olism, excretion, and potential harmful effects can enhance efficiency in terms of costs, time,
and resources during the drug development process (Bitew et al., 2021). Theoretical evaluation
of the lipophilicity, as indicated by the calculated octanol/water partition coefficient, revealed
that both chosen compounds have a consensus Log P value of less than 5, as shown in Table
7. Compounds with balanced lipophilicity levels are likely to be more effectively absorbed and
able to penetrate biological membranes within organisms (Fonteh et al., 2015). The predictive
water solubility of these phytochemicals were based on three models and they are : ESOL, Ali,
and SILICOS-IT. The Log S (ESOL) values for Allicin (1.34) and Trigonelline (1.39) indicate
better water solubility signifying their good metabolism in human body. This result aligns with
the report of Sorkun et al., who reported that values between 0 and 2 suggest that a compound
is soluble, values between 2 and 4 indicate that a compound has limited solubility and val-
ues below 4 suggest that a compound is insoluble (Sorkun, Khetan, & Er, 2019). Likewise,
similar solubility pattern is noticed in Log S (Ali), in which Allicin have shown the excellent
Log S (Ali) value of -2.20, succeeding by Trigonelline with a Log S (Ali) value of -1.00. In
Log S (SILICOS-IT), allicin has a value of -1.70, and Trigonelline has -0.94, suggesting that
Trigonelline is more soluble than Allicin according to these two methods.

Furthermore, the compounds under investigation exhibited high gastrointestinal absorption.
This was demonstrated by their minimal interaction with permeability glycoprotein, by their
moderate Log Kp values greater than 2.5 cm/s, and by their limited potential for skin penetra-
tion (Han et al., 2019).

The results presented in Table 8 suggest that only Allicin has the potential to cross the Blood-
brain barrier (BBB), indicating a need for further investigation into allicins’ potential toxicity.
Furthermore, none of the compounds were found to inhibit CYP2C19, which implies that they
may interfere with the metabolism of various therapeutic drugs, including those used against
ulcer, malaria, seizures along with those used for anesthetic, and sedative purposes (Enmozhi,
Raja, Sebastine, & Joseph, 2021). Both compounds also exhibited no significant inhibition
effects on both CYP1A2 as well as CYP2D6, suggesting they might affect on the metabolism
in liver and metabolism of certain types of drugs like Beta-blockers, antidepressants and drugs
taken against metabolic syndrome disorder (Enmozhi et al., 2021). Additionally, neither com-
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Table 7: Predictive physicohemical properties of Allicin and Trigonelline.

Properties Allicin Trigonelline
Molecular weight (g/mol) 162.27 137.14
Number of heavy atoms 9 27
Lipophilicity:

Log Po/w (ILOGP) 1.95 -3.11
Log Po/w (XLOGP3) 1.31 0.51
Log Po/w (WLOGP) 2.62 -1.13
Log Po/w (MLOGP) 1.18 0.33
Log Po/w (SILICOS-IT) 0.96 0.36
Consensus Log Po/w 1.61 -0.61

Water Solubility:
Log S (ESOL) -1.34 -1.39
Log S (Ali) -2.20 -1.00
Log S (SILICOS-IT) -1.70 -0.94

pound was capable of inhibiting CYP2C9 or CYP3A4, indicating they lack potency in blocking
the oxidation process of the steroids, fatty acids, and xenobiotics, as well as in synthesis of the
hormones and it’s breakingdown (Enmozhi et al., 2021).

Table 8: Pharmacokinetics prediction properties of allicin and Trigonelline.

Properties Allicin Trigonelline
GIA absorption High High
BBB permeation Yes No
CYP1A2 inhibitor No No
CYP2B6 inhibitor No No
CYP2C19 inhibitor No No
CYP2D6 inhibitor No No
CYP3A4 inhibitor No No
Log Kp [skin permeation](cm/s) -0.36 -6.77

Furthermore, the outcomes of the comparative evaluation of the theoretical drug-likeness of
these compounds are shown in Figure 10 alongside in Table 9. While assessing the radar
plot, it is revealed that Allicin fell inside the desired region i.e pink region, suggesting promis-
ing potential for Allicin as a candidate compound compatible for the drug making (Daina et
al., 2017). This finding is consistent with Allicins’ observed lipophilicity and water-solubility
characteristics. In contrast, Trigonelline’s radar plot deviated from the ideal range, but only at
points of saturation. This indicates that while trigonelline may not be as well-suited for oral
administration as Allicin, it still maintains some favorable properties 10.

On the basis of Lipinski’s Rule of Five, to be adminstrated orally, drugs must agree with min-
imum three out of four standard set by this rule: the molecular mass of the compounds should
be 500 Dalton or less; hydrogen bond acceptors should be equal to 10 or less than that; there
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(a) (b)

Figure 11: Bioavaibility radar plot of (a) allicin and (b) Trigonelline.

should be 5 or fewer hydrogen bond donors should be equal to five or less than that ; and the
octanol-water partition coefficient (LogP) should not be above 5 (or MlogP ≤ 5) (Lipinski,
Lombardo, Dominy, & Feeney, 2012). As shown in Table 9, both compounds obeyed the
standards outlined in Lipinski’s Rule of Five, indicating them as the suitable candidates to be
drugs. Additional assessments using a range of drug-likeness filters, including those proposed
by Ghose, Veber, Egan, and Muegge, have been conducted to evaluate the compounds. These
evaluations confirm that the compounds meet the criteria set forth by the Veber and Egan rules,
indicating their suitability in terms of drug-likeness according to these standards. But both the
compounds failed to set standard established by Ghose and Muegge. This discrepancy is due
to the fact that the compounds have fewer than 20 heavy atoms and molecular weights that
fall below 200 g/mol. As a result, they do not meet the specifications outlined by Ghose and
Muegge, which take into account these specific molecular parameters (Daina et al., 2017).

Table 9: Predictive Drug-likeness of Allicin and Trigonelline.

Criterion Allicin Trigonelline
Lipinski Yes Yes
Ghose No No
Veber Yes Yes
Egan Yes Yes
Muegge No No
Bioavailability score 0.55 0.55

The BOILED-Egg model forecasts that molecules will be absorbed by the gastrointestinal tract
if they fall within the white zone and can cross the blood-brain barrier if they are within the
yellow zone. This prediction is based on their lipophilicity (WLOGP) and polarity (TPSA)
(Daina et al., 2017). Like depicted in the Figure 13, the Trigonelline is situated in the white
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region marked in red, indicating a higher likelihood of gastrointestinal absorption, and it is
actively effluxed by P-glycoprotein (PGP+). Conversely, the Allicin molecule, shown in Figure
12, resides inside the yellow zone, suggesting a greater probability of passive diffusion by
the blood-brain barrier, while also being actively effluxed by P-glycoprotein (PGP+). This
model provides insight into the absorption and permeability characteristics of these molecules,
indicating their potential bioavailability and interactions within the body (Daina et al., 2017).

Figure 12: Boiled egg image representation of Allicin.

Toxic doses are commonly represented by LD50 values (mg/kg body weight). Compounds
with LD50 values between 1000 mg/kg and 5000 mg/kg are classified as having low to mod-
erate toxicity (Herkenne et al., 2008). The computational toxicological analysis of allicin and
trigonelline revealed that the median lethal dose (LD50) values, representing the amount re-
quired to cause death in 50% of subjects, were moderately high for Allicin at 874 mg/kg and
very high for Trigonelline at 3720 mg/kg (see Table 10). Under the Globally Harmonized Sys-
tem of Classification and Labeling of Chemicals (GHS), Allicin and Trigonelline have been
classified as categories 4 and 5, respectively, which reflects their moderate to very low toxicity
(Herkenne et al., 2008).

The prediction of organ toxicity specifically hepatotoxicity, neurotoxicity, nephrotoxicity, res-
piratory toxicity, and cardiotoxicityrevealed that Allicin is inactive for all these, while Trigonelli-
ne could induce respiratory toxicity and neurotoxicity. Regarding the prediction of toxicity
endpoints namely carcinogenicity, immunotoxicity, mutagenicity, cytotoxicity, BBB (blood-
brain barrier) permeability, clinical toxicity, and nutritional toxicity, it was shown that both
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Figure 13: Boiled egg image representation of Trigonelline.

Table 10: Oral toxicity prediction results of Allicin and Trigonelline.

Properties Allicin Trigonelline
LD50 (mg/kg) 874 3720
Predicted Toxicity Class 4 5
Organ Toxicty:

Hepatotoxicity Inactive Inactive
Neurotoxicity Inactive Active
Nephrotoxicity Inactive Inactive
Respiratory Toxicity Inactive Active
Cardiotoxicity Inactive Inactive

Toxicity end points:
Carcinogenicity Inactive Inactive
Immunotoxicity Inactive Inactive
Mutagenicity Inactive Inactive
Cytotoxicity Inactive Inactive
BBB-barrier Active Active
Ecotoxicity Inactive Active
Clinical toxicity Inactive Inactive
Nutritional toxicity Inactive Inactive

allicin and trigonelline could induce BBB permeability, while trigonelline could induce eco-
toxicity. In the same respect, allicin and trigonelline have no toxicity effects when interacting
with several biochemical pathways. Such pathways include; Aryl hydrocarbon receptor that
plays a role in the reaction to toxins in the environment; Androgen receptor that has functions
in male sexual characteristics and reproduction; Aromatase which is a vital enzyme in estro-
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gen production. They also integrate safely the estrogen receptor on account of the estrogen
hormone impacts, the nuclear factor (erythroid-derived 2) like antioxidant responsive element
fundamental in the control of oxidative stress, and the heat shock factor response element which
is of crucial benefit to the synthesis of protein and cellular stress (Atkins, De Paula, & Keeler,
2018). Furthermore, it is also shown that these compounds hardly influence the mitochondrial
membrane potential that is critical to energy production or tumor suppressor proteins need for
the regulation of cell division and to avoid tumor formation (Atkins et al., 2018).
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CHAPTER 5

5. CONCLUSIONS AND RECOMMENDATION

5.1 Conclusions

Ultimately, a DFT study and ADME-Toxicity evaluation of two phytochemicals Allicin and
Trigonelline focusing on their stability, reactivity, and interaction within biological systems,
was performed. Our findings indicate that Allicin exhibits comparatively higher stability, while
Trigonelline shows a higher dipole moment, suggesting greater reactivity. The nucleophilic and
electrophilic reaction sites of these molecules were predicted using MEP surface analysis, and
Mulliken atomic charges were also examined and analyzed. Allicin has a larger HOMO-LUMO
gap, refering it as having relatively lower reactivity than Trigonelline. However, the lower
ionization potential of Trigonelline indicates a higher electron-donating capacity, positioning it
as a better candidate for antioxidant activity between the two. Additionally, Trigonelline was
found to be softer and more electrophilic than Allicin.

The ADMET analysis reveals that both compounds exhibit suitable lipophilicity and solubility,
with Trigonelline being more soluble, while both show good gastrointestinal absorption. The
radar plot analysis showed that Allicin falls within the desired range (the pink region), indi-
cating its promising potential as a candidate for drug development. In contrast, Trigonelline’s
radar plot slightly deviated from the ideal range, primarily at saturation points, suggesting that
while Trigonelline may not be as well-suited for oral administration as Allicin, it still possesses
some favorable properties. Two of two compounds fulfill the requirements of Lipinski’s Rule of
Five, this suggested that they have potential to be drug. Additionally, the LD50 values suggest
that these compounds may have low toxicity, which is negligible. The pharmacokinetics and
toxicity studies further confirmed that both compounds exhibit good drug-likeness and trigger
negligible toxicity in the human beings.

The theoretical results we obtained correspond closely with the experimental findings from
similar studies conducted earlier. Thus, I anticipate that the quantum chemical calculations and
ADMET analysis performed on these two phytochemicals will be highly valuable for under-
standing their overall activity, bioactivity, and drug-likeness. These in silico outcomes will also
aid in designing further experiments and predicting potential results.

Additional in vitro experiments and preclinical trials are needed to validate the anticipated
outcomes.
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5.2 Novelty and National Prosperity aspect of Project work

This research introduces a novel approach by integrating DFT studies and ADMET analysis un-
der one framework to explore the bioactivity and drug-likeness of two prominent phytochem-
icals, Allicin and Trigonelline. The combined use of Density Functional Theory (DFT) and
ADME-Toxicity evaluations offers a comprehensive analysis of these compounds’ electronic
properties, stability, and interactions within biological systems. This distinctive approach pro-
vides new insights into the potential therapeutic applications and safety profiles of Allicin and
Trigonelline, which have largely been unexplored in such a detailed and hybrid computational
context.

The novelty of this study lies in its comparative analysis of Allicin and Trigonelline, two nat-
urally occurring compounds commonly found in foods consumed daily and possessing signif-
icant medicinal properties. By conducting a thorough DFT analysis and ADMET evaluation,
this research contributes to a deeper understanding of their potential as drug candidates.

In the context of the widespread prevalence of chronic diseases caused by metabolic syndrome
disorders like diabetes, hypertension, and high uric acid, which are common in the South Asian
region due to a lack of balanced diets and health awareness, the exploration of phytochemicals
like Allicin and Trigonelline becomes crucial. Additionally, oxidative stress and inflammation
are causing numerous health issues, and cancer treatments have not yet been effectively estab-
lished. This research which is based on the compounds, known for their therapeutic benefits
such as anti-carcinogenic, anti-diabetic, anti-inflammatory, antioxidant, and antihypertensive
properties do have potential for a lot of research and the possibility of unveiling new methods
to fight these chronic illnesses.

This research, based in computational biophysics, not only enhances the scientific knowledge
base but also aligns with national priorities in advancing drug discovery and development, as
well as combating chronic illnesses that have impacted millions of lives across the country and
the world. The findings from this study hold promise for improving public health by identify-
ing safer and more effective natural alternatives for treating chronic diseases, thus contributing
to national health prosperity. Furthermore, the results can stimulate further research and de-
velopment in the sector of pharmaceutical development using herbal products, supporting the
country’s goals of fostering innovation and achieving self-reliance in medicinal research, espe-
cially given the country’s rich potential in herbal medicine.

5.3 Limitations of the work

Taking into the account about the valuable insights in the electronic properties, ADME char-
acteristics, and toxicity profiles of Allicin and Trigonelline provided by this research, several
limitations must be acknowledged:
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1. The DFT calculations and ADME predictions rely on selected models and parameters,
which might not fully capture all interactions or properties.

2. Theoretical results require experimental verification through laboratory and live organ-
ism studies to establish their biological relevance and therapeutic importance..

3. Predictions from tools like SwissADME and ProTox may not account for all physio-
logical variations, and the absence of docking studies may limit insights into potential
interactions with biological targets.

4. The study focused on Allicin and Trigonelline only, without comparing a broader range
of compounds, and was limited by available computational resources. Molecular dynam-
ics simulations could provide additional insights.

5.4 Recommendations for further project

The dimensions of structure, electronic properties, and vibrational characteristics of both molec-
ules have been assesed computationally using DFT methods with Gaussian, while ADMET
characteristics were assessed using SwissADME and ProTox. Hence, the findings from this
research may require experimental verification as well.

Further, the work contains the basic essential properties of potential drugs. Thus, these findings
can be helpful in seeking these compounds for drug usage and therapeutic applications. The
recommendations for further work are stated below:

1. With the identification of some of the enzymes, receptors, and nucleic acids correspond-
ing to the therapeutic benefits these two molecules pose, their interactions with those
enzymes can be studied using molecular docking simulations and docking studies.

2. For exploring the antioxidant properties of these molecules in more detail, studies of
Allicin and Trigonelline with structural modifications can be performed.

3. For the prediction of the the binding affinity and stability of Allicin and Trigonelline
with various biological targets and to get deeper insights into their interaction mech-
anisms, the computational studies should be extended to include Molecular Dynamics
(MD) simulations and docking studies with different targets from the human body.

4. The research can be further extended to other phytochemicals with similar structures or
properties, conducting comparative studies alongside these compounds.
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