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1 CHAPTER – 1 MOLECULAR SPECTROSCOPY-AN INTRODUCTION 1.1 Introduction The study of spectroscopy deals with emission as well as absorption spectra. An emission spectrum is produced by

atom. Atoms can be excited thermally (by heating the substance rapidly) or electrically (by passing an electric discharge through the vapours of the substance at a very low pressure). Energy is absorbe

to meta-
stable states when an electric discharge passes through the vapours of the substance. When electrons from the meta stable state jump to the lower energy state, then some energy of definite

radiation is analysed with the help of a spectrometer [1]. 1.2 Electromagnetic radiation Electromagnetic (EM) radiation is a periodically changing or oscillating electric field propagating in a certain direc

frequency but perpendicular to the electric field [2]. The electric and magnetic field are mutually perpendicular to each other and are coplanar. These are characterized by their wavelengths or frequen

representation of EM radiation is shown in Fig. 1.1. Fig.1.1 A schematic representation of EM radiation

2 EM radiation may be considered as a traveling wave or as a stream of mass less elementary particles, often called photons. As a wave, it can be characterized by its wavelength λ (the length of one w

unit time) and its wave number k (the number of waves per unit length) [3]. The velocity for EM - waves proves to be a constant for the medium in which the waves are propagating, that is 3*10 8 m/s 

wavelength is being inversely proportional to the frequency. Using the quantum character of EM radiation, there is the relation E=hν (1.2) where E is the photon energy and h is Planck’s constant [4]. Ea

energy proportional to its frequency ν [5]. By this means, a photon with a higher frequency contains more energy. 1.3 Electromagnetic spectrum and absorption of radiations Electromagnetic spectrum

radiant energy from cosmic rays to X-rays to visible light to microwaves, each of which can be considered as a wave or radiation or particle traveling at the speed of light.When radiation will beabsorbe

molecular vibration if the frequency of the radiation matches the frequency of the molecule.These radiation differ from each other in the wavelength and frequency, as illustrated in Fig. 1.2.

3 Fig. 1.2 Electromagnetic spectrum The EM spectrum can be divided into several regions differing in frequency only. It extends from gamma (ν≥10 20 Hz) and X-rays (3·10 16 ≤ν&gt;10 20 Hz) to radio 

(7.5·10 14 ≤ν&gt;3·10 16 Hz), visible (4·10 14 ≤ν&gt;7.5·10 14 Hz) and infrared (IR) regions (0.003≤ν&gt;4·10 14 Hz). 1.4 Spectroscopy Spectroscopy is a branch of physics which deals with the interaction

result of this interaction, electromagnetic radiation characteristic of the interacting system may be absorbedor emitted. In such a case, the experimental data consists of the nature (frequencyor wavele

characteristic radiation absorbedor emitted. In spectroscopy, we correlate these data with the molecular and electronic structure of the substance and with intramolecular and intermolecular interacti

spectroscopic technique could be considered under the following heads: i. Radiation that interacts with the matter. ii. Energy levels that affect transitions among different energy levels.

4 iii. Absorption (or emission) bands obtained as a result of these transitions. The position, band width, number and intensity of the absorption (or emission) may be correlated with the molecular and e

types of spectroscopy When light is allowed to pass through the substance that absorber, the radiation causes an excitation of molecules from a lower to a higher energy level. At the atomic or molec

follows: (i) Molecular spectroscopy Energy changes occurring at the level of molecules are studied in molecular spectroscopy. The characters like molecular absorption, emission and vibration are stud

infrared, etc. This method of spectroscopy is widely used due to many applications. The methods are quick, easy and accurate in determining. Further, they are easily integrated into other analytical tec

spectroscopy Here energy change takes place at atomic levels. The measurement is done to study the atoms and their quantity. Atomic spectroscopy classified in two types as (a) Atomic absorption sp

Atomic absorption spectroscopy As the term suggests, light is absorbed by the sample. The wavelength of the absorbed light and the extent of absorption are considered. The nature of the compound

absorbed, while the intensity of absorbed light determines the concentration. The following are a few examples of spectroscopic

5 methods that belong to this category:calorimetry, UV-spectroscopy, infrared spectroscopy and Nuclear magnetic resonance (NMR). (b) Atomic emission spectroscopy In contrast to the previous me

the light hitting the sample is absorbed. This absorption of light results in transition of electrons from ground state to an excited state. These excited electrons return back to ground state with the aid o

(light) of a particular wavelength. The concentration is determined by the intensity, whereas the nature of the substance is deduced by the wavelength. Fluorimetry and flame photometry are examples

system that is based on the electrical or magnetic properties of the compound. Light is an electromagnetic radiation, as we all know. It possesses electrical and magnetic properties, in other words. Ele

without the use of a magnetic field. The substance under test is exposed to light without being influenced by a magnetic field in this method. (iv) Magnetic spectroscopy In this spectroscopy, the subst

presence of an external magnetic field. Examples Nuclear magnetic resonance spectroscopy (NMR) and Electron spins resonance spectroscopy (ESR).
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 Molecular spectroscopy is an invaluable tool to identify and characterize the 

molecule with the help of its molecular vibrational modes. Depending on its geometry, 

conformation, and electronic structure, each molecule has typical molecular spectra that 

are measured with the help of FT-IR and FT-Raman spectroscopy. These studies of 

organic molecules are of great interest in biochemical, pharmaceutical, and many other 

industries because of their applications. Molecular docking is an efficient tool to get an 

insight into ligand-receptor interactions and screen molecules for the binding affinities 

against a particular receptor. This work may be helpful to the researchers who are 

pursuing research on the functions of drug design. 

 In the present investigation, quantum chemical calculations were carried out using 

the GAUSSIAN 09W program package with Beeke-3-Lee-Yang-Parr (B3LYP), the 

standard 6-31G, 6-311G, cc-pVDZ basis sets. Optimized geometrical parameters, 

vibrational assignments, HOMO-LUMO, molecular interactions, and NBO parameters 

were discussed. Topological parameters are studied by a multi-wave function (Multiwfn) 

and visualize molecular dynamics (VMD) programs. Molecular docking studies were also 

carried out by Auto Dock-Tool 4.0 software and ligand-protein interactions were 

visualized by Discovery studio 4.1 software. This computational work has been 

implemented in eight chapters. They are as follows: 

 Chapter 1: introduces the fundamentals of molecular spectroscopy as well as the 

necessary theory for the simplification of problems in molecular spectroscopy.It appears 

to contain infrared and Raman spectroscopy principles and normal modes of vibration,  

PREFACE 
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 Chapter 2: quantum chemical calculations are dealtwith in this chapter. The 

different quantum mechanical methods like ab-initio methods, semi-empirical methods, 

and density functional theory have been discussed. The effect of scaling on vibrational 

wavenumbers, and basis set combinations in the computations of molecular geometry 

optimization, energy, and vibrational wavenumbers are discussed in this chapter. The 

general procedure of normal coordinate analysis in the calculation of potential energy 

distribution (PED) is also discussed. The highest occupied molecular orbital (HOMO) and 

lowest unoccupied molecular orbital (LUMO), Molecular electrostatic potential (MEP), 

and Natural bond orbital (NBO) analysis were used to predict the essential chemical 

reactivity andstability of the molecule. The topological parameters,reduced density 

gradient (RDG), and molecular docking studies are also discussed.  

 Chapter 3: discusses the FT-IR and FT-Raman instrumental analysis sample 

handling techniques. 

 Chapter 4: Based on the systematic process the structure of thiazol-pyrazol 

compound 4-[{2-[3-(4-chlorophenyl)-5- (4-chlorophenyl)-5-(4-propan-2-yl) phenyl)-4, 5-

dihydro- 1H- pyrazol-1-yl]-4-oxo-1, 3-thiazol-5(4H)-ylidene} methyl] benzonitrile 

(CPTBN) was investigated. In the first level, the spectral statistics on experimental FT-IR 

and FT-Raman were reported. At the next level, geometrical parameters were 

theoretically acquired from density functional theory (DFT) using B3LYP/6-31G and 6-

311G basis sets. The computed wavenumber was collected and compared with the 

experimental wavenumber. The vibrational modes were interpreted in terms of potential 

energy distribution (PED) results. The FMO, MEP, and NBO analysis further validated 

the charge transfer, reactivity sites, and stability of the molecule. The antimicrobial 

activity against four bacteria and two fungal strains using disc diffusion and broth 
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microdilution susceptibility assays. Two grams- positive bacterial strains staphylococcus 

aureus, Bacillus subtilis, and two gram-negative bacterial strains Esherichia coli, and 

Pseudomonas aeruginosawere performed for antibacterial activity. Two fungal strains 

Candida albicans and Aspergillus Niger were carried out against a ligand using anti-

fungal activity. The molecular docking analysis explores the antimicrobial and selective 

potential inhibitory nature of the binding molecule. Besides, RDG and ELF analyses were 

also performed to show the nature of interactions between the molecules. 

 Chapter 5: A comprehensive investigation of the molecular structure, electronic 

properties and vibrational spectra of 5-(4-Propoxybenzylidene)-2-[3-(4-chlorophenyl)-5-

[4-(propan-2-yl) phenyl]-4, 5-dihydro-1H-pyrazol-1-yl]-1, 3-thiazol-4(5H)-one have been 

studied. Thiazol is one of the leading heterocyclic five-member ring compounds that 

contain one nitrogen and one sulphur atom. Many natural and synthetic compounds 

contain, thiazol which are attractive compounds found in the building of numerous 

natural products and certain pharmaceutical agents. To understand the molecular-orbital 

interaction and structural investigation of the title compound, the density functional 

theory (DFT) calculation has been carried out using B3LYP/ 6-31G and 6-311G basis sets 

combination. The experimental FT-IR and FT-Raman spectral data along with theoretical 

quantum chemical calculation were investigated. For potential energy distributions (PED) 

analysis, the VEDA 4 program is utilized to do comparative wavenumber assignments. 

With the optimized structures, the highest occupied molecular orbital (HOMO), the 

lowest unoccupied molecular orbital (LUMO) energies, and Natural Bond Orbital (NBO) 

was applied to describe the chemical reactivity of the molecule. The electron density 

interactions distributed in space, which exist within these compounds are analyzed by 

different topological parameters namely, atoms in the molecule (AIM), localized orbital 



xi 

locator (LOL), electron localization function (ELF), and the reduced gradient of the 

density (RDG). Finally, the molecular docking studies of the title compound for potent 

Pim-1 kinase cancerPDB ID: 3a99, 1gj8, 1xqz were investigated using the Auto Dock 

program. 

 Chapter 6:  The experimental FT-IR (4000-0 cm-1) and FT-Raman (3500- 

0 cm-1) absorption data of the 5-(4-Hydrobenzylidene)-2-[3-(4-chlorophenyl)-5- [4-

(propan-2-yl) phenyl]-4, 5- dihydro-1H-pyrazol-1-yl]-1, 3-thiazol-4(5H)-one (HCPPT) 

were combined with a theoretical quantum chemical calculation. For the theoretical 

computations, the optimized geometrical parameters and the vibrational assignment of the 

HCPPT were determined by density functional theory using the B3LYP method cc-PVDZ 

and 6-311G basis sets. The charge transfer (donor and acceptor) within the molecule is 

easily identified by density plots across the highest occupied molecular orbital (HOMO) 

and lowest unoccupied molecular orbital (LUMO) energy surfaces. It also provides 

information about the chemical activity of the title compound. A molecular electrostatic 

potential surface was plotted to assess the molecule's electrophilic and nucleophilic 

reactivity sites. The charge delocalization and stability of the title molecule were 

investigated using natural bond orbital (NBO) analysis. Non-covalent interactions, 

topology, and two- and three-dimension finger-print plots were also studied using reduced 

density gradient analysis. In addition, the anti-microbial activity of the title compound is 

evaluated against bacterial: gram-positive organisms (staphylococcus aureus, Bacillus 

subtilis), gram-negative organisms (Escherichia coli, Pseudomonas aeruginosa), and 

fungal organisms (candida albicans and Aspergillus Niger) to investigate its biological 

action. Furthermore, molecular docking studies of the title compound revealed that it may 

exhibit Antineoplastic (solid tumors), anti-cancerous and anti-inflammatory activity. 
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 Chapter 7: In this work, a structural and electronic properties of 5-(4-

Methoxybenzylidene)-2-[3-(4-chlorophenyl)-5-[4-(propan-2-yl) phenyl]-4, 5-dihydro-1H-

pyrazol-1-yl]-1, 3-thiazol-4(5H)-one have been presented. The optimized geometrical 

parameters bond length, bond angles, dihedral angles, and vibrational wavenumber are 

obtained with the help density functional theory (DFT) along with B3LYP/6-31G and 6-

311G hybrid functional is employed. For the experimental calculation vibrational 

spectrum was obtained in the region of 4000-0 cm–1 and 3500-0 cm–1 for FT-IR and FT-

Raman spectrum, respectively. Moreover, frontier molecular orbital (HOMO-LUMO), 

MEP, and NBO analyses were performed for the optimized structure. Various 

intermolecular interactions in the MCPPT have been thoroughly investigated using 

topological as atoms in molecules (AIM) analysis and the non-covalent interactions (NCI) 

approach. Finally, the molecular docking between the molecule and protein-

Antinneurogenic pain (5pbe), Anti-inflammatory (4x7s), Myeloid cell leukemia-1 

(6dm8), Myeloblastin (1fuj), Naproxen (4ot2) was investigated. These ligand-enzyme 

interactions were attempting to exhibit the drug's nature of the compound. 

 Chapter 8: The FTIR and FT-Raman spectra of 5-Chloro-1-(4-chlorobenzyl)-3-

[2-(3-(4-chlorophenyl)-5-[4-(propan-2-yl)phenyl]-4,5-dihydro-1H-pyrazol-1-yl)-4-oxo-

4,5-dihydro-1,3-thiazol-5(4H)-ylidene]-2,3-dihydro-1H-indole-2-one was measured in the 

range of 4000-400 cm-1 and 3500-100 cm-1, respectively. Using the B3LYP/6-31G and 6-

311G basis sets, density functional theory was used to optimize the geometrical 

parameters, frequency, and vibrational bands of these molecules. Optimized geometrical 

parameters such as bond length and bond angles were computed. The scaled values were 

compared to the experimental FT-IR and FT-Raman spectrums. Based on the potential 

energy distribution, a thorough interpretation of FT-IR and FT-Raman spectra were also 
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reported. The HOMO-LUMO and MEP surface investigations, along with their essential 

chemical parameters, reveal the reactivity of electrophilic, nucleophilic, and electronic 

properties of the compound. The natural bond orbital method was used to study the 

molecular stability and bond strength. Topology studies were conducted to identify 

critical points in the molecule. Molecular docking analysis was used to assess its activity 

against COVID-19, HIV, insulin, and anti-inflammatory proteins. Among these, the 

highest binding affinity was observed against the HIV target protein 2m8n with a docking 

score of -10.83 kcal/mol. 
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CHAPTER – 1  

Molecular Spectroscopy - An Introduction 

  

Abstract 

 Molecular spectroscopy is the collective term used to describe two analytical 

techniques: infrared (IR) and Raman spectroscopy. They are non-destructive, non-

invasive tools that use vibrational energy levels to provide information about the 

molecular composition, structure elucidation, and characterization interactions within a 

sample. These methods are used to identify vibrational energy levels along with the 

spectrum of the chemical bonds. Molecular vibrations  which modulate the molecular 

dipole moment are visible in the infrared spectrum, while those vibrations, which 

modulate the polarizability appear in the Raman spectrum. These two techniques yield 

complementary and confirmatory information regarding molecular vibrations. Thus, 

both these methods should necessarily be used for a complete vibrational analysis of a 

molecule. 
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CHAPTER – 1 

MOLECULAR SPECTROSCOPY-AN INTRODUCTION 

 

1.1 Introduction   

 The study of spectroscopy deals with emission as well as absorption spectra. An 

emission spectrum is produced by the emission of radiant energy by an excited atom. 

Atoms can be excited thermally (by heating the substance rapidly) or electrically (by 

passing an electric discharge through the vapours of the substance at a very low 

pressure). Energy is absorbed and electrons in the ground state are promoted to meta-

stable states when an electric discharge passes through the vapours of the substance. 

When electrons from the met a stable state jump to the lower energy state, then some 

energy of definite frequency is released as radiation. This emitted radiation is analysed 

with the help of a spectrometer [1].   

 

1.2 Electromagnetic radiation 

 Electromagnetic (EM) radiation is a periodically changing or oscillating electric 

field propagating in a certain direction with a magnetic field oscillating at the same 

frequency but perpendicular to the electric field [2]. The electric and magnetic field are 

mutually perpendicular to each other and are coplanar. These are characterized by their 

wavelengths or frequencies or wavenumbers. The schematic representation of EM 

radiation is shown in Fig. 1.1. 

 
Fig. 1.1  A schematic representation of EM radiation 
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 EM radiation may be considered as a traveling wave or as a stream of mass less 

elementary particles, often called photons. As a wave, it can be characterized by its 

wavelength λ (the length of one wave), its frequency ν (the number of vibrations per unit 

time) and its wavenumber k (the number of waves per unit length) [3]. The velocity for 

EM - waves proves to be a constant for the medium in which the waves are propagating, 

that is 3*108 m/s in vacuum. It can be easily seen that 

     c=λν      (1.1) 

wavelength is being inversely proportional to the frequency. Using the quantum 

character of EM radiation, there is the relation 

     E=hν      (1.2) 

where E is the photon energy and h is Planck‟s constant [4]. Each quantum of radiant 

energy or photon has energy proportional to its frequency ν [5]. By this means, a photon 

with a higher frequency contains more energy. 

 

1.3 Electromagnetic spectrum and absorption of radiations 

 Electromagnetic spectrum refers to the "seemingly"  diverse collection of radiant 

energy from cosmic rays to X-rays to visible light to microwaves, each of which can be 

considered as a wave or radiation or particle traveling at the speed of light. When 

radiation will be absorbed and identify the change in the amplitude of molecular 

vibration if the frequency of the radiation matches the frequency of the molecule. These 

radiation differ from each other in the wavelength and frequency, as illustrated in  

Fig. 1.2. 
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Fig. 1.2 Electromagnetic spectrum 

 

 The EM spectrum can be divided into several regions differing in frequency only. 

It extends from gamma (ν≥1020 Hz) and X-rays (3·1016≤ν<1020 Hz) to radio frequencies 

(ν<0.003Hz) and includes ultraviolet (7.5·1014≤ν<3·1016 Hz), visible (4·1014≤ν<7.5·1014 

Hz) and infrared (IR) regions (0.003≤ν<4·1014 Hz).  

 

1.4 Spectroscopy 

 Spectroscopy is a branch of physics which deals with the interaction of 

electromagnetic radiation with matter [6]. As a result of this interaction, electromagnetic 

radiation characteristic of the interacting system may be absorbed or emitted. In such a 

case, the experimental data consists of the nature (frequency or wavelength) and the 

amount (intensity) of the characteristic radiation absorbed or emitted. In spectroscopy,  

correlate these data with the molecular and electronic structure of the substance and with 

intramolecular and intermolecular interactions. 

1.4.1 Elements of spectroscopy 

 Any spectroscopic technique could be considered under the following heads: 

i. Radiation that interacts with the matter. 

ii. Energy levels that affect transitions among different energy levels. 
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iii. Absorption (or emission) bands obtained as a result of these transitions. 

 The position, band width, number and intensity of the absorption (or emission) 

may be correlated with the molecular and electronic structure and bonding. 

1.4.2 The different types of spectroscopy 

 When light is allowed to pass through the substance that absorber, the radiation 

causes an excitation of molecules from a lower to a higher energy level. At the atomic or 

molecular level, absorption radiation is classified as follows: 

(i) Molecular spectroscopy  

 Energy changes occurring at the level of molecules are studied in molecular 

spectroscopy. The characters like molecular absorption, emission and vibration are 

studied. The examples include UV-spectroscopy, infrared, etc. This method of 

spectroscopy is widely used due to many applications. The methods are quick, easy and 

accurate in determining. Further, they are easily integrated into other analytical 

techniques like chromatography. 

(ii) Atomic spectroscopy 

 Here energy change takes place at atomic levels. The measurement is done to 

study the atoms and their quantity. Atomic spectroscopy classified in two types as  

 (a) Atomic absorption spectroscopy 

 (b) Atomic emission spectroscopy  

(a) Atomic absorption spectroscopy 

 As the term suggests, light is absorbed by the sample. The wavelength of the 

absorbed light and the extent of absorption are considered. The nature of the compound 

is determined by the wavelength of light absorbed, while the intensity of absorbed light 

determines the concentration. The following are a few examples of spectroscopic 
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methods that belong to this category: calorimetry, UV-spectroscopy, infrared 

spectroscopy and Nuclear magnetic resonance (NMR). 

(b) Atomic emission spectroscopy 

 In contrast to the previous method, the emitted light is measured here. Some of 

the light hitting the sample is absorbed. This absorption of light results in transition of 

electrons from ground state to an excited state. These excited electrons return back to 

ground state with the aid of using the discharge of electromagnetic radiation (light) of a 

particular wavelength. The concentration is determined by the intensity, whereas the 

nature of the substance is deduced by the wavelength. Fluorimetry and flame photometry 

are examples.  

(iii) Electronic spectroscopy 

 A classification system that is based on the electrical or magnetic properties of 

the compound.  Light is an electromagnetic radiation, as we all know. It possesses 

electrical and magnetic properties, in other words. Electronic spectroscopy is the study 

of a compound without the use of a magnetic field. The substance under test is exposed 

to light without being influenced by a magnetic field in this method.  

(iv) Magnetic spectroscopy  

 In this spectroscopy, the substance is exposed to electromagnetic radiation in the 

presence of an external magnetic field.  

  Examples 

  Nuclear magnetic resonance spectroscopy (NMR) and   

  Electron spins resonance spectroscopy (ESR).  
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1.4.3 Importance of spectroscopy 

 The techniques used in spectroscopy are exceedingly sensitive. Among 1020 or 

more atoms of a different species, single atoms and even various isotopes of the same 

atom can be recognised. Spectroscopic techniques are frequently the most successful at 

detecting trace levels of pollutants or contaminants. Infinite frequency changes in 

narrow spectroscopic lines can be measured using microwave, optical, and gamma-

ray spectroscopy techniques. 

 Frequency shifts as small as one part in 1015 of the frequency being measured 

may be located with ultra high resolution laser techniques. Because of this sensitivity, 

the most accurate physical measurements had been frequency measurements. 

Spectroscopic analysis has been crucial in the development of the most fundamental 

theories in physics, including quantum mechanics, the special and general theories of 

relativity, and quantum electrodynamics.  

 Spectroscopy has been a vital instrument in gaining a scientific understanding of 

not only the electromagnetic force, but also the strong and weak nuclear forces, when 

applied to high-energy collisions. In almost every technical discipline of science and 

technology, spectroscopic techniques have been used. 

 It is already mentioned earlier that the frequency of the radiation absorbed or 

emitted depends on the energy difference (E) between the two levels involved in the 

transition and this energy difference is different for rotational, vibrational, electronic, 

etc. energies. Consequently, the corresponding spectra occur indifferent regions of the 

electromagnetic spectrum. 
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1.5 Vibrational spectroscopy 

 Vibrational spectroscopy is a powerful technique for evaluating the structure of 

molecules. Its main applications are to study the intramolecular forces, intermolecular 

forces and in the determination of the strength of the chemical bond and the calculation 

of thermodynamic properties. Modern methods of spectroscopy, in the different regions 

of the electromagnetic spectrum have provided indispensable tools for the investigation 

of molecular structure. Among which, vibrational spectroscopy is undoubtedly the most 

powerful physical technique for the elucidation of molecular structure.  

 

1.6 Theory of Infrared and Raman spectroscopy 

 Molecular vibrations can be excited via two physical mechanisms: the absorption 

of light quanta and the inelastic scattering of photons [7]. Direct absorption of photons is 

achieved by irradiation of molecules with polychromatic light that includes photons of 

energy matching the energy difference hνk between two vibrational energy levels, the 

initial (e.g., ground state) and the final (e.g., first excited state) vibrational state. 

     hνk =hνf -hνi     (1.3) 

 As these energy differences are in the order of 0.5 and 0.005eV, light with 

wavelengths longer than 2.5 mm, that is infrared (IR) light, is sufficient to induce the 

vibrational transitions. Thus, vibrational spectroscopy that is based on the direct 

absorption of light quanta is denoted as IR absorption or IR spectroscopy. 

 In contrast to IR spectroscopy, the scattering mechanism for exciting molecular 

vibrations requires monochromatic irradiation. A portion of the incident photons is 

scattered in elastically such that the energy of the scattered photons (hνR) differs from 

that of the incident photons (hν0). According to the law of conversation of energy, the 



8 

energy difference corresponds to the energy change of the molecule, which refers to the 

transition between two vibrational states. Thus, the energy differences 

    hν0 -hνr = hνf -hνi     (1.4) 

lie in the same range as the transitions probed by the direct absorption of mid-IR quanta, 

although photons of UV, visible, or near-infrared light are used to induce scattering. 

This inelastic scattering of photons was first discovered by the Indian scientist C.V. 

Raman in 1928 and is thus denoted as the Raman effect. 

In IR and Raman spectroscopy, the same or different vibrational transitions are 

investigated depending on the molecule, and both methods frequently offer 

complementing data. In order to make comparisons easier, IR and Raman spectra are 

typically plotted in a similar manner. The energy of the vibrational transition, expressed 

in terms of wavenumbers (cm-1), is given on the abscissa, corresponding to the 

frequency of the absorbed light νabs in IR spectroscopy and to the frequency difference 

between the exciting and scattered light, hν0 – hνR, in Raman spectroscopy. 

 

1.7 Molecular vibrations 

 A molecular vibration occurs when atoms in a molecule are in periodic motion 

while the molecule as a whole has constant translational and rotational motion. The 

frequency of the periodic motion is known as a vibration frequency. A molecule can be 

imagined as a system of balls and springs with varying strengths that correspond to the 

atoms and chemical bonds within the molecule. A molecule is not a rigid arrangement of 

atoms. As a result, the positions of atoms in molecules are not fixed; they are subjected 

to a number of different vibrations. These vibrations fall into the two main categories of 

stretching and bending. Stretching, in which the distance between two atoms decreases 

or increases, but the atoms remain in the same bond axis, and bending (or deformation), 
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in which the position of the atom changes relative to the original bond axis. Each of the 

vibrational motions of a molecule occurs with a certain frequency, which is 

characteristic of the molecule and of the particular bond. The stretching comprises of 

symmetric and asymmetric stretching whereas the bending involves in-plane (such as 

rocking, scissoring vibrations) and out-of-plane bending (such as twisting, wagging) 

vibrations. The energy involved in a particular vibration is characterized by the 

amplitude of the vibration, so that higher the vibrational energy, larger will be the 

amplitude of the motion [8]. 

 

1.8 Normal modes of vibrations 

 Normal modes are used to describe the different vibrational motions in 

molecules. Each mode can be characterized by a different type of motion and each mode 

has a certain symmetry associated with it. Group theory is a useful tool in order to 

determine what symmetries the normal modes contain and predict if these modes are IR 

and Raman active. Consequently, IR and Raman spectroscopy is often used for 

vibrational spectra. 

 In general, a normal mode is an independent motion of atoms in a molecule that 

occurs without causing movement in any of the other modes. Normal modes, as implied 

by their name, are orthogonal to each other. In order to discuss the quantum-mechanical 

equations that govern molecular vibrations it is convenient to convert Cartesian 

coordinates into so called normal coordinates. Vibrations in polyatomic molecules are 

represented by these normal coordinates. 

 There exists an important fact about normal coordinates. Each of these 

coordinates belongs to an irreducible representation of the point the molecule under 

investigation. Vibrational wavefunctions associated with vibrational energy levels share 
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this property as well. The normal coordinates and the vibration wavefunction can be 

categorized further, according to the point group they belong to. From these, the 

frequency can be predicted for which symmetries can exist. The irreducible 

representation offers insight into the IR and/or Raman activity of the molecule. Each 

atom within a molecule has three degrees of freedom for its motion in three-dimensional 

space. If there are N atoms within a molecule there are 3N degrees of freedom. 

However, the molecule as a whole has to move as a unit and the x, y, z transitional 

motion of the entire molecule reduces the degrees of freedom by three. The molecule has 

rotational degrees of freedom. For a non-linear molecule this rotation has three degrees 

of freedom reducing the number of degrees of freedom to 3N-6. A linear molecule can 

be rotated around its axis with no change and only two significant rotations. Therefore, a 

linear molecule has 3N-5 degrees of freedom. The number of peaks actually observed in 

an infrared spectrum is often less than the maximum because some of the vibrations are 

energetically identical or degenerate. A real molecule will often have two or more 

vibrations that may differ only by their orientation in space. These will have exactly the 

same energy and result in one absorption peak. In addition to the degeneracy of 

vibrational modes, there is also the requirement that a vibration result in a change in the 

dipole moment of the molecule needs to be observed [9].  

Table 1.1: Degrees of freedom for polyatomic molecules 

Type of degrees of freedom Linear molecule Non-linear molecule 

Translational 3 3 

Rotational 2 3 

Vibrational 3N-5 3N-6 

Total degrees of freedom 3N 3N 
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Quantum Chemical Calculations 

 

Abstract 

 The theoretical methods which are suitable for the prediction of vibrational 

normal modes are discussed. The software packages utilized for the complete study of 

the title thesis are explained to a greater extent. The functional theories of density 

functional theory methods and basis set combinations for the molecules are illustrated 

with necessary theory. 
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CHAPTER – 2 

QUANTUM CHEMICAL CALCULATION 

 

2.1 Introduction 

 The progress of computational approaches to chemical problems has been 

remarkable. Computers, associated with appropriate software, have gradually become 

clear as instruments of new experimental methodology, i.e., computer experiment, which 

means that computers, in combination with appropriate software, form a fundamental 

extension of our means of obtaining experimental information [10]. Molecular 

modeling, a subset of computational chemistry, concentrates on predicting the behaviour 

of individual molecules within a chemical system. The most accurate molecular models 

use ab initio or „first principles‟ electronic structure methods, based upon the principles 

of quantum mechanics, and are generally very computer-intensive. However, due to 

advances in computer storage capacity and processor performance, molecular modeling 

has been a rapidly evolving and expanding field, to the point that it is now possible to 

solve relevant problems in an acceptable amount of time. 

 The types of predictions possible for molecules and reactions include: (1) Heats 

of formation (2) Bond and reaction energies (3) Molecular energies and structures 

(thermochemical stability) (4) Energies and structures of transition states (activation 

energies) (5) Reaction pathways, kinetics and mechanisms (6) Charge distribution in 

molecules (reactive sites) (7) Substituent effects (8) Electron affinities and ionization 

potentials (9) Vibrational frequencies (IR and Raman spectra) (10) Electronic transitions 

(UV/Visible spectra) (11) Magnetic shielding effects (NMR spectra). 
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2.2 Survey of computational chemistry methods 

 All molecular modeling techniques can be classified under three major 

categories: 

i. Molecular mechanics 

ii. Electronic structure methods and  

iii. Ab initio electronic structure calculations. 

2.2.1 Molecular mechanics 

 Molecular Mechanics (MM) is a standard form which predicts the properties and 

structures of molecules using classical physics laws. There are different molecular 

mechanics methods. Each atom (i.e., electrons and nucleus) is represented as one 

particle with a characteristic mass. A chemical bond is represented as a spring, with a 

characteristic force constant determined by the potential energy of interaction between 

the two participating atoms. Potential energy functions can describe intramolecular bond 

stretching, bending and torsion, or intermolecular phenomenon such as electrostatic 

interactions or van der Waals interaction which is a potential energy functions on 

empirically derived parameters obtained from experiments or from other calculations. 

2.2.2 Electronic structure methods 

 Electronic structure methods utilize the laws of quantum mechanics, which is the 

basis for computational calculations. Quantum mechanics states that the energy and 

other related properties of the molecule can be obtained by solving the Schrodinger 

equation, 

    H ψ = E ψ      (2.1) 

 However, exact solutions to the Schrödinger equation are not practical. 

Electronic structure methods are characterized by their various mathematical 
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approximations and their solutions. There are two major classes of electronic structure 

methods.  

 Semi-empirical methods employ simpler Hamiltonian by parameter values that 

are adjusted to fit the experimental data. That means they solve the approximate 

parameters available for the type of chemical system of interest. There is no unique 

method for the choice of parameters.   

 Ab initio force fields provide solutions to these problems. Ab initio methods 

utilize the correct Hamiltonian and do not use experimental data other than the values of 

the fundamental physical constants (i.e., c, h, mass and charges of electrons and nuclei). 

Moreover, it is a relatively successful approach to perform vibrational spectral 

calculations. 

2.2.3 Ab initio methods 

 Ab initio translated from Latin means “from first principle”. This refers to the 

fact that no experimental data is used and computations are based on quantum 

mechanics. Ab initio methods first optimize the molecular geometry and then evaluate 

the second derivative at the equilibrium positions usually using analytical derivatives. 

Such methods provide reliable values for harmonic vibrational frequencies for fairly 

large sized molecules. Additionally, such calculations can be used to predict barriers to 

internal rotation as well as relative stabilities of different conformers. The information 

obtained from structural parameters, conformational stabilities, force constants, 

vibrational frequencies as well as infrared and Raman band intensities give significant 

contributions to the field of vibrational spectroscopy. 

 Harmonic force constants in Cartesian coordinates can be directly derived from 

Ab initio calculations. These force constants can be transformed to force constants in 
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internal or symmetry coordinates. Ab initio calculations followed by normal coordinate 

analysis are very   helpful in making reliable vibrational assignments. Band intensities 

from ab initio studies are another important output. Such band intensity data can also be 

very useful in making vibrational assignments. Two principally different quantum 

mechanical methods addressing the vibration problems are namely Hartree-Fock method 

and density functional theory (DFT) [11-14].  

2.2.4 Density functional theory 

 Density functional theory calculation has emerged in the past few years as a 

successful alternative to the traditional Hartree-Fock (HF) method. The DFT methods, 

particularly hybrid functional methods have evolved as a powerful quantum chemical 

tool for the determination of the electronic structure of molecules. In the framework of 

the DFT approach, different exchange and correlation functionalities are routinely used. 

Among these, the Becke-3-Lee-Yang-Parr (B3LYP) combination is the most used since 

it proved its ability in reproducing various molecular properties, including vibrational 

spectra, electronic transitions, nonlinear optical activity (NLO), NMR chemical shifts, 

molecular electrostatic potential [15-19]. 

 The combined use of B3LYP functional and various standard basis sets, provide 

an excellent compromise between accuracy and computational efficiency of molecular 

properties, vibrational spectra, electronic transitions, NMR chemical shifts, NLO 

properties and natural bond orbital analysis (NBO) for large and medium size molecules. 

The vibrational frequencies calculated by applying DFT methods are normally 

overestimated than the experimental values by 2-5% on an average. This overestimation 

is due to the neglect of electron correlation, anharmonicities and incomplete basis sets. 
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 This overestimation can be narrowed down by applying empirical corrections 

called scaling, where the empirical scaling factors are ranging from 0.8 to 1.0. The 

scaling factors depend on both method and basis sets and they partially compensate for 

the systematic errors in the calculation of frequencies. Global scaling or uniform scaling, 

multiple or selective scaling is some scaling methods advocated to minimize the 

overestimation of the frequency differences. Ab initio calculation could be performed 

using Gaussian 09 software package [20]. 

 Although density functional theory has its conceptual roots in the Thomas Fermi  

model, density functional theory was put on a firm theoretical footing by Hohenberg 

Kohn theorems [21]. The first theorem demonstrates the existence of a one to one 

mapping between the ground state electron density and the ground state wave function 

of a many particle system. The second theorem proves that the ground state density 

minimizes the total electronic energy of the system. The  most common implementation 

of density functional theory is through the Kohn-Sham method [22]. Within the 

framework of Kohn-Sham DFT, the intractable many body problems of interacting 

electrons in a static external potential is reduced to a tractable problem of non interacting  

electrons moving  in  an  effective  potential.  The effective potential includes the 

external potential and the effects of the coulomb interactions between the electrons, such 

as the exchange and correlation interactions. 

 Despite recent improvements, there are still difficulties in using density 

functional theory to suitably describe intermolecular interactions, especially van der 

Waals forces (dispersion), charge transfer excitations, transition states, global potential 

energy surfaces and some other strongly correlated systems; and in calculations of the 

band gap in semiconductors. Its incomplete treatment of dispersion can adversely affect 
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the accuracy of DFT in the treatment of systems which are dominated by dispersion (e.g. 

Interacting noble gas atoms) or where dispersion competes significantly with other 

effects [23, 24]. 

 

2.3 Basis set 

 A basis set is the mathematical description of the orbitals within a system used to 

perform the theoretical calculation. When molecular calculations are performed, it is 

common to use basis composed finite number of atomic orbitals, centred at each atomic 

nucleus within the molecule. Most molecular quantum mechanical methods initiate the 

calculation with the choice of a set of basis functions. Larger basis sets include more and 

a greater range of basis functions. Therefore, larger basis sets can better refine the 

approximation to the “true” molecular wave function, but require correspondingly more 

computer resources. Alternatively, accurate wave functions may be obtained from 

different treatments of electrons in atoms. For instance, molecules containing large 

atoms (Z > 30) are often modeled using basis sets incorporating approximate treatments 

of inner-shell electrons which account for relativistic phenomena. „Minimal‟ basis sets 

contain the minimum number of atomic orbitals (AO) basis functions needed to describe 

each atom (e.g., 1s for H and He; 1s, 2s, 2px, 2py, 2pz for Li to Ne). The general 

expression for a basis function is given as: 

 Basis Function= N*e(-α*r)      (2.2) 

Where, N is the normalization constant, α is the orbital exponent, r is the radius in 

angstroms. 
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2.4 Types of basis set  

2.4.1 Minimal basis set 

 The most common minimal basis set is the Slater-type orbital (STO-XG), where 

X is an integer. This X value represents the number of Gaussian primitive function 

comprising a basis function was developed by Pople and co-workers [25]. Originally 

formulated for first row elements [26] it was later extended to second row [27] third row 

[28] and fourth row [29] main group elements. It has also been applied to first-and 

second row transition metals [30]. The main attraction of this basis other than its small 

size is its effectiveness in predicting geometries. Thus, STO-3G has only one basis 

function per hydrogen, five per atom from Li to Ne (1s, 2s, 2px, 2py, and 2pz), and nine 

for the second row elements Na - Ar (1s, 2s, 2px, 2py, 2pz, 3s, 3px, 3py, 3pz). Note the 

inclusion of the "core" orbitals, which are omitted in semi-empirical calculations. Only 

one best fit to a given type of Slater orbital is possible for a given number of Gaussian 

functions. Hence, all STO-3G basis set for any row of the periodic table are the same, 

except for the exponents of the Gaussian functions. The exponents are expressed as scale 

factors, the squares of which are used as multipliers of the adjusted exponents in the 

original best-fit Gaussian functions. The small computers' increased power and 

unsatisfactory, but significantly less expensively priced, outcomes that are nonetheless 

insufficient for publication as research. As a result, the STO-3G basis set is now never 

used. Commonly used minimal basis sets of this type are:  

  STO-2G,  

 STO-3G,  

 STO-6G, and  

 STO-3 G* (Polarized version of STO-3G). 
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2.4.2 Extended basis set 

a) Split valence basis set 

 One problem with minimal basis sets is that they do not allow alteration of the 

basis orbitals in response to changing molecular environments. Consider a p-orbital on 

oxygen in an ether compared to that same ether when protonated. The inability of a basis 

set like STO-3G to reflect these changes makes comparison between charged and 

uncharged species unreliable. Anisotropic environments are another problem for 

minimal basis sets. The use of split valence basis sets is one way to respond to these 

problems. In these bases, the Atomic orbitals (AOs) are split into two parts, 

An inner compact orbital and  

An outer more diffuse one.  

The coefficients of these two kinds of orbitals can be varied independently during 

construction of the Molecular orbitals (MOs). Thus the size of the AO can be varied 

between the limits set by the inner and outer functions. Split valence basis sets treat only 

the valence orbitals in this way, basis sets that similarly split the core orbitals are 

called double zeta (DZ). The simplest split valence basis set provided by GAUSSIAN is 

the 3-21G is shown in Fig. 2.1. 

 

3-21G 

 

The number of gaussian 

functions summed in the 

second STO 

 

The number of gaussian 

functions summed to describe the 

inner shell orbital 

 

The number of gaussian functions 

that comprise in the first STO of 

the double zeta 

 

Fig. 2.1 Split valence basis set 3-21G 
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 This description means that the core orbitals are represented by three Gaussians, 

whereas the inner and outer valence orbitals consist of two and one Gaussians, 

respectively. If we were to name, bases consistent, of course, this one would be labeled 

STO-3-21G, but the STO is customarily omitted from all split valence descriptors. 

GAUSSIAN offers two other split valence bases, the 6-31G and the 6-311G. Both have 

six Gaussian cores. The 6-311G is a triply split basis, with an inner orbital represented 

by three Gaussians, and middle and outer orbitals represented as single Gaussians. The 

triple split improves the description of the outer valence region. 

b) Polarization 

 Further improvement of basis functions is achieved by adding d-orbital to all 

heavy (non-hydrogen) atoms. For typical organic compounds these are not used in bond 

formation, as are the d-orbitals of transition metals. They are used to allow a shift of the 

center of an orbital away from the position of the nucleus. The presence of polarization 

functions is indicated in the Pople notation by appending an asterisk to the set 

designator. The larger basis set 6-31G with polarization function is shown in Fig.2.2 (a). 

Typically, six d-functions (x2, y2, z2, xy, xz, and yz), equivalent to five d-orbitals and 

one s, are used (for computational convenience). Most programs can also use five "real" 

d-orbitals. An alternative description of this kind of basis is DZP, double zeta, 

polarization. A second asterisk, as in the 6-31G** basis set implies the addition of a set 

of p-orbitals to each hydrogen to provide for their polarization. Again, an alternative 

notation exists: DZ2P, double zeta 2 polarizations. An asterisk in parentheses signals 

that polarization functions are added only to second-row elements. This is the standard 

setup for the 3-21G basis set in GAUSSIAN. Another alternative to the asterisk for 

specifying polarization functions is (d), placed after the G is shown in Fig. 2.2 (b). 
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(c) Diffuse function 

 The basis sets are also frequently augmented with the so-called diffuse functions. 

These Gaussians have very small exponents and decay slowly with distance from the 

nucleus. Diffuse Gaussians are usually of s and p type. Diffuse functions are necessary 

for the correct description of anions and weak bonds (e.g. Hydrogen bonds) and are 

frequently used for calculations, magnetic properties (e.g. Dipole moment, 

polarizabilities etc.). The presence of diffuse functions is symbolized by the addition of a 

plus sign, +, to the basis set designator, 6-31+G is shown in Fig. 2.2 (c). Again, a second 
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Fig. 2.2 a) larger basis set 6-31G  
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+ implies diffuse functions added hydrogens, however, little improvement in results is 

noted for this addition unless the system under investigation includes hydride ions.  

2.4.3 Correlation-consistent basis sets 

 Correlation consistent basis sets are built up by adding shells of functions to a 

core set of atomic Hartree-Fock functions. Each function in a shell contributes very 

similar amounts of correlation energy in an atomic calculation. For first and second row 

atoms, the basis sets are cc-pVNZ where N=D, T, Q, 5, 6… (D=double, T=triples, etc.) 

and 'cc-p', stands for „correlation-consistent polarized‟, „V‟ indicates they are valence-

only basis sets. They include successively larger shells of polarization (or correlating) 

functions (d, f, g, etc.). More recently these 'correlation-consistent polarized' basis sets 

have widely used for HatreeFock methods.  

Examples of these basis sets are  

cc-pVDZ - Double-zeta,  

cc-pVTZ - Triple-zeta, 

cc-pVQZ - Quadruple-zeta, 

cc-pV5Z - Quintuple-zeta,   

aug-cc-pVDZ, etc. 

Here, aug represents augmented versions of the preceding basis sets with added diffuse 

functions. These basis sets can be augmented with core functions for geometric and 

nuclear property calculations and with diffuse functions for electronic excited-state 

calculations, electric field calculations and long-range interactions such as Van der 

Waals forces. The steps for constructing additional augmented functions exist in the 

literature as many five augmented functions have been used in second 
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hyperpolarizability calculations. Because of the precise construction of these basis sets, 

extrapolation can be done for several molecular properties. 

 

2.5 Gaussian-09 

 GAUSSIAN-09 [20] is a computational chemistry software program used for 

performing the quantum chemical calculations. It is well-known; the Gaussian program 

is widely-used electronic structure programs for advanced quantum chemistry research 

and other fields. 

 

2.6 Gauss View 5.0 

 Gauss View [31] is an affordable, full featured graphical user interface for 

Gaussian-09. With the help of Gauss View, one can submit the inputs to Gaussian and to 

examine the output graphically which are generated by Gaussian-09 software. Gauss 

View incorporates an excellent molecule built. One can use it to rapidly sketch the 

molecules and possibly view three dimensional molecular pictures. It is used to build an 

atom, ring group, amino acids and nucleic acids. Gauss View can graphically display a 

variety of Gaussian results such as animation of the normal modes, molecular orbital, 

atomic charges, electrostatic potential, NMR shielding density and potential energy 

surface scans. 

 

2.7 Geometry optimization 

 Optimization of molecular geometry is a first step in quantum chemical 

calculation. This is mostly done on an isolated molecule in the gas phase. Geometry 

optimization is performed to locate the lowest energy molecular energy structure in 

close proximity to the specified starting structure. A geometry optimization will adjust 

the atomic arrangements in a molecule until an energy minimum is reached.  This is the 
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lowest position on the potential energy surface. Optimized geometry is generally used to 

compare with experimental data. In the absence of experimental data, construction of 

models is based on intuitively reasonable values for bond distances, inter-bond angles 

and dihedral angles.  

 

2.8 Frequency calculations 

 Vibrational spectra of molecules in their ground and excited states can be 

computed by employing the Gaussian program. Frequency calculations are valid only at 

stationary points on the potential energy surface, for this reason it is necessary to run a 

geometry optimization prior to a frequency calculation.  In addition to predicting the 

frequencies and intensities of spectra, the program can also describe the displacements 

of the molecule as it undergoes normal modes of vibrations. Molecular frequencies 

depend on the second derivative of energy with respect to the position of nuclei. 

Analytic second derivatives are provided by the density functional (B3LYP) theoretical 

procedures. An optimized energy is used as input for the frequency calculation. The 

frequency calculations should be performed using the same theoretical model and the 

basis set as the one that was used to obtain the optimized geometry of the molecule [32-

36]. Harmonic force fields derived from quantum mechanics are widely used at present 

for the calculation of frequencies and the modes of normal vibrations. This opened the 

way to calculate the frequencies and intensities of spectral bands with a minimum degree 

of arbitrariness and finding the rational explanations for a number of chemical and 

physical properties of substances. However, in numerous current quantum calculations 

of vibrational spectra performed at different levels of approximation, calculated 

frequencies are higher than their experimental counterparts. These calculations required 

empirical corrections. To improve agreement with experiment, quantum-mechanical 
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force fields are corrected in one way or another, e.g. using empirical corrections called 

scale factors which are estimated from the experimental vibrational spectra of small 

molecules with reliable frequency assignments.  

 Single point energy gives a prediction of the energy of a molecule with specific 

geometry. This is usually followed by a Mulliken population analysis which is used to 

estimate the charge distribution. Electrostatic moments are also calculated, which then 

allow to calculate the dipole moments. Single point energy calculations can be 

performed at any level of theory, with small or large basis sets. 

 

2.9 Frontier molecular orbital theory (HOMO-LUMO) 

 Two major characteristics of an atom or molecule that are very important to 

computational chemists are the highest occupied molecular orbital (HOMO) and the 

lowest unoccupied molecular orbital or the virtual orbital (LUMO). Together, they are 

called the frontier orbitals. The HOMO can be found by locating the outermost orbital 

containing an electron. The LUMO is the first orbital that does not contain the electron. 

Koopman‟s theorem [37] can be used for the computation of approximate ionization 

energy. 

By this theorem, for the closed-shell systems, the first ionization energy is equal 

to the energy of the HOMO. That is, the energy required to form the caution from the 

system provided that the ionization process is adequately represented by the removal of 

an electron from an orbital without change in the wave functions of the other electrons. 

Similarly, electron affinity can be found as the negative of the energy of the lowest 

unoccupied, i.e., virtual, orbital (the LUMO). 
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2.10 Molecular electrostatic potential (MEP) 

 The molecular electrostatic potential (MEP) is a useful method for studying the 

interaction of a molecular system with its surroundings and is used for predicting sites 

and relative reactivity towards electrophilic attack and in studies of biological 

recognition. The MEP surface which is a method of mapping electrostatic potential on to 

the isoelectron density surface and it provides a visual method to understand the relative 

polarity [38]  

 Computationally, it is usually evaluated within the formalism of either HF or 

DFT theories. The MEP is particularly useful when visualized on surfaces or in regions 

of space, since it provides information about local polarity it simultaneously displays 

molecular size, shapes as well as positive, negative and neutral electrostatic potential 

regions in terms of the colour grading. The different values of the electrostatic potential 

are represented by different colours. Potential increases in the order red<orange< 

yellow< green< blue [39]. The most negative potential is assigned to be red, the most 

positive potential is assigned to be blue, and the colour spectrum is mapped to all other 

values by linear interpolation. If this is done on the molecular van der Waals surface, 

one can immediately distinguish regions of local negative and positive potential, which 

may be informative for purposes of predicting chemical reactivity.  

MEP plot provides a visual representation of the chemically active sites and 

comparative reactivity of atoms. The negative electrostatic potential corresponds to an 

attraction of protons by the aggregate electron density in the molecule (shades of red and 

yellow) and the positive electrostatic potential corresponds to the repulsion of protons by 

the nuclei (shades of blue).  
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2.11 Natural bond orbital analysis (NBO) 

 The NBO analysis provides an efficient method for studying intra and 

intermolecular bonding and interaction among bonds. The NBO analysis provides a 

description of the structure of a compound by a set of localized bond, anti-bonds and 

Rydberg extra valence orbital to identify and confirm the possible intra and inter 

molecular interaction between the units that would form the proper and improper 

hydrogen bonding.  

 From the NBO analysis a large number of stabilizing orbital interactions are 

observed in molecules. The hyper conjugative interaction energy was deduced from the 

second-order perturbation approach [40]. The hyper conjugative interactions are formed 

by the orbital overlap between σ (C-C) bond orbital σ* (C-C) anti-bonding orbital, 

which results in intramolecular charge transfer (ICT) causing stabilization of the system. 

The hyper conjugative interaction energy was deduced from the second order 

perturbation approach. 
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where qj is the donor orbital occupancy, 𝜀j and𝜀i are diagonal elements and F (ij) is the 

off diagonal NBO Fock matrix element. 

 From the  larger second order interaction energy E(2) value, the more intensive is 

the interaction between electron donors and electron acceptors, (i-e ) the more donating 

tendency from electron donors to electron acceptors and the greater the extent of 

conjugation of the whole system. These interactions can be identified by finding the 

increase in electron density (ED) in anti-bonding orbital that weakens the respective 

bonds. NBO localization is a multistep process the details of which are sufficiently 

complicated. In an initial step, orbitals that are associated almost entirely with a single 
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atom, e.g., core orbitals and lone pairs, are localized as so called natural atomic orbitals 

(NAOS). Next, orbitals involving bonding or antibonding between pairs of atoms are 

localized by using only the basis set AOs of those atoms. Finally, the remaining 

Rydberg-like orbitals are identified, and all orbitals are made orthogonal to one another. 

The result is that, except for very small contributions from other AOs to ensure 

orthogonality, all NAOs and Rydberg orbitals are described through the basis-set AOs of 

two atoms. Thus, NBO analysis provides an orbital picture that is as close as possible to 

a classical Lewis structure for a molecule. 

 Another  useful  chemical  concept  is  hyperconjugation,  which  rationalizes 

certain  chemical  phenomena  in  terms  of  filled-orbital-empty-orbital   interactions. 

NBOs analysis can be used to quantify this phenomenon. Since the NBOs do not 

diagonalize the Fock operator, when the Fock matrix is formed in the NBO basis, off-

diagonal elements will be non-zero. Second-order perturbation theory gives the off-

diagonal elements between filled and empty NBOs, and can be recognized with the 

stabilization energies obtained from hyperconjugation  

 

2.12 Topology Analysis 

2.12.1Atoms in molecules (AIM) 

 The quantum theory of atoms in molecules (AIM) is a useful tool for the 

characterization of hydrogen bonding; intra-inter molecular interactions within the 

molecule [41]. The chemical structure of an element is identified using  critical point's 

(CP's). The type of critical point described as:(3, -3) nuclear critical point (NCP); (3, -1) 

bond critical point (BCP); (3, +1) ring critical point (RCP); and (3,+3) cage critical point 

(CCP). The number and type of critical points that can coexist in a molecule or crystal 

follow a strict topological relationship which states equation (2.4) that:  
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where „n‟ denotes the number of the subscripted type of CP. The topology relationship 

of an isolated system is known as the Poincare – Hopf relationship (PH). 

2.12.2 Localized orbital locator (LOL) and electron localization function (ELF) 

 The topologies of the localized orbital locator (LOL) and electron localization 

function (ELF) are investigated electron density (gradient) in an attempt to elucidate 

cores and the valence shell of the atoms. To define Fermi hole curvature Becke and 

Edgecombe [37] proposed as a local scalar function V(r) and show the excess kinetic 

energy of the Pauli repulsion regions (absence of LOL) of space. Extensively, Savin and 

Silvi [42] explain the two main types of basins in a molecule: core and valence. Core 

basins engulf centre nuclei present in the molecule and valence basins identifies the 

boundaries shared by the cores and lone pair. The localized orbital locator (LOL) shows 

the surface topology of interaction bond path. From electron localization function (ELF) 

analysis, it finds the positions of isosurface, shared and unshared in space where ELF is 

maximal, and to use the value of ELF in these points. By defining the electron 

localization (ELF) gradient in terms of η by the mapping its values on to range 0 ≤ η ≤ 1: 

The value of ELF, η(r) ranges from 0.0 to 1.00, where relatively high values in the 

interval 1.00 to 0.5 indicate regions containing bonding and antibonding localized 

electrons, whereas lower values (>0.5) describe domains where electrons are expected to 

be delocalized. 

2.12.3 Reduced density gradient (RDG) 

 Non-covalent interactions (NCI) constitute the machinery through which distinct 

molecules „recognize‟ themselves, determining how they will approach and eventually 

pack together [43-46]. They encompass a wide range of bonding types, such as hydrogen 
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and halogen bonds, CH…π and π…π interactions, and several binding or anti-binding 

forces, like  those due to dispersion, electro- statics or to Pauli‟s principle. Indeed, a 

considerable effort has been spent in the last decade to disclose the role of each of the 

above in the self-assembly [47] and crystallization [48] processes, whose underlying 

general rules are however well far away to be fully rationalized and understood. 

Decoding the interplay of intermolecular NCI in setting up supramolecular assemblies 

represents a fundamental step in making progress in structural prediction [49], to say 

nothing of molecular reactivity and drug–receptor docking processes. Therefore, it is not  

surprising that the research on  this topic spans over   a  wide  range  of  scientific  

disciplines, including molecular  pharmacology, crystal structure  prediction  and crystal 

engineering, as well  as over  a plethora of quite diverse investigative tools. Among the 

later, of a particular relevance are those based on the electron density observable, ρ(r), 

that may be obtained from ab initio calculations or from single crystal X-ray diffraction 

experiments. Actually, the electron density(ED) scalar field inherently bears a vast 

amount of information on how molecules in close contact influence each other [50, 51]. 

Descriptors derived from the ED are clearly potentially suited to study non covalent 

interactions (NCI) and, moreover, they allow for a comparison of theoretical predictions 

with experimental results on the same grounds, being based on a quantum observable 

and a measurable quantity. Johnson et al. [52] and Contreras García et al. [53] 

introduced a novel NCI descriptor, based on the reduced electron density gradient 

(RDG)   that leads to an easy-to-catch pictorial visualization of various kinds of NCI 

directly in the real space using Multiwfn and plotted by visual molecular dynamics 

(VMD) program [54, 55].  Moreover, when combined with the sign of the second 

principal local curvature of the electron density q(r), it enables one to distinguish the 
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allegedly attractive or repulsive nature of the interactions and to rank their relative 

strength on a qualitative, visual basis. 

 RDG index is able to depict inherently delocalized interactions in terms of 

extended and flat RDG isosurfaces, in contrast to the bond path analysis that is often 

bound to a too localized and possibly discontinuous description. The extension to 

experimental EDs will hopefully represent a key step forward for the possible 

applications of the RDG-based NCI descriptor and for the study of the vast variety of 

NCI leading to the complex, fascinating crystalline structures of interest to materials 

science and biology. RDG leads to an easy-to-catch pictorial visualization of various 

kinds of non-covalent interactions directly in the real space. 

 

2.13 Molecular docking 

 Molecular docking is a well established computational technique which predicts 

the interaction energy between two molecules. Molecular docking studies are used to 

determine the interaction of two molecules and to find the best orientation of ligands 

which would form a complex with overall minimum energy. The small molecule, known 

as ligand usually fits within the protein‟s cavity which is predicted by the search 

algorithm. These protein cavities become active when they come in contact with any 

external compounds and are thus called as active sites. Docking is frequently used to 

predict the binding orientation of small molecule drug candidates to their protein targets 

in order to predict the affinity and activity of the small molecule. Hence docking plays 

an important role in rational drug design. The results  are  analyzed  by  a  statistical  

scoring  function  which converts interacting  energy into numerical values called as the 

docking score; and also the interacting energy is calculated. The 3D pose of the bound 

ligand can be visualized using different visualization tools like Pymol [56] and 
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Discovery studio [57], which could help in inference of the best fit of ligand. Predicting 

the mode of protein- ligand interaction can assume the active site of the protein molecule 

and further help in protein annotation. Moreover molecular docking has major 

application in drug designing and discovery [58-60].  

 The prediction of the protein–ligand complex is usually done by searching the 

translational and rotational degrees of freedom of the ligand within the receptor binding 

site, and by searching the conformational degrees of freedom of the ligand itself. 

Binding conformations generated by docking programs are thus defined by both a 

position of the ligand on the receptor surface and a particular ligand conformer. The first 

docking algorithm for small molecules was developed by the Kuntz group at UCSF in 

1982 [61] since then, many different docking algorithms have been developed, and 

structure-based drug design has become a standard tool in drug discovery. A flow chart 

of Computer-Aided Drug Discovery Process used in molecular docking methodology as 

shown in Fig. 2.3. 

 

Fig.2.3 Flowchart of Molecular dockingmethodology 
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2.13.1 Binding site identification and mapping 

 Docking methods generally rely on a demarcation of the search space on the 

receptor surface to address the computational intensive nature of the search problem in 

finding the correct ligand binding conformation. The space searched spans only the 

active site and requires some knowledge about the position of the binding site on the 

receptor. Often the active site of a receptor is known from an X-ray crystallography 

structure, or perhaps NMR, of a protein–ligand complex. However, sometimes the active 

site, or additional binding sites, has to be predicted. It is often assumed that the largest 

cleft on a protein surface corresponds to the active site, but this is not always the case.  

 After drug candidates have been identified with the search algorithms that have 

been discussed, optimization of these leads begins. For structure-based drug design to 

have an impact on lead optimization, the binding mode of the lead with the receptor has 

to be known. Docking tools play a critical role in predicting binding modes, and the 

ability of a docking program to correctly identify the biologically relevant binding mode 

from the other possibilities is the most basic test of docking algorithms. The success rate 

in retrieving binding modes of known protein-ligand complexes is an important 

validation for docking programs [62]. The measure that is usually used to determine 

whether a binding mode prediction is a success is the root mean square distance 

(RMSD). Before ligands can be docked against a receptor, generally the binding site has 

to be identified first. This is done to limit the search space on the receptor surface and 

thus minimize the degrees of freedom that have to be searched. The active site is often 

known from crystal structures of ligand-bound receptors, but it can also be predicted. 

The large cavity on a protein surface is frequently the active site, but this is not always 

the case and different active site prediction and analysis methods have been developed. 
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 The basis for the DOCK search algorithm can be found in distance geometry and 

consists of sets of ligand atoms that are being matched to sets of receptor spheres. The 

receptor spheres describe the binding site and can be viewed as a „„negative image‟‟ of 

the active site and thus match what the ideal ligand shape would look like. The matching 

of ligand atoms to receptor spheres is used to search the translational and rotational 

degrees of freedom of a rigid ligand in the active site. The second part of a docking 

program consists of a scoring function, which will distinguish among the generated 

binding modes the best solution that closely matches the actual mode of binding. The 

most-favorable predicted protein–ligand complex is considered to be the biologically 

relevant one.   

2.13.2 Types of docking  

 The following type of docking is used often. 

Lock and key or rigid docking  

 In rigid docking, both the internal geometry of the receptor and ligand is kept 

fixed during docking. 

Induced fit or flexible docking 

 In this model, both the ligand and side chain of the protein is kept flexible and the 

energy for different conformations of the ligand fitting into the protein is calculated. For 

induced fit docking, the main chain is also moved to incorporate the conformational 

changes of the protein upon ligand binding, though it is time consuming 

and computationally expensive, yet this method can evaluate many different possible 

conformations which make it more exhaustive and possibly simulate real life 

phenomenon and hence trustworthy. 
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2.13.3 Brief introduction of the software and websites used for docking study Auto 

Dock Vina 

 Auto Dock Vina and Autodock Tools are free of charge techniques that have 

been extensively cited in the literature as essential tools in structure-based drug design. 

Moreover, these methods are fast enough to permit virtual screening of ligand libraries 

containing tens of thousands of compounds. However, using Auto dock requires some 

knowledge in programming which creates a limitation for biologists and makes them 

prone for commercial applications.  

 Auto Dock Vina is a comparatively new open-source program for drug 

discovery, molecular docking and virtual screening, offering multi-core capability, high 

performance, enhanced accuracy and ease of use. Auto dock vina has been designed and 

implemented by Oleg Trott (2010) [63] in the Molecular Graphics Lab at the Scripps 

Research Institute. Auto Dock Vina automatically calculates the grid maps and clusters 

the results in a way transparent to the user. Auto Dock Vina significantly improves the 

average accuracy of the binding mode predictions compared to Autodock4.  

Additionally, Auto Dock Vina has been tested against a virtual screening benchmark 

called the Directory of  Useful  Decoys by  the Watowich  group,  and  was  found  to  

be  "a  strong competitor against the other programs and at the top of the pack in many 

cases". It should be noted that all six of the other docking programs, to which it was 

compared, are distributed commercially. 

 For its input and output, Vina uses the PDBQT (Protein Data Bank, Partial 

Charge (Q), & Atom Type (T)) molecular structure file format used by Autodock. 

PDBQT files can be generated (interactively or in batch mode) and viewed using MGL 
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[Molecular graphics Laboratory] Tools. Other files, such as the Autodock and AutoGrid 

parameter files (GPF, DPF) and grid map files are not needed. 

2.13.4 PyMOL 

 PyMOL [56] is a computer software, which is a molecular visualization system 

created by Warren Lyford De Lano. It is user-sponsored, open-source software, with 

more than 600 settings and 20 representations to provide users with precise and powerful 

control. Spheres provide a CPK-like view, surface and mesh provide more volumetric 

views, lines and sticks put the emphasis on bond connectivity and ribbon and cartoon are 

popular representations for identifying secondary structure and topology. PyMOL can 

produce high-quality 3D images of small molecules and biological macromolecules, 

such as proteins.  Pymol can interpret over 30 different file formats from PDB files to 

SDF-files to volumetric electron density maps. 

2.13.5 RCSB-PDB 

 Research Collaboratory for Structural Bioinformatics (RCSB)-PDB [64] is an 

online portal for teachers, students, and the general public to promote exploration in the 

world of proteins and nucleic acids. Learning about the diverse shapes and functions of 

these biological macromolecules helps to understand all aspects of biomedicine and 

agriculture, from protein synthesis to health and disease to biological energy. 

Researchers around the world are studying these molecules at the atomic level. These 

3D structures are freely available at the Protein Data Bank (PDB), the central storehouse 

of biomolecular structures. This website builds introductory materials to help beginners 

get started in the subject ("101", as in an entry level course) as well as resources for 

extended learning. PDB is developed by the RCSB-PDB, a global resource for the 

advancement of research and education in biology and medicine. Along with our 
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Worldwide PDB collaborators, RCSBPDB curates, annotates, and makes publicly 

available the PDB data deposited by scientists around the globe.  

 The RCSB PDB then provides a window to these data through a rich online 

resource with powerful searching, reporting, and visualization tools for researchers. This 

information is then streamlined for students and teachers at PDB. RCSB PDB is funded 

by the National Science Foundation, the National Institutes of Health, and the 

Department of Energy. The Protein Data Bank (PDB) archive is the single worldwide 

repository of information about the 3D structures of large biological molecules, 

including proteins and nucleic acids. These are the molecules of life that are found in all 

organisms, including bacteria, yeast, plants, flies, other animals, and humans. 

Understanding the shape of a molecule deduce a structure's role in human health and 

disease, and in drug development.  

 The structures in the archive range from tiny proteins and bits of DNA to 

complex molecular machines like the ribosome. The PDB archive is available at no cost 

to users. The PDB archive is updated weekly. PDB was formed to maintain 

macromolecular structural data that is free and publicly available to the global 

community. It consists of organizations that act as deposition, data processing and 

distribution centers for PDB data. In addition, the RCSB PDB supports a website where 

visitors can perform simple and complex queries on the data, analyze, and visualize the 

results. 

  



CHAPTER - 3 

Instrumentation 

 

Abstract 

 The experimental techniques of infrared and Raman spectroscopy and sample 

handling techniques are briefly dealt with. The advantages of Fourier Transform- 

infrared (FT-IR) and FT-Raman technique are also explained 
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CHAPTER – 3 

INSTRUMENTATION 

 

3.1 Introduction 

 Infrared and Raman spectroscopy is a versatile experimental technique and it 

isrelatively easy to obtain spectra from samples in solution or in the liquid, solid or 

gaseous states. In this chapter, how samples can be introduced into the instrument, the 

equipment required to obtain spectra and the pre-treatment of the samples are examined. 

 

3.2 Instrumentation 

3.2.1 Basic components of FT-IR  

Infrared (IR) spectroscopy is one of the most common spectroscopic techniques 

used by organic and inorganic chemists. Simply, it is the absorption measurement of 

different IR frequencies by a sample positioned in the path of an IR beam. The main 

goal of IR spectroscopic analysis is to determine the chemical functional groups in the 

sample. There are five components for FT-IR instruments: a radiation source, a sample, 

an interferometer, a detector (amplifiers and recorders), computer. Radiation beam from 

a broadband source is collimated and directed into the interferometer. The beam passes 

through the sample is focuses on the detector. The recorded detector signal is amplified 

using analog-to-digital converter and transferred to the computer for Fourier-

transformation [65]. The basic components of a Fourier-transform infrared (FT-IR) 

spectrometer are shown in schematic Fig.3.1. 
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Fig. 3.1 Basic components of FT-IR 

3.2.2 Source 

 Infrared radiation is produced by electrically heating a source (glowing black-

body source are shown in Fig.3.2, usually a Nernst filament or a Globar to 1000–

1800°C. The Nernst filament is fabricatedfrom a binder and oxides of thorium, cerium, 

zirconium and yttrium. The Globar is a small rod of silicon carbide usually 5 cm in 

length and 0.5 cm in diameter. The maximum radiation for the Globar occurs in the 

5500–5000 cm-1 region. Nichromewire, carbon arc, rhodium wire and tungsten filament 

lamp are also used as lightsource. In a commercial infrared spectrometer either a 

nichrome wire or aplatinum filament contained in a ceramic tube is commonly used as 

infraredsource for the range 4000–0 cm-1 [66]. 

3.2.3 Interferometer 

 The most common interferometer used in FT-IR spectrometry is a Michelson 

interferometer [67-69], which consists of two perpendicularly plane mirrors, one of 

which can travel in a direction perpendicular to the plane. The opticalarrangement of 

FT-IR spectrophotometer is shown in Fig. 3.2. A semi-reflecting film, the beam splitter, 

bisects the planes of these two mirrors. The beam splitter material has to be chosen 

according to the region to be examined. (Materials such as germanium or iron oxide 

are coated onto an „infrared transparent‟ substrate such as potassium bromide or cesium 

Source Interferometer Sample Detector 

Amplifier 

Analog-

to-digital 

converter 
Computer 
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iodide to producebeam splitters for the mid- or near-infrared regions. Thin organic films, 

such aspoly (ethylene terephthalate), are used in the far-infrared region.) 

 

Fig. 3.2 Optical arrangement of a FT-IR spectrometer 

 

3.2.4 Sample handling techniques 

 Sample handling is considered as an important technique in infrared 

spectroscopy. The spectra of solid samples can be obtained in awide variety of ways. If 

the sample is soluble, it may be dissolved and handled as a liquid. Solid samples for 
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which no solvent is suitable can be prepared for analysis by incorporating them into a 

pressed pelletof alkali halide, usually potassium bromide. Sample is mixed with a 

weighed amount of powdered potassium bromide and the mixture is admitted to a 

pressureof several tones in a die, to produce a highly transparent plate or disc which can 

beinserted into the spectrophotometer. The use of KBr eliminates the problems of 

additional bands due to mullingagent. KBr does not absorb infrared light in the region 

2.5–15 μm and a complete spectrum of the sample is obtained. Solid samples have also 

been examined in the form of a thin layer deposited by sublimation or solvent 

evaporation on the surface of a salt plate. Another method, called mulling has also been 

developed, in which the powdered sample is mixed to form a paste with little heavy 

paraffin oil. The mull is sandwiched between salt plates for measurement. Mulls are 

formed by grinding 2 to 5 mg of finely powered sample in the presence of one or two 

drops of a heavy hydrocarbon oil called Nujol [70]. 

3.2.5 Detector  

 Detectors used in infrared spectrophotometers usually convert the thermal radiant 

energy into electrical energy, which can subsequently be plotted on a chart recorder. 

Two Types of the detectors are commonly used: 

 Thermal Detectors, in which the infrared radiation produces a heating that alters 

some physical property of the detector. 

 Photon detectors, which use the quantum effects of the infrared radiation to 

change the electrical properties of a semiconductor [71]. 
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3.2.6 Amplifiers and recorders  

 The radiant energy received by the detector is converted into measurable 

electrical signal and is amplified by the amplifiers. The amplified signal is registered by 

a recorder or a plotter. The recorder is driven with a speed which is synchronized with 

that of a monochromator, so that, the pen moving across the chart, records the 

transmittance of the sample as a function of the wavenumber. 

3.2.7 Computers 

 The computer forms a crucial component of modern infrared instruments and 

performs a number of functions. The computer controls the instrument, for example, it 

sets scan speeds and scanning limits, and starts and stops scanning. It reads spectra into 

the computer memory from the instrument as the spectrum is scanned; this means that 

the spectrum is digitized. Spectra may be manipulated using the computer, for example, 

by adding and subtracting spectra or expanding areas of the spectrum of interest. The 

computer is also used to scan the spectra continuously and average or add the result in 

the computer memory. 

3.2.8 Spectra 

 Early infrared instruments recorded percentage transmittance over a linear 

wavelength range. It is now unusual to use wavelength for routine samples and the 

wavenumbers scale is commonly used. The output from the instrument is referred to as a 

spectrum. Most commercial instruments present a spectrum with the wavenumbers 

decreasing from left to right. Most commercial instruments present a spectrum with the 

wavenumbers decreasing from left to right. The infrared spectrum can be divided into 

three main regions: the far-infrared (<400 cm−1), the mid-infrared (4000–400 cm−1) and 

the near-infrared (13000–4000 cm−1) [72-74]. 
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3.3 Raman spectroscopy 

 Raman spectroscopy is a popular technique for the analysis of molecular 

structure and is considered complementary to infrared spectroscopy. The spectrometer 

which provides maximum Raman collection efficiency and which uses light most 

efficiency to convert it into a spectrum is the Fourier transform (FT) spectrometer. A 

major advantage of FT-Raman over conventional dispersive Raman spectroscopy is that 

the low excitation energy (Nd:YAG laser of 1064 nm) renders spectra that are generally 

from fluorescence interference [75]. The spectrometer through-put is high. Both the FT-

IR and FT-Raman enjoys wavelength precision so that spectra may be co-added, 

resulting in a rapid improvement in signal-to-noise (S/N) performance. Since the 

intensity of Raman lines is proportional to the fourth power of the excitation frequency 

there is a reduction in sensitivity on using Nd:YAG laser. However, multiplex gain of 

Fourier spectroscopy increases the sensitivity. The simultaneous detection of all 

frequencies leads to lower recording time of the experimental data. Once the optical path 

of the FT spectrometer has been properly aligned, the same instrument can be operated 

either as an infrared spectrometer or as a Raman spectrometer by simply interchanging 

sources, beam splitters and detectors. The optical arrangement of Raman spectrometer is 

shown in Fig. 3.3 
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Fig. 3.3 Optical diagram of Fourier Transform Raman Spectrophotometer 

 

3.3.1 Source 

The source used in FT-Raman spectrometer is an air cooled, diode pumped 

Nd:YAG laser with a maximum output power of 200 mW operating at a wavelength of 

1064 nm. The laser is attached to the rear side of the FRA 106 which is driven by its 

own source of power (110 V or 220 V Ac). The laser radiation travels through optics 
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base plate to the front mounted sample compartment and can be switched on and off by 

computer software commands when running the application program.  

3.3.2 Monochromator 

 A commercial Raman spectrometer is equipped with a double or a triple 

monochromator with a view to eliminating even the strong light radiation. In a double 

monochromator, one monochromator is coupled with another monochromator in 

sequence and this arrangement causes the escape of both the stray and the Raman 

radiations through the exit slit of the first monochromator, irrespective of the nominal 

frequency, set for that monochromator. This radiation, escaping through the exit slit of 

the first monochromator, is allowed to enter the second monochromator of the double 

monochromator where the radiation is redispersed, as a result of which, the unwanted 

radiation is completely eliminated. The procedure involves the setting up of a slit at 

some narrow width so that operation of the laser causes the shine of the monochromator. 

Then the transmitted radiation is recorded first at the laser frequency and then at the 

frequency of the nominal monochromator.[76-79] 

The Raman spectrometer (BRUKER RFS 27V) used for recording the spectra in 

the present investigation is equipped with a triple monochromator and this arrangement 

eliminates the unwanted radiation completely and more effectively than the one 

equipped with a double monochromator. When light enters the monochromator, the 

grating of the spectrometer disperses it and then allows it to pass through one or more 

narrow slits. Hence the light entering the detector always has a narrow band width and 

hence it is considered to be monochromatic. However, a spectrograph uses wider slits 

and hence causes the display of a broad band of light on the detector. 

3.3.3 Detectors 

Photomultipliers are employed as detectors in BRUKER RFS 27V Raman 

spectrometer. The light from the monochromator is collected and focussed on the 
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cathode surface of the photomultiplier tube, where it is converted into an electric signal. 

The electrical signal is further amplified by the preamplifier. The efficiency of detection 

of the weak signal is enhanced by two factors, viz. high efficiency and low thermionic 

dark current.  The term quantum efficiency is defined as the ratio of the number of signal 

pulses appearing at the anode per second to the number of photons reaching the cathode 

per second. This ratio is the function of wavelength. Various types of photo surfaces are 

used as a detector depending on the wavelength of the laser used. In the absence of light, 

few thermally excited electrons should leave the cathode of photomultiplier tube. Photo 

cathodes which are capable of producing five dark pulses per second at room 

temperature are available commercially. But as the photo cathodes are cooled at -30°C, 

no dark pulses are produced. Hence at room temperature, the output of the 

photomultiplier tube contains this dark current. This must be taken into account when 

the output of the photomultiplier tube is considered. The output of photomultiplier tube 

is a measure of number of pulses of electrons.  

3.3.4 Data acquisition and control 

The Raman spectrometer, BRUKER RFS 27V used in the present investigation is 

interfaced with computer for data acquisition and control. The spectrometer position is 

incremented by a pre-set step size between initial and final wavenumber positions. Data 

acquired for the orthogonal orientation can be chosen for the entire run. After the 

completion of the run, Raman spectra are displayed on the monitor screen. The library 

functions in the computer are useful in several aspects, such as smoothening of the 

peaks, expansion of the selected peaks, calculation and comparison of the peak 

intensities. A plotter, interfaced with the Raman spectrometer is used to take the print-

out, displayed on the screen, after the completion of the run.  
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3.3.5 Sample handling techniques in Raman spectroscopy 

Sample handling for Raman spectroscopic measurements is simpler than for IR 

spectroscopy because, glass can be used for windows, lenses, and other optical 

components instead of the more fragile and atmospherically less stable crystalline 

halides. In addition, the laser source is easily focused on a small sample area and the 

emitted radiation efficiently focused on a slit. As a result, relatively small samples can 

be studied. For the solid sample KBr or solvent is needed. A few milligrams of the solid 

samples are required. Solid can be packed into a capillary tube as powder. The crystal 

can be mounted in a goniometer on a glass or silica fiber. The spectra can be measured 

for different orientations of the crystal. For single crystals, the Raman spectrum varies 

depending on the direction of the crystal axis, when polarized light is used as incident 

radiation. Raman spectra of absorbed species can be recorded. Raman spectra can also 

be recorded at different temperatures and pressures. 

 

3.4 Advantages of FT-IR and FT-Raman spectrometers   

 As the absorption at all wavelengths is recorded in spectrometer gives a spectrum 

with a better signal-to-noise (S/N) ratio at the same time. These are much faster 

and saves a lot of experiment time. This provides for taking multiple scans for 

low concentration samples and then averaging them.   

 It gives better frequency resolution and reproducibility. 

 Due to its simple mechanical design with only one moving part (the moving 

mirror in interferometer), there is less wearing out of the components and hence 

better reliability of the spectrometer. 
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Abstract 

 The research received a great deal of worldwide attention due to the nature of 

interpretation before the experimental process. Based on the systematic process the structure 

of thiazole-pyrazole compound 4-[{2-[3-(4-chlorophenyl)-5- (4-chlorophenyl)-5-(4-propan-

2-yl) phenyl)-4, 5-dihydro- 1H- pyrazol-1-yl]-4-oxo-1, 3-thiazol-5(4H)-ylidene} methyl] 

benzonitrile [CPTBN] were investigated. In the first level, the spectral statistics on 

experimental FT-IR and FT-Raman was reported. At the next level, geometrical parameters 

were theoretically acquired from density functional theory (DFT) using B3LPY/6-31G and 

6-311G basis sets. The computed wavenumber was collected and compared with the 

experimental data. The vibrational modes were interpreted in terms of potential energy 

distribution (PED) results. The FMO, MEP, and NBO analysis further validated the 

electrophilic and nucleophilic interaction in the molecular systems. Two gram-positive 

bacteria: staphylococcus aureus, Bacillus subtilis and two gram- negative bacteria: 

Esherichia coli, pseudomonas aeruginosa were performed for antibacterial activity. Two 

fungal strains: Candida albicans and Aspergillus Niger were carried out against a ligand 

using anti-fungal activity. The molecular docking analysis explores the antimicrobial and 

selective potential inhibitory nature of the binding molecule. Besides, RDG and ELF 

analysis were also performed to show the nature of interactions between the molecule. 
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CHAPTER – 4 

Quantum chemical calculation, performance of selective 

antimicrobial activity using molecular docking analysis, RDG 

and experimental (FT-IR, FT-Raman) investigation of 4-[{2-[3-

(4-chloropheny)-5-(4-propan-2-yl) phenyl)-4, 5-dihydro- 1H- 

pyrazol-1-yl]-4-oxo-1, 3-thiazol-5(4H)-ylidene}methyl] 

benzonitrile 

 

4.1 Introduction          

 Recently, the investigation of vibrations of substituent azoles compounds was an 

incredible arrangement of enthusiasm among the spectroscopists because of their physical 

and chemical properties. Thiazole is one of the most intensively studied classes of aromatic 

amalgamation and one of the most intensively studied classes of aromatic amalgamation that 

was initially outlined by Hantzsch and Weber in 1887 [80]. It belongs to the family of 

azoles, the heterocyclic five-membered compounds containing sulfur and nitrogen atoms at 

1,3 positions in their fragrant ring structure [81]. Thiazole core occupies a very important 

position among the heterocyclic compounds which are naturally bioactive. Attached to 

various active elements like pyrazole, phenyl, nitrile-contains compounds were synthesized 

in a laboratory environment and were eventually introduced to be used to treat various 

diseases and varieties of industrial purposes such as fungicides, dye, and paint production 

[82, 83]. Consistently, the active elements nitrile is a common choice as both a chemical and 

physical barrier to these hazards, especially nitrile gloves were useful to a huge number of 

human services and industry labourers who are exposed to chemical and organic risk [84]. 

Benzonitrile often plays a key role in the inhibition of hydrogen absorption [85]. The 

present work involves the study of comprehensive molecular geometry and vibrational 

modes of CPTBN using quantum chemical calculations; it has a molecular formula 

C29H23C1N4OS. The global reactivity descriptors like highest occupied molecular orbital 
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(HOMO), lowest unoccupied molecular orbital (LUMO), and molecular electrostatic 

potential (MEP) analysis were interpreted with the theoretical value. The energy gap values 

(∆E) have been calculated using B3LYP/6-31G and 6-311G basis sets and reported as a 

result of the molecular transitions. The investigation of natural bond orbital (NBO) provides 

information on the chemical features such as intra and intermolecular charge transfer, 

second-order perturbation characteristic relationships between the Lewis (donor) and non-

Lewis (acceptor) [86]. The title molecule's reduced density gradient (RDG) and electron 

localization function (ELF) were investigated using Multiwfn software. The disc diffusion 

method was used to successfully evaluate antimicrobial activity of the compound at 25, 50, 

75, and 100 µg/ml concentration levels with established bacterial and fungus strains. To 

explore the potential biological activity of the thiazole (CPTBN) compound, few studies 

included in the molecular docking analysis and report on the drug- like behaviors of the title 

compound. The anti-microbial, monoclonal antibodies, Nitric oxide synthase inhibitor, 

consistent with the results of docking pose provide key insight of selective antimicrobial and 

medical potential inhibitors. The above findings are opening up new avenues of medicinal 

chemistry and are important for clinical manifestation. 

 

4.2 Experimental details 

 The structure of CPTBN along with the synthesis procedure was screened by Salian 

et al. [87]. In the present work, the following techniques and biological studies were carried 

out. 

 Fourier transform infrared spectrum was recorded between 4000-0 cm
-1

 using the 

Perkin Elmer spectrometer, which was calibrated using an MCT Mid-IR range 

detector with KBr (potassium bromide) pellets technique. 

 FT-Raman spectrum was obtained within the interval of 3500-0 cm
-1

 using a Bruker 

RFS27 the 1064nm line of a Nd: YAG laser device for excitation controlled at 200 
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mW power. At room temperature, the spectrum was recorded at a scanning speed of 

10 cm
-1 

and a spectral resolution of 1.0 cm
 -1

.  

 Using the disc diffusion method, the title compound with four concentrations of 25, 

50, 75 and 100 µg/ml in distilled DMSO was prepared and tested against 

antimicrobial strains were maintained on agar medium at 4°C. Antimicrobial 

cultures such as Staphylococcus aureus, Bacillus subtilis, Esherichia coli, 

Pseudomonas aeruginosa, Candida albicans and Aspergillus Niger were tested. 

 

4.3 Computational details 

 In the present work, the optimized geometrical parameters namely bond lengths, 

bond angles of the CPTBN were first performed by B3LYP functional with 6-31G and 6-

311G basis sets, using the Gaussian 09 program [17]. The correlation function is used to 

predict the molecular structure (Vibrational spectra) of the CPTBN. The potential energy 

distribution (PEDs) is done with the help of (VEDA) program [88]. GAUSSVIEW program 

[31,89] provided a visual presentation of vibrational modes. Screening the calculations 

exposed that, the density functional theory (DFT) computations with the promising 

vibrational properties, molecular geometry, and orbital energy of CPTBN. Besides natural 

bond orbital (NBO) calculations were carried out using the NBO program implemented in 

Gaussian 09 [90]. Multiwfn software provides a route for a consistent description of 

interactions between the atoms in terms of the topological properties of the electron density 

ρ(r). Electron Localization Function (ELF) map and Reduced Density Gradient (RDG) were 

calculated using the Multiwfn program [20]. Molecular docking studies were performed 

with the help of an Auto dock [57] software, discovery Studio Visualizer 4.1 [57] and 

Pymol software [56, 92]. 
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4.4 Results and discussion 

4.4.1 Molecular geometry 

 The density functional theory is one of the most reliable computational approaches 

for the theoretical investigation of the structure of the molecule. The optimized molecular 

form of CPTBN computed by B3LYP/6-31G, B3LYP/6-311G, and visualized through the 

Gauss View program shown in Fig. 4.1. The optimized bond lengths and bond angle of the 

title compound were tabulated in Tables 4.1 and 4.2, respectively. The optimized structure is 

found to be with C1 point group symmetry having its ground state energy of -2271.46 a.u 

with a dipole moment of 8.9529 Debye. Elaboration of the collected data is as follows: 

 

 

Fig. 4. 1 Optimized structure of CPTBN using B3LYP/6-311G basis set 
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 The optimized geometrical structure of the title molecule benzonitrile substituent in 

the thiazole ring system, chain with pyrazol bounds by two phenyl rings (one is 

chlorophenyl - PhI and the other is 4-(Propan-2-yl) phenyl- PhII. Normally, the C-C bond 

lengths of aromatic rings formed by the phenyl ring are greater than range 1.3900 Å, 

although the computed value falls in the range C4-C6 = 1.4102/1.4120 Å, C9-C11 = 

1.3933/1.3964 Å, C5-C7= 1.3959/ 1.3977 Å, for PhI and C14-C15 = 1.4038/ 1.405 Å, C16-C19 

= 1.3964/1.3982 Å, C17-C21= 1.4056/1.4076 Å for PhII. The title compund is somewhat 

regular and the spread of C-C bond distance is 1.3900 - 1.5500 Å in (phenyl ring I) PhI and 

1.3900- 1.4500Å in (phenyl ring II) PhII, which is similar to the report by Parveen et al. 

[93]. The computed bond lengths of the C═C double bond values are C4-C5 = 1.4067/1.4083 

Å, C6-C9 = 1.3907/1.3931 Å, C7-C11 = 1.3886/1.3922 Å for PhI and C14- C16= 

1.3981/1.4009 Å, C15-C17 = 1.394/1.3957 Å, C19- C21= 1.4011/1.4036 Å for PhII. This 

observation reveals that the C-C atoms in both rings are between the conventional C-C 

single and C═C double bond lengths, indicating that the electron density is conjugated on 

all rings. The outer shell carbon-hydrogen bond length values are experimentally falling in 

the range of 0.90 Å to 1.09 Å, whereas the calculated C-H (ring) and C-H (methyl) values 

are 1.0800 Å and 1.0900 Å, respectively. The C-H length in both phenyl rings is found 

almost equal to around 1.08 Å, is very close to the experimental value 1.09 Å, which 

indicates that C-H bond lengths remain unaffected by the substitution in rings. Generally, 

the thiazole ring has a difference in bond length is due to the presence of a sulphur and 

nitrogen atom. The theoretical value of the C39- S41 bond length is 1.8653/1.8592 Å and the 

experimental value is found to be 1.86 Å [82]. The C40═O44 carbonyl moiety present in 

thiazole has a double bond character, as evidenced by the compound's estimated bond length 

(DFT) of 1.2450/1.2472 Å. The shortening of these C-N bonds reveals the effect of 
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resonance in this part of the molecule. It attempts to draw the electron density of the 

neighboring atoms which as a result move closer together to share the electrons more easily. 

The literature value of C-N, C═N, C≡N bond length (XRD) is 1.300 Å, 1.31 Å and 1.160 Å 

[93]. In the current studies C1- N24 = 1.3046/1.3061 Å, C2-N25= 1.5079/1.5097 Å present in 

pyrazole ring, C42-N43 = 1.3051/1.3059Å present in thiazole ring, and C57-N58 = 

1.1682/1.1748 Å present in benzonitrile ring indicating that π- electron in the molecules are 

delocalized in the C═C of the molecule which is similar in reported by Mustafa et al [94]. 

The chlorine is extremely electronegative, it strives to get more electron density, and the 

computed value is 1.825 Å,  that is found near the phenyl ring PhI. The experimental values 

are taken from a similar C-Cl bond length observed in 1.8200 Å by Vanasundari et al. [95]. 

The magnitude of the length N-N bond is described in 1.38 Å assigned by Priyanka Singh et 

al. [96]. In CPTBN it to be 1.3963/1.3946Å for the CPTBN molecule. The angle formed 

between two adjacent bonds shows the internal bond angles N25-C42- N43, C1- N24-N25, C39-

C40-O44 and N43-C40-O44 are found around the range to be 123°, 108°, 124° and 122° in the 

CPTBN respectively. The shortest bond angle formed between thiazol is C39-S41-C42 in 86°. 

4.4.2 Vibrational assignments 

 The main aim of this vibrational assignment is to provide a clear interpretation of 

both experimental and theoretical results. The experimental and theoretical FT-IR and FT-

Raman spectra are shown in Figs 4.2 and 4.3, respectively 
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Fig. 4.2  Observed FT-IR and simulated spectra of CPTBN 
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The theoretical calculations were performed using the B3LYP method with 6-31G and 

6-311G basis sets were reported in Table 4.3. Generally, the vibrational modes of a 

compound with N atoms have (3N-5) vibrational modes for a linear compound and (3N - 6) 

modes for a nonlinear compound. The CPTBN is a nonlinear molecule has 59 atoms and 

171 fundamental vibrational modes. Based on the optimized structure, the detailed spectral 

information is interpreted as follows: 

C-H vibrations 

 In the present study, there are three different benzene rings attached to the 

combination of thiazole with pyrazol. The occurrence of benzene C-H stretching vibration 

extends often above 3000 cm
-1

 for aromatic composition and less than 3000 cm
-1

 for non- 

aromatic composition. In the FT-IR, FT-Raman spectra, aromatic compounds predominantly 

have a C-H vibration of 3000-3100 cm
-1

. The essence and location of the replacement are 

affected in this region by the band. Because of their high polarization, these C-H stretching 

mode typically appear with Raman strength. These bands observed at 3074 cm
-1

 and 3053 

cm
-1 

in FT-Raman by Sathish et al. [97]. In the case of the title compound, it exhibits 

multiple weak band shoulders on the stronger C-H stretching vibrations at 3067, 3013 cm
-1

 

in FT-IR and 2957, 2868 cm
-1 

in FT-Raman. Normally, the C-H in-plane vibrational 

bending mode occurs in the region 1530-1000 cm
-1

. In the present case, C-H in-plane 

vibrational bending mode observed at 1424 cm
-1

 (w), 1396 cm
-1

 (ms), and 1114 cm
-1 

(ms) in 

FT-IR spectrum and 1285 cm
-1

 (ms), 1251 cm
-1

 (s), 1173 cm
-1

 (ms) in FT-Raman spectrum, 

the computed wavenumbers for this mode were coincident with 1429, 1394, 1290, 1253, 

1120 cm
-1

 for B3LYP/6-31G and 1425, 1395, 1286, 1250, 1116 cm
-1 

for B3LYP/6-311G. 

The out-of-plane C-H bending mode of the phenyl ring are observed at 804 cm
-1 

(IR), 928, 

832, 806 cm
-1

 (FT-Raman) and computed values are in the range 932-810 cm
-1 

(DFT) by 

Begume et al. [98]. The correlated vibrations observed at 896 (w), 829(ms), 811 cm
-1

 (w) in 
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FT-IR and 945 cm
-1 

(m) in FT-Raman were coincident with 933, 900, 833, 814 cm
-1

 for 

B3LYP/6-311G. 

Methyl group vibrations 

 The CH3 group frequencies are generally associated with nine fundamental modes of 

vibration. These vibrations are CH3 symmetrical stretch, CH3 asymmetrical stretching, CH3 

in-plane bending (δ), CH3 out-of-plane bending (γ), CH3 symmetric deformations, CH3 

asymmetrical deformations, CH3 in-plane rocking (δ rock), CH3 out-of-plane rocking (γ rock), 

and twisting bending (Г CH3) [99]. From the structure of the title molecule posses two CH3 

(5-(4- Propan-2-yl) phenyl) group substitutions in the pyrazole ring chain.  

 The CH3 asymmetric stretching vibration is recorded in the FT-IR at  

2929(w) cm
-1

, and FT-Raman at 2947, 2933 cm
-1

, are coincides with computed values at 

2952, 2936, 2934, 2928, 2903, 2881 cm
-1

 in B3LYP/6-31G and  2948, 2932, 2924, 2930, 

2900, 2879 cm
-1

 in B3LYP/6-311G. The in-plane (δipb) bending modes have been calculated 

at 1390 and 1385 cm
-1 

by 6-31G, and 1389, 1382, 998 cm
-1

 by 6-311G. The out-of-plane 

bending vibrations of title compound occur in medium peak (γ opb) 1409 cm
-1 

in FT-Raman 

is assigned and deformation is predicted at (γ opb) 1420, 1415 cm
-1

 for B3LYP/6-31G and 

1418, 1410 cm
-1

 for B3LYP/6-311G. The rocking mode of the CH3 group is computed at 

1103, 1025 cm
-1 

for B3LYP/6-31G and 1100,1021 cm
-1

 for B3LYP/6-311G well in 

agreement with a recorded value of 1099 cm
-1

 in the FT-Raman spectrum. Moreover, the 

twisting vibration of ГCH3 falls below 500 cm
-1

. In the present study, the twisting vibration 

for CH3 is assigned to weak band at 181 (w) in FT- Raman. These observation are in very 

good agreement with literature values. 

CH2 vibrations 

 For the assignment of CH2 group frequencies basically there are six fundamental 

modes namely, asymmetric stretching mode-υass (CH2), symmetric stretching mode-υss 
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(CH2), a rocking mode- rock (CH2), Wagging mode ω (CH2), twisting mode -Г (CH2) and a 

scissoring mode -ρ(CH2). According to the literature, CH2 symmetric and asymmetric 

vibration falls in the range around 3000-2800 cm
-1

 [100]. The CH2 asymmetric stretching 

modes are computed at 2955, 2915 cm
-1

 for B3LYP/6-31G and 2953, 2912 cm
-1

 for 

B2LYP/6-311G, but no peaks can be observed in this region on the recorded spectrum. The 

twisting mode of the CH2 group is observed at 1195 cm
-1 

in FT-IR and 1196 cm
-1 

in  

FT- Raman. The CH2 scissoring vibration of the title compound was observed at 1375 cm
-1

 

(w) in FT-Raman.  

Nitrile vibrations 

          Nitrogen compounds with triple bonds, such as nitrile and cyanates, have a specific 

spectrum, typically with a single, usually intense absorption peak at 2280- 2200 cm
-1

 [85]. 

The saturated cyclic nitrile is detected by the presence of a band near 2250 cm
-1 

 while their 

aromatic counterparts absorb at lower frequencies near 2230 cm
-1

. Generally, the IR and 

Raman spectra exhibits C≡N stretching vibrations at 2235 cm
-1

 and 2290 cm
-1

 [101,102]. In 

the present investigation, the band observed at 2223 (m) cm
-1

 in FT-IR and 2222 (m) cm
-1

 in 

FT-Raman are attributed to C≡N stretching vibrations.  

C-C vibrations 

            In general, C-C stretching vibration of heterocyclic aromatic compounds occurs in 

the region 1650-1200 cm
-1 

[102-104]. Fatima et al. [101] reported that carbon-carbon 

stretching vibration occur in the region 1625-1400 cm
-1

. The C-C stretching vibrations at 

1428 cm
-1

, 1235 cm
-1

, 1002 cm
-1

 in the IR spectra and 1579 cm
-1

, 1531cm
-1

, 1439 cm
-1

, 

1380 cm
-1

, 1123 cm
-1 

in the Raman spectra are assigned by Kuruvilla et al. [105]. In the 

present study, above similar wavenumbersare observed at 1493(ms), 1600(vs),  

1225(vs) cm
-1

 in FT-IR spectrum and 1441(w), 1596(vs), 1561(vs), 1551(m) 1225(vs) cm
-1 

in FT- Raman spectrum are assigned as a C-C stretching vibrations. The corresponding 
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values theoretically computed at 1600, 1564, 1230 cm
-1

 in B3LYP/6-31G and 1598, 1562, 

1226 cm
-1 

B3LYP/6-311G are assigned to C-C stretching vibrations of the title molecule. 

The C-C in- plane bending vibartion occurs between 1000-600 cm
-1 

[104]. 

 In the present case, bending and ring vibration of C-C falls below 1000 cm
-1

 and are 

shown in Table 4.3. A medium intense FT-Raman band is identified at 823 cm
-1

, the 

corresponding calculated value lies at 826 cm
-1

 in 6-31G and 821 cm
-1

 in 6-311G. From the 

FT-Raman spectrum the values predicted at δring = 945 (ms), 631 (m), 551 (vw),  

353 (ms) cm
-1

 that confirms the formation of δring at 632, 671, 622, 339, 332, 327, 310, 

81,76,71, 23 cm
-1

 (B3LYP/6-311G), and δring at 684, 675, 625, 340, 334, 331, 314, 84, 75, 

25, 23 cm
-1

 (B3LYP/6-31G). The C-C in-plane bending vibration mode calculated at δipb= 

695, 440, 390, 345 cm
-1

 (B3LYP/6-31G), and δipb = 694, 396, 388, 343 cm
-1

 (B3LYP/6-

311G). The out-of-plane C-C bending modes are calculated at 850, 844, 622, 405, 375, 310, 

298, 35, 29, 18, 14, 8 cm
-1

 (B3LYP/6-311G) and 855, 847, 625, 444, 379, 314, 300, 38, 30, 

20, 15, 10 cm
-1

 (B3LYP/6-31G). 

C= O vibrations 

 The C=O stretching vibration of the carbonyl group, is generally expected in the 

region 1740-1660 cm
-1

. In the present study, this vibration has been observed at 1698/1697 

cm
-1

 in FT-IR/FT-Raman spectra are assigned as C=O stretching vibration of the title 

molecule. The strong band in the FT-IR and FT-Raman, near 1750-1655 cm
-1

 confirms the 

possibility of a carbonyl group in an aromatic compound [106]. The C=O in-plane bending 

vibration occurs in the range of 820- 630 cm
-1

. El- Azab et al. reported that C=O in-plane 

bending vibration was appearing at 694 cm
-1

 [107]. In the present molecule it was observed 

as a weak intense peak at 694 (w) cm
-1 

in the FT-Raman spectrum, the corresponding 

calculated in-plane bending modes of C=O occurs at 695 cm
-1

 in B3LYP/6-31G and  

694 cm
-1

 in B3LYP/6-311G. The prominent absorptions bands of δCC, the medium-strong 



59 

peak is observed in FT- IR at 1094 (ms) cm
-1

, the corresponding theoretical value bound at 

1095 cm
-1

 at both B3LYP/6-31G and B3LYP/6-311G. 

C-Cl vibrations 

       The vibrational assignments of the benzene ring belong to Carbon-Halogen (F, Cl, Br) 

bonds, which are formed between the ring carbon and the halogen atoms are particularly 

important. Because of the lowering of molecular symmetry and the presence of heavy 

atoms, vibrations indeed are mixed [108-111]. In the FT-Raman spectrum, a strong band is 

observed due to the presence of Cl, Br, and F atoms. The C-Cl band at 720 (vs) cm
-1 

in FT-

Raman is a stretching vibration found by Govindarajan et al. [112]. For a simple benzene 

ring chlorine containing atom, C-Cl absorptions are in the region between 750-700 cm
-1

. In 

the title molecule, C-Cl stretching vibration is observed at 460 (vw) cm
-1

 (FT-IR), and the 

corresponding computed value is 465 cm
-1

 in B3LYP/6-31G and 462 cm
-1 

in B3LYP/6-

311G. 

C-S vibrations 

 The characteristic frequency for the C-S stretching mode appears as a weak band in 

the region 800- 600 cm
-1

. The C-S stretching modes are reported at 783, 632 cm
-1

 in FT- IR, 

633 cm
-1

 in FT-Raman, and 785,635 cm
-1

 theoretically assigned by Fatima et al. [113]. In 

the current study, FT-Raman spectrum with very low intensity is assigned to C-S symmetric 

stretching vibrations. The weak band observed at 720(w) cm
-1 

in FT-Raman and the 

calculated values at 878, 740, 724 cm
-1

 for B3LYP/6-31G and 875, 738, 720 cm
-1

 for 

B3LYP/6-311G are assigned C-S stretching vibrations of the title molecule. 

4.4.3 Reactivity cite of CPTBN 

 The molecular electrostatic potential (MEP) plot is a visual illustration of the 

foremost reactive sites during a molecule and mapped with the colour scheme [114]. 

Potential will increase within the order of red< orange < yellow < green < blue. Using the 
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Gaussian 09 program, we tracked and plotted the alpha density (e
- 4

), density difference (e
-3

), 

and MEP (e
-2

) surface mapping. It provides a visual method to understand the relative step-

by-step polarity of the molecule. 

            Based on the three electrostatic potential surface deepest red, blue potential value in 

this molecule ranges from -4.055e
-4 

a.u to 4.055e
-4 

a.u, -6.088e
-3 

a.u to 6.088e
-3 

a.u and -

7.960e
-2   

a.u to 7.960 e
-2 

a.u. Alpha density represents the full electrophilic region which is 

represented by blue colour. Density difference shows the region of energy difference 

between alpha density and MEP. In the reactive properties of MEP, the nucleophilic reactive 

site (red colour) shows the molecule‟s negative regions, and is located on the thiazole ring 

and partly above the benzonitrile. The other site is the electrophilic reactive site (blue 

colour) which indicates the positive regions of the molecule and is located on all hydrogen 

atoms in the molecule. The more dominant area are marked by green colour over the MEP 

surface indicates that the electrostatic potential is midway between the vicinity of the red 

and blue regions. Therefore, intermolecular interaction of the compound was confirmed by 

the reactive site regions, the electrostatic potential surface along with the Alpha density, and 

complete title compound density are shown in Fig. 4.4. 
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4.4.4 HOMO- LUMO energy and global reactivity descriptors 

 The energies of the highest occupied molecular orbital (HOMO), the outermost 

orbital containing electrons, tend to give electrons and act as an electron donor. On the other 

hand, lowest unoccupied molecular orbital (LUMO), the innermost orbital containing is 

vacant and can accept electrons. The energy gap between HOMO and LUMO orbital 

difference is a very useful factor in determining the chemical reactivity of the molecule. In a 

simple molecule, orbital theory approaches HOMO and LUMO can offer a reasonable 

qualitative prediction of the excitation properties and the ability of electron transport. The 

energies of the HOMO and LUMO orbital for the possible excitations were carried as 3.57 

eV for B3LYP/6-31G and 3.58 eV for B3LYP/6-311G. Using HOMO and LUMO orbital 

energies, the ionization energy (I) and electron affinity (A) can be expressed as Eqs. (4.1) 

and (4.2) 

  Ionization potential = -EHOMO (EH)     (4.1) 

  Electron affinity A = -ELUMO (EL)        (4.2) 

Koopman [37] stated that the negative energies of EHOMO were 6.46 eV, 6.70 eV, 6.99 eV 

and ELUMO were 2.88 eV, 2.32 eV, 1.21 eV. Moreover, the energy gap is calculated with the 

occurrence of orbital diagram HOMO- LUMO, HOMO-1-LUMO+1, HOMO-2-LUMO+2, 

and the most significant higher orbital energy gaps were determined in 6-311G are 3.58 eV, 

4.37 eV, 5.78 eV respectively, which are shown in Fig. 4.5. Based on the root density 

functional descriptors, global reactivity descriptors of the title molecule described the 

ionization potential (I), electron affinity (A), chemical potential (µ), electro-negativity (χ), 

global hardness(η), global softness(σ), and global electrophilicity (ω) calculation, according 

to the equations given below 4.3 to 4.7. 

  Global hardness η = (I -A)         (4.3) 
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  Global softness σ = 1/η                        (4.4) 

  Chemical potential µ= -(I +A)/2            (4.5)                          

  Electro negativity χ = (I+ A)/2              (4.6) 

  Global electrophilicity index ω = µ
2
/2η     (4.7) 

 The values of the global reactive descriptor [17,116] are computed and listed in 

Table 4.4, which ensures the molecule‟s indisputable biological activity. 

 

4.4.5 Fock matrix for bonds 

          Calculations of the bond fock matrix [90] were made using the Gaussian 09 [20] 

program to interpret the many second–order perturbation interactions between the full orbits 

Fig. 4.5 HOMO - LUMO energy distribution plots of CPTBN at 

DFT/B3LYP/6-311G basis set 

 

LUMO 
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of one subsystem and the empty orbits of another subsystem, which is a measure of 

hyperconjugation intermolecular delocalization. The natural bond orbital (NBO) analysis in 

the donor–acceptor interactions basis was evaluated using the second-order Fock matrix 

[117]. This analysis is carried out by examining all possible interactions between 'filled' 

(donor) Lewis-type NBOs and 'empty' (acceptor) non-Lewis NBOs. For each donor (i) and 

acceptor (j), the stabilization energy in the Eq. (4.8) E(2) associated with the delocalization 

[i → j] is estimated at 

     

 
 ij

ji
ij

EE

F
qEE




2
,

)2( i
     

(4.8) 

where qi is the orbital occupancy of the donor, Ei and Ej are diagonal elements and F (i, j) is 

the off- diagonal NBOFock matrix element. The transmission of this electron to electron 

from a bonding orbital (donor-σ, π) with depreciation in its occupancy, an antibonding 

orbital (acceptor-σ*, π*) and Lone pair (LP) can be defined as charge transfer. Several other 

types of valuable data, such as directionality, hybridization and partial loading, have been 

analyzed from the NBO results. 

            The strong intra- molecular hyperconjugation interaction of the π* electrons from 

C7-C11 to the π* anti-bonding orbital‟s of C4- C5 bond shows leading to the stabilization of 

215.88 kcal/mol. The bonding π*(C7-C11) NBO further conjugates with π*(C4- C5), π*(C6- 

C9), have an enormous stabilization energy of 215.88, 141.93 kcal/mol, as shown in Table 

4.5. The interaction between π*(C6-C9), π* (C7- C11) to π* (S41- C42) the electrons are heavy 

intermolecular. In addition to these interactions, there is also a strong lone pair show 

stabilization capacity, such as LP (1) N25 -π* (C1- N24) = 26 kcal/mol, LP (2) N43 -π*(S41- 

C42) = 144.68 kcal/mol calculated by the basis set B3LYP/6-311G. These charge transfers 

are responsible for the structure-activity relationship analysis of the molecule. 
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4.4.6 Reduced density gradient (RDG) 

   The RDG method is a powerful way to analyze non-covalent inter-molecular 

interactions. The RDG function is a fundamental dimensionless quantity used to describe 

the deviation from a homogeneous electron distribution, which succeeding Eq. (4.9) was 

developed by E. R. Johnson et al. [57]. 

    

 

  3/42 2/1

)2(3

1
RDG(r)

r

r

r 








    

(4.9) 

where ρ(r) and RDG (r) are the electron density and its first derivative, respectively. The 

gradient subsurface plots of RDG versus the electron density ρ(r) multiplied by the sign of 

the second Hessian eigen value sign [k2(r)] were rendered by the VMD 1.9.2 program [118] 

based on outputs of Multiwfn software 4.1 program [54], shown in Fig 4. 6(a). In RDG 

surface blue colour indicates the presence of strong hydrogen bond appeared red in 

benzonitrile and green colour represent van der Waals interaction appered in the center 

thiazole ring and red colour represent the strong repulsion that appears in the centre of the 

ring system. 

 The density value of the low- gradient spikes (the RDG versus ρ plot) appears to be a 

good indicator of the strength of the interaction. When 2D is plotting RDG values versus ρ 

is more meaningful to distinguish the bonding (λ2 < 0) from nonbonding (λ2> 0) interactions, 

plotted in Fig 4.6 (b). 
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4.4.7 Localized orbital locator (LOL) and electron localization function (ELF) 

 The localized orbital locator (LOL) and electron localization function (ELF) is one 

of the most powerful methods for understanding chemical bonding because it allows the 

identification of chemically relevant locations in the molecular space where electrons 

concentrate, such as a bonding, non-bonding and lone pair. This analysis was defined by 

LOL [γ(r)] and ELF [η(r)] which is related with Fermi hole curvature [119]. It is defined as 

a measure of excess kinetic energy density due to the Pauli repulsion. The shaded surface 

map of electron localization function and localized orbital locator - LOL are drawn using 

Multi-wfn software [54,120] they are presented in Figs 4.7 and 4.8 respectively. 
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Fig. 4.6 RDG (a) 3D colour scaling of non-covalent interaction  and 

(b) 2D scatter graph of the electron density ρ versus RDG  interaction in 

CPTBN 
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 There are basically two types of basins. On the one hand are core basins organized 

around nuclei (with Z ˃2) and on the other are valence basins in the remaining space. The 

inner atomic shell structure is quite similar to the structure provided by the core is connected 

[121,122]. In our description, the localization colour code (Fig. 4.7) used for the domain are: 

red-dot blue ring shows the carbon core, red-dot yellow ring shows the joining bond 

between core atoms and white shell rounded with rings of red, yellow, green show the 

valence shell. An electron localization function shows the shaded surface map obtained 

from localization orbits. Depending upon the density of electron it notifies the boundary 

region are highly localized with broad peak, the ring bond region is localized with a sharp 

Fig. 4.8  Electron localization function (ELF) or shaded surface map with 

projection effect of (a) thiazole and benzene ring and (b) full CPTBN 

Fig. 4.7 Localized orbital locator  (LOL) for CPTBN 

obtained in xy plane 
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Cl 
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peak (like water droplet) and C≡ N region are low localized with small peak which is shown 

in Fig. 4.8. 

4.4.8 Antibiotic and antifungal activity 

 Microbial is killed and ruled out from reproduction by antimicrobial drugs. 

Nevertheless, these microorganisms are caused by improper and unnecessary use of 

antibiotics to develop resistance to these substances [82, 123]. Thiazole compound was 

assayed at a concentration range of 25 µg/ml, 50 µg/ml, 75 µg/ml, 100 µg/ml and total 

control are shown in bar chart Fig. 4.9 against two Gram- positive bacteria: Bacillus subtilis, 

Staphylococcus aureus and two Gram- negative bacteria: Escherichia coli, Pseudomonas 

aeruginosa Fig. 4.10. The anti- fungal activity was carried out against a well- known fungal 

strain Candida albicans and Aspergillus Niger (Fig. 4.11) by the disc diffusion method 

[124]. Bacterial and fungal pathogens standardized using the DMSO standard were diluted 

(1:100) and added to an aliquot into respective wells. The plates were incubated in a static 

incubator at 37°C for 18-24 hr and the determined zone of inhibitory concentration values 

are listed in Table 4. 6. Results revealed that the compound showed varying zones of 

inhibitation against the test panel of pathogens were plotted in the form of bar graph  

(Fig. 4.9). The compound showed the highest inhibition against bacterial strains 

Staphylococcus aureus, whereas 24 µl respectively at 100 µl/ml. Furthermore, significant 

inhibition against fungi strains Candida Aabicans whereas 20 µl showed inhibitation at  

100 µl/ml against A. Niger is shown in Figs. 4.10 and 4.11. 

4.4.9 Molecular docking 

 Molecular docking is a computational technique that tries to predict the sub- region 

or binding composites from a multi – dimensional image of the macromolecule (protein) 

non- covalent bonding and a small molecule (ligands) [125]. Multiple views of the 

visualization are a useful way of extending 3D, the 2D display shows dimensional  
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Bacterial & Fungal strains 

 

 

Fig. 4.9 Bar chart for antibacterial and antifungal of CPTBN 

 

 

Fig 4.11 CPTBN microbial testing of fungal microorganism  

e) Candida albicans and f) Aspergillus Niger using Disk-diffusion method  

 

e) Candida albicans  f) A.niger 

Fig. 4.10 CPTBN microbial tests against bacterial microorganisms  

a) Bacillus subtilis, b) Staphylococcus aureus, c) Escherichia coli and  

d) Pseudomonas aeruginosa using disk-diffusion method  

 

a) Bacillus subtilis c) E.coli b) Staphylococcus 

aureus 

d) Pseudomonas aeruginosa 
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limitations. To collect such views directly from the PDB (protein data bank). Based on the 

antibiotics, antifungal and biological behaviours of the CPTBN, different type of protein 

activities such as high- resolution antibacterial, antifungal, Monoclonal antibodies, nitric 

oxide synthase inhibitor, Staphylococcal protein A. The selected protein structureshave been 

downloaded from the RCSB [64] PDB ID website of the database 2gom, 4ydo, 5178, 4d7o 

and 1bdc. Initially, the title molecule was minimized as a pdb file based on the DFT method 

and bind with downloaded protein. Finding 3D structures with the lowest binding energy of 

the compound were constructed using auto dock tools and minimum docking energy values 

were investigated. The dotted lines show the bond formation between the ligand and 

targeted proteins. The docking process were analyzed for the predicted binding interactions, 

including binding energy, inhibition constant, and intermolecular energy, between the 

receptors and ligand in the best scoring pose, which was listed in Table 4.7. Discovery 

studio [57] generates the binding position of a ligand- protein dock in 3D view (Figs. 4.12a, 

4.12c, 4.12e, 4.12g and 4.12i) and 2D represent (Figs. 4.12b, 4.12d, 4.12f, 4.12h and 4.12j) 

represent a residual interaction energy conformation. 
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4ydo   (c) 
4ydo   (d) 
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Fig.4.12 a) Antibacterial Docked interaction pose, b) 2D binding modes of CPTBN 

structure, c) Antifungal Docked interaction pose, d) residual 2D modes of 

CPTBNstructure, e) Monoclonal antibodies Docked interaction pose, f) targeting 2D 

modes of CPTBN structure, g) Nitric oxide synthase inhibitor docked interaction pose, 

h) 2D amino acid bonding modes of CPTBN structure, i) Staphylococcal Protein A 

docked interaction pose and j) 2D protein interaction modes of CPTBN structure 
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Antibacterial activity 

 Antibacterial activity and virtual screening by molecular docking of staphylococcus 

aureus is a protein tied to its complementary target to provide bacterial suppression of 

structure. Staphylococcus aureus (PDB ID- 2gom) protein resolution is 1.25 Å having unit 

cell length a = 59.59 Å, c = 45.63 Å, and angle α = 90°, β = 90°, γ = 90° [126]. The docking 

result of CPTBN ligand interaction has shown (Fig 4.12a and 4.12b) a binding affinity to the 

target protein 2gom, as indicated by the bonding interaction between the ligand and catalytic 

site amino acids. Glutamine (GLN) from a van der Waals interaction was found near 

benzonitrile and Lysine (LYS) forms a Pi- Cation interaction near the thiazole ring. Binding 

energy and inhibition constant are -7.913 kcal/mol and 1.42 µM. 

Antifungal activity 

 Antifungal are medicines that kill or stop the growth of fungi that causes infections. 

One of the antifungal protein target Candida Albicans PDB ID: 4ydo are examined ligand 

(CPTBN) using molecular docking studies. This work aim to verify amino acid (residue) 

interaction of protein 4ydo are Crystal Structure (Fig 4.12c and 4.12d) of Candida Albicans 

a unit cell length a = 96.824 Å, b = 96.824 Å , c= 183.082 Å and angle α = 90°, β = 90°, γ = 

90° [127]. The binding interaction between the ligand and catalytic site amino acids 

Tyrosine (TYR) and Isoleucine (ILE) forms a van der Waals interaction near Thiazole ring, 

Leucine (LEU) forms a Pi- Alkyl interaction and Tyrosine (TYR) forms a Pi- Pi T-shaped 

interaction. Binding energy and inhibition constant are – 10.62 kcal/mol and 16.35 

Nanomolar. 

Monoclonal antibodies 

 To develop highly efficient therapeutic and diagnostic agents. Monoclonal 

antibodies (mAbs) structure of the protein PDB ID: 5i76 protein has a resolution 1.922 

having unit cell length a = 72.482 Å, b = 68.037 Å, c = 97.689 Å, and angle α = 90°, β = 
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101.85°, γ = 90°. Examination of the binding energy (-7.85) kcal/mol, inhibition constant 

(1.76µM) and shown in Figs. 12e and 12f. CPTBN ligand binds at the active site of protein 

by lower amino acid (residue) interaction. Amino acid Leucine (LEU) forms a conventional 

hydrogen bond with carbonyl present in the thiazole ring. van der Waals interaction Serine 

(SER):Glutamine (GLN): was found near both benzonitrile and propane-2-ly. Proline (PRO) 

residual alkyl and Pi-alkyl bind with O atom and interaction with the core of the 

chlorophenyl ring, thiazole ring, and pyrazole ring. 

Nitric oxide synthase inhibitor 

 PDB ID-4d7o protein (Figs 4.12g and 4.12h) [128] has a resolution 1.78 had a unit 

cell length a = 51.77 Å, b = 110.58 Å, c = 165.16 Å and angle α = 90°, β = 90°, γ = 

90°.Amino acid Tryptophan (TRP) and Phenylalanine (PHE) forms Amide- Pi stacked and 

van der Waals interaction with a CH3 atom in the propan group. Most of the core rings are 

interactive with alkyl Pi-Pi, T- Shaped, and amide Pi stacked presented in protein. Two van 

der Waals interactions with Isoleucine (ILE) and Glycine (GLY) bound with benzonitrile 

ring. Binding energy and inhibition constants were -7.85 kcal/mol and 1.63µM. 

Staphylococcal Protein A 

 Staphylococcal Protein A (PDB ID-1bdc) receptor is a persistent human pathogen 

that causes a variety of diseases, both in clinical appearance and in severity found in normal 

human flora, located on the skin and mucous membranes. To investigate nanomolar 

bacterial binding targets for complementary ligand interaction. Staphylococcal Protein A 

interaction protein [129] shows (Figs 4.12i and 4.12j) the existence of many conventional 

bonds, which are as follows: π-π T- shaped, conventional hydrogen bond, van der Waals 

interactions. Leucine (LEU) form carbon – hydrogen bond interaction with the core thiazole 

ring. Asparagine (ASN) form a van der Waals interaction was found near CH3. The 

inhibition constant was 428.64 Nanomolar and the observed binding energy was -8.69 

kcal/mol. 
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4.5 Conclusion 

 In the integrating work, analysis of 4-[{2-[3-(4-chlorophenyl)-5-(4-propan-2-lye) 

phenyl)-4, 5-dihydro- 1H- pyrazol-1-yl]-4-oxo-1, 3-thiazol- 5(4H)-ylidene} methyl] 

benzonitrile [CPTBN] molecule through the first level of the spectral statistics on 

experimental FT-IR, and FT-Raman are recorded and at the next level, detailed vibrational 

assignments using DFT/B3LYP/6-31G and B3LYP/6-311G basis level were computed. The 

geometry of the title molecule was analyzed theoretically. The three different zone mapped 

surfaces provide a visual plot to understand the atoms in an intermolecular polarity. Positive 

and negative regions of the MEP map that are localized around the title compound indicate 

possible sites of nucleophilic and electrophilic reactivity of the molecule. The energy flow 

from the gap is generally low to high, and Gaussian diagrams have been used to visualize it. 

The reactive nature of the CPTBN is hypothetically dissected using techniques for the 

quantum system and addressed by electronic properties, such as hardness, chemical 

potential, electro-negativity, global hardness, and global softness. The NBO interprets the 

conjugate relationship of the orbital donor and the unoccupied illustration, hydrogen bond, 

van der Waals and steric effects depict the interaction of the atoms inside the molecule. The 

electron localization of the region in the molecular space at which identified chemically 

significant regions as a bond and lone pair. Antimicrobial inhibitory activity against the 

compound was explored through the tests. Utilizing the molecular restraining nature of the 

particle was seen as the most vulnerable restricting ligand to a catalyst and the most 

grounded hydrogen authoritative. The title molecule is docked with receptors high 

resolution antibacterial (2gom), antifungal (4ydo), Monoclonal antibodies (5i76), Nitric 

oxide synthase inhibitor (4d7o), Staphylococcal protein A (1bdc) and gives good binding 

affinity values. Acceptable and delicate antibacterial effects against all screened pathogens 

and the definitive medicine support the docking results. The nature of the molecules shows 

the binding activity of thiazole with biological targets were examined and discussed in terms 

of interaction energy. The inclusion of antimicrobial resistance rises to the development of 

new antibiotics through a direct further rational work mode of action. 
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Table 4.1: Optimized structural parameters (bond length) of CPTBN calculated by 

DFT/B3LYP method with 6-31G and 6-311G basis sets 

Bond 

Length(Å ) 

B3LYP/ 

6-31G 

B3LYP/ 

6-311G 

 Bond 

Length(Å ) 

B3LYP/ 

6-31G 

B3LYP/ 

6-311G 

C1-C4 1.46 1.46  C26-H28 1.09 1.10 

C1-N24 1.3 1.31  C29-C30 1.55 1.55 

C1-C26 1.52 1.52  C29-C3I 1.54 1.55 

C2-C14 1.52 1.52  C29-H38 1.09 1.10 

C2-N25 1.51 1.51  C30-H32 1.09 1.10 

C2-C26 1.56 1.56  C30-H33 1.09 1.10 

C2-H55 1.09 1.09  C30-H34 1.09 1.10 

H3-C26 1.09 1.09  C31-H35 1.09 1.10 

C4-C5 1.41 1.41  C31-H36 1.09 1.10 

C4-C6 1.41 1.41  C31-H37 1.09 1.10 

C5-C7 1.4 1.4  C39-C40 1.50 1.50 

C5-H8 1.08 1.08  C39-S41 1.87 1.86 

C6-C9 1.39 1.39  C39-C45 1.35 1.36 

C6-H10 1.08 1.08  C40-N43 1.40 1.40 

C7-C11 1.39 1.39  C40-O44 1.25 1.25 

C7-H12 1.08 1.08  S41-C42 1.84 1.84 

C9-C11 1.39 1.4  C42-N43 1.31 1.31 

C9-H13 1.08 1.08  C45-C46 1.46 1.46 

C11-CL27 1.83 1.82  C45-H56 1.09 1.09 

C14-C15 1.4 1.41  C46-C47 1.42 1.42 

C14-C16 1.4 1.4  C46-C48 1.41 1.41 

C15-C17 1.39 1.4  C47-C49 1.39 1.39 

C15-H18 1.08 1.09  C47-H50 1.08 1.09 

C16-C19 1.4 1.4  C48-C51 1.39 1.39 

C16-H20 1.08 1.09  C48-H52 1.08 1.08 

C17-C21 1.41 1.41  C49-C53 1.41 1.41 

C17-H22 1.08 1.09  C49-H59 1.08 1.08 

C19-C21 1.4 1.4  C51-C53 1.41 1.41 

C19-H23 1.08 1.09  C51-H54 1.08 1.08 

C21-C29 1.53 1.53  C53-C57 1.43 1.43 

N24-N25 1.4 1.39  C57-N58 1.17 1.17 

N25-C42 1.34 1.34     
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Table 4.2: Optimized structural parameters (bond angle) of CPTBN calculated by 

DFT/B3LYP method with 6-31Gand6-311G basis sets. 

Bond 

angle(degree) 

B3LYP/6

-31G 

B3LYP/6

-311G 

  

Bond 

angle(degree) 

B3LYP/6

-31G 

B3LYP/6

-311G 

C4-C1-N24 121.66 121.57 

  

C2-C26-H28 111.73 111.63 

C4-C1-C26 125.16 125.26   H3-C26-H28 107.50 107.49 

N24-C1-C26 113.17 113.16   C21-C29-C30 111.67 111.74 

C14-C2-N25 112.28 112.16   C21-C29-C31 111.97 112.07 

C14-C2-C26 115.28 115.36   C21-C29-H38 107.05 106.93 

C14-C2-H55 109.32 109.24   C30-C29-C31 110.93 111.07 

N25-C2-C26 100.08 100.12   C30-C29-H38 107.46 107.36 

N25-C2-H55 107.21 107.31   C31-C29-H38 107.48 107.37 

C26-C2-H55 112.16 112.15   C29-C30-H32 110.48 110.46 

C1-C4-C5 120.62 120.65   C29-C30-H33 111.13 111.11 

C1-C4-C6 120.57 120.67   C29-C30-H34 111.11 111.21 

C5-C4-C6 118.81 118.69   H32-C30-H33 108.29 108.22 

C4-C5-C7 120.86 120.92   H32-C30-H34 107.81 107.81 

C4-C5-H8 120.29 120.37   H33-C30-H34 107.90 107.91 

C7-C5-H8 118.86 118.71   C29-C31-H35 111.19 111.16 

C4-C6-C9 120.73 120.78   C29-C31-H36 110.45 110.43 

C4-C6-H10 119.09 119.12   C29-C31-H37 111.19 111.29 

C9-C6-H10 120.18 120.10   H35-C31-H36 108.24 108.17 

C5-C7-C11 118.80 118.74   H35-C31-H37 107.92 107.94 

C5-C7-H12 120.73 120.72   H36-C31-H37 107.72 107.72 

C11-C7-H12 120.47 120.53   C40-C39-S41 108.92 108.90 

C6-C9-C11 118.96 118.93   C40-C39-C45 132.84 132.96 

C6-C9-H13 120.71 120.71   S41-C39-C45 118.24 118.14 

C11-C9-H13 120.32 120.36   C39-C40-N43 113.46 113.45 

C7-C11-C9 121.84 121.95   C39-C40-O44 124.41 124.31 

C7-C11-CL27 119.10 119.07   N43-C40-O44 122.14 122.24 

C9-C11-CL27 119.06 118.99   C39-S41-C42 86.38 86.28 

C2-C14-C15 121.47 121.46   N25-C42-S41 119.48 119.70 

C2-C14-C16 119.90 120.00   N25-C42-N43 123.19 123.01 
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C15-C14-C16 118.63 118.54   S41-C42-N43 117.33 117.29 

C14-C15-C17 120.62 120.67   C40-N43-C42 113.91 114.08 

C14-C15-H18 120.23 120.30   C39-C45-C46 134.89 134.95 

C17-C15-H18 119.15 119.03   C39-C45-H56 113.98 113.95 

C14-C16-C19 120.53 120.59   C46-C45-H56 111.13 111.10 

C14-C16-H20 119.55 119.56   C45-C46-C47 115.75 115.85 

C19-C16-H20 119.90 119.82   C45-C46-C48 126.30 126.28 

C15-C17-C21 121.06 121.10   C47-C46-C48 117.96 117.87 

C15-C17-H22 119.11 119.04   C46-C47-C49 121.69 121.70 

C21-C17-H22 119.84 119.86   C46-C47-H50 119.20 119.23 

C16-C19-C21 121.24 121.28   C49-C47-H50 119.11 119.07 

C16-19-H23 119.38 119.35   C46-C48-C51 120.52 120.58 

C21-C19-H23 119.37 119.37   C46-C48-H52 119.11 119.14 

C17-C21-C19 117.91 117.82   C51-C48-H52 120.37 120.29 

C17-C21-C29 121.37 121.41   C47-C49-C53 119.75 119.80 

C19-C21-C29 120.71 120.76   C47-C49-H59 120.49 120.42 

C1-N24-N25 108.58 108.59   C53-C49-H59 119.77 119.78 

C2-N25-N24 113.47 113.35   C48-C51-C53 120.85 120.87 

C2-N25-C42 125.02 124.98   C48-C51-H54 119.73 119.66 

N24-N25-C42 121.46 121.62   C53-C51-H54 119.43 119.47 

C1-C26-C2 103.65 103.71   C49-C53-C51 119.24 119.17 

C1-C26-H3 112.34 112.39   C49-C53-C57 120.26 120.29 

C1-C26-H28 110.44 110.44   C51-C53-C57 120.50 120.54 

C2-C26-H3 111.23 111.25      
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Table 4.3: Experimental and calculated wavenumbers along with vibrational assignments 

CPTBN using B3LYP/6-31G and B3LYP/6-311G 

Mode 

No. 

Observed wavenumbers 

(cm
-1

) 

Calculated 

wavenumbers 

(cm
-1

) 
Vibrational assignments 

(PED %) 

FT-IR FT-RAMAN 
B3LYP/ 

6-31G 

B3LYP/ 

6-311G 

1   3067m 3075 3067 νCH(98) 

2    3060 3061 νCH(98) 

3  3049w  3054 3050 νCH(99) 

4    3036 3027 νCH(98) 

5   3013w 3018 3012 νCH(98) 

6    3010 3008 νCH(98) 

7    3002 3001 νCH(97) 

8    2999 2997 νCH(97) 

9    2995 2994 νCH(97) 

10    2994 2990 νCH(98) 

11    2988 2986 νCH(98) 

12    2982 2979 νCH(99) 

13    2975 2972 νCH(98) 

14  2957w  2966 2960 ν CH(99) 

15    2955 2953 νassCH2(88) 

16   2947w 2952 2948 νassCH3(89) 

17    2928 2924 νssCH3(89) 

18   2933w 2936 2932 νssCH3(89) 

19  2929w  2934 2930 νassCH3(89) 

20    2915 2912 νassCH2(96) 

21    2903 2900 νassCH3(96) 

22    2881 2879 νassCH3(89) 

23  2868w 2868w 2870 2868 νCH(97) 

24  2223w 2222ms 2228 2223 νCN(98) 

25  1698ms 1697w 1702 1699 νCO(82),δCC(14) 

26    1655 1653 νCC(75), δCH(15) 

27  1600ms 1596vs 1600 1598 νCC(74), δCH(16) 

28   1561vs 1564 1562 νCC(74), δCH(15) 

29   1551m 1552 1550 νCC(72), δCH(14) 

30  1548vs  1550 1548 νCN(72), νCC(12),  δCH(10) 
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31    1525 1522 νCC(88), δCH(16) 

32  1493ms 1493w 1498 1495 νCC(78), δCH(10),νCO(10) 

33    1455 1453 νCN(72), νCO(14), δCH(10), 

34   1441w 1442 1440 νCC(70), νCN(15), νCO(12) 

35    1440 1436 δCH(69), νCC(18) 

36  1424w  1429 1425 δCH(68), νCC(18) 

37    1420 1418 δ opb CH3(72) 

38   1409m 1415 1410 δ opb CH3(72) 

39  1396ms 1397ms 1394 1395 δCH(68), νCCl(20) 

40    1390 1389 δ ipb CH3(82) 

41    1385 1382 δ ipb CH3(82) 

42   1375w 1379 1376 ρscis CH2(80) 

43  1370ms  1370 1368 δCH(69), νCC(10) 

44    1345 1343 δCH(68), νCC(12) 

45  1331ms 1334ms 1333 1330 δ sb CH3(69) 

46    1325 1322 δCH(62) 

47    1314 1312 δCH(66) 

48  1306w  1304 1305 δ sb CH3(72) 

49    1300 1296 δCH(67), νCN(10) 

50    1293 1290 δCH(69) 

51   1285ms 1290 1286 δCH(70) 

52    1283 1280 δCH(70) 

53  1274ms  1278 1275 δCH(72) 

54    1265 1262 γCH(59) 

55   1251s 1253 1250 δCH(63) 

56    1250 1246 δCH(64) 

57    1245 1241 δCH(69) 

58    1240 1237 νCC(70) 

59  1225s 1225s 1230 1226 νCC(70), δCC(12) 

60    1205 1203 δCH(72) 

61  1195ms 1196ms 1196 1194 ГCH2(69) 

62    1192 1189 δCH(64) 

63    1185 1182 δCH(64) 

64   1173ms 1178 1175 δCH(64) 

65    1154 1151 δCH(63) 

66    1140 1137 δCH(63) 

67  1114ms 1115ms 1120 1116 δCH(62) 
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68    1114 1110 νCC(71), δCH(12) 

69    1107 1107 Г  CH2(68) 

70   1099ms 1103 1100 δiprCH3(62) 

71  1094ms  1095 1095 δCC(66), δCO(22) 

72  1058w  1061 1056 δCH(69) 

73   1033w 1035 1033 δCH(63) 

74    1030 1028 δCH(62) 

75    1025 1021 δ Opr CH3(62) 

76  1014w 1012w 1015 1014 νCCL(78) 

77    998 998 δ ipr CH3(70) 

78  985w  995 993 νCN(68), νNN(12) 

79   980w 980 981 γCH(66) 

80    975 973 δ ipr CH3(69) 

81    966 965 δring(58) 

82    958 957 δ ring(56) 

83  949w  951 949 δring(57) 

84    948 945 δring(60) 

85   945m 933 932 γCH(58) 

86    928 925 γCH(57) 

87    920 918 γCH(58) 

88    910 906 γCH(58) 

89  896w  900 898 γCH(58) 

90   889w 893 890 νCH(59) 

91    878 875 νCS(78), 

92    870 866 νCH(59) 

93   850w 853 850 γCC(68) 

94    847 844 γCC(68) 

95   837w 840 838 γCS(78), νCN(12) 

96  829ms  833 829 γCH(68) 

97   823w 826 821 γCC(68) 

98    820 816 γCH(58) 

99  811w  814 810 γCH(56) 

100   793 790 γCH(58) 

101   784 781 γCH(58), 

102   770 767 δring(60) 

103 748w  753 750 νCH(55) 

104   740 738 δring(58), νCS(12) 
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105  720w 724 720 δring(60), νCS(12) 

106 716w  718 715 δring(59) 

107  694w 695 694 δ CC(62), δ CO(17) 

108 685vw  684 682 γring(62) 

109  668vw 675 671 γring(63) 

110 662vw  663 660 γCO(72) 

111   650 647 δring(68) 

112   641 638 γCH(58) 

113  631m 632 630 δring(59) 

114 619vw  625 622 γCC(58), γring(20) 

115   605 602 δring(57), δCN(18) 

116 579w  582 580 δCN(58),δring(17) 

117   566 564 δCN(58),δring(20) 

118 554ms 551vw 554 552 δring(60) 

119   530 528 γCH(62) 

120   520 517 γCH(60) 

121 504w  505 503 γCH(60) 

122 494vw  498 495 γCH(61) 

123   481 479 δring(58) 

124 460vw  465 462 νCCL(53), δCC(19) 

125  440w 444 440 δCC(52) 

126   430 427 δring(58), δCC(12) 

127 406vw  408 405 γCC(56) 

128   400 396 δCC(60) 

129   390 388 δCC(60) 

130   379 375 γCC(58) 

131   365 363 γCCH3(57) 

132  353ms 358 355 δring(58) 

133   345 343 δCC(58) 

134   340 339 γring(53) 

135   334 332 γring(54) 

136  325w 331 327 γring(54) 

137   320 319 δCCH3(56) 

138   314 310 γCC(52), γ ring(21) 

139  297w 300 298 γCC(53) 

140   280 275 δCCC(58) 

141   255 253 δCCC(60) 
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142  233w 236 233 γCCC(52) 

143   215 212 δCCC(60) 

144   207 202 Г CH3(58) 

145   190 188 γCCC(58) 

146  181w 185 180 Г CH3(58) 

147   172 169 γCCC(53) 

148   166 162 Г CCCC(52) 

149   153 151 Г CCCC(52) 

150   148 145 γCCH3(62) 

151   140 138 δring(63) 

152  129w 133 130 δCCC(67) 

153   128 122 γCCN(62) 

154   125 117 δCCC(63) 

155   116 111 γCCC(60) 

156   105 103 δCCC(60) 

157  92 97 93 γCCC(62) 

158   95 89 δCCC(60) 

159  79s 84 81 γring(56) 

160   80 76 γring(55) 

161   75 71 γring(55) 

162  64s 68 65 γCCC(54) 

163   62 59 γCCC(54) 

164   53 51 γCCC(50) 

165   45 42 γCCC(52) 

166   38 35 γCC(54) 

167   30 29 γ CC(54) 

168   25 23 γring(52) 

169   20 18 γCC(52) 

170   15 14 γCC(52) 

171   10 8 γCC(51) 

 

s-strong, ms-medium strong, w-weak, vw-very weak, vs-very strong, υ-stretching, νsym-sym 

stretching, νass-asymstretching , δ-in-plane, δinb-in-plane bending. δinr-in-plane rocking, γ-

out-of-plane, γ opb-out-of-plane bending, γring- out-of-plane ring, scis-scissoring,ρscis-in plane 

scissoring, w-wagging, rock-rocking, Г -twisting,  δring -ring vibration. 
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Table 4.4: Calculated E-HOMO, E-LUMO (H-1→ L+1, H-2→ L+2), energy gap (EL–EH), 

Ionization potential (I), Electron affinity (A),global hardness (η), electronegativity (χ),  

chemical softness (σ), chemical potential (μ) and global electrophilicity (ω) using the 6-

311G levels of theory 

Molecular 

properties 

Energy 

(eV) 

Energygap 

(eV) 

(I)  

(eV) 

(A) 

(eV) 

(ɳ) 

(eV) 

(χ) 

(eV) 

(σ) 

(eV) 

-(µ) 

(eV) 

(ω)  

(eV) 

EHOMO -6.4673         

ELUMO -2.8841 3.5832 6.4673 2.8841 1.7916 4.6757 0.558 -4.6757 6.1013 

EHOMO-1 -6.7003         

ELUMO+1 -2.3211 4.3792 6.7003 2.3211 2.1896 4.5107 0.457 -4.5107 4.6461 

EHOMO-2 -6.9990         

ELUMO+2 -1.2128 5.7862 6.9990 1.2128 2.8931 4.1059 0.346 -4.1059 2.9136 

 

 

Table 4.5: Second-order perturbation theory analysis of  Fock matrix in NBO basis 

corresponding to the intramolecular bonds of the title compound 

Donor(i) Type ED/e 
Acceptor 

(j) 
Type ED/e 

E(2)
a
 

Kcal/mol 

E(j)-E(i)
b
 

a.u 

F(i,j)
c
 

a.u 

π (C6 - C9) 1.66281 π * (C4 - C5) 0.39139 21 0.28 0.069 

π (C6 - C9) 1.66281 π * (C7 - C11) 0.39379 22 0.26 0.068 

σ (C6 - H10) 1.97641 σ * (C4 - C5) 0.02245 5 1.06 0.064 

π (C7 - C11) 1.67990 π * (C4 - C5) 0.39139 18 0.3 0.066 

π (C7 - C11) 1.67990 π * (C6 - C9) 0.34219 19 0.3 0.069 

π (C14 - C15) 1.64735 π * (C16 - C19) 0.34219 20 0.29 0.067 

π (C14 - C15) 1.64735 π * (C17 - C21) 0.35984 19 0.29 0.067 

π (C16 - C19) 1.69021 π * (C14 - C15) 0.39031 22 0.28 0.07 

π (C16 - C19) 1.69021 π * (C17 - C21) 0.35984 21 0.29 0.071 

π (C17 - C21) 1.64735 π * (C14 - C15) 0.39031 22 0.27 0.069 

π (C17 - C21) 1.64735 π * (C16 - C19) 0.34219 20 0.28 0.067 

σ (C29 - H38) 1.84834 π * (C17 - C21) 0.35984 12 0.46 0.07 

σ (C29 - H38) 1.84834 σ * (C30 - H34) 0.01601 6 0.86 0.063 

σ (C39 - S41) 1.97925 σ * (N25 - C42) 0.05277 8 1.43 0.096 

π (C39 - C45) 1.73334 π * (S41 - C42) 0.63064 29 0.22 0.079 

σ (C40 - N43) 1.97841 σ * (N25 - C42) 0.05277 6 1.16 0.077 

π (C40 - O44) 1.91434 LP (2) N43 1.92042 12 0.17 0.063 

π (C40 - O44) 1.91434 π * (C39 - C45) 0.28300 9 0.27 0.047 

π (S41 - C42) 1.84834 LP (2) N43 1.92042 12 0.24 0.072 

π (S41 - C42)) 1.84834 π * (C39 - C45) 0.28300 27 0.34 0.089 
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π (C46 - C48) 1.65062 π * (C47 - C49) 0.29371 19 0.29 0.067 

π (C46 - C48) 1.65062 π * (C51 - C53) 0.37039 22 0.28 0.07 

π (C47 - C49) 1.64135 π * (C46 - C48) 0.35121 23 0.28 0.071 

π (C47 - C49) 1.64135 π * (C51 - C53) 0.37039 21 0.27 0.069 

π (C51 - C53) 1.65616 π * (C46 - C48) 0.35121 19 0.29 0.066 

π (C51 - C53) 1.65616 π * (C47 - C49) 0.29371 21 0.29 0.07 

LP (1) N43 1.99948 σ * (C39 - C40) 0.09788 6 0.79 0.064 

LP (2) N43 1.92042 π * (C40 - O44) 0.35013 77 0.16 0.112 

LP (2) N43 1.24797 π * (S41 - C42) 0.63064 144.68 0.1 0.112 

LP (2) O44 1.97959 σ * (C39 - C40) 0.09788 18 0.67 0.099 

LP (2) O44 1.88072 σ * (C40 - N43) 0.06721 22 0.65 0.108 

LP (1) N58 1.96668 σ * (C53 - C57) 0.03752 11 0.85 0.088 

π * (C1 - N2 ) 0.25467 π * (C4 - C5) 0.39139 39 0.04 0.064 

π * (C7 - C11) 0.39379 π * (C4 - C5) 0.39139 215.88 0.02 0.084 

π * (C7 - C11) 0.39379 π * (C6 - C9) 0.29426 141.93 0.02 0.079 

π * (C39 - C45) 0.28300 σ * (C40 - O44) 0.02004 32 0.06 0.07 

π * (S41 - C42) 0.63064 σ * (N24 -Ns25) 0.03320 5 0.34 0.064 

 

 

Table 4.6: Antibiotic and antifungal inhibition zone levels of CPTBN 

SAMPLE 
DMSO  Extract 100 µl  added and Zone of inhibition (mm/ml) 

25 µl 50 µl 75 µl 100 µl Control 

Bacillus subtilis 12 14 16 19 20 

Staphylococcus aureus 14 17 20 24 25 

E.coli 10 12 14 16 20 

Pseudomonas 11 12 14 16 20 

Candida albicans 13 15 17 20 22 

A.niger 12 14 16 19 20 
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Table 4.7: Molecular docking performance results of the compound CPTBN against selective potential 

protein inhibitors (PDB) 

Ligand 

name 

PDB 

ID 

Bond 

distance 

(Å) 

Amino acid 

(residues) 
Bond 

Inhibition 

Constant 

(Micromolar-

µM/ 

Nanomolar- 

nm)) 

Binding 

Energy 

(kcal/mol) 

Inter-
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2gom 

3.5 Glutamine (GLN) van der Waals 
1.42 µM -7.98 -9.47 

3.6 Lysine (LYS) Pi-Cation 

 

 

4ydo 

2.1 Tyrosine (TYR) van der Waals 

16.35nm -10.62 -12.11 
1.8 Isoleucine (ILE) van der Waals 

2.4 Leucine (LEU) Pi-Alkyl 

2.9 Tyrosine (TYR) Pi-Pi T-shaped 

 

 

5i76 

2.7 Proline (PRO) Pi-Alkyl 

4.84 µM -7.25 -8.74 
2.1 Leucine (LEU) 

Conventional 

hydrogen bond 

2.9 Serine (SER) van der Waals 

2.9 Glutamine (GLN) van der Waals 

 

 

4d7o 

1.9 Isoleucine (ILE) van der Waals 

1.63 µM -7.85 -9.34 

2.4 Glycine (GLY) van der Waals 

2.9 Tryptophan (TRP) Amide-Pi stacked 

3.3 
Phenylalanine 

(PHE) 
van der Waals 

 

 

1bdc 

2.1 
Phenylalanine 

(PHE) 
Pi-Pi T-shaped 

428.64nm -8.69 -10.18 

2.7 Asparagine(ASN) van der Waals 

2.8 Leucine(LEU) Alkyl 

2.9 Serine(SER) 
Conventional 

hydroden bond 

2.8 Glycine(GLY) van der Waals 

 



CHAPTER – 5  

Spectroscopic identification, structural features and 

molecular docking studies on 5-(4-Propoxybenzylidene)-2-[3-

(4-chlorophenyl)-5-[4(propan-2-yl) phenyl-4,5-dihydro-1H-

pyrazol-1-yl]-1,3-thiazol-4(5H)-one using Pim-1 kinase cancer 

protein 
 

 

Abstract 

 A comprehensive investigation of the molecular structure, electronic properties and 

vibrational spectra of 5-(4-Propoxybenzylidene)-2-[3-(4-chlorophenyl)-5-[4-(propan-2-yl) 

phenyl]-4,5-dihydro-1H-pyrazol-1-yl]-1,3-thiazol-4(5H)-one have been studied. Thiazol is 

one of the leading heterocyclic five-member ring compounds that contain one nitrogen and 

one sulphur atom. Many natural and/or synthetic compound contain thiazol which are 

attractive compounds found in the building of numerous natural products and certain 

pharmaceutical agents. To understand the molecular-orbital interaction and structural 

investigation of the title compound, the density functional theory (DFT) calculation has 

been imposed using the B3LYP/ 6-31G and 6-311G basis sets combination. The 

experimental FT-IR, FT-Raman spectral data along with theoretical quantum chemical 

calculation were investigated. For potential energy distributions (PED) analysis, the VEDA 

4 program is utilized to do comparative frequency assignments. With the optimized 

structure, the highest occupied molecular orbital (HOMO) - the lowest unoccupied 

molecular orbital (LUMO) energies and Natural Bond Orbital (NBO) were applied to 

describe the chemical reactivity. The electron density interactions distributed in space, 

which exist within these compound is analyzed by different topological methods namely, 

atom in molecule (AIM), localized orbital locator (LOL), electron localization function 

(ELF) and the reduced gradient of the density(RDG). Finally, the molecular docking studies 

of the title compound for potent Pim-1 kinase cancer PDB ID: 3a99, 1gj8, 1xqz was 

investigated using the Auto Dock program. 
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CHAPTER – 5 

Spectroscopic identification, structural features and 

molecular docking studies on 5-(4-Propoxybenzylidene)-2-[3-

(4-chlorophenyl)-5-[4(propan-2-yl) phenyl-4,5-dihydro-1H-

pyrazol-1-yl]-1,3-thiazol-4(5H)-one using Pim-1 kinase cancer 

protein 

 

5.1 Introduction 

 Heterocyclic aromatic compounds containing nitrogen andsulphur are important 

molecules in organic chemistry synthesis [130,131]. Susithra et al. [132] reported when 

heterocycles are supposed to have hetero-nuclear atoms, they can be acted as an ideal ligand 

that can delocalize and thereby stimulate resonance hybridization to interact with strong 

intermediate to produce the anti-malarial drugs. The geometrical parameters such as bond 

lengths and bond angles of 5-(4-Propoxybenzylidene)-2-[3-(4-chlorophenyl)-5-[4-(propan-

2-yl) phenyl]-4,5-dihydro-1H-pyrazol-1-yl]-1,3-thiazol-4(5H)-one have been obtained from 

B3LYP/6-31G and 6-311G basis sets. The global reactivity descriptors (ionization potential, 

electron affinity, electronegativity, electrophilicity index, global hardness, global softness, 

and chemical potential) have been predicted with the help of HOMO/LUMO energy values. 

Experimental FT-IR, FT-Raman spectra of the title compound were recorded and compared 

with the computed values obtained by the same levels of DFT with B3LYP functional.  

 Chemically interactive regions in the molecule have been concentrated through Aim 

in Molecule (AIM), Localized Orbital Locator (LOL), Electron Localization Function (ELF) 

and Reduced Density Gradient (RDG). Natural bond orbital (NBO) analysis have been 

performed to explain the conjugative interaction,donor, acceptor, and second-order 

perturbation of the compound.Also, based on a key factor in PASS online data allows to 

define a variety of medicinal potential. Attract attention by repetition in listening data and 
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then provide content of Pim-1 kinase inhibitors. The proto-oncogene proviral integration site 

for Moloney murine leukemia virus (PIM) kinases (PIM-1, PIM-2, and PIM-3) are 

serine/threonine kinases that are involved in several signalling pathways important in cancer 

cells [133-135].This investigation aimed to evaluate the role of the Pim kinase inhibitor in 

ligand progression using molecular docking. 

 

5.2 Experimental profile  

 The synthesized compound 5-(4-Propoxybenzylidene)-2-[3-(4-chlorophenyl)-5-[4-

(propan-2-yl) phenyl]-4,5-dihydro-1H-pyrazol-1-yl]-1,3-thiazol-4(5H)-one has been taken 

without any further purification as per the procedure reported by V. V. Salian et al. [87] and 

spectroscopic grade for acquiring spectra. The FT-IR spectrum of the compound was 

recorded in a Perkin-Elmer spectrometer fitted with a KBr beam splitter covering 4000-0 

cm
-1 

region at a resolution of ±1 cm
-1

. The FT-Raman spectrum of the chosen compound 

was measured using the Bruker RFS 27 model. The spectrum was captured in the  

3500-0 cm
-1 

Stokes region using the 1064 nm line of a Nd:YAG laser for the excitation 

operating at 200 mW power. 

 

5.3 Computational details 

 The DFT computational method is widely used to describe the quantum states of 

many-electron systems of the molecule. The Gaussian 09W [20] program package was 

utilized to proceed with DFT calculations on the title compound through B3LYP/6-31G and 

B3LYP/6-311G basis sets to characterize the structure electronic and other properties. The 

geometrical parameters bond length and bond angles have been obtained using B3LYP/6-

31G and 6-311G basis sets [15]. Further, the optimized ground state geometry of the title 

compound to study the different properties like FT-IR, FT-Raman, MEP surface mapping, 

and NBO analysis. Potential energy distribution (PED percent) calculations using VEDA4 
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software are used to analyze the theoretical vibrational wavenumber obtained for the 

molecule. [88] Frontier molecular orbital (FMOs) analysis (HOMO-LUMO) and molecular 

electrostatic potential (MEP) with contour map have been accomplished by GaussView 5.0 

[31, 89] to obtain the electronic properties of the title compound. Multiwfn software [54] 

has also been utilized to obtain topology analysis (AIM, RDG, LOL, and ELF). To find out 

the various interactions amidst the filled and the vacant orbitals, NBO analysis [90] has been 

done using the NBO 3.1 program available in Gaussian 09 package at DFT /6-311G level of 

theory. Besides, molecular docking observations were visualized using pymol and 

Discovery studio software [57, 136]. The interactions of the title molecule with a Pim-1 

kinase inhibitor PDB ID: 3a99, 1gj8, 1xqz receptors. 

 

5.4 Results and discussion 

5.4.1 Molecular geometry 

 Density functional theory is used to get optimized structure with bond length and 

angle values. The optimized geometrical parameters of the compound has been calculated 

by DFT-B3LYP functional method with 6-311G and 6-31G basis sets and atom numbering 

of title compound has been shown in Fig.5.1. The detailed experimental [87] and calculated 

bond length and bond angle were listed in Tables 5.1 and 5.2. According to optimized 

structure, the C-H bond length is observed at 1.08 -1.10 Å for phenyl ring and 1.09 Å for 

pyrazol ring using a theoretical approach by B3LPY/6-31G and B3LPY/6-311G. 

Experimentally, the C–H bond in phenyl ring has a bond length range of 0.93Å and 0.97-

0.98 Å in pyrazol ring. This difference might be attributed to that low scattering factor of the 

hydrogen atom involved in the diffraction method [137]. The C-C bond lengths in all rings 

lie between the normal C-C single and C=C double bond lengths indicating the conjugation 

of electron density in all the rings [138]. It showed that the C-C bond lengths varied from 

1.36 Å to 1.55 Å in B3LPY/6-31G/6-311G and 1.29 Å to 1.52 Å in XRD, respectively. 
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 The intermolecular distance of C2-C26 (1.56 Å /DFT, 1.54 Å /XRD) is higher than 

the other C-C atoms. This is because of the existence of a nitrogen atom (N25) that is 

attached to the C2 atom. The C-N bond length of pyrazol ring is C2-N25 = 1.51 Ǻ [DFT], 

1.47 Å [XRD]. The C-N values in the thiazol ring, showed that the bond lengths for C42-N43 

is 1.30 Å in both DFT/XRD, and C40-N43 are 1.41 Å in DFT and 1.38 Å in XRD. The bond 

length between carbon and sulphur atoms of the title molecule is found to be C39-S41=1.87 Å 

and S41-C42= 1.84 Å, respectively. These values are suggesting that some multiple bond 

character is present in the thiazol ring [139]. Y.S. Mary reported that the C=O bond lengths 

(DFT/XRD) in the carbonyl group are 1.26 Å [140]. Similarly, the C40=O44 bond showed 

double bond character, with a bond length value of 1.25 Å by both basis sets B3LYP/6-31G/ 

B3LYP/6-311G and 1.22 Å in XRD. The bond lengths of propoxybenzylidenein the title 

compound are, C62-C65=1.65 Å DFT, O58-C59 =1.46 Å /DFT, C53-O58=1.39 Å /DFT which is 

well agree with reported values [141]. 

 Normally, C-Cl bond length indicates a considerable increase in its length when 

compared with the C-H bond length [142]. From this observation, it is clear that the C11-Cl27 

Fig. 5.1 Optimized structure of  5-(4-Propoxybenzylidene)-2-[3-(4-

chlorophenyl)-5-[4(propan-2-yl) phenyl-4,5-dihydro-1H-pyrazol-1-yl]-

1,3-thiazol4(5H)-one 
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bond length of the title compound found at 1.82 Å and 1.83 Å using B3LYP/6-31G and 6-

311G. The comparative analysis revealed that, except for a few values observed in DFT, 

calculated bond lengths are in good agreement with the literature values. 

5.4.2 Vibrational assignments  

 In recent years, FT-IR and FT-Raman have been mostly used as vibrational 

spectroscopy for structural characterization of molecular systems through DFT calculations. 

The title compound is constituted by N=68 atoms and hence it has 3N-6= 198 normal modes 

of vibration. The observed and calculated wavenumber and potential energy distributions 

are discussed below. The fundamental modes of vibration were carried out and are depicted 

in Table 5.2. The theoretical and experimental FT-IR and FT-Raman spectra are given in 

Figs. 5.2 and 5.3, respectively. 

C–H vibrations 

 Usually a C-H stretching vibration of the hetero-aromatic structure exits C-H 

stretching vibrations in the region of 3100-3000 cm
-1 

[142]. The characteristic zone for the 

identification of the C-H stretching vibration is affected by the nature of substituent group 

interaction. In the present study, the C-H stretching vibrations are spotted at 3070 cm
-1 

and 

3040 cm
-1

 in the FT-IR spectrum. The scaled frequency of C-H stretching bands have been 

obtainedin the range of 3091-3018 cm
-1

in B3LYP/6-31G and 3082-3014cm
-1

in B3LYP/6-

311G basis sets. The hetero-aromatic configuration reveals the presence of C-H stretching, 

in-plane and out-of-plane bending vibrations in the range of 3200-3000 cm
-1

, 1200-900 cm
-1

 

and 980-700 cm
-1 

[142, 143]. In the title compound, the medium strong bands at 1264 cm
-1

 

in the FT-IR spectrum and at 1125 cm
-1

 in the FT-Raman spectrum were assigned as C-H  

in-plane-bending vibrations. Corresponding computed wavenumbers for this modes were 

1266, 1261, 1205, 1194, 1190, 1156, 1147, 1143 and 1132 cm
-1

by B3LYP/6-31G and at  
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Fig. 5.2 Observed FT-IR and simulated spectra of 5-(4-Propoxybenzylidene)-2-

[3-(4-chlorophenyl)-5-[4(propan-2-yl) phenyl-4,5-dihydro-1H-pyrazol-1-yl]-1,3-

thiazol4(5H)-one 
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Fig. 5.3 Observed FT-Raman and simulated spectra of 5-(4-

Propoxybenzylidene)-2-[3-(4-chlorophenyl)-5-[4(propan-2-yl) phenyl-4,5-dihydro-1H-

pyrazol-1-yl]-1,3-thiazol4(5H)-one 
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1263,  1257, 1203, 1190, 1118, 1153, 1144, 1139 and 1127 cm
-1

 by B3LYP/6-311G. The  

C–H out-of-plane bending vibrations are observed as a weak bands at 994, 860, 618, 569 

and  536 cm
-1

 in FT-IR spectrum and at 1000 and 950 cm
-1

 in FT-Raman spectrum. Thus, 

the theoretically evaluated values for C–H vibrational modes are in good agreement with the 

experimental data. 

CH3 vibrations 

 In the title compound, there are three -CH3 groups (two attached to the phenyl and 

one oxybenzylidene ring). Generally, there are nine fundamental modes of vibrations in CH3 

they are symmetrical stretching, asymmetrical stretching, in-plane stretching, out-of-plane 

stretching, symmetric deformations, asymmetrical deformations, in-plane rocking, out-of-

plane rocking and twisting [3, 109]. In the present case, the stretching vibration of the CH3 

group in FT-IR spectrum at 2961 (ms) cm
-1

was classified as asymmetric, while vibration 

found at 2929 cm
-1 

were assigned as symmetric stretching vibration. Theoretically assigned, 

asymmetric stretching vibration of the title compound calculated in the range of 3012– 

2970 cm
-1

 in (B3LYP/6-31G) and 3008-2963 cm
-1

(B3LYP/6-311G). The CH3 symmetric 

stretching mode appeared in the region 2930–2909 cm
-1

(B3LYP/6-31G) and 2924- 

2903 cm
-1 

(B3LYP/6-311G). The in-plane bending vibrations of the CH3 group were 

experimentally obtained at 1494 cm
-1 

in FT-IR spectrum and 1440 cm
-1 

in FT-Raman 

spectrum, which are well agree with a literature value [144]. The calculated out-of-plane 

and in-plane bending vibrations of the title compound were identified in the region 1521-

1438 cm
-1

 (B3LYP/6-31G) and 1519-1435 cm
-1 

(B3LYP/6-311G). The two in-plane rocking 

deformations of the -CH3 group was calculated at 908, 895cm
-1

 by B3LYP/ 6-31G and 903, 

891 cm
-1 

by B3LYP/ 6-311G, respectively, corresponding experimental values are found 

904 cm
-1

 in FT-IR spectrum and 900 cm
-1

 FT-Raman spectrum. 
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CH2 vibrations 

 There are six fundamental modes of vibrations in CH2 group. They are asymmetric 

stretching, symmetric stretching, scissoring, rocking, wagging and twisting [137]. 

V.Arjunan et al. [145], reported that the symmetric methylene group stretching vibration 

observed at 2922 cm
-1 

in FT-IR spectrum. In our investigation, the CH2 symmetric stretching 

mode observed at 2936 cm
-1

 in FT-IR spectrum, 2941 cm
-1 

in B3LYP/ 6-31G and  

2938 cm
-1

in B3LYP/ 6-311G. Asymmetric stretch υassCH2 was predicted theoretically at 

3000, 2990 cm
-1

 in B3LYP/ 6-31G and 2996, 2985 cm
-1

 in B3LYP/ 6-311G basis sets. The 

rocking (σrock) mode is assigned at 1288 cm
-1

 in both FT-IR spectrum and FT-Raman 

spectrum, and the corresponding theoretical value at 1294 cm
-1

 (B3LYP/6-31G),  

1290 cm
-1 

(B3LYP/6-311G). 

 The CH2 wagging (γwagg) mode is observed at 1175 cm
-1

 in both FT-IR and FT-

Raman spectra. The twisting vibrations of CH2 is identified at 1180 cm
-1

 in FT-IR spectrum, 

1245 cm
-1

 in FT-Raman spectrum and 1245, 1186cm
-1

in B3LYP/6-31G and 1233,  

1182cm
-1 

in B3LYP/6-311G basis sets. 

C–C vibrations 

 The phenyl ring carbon-carbon stretching vibrations usually occur in the region 

1625–1100 cm
-1

 [146]. In present case, C–C vibrations found at 1596(vs) cm
-1

 in the FT-

Raman spectrum and at 1599(s), 1233(s) cm
-1

 in the FT-IR spectrum and theoretically it was 

found in the range of 1631-1585 cm
-1

, 1234 cm
-1 

using B3LYP/6-31G and 1625-1581 cm
-1

, 

1235 cm
-1 

using B3LYP/6-311G basis set. The in-plane and out-of-plane C-C-C bends are 

reported as 651-509 cm
-1

 and 477-282 cm
-1 

respectively [147]. Likewise, the in-plane 

theoretical values are obtained at 494, 475 cm
-1 

(B3LYP/6-31G) and 490,  

472 cm
-1 

(B3LYP/6-311G). The experimental out-of-plane C-C bending vibrations are 

found at 78 cm
-1

 in FT-IR spectrum. Here in this study, the observed theoretical frequencies 
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were assigned in 89-9 cm
-1 

from B3LYP/6-31G and 80-6 cm
-1 

from B3LYP/6-311G. 

Further, the ring C-C bending vibrations of theoretical scaled frequency have been mixed 

with other vibrations. These modes have widely appeared below the 600 cm
-1 

wavenumber 

range. The band at 827(w) cm
-1 

in FT-IR and 832(w) cm
-1

 in FT-Raman was assigned as C-

C ring breathing vibrations and DFT wavenumbers are computed to be 834 cm
-1 

and 830 

cm
-1

, these are compatible with reported data [148]. 

C=O and C-O vibrations 

 In the present investigation oxygen substitution were observed with C4(C40) position 

of thiazole and aromatic substitution at the para position of benzene (oxybenzylidene).  The 

measurement of the C-O band is difficult due to the interfering with many other vibrations. 

The C=O stretching vibration exhibits a strong band in the region 1600–1750 cm
-1

 and C –O 

stretching vibrations are in the region 1300-100 cm
-1

 [149]. On comparing the present 

investigation with the above literature, the medium strong band stretching mode of C=O is 

assigned at 1692 cm
-1 

and C-O is assigned at 1017 cm
-1 

in the FT-IR spectrum. The 

theoretical frequencies by B3LYP/6-31G are 1650, 1024 cm
-1

 and 1643, 1016 cm
-1 

by 

B3LYP/6-311G. Experimentally, C=O out-of-plane vibration modes were observed at  

756 cm
-1

 in FT-IR spectrum. The corresponding computedvibrations were assigned at 769, 

763, 446, 214, 183 and 148 cm
-1 

by B3LYP/6-31G and 765, 759, 441, 208, 175, 140 cm
-1 

by 

B3LYP/6-311G. 

C-Cl vibrations 

 Generally, the C-Cl in-plane (δ) and out-of-plane (γ) bending vibrations appears in 

the lower frequency region. Because the chlorine atom has a higher electronegativity than 

the carbon atom, the bonding electrons in the C-Cl bond will be closer to the chlorine than 

the carbon, increasing the force constant and causing a frequency shift [148]. In the present 

study, the predicted in-plane (δ) bending vibration is assigned at 648 cm
-1

 for B3LYP/6 31G 
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and 643 cm
-1 

for B3LYP/6-311G. The out-of-plane (γ) bending vibrations have been 

assigned at 818, 373 cm
-1 

for B3LYP/6-31G and 815, 372 cm
-1 

for B3LYP/6-311G by 

theoretically.  

C-S vibrations 

 Identification of C –S stretching vibrational mode of amoleculeis a difficult task. 

The absorption of this group is of variable intensity which can be found in a wide range of 

1035–245 cm
-1

 in both aliphatic and aromatic sulphides [150]. In the title compound, the 

experimentally (FT-IR) vibration at 950 cm
-1 

found was assigned as C-S stretching 

vibration.  Theoretical the stretching of the C-S band in the thiazole ring was found at 995 

cm
-1 

in B3LYP/6-31G and 950 cm
-1 .

in B3LYP/6-311G. The C-S out-of-plane bending 

vibration was observed at 809, 796 cm
-1

 in B3LYP/6-31G and 806, 792 cm
-1

 in B3LYP/6-

311G basis sets. 

C –N, C=N and N-N vibrations 

 In general, identifying C=N and C-N vibrations was challenging because mixing of 

several bands appeared. Silverstain et al. [151] reported that the C-N stretching absorption is 

appeared in the region of 1689-1417 cm
-1

 for aromatic compounds. The C=N stretching 

vibrations is found experimentally at 1400cm
-1 

in FT-Raman spectum, theoretically assigned 

at 1403 cm
-1

 in the B3LYP/6-31G and 1400 cm
-1

 B3LYP/6-311G basis sets. The N-N 

stretching vibration of the title compound was calculated at 1091cm
-1 

in B3LYP/6-31G, 

1085 cm
-1 

in B3LYP/6-31G basis sets [152], respectively. 

5.4.3 Global reactivity descriptors 

 The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular 

orbital (LUMO) are fundamental standard parameter in quantum chemical calculation, They 

are also, called as frontier molecular orbitals (FMOs). The FMOs portray the 

moleculestability, and it plays a significant role in computing the molecular electrical 
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transport properties. EHOMO and ELUMO are frequently illustrating negative pictorial 

stabilization of the compoundsby green-red isosurface which clearly explain the charge 

transfer mechanism. 

 

 

 

The combination between these orbitals are important in various responses to 

describe the kinetic stability and chemical reactivity ofamolecule.In our analysis, we found 

that the title compound has a total of 600 orbitals out of which 143 are occupied and the 

remaining 457 are virtual orbitals. The orbitals numbered 143 and 144 account for HOMO 

and LUMO orbitals. From the basis set B3LYP/6-31G the FMO energy gap of studied 

HOMO-2 

 

LUMO 

LUMO+2 

LUMO+1 

HOMO 

HOMO-1 

∆E =-3.3620eV ∆E =-4.5226eV ∆E =-5.7234eV 

Fig. 5.4 HOMO - LUMO energy gap distribution plots of 5-(4-Propoxybenzylidene)-2-[3-(4-

chlorophenyl)-5-[4(propan-2-yl) phenyl-4,5-dihydro-1H-pyrazol-1-yl]-1,3-thiazol4(5H)-one at 

DFT/B3LPY/6-311G basis set 

 



97 

molecule is HOMO= -5.5198 eV, LUMO= -2.1701 eV, energy gap ΔE =-3.3497 eV and 

B3LYP / 6-311G basis set is HOMO= -5.7563 eV, LUMO= -2.3943 eV, energy gap ΔE =- 

3.3620 eV. Bandgap energy values (H-1→ L+1, H-2→ L+2) of compound are found to be 

−4.5226 eV and −5.7234 eV (Fig. 5.4), respectively. The ionization potential I = -EHOMO 

with electron affinity A= -ELUMO, electro-negativity 2/)( AI  , chemical potential 

2/)( AI  with hardness 2/)( AI  , softness  /1 , electrophilicity index

 2/2  of the title compound have been estimated theoretically [14] and the 

corresponding values are tabulated in Table 5.4. 

5.4.4 Molecular electrostatic potential (MEP) 

 MEP is used to the visualize electron density of the molecule and is a very useful 

tool in recognizing sites for electrophilic and nucleophilic reactions. The electrostatic 

potential V(r) is identified as the energy collaborated between the charges formed by 

protons, electrons and nuclei existing in a given dimension [153, 154]. 

Using the Gaussian 09 programme, we reported and showed the MEP surface 

mapping, alpha density, and total density of the title molecule [20]. Potential increases in the 

following sequence: red, orange, yellow, green, blue, green. Electrophilic regions were 

associated to the negative (red and yellow) sectors of MEP, however nucleophilic regions 

are correlated to the positive (green and blue) parts. In present case, the negative charge 

covers the carbonyl group on the thiazole ring and propoxybenzylidene, the positive charge 

occupies all hydrogen atoms in the molecule, and the neutral zone encompasses the 

remaining groups, Fig. 5.5 illustrates the MEP and alpha density of the title molecule. 
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5.4.5 NBO analysis 

 Natural Bond Orbital analysis [54] is used to understand the intermolecular and 

intramolecular interactions of atomic bonds leading to the stability of the molecule. This 

study examines all conceivable interactions between "full" (donor) Lewis-type NBOs and 

"empty" (acceptor) non-Lewis NBOs, and uses second-order perturbation theory to quantify 

their energy significance. The hybridization of atoms involved in bonding orbitals and 

atomic lone pairs can really be accessed via NBO analysis. For each donor (i) and acceptor 

(j), the stabilization energy E (2) associated with the delocalization i→j is estimated as 

equation 5.1:    
 
 ij

ji
ij

EE

F
qEE




2
,)2( i     (5.1) 

where qi is the donor orbital occupancy, Ei and Ej are diagonal elements and F (i, j) is 

the off-diagonal NBO element. The intramolecular charge transfer interactions for the most 

-8.044e-2 

7.169e-3 

Alpha density difference 

 

8.044e-2 

MEP 

-7.169e-3 

Fig.  5.5 Alpha density difference( e-3), and MEP(Molecular electrostatic potential surface ) 

of 5-(4-Propoxybenzylidene)-2-[3-(4-chlorophenyl)-5-[4(propan-2-yl) phenyl-4,5-dihydro-1H-

pyrazol-1-yl]-1,3-thiazol4(5H)-one 
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significant stabilization energies E (2) were obtained from the NBO calculations. The larger 

the E (2) value shows the intensive interaction between electron-donors, electron-acceptors, 

and the greater extent of conjugation [155, 156] of the whole system are presented in Table 

5.5. The most important hyper conjugative interaction of the title compound is bonding to 

lone pair π (C39-C45) →LP (2) S41 showed the stabilization energy of 540.23 kcal/mol. 

The delocalization of π * electron from anti-bonding distributed to anti-bonding showed the 

high stabilization energy between π*(C7-C11) → π*(C4-C5) with 195.69 kcal/mol energies. 

Lone pair of sulphur LP (2) S41 is distributed to antibondingπ*(C42- N43) showed the 

stabilization energy of 99.8 kcal/mol. This electron distributed energy has been observed 

and listed in Table 5.5 as a result of occupational interaction. 

5.4.6 Topology analysis 

Atoms in molecules (AIM) 

 The quantum theory of atoms in molecules (AIM) is a useful tool for the 

characterization of hydrogen bonding, intra- inter molecular interactions within the 

molecule [157, 158]. The chemical structure of an element is identified using  critical point's 

(CP's). The type of critical point described as: (3, -3) nuclear critical point (NCP); (3, -1) 

bond critical point (BCP); (3, +1) ring critical point (RCP); and (3,+3) cage critical point 

(CCP). The number and type of critical points that can coexist in a molecule or crystal 

follow a strict topological relationship which states equation (5.2) that:  

  
{

)(1

)(0

moleculesIsolated

crystalsInfinite
CCPRCPBCPNCP nnnn






  (5.2) 

where „n‟ denotes the number of the subscripted type of CP. The topology relationship of 

anisolated system is known as the Poincare –Hopf relationship (PH). The topology analysis 

of the compound displays 68 (3,-3) nuclear critical points, 73 (3,-1) bond critical points 

(BCPs) between attractive pairs and 6 (3,+1) ring critical points corresponding to π-π 
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interactions. One bond critical point is associated with a very weak (O44-C40-C39-C45-

C45-C48 -H52) hydrogen bonding interaction. When these lines showed that the Poincare-

Hopf relationship is satisfied, we can see all expected CPs are presented, hence we can 

confirm that all CPs have been found. 

    (3, -3): 68, (3,-1): 73, (3,+1): 6, (3,+3): 0 

    68 - 73 + 6 - 0 = 1 

From Multiwfn we can calculate the energy of the hydrogen bond by a relationship between 

bond energy EHB (equation 5.3) and potential energy density V(rBCP) at corresponding BCP 

as 

    2/)( BCPHB rVE       (5.3) 

The energy of the hydrogen bond O44-C40-C39-C45-C46-C48 -H52 was calculated to be 

46.60 kcal/mol. Magenta, orange, and yellow spheres correspond to (3,-3), (3,-1), and (3,+1) 

critical points and bond path is pictured in Fig.5.6 (a). The indices of CPs are labeled by 

cyan numbers. The yellow sphere and line denoted between the green colour bond path 

showed that the index 117 corresponds to the bond critical point (BCP) of O-C----H 

hydrogen bond, respectively. AIM maps of the hydrogen bond region are presented in Fig. 

5.6 (b). 

Localized orbital locator (LOL) and electron localization function (ELF) 

 The topologies of the localized orbital locator (LOL) and electron localization 

function (ELF) are investigated by electron density to elucidate cores and the valence shell 

of the atoms. To define Fermi hole curvature Becke and Edgecombe proposedthat the local 

scalar function V(r) showed the excess kinetic energy of the Pauli repulsion regions 

(absence of LOL). Extensively, Savin and Silvi [42,158] explained the two main types of   
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localized orbital locator (LOL) showed the surface topology of the interaction bond path. 

The carbon and nitrogen core present in the compound is represented by the red-dot blue 

ring, inner shell is represented by red-dot yellow ring and the path electrons' delocalization 

is represented by greenish-yellowcolour which is shown in Fig. 5.7 (a). The axis's of the 

LOL limits from 0.00 to 1.00. Fig.5.7 (b) ELF isosurface showed the relation between LOL 

and ELF regions of the title compound. From electron localization function (ELF) analysis, 

it finds the positions of isosurface, shared and unshared in space where ELF is maximum, 

and to use the value of ELF in these points. By defining the electron localization (ELF) 

gradient in terms of η by the mapping its values are between 0 ≤ η ≤ 1:The value of ELF and 

η(r) ranges from 0.0 to 1.00, the values in the interval 1.00to 0.5 indicates regions 

containing bonding and anti-bonding localized electrons, whereas the values less than 0.5 

describe the domains where electrons are expected to be delocalized. High electron 

Fig. 5.6 AIM critical point maps of the5-(4-Propoxybenzylidene)-2-[3-(4-

chlorophenyl)-5-[4(propan-2-yl) phenyl-4,5-dihydro-1H-pyrazol-1-yl]-1,3-thiazol4(5H)-

one bonding region 

 

117 

b a 
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localization zones between core and lone pairtovalence atoms are revealed by the red ring-

like region around each hydrogen, chlorine (LP) and oxygen (LP) atoms. Colour shade maps 

or contour maps of bonding regions are present in Fig.5.7 (c). High ELF values 

(approximately 0.600 to1.00 Bohr unit) are coloured red; the colour range from yellow to 

green are middle denoted region 0.60 to 0.40 Bohr unit and the lower end regions below 0.4 

Bohr unit are represented by blue. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reduced density gradient analysis (RDG) 

The non-covalent interactions (NCI) method is used to detect NCI in real space 

[159]. This method enables the identification of NCI as isosurfaces of the reduced density 

gradient RDG (r) in equation 5.4:   

  
 

  3/42 2/1

)2(3

1
RDG(r)

r

r

r 






       (5.4) 

hydrogen (valance) 

sulphur(lone pair) 

carbon(core) 

Fig.5.7 a) LOL b) ELFisosurface and c) ELFregion of 5-(4-Propoxybenzylidene)-2-[3-(4-

chlorophenyl)-5-[4(propan-2-yl) phenyl-4,5-dihydro-1H-pyrazol-1-yl]-1,3-thiazol4(5H)-one 

 

a b 
c 
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These isosurfaces expand over large regions of space containing interacting atoms. 

This approach recovers a more intuitive picture of van der Waals‟s interactions, hydrogen 

bonds, and steric repulsions than other local pairwise approaches, such as atoms in 

molecules (AIM) theory, or the electron localization function (ELF). The application of the 

reduced density gradient to visualize interacting regions was motivated by the deviations 

from the exponential behaviour observed when RDGis plotted versus ρ(r) for interacting 

systems [160]. The value of Hessian matrix of electron density is used to find the nature of 

an interaction. [λ2> 0, for non bondedand λ2< 0 for bonded].  

In this graph, blue colour indicate the hydrogen bonding interaction, the green 

colours are van der Waals interactions and the red colours are identified as strong repulsion. 

From Fig.5.8, the van der Waals interaction is the predominant factor as electrostatic 

interaction in the molecule. The isosurface of the title compound mixed system displays 

very strong van der Waals interaction with strong steric effect as repulsive interaction and 

weak hydrogen bonding interaction. Moreover, hydrogen and van der Waals regions are 

more impacted by the presence of propoxybenzylidene moiety. 

5.4.7 Molecular docking 

 To explore the biological activity of the title molecule, molecular docking 

simulations have been performed using Auto Dock/Vina software [66]. Docking has become 

a standard technology in drug discovery to virtually screen libraries of existing or 

hypothetical chemicals to identify new active chemo-types that bind to predict the target   
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binding modes of protein and to point out the active site of ligands. PASS [161] is an online 

tool that predicts different types of activities based on the compound structure. PASS 

analysis of the title compound predicts several activities, amongst other activities choosing 

Pim-1 kinase inhibitor activity with Pa (probability to be active) and Pi (probability to be 

inactive) values are listed in Table 5.6. Pim kinases are emerging as important mediators of 

cytokine signaling pathways in hematopoietic cells, and they contribute to the progression 

of certain leukemias and solid tumors [162]. Based on this, we decided to carry the 

molecular docking simulation of the title compound bind with the human Pim-1 kinase 

enzyme. The 3D structure of proteins obtained from Protein Data Bank (PDB ID: 3a99, 

1gj8, 1xqz) has a good resolution. Auto Dock Tools (ADT) graphical user interface was 

used to add polar hydrogen and to calculate atomic charges by Kollman method. Water 

molecules and co-crystallized ligands were removed. The optimized structures of ligands 

PDB were obtained using the DFT (B3LYP) theory with the 6-311G basis set on Gaussian 

09. Partial charges were calculated by the Geistenger method. The active site to the energies 

was defined to add residues of the active sites with the use of grid sizes 126Ǻ×126Ǻ×126Ǻ 

H-bond 

attraction  

H-bond 

Van der Waals 

interaction  

Strong repulsion 

steric effect 

ρ >0 

2<0 

ρ 0 

20 

ρ >0 

2>0 

Fig. 5.8 Reduced density gradient 2D  and 3D of 5-(4-Propoxybenzylidene)-2-[3-(4-

chlorophenyl)-5-[4(propan-2-yl) phenyl-4,5-dihydro-1H-pyrazol-1-yl]-1,3-thiazol4(5H)-one 
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using Auto grid [62]. AutoDock binding affinity (kcal/mol), inhibition constants, and nature 

of the bond with residues were computed and the best lowest energy docked positions of the 

ligand with target protein are illustrated in Table 5.7 and Figs. 5.9 (a) and 5.9 (b).  

 

 

 

 

 

 

 

 

 

 

 

 

  
Fig. 5.9. (a) Residues Interactions of Pim-1 kinase inhibitor protein with ligand 

(PCPPT) 
 

3a99 1gj8 
ixqz 

Fig. 5. 9. (b) Docked position values of Pim-1 kinase inhibitor protein with ligand (PCPPT) 
 

3a99 1gj8 ixqz 
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The bond interactions present in the title compound are Pi-alkyl, carbon-hydrogen 

bond, conventional hydrogen bond and Pi-cation. 3a99 interaction with amino acid forms 

Alkyl (2.5 Å; ILE A:74, 3.0 Å; VAL A:174) having various binding energies of -9.23, -9.13 

and -9.01 kcal/mol. The inhibition constant values are identified as 170.15 nM, 201.86 nM, 

248.98 nM and RMSD value are 81.47 Å, 83.69 Å and 82.21 Å. The result of 1gj8 encircled 

by residues Pi-sigma (2.8 Å, CYS A:13), conventional hydrogen bond (1.9 Å, GLN A:12), 

and Alkyl (2.9 Å, LYS A:10). It has a docking score of -6.98, -6.95, -6.90 kcal/mol 

respectively. The inhibition constant values are identified as 7.65 µM, 19.13 µM, and 12.09 

µM and RMSD value are 26.16 Å, 26.28 Å and 26.31 Å, respectively. The prediction of 

1xqz insight the potent of Pim kinase inhibitor docked with ligand shows  van der Waals 

(2.6 Å, GLN A :171), Alkyl (2.4 Å, PRO A:125; 2.4 Å, LEU A: 93; 2.4 Å, LYS A: 67) 

interactions which can provide some binding energies of -9.14, -9.01 and -7.83 kcal/mol. 

The inhibition constant values are identified as 201.35 nM, 249.97 nM, and 1.82 µM. The 

RMSD values are 77.89 Å, 79.25 Å, and 55.22 Å, respectively. 

 

5.8 Conclusion 

 FT-IR and FT-Raman spectrum of 5-(4-Propoxybenzylidene)-2-[3-(4-chlorophenyl)-

5-[4-(propan-2-yl) phenyl]-4,5-dihydro-1H-pyrazol-1-yl]-1,3-thiazol-4(5H)-one were 

recorded and studied by both experimentally and theoretically. The vibrational wavenumber 

was computed using B3LYP/6-31G and B3LYP/6-311G basis sets. The HOMO and LUMO 

analysis are used to determine the charge transfer and the chemical activity of the molecule. 

From the molecular electrostatic potential, it is evident that the negative charge covers the 

carbonyl group, positive charge covers hydrogen atoms in the propoxybenzylidene, the 

neutral region is covered over the remaining groups and showed the more electronegativity 

in the carbonyl group makes it most reactive part of the compound. The stability of the 

molecule arising from hyper-conjugative interaction and charge delocalization has been 
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studied using NBO analysis. AIM analysis confirmed the presence of an intramolecular 

hydrogen bond between O44-H27---N14 with energy of 46.60 kcal/mol. The surface 

electron density core, lone pair and valence findings were confirmed by electron localization 

function (ELF) and localized orbital locator (LOL) studies. Intra- and intermolecular non-

covalent and weak interactions (van der Waals forces) of thiazole and pyrazole were 

explored using the reduced density gradient (RDG) methods. The anticancer protein 3a99 

has higher binding energy, inhibition constant and RMSD values. From these results, the 

title compound may be observed as an effective Pim-1 kinase drug. 



108 

Table 5.1: Optimized geometrical parameters (Bond lengths) of 5-(4-Propoxybenzylidene)-2-[3-(4-chlorophenyl)-5-[4-(propan-2-yl) phenyl]-4,5-

dihydro-1H-pyrazol-1-yl]-1,3-thiazol-4(5H)-one. 

Bond length(Å)    Bond length(Å)    Bond length(Å)    

Parameter 
B3LYP/ 

6-31G 

B3LYP/ 

6-311G 
XRD* Parameter 

B3LYP/ 

6-31G 

B3LYP/ 

6-311G 
XRD* Parameter 

B3LYP/ 6-

31G 

B3LYP/ 6-

311G 
XRD* 

C1-C4 1.46 1.46 1.46 C16-H20 1.08 1.08 0.93 C42-N43 1.30 1.30 1.30 

C1-N24 1.31 1.30 1.29 C17-C21 1.41 1.41 1.38 C45-C46 1.46 1.46 1.45 

C1-C26 1.52 1.52 1.50 C17-H22 1.09 1.08 0.93 C45-H56 1.09 1.09 0.93 

C2-C14 1.52 1.52 1.51 C19-C21 1.40 1.40 1.39 C46-C47 1.42 1.41 1.39 

C2-N25 1.51 1.51 1.51 C19-H23 1.09 1.08 0.98 C46-C48 1.42 1.42 1.39 

C2-C26 1.56 1.56 1.47 C21-C29 1.53 1.53 1.52 C47-C49 1.39 1.39 1.38 

C2-H55 1.09 1.09 0.98 N24-N25 1.39 1.39 1.38 C47-H50 1.09 1.08 0.93 

H3-C26 1.09 1.09 0.97 N25-C42 1.35 1.35 1.34 C48-C51 1.39 1.39 1.37 

C4-C5 1.41 1.41 1.38 C26-H28 1.10 1.09 0.97 C48-H52 1.08 1.08 0.93 

C4-C6 1.41 1.41 1.40 C29-C30 1.55 1.54 1.41 C49-C53 1.40 1.40 1.38 

C5-C7 1.40 1.40 1.37 C29-C31 1.55 1.54 1.41 C49-H57 1.08 1.08 0.93 

C5-H8 1.08 1.08 0.93 C29-H38 1.10 1.09 0.96 C51-C53 1.41 1.40 1.36 

C6-C9 1.39 1.39 1.37 C30-H32 1.10 1.09 0.96 C51-H54 1.08 1.08 0.93 

C6-H10 1.08 1.08 0.93 C30-H33 1.10 1.09 0.96 C53-O58 1.38 1.39 1.37 

C7-C11 1.39 1.39 1.36 C30-H34 1.10 1.09 0.96 O58-C59 1.46 1.46  
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C7-H12 1.08 1.08 0.93 C31-H35 1.10 1.09 0.96 C59-H60 1.10 1.09  

C9-C11 1.40 1.39 1.38 C31-H36 1.10 1.09 0.96 C59-H61 1.10 1.09  

C9-H13 1.08 1.08 0.93 C31-H37 1.10 1.09 0.96 C59-C62 1.52 1.52  

C11-Cl27 1.82 1.83 1.78 C39-C40 1.49 1.49 1.50 C62-H63 1.10 1.09  

C14-C15 1.41 1.40 1.37 C39-S41 1.87 1.87 1.75 C62-H64 1.10 1.09  

C14-C16 1.40 1.40 1.37 C39-C45 1.36 1.36 1.34 C62-C65 1.54 1.54  

C15-C17 1.40 1.39 1.38 C40-N43 1.41 1.41 1.38 C65-H66 1.09 1.09  

C15-H18 1.09 1.08 0.93 C40-O44 1.25 1.25 1.22 C65-H67 1.10 1.09  

C16-C19 1.40 1.40 1.39 S41-C42 1.84 1.84 1.76 C65-H68 1.10 1.09  

*- Taken from Ref.[87] 
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Table 5.2: Optimized geometrical parameters (Bond angles) of 5-(4-Propoxybenzylidene)-2-[3-

(4-chlorophenyl)-5-[4-(propan-2-yl) phenyl]-4,5-dihydro-1H-pyrazol-1-yl]-1,3-thiazol-

4(5H)-one. 

Bond angle 

(degree) 

B3LYP/  

6-31G  

B3LYP/  

6-311G 

Bond angle 

(degree) 

B3LYP/  

6-31G 

B3LYP/  

6-311G 

C4-C1-N24 121.71 121.63 C29-C30H-33 111.11 111.08 

C4-C1-C26 125.17 125.27 C29-C30-H34 111.10 111.20 

N24-C1-C26 113.11 113.10 H32-C30-H33 108.31 108.24 

C14-C2-N25 112.36 112.29 H32C-30-H34 107.82 107.82 

C14-C2-C26 115.13 115.18 H33-C30-H34 107.87 107.89 

C14-C2-H55 109.27 109.19 C29-C31-H35 111.17 111.13 

N25-C2-C26 100.19 100.23 C29-C31-H36 110.51 110.49 

N25-C2-H55 107.27 107.37 C29-C31-H37 111.12 111.20 

C26-C2-H55 112.12 112.11 H35-C31-H36 108.26 108.20 

C1-C4-C5 120.62 120.65 H35-C31-H37 107.89 107.91 

C1-C4-C6 120.62 120.72 H36-C31-H37 107.76 107.77 

C5-C4-C6 118.75 118.63 C40-C39-S41 108.95 108.92 

C4-C5C-7 120.90 120.96 C40-C39-C45 132.92 133.05 

C4-C5-H8 120.25 120.33 S41-C39-C45 118.13 118.03 

C7-C5-H8 118.85 118.71 C39-C40-N43 113.47 113.46 

C4-C6-C9 120.75 120.80 C39-C40-O44 124.81 124.72 

C4-C6-H10 119.05 119.08 N43-C40-O44 121.72 121.82 

C9-C6-H10 120.20 120.12 C39-S41-C42 86.31 86.21 

C5-C7-C11 118.79 118.73 N25-C42-S41 119.67 119.88 

C5-C7-H12 120.73 120.72 N25-C42-N43 122.87 122.70 

C11-C7-H12 120.48 120.55 S41-C42-N43 117.45 117.41 

C6-C9-C11 118.97 118.93 C40-N43-C42 113.81 114.00 

C6-C9-H13 120.71 120.70 C39-C45-C46 135.13 135.18 

C11-C9-H13 120.33 120.36 C39-C45-H56 113.74 113.71 

C7-C11-C9 121.84 121.95 C46-C45-H56 111.13 111.11 

C7-C11-Cl27 119.10 119.06 C45-C46-C47 116.05 116.15 

C9-C11-Cl27 119.06 118.99 C45-C46-C48 126.50 126.45 

C2-C14-C15 121.39 121.36 C47-C46-C48 117.45 117.40 

C2-C14-C16 119.99 120.11 C46-C47-C49 122.18 122.17 

C15-C14-C16 118.61 118.53 C46-C47-H50 119.09 119.13 

C14-C15-C17 120.64 120.69 C49-C47-H50 118.73 118.70 
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C14-C15-H18 120.15 120.21 C46-C48-C51 120.65 120.69 

C17-C15-H18 119.21 119.10 C46-C48-H52 118.99 119.03 

C14-C16-C19 120.54 120.60 C51-C48-H52 120.35 120.29 

C14-C16-H20 119.55 119.57 C47-C49-C53 119.12 119.15 

C19-C16-H20 119.88 119.81 C47-C49-H57 119.62 119.60 

C15-C17-C21 121.04 121.07 C53-C49-H57 121.26 121.25 

C15-C17-H22 119.11 119.05 C48-C51-C53 120.75 120.75 

C21-C17-H22 119.85 119.88 C48-C51-H54 120.93 120.98 

C16-C19-C21 121.24 121.28 C53-C51-H54 118.32 118.26 

C16-C19-H23 119.39 119.36 C49-5C3-C51 119.84 119.85 

C21-C19H-23 119.36 119.36 C49-C53-O58 124.27 124.34 

C17-C21-C19 117.92 117.83 C51-C53-O58 115.89 115.82 

C17-C21-C29 121.36 121.38 C53-O58-C59 119.75 119.98 

C19-C21-C29 120.73 120.78 O58-C59-H60 109.49 109.45 

C1-C24-N25 108.73 108.72 O58-C59-H61 109.53 109.47 

C2-N25-N24 113.52 113.40 O58-C59-C62 107.03 107.02 

C2-N25-N42 124.76 124.72 H60-C59-H61 108.45 108.73 

N24-N25-C42 121.65 121.78 H60-C59-C62 111.17 111.09 

C1-C26C-C2 103.58 103.63 H61C-59-C62 111.14 111.06 

C1-C26-H3 112.34 112.37 C59-C62-H63 108.57 108.50 

C1-C26-H28 110.54 110.54 C59-C62-H64 108.56 108.49 

C2-C26-H3 111.19 111.21 C59-C62-C65 112.05 112.22 

C2-C26-H28 111.78 111.67 H63-C62-H64 106.77 106.79 

H3-C26-H28 107.48 107.48 H63-C62-C65 110.37 110.33 

C21-C29-C30 111.70 111.80 H64-C62-C65 110.36 110.32 

C21-C29-C31 111.89 111.95 C62-C65-H66 110.74 111.50 

C21-C29-H38 107.05 106.94 C62-C65-H67 111.43 111.50 

C30-C29-C31 110.93 111.06 C62-C65-H68 111.43 110.72 

C30-C29-H38 107.47 107.38 H66-C65-H67 107.63 107.80 

C31-C29-H38 107.51 107.41 H66-C65-H68 107.63 107.56 

C29-C30-H32 110.51 110.48 H67-C65-H68 107.81 107.57 
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Table 5.3: Vibrational assignments, observed and calculated wave numbers of  5-(4-

Propoxybenzylidene)-2-[3-(4-chlorophenyl)-5-[4-(propan-2-yl) phenyl]-4,5-dihydro-1H-pyrazol-1-

yl]-1,3-thiazol-4(5H)-one at B3LYP method with 6-31G and 6-311G basis sets 

S.No. 

Observed  

wavenumbers (cm
-1

) 

Calculated 

wavenumbers (cm
-1

) (Scaled) Vibrational  

assignments (PED%) 
FT-IR FT-Raman 

B3LYP/  

6-31G 

B3LYP/ 

6-311G 

         3091 3082  CH(99) 

 3070w  3075 3070  CH(99) 

   3070 3066  CH(98) 

   3066 3060  CH(98) 

   3061 3054  CH(98) 

   3053 3049  CH(99) 

 3040w  3045 3042  CH(98) 

   3040 3036  CH(98) 

   3037 3031  CH(99) 

   3031 3028  CH(99) 

   3027 3023  CH(98) 

   3024 3019  CH(98) 

   3018 3014  CH(99) 

 2936w  3012 3008  ass CH3 (97) 

   3009 3002  ass CH3 (97) 

   3000 2996  ass CH2 (98) 

   2996 2991  ass CH3 (97) 

   2990 2985  ass CH2(97) 

   2981 2977  ass CH3 (97) 

   2975 2970  CH(98) 

 2961ms  2970 2963  ass CH3 (97) 

   2951 2945  ass CH3 (97) 

 2936w  2942 2938  ss CH2 (98) 

   2933 2930  ass CH3 (97) 

  2929w 2930 2924  ss CH3 (98) 

   2925 2919  ss CH3 (98) 

   2918 2912  ss CH3 (98) 

   2909 2903  ss CH3 (98) 

   2901 2896   CH(97) 

 2875m  2882 2875  ss CH2 (98) 

 1692ms  1650 1643  CO (71),  CN (21) 

   1631 1625  CC (68),  CH (19) 

   1619 1614  CC (68),  CH (20) 
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   1606 1604  CC (68),  CH (20) 

 1599s  1599 1599  CC (67),  CN (15), CH (12) 

  1596vs 1596 1592  CC (67),  CN (15), CH (10) 

   1585 1581  CC (68),  CH (13), CC (10) 

   1579 1576  CN (66),  CO (13), CC (12) 

   1572 1570  CC (68),  CO (16), CN (10), 

  1560s 1566 1564  CN (69),  CO (19) 

 1542vs  1551 1551  CH (72),  CC (10) 

   1540 1542 
SCISS, CH2 (76) 

   1534 1535  CH (73),  CC (12) 

   1530 1527  CH (65),  CC (17) 

   1521 1519  opbCH3 (6a) 

   1514 1511  opbCH3 (69) 

   1506 1503  opbCH3 (68) 

 1494ms  1496 1495  ipbCH3 (68) 

   1494 1490 
SCISS CH2 (75) 

   1485 1483  ipbCH3 (68) 

   1475 1475  ipbCH3 (68) 

   1466 1462 
SCISS CH2 (75) 

   1456 1456  CH (68),  CC (10) 

   1453 1450  CH (68),  CC (12) 

  1440w 1445 1441  sb CH3 (76) 

   1438 1435  sb CH3 (76) 

   1431 1426   CH (68) 

 1423ms  1420 1417   CH (68) 

   1413 1408  sb CH3  (75) 

  1400m 1403 1400  CN (66),   CH (14) 

   1389 1389  rock CH2 (67), CC (16) 

   1380 1381   CH (65),  CCC (12) 

   1376 1375  CC (65),   CH (10) 

   1370 1368   CH (66),  CCC (12) 

   1355 1353   CH (66) 

   1348 1344  rock (65), CCC (10) 

  1330m 1336 1335   CH (65),  CCC (12) 

   1330 1327  CC (63),   CH (12) 

   1316 1313  CC (68),   CH (13) 

   1304 1302   CH (66) 
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 1288ms 1288m 1294 1290  rock CH2 (67), CC (12) 

   1285 1283  CH2 (59) 

   1275 1271  CC (63),   CH (23) 

 1264ms  1266 1263   CH (68) 

   1261 1257  rock CH2 (67) 

   1253 1250   CH (68) 

  1245ms 1245 1243  CH2 (58) 

 1233s  1234 1235  CC (66),   CH (14) 

   1232 1228   CH (63),  CCC (16) 

   1223 1220   CH (65) 

   1216 1212   CH (65),  CCC (12) 

   1205 1203   CH (66) 

   1194 1190   CH (65) 

   1190 1188   CH (66) 

 1180ms  1186 1182  CH2 (57) 

 1175ms 1175ms 1175 1171  wagg CH2 (55) 

   1166 1160   CO (61) 

   1156 1153   CH (66) 

   1147 1144   CH (64) 

   1143 1139   CH (64) 

  1125ms 1132 1127   CH (64) 

   1115 1112  CCH3 (67) 

   1099 1096   ring (60) 

 1092ms  1094 1092  CCH3 (66) 

   1091 1085  NN (72),   CN (14),   CO (10) 

   1086 1081  CC (67),   ring (16) 

   1080 1075  CC (68),  CO (14) 

   1071 1066  CH(59) 

   1064 1060   ring (61) 

 1050w  1055 1051   ring (61) 

   1050 1042   ring (61) 

   1036 1030   ring (60) 

   1029 1023  CH(58) 

 1017ms  1024 1016  CO (69),  CC (12) 

   1014 1009  CH(59) 

  1000w 1006 1002  CH(59) 

 994w  1003 998  CH(60) 

   983 982  CH(60) 
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 975w  979 973  opr CH3(62) 

   965 961  CH(58) 

  950vw 955 950  CS(74) 

   946 943  opr CH3(62) 

   939 938  CH (58) 

   929 925   ring (61) 

   921 917  CH 3(60) 

 904w 900 908 903   rock CH3(61) 

   895 891   rock CH3(61) 

   886 882  CH (58) 

   878 875  CH (58) 

   870 866  CH (58) 

 860w  868 860  CH (58) 

   856 854  CH (57) 

   845 841  CH (58) 

 827w 832w 834 830 Ring breathing(60) 

   818 815  CCl (71) 

   809 806  CS (75) 

   796 792  CS (74) 

   790 785   ring (64) 

   782 778  wagg  CH2(61) 

   769 765  CO(70) 

 756w  763 759  CO(68) 

   750 743  ring (56) 

   725 721  ring (55) 

 720w  720 716  ring (61) 

   706 702  ring (55) 

   692 689  CC(66) 

   666 662  ipr CH3(59) 

   648 643  ccl(57) 

   629 626  CH(58) 

 618w  620 617  CH(58) 

   600 596  CH(59) 

   585 581  CH(58) 

 569w  579 572  CH(58) 

   566 560  CH(58) 

   554 551 Ring breathing (60) 

 536w  538 535  CH(59) 

   531 525  ring (54) 

   517 513  ring (55) 
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 504w  505 501  ring (55) 

   494 490  CC (61) 

   475 472  CC (60) 

   461 453  CC (52) 

   446 441  CO (50) 

   440 438  CH (54) 

   435 430  ring (54) 

   422 419  ring (54) 

 406vw  412 408  ring (54) 

   406 400  CC (55) 

   388 385  ring  (49) 

   373 372  CCl (51) 

   364 360  ring (50) 

   350 345  CC (48) 

   339 333  CCH3 (49) 

   320 316  CC (54) 

   306 301  CC (55) 

   284 280  ring (60) 

   279 274  CC (58) 

   256 252  CCH3(54) 

   250 246  CC (58) 

   248 241  CH3(48) 

   235 230  CH3(48) 

   229 225  CH3(48) 

   222 217  ring (57) 

   214 208  CO (61) 

   206 202  ring (59) 

   200 196  ring (60) 

   183 175  CO (57) 

   174 168  ring (58) 

   161 155  CC (49) 

   148 140  CO (48) 

   135 130  CN (48) 

   125 119  ring (53) 

   106 98  ring (55) 

   95 87  CO(49) 

  78vw 89 80  CC (49) 

   83 73  CC (48) 

   75 67  CC (49) 
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   62 56  CC (58) 

   55 49  CC (58) 

   49 40  ring (48) 

   45 36  CC (48) 

   39 31  CC (47) 

   35 28  CC (48) 

   31 25  CC (48) 

   26 22  CC (48) 

   21 19  CC (45) 

   16 14  CC (45) 

   9 6  CC (48) 

s-strong, ms-medium strong, vs-very strong, w-weak, vw-very weak, ν-stretching,  

νss –symmetric stretching, νass- asymmetric stretching, δ-in-plane pending, γ-out-of-plane 

bending, ρ-scissoring, ω-wagging, -rocking, -twisting. 

 

Table 5.4: Calculated E-HOMO, E-LUMO (H-1→ L+1, H-2→ L+2), energy gap (EL–EH), 

ionization potential (i), electron affinity (a), global hardness (η), electronegativity (χ),  chemical 

softness (σ), chemical potential (μ) and global electrophilicity (ω)  

Molecular 

properties 

Energy 

(eV) 

Energy 

gap (eV) 

(I) (eV) 

 

(A) (eV) 

 
(ɳ) (eV) 

(χ) 

(eV) 
(σ) (eV) (µ) (eV) (ω) (eV) 

EHOMO -5.7563         

ELUMO -2.3943 3.3620 5.7563 2.3943 1.6810 4.753 0.5949 -4.0753 4.9399 

EHOMO-1 6.3539         

ELUMO+1 1.8313 4.5226 6.3539 1.8313 2.2613 4.0926 0.4422 -4.0926 3.7035 

EHOMO-2 6.7645         

ELUMO+2 1.0411 5.7234 6.7645 1.0411 2.8617 3.9028 0.3494 -3.9028 2.6613 
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Table 5.5: Second order perturbation theory analysis of fock matrix on NBO for 5-(4-

Propoxybenzylidene)-2-[3-(4-chlorophenyl)-5-[4-(propan-2-yl) phenyl]-4,5-dihydro-1H-

pyrazol-1-yl]-1,3-thiazol-4(5H)-one. 

Donar 

(i) 
Type ED/e 

Acceptor 

(j) 
Type ED/e(qi) 

E(2)
a
 

Kcal/mol 

E(i)-

E(j)
b
 

F(i,j)
c
 

π C1-N24 1.923 π* C4-C5 0.390 7.93 0.32 0.049 

σ C1-C26 1.973 σ* C2-C14 0.040 5.08 1.09 0.067 

σ C2-H55 1.894 σ* H3-C26 0.048 8.32 0.91 0.079 

π C4-C5 1.645 π* C1-N24 0.255 16.67 0.24 0.058 

π C4-C5 1.645 π* C6-C9 0.297 19.66 0.28 0.068 

π C4-C5 1.645 π* C7-C11 0.392 22.43 0.26 0.069 

σ C6-C9 1.645 σ* C11-Cl27 0.032 4.95 0.81 0.057 

π C6-C9 1.667 π* C4-C5 0.390 20.57 0.28 0.068 

π C6-C9 1.667 π* C7-C11 0.392 21.12 0.26 0.067 

π C7-C11 1.680 π* C4-C5 0.390 17.84 0.3 0.066 

π C7-C11 1.680 π* C6-C9 0.297 19.15 0.3 0.068 

π C14-C15 1.673 π* C16-C19 0.343 19.55 0.28 0.067 

π C14-C15 1.673 π* C17-C21 0.359 18.95 0.29 0.067 

π C16-C19 1.693 π* C14-C15 0.388 21.07 0.27 0.069 

π C16-C19 1.693 π* C17-C21 0.359 21.11 0.28 0.07 

π C17-C21 1.650 π* C14-C15 0.388 21.43 0.27 0.069 

π C17-C21 1.650 π* C16-C19 0.343 20.03 0.28 0.066 

σ C29-H38 1.910 π* C17-C21 0.359 10.97 0.47 0.069 

σ C29-H38 1.910 σ* C30-H34 0.015 6.13 0.93 0.069 

σ C29-H38 1.910 σ* C31-H37 0.015 6.13 0.93 0.069 

σ C39-S41 1.978 σ* N25-C42 0.053 9 1.44 0.102 

π C39-C45 1.727 LP (2) S41 1.998 540.23 0.01 0.119 

π C39-C45 1.727 π* C40-O44 0.358 29.54 0.28 0.083 

σ C40-N43 1.980 σ* N25-C42 0.053 6.25 1.17 0.077 

π C40-O44 1.916 π* C39-C45 0.284 8.91 0.27 0.046 

π C40-O44 1.916 π* C42-N43 0.517 6.73 0.28 0.044 

σ S41-C42 1.982 σ* C39-C45 0.035 7.14 1.39 0.089 

σ C42-N43 1.980 σ* S41-C42 0.046 1.15 1.29 0.035 

π C42-N43 1.839 LP (2) S41 1.998 102.39 0.05 0.102 

π C42-N43 1.839 π* C40-O44 0.358 27.11 0.31 0.087 

π C46-C48 1.669 π* C47-C49 0.316 20.72 0.29 0.069 

π C46-C48 1.669 π* C51-C53 0.355 19.28 0.28 0.066 
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π C47-C49 1.665 π* C46-C48 0.368 20.58 0.27 0.068 

π C47-C49 1.665 π* C51-C53 0.355 22.37 0.27 0.07 

π C51-C53 1.650 π* C46-C48 0.368 21.42 0.28 0.07 

π C51-C53 1.650 π* C47-C49 0.316 19.26 0.29 0.067 

LP (1) N24 2.000 σ* C2-N25 0.044 4.81 0.82 0.056 

LP (1) N25 1.999 π* C1-N24 0.255 26.7 0.24 0.072 

LP (1) N25 1.999 σ* S41-C42 0.046 6.95 0.75 0.068 

LP (1) N25 1.999 σ* C42-N43 0.062 13.04 0.68 0.088 

LP (3) Cl27 2.000 π* C7-C11 0.392 12.39 0.32 0.061 

LP (1) S41 2.000 σ* C39-C40 0.097 7.95 0.99 0.08 

LP (1) S41 2.000 σ* C42-N43 0.062 8.55 0.94 0.08 

LP (2) S41 1.998 π* C39-C45 0.035 65.6 0.2 0.112 

LP (2) S41 1.998 π* C42-N43 0.517 99.8 0.21 0.133 

LP (1) N43 1.999 σ* C39-C40 0.097 5.99 0.81 0.062 

LP (1) N43 1.999 σ* S41-C42 0.046 5.63 0.84 0.062 

LP (2) O44 1.877 σ* C39-C40 0.097 18.59 0.69 0.102 

LP (2) O44 1.877 σ* C40-N43 0.062 22.97 0.65 0.111 

LP (1) O58 1.945 σ* C49-C53 0.029 6 0.97 0.069 

π* C1-N24 0.255 π* C4-C5 0.390 37.71 0.04 0.063 

π* C7-C11 0.392 π* C4-C5 0.390 195.69 0.02 0.083 

π* C7-C11 0.392 π* C6-C9 0.297 131.61 0.02 0.078 

π* C39-C45 0.035 π* C40-O44 0.358 30.02 0.06 0.069 

π* C42-N43 0.517 π* C40-O44 0.358 53.08 0.05 0.072 
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Table 5.6: PASS prediction for the activity spectrum of title compound, Pa represents 

probability to be active and Pi represents probability to be inactive. 

Pa Pi Activityname 

0,260 0,102 Antimetastatic 

0,189 0,036 Pim-1 kinase inhibitor 

0,177 0,031 Protein-tyrosine phosphatase inhibitor 

0,153 0,012 Bcl2 antagonist 

0,192 0,054 Vascular adhesion protein 1 inhibitor 

0,133 0,008 Pim-2 kinase inhibitor 

0,242 0,121 Atherosclerosis treatment 

0,246 0,131 Antineurogenic pain 

0,101 0,005 CDC25B inhibitor 

0,107 0,018 Autotaxin inhibitor 

0,128 0,039 Lipoxygenase inhibitor 

0,292 0,205 APOA1 expression enhancer 

0,207 0,120 Antiobesity 

0,132 0,049 Vasculitis treatment 

0,082 0,010 Bcl-xL inhibitor 

0,126 0,061 Sodium/bile acid cotransporter inhibitor 

0,093 0,030 5-Lipoxygenase inhibitor 

0,260 0,199 CDK9/cyclin T1 inhibitor 

0,078 0,024 Protein-tyrosine phosphatase 2C inhibitor 

0,205 0,157 Antidiabetic 

0,092 0,044 Peroxisome proliferator-activated receptor gamma antagonist 

0,240 0,195 Vanilloid 1 agonist 
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Table 5.7: Molecular docking parameters of 5-(4-Propoxybenzylidene)-2-[3-(4-chlorophenyl)-

5-[4-(propan-2-yl) phenyl]-4,5-dihydro-1H-pyrazol-1-yl]-1,3-thiazol-4(5H)-one bind with 

human pim-1 kinase enzyme. 

Protein 

name 

PDB 

ID 

Bond 

distance 

(Å) 

Amino 

acid 

(residues) 

Bond 

Binding affinity  

(kcal/mol) 

Inhibition Constant  Ki 

(µM or nM) 
RMSD (Å) 

1 2 3 1 2 3 1 2 3 

5
-(

4
-P

ro
p
o

x
y

b
en

zy
li

d
en

e)
-2

-[
3

-(
4

-c
h
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ro
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h

en
y

l)
-5

-[
4

-(
p

ro
p

an
-2

-

y
l)

 p
h

en
y

l]
-4

,5
-d

ih
y

d
ro

-1
H

-p
y

ra
zo

l-
1

-y
l]

-1
,3

-t
h

ia
zo

l-
4

(5
H

)-
o
n

e 

3a99 

2.5 ILE A 74 
Pi-alkyl 

-9.23 -9.13 -9.01 
170.15 

nM 
201.86 

nM 
248.98 

nM 
81.47 83.69 82.21 

2.9 
GLY A 

48 

carbon-

hydrogen 

bond 

         

3.0 SER A 50 

conventional 

hydrogen 

bond 

         

3.0 
VAL A 

174 Pi-alkyl 
         

1gj8 

2.8 CYS A 13 Pi-sigma -6.98 -6.95 -6.90 
7.65 

µM 

19.13 

µM 

12.09 

µM 
26.16 26.28 26.31 

1.9 
GLN A 

12 

conventional 

hydrogen 

bond 

         

2.9 LYS A 10 Ailkyl          

1xqz 

2.6 
GLN A 

171 vander Waals 
-9.14 -9.01 -7.83 

201.35 

nM 

249.97 

nM 

1.82 

µM 
77.89 79.25 55.22 

2.4 
PRO A 

125 Pi-alkyl 
         

2.4 LEU A 93 Pi-alkyl 
         

2.4 LYS A 67 Pi-alkyl 
         

3.5 
ILE A 

185 Pi-sigma 
         

  

 

  



CHAPTER - 6 

Exploration mechanism of spectral characterization, 

biological activity and molecular docking studies of 5-(4-

Hydrobenzylidene)-2-[3-(4-chlorophenyl)-5- [4-(propan-2-yl) 

phenyl]-4, 5- dihydro-1H-pyrazol-1-yl]-1, 3-thiazol-4(5H)-one 

 

 

Abstract 

Thiazole is a well-established heterocyclic compound having a broad range of 

structural and spectroscopic properties. In the present work, the experimental FT-IR (4000-0 

cm
-1

) and  FT-Raman (3500-0 cm
-1

) absorption data of the 5-(4-Hydrobenzylidene)-2-[3-(4-

chlorophenyl)-5- [4-(propan-2-yl) phenyl]-4, 5- dihydro-1H-pyrazol-1-yl]-1, 3-thiazol-

4(5H)-one (HCPPT) were combined with a theoretical quantum chemical calculation. For 

the theoretical computations, the optimized geometrical parameters and the vibrational 

assignment of the HCPPT were determined by density functional theory (DFT) calculation 

using B3LYP functional cc-pVDZ and 6-311G basis sets. The charge transfer inside the 

molecule is easily identified by density plots across the highest occupied molecular orbital 

and lowest unoccupied molecular orbital energy surfaces. It also provides information about 

the chemical activity of the compound. A molecular electrostatic potential surface was 

plotted to assess the molecular electrophilic and nucleophilic reactivity. The charge 

delocalization and stability of the (HCPPT) title molecule was carried out using natural 

bond orbital (NBO) analysis. Non covalent interactions, topology, two- and three- 

dimension finger-print plots were also studied using reduced density gradient analysis. In 

addition, anti-microbial activity of the (HCPPT) title compound are evaluated against 

bacterial: gram-positive organisms (staphylococcus aureus, Bacillus subtilis), bacterial: 

gram- negative organisms (Escherichia coli, Pseudomonas aeruginosa) and fungal 

organisms (candida albicans and Aspergillus Niger) to investigate its biological action. 

Furthermore, molecular docking studies of the title compound revealed that it may exhibit 

antineoplastic (solid tumours), anti-cancerous and anti-inflammatory activities. 
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CHAPTER – 6 

Exploration mechanism of spectral characterization, 

biological activity and molecular docking studies of 5-(4-

Hydrobenzylidene)-2-[3-(4-chlorophenyl)-5- [4-(propan-2-yl) 

phenyl]-4, 5- dihydro-1H-pyrazol-1-yl]-1, 3-thiazol-4(5H)-one 

 

6.1 Introduction 

 The thiazole structure is an important pharmacophore in science, because of its 

ubiquitous occurrence in a difference of physical, chemical, and biological properties. 

Reactivity and endurance of the sulphur and nitrogen contains heterocycles gives the 

impressive application of the researcher‟s in current decades [86, 163]. Thiazole-pyrazole is 

a common core structure in a broad range of compounds with essential agricultural and 

pharmacological properties. Besides, numerous thiazole hybrids have been identified as 

potential in antibacterial [164–166], anticancer [167], anti-inflammatory [168], anti-

tubercular [169], antioxidant [170]. B3LYP method was utilised with the cc-pVDZ and 6-

311G basis sets for the current work (4-Hydrobenzylidene) -2-[3-(4-chlorophenyl) [4-

(propan-2-yl) phenyl] -5- [4-(propan-2-yl) phenyl] dihydro-1H-pyrazol-1-yl]-4, 5-dihydro-

1H-pyrazol-1-yl (HCPPT). The molecular geometries, vibrational frequencies and frontier 

molecular orbital (HOMO-LUMO) energies of HCPPT were investigated. Experimental FT-

IR and FT-Raman spectra were analyzed and compared with estimated vibrational 

assignments based on potential energy distribution (PED). Global chemical reactivity 

characteristics such as ionisation potential (I), electron affinity (A), electro-negativity (χ), 

chemical potential (μ), hardness (η), softness (σ), and electrophilicity index (ω) were 

predicted from HOMO/LUMO energy values. The possibility of electrophilic, nucleophilic 

and bonding interactions within the electron density distribution was shown using a 

molecular electrostatic potential map (MEP). The topological analysis was used to 



123 

determine the atoms in molecules (AIM), electron localization function (ELF), and 

localization orbital locator (LOL) and a reduced density gradient (RDG).  In HCPPT, the 

stabilizing energy is provided by the E(2) form in NBO due to the hyper-conjugation 

influence on inter- and intramolecular interactions. Antimicrobial activities of thiazole 

compound were successfully tested using the disc diffusion method with standard strains of 

bacteria: gram-positive (staphylococcus aureus, Bacillus subtilis), bacteria: gram-negative 

(Escherichia coli, Pseudomonas aeruginosa), and fungal organisms (Candida albicans and 

Aspergillus Niger). Finally, a molecular docking study suggested that interactions between 

the ligand and specific targets of antineoplastic (solid tumours), anti-cancerous and anti-

inflammatory proteins are exploring as drugs towards their futuristic applications. 

 

6.2 Experimental details 

 The synthesized compound HCPPT was taken without further purification and used 

for characterization techniques: 

 A Perkin-Elmer spectrometer was used to create an FT-IR spectrum with a 

covering field of 4000-0 cm
-1

. 

 In a Bruker RFS 27 Raman module, a Nd: YAG laser in the 3500-0 cm
-1

 

range was employed to record FT-Raman spectrum. 

 To measure the antibacterial activity of the HCPPT, the disc diffusion 

method was performed. 

 

6.3 Computational details 

 The density functional theory (DFT) was used to do all quantum chemistry 

computations using Gaussian 09 program [20]. Geometric optimizations on the title 

compound were executed using B3LYP/cc - pVDZ and B3LYP/6-311G basis sets. The 

VEDA 4 program [88] performs vibrational assignments for FT-IR and FT-Raman 
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frequencies spanning from 4000 to 0 cm
-1

. The accuracy of the method was evaluated by 

comparing the optimized structure with the experimental data. GaussView 5.0 [31] was used 

to visualize the molecular electrostatic potential (MEP) and Frontier molecular orbital's 

(FMOs) 

 The global reactivity characteristics such as ionization potential (I), electron affinity 

(A), electro- negativity (χ), chemical potential (μ), hardness (η), softness (σ), and 

electrophilicity index (ω) were determined [171]. This global reactivity has recently been 

used to explain the nature of pharmacological activities in biological molecules. To explore 

inter- and intra-molecular delocalization, the second order perturbation technique was used 

with the NBO 3.1 program [90]. 

  The Multiwfn program [54] was used to determine the atoms in molecules (AIM), 

electron localization function (ELF), and localization orbital locator (LOL). Reduced density 

gradient (RDG) or non-covalent interaction (NCI) can be used to compute 2D and 3D 

interactions between atoms. The computations were done by Multiwfn, and the results were 

plotted by the VMD program [118]. The primary goal of this research is to learn more about 

the biological properties and molecular interactions of the title compound. The disc diffusion 

method [172] was used to screen antimicrobial activity. The optimized structure of the title 

compound was docked with a suitable protein using Autodock Tools (ADT) [91]. 

 

6.4 Results and discussion 

6.4.1 Molecular geometric properties 

 The geometrical characteristics of the HCPPT in the ground state were optimized 

using the cc-pVDZ and 6-311G basis sets at the DFT-B3LYP level of theory. Fig. 6.1 shows 

the compound's optimized structure of the compound with numbering of atoms. Gaussian 

09W [20] conceivably used to compute the bond length and bond angle between atoms. The 
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following results were compared to the closely related crystallographic data [87] and 

tabulated in Tables 6.1 and 6.2. 

 

 In thiazole ring, the different bond length and bondangle of carbon, sulphur and 

nitrogen atom were computed. The bond length of C39-C40 -1.51/1.49 Å, C39-S41-1.80 Å/1.87 

Å, C42-N43-1.30 Å/1.30 Å and bond angle of C40-C39-S41-108.78°/108.92°, S41-C42-N43- 

118.84°/117.38°, C40-C39-C45- 132.64°/133.03° were reported using B3LYP/cc-pVDZ//6-

311G basis sets, respectively. These values are well agreed with the data reported by 

Bourakadi et al. [173]. The shorter angle C39-S41-C42 has clearly indicated the presence of 

sulphur bond as 87.64° (cc-pVDZ) and 86.22° (6-311G). Substituent of oxygen in thiazol 

form C40=O44 bond is 1.22 Å (cc-pVDZ) and 1.24 Å (6-311G) which shows electronegative 

properties present in the title molecule. 

Fig. 6.1 Optimized structure of HCPPT 
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 In pyrazole ring, the two nitrogens with a carbon atom in the ring show C1-N24-

1.30/1.30 Å, N24-N25- 1.37/1.39 Å, C1-C26- 1.52/1.52 Å, C2-C26- 1.55 Å/1.56 Å, respectively. 

The bond angle was found to be C1-C26-C2- 102.99°/103.62°, C1-C24-N25-108.87°/108.69°, 

C2-N25-N24- 114.01°/ 113.33° using B3LYP/cc-pVDZ/6-311G basis set. The C-H bond 

length of the phenyl linked to the pyrazole ring was determined to be between 1.08 and 1.09 

Å. For the C-C-H bond angle, computed values were determined between 118°-120° in 

phenyl ring and lower than the 110° in methyl at phenyl ring and pyrazol ring. This is 

similar to the report [174, 175]. The optimized C-C bond lengths were calculated in the 

range 1.55- 1.38 Å and experimentally noticed in the range 1.51- 1.35 Å [176]. Whereas, the 

optimized C-C-C bond angles were calulated in the range of the above 125° due the electron 

donors (CH3), acceptors (Cl) and below 120° due to the heterocyclic bond ring. The 

occurrence of the hydroxyl bond O58-H59 is specifically stated by shorter bond distance 

(0.96 Å/PVDZ, 0.972 Å/6-311G and 0.96 Å/XRD). The longer bond length is found in C-Cl 

= 1.76 Å/cc-pVDZ, 1.83 Å /6-311G and 1.78 Å/XRD detected due to the electronegative 

nature of chlorine. These bond lengths values are generally compatible with similar 

structures in literature [177, 178], respectively. 

6.4.2 Vibrational frequency assignments 

 The vibrational frequency calculation made in this study reveals that the title 

compound belongs to C1 point group symmetry. It is a nonlinear molecule, there are 59 

atoms with 171 normal mode of vibration. The optimized molecular structure of HCPPT and 

corresponding vibrational frequencies are calculated at DFT/B3PLY/cc-pVDZ and 

DFT/B3PLY/6-311G basis sets to interpretation of experimental spectroscopic data. The 

calculated vibrational wavenumbers, measured FT-IR and FT-Raman band positions and the 

calculated PED for each normal mode are presented in Table 6.3. The experimental and 

theoretically predicted FT-IR spectra in the region 4000-0 cm
-1

 and the corresponding FT-

Raman spectra in the 3500-0 cm
-1

 are given in Figs. 6.2 and 6.3 respectively. 
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Wavenumber (cm
-1

) 

B3LYP/cc-pVDZ 

Fig. 6.2 Observed and calculated FT-IR spectrum of HCPPT 
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Fig. 6.3 Observed and calculated FT-Raman spectrum of HCPPT.  

(a
.u

) 
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Hydroxyl vibration  

 The hydroxyl group induces vibrations in stretching, in-plane bending and out-of- 

plane bending vibrational modes. Usually stretching vibrations of O-H occurred in the range 

3590 - 3400 cm
-1

 [179]. In the present investigation, the hydrogen bond defines the precise 

position of the O-H bond in the title compound. This hydrogen bonding produces a 

significant hydroxyl stretching vibrations of the title molecule at 3314 cm
-1 

in FT-IR, 3317 

cm
-1 

inB3LYP/cc-PVDZ  and 3318 cm
-1 

B3LYP/6-311G basis sets, respectively. The O-H 

in-plane bending vibrations appear between 1250 cm
-1 

and 1150 cm
-1

, and it is not 

significantly affected by intermolecular hydrogen bonding unlike the stretching and out-of-

plane bending vibrations [180]. In present case, the theoretical calculated O-H in-plane 

vibrations are found at 1140, 1092, 1073 cm
-1

 in B3LYP/cc-pVDZ and 1141, 1106, 1085 

cm
-1 

in B3LYP/6-311G. The computed O-H out-of-plane bending of the title molecule is 

found at 348 cm
-1

 and 350 cm
-1

, respectively. 

 C-H vibrations 

 C-H stretching vibrations of hetero-aromatic compounds and their derivatives 

typically exhibit multiple weak modes in the range 3100-3000 cm
-1

 [asymmetric] and 2990-

2900 cm
-1

 [symmetric] stretching range [181]. The experimental counter parts in this 

investigation were found at 3114, 2985, 2851 cm
-1

 in FT-IR and 3065, 3001 cm
-1

 in FT-

Raman spectra, corresponding theoretical peaks found between 3112-2948 cm
-1

 [B3LYP/6-

311G]. 

 Several medium to moderate intensity modes of C-H in-plane bending vibrations 

have been found in the range of 1300-1000 cm
-1

. The C-H out-of-plane bending vibrations 

produces powerful modes in the range of 1000 to 650 cm
-1

 [182]. In this study the computed 

frequencies for C-H in-plane and out-of-plane bending vibrations are 1370, 1196, 1065 cm
-1

 

[B3LYP/cc- pVDZ] and 1372, 1196 cm
-1

 [B3LYP/6-311G] basis sets, which are well agree 
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with experimental frequencies 1369, 1116, 1195, 1109 cm
-1

 (FT-IR) and 1066 cm
-1

 (FT-

Raman), respectively. In the title compound, benzene substituted C-H out-of-plane bending 

vibrations are observed as a strong and very strong intense modes at 875, 836 and 776 cm
-1

 

in FT-IR spectrum. The medium and weak intense modes are observed at 831 and 741 cm
-1

 

in FT- Raman spectrum. Similarly, the theoretical value of C-H out-of-plane bending 

vibrations appear at 876, 836, 777, 744 cm
-1

 in B3LYP/cc-pVDZ and 875, 834, 775,  

740 cm
-1

 in B3LYP/6-311G. 

Methyl group vibration 

 The asymmetric and symmetric stretching vibration of CH3  are reported in the range 

2900-3000 cm
-1 

and 2900-2840 cm
-1

 [183, 184]. In the present study, CH3 asymmetric 

vibrations in the FT-IR and FT-Raman spectra were found at 2913 (m) and 2929 (w) cm
-1

. 

These modes are calculated in B3LYP/cc-pVDZ at 2935, 2915 cm
-1

 and B3LYP/6-311G at 

2932, 2915 cm
-1

. The symmetric stretching modes of the methyl group are calculated at 

2875, 2863 cm
-1

 in B3LYP/cc-pVDZ and 2874, 2863 cm
-1

 in B3LYP/6-311G, respectively, 

whereas their experimental FT-Raman values have been observed as a medium peak at  

2870 cm
-1

. The CH3 in-plane and out-of-plane bending vibrations seen at 1399 cm
-1

 in the 

FT-Raman spectrum and 1413 cm
-1

 in the FT-IR spectrum. Corresponding to theoretical 

values of in-plane bending vibrations are 1404, 1395 cm
-1

 in B3LYP/cc-pVDZ and 1402, 

1396 cm
-1

 in B3LYP/6-311G. The out-of -plane bending vibrations are 1423, 1415 cm
-1

 in 

B3LYP/cc-pVDZ and 1423, 1415 cm
-1

 in B3LYP/6-311G. The out-of-plane rocking  bands 

are found in FT-Raman at 1015 and 993 cm
-1

, respectively. Generally, twisting vibrations of 

methyl group are identified below 500 cm
-1

 [185, 186]. The calculated values of this mode 

are 230, 219 cm
-1 

in B3LYP/cc-pVDZand  229, 217 cm
-1

 in B3LYP/6-311G and 

experimentally at 183(w) cm
-1

 in FT-Raman spectrum. 
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CH2 vibrations 

 Mostly, CH2 asymmetric and CH2 symmetric stretching vibrations were identified in 

the range 3000 -2900 cm
-1

 [109]. In the present investigation, the CH2 asymmetric and 

symmetric stretching vibrations were computed at 2923, 2881 cm
-1

 in B3LYP/6-311G, 2925 

and 2880 cm
-1

 in B3LYP/cc-pVDZ. The CH2 rocking band observed in FT-IR spectrum at 

1147 cm
-1

 and FT-Raman spectrum at 1173 cm
-1

, corresponding theoretical vibrations are 

identified at 1172,1146 cm
-1

 in B3LYP/6-311G and 1175,1148 cm
-1

 in B3LYP/cc-pVDZ. 

The in-plane scissoring vibration is found at 1390 cm
-1

 in B3LYP/6-311G and 1392 cm
-1

 in 

B3LYP/cc-pVDZ, and the twisting vibration of the title compound is calculated at  

1103 cm
-1

 B3LYP/6-311G and 1106 cm
-1 

in B3LYP/cc-pVDZ basis sets. 

Carbon ring vibrations 

 The aromatic ring C-C and C=C stretching vibrations are usually expected to be in 

the range of 1650-1200 cm
-1

 [186]. In present case, C=C stretching band observed in FT-

Raman at 1598(vs) and 1447(w) cm
-1

. Corresponding theoretical values showed an excellent 

agreement with experimental data. C-C-C in-plane and out-of-plane bending modes are 

expected in the region 900-640 cm
-1

 and 580-475 cm
-1

 [187]. In this study, in-plane bending 

vibration was observed at 949 cm
-1 

in FT-IR and 950 cm
-1

 in FT-Raman spectrum. The C-C-

C in-plane bending modes were calculated in the range of  950- 921 cm
-1

 [B3LYP/6-311G] 

and 698-655 cm
-1

 [B3LYP/cc-pVDZ].  

C-O vibrations 

 The C-O group in the title compound produces three vibrations (stretching, in-plane 

bending and out-of-plane bending vibrations) [188]. The very strong band in FT-IR at 1664 

cm
-1 

and 1665 cm
-1

 in both B3LYP/cc-pVDZ  and B3LYP/6-311G are assigned to C-O 

stretching vibration of the title molecule. The computed values were at 1665 cm
-1

 

[B3LYP/6-311G] and 1666 cm
-1

 [B3LYP/cc-pVDZ], respectively. The calculated band at 
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1568 cm
-1

 in B3LYP/6-311G and 1570 cm
-1

 in B3LYP/cc-pVDZ  are assigned as C-O in-

plane bending vibration.  

C-N and C-S vibrations 

 Identification of C-N and C-S stretching vibrations is a difficult task because it 

occurs in a complicated region of the vibrational spectrum [189, 190]. In this study, the C-N 

stretching vibration creates a prominent band in the FT-IR spectrum at 1557 (vs), 1256 (ms) 

cm
-1

 and in the FT-Raman spectrum at 1561, 1447, 1255 cm
-1

. The computed wavenumbers 

are at 1559, 1445, 1253 cm
-1

 in B3LYP/6-311G and 1560, 1445, 1256 cm
-1

 in B3LYP/cc-

pVDZ. The C-S stretching vibration produce a medium band at 596(m) cm
-1

 in FT-IR 

spectrum, 595 cm
-1

 in B3LYP/6-311G and 598 cm
-1

 in B3LYP/cc-pVDZ. 

C-Cl vibrations 

 Generally, stretching, in-plane and out-of-plane vibration modes were used to 

identify the halogen band [178]. The stretching vibration mode of C11- Cl27 was noted in the 

FT-IR spectrum at 1007 cm
-1

. The corresponding theoretical values are found at 1008 cm
-1

 

(B3LYP/6-311G) and 1010 cm
-1

 (B3LYP/cc-pVDZ).The in-plane and out-of-plane bending 

frequencies for C-Cl vibrations are 649, 422 cm
-1

 (B3LYP/6-311G) and 650, 427 cm
-1

 

(B3LYP/cc-pVDZ), respectively. 

6.4.3 Frontier molecular orbital analysis 

 The highest occupied molecular orbital (HOMO), which carries electrons, has a 

tendency to give electrons and operates as an electron donor. On the other hand the lowest 

unoccupied molecular orbital (LUMO) is an orbital that can accept electrons. HOMO and 

LUMO are also known as frontier molecular orbitals (FMOs) because they generate green-

red isosurface circles, which are spotted in Fig. 6.4. 
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 The positive surface is indicated by red colour and the negative surface is 

represented by green colour. In our analysis, FMOs energies and the corresponding energy 

gap was calculated for different energy distribution by B3LYP / cc-pVDZ basis set is 

reported as EHOMO= -5.5005 eV ,ELUMO= -2.1189 eV, Energy gap (ΔE )= HOMO-LUMO =  

-3.3816 eV and B3LYP / 6-311G basis set is reported as EHOMO = -5.8703 eV, ELUMO =  

-2.4444 eV and energy gap ΔE =- 3.4259 eV. The HCPPT has a total of 543 orbits out of 

which 131 are occupied and the remaining 412 are virtual orbitals.  

  

Fig. 6.4 HOMO - LUMO energy gap distribution of  HCPPT at 

B3LYP/6-311G basis set 

∆E=-3.4259eV 

HOMO 

HOMO-1 

HOMO-2 

LUMO+2 

LUMO+1 

LUMO 

∆E=-4.5124eV ∆E=-5.7337eV 
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6.4.4 Global reactivity descriptors 

 HOMO and LUMO energy values (Frontier molecular orbital) can be used to 

calculate global chemical reactivity descriptors of organic molecules such as hardness, 

chemical potential, softness, electro negativity, and electrophilicity index [37, 191]. 

According to simple molecular orbital theory approaches; the HOMO energy is related to 

the ionization potential (I) and the LUMO energy has been used to estimate the electron 

affinity (A) respectively by the following relations 

 Ionization potential (I) = -EHOMO      (6.1) 

 Electron affinity (A) = - ELUMO      (6.2) 

 Electro- negativity χ = (I+ A)/2      (6.3) 

 Chemical potential μ =  –(I +A)/2       (6.4) 

 Hardness η = (I – A)/2 and        (6.5) 

 Softness σ = 1/η        (6.6) 

  Electrophilicity index ω = μ
2
/2η                          (6.7) 

 The calculated values of the global reactivity descriptors for the title molecule are 

collected in Table 5.5. 

6.4.5 Molecular Electrostatic Potential  

 The molecular electrostatic potential (MEP) map aids to predict the probable 

reactive region for electrophile-nucleophile interactions. Maximum negative regions that are 

electron rich are represented by the red colour, and this red represents the region of 

electrophilic attack. The maximum positive region is depicted by a deep blue colour and this 

blue represents the region of nucleophilic attack. [192]. Using the computer software Gauss 

view, a mapped electrostatic potential surface for the title molecule was plotted and shown 

in Fig.6.5.  
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6.4.6 NBO analysis 

 NBO analysis is a helpful tool for understanding electronic charge transfer and intra-

molecular interactions takes place inside a molecule [193]. To explore various second-order 

interactions, the computation was performed using NBO at the DFT/B3LYP level. This is a 

measure of the delocalization (or) hyper conjugation of the title compound. The stabilization 

energy E(2) associated with the delocalization i →j are expressed as the equation (6.8). 

    
 
 ij

ji

ij
EE

F
qEE




2
,

)2( i      (6.8) 

where qi is the donor orbital occupancy, Ei and Ej are diagonal elements and F (i, j) is the 

off-diagonal NBO element. From the second order perturbation analysis of Fock Matrix, 

NBO shows the delocalization of electron density between occupied Lewis-type (bond or 

Fig. 6.5 Molecular electrostatic potential surface (MEP) of HCPPT 

 

-6.991e-2 

 

6.991e-2 
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lone pair) and unoccupied Non- Lewis-type. The identified results have been tabulated in 

Table 6.5.  The most important hyper conjugative interactions are  

 πC39-C45→LP(2) S41 leading to the stabilization energy is 533.9 kcal/mol. 

 π*C7-C11 → π*C4-C5 stabilization energy is 196.05 kcal/mol. 

 π*C7-C11 → π*C6-C9  stabilization energy is 131.65 kcal/mol. 

 πC42-N43→LP(2) S41  stabilization energy is 102.44 kcal/mol. 

 LP(2) S41 →π *C42- N43 stabilization energy is 99.74 kcal/mol. 

 LP(2) S41 →π*C39-C45  stabilization energy is 65.79 kcal/mol. 

 π*C42-N43 →  π*C40-O44 stabilization energy is 53.08 kcal/mol. 

 Above results clarify the lone pair of sulphur atom (LP(2) S41) interacts with nearby 

carbon, nitrogen, and oxygen atoms in a hyper conjugative manner.  

6.4.7 Topology analysis 

Atoms in molecules  

 Atoms in molecule analysis are presented in Fig. 6.6 (a). 

 

 It is a scalar field in three dimensions. The number of critical points are the best ways 

to summarize the topological characteristics of  a scalar field. Four types of critical points 

Fig. 6.6 AIM map and bond critical point map of the HCPPT bonding 

region 

Fig. 4.10CPTBNmicrobial tests against bacterial microorganismsa)Bacillus 

subtilis, b) Staphylococcus aureus,c) Escherichia coli andd) Pseudomonas 

aeruginosa using disk-diffusion method  

 

105 

(b) (a) 
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exist: (3,-3) nuclear critical point (NCP); (3,-1) bond critical point (BCP); (3,+1) ring critical 

point (RCP); and (3,+3) cage critical point (CCP) . In the form of AIM [41], the following 

topological equation states that of molecules: 

   
{

)(1

)(0

moleculesIsolated

crystalsInfinite
CCPRCPBCPNCP nnnn






  (6.9) 

              (3,-3): 59, (3,-1): 63, (3,+1): 6, (3,+3): 0 

                59 - 63 + 6 - 0 = 1 

 where n is the number of the critical point (CP) subscripted type. In the field of 

topographic analysis, Poincare-Hopf relationship is well known CP represents isolated state 

of the compound HCPPT. The molecular graph shows magenta sphere as (3,-3) - nuclear 

critical point, orange sphere as (3,-1) -  bond critical point, and yellow sphere as (3,+1) - 

ring critical point. This result describes the relationship between bond energy EHB (6.10) and 

potential energy density V(r) corresponding BCP as 

    2/)( BCPHB rVE       (6.10) 

 One bond critical point (105) is associated with a very weak (O44-C40-C39-C45-

C46-C48 -H52 ) hydrogen bonding interaction. The intramolecular interaction of hydrogen 

bond energy (EHB) at bond critical point (BCP) output indicates EHB=-(0.035288)/2*2625.5= 

-46.32 KJ/mol. The topological model of bond is presented in Fig. 6.6 (b). 

Localized orbital locator (LOL) and electron localization function (ELF) 

 The electron density properties can be used to analyze covalent bonds, electron lone 

pairs, and atomic shell structure using the localization orbital locator (LOL) and electron 

localization function (ELF). The surface analysis based on covalent bonds offers the ELF 

and LOL maps, which show the regions of molecular space with a high possibility of 

detecting an electron pair. [45, 194]. Based on Pauli repulsion a complete LOL is denoted 

by τ(r) and ELF is denoted by η(r) resulting in an kinetic energy density using Multiwfn 
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programme. LOL simply displays the gradients of the localized orbitals and is maximized 

when axis of the limits from 0.00 to 0.800. The localized over the regions are presented in 

Fig.6.7. 

 

 

 

 

 

 

 

 

 

 

 

 

 Localized orbital locator (LOL) plane map has been shown in Fig.6.7 (a), in this the  

thiazol - pyrazol core bonding with benzene ring is shown by a blue colour circle and BCP 

(Bond Critical Point) has been shown by red with yellow colour circle in XY. Electron 

localization function (ELE) isosurface of the title molecule shown in Fig 6.7 (b) which 

shows the relation between LOL and ELF regions. From electron localization function 

(ELF) analysis, it is need to find the positions of shared and unshared isosurface. By 

defining the value of ELF, η(r) ranges from 0.0 to 0.800, where relatively high values in the 

interval 0.800 to 0.5 indicate regions containing bonding and anti-bonding localized 

electrons. The high values in the range from 0.800 to 0.5 represent regions containing 

bonding and anti-bonding centralized electrons, and lower values (>0.5) indicates the 

Fig. 6. 7 (a) Localized orbital locator (LOL) for HCPPT obtained in xy plane,  

( b) Electron localization function (ELE) with isosurface 

                                            and (c)  ELE shaded surface map with projection effect. 

 

a b c 
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domains where electrons are delocalized. Next, high electron localization zones between 

core and lone pair to valence atoms are revealed by the red ring like region around each 

hydrogen, chlorine (LP) and oxygen (LP) atoms of the title compound. Colour shade maps 

or contour maps of bonding regions are presented in Fig.6.7 (c).  

Reduced density gradient analysis (RDG) 

 The reduced density gradient is a key quantity in the density functional theory 

coming from density 
 r

, and used to give the details of the homogeneous distribution of 

the electron. This is a non-dimensional quantity written in the following form (6.11): 

  

 

  3/42 2/1

)2(3

1
  RDG(r)

r

r

r 






        (6.11) 

Johnson et al.[52] found that low-value RDG isosurface provides a simple 

description of the interaction zones. As a result, the low-gradient isosurface (RDG) is able to 

detect and visualize weak interactions by specific non-covalent interactions (NCI). In the 

current study three types of interacting regions are identified by NCI: a strong attraction 

(blue) in hydrogen, a steric repulsion (red) in the ring centers, and a weakly attraction 

(green) in π-stacking between the rings. From the Fig. 6.8, it is seen that the non-bonded 

overlap ring found in the thiazol ring, chlorine atom is identified as a steric interaction (red 

colour) and the strong isosurfaces. Secondly, within the methyl bond and the non-covalent 

thiazol-pyrazol core, the reactive green isosurfaces (semi- red and green colour) reveal a 

mildly attractive vanderWaals interaction. Lastly, a hydrogen bond is indicated by the blue 

dot closer between thiazol and hydroxybenzylidene of the compound. 
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6.4.8. Antimicrobial activity  

 Microorganisms are the agents of many diseases. Different antimicrobial agents kill 

microorganisms and inhibitor or arrest their growth. Antimicrobial activity can be detected 

using a variety of screening methods. Among them, antimicrobial activity is used to perform 

the disk-diffusion method [195]. In this method, the agar plate surface is inoculated by 

spreading a volume of the microbial inoculum over the entire agar surface. Then, a hole 

with a diameter of 5 to 8 mm is punched aseptically with a sterile cork borer or a tip. DMSO 

standard is diluted (1:100) of the antimicrobial solution with different concentration (25 

μg/ml, 50 μg/ml, 75 μg/ml, 100 μg/ml) is introduced into the well. Then, agar plates are 

incubated under suitable conditions depending upon the test microorganism. The activity in 

contact with  bacterial and fungal pathogens was photographed and shown in Fig. 6.9 (a). 

Strong attraction  

H-bond 

Van der Waals 

interaction  

Strong repulsion steric 

effect 

ρ >0 

2<0 

ρ 0 

20 

ρ >0 

2>0 

Fig. 6.8 RDG 3D colour scaling of non-covalent interaction in HCPPT 
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HCPPT was screened for its in vitro antibacterial activity against two Gram-positive 

bacteria: Staphylococcus aureus, Bacillus subtilis, two Gram-negative bacteria: Escherichia 

coli, Pseudomonas aeruginosa, two fungal strains: Candida albicans and Aspergillus Niger. 

Results revealed that the compound showed zone of inhibition which is plotted in the form 

of bar graph [Fig. 6.9 (b)] and tabulated in Table 6.6.  The bar graph pictured the different 

concentrations values. According to the range of concentration 25 μg/ml-violet colour, 50 

μg/ml-red colour, 75 μg/ml -green colour, 100 μg/ml-pink colour inhibition, compared with 

controls concentration, respectively. The results of an inhibition zone are lies between 12-25 

mm. A standardized bar graph of zone size and antibacterial strains reveals good anti-

bacterial activity against Escherichia coli at 100 µg/ml and good antifungal activity against 

Candida albicans at control concentration µg/ml. 

6.4.9. Molecular Docking  

 PASS (prediction of activity spectra for substance) [161]  is a web- based tool that 

reveals a new biological target for the most possible active sites of ligand (Table.6.7). 

Molecular docking simulations were performed using an Auto Dock/tool [57].  This 

biological, computational research started with the examination of known protein data bank 

(PDB) structure. The optimized structure of the ligand was obtained from DFT/B3LYP/ 6-

311G basis set as a (ligand*. pdb) input file format. PASS Selective disease inhibition 

proteins are downloaded from the Research Collaboratory for structural Bioinformatics 

(RCSB) protein data bank [64]. The native protein site is removed from the active site and 

the new binding site are taken in the format. Moreover, docking area is selected by 

constructing a grid box of size 120 × 120 × 120 points centered at x, y, and z coordinates, 

using Auto Grid. The Auto dock parameters, a Lamarckian genetic algorithm (LGA) explore 

the binding modes of the protein [62]. The conformational docking trials based on searches: 

100, population size: 150, maximum number of energy evaluations: 250000, maximum  



142 

 

25μl 

Control 

100μl 

75μl 

50μl 

Antimicrobial strains 

Z
o
n

e 
si

ze
 i

n
 (

m
m

) 

Fig. 6.9 (b) Bar graph of anti bacterial study and anti-fungal Study of HCPPT 
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number of retries: 10000, and root-mean-square (RMS) cluster tolerance: 2.0 Å, 

respectively. Figs. 6.10 (a, b, c, d, e, f) show the validate lowest binding affinity of the 

compound was constructed and visualized using PYMOL. The dotted lines show the 

minimum docking energy of residual interactions. The values were investigated and 

tabulated in Table 6.8. 

 From the best lowest energy (or) docked position of the ligand with target protein 

(6iap, 1uhp, 6pgp, 5zxi, 1jei, 4zbr) the Auto Dock binding affinity (kcal/mol), inhibitory 

constants (nM or pM or μM), and nature of the bond with residues were evaluated as follow:  

 

 

 

  

d-5zxi 

 

e-ijei 

 

f-4zbr 

 

a-6iap 

 

b-1uph 

 

c-6pgp 

 

Fig. 6.10 The molecular docking results of the HCPPT compound with antineoplastic proteins a-6iap, 

b-1uph, c-6pgp, Anti-cancer proteins d-5zxi, e- 1jei, anti-inflammatory proteins f-4zbr 
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Ligand active interaction with Antineoplastic (solid tumors) 

 The binding mechanism of the ligand  to the target with protein 6iap (antibody) 

Fig.6.10 (a)  is discussed below: The amino acid bond interaction of 6iap with HPCPT  are 

conventional hydrogen bond interaction with residue (2.0; LEU A: 88), van der Waals bond 

interaction with residue (2.1; ASP A: 90) and Pi-sigma bond interaction with residue (1.7; 

TRP A: 80). The binding affinity of its protein-ligand interactions are - 8.10, -7.61, -6.94 

kcal/mol, respectively. The inhibition constants are 1.15 µM, 2.63 µM, and 8.25 µM, with 

RMSD values of 26.964 Å, 38.622 Å, and 27.304 Å. 

Ligand active interaction with solid tumors  

 To illustrate the ligand binding mechanism to the target protein 1uhp, 6pgp Figs.6.10   

(b, c) as follows: The docked 1uhp from bond interaction were evaluated from the amino 

acid. The conventional hydrogen bond interaction with residue (2.1; GLU A:84  and 2.0; 

GLN A 81), and Pi-alkyl bond interaction with residue (2.5; PRO A 30). The binding 

affinity, RMSD values and corresponding inhibition constants are  -7.27, -7.07, -7.03 

kcal/mol, 14.866, 15.016, 11.534 Å, and 4.67, 6.56, 7.03 µM, respectively. The amino acid 

bond interaction of 6PGP with the title compound are conventional hydrogen bond 

interaction with residue (2.5; ALA A:146), Pi-alkyl bond interaction with residue (2.2; LYS 

A :147) and carbon hydrogen bond with residue (1.8; ASP A: 119). The value of -10.49, -

10.47, -9.59 kcal/mol is the binding affinity of the protein-ligand interaction. With RMSD 

values of 15.494 Å, 10.167 Å, and 11.118 Å, the inhibition constants are 20.46 nM, 20.99 

nM, and 93.32 nM, respectively.  

Ligand active interaction with Anti-cancer  

 Figs.6.10 (d, e) show the illustration of the ligand binding mechanism to the target 

protein 5zxi, 1jei. The amino acid bond interaction of 5zxi with the title compound are 

conventional hydrogen bond interaction with residue (2.1; GLU A:22), Pi- Donor hydrogen 
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bond interaction with residue (3.0; THR A: 252) and Alkyl bond interaction with residue 

(2.3; LEU A: 294). The protein-ligand interaction shown the resultant binding affinity is -

12.39, -7.73, -7.54 kcal/mol. The inhibition constant values are identified as 823.92 pM, 

2.16 µM, 2.95 µM, and  RMSD value is 50.441 Å, 45.109 Å, and 57.650Å. Further, The 

protein interaction of 1JEI amino acid bonds with the title compound is a conventional 

hydrogen bond interaction with residue (2.0; SER A: 53),  Alkyl interaction with residue 

(2.9; ARG A: 46), and Pi- Pi Stacked interaction with residue (3.5; TYP A: 40). In the 

protein-ligand binding, -8.68, -7.68, -7.48 kcal/mol are observed binding energies and 

434.57 nM, 2.35 µM, 3.27 µM are the inhibition constants, with RMSD values of 11.451 Å, 

8.628 Å, and 8.667 Å. This low value of binding energy (Pico size) shows that this molecule 

is a good anti-cancer drug. 

Ligand active interaction with anti-inflammatory 

 The target protein 4zbr interact with ligand shown in Fig.6.10 (f) as follows: The 

amino acid bond interaction of 4zbr involved with the HCPPT is two conventional hydrogen 

bond interaction with residue (2.3; TRY  A: 137, 2.8; LYS A: 132) and  Pi-cation bond 

interaction with residue (3.2; LYS A: 130). The binding affinity of the protein-ligand 

interaction is shown by the docking results of -8.59, -7.90, -7.41 kcal/mol. The inhibition 

constant values are 504.42 nM, 1.62 µM, 3.71 µM, and  RMSD value is 77.419 Å, 77.418 

Å, and  76.601 Å. 

 

6.5 Conclusion 

 Quantum chemical techniques are being more widely employed in computational 

chemistry calculations to investigate the mechanism of simulations and interactions. The 

following conclusions are obtained for the HCPPT. 

 A comprehensive vibrational analysis of 5-(4-Hydroxybenzylidene)-2-[3-(4-

chlorophenyl)-5-[4-(propan-2-yl) phenyl]-4, 5-dihydro-1H- -1-yl]-1,3-thiazol-4(5H)-one 
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(HCPPT) was obtained experimentally using FT-IR and FT-Raman. Similarly, using the 

DFT/B3LYP/cc-PVDZ, 6-311G basis set, they are theoretically computed. The 

measured and predicted vibrational frequencies have an excellent correlation with 

literature values. 

 B3LYP/6-311G approach was used to find the HOMO and LUMO electronic charge 

density as well as the energy band gap. The charge density shows the localized active 

site of FMOs excitation. The energy gap between HOMOs and LUMOs shows that the 

HCPPT molecule has significant charge mobility with increasing excitation energy. 

 MEP map indicates that the oxygen atom related to electrophilic reactivity and hydrogen 

bonded with oxygen atom related to nucleophilic reactivity. 

 NBO analysis shows that the different Lewis and non-Lewis interactions of energies are 

due to the presence of sulphur, nitrogen atoms, and OH. 

 AIM analysis confirms the presence of an intramolecular interaction with an energy of 

46.32  KJ/mol in the hydrogen bond O44-H27---N14. 

 Electron localization function (ELF) and localised orbital locator (LOL) studies 

confirmed the surface electron density core, lone pair, and valance findings. 

 The RDG isosurface of HCPPT displays a intra-, inter-molecular non-covalent and weak 

interactions (van der Waals forces) in thiazol and pyrazol rings.  

 The antimicrobial activity inhibition was plotted in the form of bar graph to display 

biological activity of HCPPT . 

 Finally, Molecular docking simulations are used to explore the Antineoplastic (solid 

tumors) Anticancer and anti-inflammatory interaction mechanism of HCPPT. Most of 

the protein -ligand interaction shows that inhibition constants are nano in size, especially 

anti-cancerous protein 5zxi having higher Pico-size. 
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 Table 6.1: Molecular geometry [bond length (Å)] of HCPPT by B3LYP/cc-pVDZ and B3LYP/6-311G basis sets with XRD 

Bond length (Å) Bond length (Å) Bond length (Å) 

   

Parameter 
B3LYP/ 

cc-PVDZ 

B3LYP/ 

6-311G 
XRD* Parameter 

B3LYP/ 

cc-PVDZ 

B3LYP/ 

6-311G 
XRD Parameter 

B3LYP/ 

cc-PVDZ 

B3LYP/ 

6-311G 
XRD* 

       
 

   
 

C1-C4 1.46 1.46 1.46 C15-H18 1.09 1.08 0.93 C39-C45 1.36 1.36 1.34 

C1-N24 1.29 1.30 1.29 C16-C19 1.40 1.40 1.39 C40-N43 1.40 1.41 1.38 

C1-C26 1.52 1.52 1.50 C16-H20 1.09 1.08 0.93 C40-O44 1.22 1.25 1.22 

C2-C14 1.52 1.52 1.51 C17-C21 1.41 1.41 1.38 S41-C42 1.78 1.84 1.76 

C2-N25 1.49 1.51 1.51 C17-H22 1.09 1.08 0.93 C42-N43 1.30 1.30 1.30 

 C2-C26 1.55 1.56 1.47 C19-C21 1.40 1.40 1.39 C45-C46 1.46 1.46 1.45 

C2-H55 1.10 1.09 0.98 C19-H23 1.09 1.08 0.98 C45-H56 1.10 1.09 0.93 

H3-C26 1.10 1.09 0.97 C21-C29 1.52 1.53 1.52 C46-C47 1.41 1.42 1.39 

C4-C5 1.41 1.41 1.38 N24-N25 1.37 1.39 1.38 C46-C48 1.42 1.42 1.39 

C4-C6 1.41 1.41 1.40 N25-C42 1.35 1.35 1.34 C47-C49 1.39 1.39 1.38 

C5-C7 1.40 1.40 1.37 C26-H28 1.10 1.09 0.97 C47-H50 1.09 1.08 0.93 

C5-H8 1.09 1.08 0.93 C29-C30 1.54 1.55 1.41 C48-C51 1.39 1.39 1.37 

C6-C9 1.39 1.39 1.37 C29-C31 1.54 1.54 1.41 C48-H52 1.09 1.08 0.93 

C6-H10 1.09 1.08 0.93 C29-H38 1.10 1.09 0.96 C49-C53 1.40 1.40 1.38 
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C7-C11 1.40 1.39 1.36 C30-H32 1.10 1.09 0.96 C49-H57 1.09 1.08 0.93 

C7-H12 1.09 1.08 0.93 C30-H33 1.10 1.09 0.96 C51-C53 1.40 1.40 1.36 

C4-C6 1.41 1.41 1.40 N25-C42 1.35 1.35 1.34 C47-C49 1.39 1.39 1.38 

C5-C7 1.40 1.40 1.37 C26-H28 1.10 1.09 0.97 C47-H50 1.09 1.08 0.93 

C5-H8 1.09 1.08 0.93 C29-C30 1.54 1.55 1.41 C48-C51 1.39 1.39 1.37 

C6-C9 1.39 1.39 1.37 C29-C31 1.54 1.54 1.41 C48-H52 1.09 1.08 0.93 

C6-H10 1.09 1.08 0.93 C29-H38 1.10 1.09 0.96 C49-C53 1.40 1.40 1.38 

C7-C11 1.40 1.39 1.36 C30-H32 1.10 1.09 0.96 C49-H57 1.09 1.08 0.93 

C7-H12 1.09 1.08 0.93 C30-H33 1.10 1.09 0.96 C51-C53 1.40 1.40 1.36 

C9-C11 1.40 1.39 1.38 C30-H34 1.10 1.09 0.96 C51-H54 1.09 1.08 0.93 

C9-H13 1.09 1.08 0.93 C31-H35 1.10 1.09 0.96 C53-O58 1.36 1.39 1.37 

C11-Cl27 1.76 1.83 1.78 C31-H36 1.10 1.09 0.96 O58-H59 0.97 0.97 0.96 

C14-C15 1.40 1.40 1.37 C31-H37 1.10 1.09 0.96     

C14-C16 1.40 1.40 1.37 C39-C40 1.51 1.49 1.50     

C15-C17 1.39 1.39 1.38 C39-S41 1.79 1.85 1.75     

*- Taken from Ref.[87] 
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Table 6.2: Molecular geometry [bond angle (°)] of HCPPT by B3LYP/cc-pVDZ and B3LYP/6-311G basis sets 

Bond angle (°) Bond angle (°) Bond angle (°) 

Parameter 
B3LYP/ 

cc-PVDZ 

B3LYP/ 

6-311G 
Parameter 

B3LYP/ 

cc-PVDZ 

B3LYP/ 

6-311G 
Parameter 

B3LYP/ 

cc-PVDZ 

B3LYP/ 

6-311G 

C4-C1-N24 121.66 121.59 C15-C17-C21 121.19 121.09 C40-C39-S41 108.78 108.92 

C4-C1-C26 125.23 125.32 C15-C17-H22 118.88 119.03 C40-C39-C45 132.64 133.03 

N24-C1-C26 113.09 113.08 C21-C17-H22 119.93 119.88 S41-C39-C45 118.59 118.05 

C14-C2-N25 112.22 112.10 C16-C19-C21 121.38 121.29 C39-C40-N43 112.76 113.46 

C14-C2-C26 115.14 115.37 C16-C19-H23 119.24 119.34 C39-C40-O44 124.89 124.67 

C14-C2-H55 108.86 109.18 C21-C19-H23 119.38 119.37 N43-C40-O44 122.36 121.87 

N25-C2-C26 100.16 100.16 C17-C21-C19 117.64 117.81 C39-S41-C42 87.64 86.22 

N25-C2-H55 107.69 107.36 C17-C21-C29 121.54 121.42 N25-C42-S41 119.19 119.89 

C26-C2-H55 112.36 112.18 C19-C21-C29 120.81 120.76 N25-C42-N43 121.97 122.72 

C1-C4-C5 120.75 120.67 C1-C24-N25 108.87 108.69 S41-C42-N43 118.84 117.38 

C1-C4-C6 120.78 120.68 C2-N25-N24 114.01 113.33 C40-N43-C42 111.99 114.02 

C5-C4-C6 118.47 118.65 C2-N25-C42 124.63 124.80 C39-C45-C46 135.20 135.13 

C4-C5-C7 121.06 120.94 N24-N25-C42 121.15 121.79 C39-C45-H56 113.62 113.73 

C4-C5-H8 120.27 120.34 C1-C26-C2 102.99 103.62 C46-C45-H56 111.19 111.14 

C7-C5-H8 118.67 118.72 C1-C26-H3 112.41 112.48 C4-C46-C47 116.30 116.09 

C4-C6-C9 120.93 120.80 C1-C26-H28 110.27 110.44 C45-C46-C48 126.37 126.38 

C4-C6-H10 118.99 119.08 C2-C26-H3 111.76 111.28 C47-C46-C48 117.33 117.53 
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C9-C6-H10 120.09 120.12 C2-C26-H28 112.12 111.62 C46-C47-C49 121.93 121.79 

C5-C7-C11 119.23 118.74 H3-C26-H28 107.36 107.46 C46-C47-H50 119.25 119.25 

C5-C7-H12 120.69 120.72 C21-C29-C30 111.73 111.79 C49-C47-H50 118.83 118.97 

C11-C7-H12 120.08 120.54 C21-C29-C31 111.99 112.03 C46-C48-C51 120.97 120.81 

C6-C9-C11 119.41 118.92 C21-C29-H38 106.73 106.93 C46-C48-H52 118.64 118.94 

C6-C9-H13 120.70 120.71 C30-C29-C31 111.18 111.04 C51-C48-H52 120.39 120.25 

C11-C9-H13 119.89 120.37 C30-C29-H38 107.45 107.36 C47-C49-C53 119.67 119.31 

C7-C11-C9 120.90 121.95 C31-C29-H38 107.45 107.38 C47-C49-H57 120.18 120.24 

C7-C11-Cl27 119.61 119.07 C29-C30-H32 110.63 110.47 C53-C49-H57 120.15 120.45 

C9-C11-Cl27 119.49 118.98 C29-C30-H33 111.28 111.10 C48-C51-C53 120.63 120.33 

C2-C14-C15 121.43 121.50 C29-C30-H34 111.36 111.20 C48-C51-H54 120.79 121.02 

C2-C14-C16 120.20 119.99 H32-C30-H33 108.15 108.23 C53-C51-H54 118.58 118.65 

C15-C14-C16 118.37 118.50 H32-C30-H34 107.56 107.80 C49-C53-C51 119.47 120.24 

C14-C15-C17 120.74 120.70 H33-C30-H34 107.70 107.91 C49-C53-O58 122.80 122.69 

C14-C15-H18 120.26 120.29 C29-C31-H35 111.35 111.13 C51-C53-O58 117.73 117.07 

C17-C15-H18 118.99 119.01 C29-C31-H36 110.62 110.45 C53-O58-H59 108.86 112.19 

C14-C16-C19 120.67 120.60 C29-C31-H37 111.43 111.25    

C14-C16-H20 119.52 119.51 H35-C31-H36 108.07 108.20    

C19-C16-H20 119.80 119.86 H35-C31-H37 107.72 107.93    
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Table 6.3: Observed and calculated wavenumbers along with vibrational assignments for -

HCPPT using B3LYP/6-311G and B3LY3/ cc-pVDZ 

 

Observed 

wavenumbers 

(cm
-1

) 

Calculated 

wavenumbers 

(cm
-1

) 

Vibrational 

assignments 

(PED%) 

 
FT-IR FT-Raman B3LYP /6-311G 

B3LYP/ 

cc-pVDZ 

 
 

    
1. 3314m 

 
3317 3318 ʋ OH (99) 

2. 3114m 
 

3310 3112 ʋ CH (98) 

3. 
  

3093 3095 ʋ CH (98) 

4. 
  

3081 3085 ʋ CH (98) 

5. 
 

3065m 3068 3071 ʋ CH (99) 

6. 
  

3056 3060 ʋ CH (98) 

7. 
  

3045 3045 ʋ CH (98) 

8. 
 

3008w 3027 3031 ʋ CH (98) 

9. 
  

3010 3013 ʋ CH (99) 

10. 
  

3003 3005 ʋ CH (98) 

11. 
  

2995 2995 ʋ CH (99) 

12. 2985m 
 

2982 2983 ʋ CH (98) 

13. 
 

2960m 2962 2962 ʋ CH (98) 

14. 
  

2955 2958 ʋ CH (97) 

15. 
  

2947 2948 ʋ CH (98) 

16. 
 

2929w 2932 2935 ʋ assCH3 (98) 

17. 
  

2923 2925 ʋ assCH2 (98) 

18. 2913m 
 

2915 2915 ʋ assCH3 (98) 

19. 
  

2902 2905 ʋ assCH3 (98) 

20. 
  

2897 2898 ʋ assCH3 (98) 

21. 
  

2881 2880 ʋ ssCH2 (97) 

22. 
 

2870m 2874 2875 ʋ ssCH3 (97) 

23. 
  

2863 2863 ʋ ssCH3 (97) 

24. 2851m 
 

2853 2855 ʋ CH (98) 

25. 1664vs 
 

1665 1666 ʋ CO (80), ʋ CN (12) 

26. 
  

1632 1630 ʋ CC (76), δ CH (18) 

27 
 

1589vs 1590 1592 ʋ CC (75), δ CH (20) 

28. 
  

1581 1581 ʋ CC (76), δ CH (18) 

29. 
  

1568 1570 δ CO (81), ʋ CC (16) 

30. 1557s 1561vs 1559 1560 ʋ CN (73), δ CH (16) 

31. 
  

1522 1525 ʋ CC (80), δ CH (15) 
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32. 
  

1496 1497 ʋ CC (80), δ CH (16) 

33. 1467m 1447w 1470 1472 ʋ CC (68), ʋ CH (14), υ OCH (10) 

34. 
  

1445 1445 ʋ CN (70), ʋ CO (15), ʋ CC (12) 

35. 
  

1437 1439 δ CH (69), ʋ CC (18) 

36. 
  

1430 1430 δ CH (71), ʋ CO (15) 

37. 
  

1423 1425 δ opb CH3 (73) 

38. 1413m 
 

1415 1416 δopb CH3 (72) 

39. 
  

1409 1410 δ CH (72), ρ sciss. CH2 (13) 

40. 
  

1402 1404 δ ipb CH3 (82) 

41. 
  

1396 1395 δ ipb CH3 (82) 

42. 
 

1399w 1390 1392 ρ sciss .CH2 (86) 

43. 
  

1384 1385 δ CH (79), δ OH (16) 

44. 1369m 
 

1370 1372 δ CH (80) 

45. 
  

1347 1346 δ sb CH3 (72) 

46. 
  

1312 1315 δ CH (75) 

47. 
  

1285 1286 δ CH (76) 

48. 
  

1260 1262 δ sb CH3 (73) 

49. 1256ms 1255m 1253 1256 ʋ CN (67), δ CH (13) 

50. 
  

1242 1244 δ CH (78) 

51. 
  

1230 1231 δ CH (78) 

52. 
  

1217 1218 δ CH (78) 

53. 
  

1206 1208 δ CH (81) 

54. 
 

1195w 1196 1196 δ CH (80) 

55. 
  

1188 1191 ʋ CC (72), δ CH (12) 

56. 
  

1180 1182 δ CH (80) 

57. 1170m 1173m 1172 1175 δ rock CH2 (73) 

58. 
  

1166 1166 ʋ CC (75), υ CH (16) 

59. 
  

1161 1164 ʋ CC (76), δ CH (12) 

60. 
  

1152 1151 δ CH (68), ʋ CC (12) 

61. 1147ms 
 

1146 1148 σ rock CH2 (69) 

62. 
  

1140 1141 ʋ CO (67), δ OH (17), δ CH (12) 

63. 
  

1133 1135 ʋ CC (70) 

64. 
 

1123m 1125 1130 ʋ CC (72) 

65. 1116ms 
 

1118 1124 δ CH (73) 

66. 
  

1115 1119 δ CH (68) 

67. 
 

1109m 1110 1114 δ CH (68) 

68. 
  

1107 1111 δ CH (69) 

69. 
  

1103 1106 τ CH2 (68) 

70. 
  

1096 1110 ʋ CC (71) 

71. 
  

1092 1106 δ OH (74), δ CH (12) 
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72. 
  

1086 1094 ʋ CN (67), δ CO (14) 

73. 
  

1073 1085 ʋ CC (71), δ OH (17) 

74. 1066m 
 

1065 1073 δ CH (68) 

75. 
  

1026 1062 δ CH (68) 

76. 
 

1015w 1016 1025 ᵞ oprCH3 (62) 

77. 1007m 
 

1008 1010 ʋ CCL (75), δ CH (11) 

78. 
 

993w 991 993 ᵞ oprCH3 (62) 

79. 
  

982 985 ʋ NN (75), δ CN (16) 

80. 
  

969 970 ʋ CC (68) 

81. 
  

961 961 ᵞCH (63) 

82. 949ms 950w 950 952 δ ring (67) 

83. 
  

941 945 δ ring (67) 

84. 
  

932 934 δ ring (67) 

85. 
  

921 920 δ ring (65) 

86. 
  

916 916 ᵞ CH (66) 

87. 
  

910 914 ᵞ CH (63) 

88. 
  

904 905 ᵞ CH (63) 

89. 
  

898 900 ᵞ CH (63) 

90. 
  

893 896 ᵞ CH (65) 

91. 
  

886 888 δ iprCH3 (62) 

92. 875s 
 

875 876 ᵞ CH (63) 

93. 
  

862 866 ʋ CS (71), δ CC (14) 

94. 
  

855 856 δ iprCH3 (62) 

95. 
  

840 845 δ ring (62) 

96. 836s 831m 834 836 ᵞ CH (63) 

97. 
  

813 814 δ CC (70) 

98. 
 

790w 793 795 ᵞ CH (64) 

99. 776vs 
 

775 777 ᵞ CH (64) 

100. 
  

764 765 ᵞ CH (64) 

101. 
  

758 760 ᵞ CH (62) 

102. 
  

749 750 δ ring (63) 

103. 
 

741w 740 744 ᵞ CH (63) 

104. 
  

734 735 Ring breathing (68) 

105. 
  

729 730 δ ring (63) 

106. 
  

722 722 ᵞ CH (61) 

107. 
  

713 715 δ ring (65) 

108. 
 

705m 708 711 δ ring (65) 

109. 695ms 
 

696 698 ᵞ ring (60) 

110. 
  

675 677 ᵞ ring (61) 

111. 
  

662 663 ᵞ ring (60) 
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112. 651ms 
 

653 655 ᵞ ring (61) 

113. 
  

649 650 δ CCL (67), δ ring (11) 

114. 
  

645 647 ᵞ ring (60) 

115. 
 

635w 637 640 δ ring (63) 

116. 596m 
 

595 598 ʋ CS (70) 

117. 
  

575 577 δ ring (63) 

118. 
  

569 569 δ ring (63) 

119. 557m 557w 556 557 δ ring (64) 

120. 
  

522 524 ᵞ CC (58) 

121. 
  

506 509 ᵞ ring (59) 

122. 488w 
 

489 490 ᵞ CC (58) 

123. 
  

480 483 ᵞ CC (58) 

124. 
 

469w 472 476 ᵞ CC (57) 

125. 
  

465 467 δ CC (62) 

126. 
  

459 461 ᵞ CO (59), ᵞ CH (10) 

127. 457w 449w 451 455 δ ring (61) 

128. 
  

443 445 ᵞring (58) 

129. 
  

436 439 δ ring (63) 

130. 431w 
 

430 432 δ CCC (60) 

131. 
  

422 427 ᵞ CCL (57) 

132. 
 

412w 415 418 δ CC (60) 

133. 
  

402 405 ᵞring (58) 

134. 
  

395 396 ᵞring (58) 

135. 
  

381 383 ᵞring (55) 

136. 
 

372w 370 375 ᵞring (55) 

137. 
  

362 366 δ COH (53) 

138. 
  

355 358 δ CCH3 (55) 

139. 
  

348 350 ᵞ OH (57) 

140. 
 

337w 340 345 ᵞring (57) 

141. 
  

327 331 δ CC (58) 

142. 
  

316 320 ᵞ CC (56) 

143. 
  

302 308 δ CCC (58) 

144. 
  

285 289 ᵞ CCC (58) 

145. 
 

223w 272 275 δ CCC (57) 

146. 
  

263 266 δ CCC (57) 

147. 
  

248 250 ᵞ CCC (52) 

148. 
  

229 230 τ CH3 (58) 

149. 
 

183w 217 219 τ CH3 (58) 

150. 
  

206 206 ᵞ CCC (52) 

151. 
  

188 193 τ CCC (52) 
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152. 
  

180 182 τ CCC (52) 

153. 
  

173 175 δ CCC (54) 

154. 
 

167w 166 169 δ CCC (54) 

155. 
  

149 150 δ CCC (55) 

156. 
  

135 136 ᵞ CCC (53) 

157. 
  

120 124 ᵞ CN (51) 

158. 
  

104 105 ᵞ CC (48) 

159. 
  

94 95 ᵞ ring (50) 

160. 
  

89 93 ᵞ ring (51) 

161. 
  

80 84 τ CCC (49) 

162. 
 

75m 75 77 ᵞ ring (50) 

163.        55 56 ᵞ ring (50) 

164.   46 51 δ ring (53) 

165.   36 40 δ ring (55) 

166.   30 32 τ CCC (53) 

167.   25 29 τ CCC (53) 

168.   24 26 ᵞ ring (51) 

169.   20 21 ᵞ CC (51) 

170.   12 13 ᵞ CC (50) 

171.   10 12 ᵞ CC (51) 

s-strong, m-medium, ms-medium strong, vs-verystrong, w-weak, υ-stretching, υss- 

symmetric stretching, υass-asymmetric stretching, δ- in-plane bending, γ- out-of-plane 

bending, ρ- scissoring, ω- wagging, σ- rocking, τ- twisting 

 

Table 6.4: Energy gap values of  HCPPT calculate the global reactivity descriptors (EHOMO - 

ELUMO), EL→EH, EH-1→E L+1, EH-2→ EL+2) using the 6-311G levels of theory 

Molecular 

properties 

Energy 

(eV) 

Energy 

gap (eV) 

(I) 

(eV) 

(A) 

(eV) 

(ɳ) 

(eV) 

(χ) 

(eV) 

(σ) 

(eV) 

(µ) (eV) (ω) 

(eV) 

EHOMO -5.8703         

ELUMO -2.444 3.4259 5.8703 2.444 1.7130 4.1574 0.5838 -4.1574 5.0450 

EHOMO-1 -6.3998         

ELUMO+1 -1.8874 4.5124 6.3998 1.8874 2.2562 4.1436 0.4432 -4.1436 3.8049 

EHOMO-2 -6.8031         

ELUMO+2 -1.0690 5.7337 6.8031 1.0690 2.8669 3.9363 0.3488 -3.9363 2.7023 
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Table 6.5: Second order perturbation theory analysis of Fock matrix in NBO basis of the 

HCPPT 

Donar 

(i) 
Type ED/e 

Acceptor 

(j) 
Type ED/e(qi) 

E(2)
a
 

Kcal/mol 

E(i)-

E(j)
b
 

F(i,j)
c
 

π C4 - C5 1.64507 π* C1 - N24 0.25495 16.67 0.24 0.058 

π C4 - C5 1.64507 π* C6 - C9 0.29683 19.66 0.28 0.068 

π C4 - C5 1.64507 π* C7 - C11 0.39228 22.42 0.26 0.069 

π C6 - C9 1.66673 π* C4 - C5 0.39 20.57 0.28 0.068 

π C6 - C9 1.66673 π* C7 - C11 0.39228 21.12 0.26 0.067 

π C7 - C11 1.67968 π* C6 - C9 0.29683 19.15 0.3 0.068 

π C14 - C15 1.67258 π* C16 - C19 0.3434 19.55 0.28 0.067 

π C14 - C15 1.67258 π* C17 - C21 0.35905 18.94 0.29 0.067 

π C16 - C19 1.69335 π* C14 - C15 0.38843 21.07 0.27 0.069 

π C16 - C19 1.69335 π* C17 - C21 0.35905 21.1 0.28 0.07 

π C17 - C21 1.64955 π* C16 - C19 0.3434 20.03 0.28 0.066 

σ C26 - H28 1.95701 π* C1 - N24 0.25495 5.55 0.5 0.05 

σ C29 - H38 1.90956 π* C17 - C21 0.35905 10.97 0.47 0.069 

σ C39 - S41 1.9775 σ* N25 - C42 0.05341 9 1.44 0.102 

π C39 - C45 1.72741 LP (2) S41 1.93756 533.9 0.01 0.119 

π C39 - C45 1.72741 π* C40 - O44 0.35748 29.49 0.28 0.083 

σ C40 - N43 1.98023 σ* N25 - C42 0.05341 6.25 1.17 0.077 

π C40 - O44 1.91548 π* C39 - C45 0.28459 8.94 0.27 0.046 

π C40 - O44 1.91548 π* C42 - N43 0.51656 6.73 0.28 0.044 

σ S41 - C42 1.98222 σ* C39 - C45 0.03531 7.14 1.39 0.089 

π C42 - N43 1.83932 LP (2) S41 1.93756 102.44 0.05 0.102 

π C42 - N43 1.83932 π* C40 - O44 0.35748 27.11 0.31 0.087 

π C46- C48 1.66863 π* C47 - C49 0.31568 20.73 0.28 0.069 

π C46- C48 1.66863 π* C51 - C53 0.35881 19.55 0.28 0.066 

π C47 - C49 1.6654 π* C46- C48 0.36742 20.55 0.27 0.068 

π C47 - C49 1.6654 π* C51 - C53 0.35881 22.17 0.27 0.07 

π C51 - C53 1.6515 π* C46- C48 0.36742 21.06 0.28 0.069 

π C51 - C53 1.6515 π* C47 - C49 0.31568 19.51 0.29 0.067 

LP (1) N25 1.74889 π* C1 - N24 0.25495 26.68 0.24 0.072 



157 

LP (2) S41 1.93756 π* C39 - C45 0.28459 65.79 0.2 0.112 

LP (2) S41 1.93756 π* C42 - N43 0.51656 99.74 0.21 0.133 

LP (1) N43 1.92198 σ* C39 - C40 0.09668 6 0.81 0.062 

LP (2) O44 1.87712 σ* C40 - N43 0.06812 22.97 0.65 0.111 

LP (1) O58 1.96986 σ* C49 - C53 0.02884 7.12 0.88 0.07 

π* C1 - N24 0.25495 π* C4 - C5 0.39 37.65 0.04 0.063 

π* C7 - C11 0.39228 π* C4 - C5 0.39 196.05 0.02 0.083 

π* C7 - C11 0.39228 π* C6 - C9 0.29683 131.65 0.02 0.078 

π* C39 - C45 0.28459 π* C40 - O44 0.35748 30 0.06 0.069 

π* C42 - N43 0.51656 π* C40 - O44 0.35748 53.08 0.05 0.072 

a→E(2) means energy of hyper conjugative interaction (stabilization energy). 

b→Energy difference between donor and acceptor i and j NBO orbitals. 

c →F(i,j) is the Fock matrix element between i and j NBO orbitals. 

 

Table 6.6: Antimicrobial inhibition level with different concentration level of HCPPT 

SAMPLE 
DMSO  Extract 100 µl  added and Zone of inhibition (mm/ml) 

25 µl 50 µl 75 µl 100 µl Control 

Bacillus subtilis 12 14 17 20 18 

Staphylococcus aureus 12 15 18 20 20 

E.coli 16 18 20 24 20 

Pseudomonas 12 15 18 21 20 

Candida albicans 13 15 18 22 25 

A.niger 14 18 20 22 20 
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Table 6.7: PASS prediction for the activity spectrum of title compound, Pa represents 

probability to be active and Pi represents probability to be inactive 

Pa Pi Activity name 

0,674 0,005 Mcl-1 antagonist 

0.651 0,003 Alkaline phosphatase inhibitor 

0,609 0,030  Antiinflammatory 

0,560 0,007 PfA-M1 aminopeptidase inhibitor 

0,556 0,034 Insulysin inhibitor 

0,558 0,070 Phosphatase inhibitor 

0,484 0,013 Thiol protease inhibitor 

0,445 0,004 Dual specificity phosphatase inhibitor 

0,439 0,024 Antineoplastic (solid tumors) 

0,418 0,004 HCV NS3-helicase inhibitor 

0,414 0,020 Non-steroidal antiinflammatory agent 

0,432 0,084 HIF1A expression inhibitor 

0,340 0,006 Cyclooxygenase inhibitor 

0,336 0,007 Dual specificity phosphatase 1 inhibitor 

0,341 0,015 Amyloid beta precursor protein antagonist 

0,397 0,074 APOA1 expression enhancer 

0,370 0,051 Myc inhibitor 

0,437 0,006 Nicotinic alpha4beta4 receptor agonist 

0,319 0,123 Antineurogenic pain 
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Table 6.8: The lowest binding bonds with a distance value of various proteins docked ligand 

(HCPPT) show the binding affinity, inhibition constant, and RMSD 

Ligand 

name 

PDB 

ID 

Bond 

distance 

(Å) 

Amino acid 

(residues) 
Bond 

Binding 

affinity  

(kcal/mol) 

Inhibition 

Constant  Ki 

(µM or nM 

orpM) 

RMSD 

(Å) 

5
-(

4
-H

y
d

ro
x
y

b
en

zy
li

d
en

e)
-2

-[
3

-(
4

-c
h

lo
ro

p
h

en
y

l)
-5

-[
4

-(
p

ro
p

a
n

-2
-y

l)
 p

h
en

y
l]

-4
, 
5

-d
ih

y
d

ro
-1

H
-p

y
ra

zo
l-

1
-

y
l]

-1
,3

-t
h

ia
zo

l-
4

(5
H

)-
o

n
e 

(H
C

P
P

T
) 

6iap 2.0 LEU A 88 conventional hydrogen 

bond 

-8.10 1.15 µM 26.964 

2.1 ASP A 90 van der Waals -7.61 2.63 µM 38.622 

1.7 TRP A 80 Pi-sigma -6.94 8.25 µM 27.304 

1uhp 2.1 GLU A 84 conventional hydrogen 

bond 

-7.27 4.67 µM 14.866 

2.0 GLN A 81 conventional hydrogen 

bond 

-7.07 6.56 µM 15.016 

2.5 PRO A 30 Pi-alkyl -7.03 7.03 µM 11.534 

6pgp 2.5 ALA A 146 conventional hydrogen 

bond 

-10.49 20.46 nM 15.494 

2.2 LYS A 147 Pi-alkyl -10.47 20.99 nM 10.167 

1.8 ASP A 119 carbon hydrogen bond -9.59 93.32 nM 11.118 

5zxi 2.1 GLU A 22 conventional hydrogen 

bond 

-12.39 823.92 pM 50.441 

2.3 LEU A 294 Alkyl -7.73 2.16 µM 45.109 

3.0 THR A 252 Pi- Donor hydrogen bond -7.54 2.95 µM 57.650 

1jei 2.0 SER A 53 conventional hydrogen 

bond 

-8.68 434.57 nM 11.451 

2.9 ARG A 46 Alkyl -7.68 2.35 µM 8.628 

3.5 TYP A 40 Pi- Pi Stacked -7.48 3.27 µM 8.667 

4zbr 2.3 TRY  A 137 conventional hydrogen 

bond 

-8.59 504.42 nM 77.419 

2.8 LYS A 132 conventional hydrogen 

bond 

-7.90 1.62 µM 77.418 

3.2 LYS A 130 Pi-cation -7.41 3.71 µM 76.601 
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Spectral investigations, Topology, combining DFT 

computations with molecular docking studies of 5-(4-

Methoxybenzylidene)-2-[3-(4-chlorophenyl)-5-[4-(propan-2-yl) 

phenyl]-4,5-dihydro-1H-pyrazol-1-yl]-1,3-thiazol-4(5H)-one 

 

 

Abstract 

 In this work, 5-(4-Methoxybenzylidene)-2-[3-(4-chlorophenyl)-5-[4-(propan-2-yl) 

phenyl]-4, 5-dihydro-1H-pyrazol-1-yl]-1,3-thiazol-4(5H)-one (MCPPT) molecule was 

optimized geometrically and vibrational wavenumbers were obtained with the aid of  

density functional theory (DFT) along with B3LYP/6-31G and 6-311G hybrid functions. 

For the experimental calculation, the vibrational spectrum was obtained in the region of 

4000–0 cm
–1

 and 3500–0 cm
–1

 for FT-IR and FT-Raman spectrum, respectively. Moreover, 

frontier molecular orbitals (HOMO-LUMO), MEP, and NBO were performed for the 

optimized structure. Various inter and molecular interactions in the MCPPT have been 

thoroughly investigated using topological approaches such as localized orbital locator 

(LOL), electron localization function (ELF) analysis, and the non-covalent interactions 

(NCI) approach. Finally, the molecular docking analysis reveals that the interaction between 

the title compound (ligand) and protein-anti neurogenic pain (5pbe), anti-inflammatory 

(4x7s), myeloid cell leukemia-1 (6dm8), myeloblastin (1fuj) and naproxen (4ot2) was 

investigated. This ligand-enzyme interaction was carried out to find the drugs nature of the 

compound.  
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CHAPTER – 7 

Spectral investigations, Topology, combining DFT 

computations with molecular docking studies of 5-(4-

Methoxybenzylidene)-2-[3-(4-chlorophenyl)-5-[4-(propan-2-yl) 

phenyl]-4,5-dihydro-1H-pyrazol-1-yl]-1,3-thiazol-4(5H)-one 

 

7.1 Introduction 

 In recent years, heterocycles have fascinated researchers as a vital scaffold of natural 

products of note, incorporation of small heterocyclic moieties especially a five-membered 

sulfur- and nitrogen-containing thiazole ring is an enthralling area of research in enhancing 

the potency of the drug candidate [196, 197]. According to several reports, thiazole-pyrazole 

derived compounds are the most privileged structures that are widely stimulated for their 

wide range of pharmacological activities, such as anti-diabetic [198, 199], antitumor [200], 

anti antimicrobial [201], anti-inflammatory [202], capabilities. The current study is focused 

on a structural investigation of 5-(4-Methoxybenzylidene)-2-[3-(4-chlorophenyl)-5-[4-

(propan-2-yl) phenyl]-4,5-dihydro-1H-pyrazol-1-yl] -1,3-thiazol-4(5H)-one (MCPPT). 

Geometric parameters, in particular bond lengths and bond angles, have been acquired. The 

FT-IR and FT-Raman spectra were recorded experimentally and computed theoretically. 

Theoretical investigation of the structural and vibrational properties of the MCPPT molecule 

was carriedout with the help of density functional theory (DFT). The molecular electrostatic 

potential (MEP) was analysed to recognize the most reactive regions for electrophilic and 

nucleophilic attacks. HOMO–LUMO analysis has been used to elucidate information 

regarding charge transfer within the molecule. The redistribution of electron density (ED) in 

various bonding, anti-bonding orbit's and E(2) energies had been calculated by natural bond 

orbital (NBO) analysis to give clear evidence of stabilization originating from the hyper 

conjugation of various intra-molecular interactions. Topological parameters are used to 



161 

identify an extended theoretical study on structural features such as localized orbital locator 

(LOL), electron localization function (ELF), and non-covalent interactions (NCI). Molecular 

docking wereperformedto identity the binding energies, and inhibition constant of the title 

compound with neurogenic pain (5pbe), anti-inflammatory (4x7s), myeloid cell leukemia-1 

(6dm8), myeloblastin (1fuj) andnaproxen (4ot2) proteins.  

 

7.2 Experimental details 

 The spectroscopic characteristics of MCPPT were investigated by FT-IR and FT-

Raman spectroscopic techniques. The FT-IR spectrum was documented in the range of 

4000–0 cm
-1

 by the KBr pellet method on the Perkin-Elmer Spectrum spectrometer. The FT-

Raman spectrum of the compound was also documented in the range of 3500–0 cm
-1 

by the 

1064 nm Nd: YAG laser method on the Bruker RFS27 Multi-RAM FT-Raman 

spectrometer.  

 

7.3 Computational techniques 

 All computational calculations are computed using the Gaussian 09W [20] 

programme with the density functional theory (DFT) method. The optimized structure 

parameters and frequencies were computed using B3LYP/6-31G and B3LYP/6-311G basis 

sets levels. For visualization of the molecule, spectrum simulation and iso-density plots, 

Gauss View 5.0 has been used [31]. VEDA software [10] calculates the potential energy 

distributions (PEDs) or fundamental modes of vibration using vibration spectral 

computations. The natural bonding orbital (NBO) calculations [90] were accomplished 

using the NBO 3.1 program as implemented in the Gaussian 09W package at the above-

mentioned level in order to figure out various second order interactions into the middle of 

the filled orbital of one subsystem and the vacant orbital of one more subsystem, that is a 

measure of the intermolecular and intra-molecular delocalization or hyper conjugation. 
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Topological analysis of the electron localization function (ELF), localization orbital locator 

(LOL) and reduced density gradient (RDG) were performed using the Multiwfn program 

[57]. Molecular docking studies have been undertaken in order to address the most 

important biological reactive properties of MCPPT using Pymol and the Autodock tool [62]. 

 

7.4 Results and discussion 

7.4.1 Molecular geometrical optimization 

 The optimized structural parameters (bond lengths and bond angles) of MCPPT were 

investigated at the DFT level using the B3LYP/6-31G and 6-311G basis sets. The optimized 

structure along with atomic numbers are shown in Fig.7.1. The optimized parameters data 

are tabulated in Tables 7.1 and 7.2.  

 

 The optimized structural parameters are now compared with the related experimental 

data [87]. For the phenyl ring, the carbon–carbon single bond lengths lie between 1.39 Å 

and 1.40 Å, double bond lengths lie between 1.40 Å and 1.41 Å.The carbon–hydrogen bond 

lengths lie between 1.08 and 1.09 Å.  The C-C bond lengths in the five member rings are in 

Fig. 7.1 Optimized structure of MCPPT 
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the range of 1.49 Å to 1.56 Å. The C-S bond lengths of thiazole are 1.84 Å (S41-C42) and 

1.87 Å (C39-S41).The C-C and C-N bonds in the ring are approximately calculated at 1.49 Å, 

1.41 Å, respectively. The bond length C40=O44 of the title molecule is found to be 1.22 Å (6-

31G), 1.24 Å (6-311G) basis sets. The calculated bond angle of MCPPT are C40-C39-

C45=133°, C40-C39-S41=108°, S41-C39-C45=118°, N25-C42-S41= 119°. The shorter bond angle 

found in thiazole ring at C39-S41-C42, 87.64° (6-31G), and 86.22° (6-311G) has clearly 

indicated the presence of a sulphur bond. The nitrogen atom formed different bond angle 

with adjustent carbon-hydrogen atoms are N24-N25-C42= 121°, N25-C2-C26 =100°, and N25-

C2-H55=107°, respectively. The bond length of methoxy benzylidene ring is 1.39 Å  

7.4.2 Vibrational Analysis 

 The title molecule MCPPT consists of 62 atoms, which have 180 normal modes of 

vibration. This compound belongs to the C1 symmetry group. Scale factors are used to fit 

the calculated wavenumbers with those of the observed ones. All the experimental and 

theoretical vibrational frequencies of the title compound, along with corresponding 

vibrational assignments are given in Table 7.3. The experimental and simulated FT-IR and 

FT-Raman spectra are depicted in Fig. 7.2 and 7.3, respectively. 

Phenyl ring vibrations 

 According to the literature [149, 203] in infrared spectra, most mononuclear and 

polynuclear aromatic compounds have three or four peaks in the region of 3100-2900 cm
-1

. 

These are due to the stretching vibrations of the ring C-H bands. In the present study, the C-

H stretching vibrations are noticed at 3056 cm
-1 

in FT-IR, 3069, 3014, 2954 cm
-1 

in FT-

Raman, corresponding theoreticalvalues are assigned at 3075, 3058, 3045, 3034, 3025, 

3021, 2985, 2972, 2955, 2951, 2944 cm
-1 

in B3LYP/6-31G and 3070, 3055, 3041, 3030, 

3016, 3008, 2982, 2969, 2953, 2945, 2940 cm
-1

in B3LYP/6-311G basics sets, respectively. 

Socrates et al. [149] reportedthat the ring C=C and C-C vibrations are semicircle stretching 

vibrations that produce strong peaks, usually in the region of  
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Fig.7.2 Experimental and calculated FT-IR spectra of MCPPT 
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Fig.7.3 Experimental and calculated FT-Raman spectra of MCPPT 

(a
.u

) 
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1625–1400 cm
-1

.  In the present case, the corresponding modes were observed at 1649,  

1495 cm
-1 

in FT-IR and at 1494 cm
-1 

in FT-Raman. These vibrations theoretically computed 

at 1653, 1499 cm
-1 

and 1650, 1495 cm
-1

 for B3LYP/6-31G and B3LYP/6-311G basis set, 

respectively. Fatmah et al. [204] reported that the FT-IR spectrum observed at 988 cm
-1 

are 

assigned as C-H in-plane bending modes of the phenyl ring. In the present case, the in-plane 

C-H vibration modes are observed at 1105 (ms) cm
-1

 in FT-IR and 1112 (s) cm
-1 

in FT-

Raman. The out-of-plane C-H deformations of the phenyl rings with the highest wave 

numbers have a weaker intensity than those absorbing at lower wave numbers. These γCH 

modes are observed between 1000-700 cm
-1 

[15]. In the present case, out-of-plane bending 

vibrations are observed at 821(vs), 720 (vs) cm
-1 

in FT-IR and 828 (ms) cm
-1 

in FT-Raman. 

The corresponding computed values were assigned at the range of 882-717 cm
-1

 in 

B3LYP/6-31G and 872 -709 cm
-1 

in B3LYP/6-311G.  

Thiazole-Pyrazole ring vibrations 

 Ring stretching modes (C-N, N-C, C-S, N-N) were observed in a narrow spectral 

region at 1342–1066 cm
-1

 for C-N, 590–380 cm
-1

 for C-S in thiazole [205, 206], and 1150–

925 cm
-1

 for N-C and N-N in pyrazole [174]. The C-N stretching vibrations are identified in 

the current case at 1535 (vs) cm
-1

 in FT-IR spectra and at 1688 (m) and 1539 (m) cm
-1

 in 

FT-Raman spectra. The theoretically computed values were assigned at 1686, 1540 cm
-1 

[B3LYP/6-31G] and at 1685, 1536 cm
-1

 [B3LYP/6-311G]. The stretching vibrations of N-C 

and N-N are calculated at 1042, 976 cm
-1

in B3LYP/6-31G and 1036, 969 cm
-1 

in B3LYP/6-

311G, respectively. The C-S stretching vibrations are computed using B3LYP/6-31G at 812, 

708, 599 cm
-1

 and B3LYP/6-311G at 795, 701, 593 cm
-1

. 

 The asymmetric stretching υassCH2, symmetric stretching υssCH2, scissoring 

vibration ρ siss CH2, present in the region of 2945 ± 45, 2885 ± 45 and 1445 ± 35 cm
-1

, 

respectively [109, 207]. In the present study, the DFT calculations give υass CH2 = 2905 cm
-1 
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in B3LYP/6-31G, 2899 cm
-1 

in B3LYP/6-311G and υss CH2=2879 cm
-1 

in B3LYP/6-31G, 

2875 cm
-1 

in B3LYP/6-311G, which are assigned as the stretching modes of the CH2 group. 

The scissoring mode of CH2 was observed at 1426 cm
-1 

in the FT-Raman spectrum and 

computed at 1429 cm
-1

 in B3LYP/6-31G, 1425 cm
-1

 in B3LYP/6-311G. The CH2 twisting 

and wagging vibrations are recognized in the regions 1180–1390 cm
-1

, 1065-740 cm
-1

 [3]. In 

the present case, the wagging and twisting modes are assigned at ωCH2=1245, 1203 cm
-1

,  

τ CH2= 1065 cm
-1 

in B3LYP/6-31G, ωCH2= 1240, 1200 cm
-1

, τCH2=1059 cm
-1

in B3LYP/6-

311G and experimental bands were observed at ωCH2=897 (w) cm
-1

, τCH2= 1057(ms) cm
-1 

in FT-IR spectra and ω= 1239 (w), 1198 (m), 895 (ms) cm
-1 

in FT-Raman spectra.  

O-CH3 vibration  

 The wavenumbers of the methoxy group vibrational modes are generally influenced 

by a variety of interesting interactions such as electronic effects, inter-molecular hydrogen 

bonding and Fermi resonance [208]. Electronic effects such as back donation and induction, 

mainly caused by the existence of oxygen atoms adjacent to the CH3 group, can shift the 

place of the C–H stretching and bending modes [209-211]. The symmetrical stretching 

mode υssCH3 is looked for in the range of 2920 ± 80 cm
-1

 in which all the three C–H bonds 

extend and of contract in phase. In accordance with the above, asymmetric and symmetric 

vibration have been noticed at 2954 cm
-1

 in the FT-Raman spectrum. The theoretically 

estimated values were assigned 2955, 2939, 2870 cm
-1 

in B3LYP/6-31G and 2953, 2935, 

2866 cm
-1 

in B3LYP/6-311G. Balachandran et al. [210] reported that the O-CH3 stretching 

mode is assigned as a strong band in FT-Raman at 1617 cm
-1 

and a medium weak band at 

1275 cm
-1

. Similar to the literature, very strong band at 1173 cm
-1

 in FT-IR and medium 

strong band at 1688 cm
-1 

and 1170 cm
-1 

in FT-Raman are assigned as O-CH3 stretching 

mode. The corresponding theoretical values are found at 1686, 1176 cm
-1 

in B3LYP/6-31G 

and 1685, 1172 cm
-1 

in B3LYP/6-311G. Castaneda et al. [212] reported that in the methyl 
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group, two bending vibrations and rocking wavenumbers are found in the range 1100 ± 95 

and 1080 ± 80 cm
-1

. In the current study, the bands calculated at δiprO-CH3=1079, 1072, γoprO-

CH3= 1025, 1018 cm
-1

 (MCPPT), 1018 cm
-1

 (FT-IR) and 1019 cm
-1

 (FT-Raman) are 

assigned as rocking modes of the methyl groups. Venkkatram Reddy and co-workers [213] 

have proposed assignment for O-CH3 bending mode in the region 300–670 cm
-1 

for anisole 

and its derivatives. Krishnakumar and John Xavier [214] asssigned C-O-CH3 angle bending 

mode at 341, 382 and 430 cm
-1

 for the o-, m- and p-methoxybenzaldehydes, respectively. 

Based on the above literature the band observed at 428 cm
-1

 in FT-Raman spectrum 

attributes to C-O-CH3 angle bending vibrations of MCPPT. The theoretically computed 

values at 435, 360, 349 cm
-1 

in B3LYP/6-31G and 430, 355, 342 cm
-1 

in B3LYP/6-311G 

basis sets, respectively. 

Other vibration 

 Methyl group  vibrations are found mainly around nine fundamentals in the 

aromatic ring system. It can be related to each of the CH3 groups, particularly CH3 υass-

asymmetric and, υss-symmetrical; CH3ips- in-plane stretch; δipb CH3- in-plane-bending and 

δopb CH3- out-of-plane-bending; CH3sb-symmetric bending; δipr CH3-in-plane rocking; δopr 

CH3- out-of-plane rocking and τCH3-twisting modes of CH3 group [215, 216]. The CH3 

asymmetric and symmetric stretching mode of MCPPT appears in FT-IR at 2925, 2858 and 

2936 cm
-1 

in FT-Raman spectra. Theoretical asymmetric and symmetric stretching vibration 

of MCPPT are assigned in the range 2939-2855 cm
-1 

[B3LYP/6-31G] and 2935-2853 cm
-1    

[B3LYP/6-311G]. The out-of-plane and in-plane-bending are observed at δopb CH3 = 1463ms 

cm
-1 

in FT-IR, δopb CH3= 1471w, δipb CH3= 1442w cm
-1 

in FT-Raman. The corresponding 

computed values are δopb CH3= 1485, 1473, 1465 cm
-1

, δipb CH3= 1459, 1450, 1437 cm
-1 

in 

B3LYP/6-31G, δopbCH3= 1481, 1470, 1463 cm
-1

, δipb CH3=1452, 1445, 1433 cm
-1 

in 

B3LYP/6-311G. The symmetric bending modes of CH3 assigned at 1423, 1394, 1363 cm
-1 
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(B3LYP/6-31G) and 1418, 1385, 1359 cm
-1 

(B3LYP/6-311G). The out-of-plane rocking 

modes are identified in FT-IR bands at 1018 (vs), 750 (vs) cm
-1

 and in the FT-Raman bands 

at 1019 (w) cm
-1

. The calculated bending modes found at 1025, 798, 758cm
-1 

for B3LYP/6-

31G and at 1018, 789, 750 cm
-1 

for B3LYP/6-311G. The methyl bending modes are 

observed at δipr CH3= 1092, 1079, 985 cm
-1

, τCH3=255, 231, 225 cm
-1

[B3LYP/6-31G] and at 

δipr CH3 = 1085, 1072, 975 cm
-1

, τCH3=247, 227, 219 cm
-1 

[B3LYP/6-311G]. Mooney et al. 

[217, 218] reported that the vibrations of C-Cl, Br, and I are assigned in the wavenumber 

range of 1129-480 cm
-1

. For the title compound, the bands at 989, 922 cm
-1

 in the B3LYP/6-

31G and at 983, 914 cm
-1

 in the B3LYP/6-311G are assigned as C-Cl stretching modes. The 

in-plane bending vibration are assigned at 1276 cm
-1

 in B3LYP/6-31G and 1269 cm
-1

 in 

B3LYP/6-311G. The deformation bands are observed at 266 in FT-Raman, theoretically 

reported at 275 cm
-1

 in B3LYP/6-31G and 265 cm
-1

 in B3LYP/6-311G. 

7.4.3 Frontier Molecular Orbital Analysis 

 The highest occupied molecular orbital (HOMO) and the lowest unoccupied 

molecular orbital (LUMO) are entitled as frontier molecular orbitals (FMOs) predict the 

excitation properties and the ability of electron transport within the molecule and give the 

chemical stability of the molecule. The FMOs play an essential role to assign the electronic 

properties of the materials [219- 221]. In general, the chemical tendency of the molecule is 

determined by the energy values of HOMOand LUMO, and their energy gap. The calculated 

energy values of the title compound are HOMO=-5.5528eV, LUMO =-2.1869eV, energy 

gap =3.3658eV in B3LYP/6-31G and HOMO=-5.7813eV, LUMO =-2.4076eV, energy 

gap=3.3737eV in B3LYP/6-311G basis sets, respectively.Theisosurface of HOMO and 

LUMO of the title compound are shown in Fig.7.4. 
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 Global reactivity descriptors, electronegativity (χ), chemical potential (μ), chemical 

hardness (η), global softness (σ), global electrophilicity index (ω) are defined by equations 

7. 1 to 7.7 [37, 191, 20].  

  Ionization potential (I) = -EHOMO     (7.1) 

  Electron affinity (A) = - ELUMO     (7.2) 

LUMO 

HOMO 

∆E=3.3658 eV-

6.991e-2 

6-31G 

LUMO 

HOMO 

∆E=  3.3737 eV 

6-311G 

Fig. 7.4 HOMO - LUMO energy gap plots of MCPPT in B3LYP/6-31G and 6-311G 

basis sets 
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  Electro- negativity χ = 
(𝐼+𝐴)

2
      (7.3) 

  Chemical potential μ = –(I +A)/2      (7.4) 

  Hardness η = (I – A)/2 and       (7.5) 

  Softness σ = 1/η       (7.6) 

  Electrophilicity index ω = μ
2
/2η              (7.7) 

 The calculated values of global reactivity descriptors of the title compound are 

tabulated in the Table 7.4. 

7.4.4 Molecular Electrostatic Potential (MEP) 

 The electrostatic potential that is generated in the space throughout a molecule by its 

nuclei and electrons (treated as static distributions of charge) is a very beneficial property 

for analysing and molecular reactive behaviour. This is useful parameter to indicate the sites 

or regions of electrophilic and nucleophilic. The reactive sites can be identified by different 

colour codes. The potential decreases in the order of blue > green > yellow > orange > red. 

The red colour in the MEP graphic indicates an electron-rich site which is a negative region 

showing electrophilic reactivity. The blue colour in the MEP graph indicates an electron-

deficient site, which is a positive region showing nucleophilic reactivity, and the Green 

colour in the MEP graph indicates the neutral, zero electrostatic potential interaction region, 

respectively [222]. 

 The electrophilic and nucleophilsites of MCPPT, is shown in Fig.7.5. The negative 

charge covered by methoxy group, shown in yellow colour and negative charge surrounded 

by oxygen atom, shown in red colour are noted as nucleophilic region of the title compound. 

The maximum positive region is covered by hydrogens, which are shown in blue colour and 

green occupy over the remaining portions of the title molecule represents electrophilic 

region. 
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7.4.5 Donor-acceptor interaction 

 The NBO technique was an effective method to provide an information on 

interactions between filled Lewis-type NBOs (donor) and vacant non-Lewis NBOs 

(acceptor) orbitals of two subsystems. In order to interpret the inter-, and intramolecular 

electron density inside the molecule and estimate their stabilisation energy using second 

order perturbation theory, an NBO analysis was performed on MCPPT at the B3LYP/6-

311G level of theory. The charge was transferred between two subsystems' unoccupied 

(antibonding or Rydgberg) and full (bonding or lone pair) orbitals as a result of 

hyperconjugative contact or intermolecular delocalization. The stabilization energy E(2), 

which is associated with electron delocalization amidst electron donor orbital „i‟ and 

electron acceptor orbital „j‟ reflects the extent of conjugation of the whole system. Larger 

Fig. 7.5 Molecular electrostatic potential surface (MEP) map of MCPPT 

-7.093e-2 

7.093e-2 
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E(2) means a stronger electron donor-acceptor interaction. According to NBO analysis, the 

stabilization energy (E2) is computed by the formula [223]: 

    

 
 ij

ji
ij

EE

F
qEE




2
,)2( i

     
(7.8)

 

where qi is the donor orbital occupancy, Ej and Eiare diagonal elements and F (i, j) is the off 

diagonal NBO Fock matrix element.  Donor-acceptor interactions having stabilization 

energy E(2) higher than 4 kcal/mol were reported as most significant regions  which are 

tabulated in table 7.5. According to the NBO analysis, the large electron density interactions 

between the π-bonding C39-C45 and C42-N42 are distributed to lone pair LP (2) sulphur S41 

with stabilisation energies of about 635.75 and 105.63 kcal/mol, respectively. Whereas,  π* -

antibonding C42 - N43, C1 - N24, C7 - C11, C7 - C11 is distributed to π*- antibonding C40 - O44, 

C4 - C5, C4- C5, C6 - C9 with stabilization energy of about 51.96, 39.62, 209.01, 140.63 kcal/ 

mol. 

7.4.6 Topology analysis 

Localized orbital locator (LOL) and electron localization function (ELF) 

 The Localized Orbital Locator (LOL) is a unique descriptor to know chemical 

bonding between atoms in molecules. It's an electron density XY Plane map filled with LOL 

colours that explains the chemically significant regions (electron pair in a space region) of 

MCPPT atoms. The Electron Localization Function (ELF) is a shaded map visualizer that 

appears at the top of the topology image (isosurface) as a green map. Several colours are 

represented on this surface, as shown in Fig.7.6. The colours red and orange denote a strong 

electronic localization. A depletion region between the inner and valence shells is 

represented by the blue colour circle. The localised orbital locator has the minimum values 

in the hydrogen and carbon regions. In this work, the O-CH3 atoms have clearly shown lone 

pair at O and blue colour circle around the carbon atoms denote a low electron 
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localization value. This core, valance and lone pair region are visualized through 

isosurface and the shaded surface maps with projection effect [224, 225]. 

 
Reduced density gradient analysis (RDG) 

 A reduced density gradient characteristic has been developed as a tool for exposing 

non-covalent interactions. Interactions develop between weak to strong in conjunction with 

reactions, and RDG is the backbone of reactivity research [52, 118]. RDG analysis is used to 

forecast real-space weak couplings based on electron density. It is a dimensionless quantity 

that is first derived by equation.

    

    

 

  3/42 2/1

)2(3

1
     RDG(r)

r

r

r 








 

   (7.9) 

 In the present work (Fig.7.7), the blue colour signifies greater attraction, the red 

colour reflects the ring system which is responsible for the steric effect. This compound 

emits the green colour that reflects the contact between van der Walls, i.e.,non-covalent 

interaction that might have been liable for the labelled compound stabilization. 

 

oxygen 
Cl 

OCH

3 

core  

valenc

e  

C(S)  

Fig. 7.6 a) Localized orbital locator (LOL) for MCPPT obtained in xy plane,  

b) Electron localization function (ELE) with isosurface and 

 c) Electron localization function (ELE) shaded surface map with projection 

effect 

 

a 
c 

b 
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7.4.7 Molecular Docking 

 PASS (prediction of activity spectra for substance) [161] is a web- based tool to 

predict the activity of a compound. PASS analysis (Table7.6) of the MCPPT predicts Mcl-1 

antagonist, non-steroidal anti-inflammatory agent and Anti-inflammatory activity with Pa 

(probability to be active) value of (0,647), (0,472) and (0,592). The structure of anti-

neurogenic pain (5pbe), anti-inflammatory (4x7s), meloid cell leukemia-1(6dm8), 

myeloblastin-I (1fuj), naproxen (4ot2) proteins are downloaded from the PDB data base. To 

evaluate the inhibitory essence of the compound with above enzymes, molecular docking 

observations were carried out. Molecular docking calculations were done by the Auto Dock 

4.2 and Discover studio visualizer [57] softwares. The dotted lines (Fig.7.8) represent a 

residual interaction of the minimum docking energy. The obtained results are examined and 

tabulated in Table 7.7. 

 

Strong attraction  

H-bond 

Van der Waals 

interaction  

Strong repulsion 

steric effect 

ρ >0 

2<0 

ρ0 

20 

ρ>0 

2>0 

Fig. 7.7 RDG 3D interaction plot of MCPPT 
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1fuj 

5pbe 

4ot2 

Fig. 7.8  The molecular docking results of the MCPPT compound with anti-neurogenic  

pain (5pbe), anti-inflammatory (4x7s), meloid cell leukemia-1 (6dm8),  

myeloblastin I (1fuj), naproxen (4ot2) 
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Ligand active interaction with anti-neurogenic pain (5pbe) 

 5pbe crystal structure of a anti-neurogenic pain protein interacts with ligand from 

conventional hydrogen bond with residue - 2.2 Å: ARG: A:1864, Pi-Cation bond with 

residue - 2.4 Å: ASP: A:1866 and Pi-sigma bond with residue - 2.4 Å: PHE: A:1929. The 

binding affinity of its protein-ligand interactions are - 7.25, -6.37, -6.27 kcal/mol, 

respectively. The inhibition constants are 4.85 µM, 21.47 µM, and 25.47 µM, with RMSD 

values of 40.12 Å, 42.75 Å, and 42.35 Å. 

Ligand active interaction with anti-inflammatory (4x7s) 

 4x7s crystal structure of a anti-inflammatory protein interacts with ligand from Pi-

alkyl bond with residue - 2.4 Å: PRO:H:210, van der Waals bond with residue - 2.6 Å: 

GLY:H:10, Pi-sigma bond with residue - 3.2 Å: LYS:H:209. The binding affinity of its 

protein-ligand interactions are - 7.84, -7.60, -7.50 kcal/mol, respectively. The inhibition 

constants are 1.80 µM, 2.69 µM, and 3.19 µM, with RMSD values of 29.68 Å, 27.80 Å, and 

30.10 Å. 

Ligand active interaction with myeloid cell leukemia-1(6dm8) 

 6dm8 crystal structure of a myeloid cell leukemia-1 protein interacts with ligand 

from conventional hydrogen bond with residue - 2.8 Å: TYR: A:39, Pi-alkyl bond with 

residue - 2.5 Å: LYS: A:45 and Pi-Pi stacked bond with residue - 2.6 Å: TYR: A:45. The 

binding affinity of its protein-ligand interactions are -8.61, -8.24, -7.78 kcal/mol, 

respectively. The inhibition constants are 484.62 nM, 906.81 nM, and 1.97 µM, with RMSD 

values of 174.06 Å, 178.17 Å, and 180.11 Å. 

Ligand active interaction with myeloblastin I (1fuj) 

 1fuj crystal structure of a myeloblastin- I protein interacts with ligand from carbon 

hydrogen bond with residue - 2.0 Å: VAL: A:73, Pi-Alkyl with residue - 1.5 Å: PRO: A:151 

and conventional hydrogen bond with residue - 2.4 Å: ARG: A:143. The value of -8.94,       
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-8.39, -7.98 kcal/mol is the binding affinity of the protein-ligand interaction,with RMSD 

values of 40.99 Å, 41.56 Å, and 36.14 Å, the inhibition constants are 281.69 nM, 707.67 

nM, and 1.42 nM, respectively. 

Ligand active interaction with naproxen (4ot2) 

 4ot2 crystal structure of a naproxen protein interacts with ligand from Amide-Pi-

stacked bond with residue - 2.8 Å: LEU: A:189, Pi-Anion bond with residue - 3.0 Å: GLU: 

A:424 and Pi-Cation bond with residue - 3.0 Å: LYS: A:114. The binding affinity, RMSD 

values and corresponding inhibition constants are -8.96, -8.90, -8.36 kcal/mol, 73.00, 

74.298, 92.79 Å, and 268.89, 298.11, 749.69 nM, respectively. 

 

7.5 Conclusion 

With the support of density functional theory, the vibrational spectra of 5-(4-

Methoxybenzylidene)-2-[3-(4-chlorophenyl)-5-[4-(propan-2-yl) phenyl]-4, 5-dihydro-1H-

pyrazol-1-yl]-1,3-thiazol-4(5H)-one (MCPPT) were discussed in detail. FT-IR and FT-

Raman spectra have been recorded and evaluated. The molecular geometry, vibrational 

wavenumbers of the title compound were determined and analyzed both at B3LYP/6-31G 

and B3LYP/6-311G basis sets. The energy gap between the HOMO and LUMO revealed 

that the charge transfer takes within the molecule from the ring methoxybenzylidene, thiazol 

to pyrazole. MEP surface graph indicates, the negative potential sites were presented on the 

electronegative atoms, while the positive potential sites were around the hydrogen atom. 

The strong intramolecular interactions are revealed by natural bond orbital analysis. The XY 

Plane map filled, shaded map with projection effect and non-covalent interaction was 

obtained from topological analysis. In addition, combining DFT calculations with molecular 

docking results reveals MCPPT compound drugs nature of different biological activities 

such asantineurogenic pain (5pbe), anti-inflammatory (4x7s), myeloid cell leukemia-

1(6dm8), myeloblastin (1fuj) and naproxen (4ot2). 
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Table 7.1: Optimized geometrical parameters (Bond lengths) of MCPPT 

Parameter 
B3LYP/ 

6-31G 

B3LYP/ 

6- 311G 
Parameter 

B3LYP/ 

6-31G 

B3LYP/ 

6- 311G 
Parameter 

B3LYP/ 

6-31G 

B3LYP/ 

6- 311G 

C1-C4 1.46 1.46 C15-H18 1.09 1.08 C39-C45 1.36 1.36 

C1-N24 1.31 1.30 C16-C19 1.40 1.40 C40-N43 1.41 1.41 

C1-C26 1.52 1.52 C16-H20 1.08 1.08 C40-O44 1.25 1.25 

C2-C14 1.52 1.52 C17-C21 1.41 1.41 S41-C42 1.84 1.84 

C2-N25 1.51 1.51 C17-H22 1.09 1.08 C42-N43 1.30 1.30 

C2-C26 1.56 1.56 C19-C21 1.40 1.40 C45-C46 1.46 1.46 

C2-H55 1.09 1.09 C19-H23 1.09 1.08 C45-H56 1.09 1.09 

H3-C26 1.09 1.09 C21-C29 1.53 1.53 C46-C47 1.42 1.41 

C4-C5 1.41 1.41 N24-N25 1.39 1.39 C46-C48 1.42 1.42 

C4-C6 1.41 1.41 N25C-42 1.35 1.35 C47C-49 1.39 1.39 

C5C-7 1.40 1.40 C26-H28 1.10 1.09 C47-H50 1.09 1.08 

C5-H8 1.08 1.08 C29-C30 1.55 1.55 C48-C51 1.39 1.39 

C6-C9 1.39 1.39 C29-C31 1.55 1.54 C48-H52 1.08 1.08 

C6-H10 1.08 1.08 C29-3H8 1.10 1.09 C49-C53 1.40 1.40 

C7-C11 1.39 1.39 C30-H32 1.10 1.09 C49-H57 1.08 1.08 

C7-H12 1.08 1.08 C30-H33 1.10 1.09 C51-C53 1.40 1.40 

C9-C11 1.40 1.39 C30H-34 1.10 1.09 C51-H54 1.08 1.08 

C9-H13 1.08 1.08 C31-H35 1.10 1.09 C53-O58 1.39 1.39 

C11-Cl27 1.82 1.83 C31-H36 1.10 1.09 O58-C59 1.45 1.45 

C14-C15 1.41 1.40 C31-H37 1.10 1.09 C59-H60 1.10 1.08 

C14-C16 1.40 1.40 C39-C40 1.49 1.49 C59-H61 1.10 1.09 

C15-C17 1.40 1.39 C39-S41 1.87 1.87 C59-H62 1.09 1.09 
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Table 7.2: Optimized geometrical parameters (Bond angle) of MCPPT 

Parameter 

B3LYP/ 

6-31G 

B3LYP/  

6- 311G 

Parameter 

B3LY/ 

6-31G 

B3LYP/ 

6- 311G 

Parameter 

B3LYP/ 

6-31G 

B3LYP/ 

6- 311G 

C4-C1-N24 121.68 121.60 C21-C17-H22 119.85 119.87 C39-C40-N43 113.47 113.46 

C4-C1-C26 125.21 125.30 C16-C19-C21 121.24 121.27 C39-C40-O44 124.79 124.70 

N24-C1-C26 113.10 113.09 C16-C19-H23 119.39 119.36 N43-C40-O44 121.74 121.84 

C14-C2-N25 112.32 112.24 C21-C19H-23 119.37 119.36 C39-S41-C42 86.32 86.22 

C14-C2-C26 115.19 115.24 C17-C21-C19 117.91 117.83 N25-C42-S41 119.65 119.86 

C14-C2-H55 109.26 109.17 C17-C21-C29 121.37 121.41 N25-C42-N43 122.90 122.73 

N25-C2-C26 100.17 100.21 C19-C21-C29 120.71 120.76 S41-C42-N43 117.45 117.41 

N25-C2-H55 107.27 107.37 C1-C24-N25 108.72 108.72 C40-N43-C42 113.82 114.00 

C26-C2-H55 112.15 112.13 C2-N25-N24 113.49 113.38 C39-C45-C46 135.11 135.17 

C1-C4-C5 120.65 120.68 C2-N25-c42 124.82 124.79 C39-C45-H56 113.75 113.72 

C1-C4-C6 120.59 120.68 N24-N25-C42 121.61 121.74 C46-C45-H56 111.14 111.11 

C5-C4-C6 118.76 118.64 C1-C26C-C2 103.57 103.63 C45-C46-C47 116.04 116.15 

C4-C5C-7 120.89 120.95 C1-C26-H3 112.34 112.37 C45-C46-C48 126.47 126.42 

C4-C5-H8 120.25 120.33 C1-C26-H28 110.51 110.52 C47-C46-C48 117.49 117.43 

C7-C5-H8 118.86 118.72 C2-C26-H3 111.24 111.24 C46-C47-C49 122.16 122.14 

C4-C6-C9 120.75 120.80 C2-C26-H28 111.75 111.65 C46-C47-H50 119.10 119.13 

C4-C6-H10 119.05 119.08 H3-C26-H28 107.48 107.48 C49-C47-H50 118.75 118.72 

C9-C6-H10 120.20 120.12 C21-C29-C30 111.66 111.75 C46-C48-C51 120.64 120.68 

C5-C7-C11 118.79 118.73 C21-C29-C31 111.99 112.05 C46-C48-H52 118.96 118.99 

C5-C7-H12 120.73 120.72 C21-C29-H38 107.05 106.93 C51-C48-H52 120.39 120.33 

C11-C7-H12 120.48 120.55 C30-C29-C31 110.93 111.06 C47-C49-C53 119.08 119.11 

C6-C9-C11 118.96 118.93 C30-C29-H38 107.46 107.36 C47-C49-H57 119.60 119.58 

C6-C9-H13 120.71 120.71 C31-C29-H38 107.48 107.38 C53-C49-H57 121.32 121.30 

C11-C9-H13 120.33 120.36 C29-C30-H32 110.51 110.48 C48-C51-C53 120.68 120.70 

C7-C11-C9 121.84 121.95 C29-C30H-33 111.11 111.08 C48-C51-H54 120.97 121.03 

C7-C11-Cl27 119.10 119.07 C29-C30-H34 111.09 111.19 C53-C51-H54 118.34 118.27 

C9-C11-Cl27 119.05 118.98 H32-C30-H33 108.31 108.25 C49-5C3-C51 119.94 119.94 
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C2-C14-C15 121.44 121.41 H32C-30-H34 107.82 107.82 C49-C53-O58 124.28 124.33 

C2-C14-C16 119.95 120.06 H33-C30-H34 107.88 107.89 C51-C53-O58 115.78 115.73 

C15-C14-C16 118.61 118.53 C29-C31-H35 111.17 111.14 C53-O58-C59 119.09 119.36 

C14-C15-C17 120.64 120.68 C29-C31-H36 110.48 110.47 O58-C59-H60 111.20 105.04 

C14-C15-H18 120.18 120.23 C29-C31-H37 111.17 111.25 O58-C59-H61 111.21 111.18 

C17-C15-H18 119.18 119.08 H35-C31-H36 108.25 108.19 O58-C59-H62 105.11 111.19 

C14-C16-C19 120.54 120.60 H35-C31-H37 107.91 107.92 H60-C59-H61 109.68 109.71 

C14-C16-H20 119.53 119.55 H36-C31-H37 107.73 107.75 H60-C59-H62 109.78 109.71 

C19-C16-H20 119.91 119.83 C40-C39-S41 108.95 108.92 H61-C59-H62 109.78 109.90 

C15-C17-C21 121.04 121.08 C40-C39-C45 132.93 133.07 C39-C40-N43 113.47 113.46 

C15-C17-H22 119.11 119.04 S41-C39-C45 118.12 118.01 C39-C40-O44 124.79 124.70 

 

Table 7.3: Experimental and calculated wavenumbers along with vibrational assignments 

for MCPPT using B3LYP/6-31G and B3LYP/6-311G 

S.No 

Observed frequencies 

(cm
-1

) 

Calculated frequencies 

(cm
-1

) 
Vibrational assignments (PED) (100%) 

FT-IR FT-RAMAN 
B3LYP/ 

6-31G 

B3LYP/ 

6-311G 

1  3069 3075 3070 υ CH(99) 

2 3056  3058 3055 υ CH(99) 

3   3045 3041 υ CH(98) 

4   3034 3030 υ CH(99) 

5   3025 3023 υ CH(98) 

6  3014 3021 3016 υ CH(99) 

7   3012 3008 υ CH(99) 

8   2985 2982 υ CH(98) 

9   2972 2969 υ CH(98) 

10  2954 2955 2953 υassCH3(99) 

11   2951 2945 υ CH(98) 

12   2944 2940 υ CH(98) 

13   2939 2935 υassCH3(98) 

14   2934 2930 υ CH(99) 

15 2925  2932 2925 υassCH3(97) 

16   2921 2917 υ CH(99) 

17   2914 2906 υ CH(99) 

18   2905 2899 υassCH2(98) 
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19   2895 2893 υassCH3(97) 

20   2894 2890 υassCH3(97) 

21   2883 2881 υassCH3(97) 

22   2879 2875 υssCH2(98) 

23   2870 2866 υssCH3(98) 

24 2858  2862 2860 υssCH3(97) 

25   2855 2853 υssCH3(97) 

26  2845 2850 2847 υ CH(98) 

27  1688m 1686 1685 υ CO(98), υ CC(98), υ CN(98) 

28   1676 1672 υ CC(72), δ CH(21) 

29 1649  1653 1650 υ CC(70), δ CH(23) 

30   1635 1631 υ CC(72), δ CH(19) 

31 1596vs 1598vs 1601 1597 υ CC(66), υ CN(12),  δ CH(10) 

32   1586 1582 δ CH(68), υ CC(12), υ CN(10) 

33   1581 1578 δ CH(72), υ CC(18) 

34  1560vs 1566 1562 υ CC(65), υ CO(12), υ CN(12), δ CH(10) 

35   1557 1555 υ CC(72),δ CH(19) 

36 1535vs 1539m 1540 1536 υ CN(67), υ CO(13), δ CH(10) 

37   1527 1523 δ CH(74), υ CCC(10), 

38   1515 1512 δ CH(74), υ CCC(12), 

39 1495ms 1494w 1499 1495 δ CH(74), υ CCC(12), 

40   1485 1481 δopb CH3(72) 

41  1471w 1473 1470 δopb CH3(72) 

42 1463ms  1465 1463 δopb CH3(73) 

43   1459 1452 δipb CH3(73) 

44  1442w 1450 1445 δipb CH3(73) 

45   1437 1433 δipb CH3(73) 

46  1426w 1429 1425 ρsciss CH2(73) 

47   1423 1418 δsb CH3(78) 

48  1409w 1414 1410 δCH(73) 

49  1398w 1406 1399 δ CH (72), υ CC(13) 

50   1394 1385 δ sb CH3 (80) 

51   1387 1379 δ CH (75) 

52  1369 1376 1370 δ CH (75) 

53   1363 1359 δ sbCH3 (80) 

54   1351 1345 δ CH (73) 

55   1343 1337 δ CH (72) 

56 1323m 1323w 1331 1325 δ CH (73) 

57   1318 1313 δ CH (75) 

58 1300m 1297w 1304 1298 δ CH (75) 

59   1287 1283 δ CH (72), δ CO (10) 

60   1280 1275 δ CH (72), δ CC (15) 
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61   1276 1269 υCC (68), δ CH (12), δCCl (10) 

62 1250ms 1254ms 1260 1252 δ CH (68) 

63  1239w 1245 1240 ω wag CH2 (72) 

64   1232 1227 υCC (66), δ CH (18), δ CC (12) 

65   1224 1218 δ CH (68), υCN (18), υCS (10) 

66  1198m 1203 1200 ω wag CH2 (70) 

67 1173vs 1170s 1176 1172 υ CO (64), δ CH (16), δ CH3 (10) 

68   1169 1162 υCC (64), δ CH (19) 

69   1155 1151 δ CH (64), υCC (20) 

70   1140 1133 δ CH (64), υCC (20) 

71  1112s 1122 1115 δ CH (64), υCC (20) 

72 1105ms  1112 1106 δ CH (68) 

73   1103 1094 δ CH (72) 

74   1092 1085 δipr CH3 (61), δ CH (21) 

75   1079 1072 δipr CH3 (60), δ CH (20) 

76 1057ms  1065 1059 τCH2 (75) 

77   1042 1036 υCN (68), δ CH (11), δ CO (10) 

78   1034 1029 δ CH (67) 

79 1018vs 1019w 1025 1018 γopr CH3 (62) 

80   1019 1011 δ CH (68) 

81   1015 1004 δ CH (68) 

82  996m 1003 995 υCC (62), δ CC (22) 

83   989 983 υCCl (72), δ CH (14) 

84   985 975 δipr CH3 (61), δ CH (20) 

85   976 969 υNN (60),  υ CN (14), δ CO (12) 

86 960ms  966 962 δ CC (63), δrock (21) 

87   963 959 γ CH (74) 

88  946m 958 950 δring (67), δ CH (12) 

89   941 932 δring (67), δ CH (12) 

90   922 914 δring (66), δ CH (12), υCCl (10) 

91 895ms 897w 909 896 γring(59),ω wag CH2 (10) 

92   894 880 υ CO (76) 

93   882 872 γ CH (63) 

94   875 863 γ CH (63) 

95   862 855 γ CH (63) 

96   853 847 γ CH (63) 

97  828ms 840 831 γ CH (65) 

98 821vs  829 820 γ CH (64), γring (12) 

99   823 818 γ CH (62) 

100   812 795 υCS(62), δ CC (16), δ CH (10) 

101   798 789 γopr CH3 (58) 
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102   784 775 γ CH (62) 

103   776 762 δring (64) 

104 750vs  758 750 γopr CH3 (58) 

105   749 744 γ CH (60) 

106   744 738 γ CH (62) 

107   737 729 γ CH (62) 

108 720vs  726 721 γ CH (62) 

109   723 715 γ CH (62) 

110   717 709 γ CH (62) 

111   708 701 δring (66), υCS(12) 

112  694ms 699 695 γ CH (62) 

113 683ms  690 685 δring (64) 

114   675 671 δring (62) 

115   667 660 δring (62) 

116   656 652 γ CO (60), γring(14) 

117 646ms  649 645 γring (61) 

118   642 637 δ CO (59), δring (21) 

119   635 629 γ CH (62) 

120   628 622 γ CH (64), γ CO (16) 

121   617 613 δring (60), υCCl(18) 

122 600m  605 602 υCC(68), δring (18) 

123   599 593 υCS(66), δring (20) 

124   586 581 δring (61) 

125 571ms  578 570 δring (62) 

126   573 564 δring (62) 

127  558w 566 560 γ CN (61), γring (17) 

128   550 547 γring (58) 

129  537w 542 539 δ CC (66) 

130   525 520 δ CO (68) 

131   510 506 γring (59) 

132 497m  503 498 δ CH (68) 

133   490 484 γring (58) 

134   474 471 δring (65) 

135 464w  470 464 δCC (66) 

136   458 453 γring (58) 

137   450 445 γring (58) 

138   442 438 δring (62), υCCl(14) 

139 428ms  435 430 δring (62), δ CO (15) 

140   417 411 γring (58) 

141   389 385 δCC (64) 

142   380 376 γring (58) 
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143   371 368 γring (58) 

144   360 355 γ CC (62), γ CO (12) 

145   349 342 δ CO (60), δ CH3 (13) 

146  335w 341 335 γring (55), γ CN (17) 

147   327 322 γring (56), γ CC (17) 

148   310 304 γring (56), γ CN (16) 

149   294 288 δring (55) 

150   278 272 δ CO (67) 

151  266w 275 265 δ CCl (61) 

152   266 256 δ O CH3 (50) 

153   255 247 τCCH3 (46) 

154   249 242 τ CC (45) 

155   244 238 τ CC (45) 

156   238 232 γ CC (49) 

157   231 227 τCH3 (57) 

158   225 219 τCH3 (58) 

159   209 205 γ CC (47) 

160   196 191 δ CC (49) 

161   185 180 τCH3 (58) 

162   172 169 γ CN (58), γ CO (21) 

163   168 160 δ CO (61) 

164   157 151 γ CC (50) 

165   140 132 γ CC (49) 

166   135 128 τ CC (51) 

167   117 114 γ CO (52) 

168   90 84 τ CC (55) 

169  79s 87 80 τ CN (52) 

170   75 71 τ CC (52) 

171   68 64 τ CO (51) 

172   55 53 τ CC (52) 

173   46 42 τ CC (50) 

174   40 33 τ CC (52) 

175   36 28 τ CC (51) 

176   30 25 τ CC (51) 

177   26 23 τ CC (52) 

178   21 16 τ CC (52) 

179   18 14 τ CC (51) 

180   13 10 γ CC (49) 

s-strong, m-medium, ms-medium strong, vs-very strong, w-weak, υ-stretching, υss- 

symmetric stretching, υass-asymmetric stretching, δ-in-plane bending, γ-out-of-plane 

bending, ρ-scissoring, ω-wagging, σ-rocking, τ-twisting 
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Table 7.4: Calculated (HOMO-LUMO) energy values of  MCPPT 

Frontier molecular orbitals parameters 
Energy values 

B3LYP/6-31G 

Energy values 

B3LYP/6-311G 

E HOMO (ev) -5.5527 -5.7813 

E LUMO  (ev) -2.1870 -2.4076 

Energy Gap (ev) 3.3658 3.3737 

Ionization Energy (I) (ev) 5.5527 5.7813 

Electron Affinity (A) (ev) 2.1870 2.4076 

Chemical potential (μ) -3.8699 -4.0945 

Hardness of the molecule (ƞ) 1.6829 1.6869 

Softness of the molecule (σ) 0.5942 0.5928 

Electronegativity of the molecule (χ) (ev) 3.8699 4.0945 

Electrophilicity index of the molecule (ω) 4.4495 4.9692 

 

Table 7.5: Second order perturbation theory analysis of  Fock matrix in NBO for  MCPPT 

Donor(i) Type ED/e 
Acceptor 

(j) 
Type ED/e 

E(2)
a
 

Kcal/mol 

E(j)-

E(i)
b
 

a.u 

F(i,j)
c
 

a.u 

π C1 - N24 1.9167 π* C4 - C5 0.39123 8.2 0.32 0.05 

σ C2 - H55 1.89317 σ* H3 - C26 0.05106 7.24 0.85 0.071 

σ C2 - H55 1.89317 π* C14 - C15 0.39019 12.12 0.48 0.073 

σ H3 - C26 1.96003 π* C1 - N24 0.25636 6.25 0.48 0.052 

π C4 - C5 1.64584 π* C1 - N24 0.25636 17.01 0.24 0.059 

π C4 - C5 1.64584 π* C6 - C9 0.29464 19.73 0.28 0.068 

π C4 - C5 1.64584 π* C7 - C11 0.39472 22.59 0.27 0.07 

π C6 - C9 1.66347 π* C4 - C5 0.39123 21.03 0.28 0.069 

π C6 - C9 1.66347 π* C7 - C11 0.39472 21.54 0.26 0.068 

π C7 - C11 1.68127 π* C4 - C5 0.39123 17.71 0.3 0.066 

π C7 - C11 1.68127 π* C6 - C9 0.29464 19.42 0.3 0.069 

π C14 - C15 1.67209 π* C16 - C19 0.34098 19.84 0.29 0.067 

π C14 - C15 1.67209 π* C17 - C21 0.36081 18.97 0.29 0.067 

π C16 - C19 1.68928 π* C14 - C15 0.39019 21.55 0.27 0.07 

π C16 - C19 1.68928 π* C17 - C21 0.36081 21.58 0.28 0.071 

π C17 - C21 1.64899 π* C14 - C15 0.39019 21.48 0.27 0.069 

π C17 - C21 1.64899 π* C16 - C19 0.34098 20.18 0.28 0.067 

σ C39 - S41 1.97929 σ* N25 - C42 0.03356 7.94 1.43 0.096 

π C39 - C45 1.72704 LP (2) S41 1.38494 635.75 0.01 0.118 
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π C39 - C45 1.72704 π* C40 - O44 0.35426 29.75 0.28 0.083 

π C40 - O44 1.91611 π* C39 - C45 0.27813 8.89 0.27 0.046 

π C40 - O44 1.91611 π* C42 - N43 0.5143 6.45 0.28 0.043 

π C42 - N43 1.83937 LP (2) S41 1.38494 105.63 0.05 0.101 

π C42 - N43 1.83937 π* C40 - O44 0.35426 27.43 0.31 0.087 

LP (1) N25 1.74692 π* C1 - N24 0.25636 26.09 0.25 0.072 

LP (3) Cl27 1.99187 π* C7 - C11 0.39472 12.64 0.32 0.062 

LP (2) S41 1.38494 π* C39 - C45 0.27813 62.78 0.2 0.111 

LP (2) S41 1.38494 π* C42 - N43 0.5143 98.47 0.21 0.133 

LP (2) O44 1.88003 σ* C39 - C40 0.0979 18.04 0.67 0.099 

LP (2) O44 1.88003 σ* C40 - N43 0.06712 22.08 0.65 0.108 

π* C1 - N24 0.25636 π* C4 - C5 0.39123 39.62 0.04 0.064 

π* C7 - C11 0.39472 π* C4 - C5 0.39123 209.01 0.02 0.084 

π* C7 - C11 0.39472 π* C6 - C9 0.29464 140.63 0.02 0.079 

π* C39 - C45 0.27813 π* C40 - O44 0.35426 31.71 0.06 0.07 

π* C42 - N43 0.5143 π* C40 - O44 0.35426 51.96 0.05 0.071 

 

Table 7.6: PASS prediction for the activity spectrum of title compound, Pa represents 

probability to be active and Pi represents probability to be inactive. 

Pa Pi Activity name 

0,647 0,005 Mcl-1 antagonist 

0,592 0,033 Antiinflammatory 

0,553 0,003 Alkaline phosphatase inhibitor 

0,534 0,008 PfA-M1 aminopeptidase inhibitor 

0,472 0,015 Non-steroidal antiinflammatory agent 

0,462 0,015 Thiol protease inhibitor 

0,498 0,051 Insulysin inhibitor 

0,464 0,018 Antineoplastic (solid tumors) 

0,443 0,004 Dual specificity phosphatase inhibitor 

0,407 0,005 HCV NS3-helicase inhibitor 

0,365 0,005 Cyclooxygenase inhibitor 

0,346 0,015 Amyloid beta precursor protein antagonist 

0,511 0,192 Gluconate 2-dehydrogenase (acceptor) inhibitor 

 

 



188 

Table 7.7: Molecular interaction data of ligand MCPPTduring docking in the active site of 

enzymes 

Ligand 

name 

PDB 

ID 

Bond 

distance 

(Å) 

Amino acid 

(residues) 
Bond 

Binding 

affinity  

(kcal/mol) 

Inhibition 

Constant  

Ki (µM or 

nM orpM) 

RMSD 

(Å) 

5
-(

4
-M

et
h

o
x
y
b

en
zy

li
d

en
e)

-2
-[

3
-(

4
-c

h
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ro
p

h
en

y
l)

-5
-[

4
-(

p
ro

p
a

n
-2

-y
l)

 p
h

en
y

l]
-4

,5
-

d
ih

y
d

ro
-1

H
-p

y
ra

zo
l-

1
-y

l]
-1

,3
-t

h
ia

zo
l-

4
(5

H
)-

o
n

e 

A
n

ti
n

n
eu

ro

g
en

ic
 p

a
in

 

(5
p

b
e)

 2.3 ARG:A:1864 
conventional 

hydrogen bond 
-7.25 4.85µM 40.123 

2.4 ASP:A:1866 Pi-Cation -6.37 21.47 µM 42.745 

2.4 PHE:A:1929 Pi-sigma -6.27 25.47µM 42.350 

A
n

ti
in

fl
a

m
m

a
to

ry
 (

4
x
7

s)
 2.4 PRO:H:210 Pi-alkyl -7.84 1.80 µM 29.680 

2.6 GLY:H:10 Vander Waals -7.60 2.69 µM 27.803 

3.2 LYS:H:209 Pi-sigma -7.50 3.19 µM 30.108 

M
y
el

o
id

 c
el

l 

le
u

k
em

ia
-1

(6
d

m
8
) 

2.8 TYR:A:39 
conventional 

hydrogen bond 
-8.61 484.62 nM 174.066 

2.5 LYS:A:45 Pi-alkyl -8.24 906.81 nM 178.173 

2.6 TYR:A:45 Pi-Pi stacked -7.78 1.97 µM 180.119 

M
y
el

o
b

la
st

in
 

(1
fu

j)
I 

2.0 VAL:A:73 
Carbon 

hydrogen bond 
-8.94 281.69 nM 40.989 

1.5 PRO:A:151 Pi-Alkyl -8.39 707.67 nM 41.558 

2.4 ARG:A:143 
conventional 

hydrogen bond 
-7.98 1.42 µM 36.141 

N
a
p

ro
x
en

 

(4
o
t2

) 2.8 LEU:A:189 
Amide-Pi-

stacked 
-8.96 268.89 nM 73.002 

3.0 GLU:A:424 Pi-Anion -8.90 298.11 nM 74.298 

3.0 LYS:A;114 Pi-Cation -8.36 749.69 nM 92.793 
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Abstract 

The FTIR and FT-Raman spectra of 5-Chloro-1-(4-chlorobenzyl)-3-[2-(3-(4-

chlorophenyl)-5-[4-(propan-2-yl) phenyl]-4,5-dihydro-1H-pyrazol-1-yl) -4-oxo- 4,5-

dihydro-1,3-thiazol-5(4H)-ylidene]-2,3-dihydro-1H-idole-2-one were measured in the range 

of 4000–400 cm
-1

 and 3500–0 cm
-1

 ranges, respectively. Using the 6-31G and 6-311G basis 

sets, the density functional theory was used to optimize the geometry, frequency, and 

vibrational bands of the title molecule. Optimized geometric parameters such as bond length 

and bond angles were computed. The scaled values were compared to experimental FTIR 

and FT-Raman spectra. The HOMO-LUMO and MEP surface investigation, along with 

their essential chemical parameters reveal the reactivity of electrophilic, nucleophilic and 

electrical properties of the compound. The natural bond orbital method was used to study 

the molecular stability and bond strength. Topology studies were conducted to identify 

critical points in the molecule. Molecular docking analysis was used to assess its activity 

against COVID-19, HIV, insulin, and anti-inflammatory proteins. Among these, the highest 

binding affinity was observed against the HIV target protein 2m8n with a docking score of -

10.83 kcal/mol. 
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CHAPTER – 8 

Spectroscopic  investigation (FT-IR, FT-Raman), vibrational 

assignments, topology evaluation and molecular docking 

study of 5-Chloro-1-(4-chlorobenzyl)-3-[2-(3-(4-chlorophenyl)-5-

[4-(propan-2-yl) phenyl]-4,5-dihydro-1H-pyrazol-1-yl) -4-oxo- 4,5-

dihydro-1,3-thiazol-5(4H)-ylidene]-2,3-dihydro-1H-indol-2-one  

 

8.1 Introduction 

Thiazole and its derivatives are widely used in the manufacturing of synthetic drugs, 

fungicides and dyes. The derivatives of thiazole like phenylthiazolyl, iso-thiazole are found 

to have a potent local anaesthetic, anti-inflammatory, analgesic and antipyretic activities 

[226-228]. Thiazoles are one of the most intensively investigated classes of aromatic five-

membered heterocyclic and containing three carbons, one sulphur, and one nitrogen atom. 

Thiazole and its derivatives are also very useful compounds in different fields of chemistry 

including medicine and agriculture [229]. It has an important component effect of the 

pharmacophores of a large number of medicinal significance molecules and the evaluation 

of their biological activity, such as antibacterial, antiprotozoal, antitubercular, antifungal, 

and anthelmintic, with emphasis on their potential medicinal applications [230]. 

 To the best of our knowledge, the literature survey implies that no study has been 

made on this molecule. From the above-enlightened findings, we were motivated to study 

spectroscopic properties and use the computational molecular modelling techniques to 

correlate the observed results. In the present work, structural and biological properties of the 

compound  5-Chloro-1-(4-chlorobenzyl)-3-[2-(3-(4-chlorophenyl)-5-[4-(propan-2-yl) 

phenyl]-4,5-dihydro-1H-pyrazol-1-yl) -4-oxo- 4,5-dihydro-1,3-thiazol-5(4H)-ylidene]-2,3-

dihydro-1H-indole-2-one  (5CPPTI) were investigated. The  FT-IR and FT-Raman spectra 

of the (5CPPTI) were reported both experimentally and theoretically. The study of frontier 
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molecular orbitals (HOMO-LUMO) has been used to represent how the charge transfer 

takes place in the molecule. Global reactivity descriptors also computed. Molecular 

electrostatic potential (MEP) has been inspected to understand the correlation between 

molecular structure and biological activity.  

 The natural bond orbital method was used to study the molecular stability and bond 

strength. Topological studies were investigated to identify critical points in the molecule.  

 

8.2 Experimental details 

 The structure of CPTBN along with the synthesis procedure was screened by Salian 

et al. [87]. In the present work, technical studies were carried out as follows: 

 Fourier transform infrared spectrum was recorded between 4000-400 cm
-1

 using the 

Perkin Elmer spectrometer, which was calibrated using an MCT (Mercury-

Cadmium-Telluride) detector with KBr (potassium bromide) pellet technique. 

 FT-Raman spectrum was obtained within the interval of 3500-0 cm
-1

 using a Bruker 

RFS27V the 1064 nm line of a Nd: YAG laser device for excitation controlled at 200 

mWpower. At room temperature, the spectrum was recorded at a scanning speed of 

10cm
-1 

and a spectral resolution of 1.0 cm
 -1

.  

 

8.3 Computational details 

 The molecular structure of the title compound carried out using the Gaussian 09 

program [20]. The electronic structure of the molecule has to prove with the density 

functional theory. The Gaussian 09 program performed with Becke‟s three-parameter hybrid 

model and the Lee-Yang-Parr correlation was a useful functional (B3LYP) in DFT 

technique. The potential energy distributions predicted by VEDA program. The visual 

representations for fundamental modes are also checked by the GaussView program [31]. 

The Lamarckian genetic algorithm [62] applied to search for protein-ligand interactions, for 
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visualization performed using PyMol [63]. The molecular docking performed by the 

AutoDock 4.0.1 software [57], which was also applied to detect the docking input files and 

analyze the docking result.  

 

8.4. Results and discussion  

8.4.1. Molecular geometry 

The optimized molecular structure of 5-Chloro-1-(4-chlorobenzyl)-3-[2-(3-(4-

chlorophenyl)-5-[4-(propan-2-yl) phenyl]-4,5-dihydro-1H-pyrazol-1-yl) -4-oxo- 4,5-

dihydro-1,3-thiazol-5(4H)-ylidene]-2,3-dihydro-1H-indole-2-one  (5CPPTI)  with atom 

numbering is shown in Fig. 8.1. By allowing all parameters to be unperturbed, the equations 

converge to maximise geometries that conform to the true energy minimum, as seen by the 

absence of imaginary frequencies in the estimation of the vibration mode. Both the DFT 

(B3LYP/6-31G) and (B3LYP/6-311G) methods are used to measure the most optimised 

bond lengths and bond angles of this compound, as set out in Tables 8.1 and 8.2. In the case 

of B3LYP measurement about DFT computation, the aromatic C-C bond lengths of the title 

compound are observed to have higher values. 

8.4.2 Vibrational analysis  

 The title compound consists of 73 atoms, which has 213 normal modes. This 

compound belongs to C1 point group symmetry. The computed vibrational wavenumbers 

and the atomic displacements corresponding to the different normal modes are used for 

identifying the vibrational modes unambiguously. The calculated vibrational wavenumbers, 

measured infrared and Raman band positions and their assignments are given in Table 8.3. 

The observed (FT-IR and FT-Raman) and simulated spectra are shown in Figs. 8.2 and 8.3, 

respectivly 
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Fig. 8.1 Optimized structure of  5-Chloro-1-(4-chlorobenzyl)-3-[2-(3-(4-

chlorophenyl)-5-[4-(propan-2-yl) phenyl]-4,5-dihydro-1H-pyrazol-1-yl) -4-oxo- 

4,5-dihydro-1,3-thiazol-5(4H)-ylidene]-2,3-dihydro-1H-indole-2-one 

(5CPPTI)using B3LYP/6-311G basis set 
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Fig. 8.2. Observed FT-IR and simulated spectra of 5CPPTI 
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 Fig.8.3 Observed FT-Ramanand simulated spectra of 5CPPTI 
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CH3 vibrations 

For the assignments of  CH3 group frequencies, nine fundamentals can be associated 

to each CH3 group namely, CH3 symmetrical stretch, CH3 in-plane stretch (i.e., in-plane 

hydrogen stretching modes), CH3 in-plane bending (i.e., hydrogen deformation modes), CH3 

symmetrical bending, CH3 in-plane rocking, CH3 out-of-plane rocking and CH3 twisting. In 

addition to that, CH3 out-of-plane stretch and CH3 out-of-plane bending modes of the CH3 

group would be expected to be depolarized for a symmetry species. The C–H stretching in 

CH3 occurs at lower frequencies than those of aromatic ring (2925–3000 cm
−1

). The 

vibrations of methyl group are observed in the typical range reported earlier [231- 234]. The 

CH3 symmetric stretching frequencies are established at 2965, 2960 and 2953 cm
−1

 whereas 

CH3 asymmetric frequencies are assigned at 2936 and 2903 cm
−1

 in FT Raman and 2982 

cm
−1

 in FT-IR spectrum. The asymmetric deformation of CH3 group is usually observed at 

around 1450 cm
−1

 for methyl substituted aromatic rings [235-237]. 

 In this study, the observed FT-IR band at 2925 cm
-1

 is assigned as CH3 asymmetric 

stretching mode and corresponding calculated  wavenumbers  are 2958, 2952, 2945, 2937, 

2932, 2902, 2892 cm
-1

 (6-31G) and 2952, 2947, 2940, 2930, 2927, 2897, 2888 (6-311G) . 

The CH3 in-plane bending vibrations are appeared at 1458 cm
-1

in FT-IR and 1463 cm
-1

 in 

FT-Raman. The computed wavenumbers are δopb= 1510, 1499 cm
-1

, δipb = 1505, 1492 cm
-1

, 

δsb = 1413, 1376 cm
-1 

predicted by B3LYP/ 6-31G basis setandδopb= 1505, 1492 cm
-1

,  

δipb = 1466, 1460 cm
-1

, δSb = 1407, 1370 cm
-1 

predicted by B3LYP/ 6-311G basis set. The 

band observed at 1007 cm
-1

 in FT-Raman the corresponding theoretical value bound at 

1009, 989 cm
-1

 in B3LYP/6-31G and in 1004, 985 cm
-1 

B3LYP/6-311G are assigned as a 

CH3 out-of-plane bending vibration of the title compound. 

C-H vibrations  

Aromatic compounds commonly exhibit multiple weak C-H stretching bands in the 

region 3100-3000 cm
-1 

[238]. Accordingly, in the present study the C-H stretching 
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vibrations of  the title compound is computed at 3119, 3114, 3107, 3099, 3092, 3075, 3069, 

3055, 3040, 3019, 3011, 3003, 2996, 2986, 2979, 2970, 2873 cm
-1 

[6-31G] and 3115, 3109, 

3103, 3095, 3088, 3072, 3065, 3051, 3034, 3015, 3006, 2995, 2988, 2982, 2975, 2967,  

2869 cm
-1 

[6-311G]. 

The bands due to C-H in-plane and out-of plane bending vibration interacting 

somewhat with C-C stretching vibration are observed as a number of medium weak 

intensity sharp bands in the region 1300-1000 cm
-1 

and 1000-750 cm
-1

 [238]. In title 

compound, the C-H in-plane bending vibrations are attributed at 1423, 1381, 1337, 1277, 

1108 cm
-1 

in FT-IR spectrum and 1432, 1399, 1334, 1287, 1252, 1109 cm
-1

in FT-Raman 

spectrum. The corresponding wavenumber are theoretically predictedin the range 915- 

567 cm
-1

 (6-31G) and 911-561 cm
-1

 (6-311G). 

C-C vibrations 

The ring carbon-carbon (C-C) stretching vibrations usually occur in the region 

1625–1400 cm
−1 

[239]. The C-C stretching vibrations at 1659 cm
-1

 in FT-IR, 1616, 1577, 

1470, 1376 cm
-1

 in FT-Raman spectrum were assigned by Amul et al. [240]. In this study, 

carbon-carbon stretching vibrations are assigned at 1593, 1222, 1172 cm
-1 

in FT-IR 

spectrum. Prabhu et al. [241] observed that the C-C in-plane deformation vibrations were 

assigned at 670, 630, 620, 570, 500 and 490 cm
-1

. In this study, the computed values by 

B3LYP/6-31G and 6-311Gare well agree with reported values. 

C=O vibrations 

All carbonyl compounds have a very intense and narrow peak in the range of 1800-

1600 cm
-1 

[242]. The multiple bonded groups are highly polar and therefore give rise to an 

intense infrared absorption band in the region 1700-1800 cm
-1

. The carbon-oxygen double 

bond is formed by π-π bonding between carbon and oxygen. Because of the different electro 

negativities of the carbon and oxygen atoms, the bonding electrons are not equally 
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distributed between the atoms [243]. In the present study, the C=O stretching vibration is 

observed at 1682 cm
-1

 as a strong band in FT-IR, and  the computed wavenumbers at 1687 

and 1682 cm
-1

 with PED contributions of 68% and 70%. Both the experimentally observed 

FT-IR and FT-Raman bands show excellent agreement with theoretical values. 

8.4.3 Frontier molecular orbitals 

The frontier orbital gap helps to characterize the chemical reactivity and the kinetic 

stability of the molecule. The HOMO (Highest Occupied Molecular Orbital) which can be 

consider as the outer orbital containing electrons tends to give these electrons as an electron 

donor and hence the ionization potential is directly related to the energy of the HOMO. On 

the other hand, LUMO (Lowest Unoccupied Molecular Orbital) can accept electrons and the 

LUMO energy is directly related to electron affinity. The calculated energy values of 

HOMO = 6.3158 eV and LUMO = 3.1891 eV and the energy gapvalueΔE is 3.1267 eV. The 

energy gap explains which influences the biological activity of the molecule which are 

given in Fig. 8.4. 

 

 
Fig. 8.4 HOMO - LUMO energy gap plots of 5CPPTI 

 

ELUMO= -3.1891eV EHOMO = - 6.3158eV 

Energy gap 

∆E = 3.1265 eV 

LUMO Plot  

First excited state 

HOMO Plot  

Ground state 
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The chemical potential, global hardness and electrophilicity [244] will pave the way 

to understand the structure and reactivity of the molecule, with the aid of DFT based 

descriptors.  

 Parr et al. [14] proposed the global electrophilicity power of a ligand as ω = μ
2
/2η. 

This index measures the stabilization in energy when the system acquired an additional 

electronic charge from the environment. Electrophilicity encompasses both the ability of an 

electrophile to acquire additional electronic charge and the resistance of the system to 

exchange electronic charge with the environment. The Table 8.4, it contains information 

about both electron transfer (chemical potential) and stability (hardness) and is a better 

descriptor of global chemical reactivity.  

8.4.4 Molecular electrostatic potential (MEP) 

 Molecular electrostatic Potentialis is a very useful descriptor to understandthe 

electrophilic and nucleophilic reaction sites [245]. Different colours represent the different 

values of the electrostatic potential at the surface; red represents the regions with the most 

electrostatic potential, blue represents the regions with the most positive electrostatic 

potential. MEP plays an important role in the interaction between drug-receptor and enzyme 

substrate, which predicts the recognition of one molecule by another. According to the MEP 

map study of the title molecule, oxygen and nitrogen atoms (red coded region) are found in 

the negative regions which are shown in Fig. 8.5. 
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8.4.5 NCI surface analysis 

 The real space weak interaction, supported on electron density and derivatives is 

approached by RDG analysis and it is improved by Johnson et al. [52]. It is a dimensionless 

extent and the first gradient found in the literature. The leading intention of this portion is to 

study the non-covalent interactions between the dissimilar entities and to appraise their 

consequence in the steadiness of the crystal formation. The graphical visualization of non-

covalent interactions locations is succeeding by NCI-RDG analysis. It is examined as a 

resolve and helpful technique of characterizing repellent steric interaction van der Waals 

interactions and hydrogen bonds using a simple colour code. The quality of the strength of 

the interaction can be investigated through RDG surface analysis. Red, green and blue 

colour codes are used to describe destabilizing steric interactions, van der Waals and 

stabilizing hydrogen bonding respectively. 
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Fig. 8.5 Molecularelectrostatic potential (MEP) surface of5CPPTI  
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The plot of ν(r) against l2 sign will help to comprehend the quality and strength of 

the interaction. The sign of l2, the second greatest value of the Hessian matrix of electron 

density, is used to find the nature of an interaction. If l2 > 0, for non bonded and if l2 < 0 for 

bonded. The RDGisosurface of the title compound was drawn with isosurface value 0.5 as 

illustrated in Fig. 8.6. The software and it was plotted by Multiwfn and VMD program 

[118]. The red colour in scale in the figure depicts a forcible repulsion that seems in all 

centralized of the ring system. While a strong van der Waals interaction took place between 

the amide group and one of the propane phenyl as well as one hydrogen atom in the chloro 

substituted phenyl ring. 

8.4.6 ELF and LOL analysis  

 The ELF (electron localization function) and LOL (localized orbital locator) maps 

were topology analysis performed based on the covalent bonds. These maps reveal the 

regions where the probability of finding an electron pair is high [246]. ELF and LOL share a 

similar interpretation depending on the kinetic energy density [247]. Colour shade maps of 

the ELF and LOL for the title molecule were presented in Figs. 8.7 and 8.8, respectively. 

The electron localization function is the estimation of electron localization in atomic and 

Fig. 8.6 RDG 3D colour scaling of non-covalent interaction  in5CPPTI 
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molecule system. Pauli repulsion existing among two like–spin electrons was used as a 

measure of electron localization. Region with strongest Pauli repulsion corresponds to 

highly localized electrons. ELF studies give description of the bonding, reactivity and 

chemical structure [248]. The upper limit for ELF is 0.8 and the lower limit is 0. Two 

dimensional graphical data employing colourgradiation is used to characterize the ELF 

values for the title compound. Red colour corresponds to high values of ELF while blue 

represents the region with low end of ELF value. For the title compound the maximum Pauli 

repulsion was around hydrogen with single electron depicted by the red region.  

The regions with chlorine nitrogen having similar spin electrons close together 

where depicted by the blue region, whereas electron depletion regions (blue region) are 

identified at Nitrogen and oxygen atom. ELF and LOL analysis provides the description of 

the chemical structure, molecular bonding and reactivity with extensive prominence on their 

use for the quantitative analysis of aromaticity. 

8.4.7 NBO analysis 

 In quantum chemistry, a natural bond orbital (NBO) is a computed bonding orbital 

with maximum electron density. Natural bond orbital are used in computational chemistry to 

calculate bonds, bond order, donor-acceptor interactions and the distribution of electron 

density between atoms. The NBO also analysis the bonding in terms of the natural hybrid 

orbital. NBO calculations of the title compound were completed utilizing NBO 3.1 program 

[90] and the summary of important results are accounted in Table 8.5. The greater the E(2) 

value, the more grounded is the association between e
-
 contributors and e

-
acceptors and 

uncovers an all the more giving inclination from electron donors to electron acceptors and a 

more prominent level of conjugation of the entire framework. 
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Fig. 8.7 localized orbital locator (LOL) for 5CPPTI obtained in xy plane 

 

Fig. 8.8 Electron localization function (ELF) or shaded surface map with projection 

effect of 5CPPTI 
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8.4.8 Molecular docking study  

 The protein-drug interaction was studied by automated docking to determine the 

orientation of inhibitors bound to the active site of target protein. A genetic algorithm 

method, implemented in the program Autodock 4.2 was employed [62]. The 2D structures 

(.mol) of the 5CPPTI are converted to 3D structure (.pdb). The protein structure file was 

downloaded from the protein data bank [59]. For docking calculations, Gasteinger partial 

charges were assigned to the inhibitors and non-polar hydrogen atoms were assigned to the 

inhibitors. All torsions were allowed to rotate during docking. The grid map was centered at 

the residues of the protein. The number of docking run was 50, the population in the genetic 

algorithm was 250, and the number of energy evaluation was 1000. The docking results for 

inhibitors against protein, showed minimum docking energy, inhibition constant, with 

RMSD as noted. The molecular docking of the protein with 5CPPTI yielded best possible 

conformations with parameters including the docking energy, binding energy, 

intermolecular energy, inhibition constant and RMSD (Table 8.6). Molecular docking 

studies were performed using Auto dock tool software. The target protein from antiviral 

activity drugs against a) covid-19 (6xm4) b) HIV (2m8n) c) Anti-inflammatory (6hgf)  and 

d) Insulin (3tuv) was downloaded from Protein Data Bank and the active sites were chosen.  

Fig 8.9 shows the active site of three dimensional structure of a target receptor 

molecule protein. Among the all active sites, the pocket found to be best active contains 58 

amino acids. The minimum docking energy was found in the protein 6xm4–ligand is 8.95 

kcal/mol, RMSD (root mean square deviation) is 305.24 Å, and estimated inhibition 

constant is 277.03 nM. The minimum docking energy was found in the 2m8n–ligand is 

10.83 kcal/mol and RMSD (root mean square deviation) 14.866 Å, and estimated inhibition 

constant is 11.50 nM. The minimum docking energy was found in the 6hgf–ligand is 9.41 

kcal/mol and RMSD (root mean square deviation) is 15.494 Å, and estimated inhibition 
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constant is 127.45 nM. The minimum docking energy was found in the 3tuv–ligand is 3.73 

kcal/mol and RMSD (root mean square deviation) is 33.31 Å, and estimated inhibition 

constant is 1.84 mM.  

 

8.5 Conclusion 

 In the present study, an elaborate vibrational spectral analysis and quantum chemical 

calculation of 5-Chloro-1-(4-chlorobenzyl)-3-[2-(3-(4-chlorophenyl) -5-[4-(propan-2-yl) 

phenyl]-4,5-dihydro-1H-pyrazol-1-yl) -4-oxo- 4,5-dihydro-1,3-thiazol-5(4H)-ylidene]-2,3-

dihydro-1H-indole-2-one  (5CPPTI) was discussed. The geometrical parameters hold from 

DFT was in line with the experimental data. The vibrational analysis and PED were 

calculated to assure the presence of a variable functional block. MEP predicts that the most 

reactive part in the molecule and intermolecular interaction. The natural bond orbital 

Fig .8.9 a) covid-19 (6xm4) b) HIV (2m8n) c) Anti-inflammatory (6hgf) 

 d) Insulysin (3tuv) 

6xm4 2m8n 

6hgf 3tuv 

  (a) 
  (b) 

  (c)   (d) 
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analysis transacts in this study gives information about the molecular species which are 

equitable for more chemical stability. The value of  HOMO–LUMO energy gap depicts the 

presence of biological activity of the title derivative. The molecular docking results refer to 

the inhibitory activity against COVID-19 (6xm4), HIV (2m8n), Insulin (3tuv) and Anti-

inflammatory (6hgf) protein. 
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Table 8.1: Optimized structural parameters (bond length) of 5CPPTI calculated by 

DFT/B3LYP method with 6-31G and 6-311G basis sets 

Bond Length (Å) 6-31G 6-311G Bond Length (Å) 6-31G 6-311G 

C1-C4 1.460 1.461 C31-H36 1.097 1.092 

C1-C24 1.306 1.305 C31-H37 1.097 1.092 

C1-C26 1.522 1.520 C39-C40 1.511 1.510 

C2-C14 1.518 1.518 C39-N43 1.395 1.395 

C2-N25 1.511 1.509 C39-O56 1.245 1.242 

C 2-C26 1.556 1.554 C40-S44 1.840 1.844 

C2-H42 1.092 1.088 C40-C45 1.360 1.357 

H 3-C26 1.093 1.089 C41-N43 1.308 1.306 

C4-C5 1.408 1.407 C41-S44 1.861 1.866 

C4-C6 1.412 1.410 C45-C46 1.472 1.471 

C5-C7 1.398 1.396 C45-C47 1.504 1.502 

C5-H8 1.084 1.081 C46-C48 1.424 1.422 

C6-C9 1.393 1.391 C46-C49 1.401 1.399 

C6-H10 1.084 1.080 C47-O57 1.251 1.249 

C7-C11 1.392 1.389 C47-N58 1.386 1.384 

C7-H12 1.083 1.079 C48-C50 1.389 1.387 

C9-C11 1.396 1.393 C48-N58 1.409 1.410 

C9-H13 1.083 1.079 C49-C51 1.395 1.393 

C11-Cl27 1.822 1.825 C49-H52 1.080 1.076 

C14-C15 1.404 1.402 C50-C53 1.404 1.402 

C14-C16 1.403 1.400 C50-H54 1.083 1.079 

C15-C17 1.397 1.395 C51-C53 1.393 1.389 

C 15-H18 1.087 1.083 C51-Cl59 1.829 1.833 

C16-C19 1.396 1.394 C53-H55 1.083 1.079 

C16-H20 1.085 1.081 N58-C60 1.465 1.464 

C17-C21 1.405 1.403 C60-H61 1.095 1.092 

C17-H22 1.086 1.083 C60-H62 1.095 1.091 

C19-C21 1.406 1.404 C60-C63 1.520 1.520 

C19-H23 1.086 1.082 C63-C64 1.402 1.400 

C21-C29 1.526 1.525 C63-C65 1.406 1.403 

N24-N25 1.396 1.398 C64-C66 1.401 1.399 

N25-C41 1.341 1.340 C64-H67 1.087 1.083 
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C26-H28 1.097 1.092 C65-C68 1.398 1.395 

C29-C30 1.546 1.545 C65-H69 1.086 1.082 

C29-C31 1.546 1.545 C66-C70 1.391 1.388 

C29-H38 1.100 1.095 C66-H71 1.083 1.079 

C30-H32 1.096 1.092 C68-C70 1.395 1.391 

C30-H33 1.096 1.091 C68-H72 1.083 1.079 

C30-H34 1.097 1.092 C70-Cl73 1.827 1.830 

C31-H35 1.095 1.091     

 

Table 8.2: Optimized structural parameters (bond angle) of 5CPPTI calculated by 

DFT/B3LYP method with 6-31G and 6-311G basis sets 

Bond angle 

(degree) 

6-31G 6-311G 

 Bond angle 

(degree) 

6-31G 6-311G 

 C4 -C1 -N24  121.61 121.49   C29 -C31 -H36  110.45 110.44 

C 4 -C1 -C26  125.16 125.29   C29 -C31 -H37  111.15 111.23 

 N24 -C1 -C26  113.22 113.21   H35 -C31 -H36  108.31 108.24 

 C14 -C2 -N25  112.25 112.14   H35 -C31 -H37  107.82 107.83 

 C14 -C2 -C26  115.35 115.44   H36 -C31 -H37  107.82 107.83 

 C14 -C2 -H42  109.35 109.27   C40 -C39 -N43  113.58 113.59 

 N25 -C2 -C26  100.11 100.14   C40 -C39 -O56  123.40 123.34 

 N25 C-2 -H42  107.10 107.20   N43 -C39 -O56  123.02 123.07 

 C26 -C2 -H42  112.15 112.13   C39 -C40 -S44  109.79 109.82 

 C1 -C4 -C5  120.60 120.65   C39 -C40 -C45  128.13 128.17 

 C1 -C4 -C6  120.55 120.62   S44 -C40 -C45  122.08 122.01 

 C5 -C4 -C6  118.85 118.73   N25 -C41 -N43  122.95 122.92 

 C4 -C5 -C7  120.84 120.90   N25 -C41 -S44  119.15 119.34 

 C4 -C5 -H8  120.29 120.38   N43 -C41 -S44  117.89 117.74 

 C7 -C5 -H8  118.87 118.72   C39 -N43 -C41  113.02 113.25 

 C4 -C6 -C9  120.69 120.74   C40 -S44 -C41  85.72 85.60 

 C4 -C6 -10  119.13 119.17   C40 -C45 -C46  134.52 134.43 
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 C9 -C6 -10  120.17 120.09   C40 -C45 -C47  119.99 120.13 

 C5 -C7 -C11  118.79 118.73   C46 -C45 -C47  105.50 105.44 

 C5 -C7 -H12  120.75 120.74   C45 -C46 -C48  107.06 107.12 

 C11 -C7 -H12  120.46 120.53   C45 -C46 -C49  133.87 133.88 

 C6 -C9 -C11  118.96 118.93   C48 -C46 -C49  119.06 119.00 

 C6 -C9 -H13  120.69 120.68   C45 -C47 -O57  127.49 127.38 

 C11 -C9 -H13  120.35 120.39   C45 -C47 -N58  107.53 107.61 

 C7 -C11 -C9  121.86 121.97   O57 -C47 -N58  124.98 125.00 

 C7 -C11 -Cl27  119.07 119.05   C46 -C48 -C50  122.28 122.30 

 C9 -C11 -Cl27  119.06 118.98   C46 -C48 -N58  109.66 109.64 

 C2 -C14 -C15  121.55 121.53   C50 -C48 -N58  128.06 128.07 

 C2 -C14 -C16  119.81 119.92   C46 -C49 -C51  117.88 117.86 

 C15 -C14 -C16  118.64 118.54   C46 -C49 - H52  120.27 120.24 

 C14 -C15 -C17  120.48 120.53   C51 -C49 - H52  121.85 121.90 

 C14 -C15 -H18  120.34 120.40   C48 -C50 -C53  118.16 118.20 

 C17 -C15 -H18  119.18 119.07   C48 -C50 -H54  121.62 121.65 

 C14 -C16 -C19  120.67 120.72   C53 -C50 -H54  120.21 120.14 

 C14 -C16 -H20  119.44 119.46   C49 -C51 -C53  123.12 123.26 

 C19 -C16 -H20  119.87 119.80   C49 -C51 -Cl59  118.47 118.33 

 C15 -C17 -C21  121.22 121.26   C53 -C51 -Cl59  118.42 118.41 

 C15 -C17 -H22  119.46 119.43   C50 -C53 -C51  119.50 119.39 

 C21 -C17 -H22  119.31 119.31   C50 -C53 -H55  120.26 120.27 

 C16 -C19 -C21  121.08 121.12   C51 -C53 -H55  120.24 120.34 

 C16 -C19 -H23  119.01 118.94   C47 -N58 -C48  110.25 110.19 

 C21 -C19 -H23  119.90 119.94   C47 -N58 -C60  122.95 123.03 

 C17 -C21 -C19  117.91 117.82   C48 -N58 -C60  126.80 126.76 

 C17 -C21 -C29  120.68 120.72   N58 -C60 -H61  108.58 108.80 
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 C19 -C21 -C29  121.41 121.46   N58 -C60 -H62  105.48 105.51 

 C1 -N24 -N25  108.55 108.55   N58 -C60 -C63  114.03 114.07 

 C2 -N25 -N24  113.40 113.26   H61 -C60 -H62  107.91 107.71 

 C2 -N25 -C41  125.16 125.14   H61 -C60 -C63  110.36 110.29 

 N24 -N25 -C41  121.39 121.54   H62 -C60 -C63  110.20 110.18 

 C1 -C26 -C2  103.67 103.72   C60 -C63 -C64  120.81 120.75 

 C1 -C26 -H3  112.34 112.39   C60 -C63 -C65  120.20 120.37 

 C1 -C26 -H28  110.41 110.42   C64 -C63 -C65  118.98 118.86 

 C2 -C26 -H3  111.25 111.27   C63 -C64 -C66  120.98 121.04 

 C2 -C26 -H28  111.71 111.60   C63 -C64 -H67  119.89 119.92 

 H3 -C26 -H28  107.51 107.50   C66 -C64 -H67  119.12 119.04 

 C21 -C29 -C30  111.74 111.85   C63 -C65 -C68  120.73 120.82 

 C21 -C29 -C31  111.78 111.83   C63 -C65 -H69  119.66 119.78 

 C21 -C29 -H38  107.09 106.98   C68 -C65 -H69  119.61 119.40 

 C30 -C29 -C31  110.94 111.08   C64 -C66 -C70  118.57 118.52 

 C30 -C29 -H38  107.51 107.41   C64 -C66 -H71  120.89 120.89 

 C31 -C29 -H38  107.51 107.40   C70 -C66 -H71  120.54 120.59 

 C29 -C30 -H32  110.48 110.46   C65 -C68 -C70  118.81 118.75 

 C29 -C30 -H33  111.19 111.16   C65 -C68 -H72  120.79 120.79 

 C29 -C30 -H34  111.09 111.19   C70 -C68 -H72  120.40 120.46 

 H32 -C30 -H33  108.27 108.21   C66 -C70 -C68  121.93 122.01 

 H32 -C30 -H34  107.78 107.77   C66 -C70 -Cl73  119.05 119.02 

 H33 -C30 -H34  107.90 107.92   C68 -C70 -Cl73  119.02 118.97 

 C29 -C31 -H35  111.17 111.14     
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Table 8.3: Vibration assignments, observed and calculated wave numbers of 5CPPTI  at 

B3LYP method with 6-31G and 6-311Gbasis sets 

Mode

.No 

Observed 

wavenumbers                

(cm
-1

) 

Calculated                     

wavenumbers (cm
-1

) 
Vibrational assignments (PED%) 

FT-IR 
FT-

RAMAN 

B3LYP/6-

31G 

B3LYP/6-

311G 

1 3113  3119 3115 υ CH(99) 

2   3114 3109 υ CH(99) 

3   3107 3103 υ CH(98) 

4   3099 3095 υ CH(98) 

5   3092 3088 υ CH(99) 

6  3064 3075 3072 υ CH(98) 

7   3069 3065 υ CH(99) 

8   3055 3051 υ CH(98) 

9   3040 3034 υ CH(99) 

10   3019 3015 υ CH(98) 

11   3011 3006 υ CH(97) 

12   3003 2995 υ CH(98) 

13   2996 2988 υ CH(98) 

14   2986 2982 υ CH(99) 

15   2979 2975 υ CH(98) 

16   2970 2967 υ CH(97) 

17 2959 2962 2966 290 υassCH2 (96) 

18   2958 2952 υassCH3 (96) 

19   2952 2947 υassCH2 (96) 

20  2936 2945 2940 υassCH3 (96) 

21   2937 2930 υassCH3 (96) 

22 2925  2932 2927 υassCH3 (97) 

23   2917 2913 υssCH2 (96) 

24   2910 2905 υssCH2 (96) 

25   2902 2897 υssCH3 (97) 

26   2892 2888 υssCH3 (97) 
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27 2864  2873 2869 υCH (98) 

28 1687 1682 1687 1682 υCO (62), υCN (16), υCC (14) 

29   1666 1663 υCO (66), υCC (17), υCN (10) 

30   1652 1647 υCC (74), δ CH (22) 

31   1638 1635 υCC (75), δ CH (19) 

32   1619 1613 υCC (75), δ CH (18) 

33   1608 1603 υCC (74), δ CH (20) 

34 1593  1596 1592 υCC (76), δ CH (18) 

35  1586 1587 1584 υCN (66), υCC (14), δ CH (12) 

36   1575 1571 υCC (74), δ CH (22) 

37   1564 1563 υCC (74), δ CH (14) 

38   1561 1557 υCC (75), υCO (18) 

39 1542  1552 1545 υCN (67), υCC (15), δ CH (10) 

40   1541 1537 υCN (72), υCO (21) 

41   1525 1521 δ CH (88) 

42   1510 1505 δOPB CH3 (79) 

43 1491 1492 1499 1492 δOPB CH3 (80) 

44   1488 1483 δCH (88) 

45   1479 1475 δCH (86), δsciss CH2 (10) 

46  1463 1472 1466 δIPB CH3 (79) 

47 1458  1463 1460 δIPB CH3 (79) 

48   1456 1454 δsciss CH2 (86) 

49   1450 1447 δsciss CH2 (86) 

50  1432 1435 1431 δ CH (74), υCC (18) 

51 1423  1425 1420 δ CH (80) 

52   1414 1411 δ CH (82) 

53   1413 1407 δSB CH3 (82) 

54  1399 1409 1402 δ CH (84) 

55 1381  1385 1380 δ CH (84) 

56   1376 1370 δSB CH3 (83) 

57   1367 1362 ρ ROCK CH2(80) 

58   1355 1351 ρ ROCK CH2(80) 

59   1350 1345 δ CH (80) 
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60 1337 1334 1342 1336 δ CH (68), υCC (18) 

61   1329 1325 δ CH (68), υCC (20) 

62   1314 1311 δ CH (66), υCC (18) 

63   1302 1299 δ CH (66), υCCC (18) 

64  1287 1294 1290 δ CH (66), υCCC (18) 

65 1277  1281 1275 δ CH (60), υCC (16), δ CN (12), 

66   1270 1266 υCC (61), δ CH (18), δ CCl (11) 

67   1267 1260 υCC (61), δ CH (18), δ CCl (10) 

68  1252 1256 1251 δ CH (72), δ CC (21) 

69   1248 1244 γwag CH2 (62), δ CH (12), υCC (10) 

70   1235 1231 υCC (71), δ CH (12), δ CCl (10) 

71 1222  1225 1220 υCC (70), δ CH (12), δ CC (11) 

72   1207 1203 δ CH (80) 

73   1201 1197 δ CH (80) 

74  1184 1190 1185 γwag CH2 (78), γCH(12) 

75 1172  1182 1179 υCC (69), δ CH (13) 

76   1173 1170 δ CH (82), υCC (10) 

77   1165 1161 υCC (66), δ CN (16), δ CH (10) 

78   1157 1150 υCC (68), δ CH (12) 

79   1151 1145 δ CH (71), υCC (18),  

80   1137 1133 δ CH (82) 

81   1125 1121 δ CH (82) 

82 1110 1109 1115 1110 δ CH (82) 

83   1109 1101 δIPR CH3 (69), δ CH (18) 

84   1103 1097 Γ CH2 (72) 

85 1086  1095 1092 υ CN (61), υ NN (11), δ CO (10) 

86   1090 1088 δ CH (82) 

87   1075 1070 δIPRCH3 (68), δ CH (18) 

88   1067 1062 δ CH (82) 

89   1050 1044 δ CH (82) 

90   1035 1031 υCC (68), δIPRCH3 (16) 

91   1027 1022 υCCl (74), δ CH (19) 

92 1012  1020 1013 υCCl (74), δ CH (19) 
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93  1007 1009 1004 γ OPRCH3 (68), γ CH (12) 

94   989 985 γ OPRCH3 (68), γ CH (12) 

95   983 979 υNN(62), υCC (11), δ CN (10) 

96   970 967 δRING(62), υCN(18) 

97 951 948 957 950 δRING(62), υCC (17) 

98   945 941 δRING(66), δCC (12) 

99   940 935 δRING(66), υCCl (12) 

100   933 927 δRING(65), υCCl (14) 

101   923 920 δRING(66), υCC (12) 

102 910 910 915 911 γ CH (61), γ CH2 (16) 

103   900 897 γ CH (68) 

104   891 888 γ CH (68) 

105   880 878 γ CH (68) 

106   874 870 γ CH (68) 

107   867 863 γ CH (68) 

108   859 855 γ CH (68) 

109   845 841 γ CH (69) 

110   837 833 γ CH (64) 

111 827  830 826 γ CH (64) 

112   822 820 γ CC (66) 

113   817 813 γ CH (68) 

114   812 809 γ CC (66) 

115  802 806 801 δRING(66) 

116   799 794 γ CC (68) 

117   791 788 υ CC (69), δ CC (20) 

118   785 783 δRING(67) 

119   781 775 γ CH (64) 

120   779 770 γ CH (64) 

121 760 763 772 766 γ CH (64) 

122   767 761 γ CH (64) 

123  748 760 756 γ CH (64) 

124   755 750 γ CH (64) 

125   747 743 γ CH (64) 
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126   740 735 γ CH (64) 

127   731 727 δRING(62), υCC (18) ), υCCl (10) 

128 725 724 725 720 δRING(60) 

129   720 713 δRING(62) 

130   714 709 γ CH (64), γ CC (18) 

131   708 703 γRING(58), γ CH (22) 

132  696 702 693 γRING(58), γ CH (20) 

133 682  690 685 γRING(58), γ CH (20) 

134   686 680 γCO (60), γRING(21) 

135   679 672 δRING(58), δ CH (17), υCCl (11)  

136   675 669 γRING(60) 

137   668 663 γRING(58), υCCl (18) 

138   660 657 δRING(58), υ CCl (22) 

139 654  655 650 δRING(58), δCC(56) 

140   644 640 δRING(58) 

141   633 632 δRING(58), υCCl (24) 

142 628 626 630 626 δRING(58), υCCl (25) 

143   621 617 δRING(56) 

144   605 602 δRING(58) 

145   598 594 δRING(58) 

146   592 588 δRING(60), υCCl (19) 

147 583  583 580 γRING(58) 

148   575 570 γ CH (59), γ CCL (14) 

149   567 561 γ CH (59), γ CC (19) 

150 555  560 557 δRING(66) 

151  549 555 550 γ CO (62), γ CCL (16) 

152   546 542 γ CC (58) 

153 532  539 535 δRING(60) 

154   524 522 δRING(60) 

155   510 507 γRING(58) 

156 491  493 490 γ CCL (55) 

157   484 481 γRING(58) 

158   475 473 γ CC (55) 
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159   464 461 γ CC (55) 

160   456 450 γRING(55) 

161   435 432 γRING(52) 

162 421  427 423 γRING(53) 

163   415 411 γRING(53) 

164   408 401 γRING(55) 

165   389 384 δ CC (58) 

166   380 376 δRING(58) 

167   364 358 δring(62) 

168   353 349 γ CC (55) 

169   345 340 γ CCH2 (55) 

170   332 325 γ CCH2 (55) 

171   317 313 δ CC (60) 

172   312 306 δ CCl (62) 

173   297 294 δ CC (62) 

174   292 287 γ CC (54) 

175   282 275 δ CC (60) 

176   271 263 γ CC (54) 

177   260 255 γ CC (53) 

178   251 247 γ CCl (52) 

179   245 239 γ CCl (52) 

180   240 232 γ CC (53) 

181   227 220 γ CCl (55) 

182   216 211 γ CC (54) 

183   207 200 τ CH3 (60) 

184   195 186 τ CH3 (60) 

185   184 179 γring(54) 

186   175 168 γ CCH3 (52) 

187   167 160 γ CC (52) 

188  155 158 153 γ CC (52) 

189   154 148 γ CC (50) 

190   150 142 γring(52) 

191   144 138 γring(52) 
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192   138 131 δ CC (62) 

193   132 127 γ CC (54) 

194   125 122 γring(54) 

195   115 111 δ CC (59) 

196   109 104 γCN (53) 

197   101 96 γring(55) 

198   84 80 γring(55) 

199  74 79 74 γring(55) 

200   71 66 δring(61) 

201   63 58 δring(60) 

202   59 53 γring(55) 

203   56 50 δring(60) 

204   45 40 δ CC (64) 

205   42 35 δ CC (61) 

206   39 32 δ CC (60) 

207   33 26 γ CC (55) 

208   30 23 γ CC (52) 

209   27 21 δ CC (60) 

210   20 16 δ CC (60) 

211   17 12 γring(51) 

212   10 8 γring(50) 

213   9 6 γring(48) 

s-strong, ms-medium strong, w-weak, vw-very weak, vs-very strong, υ-stretching, νsym-sym 

stretching, νass-asymstretching , δ-in-plane, δinb-in-plane bending. δinr-in-plane rocking, γ-

out-of-plane, γ opb-out-of-plane bending, γring- out-of-plane ring, scis-scissoring,ρscis-in plane 

scissoring, w-wagging, rock-rocking, Г -twisting,  δring -ring vibration. 
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Table 8.4: Calculated E-HOMO, E-LUMO), energy gap (ELUMO–EHOMO), Ionization 

potential (I), Electron affinity (A), global hardness (η), electronegativity (χ), Chemical 

softness (σ), chemical potential (μ) and global electrophilicity (ω) using the 6-311G levels 

of theory 

Molecular 

properties 

Energy 

(eV) 

Energy 

gap (eV) 

(I) (eV) 

 
(A) (eV) (ɳ) (eV) (χ) (eV) (σ) (eV) (µ) (eV) (ω) (eV) 

EHOMO 6.3158 
3.1267 6.3158 3.1891 1.5634 4.7525 0.6397 - 4.7525 7.2235 

ELUMO 3.1891 

 

Table 8.5: Second order perturbation theory analysis of Fock matrix on NBO of 5CPPTI 

Donor(i) Type ED/e 
Acceptor 

(j) 
Type ED/e 

E(2)
a
 

Kcal/mol 

E(j)-

E(i)
b
 

a.u 

F(i,j)
c
 

a.u 

σ C2 - H42 1.87007 π* C14 - C15 0.39569 12.11 0.48 0.073 

π C4 - C5 1.64536 π* C1 - N24 0.25178 17.55 0.24 0.059 

π C4 - C5 1.64536 π* C6 - C9 0.2919 19.74 0.29 0.068 

π C4 - C5 1.64536 π* C7 - C11 0.3924 22.22 0.27 0.069 

π C6 - C9 1.65977 π* C4 - C5 0.39225 21.04 0.28 0.069 

π C6 - C9 1.65977 π* C7 - C11 0.3924 21.74 0.26 0.068 

π C40 - S44 1.83215 π* C41 - N43 0.56694 27.69 0.34 0.097 

π C41 - N43 1.82144 π* C39 - O56 0.49038 27.83 0.27 0.085 

π C41 - N43 1.82144 π* C40 - S44 0.66732 19.43 0.26 0.073 

π C45 - C46 1.50119 π* C47 - O57 0.36579 30.41 0.23 0.077 

π C45 - C46 1.50119 π* C48 - C50 0.34117 23.84 0.27 0.075 

π C45 - C46 1.50119 π* C49 - C51 0.35598 28.04 0.27 0.08 

π C48 - C50 1.6886 LP (1) C53 0.95002 48.39 0.15 0.093 

π C48 - C50 1.6886 π* C45 - C46 0.50004 13.49 0.27 0.057 

π C49 - C51 1.6494 LP (1) C53 0.95002 60.1 0.14 0.099 

π C49 - C51 1.6494 π* C45 - C46 0.50004 19.38 0.26 0.066 

π C63 - C64 1.66478 π* C65 - C68 0.31246 20.11 0.28 0.068 

π C63 - C64 1.66478 π* C66 - C70 0.38852 22.72 0.27 0.07 

LP (3) Cl27 1.99993 π* C7 - C11 0.3924 12.8 0.32 0.062 

LP (1) S44 2 σ* C39 - C40 0.07623 7.25 0.96 0.075 
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LP (1) C53 1.99896 π* C48 - C50 0.34117 58.57 0.14 0.1 

LP (1) C53 1.99896 π* C49 - C51 0.35598 59.91 0.14 0.1 

LP (2) O56 1.92239 σ* C39 - N43 0.04329 12.91 0.64 0.082 

LP (2) O57 1.88386 σ* C47 - N58 0.08456 25.23 0.64 0.114 

LP (1) N58 1.65564 π* C47 - O57 0.01473 61.68 0.24 0.108 

LP (1) N58 1.65564 π* C48 - C50 0.34117 34.63 0.28 0.087 

π* C1 - N24 0.25178 π* C4 - C5 0.39225 36.98 0.04 0.064 

π* C7 - C11 0.3924 π* C4 - C5 0.39225 229.69 0.02 0.084 

π* C7 - C11 0.3924 π* C6 - C9 0.2919 140.54 0.02 0.079 

π* C14 - C15 0.39569 π* C17 - C21 0.35863 258.02 0.01 0.081 

π* C40 - S44 0.66732 π* C39 - O56 0.49038 423.56 0.01 0.085 

π* C40 - S44 0.66732 π* C45 - C46 0.50004 54.63 0.06 0.064 

π* C41 - N43 0.56694 π* C39 - O56 0.49038 287.71 0.01 0.075 

π* C45 - C46 0.50004 π* C48 - C50 0.34117 115.22 0.02 0.066 

π* C45 - C46 0.50004 π* C49 - C51 0.35598 223.76 0.02 0.084 

π* C47 - O57 0.36579 π* C45 - C46 0.50004 194.63 0.02 0.086 

π* C66 - C70 0.38852 π* C63 - C64 0.35484 186.42 0.02 0.084 

π* C66 - C70 0.38852 π* C65 - C68 0.31246 171.67 0.02 0.08 

a→ E(2) means energy of hyper conjugative interaction (stabilization energy). 

b→ Energy difference between donor and acceptor i and j NBO orbitals. 

c → F(i,j) is the Fock matrix element between i and j NBO orbitals. 
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Table 8.6: The lowest binding bonds with a distance value of various proteins docked 

ligand 5CPPTI show the binding affinity, inhibition constant, and RMSD 

Ligand 

name 

PDB 

ID 

Bond 

distance 

(Å) 

Amino acid 

(residues) 
Bond 

Binding 

affinity  

(kcal/mol) 

Inhibition 

Constant  Ki 

(µM or nM 

ormM) 

RMSD 

(Å) 
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6xm4 2.4 LYS A 206 Pi-alkyl -8.95 277.03 nM 305.24 

2.7 TYR A 38 Pi-Pi T-shaped -8.22 946.51M 306.66 

3.1 GLU A 224 Pi-sigma -7.78 1.99 µM 289 

2m8n 2.0 PHE A 32 Pi-Sulfur -10.83 11.50 nM 14.866 

3.2 GLUA175 vanderWaals -10.41 23.44 nM 15.016 

3.2 ALA A 31 Pi-alkyl -9.87 58.03 nM 11.534 

6hgf 2.6 ASN  A248 vanderWaals -9.41 127.45nM 15.494 

2.2 LEU A 252 Pi-alkyl -7.97 1.44 μM 10.167 

3.1 ALA A 251 Pi-alkyl -7.45 3.49μM 11.118 

3tuv 2.2 GLU A 699 vanderWaals -3.73 1.84 mM 33.31 

2.9 ASP A 706 Pi-Anion -3.58 2.39 mM 9.60 

3.7 LEU A588 alkyl -1.47 83.27 mM 47.78 
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SUMMARY OF CONCLUSION 

As said earlier, a concept of molecular spectroscopy was introduced to describe the 

properties of chemical substances. In principle, the stated goal can be reached by known 

theoretical methods. It would be obviously be desirable if the quantum mechanical 

calculation could be done. The quantum mechanical computations were applied suitable 

computed aided software (GAUSSIAN 09) with appropriate basis sets. 

Utilizing experimental spectroscopic techniques and quantum chemical calculations, 

a thorough investigation of the structural and spectral properties of all the Thaizole-Pyrazole 

molecule has been carried out. FT-IR and FT-Raman spectra of the molecule are 

experimentally recorded and analyzed. The calculated vibrational frequencies of the title 

molecules have been found in good agreement with IR and Raman experimental data. This 

shows results presented in this work indicate that this level of theory is reliable for the 

prediction of both infrared and Raman spectra of the compounds. 

The molecular optimized geometrical parameters such as bond length and  bond 

angle were calculated and compared with the earlier experimental literatures. Moreover, 

Frontier molecular orbitals (HOMO-LUMO) analysis, molecular electrostatic potential and 

Natural bond orbital (NBO) interpretation were carried out. The calculated HOMO-LUMO 

energies show that all compounds have band gap lesser than 4.00 eV. Particularly, 

compound 5-Chloro-1-(4-chlorobenzyl)-3-[2-(3-(4-chlorophenyl)-5-[4-(propan-2-yl) 

phenyl]-4,5-dihydro-1H-pyrazol-1-yl) -4-oxo- 4,5-dihydro-1,3-thiazol-5(4H)-ylidene]-2,3-

dihydro-1H-indole-2-one  (5CPPTI)  have the lowest band gap (3.1265 eV) comparing 

other. By mapping the electron density subsurface, the chemical reactivity of the molecule 

was obtained. Natural bond orbital (NBO) analysis is used to contemplate the hyper-

conjugative interaction of the molecular stability and stability and charge delocalization. 



221 

NBO analysis shows that, in these all compounds the strongest bond formed between donor 

π*C39-O45 → LP(2)S41 which have maximum stabilization energy in 635.75 kcal/mol for  

5-(4-Methoxybenzylidene)-2-[3-(4-chlorophenyl)-5-[4-(propan-2-yl) phenyl]-4,5-dihydro-

1H-pyrazol-1-yl] -1,3-thiazol-4(5H)-one (MCPPT). This stabilization energy has been 

calculated from second order perturbation theory. 

Topology analysis show that the AIM calculations intimate that the character of 

the hydrogen bonds personate in the all the entitle molecule. The electron distribution 

and localization on the surface of the compounds were analyzed using ELF and LOL. 

Weak interaction of the molecules has been studied by using reduced density gradient 

(RDG) 2D and 3D graphed by Multiwfn. These studies proved that weak interaction like 

steric effect and van der Waal‟s effect were present in all compounds. 

 Molecular docking studies reveal that Thaizole-Pyrazole derivatives play a vital 

role in drug discovery and results reveals that these compounds have good biological 

activities. 
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A B S T R A C T

The research received a great deal of worldwide attention due to the nature of interpretation before the exper-
imental process. Based on the systematic process the structure of thiazole -pyrazole compound 4-[{2-[3-(4-chlor-
ophenyl)-5-(4-propan-2-yl) phenyl)-4, 5-dihydro- 1H- pyrazol-1-yl]-4-oxo-1, 3- thiazol-5(4H)-ylidene} methyl]
benzonitrile [CPTBN] was investigated. In the first level, the spectral statistics on experimental FT-IR and FT-
Raman was reported. At the next level, geometrical parameters was theoretically acquired from density functional
theory (DFT) using B3LPY/6-31G and 6-311G basis set. The computed Wavenumber were collected and compared
with the experimental data. The vibrational modes were interpreted in terms of potential energy distribution
(PED) results. The FMO, MEP, and NBO analysis further validated the electrophilic and nucleophilic interaction in
the molecular systems. Two grams-positive bacteria: staphylococcus aureus, Bacillus subtilis and two gram-negative
bacteria: Esherichia coli, Pseudomonas aeruginosa was performed for antibacterial activity. Two fungal strain
Candida albicans and Aspergillus Niger was carried out against a ligand using anti-fungal activity. The molecular
docking analysis explores the antimicrobial and selective potential inhibitory nature of the binding molecule.
Besides, RDG and ELF analysis were also performed to show the nature of interactions between the molecule.
1. Introduction

Recently, the investigation of vibrations of substituent azoles com-
pounds was an incredible arrangement of enthusiasm among the spec-
troscopists because of their physical and chemical properties. Thiazole is
one of the most intensively studied classes of aromatic amalgamation that
was initially outlined by Hantzsch and Weber in 1887 [1]. It belongs to
the family of azoles, the heterocyclic five-membered compounds con-
taining sulphur and nitrogen atoms at 1,3 positions in their fragrant ring
structure [2]. Thiazole core occupies a very important position among
the heterocyclic compounds which is naturally bioactive. Attached to
various active elements like pyrazole, phenyl, nitrile contains compounds
were synthesized in a laboratory environment and were eventually
achandran).

orm 27 December 2020; Accepte
is an open access article under t
introduced to be used to treat various diseases and varieties of industrial
purposes such as fungicides, dye, and paint production [3, 4]. Consis-
tently, the active elements nitrile are a common choice as both a chemical
and physical barrier to these hazards, especially nitrile gloves were useful
to a huge number of human services and industry laborers who are
exposed to chemical and organic risks [5]. Benzonitrile often plays a key
role in the inhibition of hydrogen absorption [6]. The present work in-
volves the study of comprehensive molecular geometry and vibrational
modes of CPTBN using quantum chemical computations. It has a mo-
lecular formula C29H23ClN4OS. The global reactivity descriptors like
highest occupied molecular orbital (HOMO), lowest unoccupied molec-
ular orbital (LUMO), andmolecular electrostatic potential (MEP) analysis
were interpreted with the theoretical value. The energy gap values (ΔE)
d 19 July 2021
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have been calculated using B3LYP/6-31G and 6-311G basis sets and re-
ported as a result of the molecular transitions. The investigation of nat-
ural bond orbital (NBO) provides information on the chemical features
such as intra and intermolecular charge transfer, second-order pertur-
bation characteristic relationships between the Lewis (donor) and
non-Lewis (acceptor) [6, 7]. The title molecule's reduced density gradient
(RDG) and electron localization function (ELF) were investigated using
Multiwfn software. The disc diffusion method was used to successfully
evaluate anti-microbial activity of the compound at 25, 50, 75, and 100
μg/ml concentration levels with established bacterial and fungus strains.
To explore the potential biological activity of the thiazole (CPTBN)
compound, few studies included in the molecular docking analysis and
report on the drug-like behaviors of the title compound. The
anti-microbial, monoclonal antibodies, Nitric oxide synthase inhibitor,
and Staphylococcal protein A protein structural activity observed were
consistent with the results of docking pose providing key insight of se-
lective antimicrobial and medical potential inhibitors. The above find-
ings are opening up new avenues of medicinal chemistry and important
for clinical manifestation.

2. Experimental details

The structure of CPTBN along with the synthesis procedure was
screened by Salian et al. [8] intrinsically and were used for spectral
measurements. For the compound characterization,

� Fourier transform infrared spectrum was recorded between 4000-
0 cm�1 using a Perkin Elmer spectrometer, which was calibrated
using an MCT Mid-IR range detector with KBr (potassium bromide)
pellets technique.

� FT-Raman spectrum were obtained within the interval of 3500-
0 cm�1 using a Bruker RFS27 the 1064 nm line of a Nd: YAG laser
device for excitation controlled at 200 mW power. At room temper-
ature, the spectrum was recorded at a scanning speed of 10 cm�1 and
a spectral resolution of 1.0 cm�1.

� Using the disc diffusion method, the title compound with four con-
centrations of 25, 50, 75, and 100 μg/ml in distilled DMSO was
prepared and tested against antimicrobial strains were maintained on
agar medium at 4 �C. Antimicrobial cultures such as Staphylococcus
aureus, Bacillus subtilis, Esherichia coli, Pseudomonas aeruginosa,
Candida albicans and Aspergillus Nige were tested.

3. Computational details

In the present work, geometry optimizations and electronic structure
calculation of the CPTBN were first performed for B3LYP functional with
6-31G and 6-311G basis sets using the Gaussian 09 program [9]. The
correlation function is used to predict the molecular structure of the
CPTBN. The potential energy distribution (PEDs) is done with the help of
(VEDA) program [10]. GAUSSVIEW program [11] provided a visual
presentation of vibrational modes.

Screening the calculations exposed that, the density functional
theory (DFT) computations with the promising vibrational properties,
molecular geometry, and orbital energy of CPTBN. Besides natural
bond orbital (NBO) calculations were carried out using the NBO
program implemented in Gaussian 09 [12]. Multi-wfn software pro-
vides a route for a consistent description of interactions between the
atoms in terms of the topological properties of the electron density
ρ(r). Electron localization function (ELF) map and Reduced Density
Gradient (RDG) were calculated using the Multi-wfn program [13].
Molecular docking studies were performed with the help of an Auto
dock [14] software. Discovery Studio Visualizer 4.1 [15] and Pymol
software [16].
2

4. Results and discussions

4.1. Molecular geometry

The density functional theory is one of the most reliable computa-
tional approaches for the theoretical investigation of the structure of the
molecule. The Gaussian 09 shows an optimized molecular form of CPTBN
computed by B3LYP/6-31G, B3LYP/6-311G, and visualized through the
Gauss view program shown in Figure 1. The optimized bond lengths and
angles of the title compound are tabulated in Tables 1 and 2, respectively.
The optimized structure is found to be with C1 point group symmetry
having its ground state energy of 2271.46 a.u with a dipole moment of
8.9529 Debye. Elaboration of the collected data is as follows.

The optimized geometrical structure of the title molecule benzonitrile
substituent in the thiazole ring system, chain with pyrazol bounds by two
phenyl rings (one is chlorophenyl - PhI and the other is 4-(Propan-2-yl)
phenyl - PhII. Normally, the C–C bond lengths of aromatic rings formed
by the phenyl ring are greater than range 1.3900 Å, although the
computed value falls in the range C4–C6 ¼ 1.4102/1.4120 Å, C9–C11 ¼
1.3933/1.3964 Å, C5–C7 ¼ 1.3959/1.3977Å. for PhI and C14–C15 ¼
1.4038/1.405Å, C16–C19 ¼ 1.3964/1.3982Å, C17–C21 ¼ 1.4056/1.4076
Å for PhII. The title compound is somewhat regular and the spread of C–C
bond distance is 1.3900–1.5500 Å in (phenyl ring I) PhI and
1.3900–1.4500 Å in (phenyl ring II) PhII, which is similar to the report by
Parveen et al. [17]. The computed bond lengths of the C¼C double bond
values are C4–C5 ¼ 1.4067/1.4083Å, C6–C9 ¼ 1.3907/1.3931Å, C7–C11

¼ 1.3886/1.3922Å for PhI and C14–C16 ¼ 1.3981/1.4009Å, C15–C17 ¼
1.3934/1.3957Å, C19–C21 ¼ 1.4011/1.4036Å for PhII. This observation
reveals that the C–C atoms in both rings are between the conventional
C–C single and C¼C double bond lengths, indicating that the electron
density is conjugated on all rings. The outer shell carbon-hydrogen bond
length values are experimentally falling in the range of 0.90 Å to 1.09 Å,
whereas the calculated C–H (ring) and C–H (methyl) values are 1.0800 Å
and 1.0900 Å, respectively. The C–H length in both phenyl rings is found
almost equal to around 1.08 Å, is very close to the experimental value
1.09 Å, which indicates that C–H bond lengths remain unaffected by the
substitution in rings. Generally, the thiazole ring has a difference in bond
length is due to the presence of a sulphur and nitrogen atom. The theo-
retical value of the C39–S41 bond length is 1.8653/1.8592Å and the
experimental value is found to be 1.86 Å [3]. The C40 ¼ O44 carbonyl
moiety present in thiazole has a double bond character, as evidenced by
the compound's estimated bond length (DFT) of 1.2450/1.2472 Å. The
shortening of these C–N bonds reveals the effect of resonance in this part
of the molecule. It attempts to draw the electron density of the neigh-
bouring atoms which as a result move closer together to share the elec-
trons more easily. The literature value of C–N, C¼N, C�N bond length
(XRD) is 1.3000 Å, 1.31 Å and 1.1600 Å [17]. In the current studies
C1–N24 ¼ 1.3046/1.3061Å, C2–N25 ¼ 1.5079/1.5097Å present in pyr-
azole ring, C42 ¼ N43¼ 1.3051/1.3059Å present in thiazole ring, and C57
� N58 ¼ 1.1682/1.1748Å present in benzonitrile ring indicating that
π-electron in the molecules are delocalized in the C–C of the molecule
which is similar in reported by Mustafa Er et al. [18]. The chlorine is
extremely electronegative, it strives to get more electron density, and the
computed value is 1.825 Å, that is found near the phenyl ring PhI. The
experimental values are taken from similar C–Cl bond length is observed
in 1.8200 Å by Vanasundari et al. [19]. The magnitude of the length N–N
bond is described in 1.38 Å assigned by Priyanka Singh et al. [20] and is
found in the center to be 1.3963/1.3946Å for the CPTBN molecule. The
angle formed between two adjacent bonds shows the internal bond an-
gles N25–C42–N43, C1–N24–N25, C39–C40–O44 and N43–C40–O44 are found
around the range to be 123�, 108�, 124�, and 122� in the CPTBN
respectively. This shortest bond angle is formed between thiazol is
C39–S41–C42 in 86�.



Figure 1. Optimized structure of CPTBN using B3LYP/6-311G basis set.
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4.2. Vibrational assignments

The main aim of this vibrational calculation is to provide a clear
interpretation of both experimental and theoretical results. The experi-
mental calculation was carried out using IR and Raman (Figures 2 and 3).
Comparative theoretical calculations were performed using the B3LYP
method with 6–31 G and 6-311G basis sets were reported in Table 3.
Generally, the vibrational modes of a compound with N atoms are more
complex, with 3N 5 vibrational modes for a linear compound and 3N 6
modes for a nonlinear compound. On specifying three rotational and one
translational degrees of freedom (3N-6) of CPTBN under (C1) point group
symmetry has 59 atoms and 171 fundamental vibrational modes. Based
on the optimized structure, the detailed spectral information is inter-
preted as follows.

4.2.1. C– H vibrations
The spectrum of a compound represents its energy absorption pattern

is represented by the regions. In the present study, there are three
different benzene rings attached to the combination of thiazole with
pyrazol. The occurrence of benzene C–H stretching vibration extends
3

often above 3000 cm�1 for aromatic composition and less than 3000
cm�1 for non-aromatic composition. In the FT-IR, FT-Raman spectra,
aromatic compounds predominantly have a C–H vibration of 3000–3100
cm�1. The essence and location of the replacement are affected in this
region by the band. Because of their high polarization, these C–H
detention modes typically appear with Raman strength. A spectrum of
FT-Raman, its aromatic stretching mode C–H was used for the observa-
tion of the observed band 3074 cm�1 and 3053 cm�1 by Sathish et al.
[21]. In the case of the title compound, it exhibits multiple weak band's
shoulders on the stronger C– H stretching vibration in the region 3067
cm�1, 3013 cm�1, 2957 cm�1 and 2868 cm�1 vibrational magnitude by
B3LYP/6-311G. Normally, the C–H in-plane vibrational bending mode
occurs in the region 1530- 1000 cm�1. Spectrum of C–H in-plane vibra-
tional bending mode observed at 1424 cm�1 (w), 1396 cm� 1 (ms), and
1114 cm�1 (ms) in FT-IR spectrum and 1285 cm�1 (ms), 1251 cm�1 (s),
1173 cm�1 (ms) in FT-Raman spectrum, the computed wavenumbers for
this mode were coincident with 1429, 1394, 1290, 1251, 1120 cm�1 for
B3LYP/6-31G and 1425, 1395, 1286, 1250, 1116 cm�1 for
B3LYP/6-311G. The out-of-plane C–H bending mode of the phenyl ring
are observed at 804 cm�1(IR), 928, 832, 806 cm�1 (FT-Raman) and



Table 1. Optimized structural parameters (bond length) of CPTBN calculated by DFT/B3LYP method with 6-31G and 6-311G basis sets.

S.No Bond Length (Å) B3LYP/6-31G B3LYP/6-311G S.No Bond Length (Å) B3LYP/6-31G B3LYP/6-311G

1 C1–C4 1.4607 1.4604 33 C26–H28 1.0923 1.0968

2 C1–N24 1.3046 1.3061 34 C29–C30 1.5450 1.5465

3 C1–C26 1.5198 1.5219 35 C29–C3I 1.5446 1.5461

4 C2–C14 1.5176 1.5182 36 C29–H38 1.0949 1.0993

5 C2–N25 1.5079 1.5097 37 C30–H32 1.0923 1.0965

6 C2–C26 1.5552 1.5570 38 C30–H33 1.0910 1.0953

7 C2–H55 1.0875 1.0918 39 C30–H34 1.0925 1.0968

8 H3–C26 1.089 1.0934 40 C31–H35 1.0913 1.0956

9 C4–C5 1.4067 1.4083 41 C31–H36 1.0922 1.0964

10 C4–C6 1.4102 1.4120 42 C31–H37 1.0925 1.0968

11 C5–C7 1.3959 1.3977 43 C39–C40 1.5001 1.5028

12 C5–H8 1.0810 1.0844 44 C39–S41 1.8653 1.8592

13 C6–C9 1.3907 1.3931 45 C39–C45 1.3535 1.3576

14 C6–H10 1.0799 1.0835 46 C40–N43 1.4008 1.4006

15 C7–C11 1.3886 1.3922 47 C40–O44 1.2450 1.2472

16 C7–H12 1.0792 1.0828 48 S41–C42 1.8449 1.8442

17 C9–C11 1.3933 1.3964 49 C42–N43 1.3051 1.3059

18 C9–H13 1.0793 1.0829 50 C45–C46 1.4644 1.4649

19 C11-CL27 1.8250 1.8222 51 C45–H56 1.0864 1.0896

20 C14–C15 1.4038 1.4059 52 C46–C47 1.4165 1.4184

21 C14–C16 1.3981 1.4009 53 C46–C48 1.4123 1.4146

22 C15–C17 1.3934 1.3957 54 C47–C49 1.3868 1.389

23 C15–H18 1.0832 1.0866 55 C47–H50 1.0824 1.0858

24 C16–C19 1.3964 1.3982 56 C48–C51 1.3905 1.3927

25 C16–H20 1.0814 1.0850 57 C48–H52 1.0776 1.0815

26 C17–C21 1.4056 1.4076 58 C49–C53 1.4073 1.4098

27 C17–H22 1.0823 1.0858 59 C49–H59 1.0806 1.084

28 C19–C21 1.4011 1.4036 60 C51–C53 1.4067 1.4092

29 C19–H23 1.0827 1.0861 61 C51–H54 1.0807 1.0842

30 C21–C29 1.5251 1.5260 62 C53–C57 1.4301 1.4303

31 N24–N25 1.3963 1.3946 63 C57–N58 1.1682 1.1748

32 N25–C42 1.3427 1.3433

Ref [17, 18, 19, 20].
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computed values in the range 932- 810 cm�1 (DFT) by Begum et al. [22].
The correlated scale vibrations observed at wavenumbers 896 (w), 829
(ms), 811 cm�1 (w) (FT-IR) and 945 cm�1 (m) (FT-Raman) are coincident
with 933, 900, 833, 814 cm�1 for B3LYP/6-31G and 932, 898, 829, 810
cm�1 for B3LYP/6-311G.

4.2.2. Methyl group vibrations
For the assignments of benzene ring has a methyl CH3 group was

expected in nine fundamental modes, namely symmetrical stretch,
asymmetrical stretch, symmetric deformations, asymmetrical de-
formations, in-plane (δ), out-of-plane (γ), in-plane rocking (δ rock), out-of-
plane rocking (γ rock), and twisting bending (Γ CH3) [23]. From the
structure of the title molecule possesses two CH3 (5-(4-Propan-2-yl)
phenyl)) group substitutions in the pyrazole ring chain. The symmetric
and asymmetric methyl group stretching band can be observed in the
region 2942-2879 cm�1.

Naturally, theCH3grouprelatedtoelectron-donatingsubstitutions that
bind to the same ring systems. These vibrations attain amplitude of 3000-
2840cm�1. TheCH3asymmetric stretchingvibration is recorded in theFT-
IRs spectrum at 2929 (w) cm�1 FT-Raman spectrum at 2947 (w) cm�1,
2933 (w) cm�1. Theoretically computed mode having wavenumber at
2952, 2936, 2934 cm�1 for B3LYP/6-31G and 2948, 2932, 2930 cm�1 for
B3LYP/6-311G. The aromatic ring has a weak symmetric stretching vi-
brationvalue thatappears in the region2903,2881cm�1 forB3LYP/6-31G
and 2900, 2879 cm�1 for B3LYP/6-311G. The in-plane vibrations (δipb)
bending mode has been calculated at 1390, 1385, 998 cm�1 (6-31G), and
4

1389, 1382, 998 cm�1 (6-311G). The out-of-plane bending vibrations of
title compound occur inmediumpeak (γopb) 1409 (ms) cm�1 FT-Raman is
assigned and deformation is predicted at a range (γopb) 1420, 1415, 1025
cm�1 for B3LYP/6-31G and 1418, 1410, 1021 cm�1 for B3LYP/6-311G.
The rocking mode of the CH3 group is computed at 1103, 1025 cm�1 for
B3LYP/6-31G and 1100, 1021 cm�1 for B3LYP/6-311Gwell in agreement
with a recorded value of 1099 cm�1 in the FT-Raman spectrum.Moreover,
the twisting vibration of ГCH3 falls below 500 cm�1. In the present study
twisting CH3 deformations vibrations possessed at 181 (w) in FT-Raman
spectrum, at 185 cm�1 B3LYP/6-31G and 180cm�1 in B3LYP/6-311G in
with the PED contribution is 58 %.

4.2.3. CH2 vibrations
Methylene (CH2) vibration is formed due to the presence of pyrazole

in the title molecule which creates four fundamental frequencies out of
six and follows an anti-symmetric stretching mode-νass (CH2), asym-
metric stretching mode-ν(CH2), a scissoring mode-sis (CH2), twisting
mode- Г (CH2) and a rocking mode-ρ(CH2). According to the literature,
CH2 symmetric and asymmetric vibration fall in the range around 3000-
2800 cm�1 [24]. The CH2 asymmetric stretching modes are computed at
2955, 2915 cm�1 for B3LYP/6-31G and 2953, 2912 cm�1 for
B3LYP/6-311G, but no peak can be seen in this region on a recorded
spectrum. The bending mode, which involves a hydrogen atom attached
to the core carbon, is between 1450 and 875 cm�1, although there is a
coupling of vibration modes that generally occurs, especially CH2 scis-
soring and rocking, which are more sensitive to the molecular



Table 2. Optimized structural parameters (bond angle) of CPTBN calculated by DFT/B3LYP method with 6- 31Gand6-311G basis sets.

S.No Bond angle (degree) B3LYP/6-31G B3LYP/6-311G S.No Bond angle (degree) B3LYP/6-31G B3LYP/6-311G

1 C4–C1–N24 121.66 121.57 54 C2–C26–H28 111.73 111.63

2 C4–C1–C26 125.16 125.26 55 H3–C26–H28 107.50 107.49

3 N24–C1–C26 113.17 113.16 56 C21–C29–C30 111.67 111.74

4 C14–C2–N25 112.28 112.16 57 C21–C29–C31 111.97 112.07

5 C14–C2–C26 115.28 115.36 58 C21–C29–H38 107.05 106.93

6 C14–C2–H55 109.32 109.24 59 C30–C29–C31 110.93 111.07

7 N25–C2–C26 100.08 100.12 60 C30–C29–H38 107.46 107.36

8 N25–C2–H55 107.21 107.31 61 C31–C29–H38 107.48 107.37

9 C26–C2–H55 112.16 112.15 62 C29–C30–H32 110.48 110.46

10 C1–C4–C5 120.62 120.65 63 C29–C30–H33 111.13 111.11

11 C1–C4–C6 120.57 120.67 64 C29–C30–H34 111.11 111.21

12 C5–C4–C6 118.81 118.69 65 H32–C30–H33 108.29 108.22

13 C4–C5–C7 120.86 120.92 66 H32–C30–H34 107.81 107.81

14 C4–C5–H8 120.29 120.37 67 H33–C30–H34 107.90 107.91

15 C7–C5–H8 118.86 118.71 68 C29–C31–H35 111.19 111.16

16 C4–C6–C9 120.73 120.78 69 C29–C31–H36 110.45 110.43

17 C4–C6–H10 119.09 119.12 70 C29–C31–H37 111.19 111.29

18 C9–C6–H10 120.18 120.10 71 H35–C31–H36 108.24 108.17

19 C5–C7–C11 118.80 118.74 72 H35–C31–H37 107.92 107.94

20 C5–C7–H12 120.73 120.72 73 H36–C31–H37 107.72 107.72

21 C11–C7–H12 120.47 120.53 74 C40–C39–S41 108.92 108.90

22 C6–C9–C11 118.96 118.93 75 C40–C39–C45 132.84 132.96

23 C6–C9–H13 120.71 120.71 76 S41–C39–C45 118.24 118.14

24 C11–C9–H13 120.32 120.36 77 C39–C40–N43 113.46 113.45

25 C7–C11–C9 121.84 121.95 78 C39–C40–O44 124.41 124.31

26 C7–C11-CL27 119.10 119.07 79 N43–C40–O44 122.14 122.24

27 C9–C11-CL27 119.06 118.99 80 C39–S41–C42 86.38 86.28

28 C2–C14–C15 121.47 121.46 81 N25–C42–S41 119.48 119.70

29 C2–C14–C16 119.90 120.00 82 N25–C42–N43 123.19 123.01

30 C15–C14–C16 118.63 118.54 83 S41–C42–N43 117.33 117.29

31 C14–C15–C17 120.62 120.67 84 C40–N43–C42 113.91 114.08

32 C14–C15–H18 120.23 120.30 85 C39–C45–C46 134.89 134.95

33 C17–C15–H18 119.15 119.03 86 C39–C45–H56 113.98 113.95

34 C14–C16–C19 120.53 120.59 87 C46–C45–H56 111.13 111.10

35 C14–C16–H20 119.55 119.56 88 C45–C46–C47 115.75 115.85

36 C19–C16–H20 119.90 119.82 89 C45–C46–C48 126.30 126.28

37 C15–C17–C21 121.06 121.10 90 C47–C46–C48 117.96 117.87

38 C15–C17–H22 119.11 119.04 91 C46–C47–C49 121.69 121.70

39 C21–C17–H22 119.84 119.86 92 C46–C47–H50 119.20 119.23

40 C16–C19–C21 121.24 121.28 93 C49–C47–H50 119.11 119.07

41 C16-19-H23 119.38 119.35 94 C46–C48–C51 120.52 120.58

42 C21–C19–H23 119.37 119.37 95 C46–C48–H52 119.11 119.14

43 C17–C21–C19 117.91 117.82 96 C51–C48–H52 120.37 120.29

44 C17–C21–C29 121.37 121.41 97 C47–C49–C53 119.75 119.80

45 C19–C21–C29 120.71 120.76 98 C47–C49–H59 120.49 120.42

46 C1–N24–N25 108.58 108.59 99 C53–C49–H59 119.77 119.78

47 C2–N25–N24 113.47 113.35 100 C48–C51–C53 120.85 120.87

48 C2–N25–C42 125.02 124.98 101 C48–C51–H54 119.73 119.66

49 N24–N25–C42 121.46 121.62 102 C53–C51–H54 119.43 119.47

50 C1–C26–C2 103.65 103.71 103 C49–C53–C51 119.24 119.17

51 C1–C26–H3 112.34 112.39 104 C49–C53–C57 120.26 120.29

52 C1–C26–H28 110.44 110.44 105 C51–C53–C57 120.50 120.54

53 C2–C26–H3 111.23 111.25
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environment. The twisting mode of the CH2 group is computed at 1196
cm�1 (6-31G) and 1194 cm�1 (6-311G) agree with the recoded value of
1195 cm�1 FT-IR and 1196 cm�1 FT-Raman. The mode scissoring value
1375 cm�1(w) in FT-Raman spectrum compared with computed wave-
number 1379 cm�1 for B3LYP/6-31G and 1376 cm�1 for
B3LYP/6-311G.
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4.2.4. Nitrile vibrations
Nitrogen compounds with cumulated double bonds or triple bonds,

such as nitrile and cyanates, have a specific spectrum, typically with a
single, usually intense absorption peak at 2280–2200 cm�1 [6,25]. The
saturated cyclic nitrile is detected by the presence of a band near 2250
cm�1 while their aromatic counterparts absorb at lower frequencies near



Figure 2. Observed FT-IR and simulated spectra of CPTBN.

Figure 3. Observed FT-Raman and simulated spectra of CPTBN.
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2230 cm�1. Generally, the IR and Raman spectrum exhibits C� N is
stretching vibrations at 2235 cm�1 and 2290 cm�1. Similarly, the large
range that has been reported against or appearance of C� N is 2223 (w)
cm�1 for FT-IR and 2222 (m) cm�1 for FT-Raman, but also supported by
the appearance of medium-strong stretching bands. Around 1738 cm�1

and 1698 cm�1 for a cyclic ring in the compounds, that confirm the
formation of [3 þ 2] ring condensation product reported by Bardak et al.
[26] The correlated scale vibrations of PED contribution observed in
1300, 1550 cm�1 at 6-31G, 1296,1548 cm�1 at 6-311G and experimental
at 1548 cm�1 (vs) cm�1 in FT-IR spectrum.

4.2.5. C–C vibrations
In general, the stretching vibration of heterocyclic aromatic com-

pounds C–C bond occurs in the region 1650-1200 cm�1 reported by
Sheeja Mol et al. [27]. In the present study, a medium-strong band is
observed in 1493 (ms) cm�1 at FT-IR spectrum and 1441(w), 1551(m)
cm�1 at FT-Raman spectrum, the strong band is observed in the corre-
sponding computed DFT value is 1442, 1552 cm�1 for 6-31G and 1440,
1550 cm�1 for 6-311G. The title molecule has five rings with C–C
stretching vibrations and form peaks arising in the array at 1631-1025
cm�1 [28]. A combination of C–H vibration present in stretching C–C
bond locate the very strong frequency in 1600 cm�1 near FT-IR and 1594,
1561 cm�1 near FT-Raman. The predicted corresponding value lie at
1600, 1564 cm�1 in 6-31G and 1598, 1562 cm�1 in 6-311G. The com-
bination of stretching C–C and in-plane C–C vibration locate the very
strong frequency in both FT-IR and FT-Raman is 1225 cm�1. The ring
carbon-carbon stretching vibration occur in the region 1625-1400 cm�1

routed by Fatma et al. [25] is compared with the values. The C–C
stretching at 1428 cm�1, 1235 cm�1, 1002 cm�1 in the IR spectrum and
1579 cm�1, 1531 cm�1, 1439 cm�1, 1380 cm�1, 1123 cm�1 in the Raman
spectrum are assigned by Kuruvilla et al. [29]. In the present case,
bending and ring vibration of C–C falls below 1000 cm�1 and are shown
6

in Table 3. The C–C in-plane bending medium band occurs between
1000-600 cm�1 [28]. A medium intense FT-Raman band is identified at
823 cm�1, which corresponds to the calculated value lies at 826 cm�1 in
6-31G and 821 cm�1 in 6-311G. From the FT-Raman spectrum the values
predicted at δring ¼ 945ms, 631m, 551vw, 353ms cm�1 that confirms the
formation of δring in the range 632, 671, 622, 339, 332, 327, 310, 81, 76,
71, 23 cm�1 for B3LYP/6-311G and δring in the range 684, 675, 625,
340, 334, 331, 314, 84, 75, 25 23 cm�1 for B3LYP/6-31G. The C–C
in-plane bending vibration mode calculated at δipb 695, 440, 390, 345
cm�1 for B3LYP/6-31G, and δipb 694, 396, 388, 343 cm�1 for
B3LYP/6-311G. The out-of-plane C–C bending modes of γopb in the range
850, 844, 622, 405, 375, 310, 298, 35, 29, 23, 18, 14, 8 cm�1 for
B3LYP/6-311G and γopb in the range 855, 847, 625, 444, 379, 314, 300,
38, 30, 20, 15, 10 cm�1 for B3LYP/6-31G.

4.2.6. C¼O vibrations
The C¼O stretching of the carbonyl group is identical large dipole

moment and intense stretching vibration whose peak is, generally ex-
pected in the region 1740-1660 cm�1. In the present study, a moderate
band was observed within the FT-IR spectrum at 1698 (ms) cm�1 is
assignable. The C¼O stretching vibrations deviate from the B3LYP/6-
311G predicted value by 1659cm�1. The strong band in the FT-IR and
FT-Raman, near 1750- 1655 cm�1 confirm the possibility of a carbonyl
group in an aromatic compound [30]. The C¼O in-plane bending vi-
bration occurs in the range of 820-630 cm�1. El-Azab et al. reported that
C¼O in-plane bending vibration was appearing at 694 cm�1 [31]. For
this compound vibration mode was observed as a weak intense peak at
694 (w) cm�1 in the FT-IR spectrum. The corresponding in-plane C¼O
occurs modes in the 695 cm�1 for B3LYP/6-31G and 694 cm�1 for
B3LYP/6-311G. Based on the absorption and emission, the prominent
absorptions in the combination of δC ¼ O, δCC, the medium-strong peak
is observed in the magnitude of FT-IR is 1094 (ms) cm�1, the corre-
sponding value lies in 1095 cm�1 at both B3LYP/6-31G and
B3LYP/6-311G.



Table 3. Vibrational assignments, observed and calculated wavenumbers (scaled) CPTBN at B3LYP method with 6-31G and 6-311G basis sets.

Mode No. Observed wavenumbers (cm�1) Calculated wavenumbers (cm�1) Vibrational assignments (PED %)

FT-IR FT-RAMAN B3LYP/6-31G B3LYP/6-311G

1 3067m 3075 3067 νCH(98)
2 3060 3061 νCH(98)
3 3049w 3054 3050 νCH(99)
4 3036 3027 νCH(98)
5 3013w 3018 3012 νCH(98)
6 3010 3008 νCH(98)
7 3002 3001 νCH(97)
8 2999 2997 νCH(97)
9 2995 2994 νCH(97)
10 2994 2990 νCH(98)
11 2988 2986 νCH(98)
12 2982 2979 νCH(99)
13 2975 2972 νCH(98)
14 2957w 2966 2960 ν CH(99)

15 2955 2953 νass CH2(88)

16 2947w 2952 2948 νass CH3(89)

17 2928 2924 νass CH3(89)

18 2933w 2936 2932 νass CH3(89)

19 2929w 2934 2930 νass CH3(89)

20 2915 2912 νass CH2(96)

21 2903 2900 νass CH3(96)

22 2881 2879 νass CH3(89)

23 2868w 2868w 2870 2868 νCH(97)
24 2223w 2222ms 2228 2223 νCN(98)
25 1698ms 1697w 1702 1699 νCO(82),δCC(14)
26 1655 1653 νCC(75), δCH(15)
27 1600ms 1596vs 600 1598 νCC(74), δCH(16)
28 1561vs 1564 1562 νCC(74), δCH(15)
29 1551m 1552 1550 νCC(72), δCH(14)
30 1548vs 1550 1548 νCN(72), νCC(12), δCH(10)
31 1525 1522 νCC(88), δCH(16)
32 1493ms 1493w 1498 1495 νCC(78), δCH(10), νCO(10)
33 1455 1453 νCN(72), νCO(14), δCH(10),
34 1441w 1442 1440 νCC(70), νCN(15), νCO(12)
35 1440 1436 δCH(69), νCC(18)
36 1424w 1429 1425 δCH(68), νCC(18)
37 1420 1418 δ opb CH3(72)

38 1409m 1415 1410 δ opb CH3(72)

39 1396ms 1397ms 1394 1395 δCH(68), νCCl(20)
40 1390 1389 δ ipb CH3(82)

41 1385 1382 δ ipb CH3(82)

42 1375w 1379 1376 ρscis CH2(80)

43 1370ms 1370 1368 δCH(69), νCC(10)
44 1345 1343 δCH(68), νCC(12)
45 1331ms 1334ms 1333 1330 δ sb CH3(69)

46 1325 1322 δCH(62)

47 1314 1312 δCH(66)

48 1306w 1304 1305 δ sb CH3(72)

49 1300 1296 δCH(67), νCN(10)
50 1293 1290 δCH(69)

51 1285ms 1290 1286 δCH(70)

52 1283 1280 δCH(70)

53 1274ms 1278 1275 δCH(72)

54 1265 1262 γCH(59)

55 1251s 1253 1250 δCH(63)

56 1250 1246 δCH(64)

57 1245 1241 δCH(69)

(continued on next page)
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Table 3 (continued )

Mode No. Observed wavenumbers (cm�1) Calculated wavenumbers (cm�1) Vibrational assignments (PED %)

FT-IR FT-RAMAN B3LYP/6-31G B3LYP/6-311G

58 1240 1237 νCC(70)
59 1225s 1225s 1230 1226 νCC(70), δCC(12)
60 1205 1203 δCH(72)

61 1195ms 1196ms 1196 1194 Г CH2(69)

62 1192 1189 δCH(64)

63 1185 1182 δCH(64)

64 1173ms 1178 1175 δCH(64)

65 1154 1151 δCH(63)

66 1140 1137 δCH(63)

67 1114ms 1115ms 1120 1116 δCH(62)

68 1114 1110 νCC(71), δCH(12)
69 1107 1107 Г CH2(68)

70 1099ms 1103 1100 δ ipr CH3(62)

71 1094ms 1095 1095 δCO(66), δCC(22)

72 1058w 1061 1056 δCH(69)

73 1033w 1035 1033 δCH(63)

74 1030 1028 δCH(62)

75 1025 1021 δ Opr CH3(62)

76 1014w 1012w 1015 1014 νCCL(78)
77 998 998 δ ipr CH3(70)

78 985w 995 993 νCN(68), νNN(12)
79 980w 980 981 γ CH(66)

80 975 973 δ ipr CH3(69)

81 966 965 δring (58)

82 958 957 δ ring (56)

83 949w 951 949 δring (57)

84 948 945 δring (60)

85 945m 933 932 γ CH(58)

86 928 925 γ CH(57)

87 920 918 γ CH(58)

88 910 906 γ CH(58)

89 896w 900 898 γ CH(58)

90 889w 893 890 νCH(59)
91 878 875 νCS(78),
92 870 866 νCH(59)
93 850w 853 850 γ CC(68)

94 847 844 γ CC(68)

95 837w 840 838 γ CS(78), νCN(12)
96 829ms 833 829 γ CH(68)

97 823w 826 821 γ CC(68)

98 820 816 γ CH(58)

99 811w 814 810 γ CH(56)

100 793 790 γ CH(58)

101 784 781 γ CH(58),

102 770 767 δring (60)

103 748w 753 750 νCH(55)
104 740 738 δring (58), νCS(12)
105 720w 724 720 δring (60), νCS(12)
106 716w 718 715 δring (59)

107 694w 695 694 δ CC(62), δ CO(17)

108 685vw 684 682 γ ring (62)

109 668vw 675 671 γ ring (63)

110 662vw 663 660 γ CO(72)

111 650 647 δring (68)

112 641 638 γ CH(58)

113 631m 632 630 δring (59)

114 619vw 625 622 γ CC(58), γ ring (20)

115 605 602 δring (57), δCN(18)

(continued on next page)
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Table 3 (continued )

Mode No. Observed wavenumbers (cm�1) Calculated wavenumbers (cm�1) Vibrational assignments (PED %)

FT-IR FT-RAMAN B3LYP/6-31G B3LYP/6-311G

116 579w 582 580 δCN(58), δring (17)

117 566 564 δCN(58), δring (20)

118 554ms 551vw 554 552 δring (60)

119 530 528 γ CH(62)

120 520 517 γ CH(60)

121 504w 505 503 γ CH(60)

122 494vw 498 495 γ CH(61)

123 481 479 δring (58)

124 460vw 465 462 νCCL(53), δCC(19)
125 440w 444 440 δCC(52)

126 430 427 δring (58), δCC(12)

127 406vw 408 405 γ CC(56)

128 400 396 δCC(60)

129 390 388 δCC(60)

130 379 375 γ CC(58)

131 365 363 γ CCH3(57)

132 353ms 358 355 δring (58)

133 345 343 δCC(58)

134 340 339 γ ring (53)

135 334 332 γ ring (54)

136 325w 331 327 γ ring (54)

137 320 319 δCCH3(56)

138 314 310 γ CC(52), γ ring (21)

139 297w 300 298 γ CC(53)

140 280 275 δCCC(58)

141 255 253 δCCC(60)

142 233w 236 233 γ CCC(52)

143 215 212 δCCC(60)

144 207 202 Г CH3(58)

145 190 188 γ CCC(58)

146 181w 185 180 Г CH3(58)

147 172 169 γ CCC(53)

148 166 162 Г CCCC(52)

149 153 151 Г CCCC(52)

150 148 145 γ CCH3(62)

151 140 138 δring (63)

152 129w 133 130 δCCC(67)

153 128 122 γ CCN(62)

154 125 117 δCCC(63)

155 116 111 γ CCC(60)

156 105 103 δCCC(60)

157 92 97 93 γ CCC(62)

158 95 89 δCCC(60)

159 79s 84 81 γ ring (56)

160 80 76 γ ring (55)

161 75 71 γ ring (55)

162 64s 68 65 γ CCC(54)

163 62 59 γ CCC(54)

164 53 51 γ CCC(50)

165 45 42 γ CCC(52)

166 38 35 γ CC(54)

167 30 29 γ CC(54)

168 25 23 γ ring (52)

169 20 18 γ CC(52)

170 15 14 γ CC(52)

171 10 8 γ CC(51)

s-strong, ms-medium strong, w-weak, vw-very weak, vs-very strong, υ-stretching, νsym-sym stretching, νass-asym stretching, δ-in-plane, δinb-in-plane bending. δinr-in-
plane rocking, γ-out-of-plane, γ opb-out-of-plane bending, γring-out-of-plane ring, scis-scissoring, ρscis-in plane scissoring, w-wagging, rock-rocking, Г -twisting, δring -ring
vibration.
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4.2.7. C–Cl vibrations
The vibrations assignments of the benzene ring belong to

C–Halogen (F, Cl, Br) bonds, which are formed between the ring and
the halogen atoms are particularly important. Because of the lowering
of molecular symmetry and the presence of heavy atoms, vibrations
indeed be mixed [32, 33, 34, 35]. In the FT-Raman spectrum, a
strong band is observed due to the presence of Cl, Br, and F atoms.
Reporting in the FT-Raman spectrum, bands at 720vs cm�1 are
assigned to C–Cl is stretching vibration observer by Govindarajan
et al. [36]. For simple organic chlorine compounds, C–Cl absorptions
are in the region between 750–700 cm�1. Sundaraganesan et al. [37]
reported C–Cl is stretching at 704 cm�1 (IR), 705 cm�1 (Raman), and
715 cm�1 (DFT) and the deformation bands at 250 cm�1 and 160
cm�1. The C–Cl stretching vibration is observed at 460 (vw) cm�1 in
FT-IR, and the corresponding computed value is 465 cm�1 in
B3LYP/6-31G and 462 cm�1 in 6-311G.

4.2.8. C–S vibrations
The characteristic frequency for the C–S stretching appears as a weak

band in the region 800-600 cm�1. In the current study, FT-Raman
spectrum with very low intensity is assigned to C–S symmetric stretch-
ing vibrations and agreement with the literature value. The C–S
stretching modes are reported at 783, 632 cm�1 in FT-IR, 633 cm�1 in FT-
Raman, and 785, 635 cm�1 theoretically found by E1-Azab et al. [31].
The C–S stretching vibrations are reported as 770 cm�1 in the FT-IR
spectrum, and at 770, 636 cm�1 theoretically assigned by Fatima et al.
[38]. Our FT-Raman shows bands at 720(w) cm�1. The calculated values
of C–S stretching vibrations in the thiazole ring are corresponding to 878,
740, 724 cm�1 for B3LYP/6-31G and 875, 738, 720 cm�1 for
B3LYP/6-311G.
4.3. Local reactivity properties of MEP

The molecular electrostatic potential (MEP) plot is a visual illustra-
tion of the foremost reactive sites during a molecule andmapped with the
rainbow colour scheme (electron made regions represent with red colour,
whereas poor lepton regions represent with blue colour and inexperi-
enced shows of zero potential) [39]. Potential will increase within the
order red < orange < yellow < green < blue. Using the Gaussian 09
program, we tracked and plotted the alpha density (e-4), density differ-
ence (e-3), and MEP (e-2) surface mapping. Surface analysis diagram of
title compound net electrostatic effect produced at that point by total
charge distribution (electron þ proton) of the molecule and correlates
Figure 4. Alpha density (e-4), density difference (e-3), and M
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with electronegativity, partial charges, and chemical reactivity of the
molecules. It provides a visual method to understand the relative
step-by-step polarity of the molecule.

Based on the three electrostatic potential surfaces deepest red po-
tential value in this molecule ranges from-4.055e�4 a.u, -6.088e�3 a.u
and -7.960e�2 a.u, deepest blue potential value in this molecule ranges
from 4.055e�4 a.u, 6.088e�3 a.u and 7.960e�2 a.u. Alpha density rep-
resents the full electrophilic region (blue colour). Density difference
shows the region energy difference between alpha density and MEP. In
the reactive properties of MEP, the nucleophilic reactive site (red colour)
shows the molecule's negative regions, and is located on the thiazole ring
and partly above the benzonitrile. The other site is the electrophilic
reactive site (blue colour) which indicates the positive regions of the
molecule and is located on all hydrogen atoms in the molecule. The more
dominant green colour over the MEP surface indicates that the electro-
static potential is midway between the vicinity of the red and blue re-
gions. Therefore intermolecular interaction of the compound was
confirmed by the reactive site region, the electrostatic potential surface
along with the Alpha density, and complete title compound density is
shown in Figure 4.
4.4. HOMO-LUMO energy and global reactivity descriptors

The energies of the highest occupied molecular orbital (HOMO), the
outermost orbital containing electrons, tend to give electrons and act as
an electron donor. On the other hand lowest unoccupied molecular
orbital (LUMO), the innermost orbital containing is vacant and can
accept electrons. HOMO and LUMO energy gaps between orbits are
called frontier molecular orbital (FMOs). In a simple molecule, orbital
theory approaches HOMO and LUMO can offer a reasonable qualitative
prediction of the excitation properties and the ability of electron trans-
port. The positive surface indicated by red colour and the negative sur-
face is represented by green colour. The energies of the HOMO and
LUMO orbital for the possible excitations were carried as 3.57 eV for
B3LYP/6-31G and 3.58 eV for B3LYP/6-311G. Based on the root density
functional descriptors, global reactivity descriptors of the title molecule
described the ionization potential (I), electron affinity (A), chemical
potential (μ), electro-negativity (χ), global hardness (η), global softness
(σ) and global electrophilicity (ω) value, according to the equations given
below [40]. Using HOMO and LUMO orbital energies, the ionization
energy (I) and electron affinity (A) can be expressed as Eqs. (1) and (2)

Ionization potential I ¼ -EHOMO (EH) (1)
EP (Molecular electrostatic potential surface) of CPTBN.



Figure 5. HOMO - LUMO energy distribution plots of CPTBN at DFT/B3LYP/6-311G basis set.
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Electron affinity A ¼ -ELUMO (EL) (2)

Conforming the Koopman's statement that the negative energies of
EHOMO were 6.46 eV, 6.70 eV, 6.99 eV and ELUMO were 2.88 eV, 2.32 eV,
1.21 eV. Moreover, the energy gap is calculated with the occurrence of
orbital diagram HOMO-LUMO, HOMO-1-LUMOþ1, HOMO-2-LUMOþ2,
and the most significant higher orbital energy gaps were determined in 6-
311G at 3.58 eV, 4.37 eV, 5.78 eV (Figure 5). Predict the molecular
electronic transitions properties results based on the finding the orbital
energy gaps. In a series of EHOMO and ELUMO, it calculates the resistance to
change in the electron distribution was defined by

Global hardness η¼ (I - A) (3)

Reactive side of the compound show η ¼ 1.79 eV, 2.18 eV, 2.89 eV.
which was find from the Eq. (3). The global softness Eq. (4) was the in-
verse of global hardness:

Global softness σ ¼ 1/η (4)
Table 4. Calculated E-HOMO, E-LUMO(H-1→ Lþ1, H-2→ Lþ2), energy gap (EL–EH), Io
(χ), chemical softness (σ), chemical potential (μ) and global electrophilicity (ω) using

Molecular properties Energy (eV) Energy gap (eV) (I) (eV) (A)

EHOMO -6.4673

ELUMO -2.8841 3.5832 6.4673 2.8

EHOMO-1 -6.7003

ELUMOþ1 -2.3211 4.3792 6.7003 2.3

EHOMO-2 -6.9990

ELUMOþ2 -1.2128 5.7862 6.9990 1.2
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Value was σ ¼ 0.55 eV, 0.45 eV, 0.34 eV. Generally, the electron in
solids has a chemical potential expressing (negative value of electro-
negativity - χ) the ability of an uncharged atom or molecule of a chem-
ical system by Eq. (5)

μ ¼ - (I þ A) /2 (5)

The power of an atom in a molecule to attract electrons towards it.
Value is χ ¼ 4.6757 eV, 4.5107 eV, 4.1059 eV has taken from the Eq. (6)

Electro-negativity is χ ¼ (I þ A)/2 (6)

Global electrophilicity, according to Parr et al. [41], evaluates the
stabilization energy when the system acquires an additional electronic
charge from the environment. The relationship between electrochemical
potential and global or chemical hardness can be computed using the
following formula (7):

Global electrophilicity index ω ¼ μ 2/2η (7)

The electrophilicity index of the CPTBN, ω ¼ 6.1013 eV, 4.6461 eV,
2.9136 eV. From the result ω, it measures the maximum electron flow
nization potential (I), Electron affinity (A), global hardness (η), electronegativity
the 6-311G levels of theory.

(eV) (ɳ) (eV) (χ) (eV) (σ) (eV) (μ) (-eV) (ω) (eV)

841 1.7916 4.6757 0.558 -4.6757 6.1013

211 2.1896 4.5107 0.457 -4.5107 4.6461

128 2.8931 4.1059 0.346 -4.1059 2.9136
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between donor and acceptor orbits with lower energy transitions. These
values of global reactive descriptor are computed and listed in Table 4,
which ensures the molecule's indisputable biological activity.
4.5. Fock matrix for bonds

Calculations of the NBO [12] were made using the Gaussian 09 [10]
program to interpret the many second-order perturbation interactions
between the full orbits of one subsystem and the empty orbits of another
subsystem, which is a measure of hyperconjugation intermolecular
delocalization. The donor-acceptor interactions in the NBO basis were
Table 5. Second-order perturbation theory analysis of Foci matrix in NBO basis corre

Donor(i) Type ED/e Acceptor (j) Type

π (C6–C9) 1.66281 π * (C4–C5)

π (C6–C9) 1.66281 π * (C7–C11)

σ (C6–H10) 1.97641 σ * (C4–C5)

π (C7–C11) 1.67990 π * (C4–C5)

π (C7–C11) 1.67990 π * (C6–C9)

π (C14–C15) 1.64735 π * (C16–C19)

π (C14–C15) 1.64735 π * (C17–C21)

π (C16–C19) 1.69021 π * (C14–C15)

π (C16–C19) 1.69021 π * (C17–C21)

π (C17–C21) 1.64735 π * (C14–C15)

π (C17 – C21) 1.64735 π * (C16–C19)

σ (C29–H38) 1.84834 π * (C17–C21)

σ (C29–H38) 1.84834 σ * (C30–H34)

σ (C39–S41) 1.97925 σ * (N25–C42)

π (C39–C45) 1.73334 π * (S41–C42)

σ (C40–N43) 1.97841 σ * (N25–C42)

π (C40–O44) 1.91434 LP (2) N43

π (C40–O44) 1.91434 π * (C39–C45)

π (S41–C42) 1.84834 LP (2) N43

π (S41–C42)) 1.84834 π * (C39–C45)

π (C46–C48) 1.65062 π * (C47–C49)

π (C46–C48) 1.65062 π * (C51–C53)

π (C47–C49) 1.64135 π * (C46–C48)

π (C47–C49) 1.64135 π * (C51–C53)

π (C51–C53) 1.65616 π * (C46–C48)

π (C51–C53) 1.65616 π * (C47–C49)

LP (1) N2 1.99953 σ * (C2–N25)

LP (1) N25 1.99913 π * (C1–N24)

LP (1) N25 1.99913 σ * (C2–H55)

LP (1) N25 1.99913 σ * (S41–C42)

LP (1) N25 1.74932 σ * (C42–N43)

LP (3) Cl27 1.92589 π * (C7–C11)

LP (1) S41 2.00000 σ * (C39–C40)

LP (1) S41 1.94182 σ * (C42–N43)

LP (1) N43 1.99948 σ * (C39–C40)

LP (2) N43 1.92042 π * (C40–O44)

LP (2) N43 1.24797 π * (S41–C42)

LP (2) O44 1.97959 σ * (C39–C40)

LP (2) O44 1.88072 σ * (C40–N43)

LP (1) N58 1.96668 σ * (C53–C57)

π * (C1–N2) 0.25467 π * (C4–C5)

π * (C7–C11) 0.39379 π * (C4–C5)

π * (C7–C11) 0.39379 π * (C6–C9)

π * (C39–C45) 0.28300 σ * (C40–O44)

π * (S41–C42) 0.63064 σ * (N24 - Ns25)

a E (2) means energy of hyper conjugative interaction (stabilization energy).
b Energy difference between donor and acceptor i and j NBO orbitals.
c F (i,j) is the Fock matrix element between i and j NBO orbitals.
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evaluated using the second-order Fock matrix [42]. The interactions
result in a loss of occupancy from the localized NBO of the idealized
Lewis structure in an empty non-Lewis orbital. For each donor (i) and
acceptor (j), the stabilization energy in the Eq. (8) E (2) associated with
the delocalization [i→j] is estimated at

Eð2Þ ¼ ΔEij ¼ qi

�
Fi;j

�2
�
Ej � Ei

� (8)

where qi is the orbital occupancy of the donor, Ei and Ej are diagonal
elements and F (i, j) is the off-diagonal NBO Fock matrix element. The
sponding to the intramolecular bonds of the title compounds.

ED/e E (2)a Kcal/mol E(j)-E(i)b a.u F (i,j)c a.u

0.39139 21 0.28 0.069

0.39379 22 0.26 0.068

0.02245 5 1.06 0.064

0.39139 18 0.3 0.066

0.34219 19 0.3 0.069

0.34219 20 0.29 0.067

0.35984 19 0.29 0.067

0.39031 22 0.28 0.07

0.35984 21 0.29 0.071

0.39031 22 0.27 0.069

0.34219 20 0.28 0.067

0.35984 12 0.46 0.07

0.01601 6 0.86 0.063

0.05277 8 1.43 0.096

0.63064 29 0.22 0.079

0.05277 6 1.16 0.077

1.92042 12 0.17 0.063

0.28300 9 0.27 0.047

1.92042 12 0.24 0.072

0.28300 27 0.34 0.089

0.29371 19 0.29 0.067

0.37039 22 0.28 0.07

0.35121 23 0.28 0.071

0.37039 21 0.27 0.069

0.35121 19 0.29 0.066

0.29371 21 0.29 0.07

0.03916 5 0.81 0.06

0.01741 26 0.25 0.071

0.03916 6 0.61 0.056

0.04831 7 0.74 0.07

0.63064 13 0.67 0.087

0.39379 13 0.32 0.062

0.09788 7 0.95 0.074

0.05976 7 0.93 0.072

0.09788 6 0.79 0.064

0.35013 77 0.16 0.112

0.63064 144.68 0.1 0.112

0.09788 18 0.67 0.099

0.06721 22 0.65 0.108

0.03752 11 0.85 0.088

0.39139 39 0.04 0.064

0.39139 215.88 0.02 0.084

0.29426 141.93 0.02 0.079

0.02004 32 0.06 0.07

0.03320 5 0.34 0.064



Figure 6. RDG a) 3D colour scaling of non-covalent interaction and b) 2D scatter graph of the electron densityρ versus RDG interaction in CPTBN.
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transmission of this electron to electron from a bonding orbital (donor-σ,
π) with depreciation in its occupancy [41], an anti-bonding orbital
(acceptor - σ*, π*) and Lone pair (LP) can be defined as charge transfer.
Several other types of valuable data, such as directionality, hybridization,
and partial loading, have been analyzed from the NBO results.

The strong intra-molecular hyperconjugation interaction of the π*
electrons from C7–C11 to the π* anti-bonding orbital's of S41–C42 bond
shows leading to the stabilization of 215.88 kcal/mol. This enhanced
π*(C7–C11) NBO further conjugates with π*(C4–C5), π *(C6– C9), resulting
in enormous stabilization energy of 215.88, 141.93 Kcal/mol, as shown
in Table 5. The interaction between π* and π* shows (C6–C9), (C7–C11),
and (S41– C4)2 the electrons is heavy intermolecular. It allows the equi-
librium of α kcal/mol, in the (C6–C9) to the anti-bonding orbits of
(C11–Cl27), (C4–C5), and (C7–C11). In addition to these interactions, there
is also a strong lone pair show stabilization capacity, such as LP (1)N25 -π
*(C1–N24) 26 kcal/mol, LP (2)N43 - π *(S41–C42) 144.68 kcal/mol using 6-
311G respectively. These charge transfers are responsible for the
structure-activity of the system.

4.6. Reduced density gradient (RDG)

The RDG method is a powerful way to analyze non-covalent inter-
molecular interactions. The RDG function is a fundamental dimension-
less quantity used to describe the deviation from a homogeneous electron
distribution, which succeeding Eq. (9) was developed by E. R. Johnson
et al. [43].

RDGðrÞ¼ 1

2ð3πr2Þ1

=

2

jrρðrÞj
ρðrÞ4

=

3
(9)

where ρ(r) and RDG (r) are the electron density and its first derivative,
respectively. The gradient subsurface plots of RDG versus the electron
density ρ(r) multiplied by the sign of the second Hessian eigenvalue sign
[k2(r)] were rendered by the VMD 1.9.2 program [44] based on outputs
of Multiwfn software 4.1 program [45], shown in Figure 6. The RDG
surface blue indicates that a stronger interactive hydrogen bond interacts
between benzonitrile and thiazole ring, green colour can be identified as
van der Waals (VDW) interaction region placed partial half elliptical slab
present in the outer part of the title compound and red colour represent
the strong repulsion that appears in the centre of the ring system and the
strong region or interaction is located in the C–Cl, and thiazole ring atom.
The methyl hydrogen-carbon with a hydrogen atom in the ring system as
shown in the Figure 6(a).

The density values of the low-gradient spikes (the RDG versus plot)
appear to be a good indicator of the strength of the interaction. When 2D
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is plotting RDG values versus ρit is more meaningful to use the sign of λ2
is utilized to distinguish the bonded (λ2 < 0) from nonbonding (λ2 > 0)
interactions, plotted in Figure 6(b).
4.7. Localized orbital locator (LOL) and electron localization function
(ELF)

The localized orbital locator (LOL) and electron localization function
(ELF) is one of the most powerful methods for understanding chemical
bonding because it allows the identification of chemically relevant lo-
cations in the molecular space where electrons concentrate, such as a
bonding, non-bonding and lone pair. This analysis was defined by LOL
[γ(r)] and ELF [η(r)] which is related with Fermi hole curvature [46].
And it is defined as a measure of excess Kinetic energy density due to
Pauli repulsion. The shaded surface map of electron localization function
and localized orbital locator -LOL are drawn using Multi-wfn software
[47], they are presented in Figures 7 and 8 respectively. Basins are
divided into two categories. On the one hand, core basins are clustered
around nuclei (with Z> 2), whereas valence basins occupy the remaining
area. The inner atomic shell structure is quite similar to the structure
provided by the core basins and a valence basin is characterized by a
number of the core is connected [48, 49]. In our description, the locali-
zation colour code (Figure 7) used for the domain are: red-dot blue ring
show the carbon core, red-dot yellow ring show the joining bond be-
tween core atoms or inner shell (C–C, C–N) bond and white shell rounded
with rings of red, yellow, green show the valence shell (i.e., hydrogen
bonding). Next, an electron localization function shows the shaded sur-
face map obtained from localization orbits. Depending upon the density
of electron it notify the boundary region are highly localized with board
peak (hydrogen regions nearer to 1), the ring bond region is middle
localized with a sharp peak (like water droplet) and C�N region are low
localized with small dens peak. shown in Figure 8.
4.8. Antibiotic and antifungal activity

Microbial is killed and ruled out from reproduction by antimicrobial
drugs. Nevertheless, these microorganisms are caused by improper and
unnecessary use of antibiotics to develop resistance to these substances
[3, 50]. Thiazole compound was assayed at a concentration range of 25
μg/ml-violet colour, 50 μg/ml-red colour, 75 μg/ml -green colour, 100
μg/ml-pink colour and total control - blue colour range shown in bar
chart Figure 9 against two Gram-positive bacteria: Bacillus subtilis,
Staphylococcus aureus and two Gram-negative bacteria: Escherichia coli,
Pseudomonas aeruginosa Figure 10. The anti-fungal activity was carried



Figure 8. Electron localization function (ELF) or shaded surface map with projection effect of a) thiazole and benzene ring and b) full CPTBN.

Figure 7. Localized orbital locator (LOL) for CPTBN obtained in xy plane.

Figure 9. Bar chart for antibacterial and antifungal of CPTBN.
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Figure 10. CPTBN microbial tests against bacterial microorganisms a) Bacillus subtilis, b) Staphylococcus aureus, c) Escherichia coli and d) Pseudomonas aeruginosa using
disk-diffusion method.

Figure 11. CPTBN microbial testing of fungal microorganism e) Candida albi-
cans and f) Aspergillus Niger using Disk-diffusion method.
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out against a well-known fungal strain Candida albicans and Aspergillus
Niger (Figure 11) by the disc diffusion method [51]. Bacterial and fungal
pathogens standardized using the DMSO standard were diluted (1:100)
and added to an aliquot into respective wells. The plates were incubated
in a static incubator at 37 �C for 18–24 h and the determined zone of
inhibitory concentration values are listed in Table 6. Results revealed
that the compound showed varying zone of inhibition against the test
panel of pathogens were plotted in the form of bar graph Figure 9.
Notably, the compound showed the highest inhibition against bacterial
strains Staphylococcus aureus, whereas 24μl respectively at 100 μg/ml.
Furthermore, significant inhibition against fungi strains Candida Aabi-
cans whereas 20μl showed inhibition at 100 μg/ml against A. Niger is
shown in Figures.10 and 11.
4.9. Molecular docking

Molecular docking is a computational technique that tries to predict
the sub-region or binding composites from multi-dimensional images of
the macromolecule (protein) non-covalent bonding and a small molecule
(ligands) [52]. Multiple views of the visualization are a useful way of
extending 3D, the 2D display shows dimensional limitations. To collect
Table 6. Antibiotic and Antifungal inhibition zone levels of CPTBN.

SAMPLE DMSO Extract 100 μl added and Zone of inhibition (m

25 μl 50 μl

Bacillus subtilis 12 14

Staphylococcus aureus 14 17

E.coli 10 12

Pseudomonas 11 12

Candida albicans 13 15

A.niger 12 14
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such views directly from the PDB (protein data bank). Based on the an-
tibiotics, antifungal and biological behaviors of the CPTBN, different
types of protein activities such as high-resolution antibacterial, anti-
fungal, Monoclonal antibodies, Nitric oxide synthase inhibitor, Staphy-
lococcal protein A. Taken protein structure has been downloaded from
the RCSB [53] PDB ID website of the database 2GOM, 4YDO, 5I76, 4D7O
and 1BDC. Initially, the title molecule was minimized as a pdb file based
on the DFT method and bind with downloaded protein Finding 3D
structures with the lowest binding energy of the compound were con-
structed using auto dock tools and minimum docking energy values were
investigated. The dotted lines show the bond formation between the
ligand and targeted proteins. The docking runs were analyzed for the
predicted binding interactions, including binding energy, inhibition
constant, and intermolecular energy, between the receptors and ligand in
the best scoring pose, which was listed in Table 7. Discovery studio [15]
generates the binding position of a ligand-protein dock in 3D view
(Figures 12a, 12c, 12e, 12g and 12i) and 2D represent (Figures 12b, 12d,
12f, 12h and 12j) represent a residual interaction energy conformation.

4.9.1. Antibacterial activity
Antibacterial activity and virtual screening by molecular docking of

staphylococcus aureus is a protein tied to its complementary target to
provide bacterial suppression of structure. Staphylococcus aureus (PDB ID
-2GOM) protein resolution is 1.25 Å having unit cell length a¼ 59.59Å, b
¼ 59.59Å, c ¼ 45.63Å, and angle α ¼ 90�, β ¼ 90�, γ ¼ 90� [54]. The
docking result of CPTBN ligand interaction has shown (Figures 12a and
12b) a binding affinity to the target protein 2GOM, as indicated by the
bonding interaction between the ligand and catalytic site amino acids.
Glutamine (GLN) from a van der Waals interaction was found near
benzonitrile and Lysine (LYS) forms a Pi-Cation interaction near the
thiazole ring. Binding energy and inhibition constant are -7.913 kcal/mol
and 1.42 μM.

4.9.2. Antifungal activity
Antifungal of a medication used to treat a fungus infection medicine

that contains a fungicide. One of the antifungal protein target Candida
m/ml)

75 μl 100 μl Control

16 19 20

20 24 25

14 16 20

14 16 20

17 20 22

16 19 20



Table 7. Molecular docking performance results of the compound CPTBN against selective potential protein inhibitors (PDB).

Ligand name PDB ID Bond
distance (Å)

Amino acid
(residues)

Bond Inhibition Constant
(Micromolar-μM/
Nanomolar- nm))

Binding Energy
(kcal/mol)

Inter-molecular energy
(kcal/mol)

4-[{2-[3-(4-Chlorophenyl)-5-(4-(propan-2-yl)phenyl)-
4,5-dihydro-1H-pyrazol-1-yl]-4-oxo-
1,3-thiazol-5(4H)-ylidene}methyl]benzonitrile (CPTBN)

2GOM 3.5 Glutamine (GLN) van der Waals 1.42 μM -7.98 -9.47

3.6 Lysine (LYS) Pi-Cation

4YDO 2.1 Tyrosine (TYR) van der Waals 16.35nm -10.62 -12.11

1.8 Isoleucine (ILE) van der Waals

2.4 Leucine (LEU) Pi-Alkyl

2.9 Tyrosine (TYR) Pi-Pi T-shaped

5I76 2.7 Proline (PRO) Pi-Alkyl 4.84 μM -7.25 -8.74

2.1 Leucine (LEU) Conventional hydrogen bond

2.9 Serine (SER) van der Waals

2.9 Glutamine (GLN) van der Waals

4D7O 1.9 Isoleucine (ILE) van der Waals 1.63 μM -7.85 -9.34

2.4 Glycine (GLY) van der Waals

2.9 Tryptophan (TRP) Amide-Pi stacked

3.3 Phenylalanine (PHE) van der Waals

1BDC 2.1 Phenylalanine (PHE) Pi-Pi T-shaped 428.64nm -8.69 -10.18

2.7 Asparagine (ASN) van der Waals

2.8 Leucine (LEU) Alkyl

2.9 Serine (SER) Conventional hydroden bond

2.8 Glycine (GLY) van der Waals
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Figure 12. a) Antibacterial Docked interaction pose, b) 2D binding modes of CPTBN structure, c) Antifungal Docked interaction pose, d) residual 2D modes of CPTBN
structure, e) Monoclonal antibodies Docked interaction pose, f) targeting 2D modes of CPTBN structure, g) Nitric oxide synthase inhibitor docked interaction pose, h)
2D amino acid bonding modes of CPTBN structure, i) Staphylococcal Protein A docked interaction pose and j) 2D protein interaction modes of CPTBN structure.
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Albicans PDB ID: 4YDO are examined ligand (CPTBN) using molecular
docking studies. Our aim to verified amino acid (residue) interaction of
protein 4YDO are Crystal Structure (Figures 12c and 12d) of Candida
Albicans Protein Farnesyl transferase in Apo form has a resolution 3.00 Å
having a unit cell length a ¼ 96.824 Å, b¼ 96.824 Å, c ¼ 183.082 Å, and
angle α¼ 90�, β¼ 90�, γ¼ 90� [55]. The binding interaction between the
ligand and catalytic site amino acids Tyrosine (TYR) and Isoleucine (ILE)
forms a Van der Waals interaction near Thiazol ring, Leucine (LEU) forms
a Pi-Alkyl interaction and Tyrosine (TYR) forms a Pi-Pi T-shaped inter-
action. Binding energy and inhibition constant are -10.62 kcal/mol and
16.35 Nanomolar.

4.9.3. Monoclonal antibodies
To develop highly efficient therapeutic and diagnostic agents. Mono-

clonal antibodies (mAbs) structure of the protein PDB ID: 5I76 is used to
simulate the ligandwereperformedbyAutoDock-VinaSoftware [56]. 5I76
protein has a resolution 1.922Å having unit cell length a ¼ 72.482 Å, b ¼
68.037Å, c ¼ 97.689 Å, and angle α ¼ 90�, β ¼ 101.85�, γ ¼ 90�. Exami-
nation of the binding energy (-7.85) kcal/mol, inhibition constant
(1.76μM) and shown in Figures.12e and 12f. CPTBN ligand bind at the
active site of protein by lower amino acid (residue) interaction. Amino acid
Leucine (LEU) forms a conventional hydrogen bond with carbonyl present
in the thiazole ring. Van der Waals interaction Serine (SER):, Glutamine
(GLN): was found near both benzonitrile and propane-2-yl. Proline (PRO)
residual alkylandPi-alkyl bindwithOatomand interactionwith the coreof
the chlorophenyl ring, thiazole ring, and pyrazole ring.
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4.9.4. Nitric oxide synthase inhibitor
PDB ID - 4D7O protein (Figure 12g and 12h) [57] has a resolution

1.78 Å had a unit cell length a ¼ 51.77Å, b ¼ 110.58Å, c ¼ 165.16Å and
angle α ¼ 90�, β ¼ 90�, γ ¼ 90�.Amino acid Tryptophan (TRP) and
Phenylalanine (PHE) forms Amide-Pi stacked and van Der Waals inter-
action with a CH3 atom in the propan group. Most of the core rings are
interactive with alkyl Pi-Pi, T-Shaped, and amide Pi stacked presented in
protein. Two van Der Waals interactions with Isoleucine (ILE) and
Glycine (GLY) bound with benzonitrile ring. Binding energy and inhi-
bition constants were -7.85 kcal/mol and 1.63 μM.

4.9.5. Staphylococcal Protein A
Staphylococcal Protein A (PDB ID -1BDC) receptor is a persistent

human pathogen that causes a variety of diseases, both in clinical
appearance and in severity found in normal human flora, located on the
skin andmucous membranes. To investigate nanomolar bacterial binding
targets for complementary ligand interaction. Staphylococcal Protein A
interaction protein [58] shows (Figures 12i and 12j)the existence of
many conventional bonds, which are as follows: Benzonitrile ring form
three residual interaction at the same time are Phenylalanine (PHE) form
Pi-Pi T-shaped, Serine (SER) form conventional hydrogen bond, Glycine
(GLY) form VanderWaals interaction. Leucine (LEU) form
carbon-hydrogen bond interaction with the core thiazole ring. Aspara-
gine (ASN) form a van der Waals interaction was found near CH3. The
inhibition constant was 428.64 Nanomolar and the observed binding
energy was -8.69 kcal/mol.



N. Shanmugapriya et al. Heliyon 7 (2021) e07634
5. Conclusion

In the integrating work, analysis of 4-[{2-[3-(4-chlorophenyl)-5-(4-
propan-2-yl) phenyl)-4, 5-dihydro- 1H- pyrazol-1-yl]-4-oxo-1, 3-
thiazol-5(4H)-ylidene} methyl] benzonitrile [CPTBN] molecule through
the first level of the spectral statistics on experimental FT-IR, and FT-
Raman are recorded and at the next level, detailed vibrational assign-
ments using DFT/B3LYP/6-31G and B3LYP/6-311G basis level were
computed. The geometry of the title molecule is analyzed theoretically.
The three different zone mapped surfaces provide a visual plot to un-
derstand the atoms in an intermolecular polarity. Positive and negative
regions of the MEP map that are localized around the title compound
indicate possible sites of nucleophilic and electrophilic reactivity of the
molecule. The energy flow from the gap is generally low to high, and
Gaussian diagrams have been used to visualize it. The reactive nature of
the CPTBN is hypothetically dissected using techniques for the quantum
system and addressed by electronic properties, such as hardness, chem-
ical potential, electro-negativity, global hardness, and global softness.
The NBO interprets the conjugate relationship of the orbital donor and
the unoccupied orbital acceptor in the molecular system. RDG generates
the colourful illustration, hydrogen bond, van derWaals and steric effects
depict the interaction of the atoms inside the molecule. The electron
localization of the region in the molecular space at which identified
chemically significant regions as a bond and lone pair. Antimicrobial
inhibitory activity against the compound was explored through the tests.
Utilizing the molecular restraining nature of the particle was seen as the
most vulnerable restricting ligand to a catalyst and the most grounded
hydrogen authoritative. The title molecule is docked with receptors high-
resolution antibacterial (2GOM), antifungal (4YDO), Monoclonal anti-
bodies (5I76), Nitric oxide synthase inhibitor (4D7O), Staphylococcal
protein A (1BDC) and gives good binding affinity values. Acceptable and
delicate antibacterial effect against all screened pathogens and the
definitive medicine support the docking results. The nature of the mol-
ecules shows the binding activity of thiazole with biological targets were
examined and discussed in terms of interaction energy. The inclusion of
antimicrobial resistance raises to the development of new antibiotics
through a direct further rational work mode of action.
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INTRODUCTION

Heterocyclic aromatic compounds containing nitrogen
and sulphur are the important molecules in organic chemistry
synthesis [1,2]. Susithra et al. [3] reported when heterocycles
are supposed to have hetero-nuclear atoms, they can be acted
as an ideal ligand, which can delocalize and thereby stimulate
resonance hybridization to interact with strong intermediate
to produce the antimalarial drugs. The geometrical parameters
such as bond length of 5-(4-propoxybenzylidene)-2-[3-(4-
chlorophenyl)-5-[4-(propan-2-yl) phenyl]-4,5-dihydro-1H-
pyrazol-1-yl]-1,3-thiazol-4(5H)-one have been obtained from
B3LYP/6-31G and 6-311G basis sets. The global reactivity
descriptors (ionization potential, electron affinity, electro-
negativity, electrophilicity index, global hardness, global soft-
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A comprehensive investigation of the molecular structure, electronic properties and vibrational spectra of 5-(4-propoxybenzylidene)-2-
[3-(4-chlorophenyl)-5-[4-(propan-2-yl)phenyl]-4,5-dihydro-1H-pyrazol-1-yl]-1,3-thiazol-4(5H)-one have been studied. Many natural and/
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FT-Raman spectral data along with theoretical quantum chemical calculation were investigated. For potential energy distributions (PED)
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natural bond orbital (NBO) were applied to describe the chemical reactivity.The electron density interactions distributed in space, which
exist within these compounds are analyzed by different topological methods namely, atom in molecule (AIM), localized orbital locator
(LOL), electron localization function (ELF) and the reduced density gradient (RDG). Finally, the molecular docking studies of the title
compound for potent Pim-1 kinase cancer PDB ID: 3A99, 1GJ8, 1XQZ was investigated using theAuto Dock program.
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ness and chemical potential) has been predicted with the help
of HOMO/LUMO energy values. Experimental FT-IR, FT-Raman
spectra of the title compoundwere recorded and compared with
the computed values obtained by the same level of DFT with
B3LYP functional.

Chemically interactive regions in the molecule have been
concentrated through aim in molecule (AIM), localized orbital
locator (LOL), electron localization function (ELF) and reduced
density gradient (RDG) [3]. Natural bond orbital (NBO) analysis
has been performed to explain the conjugative interaction,
donor, acceptor and second-order perturbation of the compound.
Also, based on a key factor in PASS online data allows to define
a variety of medicinal potential. Attract attention by repetition
in listening data and then provide content of Pim-1 kinase
inhibitors. The proto-oncogene proviral integration site for
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Moloney murine leukemia virus (PIM) kinases (PIM-1, PIM-
2 and PIM-3) are serine/threonine kinases that are involved in
several signalling pathways important in cancer cells [4-6].
This investigation aimed to evaluate the role Pim kinase inhi-
bitor in ligand progression using molecular docking.

EXPERIMENTAL

The synthesized compound 5-(4-propoxybenzylidene)-
2-[3-(4-chlorophenyl)-5-[4-(propan-2-yl)phenyl]-4,5-dihydro-
1H-pyrazol-1-yl]-1,3-thiazol-4(5H)-one has been taken with-
out any further purificationas per the procedure reported by
Salian et al. [7] and spectroscopic grade for acquiring spectra.
The FT-IR spectrum of the compound were recorded in Perkin-
Elmer spectrometer fitted with a KBr beam splitter covering
4000-400 cm-1region at a resolution of ± 1 cm-1. The FT-Raman
spectrum of the chosen compound was measured using Bruker
RFS 27 model. The spectrum was recorded in the region 3500-0
cm-1 Stokes region using the 1064 nm line of a Nd:YAG laser
for the excitation operating at 200 mW power.

Computational details

The DFT computational method is widely used to describe
the quantum states of many-electron systems of the molecule.
The Gaussian 09W [8] program package was utilized to proceed
with DFT calculations on the title compound through, B3LYP/
6-31G and B3LYP/6-311G basis sets to characterize the structure
electronic and other properties. The geometrical parameter bond
length has been obtained using B3LYP/6-31G and 6-311G basis
sets [9]. Further, we have used the optimized ground state
geometry of the title compound to study the different properties

like FT-IR, FT-Raman, MEP surface mapping and NBO analysis.
The theoretical vibrational wavenumber obtained for comp-
ound is interpreted by means of potential energy distribution
(PED %) calculations using VEDA4 software [10] Frontier
molecular orbital (FMOs) analysis (HOMO-LUMO) and mole-
cular electrostatic potential (MEP) with contour map have been
performed by Gauss View 5.0 to obtain the electronic properties
of the title compound. Multiwfn software [11] has also been
utilized to obtain topology analysis (AIM, RDG, LOL and ELF).
NBO analysis [12] provides an investigation of charge transfer
or conjugative interactions in molecular systems, has been done
using NBO 3.1 program available in Gaussian 09 package at
DFT/6-311G level of theory. Besides, molecular docking studies
were visualized using pymol and Discovery studio software
[13,14]. The interactions of the title molecule with a Pim-1
kinase inhibitors PDB ID: 3A99, 1GJ8, 1XQZ receptors were
studied.

RESULTS AND DISCUSSION

Molecular geometry: The optimized molecular structure
of the title compound is shown in Fig. 1. The bond lengths of
the title compound compared with a closely related crystallo-
graphic data available in literature [7] are presented in Table-1.

According to it, the C-H bond length observed at 1.08-
1.10 Å for phenyl ring and 1.09 Å for pyrazol ring using a
theoretical approach by B3LPY/6-31G and B3LPY/6-311G.
Experimentally, the C–H bond in phenyl ring has a bond length
range of 0.93 Å and 0.97-0.98 Å in pyrazol ring. This difference
might be attributed due to fact that low scattering factor of
hydrogen atom involved in the diffraction method [15]. The

TABLE-1 
OPTIMIZED GEOMETRICAL PARAMETERS (BOND LENGTHS, Å) OF 5-(4-PROPOXYBENZYLIDENE)- 

2-[3-(4-CHLOROPHENYL)-5-[4-(PROPAN-2-YL)PHENYL]-4,5-DIHYDRO-1H-PYRAZOL-1-YL]-1,3-THIAZOL-4(5H)-ONE 

Parameter B3LYP/ 
6-31G 

B3LYP/ 
6-311G 

XRD Parameter B3LYP/ 
6-31G 

B3LYP/ 
6-311G 

XRD Parameter B3LYP/ 
6-31G 

B3LYP/ 
6-311G 

XRD 

C1-C4 1.46 1.46 1.46 C16-H20 1.08 1.08 0.93 C42-N43 1.30 1.30 1.30 
C1-N24 1.31 1.30 1.29 C17-C21 1.41 1.41 1.38 C45-C46 1.46 1.46 1.45 
C1-C26 1.52 1.52 1.50 C17-H22 1.09 1.08 0.93 C45-H56 1.09 1.09 0.93 
C2-C14 1.52 1.52 1.51 C19-C21 1.40 1.40 1.39 C46-C47 1.42 1.41 1.39 
C2-N25 1.51 1.51 1.51 C19-H23 1.09 1.08 0.98 C46-C48 1.42 1.42 1.39 
C2-C26 1.56 1.56 1.47 C21-C29 1.53 1.53 1.52 C47-C49 1.39 1.39 1.38 
C2-H55 1.09 1.09 0.98 N24-N25 1.39 1.39 1.38 C47-H50 1.09 1.08 0.93 
H3-C26 1.09 1.09 0.97 N25-C42 1.35 1.35 1.34 C48-C51 1.39 1.39 1.37 
C4-C5 1.41 1.41 1.38 C26-H28 1.10 1.09 0.97 C48-H52 1.08 1.08 0.93 
C4-C6 1.41 1.41 1.40 C29-C30 1.55 1.54 1.41 C49-C53 1.40 1.40 1.38 
C5-C7 1.40 1.40 1.37 C29-C31 1.55 1.54 1.41 C49-H57 1.08 1.08 0.93 
C5-H8 1.08 1.08 0.93 C29-H38 1.10 1.09 0.96 C51-C53 1.41 1.40 1.36 
C6-C9 1.39 1.39 1.37 C30-H32 1.10 1.09 0.96 C51-H54 1.08 1.08 0.93 
C6-H10 1.08 1.08 0.93 C30-H33 1.10 1.09 0.96 C53-O58 1.38 1.39 1.37 
C7-C11 1.39 1.39 1.36 C30-H34 1.10 1.09 0.96 O58-C59 1.46 1.46 – 
C7-H12 1.08 1.08 0.93 C31-H35 1.10 1.09 0.96 C59-H60 1.10 1.09 – 
C9-C11 1.40 1.39 1.38 C31-H36 1.10 1.09 0.96 C59-H61 1.10 1.09 – 
C9-H13 1.08 1.08 0.93 C31-H37 1.10 1.09 0.96 C59-C62 1.52 1.52 – 
C11-Cl27 1.82 1.83 1.78 C39-C40 1.49 1.49 1.50 C62-H63 1.10 1.09 – 
C14-C15 1.41 1.40 1.37 C39-S41 1.87 1.87 1.75 C62-H64 1.10 1.09 – 
C14-C16 1.40 1.40 1.37 C39-C45 1.36 1.36 1.34 C62-C65 1.54 1.54 – 
C15-C17 1.40 1.39 1.38 C40-N43 1.41 1.41 1.38 C65-H66 1.09 1.09 – 
C15-H18 1.09 1.08 0.93 C40-O44 1.25 1.25 1.22 C65-H67 1.10 1.09 – 
C16-C19 1.40 1.40 1.39 S41-C42 1.84 1.84 1.76 C65-H68 1.10 1.09 – 
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Fig. 1. Optimized structure of 5-(4-propoxybenzylidene)-2-[3-(4-chloro-
phenyl)-5-[4(propan-2-yl)phenyl-4,5-dihydro-1H-pyrazol-1-yl]-
1,3-thiazol-4(5H)-one

C-C bond lengths in all rings lie between the normal C-C single
and C=C double bond lengths indicating the conjugation of
electron density in all the ring [16]. It shows that the varied
range of C-C bond length of 1.36 Å to 1.55 Å for B3LPY/6-
31G/6-311G and 1.29 Å to 1.52 Å for XRD, respectively.

The intermolecular distance of C2-C26 (1.56 Å/DFT, 1.54 Å/
XRD) is higher than the other C-C atoms. This is due to the
presence of a nitrogen atom (N25) that attached to the C2 atom.
The pyrazol ring C-N bond lengths are C2-N25 = 1.51 Å /DFT,
1.47 Å/XRD. The C-N values in the thiazol ring,show that the
bond lengths for C42-N43 is 1.30 Å in both DFT/XRD and C40-
N43 are 1.41 Å/DFT and 1.38 Å/XRD. Likewise, C-S values
of thiazole ring C39-S41 and S41-C42 bond lengths are 1.87 Å
and 1.84 Å, respectively. These values suggest that some
multiple bond character is present in the thiazole ring [17].
The C=O bond lengths (DFT/XRD) in the carbonyl group are
1.26 Å (C-O) reported by Mary [18]. Similarly, the C40=O44

bond showed double bond character, with a bond length value
of 1.25 Å by both B3LYP/6-31G/B3LYP/6-311G and 1.22 Å
in XRD. The bond lengths of propoxybenzylidene in the title
compound are C62-C65 = 1.65 Å/DFT, O58-C59 = 1.46 Å/DFT,
C53-O58 = 1.39 Å/DFT comparable to that reported value [19].

Normally, the C-Cl bond length indicates a considerable
increase in its length when compared with the C-H bond length
[15]. Experimental value relates to the chlorine atom substi-
tuted phenyl ring shown the bond length 1.78 Å. From this
observation, it is clear that the C11-Cl27 bond length of the title
compound falls at 1.82 Å and 1.83 Å using B3LYP/6-31G and
6-311G. The comparative analysis reveals that except of few
values observed in DFT, calculated bond lengths are good
agreement with literature values.

Vibrational assignments: In recent years, FT-IR and FT-
Raman have been mostly used as vibrational spectroscopy for
structural characterization of molecular systems through DFT
calculations. The title compound is constituted by N = 68 atoms
and hence has 3N-6 = 198 normal modes of vibration. The
observed and calculated wavenumber and potential energy
distributions are discussed below. The fundamental modes of
vibration were carried out and are depicted in Table-2. The
simulated and experimental FT-IR and FT-Raman spectra are
given in Figs. 2 and 3, respectively.
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Fig. 2. FT-IR simulated spectra of 5-(4-propoxybenzylidene)-2-[3-(4-
chlorophenyl)-5-[4(propan-2-yl)phenyl-4,5-dihydro-1H-pyrazol-1-
yl]-1,3-thiazol-4(5H)-one
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Fig. 3. FT-Raman simulated spectra of 5-(4-propoxybenzylidene)-2-[3-(4-
chlorophenyl)-5-[4(propan-2-yl)phenyl-4,5-dihydro-1H-pyrazol-1-
yl]-1,3-thiazol-4(5H)-one
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TABLE-2 
VIBRATIONAL ASSIGNMENTS, OBSERVED AND CALCULATED WAVENUMBERS (cm–1) OF 5-(4-PROPOXYBENZYLIDENE)- 

2-[3-(4-CHLOROPHENYL)-5-[4-(PROPAN-2-YL) PHENYL]-4,5-DIHYDRO-1H-PYRAZOL-1-YL]-1,3-THIAZOL-4(5H)-ONE  
AT B3LYP METHOD WITH 6-31G AND 6-311G BASIS SETS 

Observed  
wavenumbers  

(cm–1) 

Calculated 
wavenumbers (cm–1) 

(scaled) 

Observed 
wavenumbers (cm-1) 

Calculated 
wavenumbers (cm-1) 

(scaled) 

FT-IR 
FT-

Raman 
B3LYP/ 
6-31G 

B3LYP/ 
6-311G 

Vibrational assignments 
(PED%) 

FT-IR 
FT-

Raman 
B3LYP/ 
6-31G 

B3LYP/ 
6-311G 

Vibrational 
assignments (PED%) 

  3091 3082 νCH(99) 1050w  1055 1051 δring (61) 
3070w  3075 3070 νCH(99)   1050 1042 δring (61) 

  3070 3066 νCH(98)   1036 1030 δring (60) 
  3066 3060 νCH(98)   1029 1023 γCH(58) 
  3061 3054 νCH(98) 1017ms  1024 1016 νCO (69), νCC (12) 
  3053 3049 νCH(99)   1014 1009 γCH(59) 

3040w  3045 3042 νCH(98)  1000w 1006 1002 γCH(59) 
  3040 3036 νCH(98) 994w  1003 998 γCH(60) 
  3037 3031 νCH(99)   983 982 γCH(60) 
  3031 3028 νCH(99) 975w  979 973 γopr CH3(62) 
  3027 3023 νCH(98)   965 961 γCH(58) 
  3024 3019 νCH(98)  950vw 955 950 νCS(74) 
  3018 3014 νCH(99)   946 943 γopr CH3(62) 

2936w  3012 3008 νassCH3 (97)   939 938 γCH (58) 
  3009 3002 νassCH3 (97)   929 925 δring (61) 
  3000 2996 νassCH2 (98)   921 917 γCH3 (60) 
  2996 2991 νassCH3 (97) 904w 900 908 903 δrock CH3(61) 
  2990 2985 νassCH2(97)   895 891 δrock CH3(61) 
  2981 2977 νassCH3 (97)   886 882 γCH (58) 
  2975 2970 νCH (98)   878 875 γCH (58) 

2961ms  2970 2963 νassCH3 (97)   870 866 γCH (58) 
  2951 2945 νassCH3 (97) 860w  868 860 γCH (58) 

2936w  2942 2938 νssCH2 (98)   856 854 γCH (57) 
  2933 2930 νassCH3 (97)   845 841 γCH (58) 
  2930 2924 νssCH3 (98) 827w 832w 834 830 Ring breathing (60) 
  2925 2919 νssCH3 (98)   818 815 γCCl (71) 
  2918 2912 νssCH3 (98)   809 806 γCS (75) 
  2909 2903 νssCH3 (98)   796 792 γCS (74) 
  2901 2896 νCH (97)   790 785 δring (64) 

2875m  2882 2875 νssCH2 (98)   782 778 δwagg CH2(61) 
1692ms  1650 1643 νCO (71), νCN (21)   769 765 δCO(70) 

  1631 1625 νCC (68), δCH (19) 756w  763 759 γCO(68) 
  1619 1614 νCC (68), δCH (20)   750 743 γring (56) 
  1606 1604 vCC (68), δCH (20)   725 721 γring (55) 

1599s  1599 1599 νCC (67), νCN (15), δCH (12) 720w  720 716 δring (61) 
 1596vs 1596 1592 νCC (67), νCN (15), δCH (10)   706 702 γring (55) 
  1585 1581 νCC (68), δCH (13), δCC (10)   692 689 νCC(66) 
  1579 1576 νCN (66), νCO (13), νCC (12)   666 662 δipr CH3(59) 
  1572 1570 νCC (68), δCO (16), νCN (10)   648 643 δccl(57) 
 1560s 1566 1564 νCN (69), νCO (19)   629 626 γCH(58) 

1542vs  1551 1551 δCH (72), νCC (10) 618w  620 617 γCH(58) 
  1540 1542 ρSCISSCH2 (76)   600 596 γCH(59) 
  1534 1535 δCH (73), νCC (12)   585 581 γCH(58) 
  1530 1527 δCH (65), νCC (17) 569w  579 572 γCH(58) 
  1521 1519 δopbCH3 (6a)   566 560 γCH(58) 
  1514 1511 δopbCH3 (69)   554 551 Ring breathing (60) 
  1506 1503 δopbCH3 (68) 536w  538 535 γCH(59) 

1494ms  1496 1495 δipbCH3 (68)   531 525 γring (54) 
  1494 1490 ρSCISSCH2 (75)   517 513 δring (55) 
  1485 1483 δipbCH3 (68) 504w  505 501 δring (55) 
  1475 1475 δipbCH3 (68)   494 490 δCC (61) 
  1466 1462 ρSCISSCH2 (75)   475 472 δCC (60) 
  1456 1456 δCH (68), νCC (10)   461 453 γCC (52) 
  1453 1450 δCH (68), νCC (12)   446 441 γCO (50) 
 1440w 1445 1441 δsb CH3 (76)   440 438 γCH (54) 
  1438 1435 δsb CH3 (76)   435 430 γring (54) 
  1431 1426 δCH (68)   422 419 γring (54) 
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1423ms  1420 1417 δCH (68) 406vw  412 408 γring (54) 
  1413 1408 δsb CH3 (75)   406 400 γCC (55) 
 1400m 1403 1400 νCN (66), δCH (14)   388 385 γring (49) 
  1389 1389 σrock CH2 (67), νCC (16)   373 372 γCCl (51) 
  1380 1381 δCH (65), νCCC (12)   364 360 δring (50) 
  1376 1375 νCC (65), δCH (10)   350 345 γCC (48) 
  1370 1368 δCH (66), νCCC (12)   339 333 γCCH3 (49) 
  1355 1353 δCH (66)   320 316 δCC (54) 
  1348 1344 σrock (65), νCCC (10)   306 301 δCC (55) 
 1330m 1336 1335 δCH (65), νCCC (12)   284 280 δring (60) 
  1330 1327 νCC (63), δCH (12)   279 274 δCC (58) 
  1316 1313 νCC (68), δCH (13)   256 252 τCCH3(54) 
  1304 1302 δCH (66)   250 246 δCC (58) 

1288ms 1288m 1294 1290 σrock CH2 (67), νCC (12)   248 241 τCH3(48) 
  1285 1283 τCH2 (59)   235 230 τCH3(48) 
  1275 1271 νCC (63), δCH (23)   229 225 τCH3(48) 

1264ms  1266 1263 δCH (68)   222 217 δring (57) 
  1261 1257 σrock CH2 (67)   214 208 γCO (61) 
  1253 1250 δCH (68)   206 202 δring (59) 
 1245ms 1245 1243 τCH2 (58)   200 196 δring (60) 

1233s  1234 1235 νCC (66), δCH (14)   183 175 γCO (57) 
  1232 1228 δCH (63), νCCC (16)   174 168 δring (58) 
  1223 1220 δCH (65)   161 155 γCC (49) 
  1216 1212 δCH (65), νCCC (12)   148 140 γCO (48) 
  1205 1203 δCH (66)   135 130 γCN (48) 
  1194 1190 δCH (65)   125 119 δring (53) 
  1190 1188 δCH (66)   106 98 δring (55) 

1180ms  1186 1182 τCH2 (57)   95 87 τCO(49) 
1175ms 1175ms 1175 1171 γwagg CH2 (55)  78vw 89 80 γCC (49) 

  1166 1160 δCO (61)   83 73 γCC (48) 
  1156 1153 δCH (66)   75 67 γCC (49) 
  1147 1144 δCH (64)   62 56 δCC (58) 
  1143 1139 δCH (64)   55 49 δCC (58) 
 1125ms 1132 1127 δCH (64)   49 40 γring (48) 
  1115 1112 νCCH3 (67)   45 36 γCC (48) 
  1099 1096 δring (60)   39 31 γCC (47) 

1092ms  1094 1092 νCCH3 (66)   35 28 γCC (48) 
  1091 1085 νNN (72), δCN (14), δCO (10)   31 25 γCC (48) 
  1086 1081 νCC (67), δring (16)   26 22 γCC (48) 
  1080 1075 νCC (68), νCO (14)   21 19 γCC (45) 
  1071 1066 γCH(59)   16 14 γCC (45) 
  1064 1060 δring (61)   9 6 γCC (48) 

 
C–H vibrations: The hetero-aromatic structure shows the

presence of C-H stretching vibrations in the region of 3100-
3000 cm-1 [20]. The characteristic region for the identification
of the C-H stretching vibration is affected by the nature of sub-
stituent group interaction. In present study, the C-H stretching
vibrations are observed at 3040 cm-1 and 3070 cm-1 in the FT-
IR spectrum. The scaled frequency of C-H stretching bands
have been obtained from 3091-3018 cm-1 using B3LYP/6-31G
and 3082-3014 cm-1 using B3LYP/6-311G basis set. The hetero-
aromatic configuration reveals the presence of C-H stretching,
in-plane and out-of-plane bending vibrations in the range 3200-
3000 cm-1, 1200-900 cm-1 and 980-700 cm-1. Substitution
sensitive C-H in-plane-bending vibrations are in the range of
1300-1000 cm-1 [21]. In the title compound, the medium strong
bands at 1264 cm-1 in the FT-IR spectrum and at 1125 cm-1 in
the FT-Raman spectrum were assigned as C-H in-plane-bending
vibrations. The theoretically computed wavenumbers for this
mode were 1266, 1261, 1205, 1194, 1190, 1156, 1147, 1143

and 1132 cm-1 using B3LYP/6-31G and at 1263, 1257, 1203,
1190, 1118, 1153, 1144,1139 and 1127 cm-1 using B3LYP/6-
311G. The C–H out-of-plane bending vibrations are observed
as a weak band at 994, 860, 618, 569 and 536 cm-1 in FT-IR
and at 1000 and 950 cm-1 in FT-Raman spectra, respectively.
The calculated frequencies of these modes are in the range of
1014- 983 cm-1, 886-845 cm-1 and 629-538 cm-1using B3LYP/
6-31G and at 1009-982 cm-1, 882-841 cm-1 and 626-535 cm-1

using a B3LYP/6-311G basis set. Thus, the theoretically eval-
uated values for C–H vibrational modes are in good agreement
with the experimental data.

CH3 vibrations: Generally, there are nine fundamental
modes of vibrations associated in CH3 groups such as symme-
trical stretch, two asymmetrical stretch, in-plane bending, out-
of-plane bending, symmetric bending, in-plane rocking, out-
of-plane rocking and twisting [22]. Asymmetric and symmetric
stretching modes of a methyl groupattached to the benzene
ring are usually downshifted because of electronic effects and
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are expected near 2925 and 2865 cm-1 for asymmetric and
symmetric stretching vibrations. The CH3 stretching modes
are reported at 2980, 2917, 2895 cm-1 in the IR spectrum, 2987,
2980, 2916, 2899 cm-1 in the Raman spectrum are assigned
by Viji et al. [23]. In the title compound, the CH3 asymmetric
and symmetric stretching modes appear in the range 3012-
2920 cm-1; 2930-2909 cm-1 by B3LYP/6-31G and 3008-2963
cm-1 and 2924-2903 cm-1 by B3LYP/6-311G method. The in-
plane bending vibrations of the CH3 group were experimentally
obtained at 1494 cm-1 FT-IR spectrum and 1440 cm-1 in FT-
Raman spectrum and these values are in good agreement with
the literature [24]. In the present study, the calculated out-of-
plane and in-plane bending vibration were located in the region
1521-1438 cm-1 (6-31G) and 1519-1435 cm-1 (6-311G). Out
of three, only two in-plane rocking deformations at 904 cm-1

in FT-IR and 900 cm-1 in FT-Raman spectra are in agreement
with theoretical values 908, 895 cm-1 by B3LYP/6-31G and
903,891 cm-1 by B3LYP/6-311G, respectively. The computed
twisting τCH3 values by B3LYP/6-31G method are predicted
at τ = 256, 248, 235, 229 cm-1 and 252, 241, 230, 225 cm-1 by
B3LYP/6-311G level of theory (Table-2).

CH2 vibrations: There are six fundamental modes of
vibrations can be associated with the CH2 group, namely asym-
metric and symmetric stretching, scissoring and rocking (in-
plane bending), wagging and twisting (out-of-plane bending).
Arjunan et al. [25] reported the symmetric methylene group
stretching vibration observed at 2922 cm-1. In this investigation,
the CH2 symmetric stretching mode observed at 2936 cm-1 in
FT-IR spectrum and the theoretical value appears at 2942 cm-1

by B3LYP/6-31G and 2938 cm-1 by B3LYP/6-311G method.
For, asymmetric stretch νassCH2 was predicted theoretically at
3000, 2990 cm-1 by B3LYP/6-31G and 2996, 2985 cm-1 by
B3LYP/6-311G. The rocking (σrock) mode is assigned at 1288
cm-1 in both FT-IR sand FT-Raman spectra and at 1294 (6-31G),
1290 (6-311G) cm-1 theoretically (B3LYP).

The CH2 wagging (γwagg) mode is observed at 1175 cm-1

in both FT-IR and FT-Raman spectra and theoretically the
values obtained at 1175(6-31G), 1171(6-311G) cm-1. The twist-
ing mode of CH2 vibrationis identified at 1180 cm-1 in the FT-IR
spectrum and 1245 cm-1 in FT-Raman spectrum. The DFT
calculated frequencies are observed at 1245, 1186 cm-1 by
B3LYP/6-31G and at 1233, 1182 cm-1 by B3LYP/6-311G.

C–C vibrations: In phenyl ring, carbon-carbon stretching
vibrations are usually appear in the interval of 1625–1400 cm-1

[26-28]. In the present study, the DFT calculated frequencies
are observed in the range 1631-1585 cm-1 using B3LYP/6-31G
and 1625-1581 cm-1 using B3LYP/6-311G basis set. The same
modes strong peaksare observed in FT-Raman spectrum at 1596
(vs) cm-1 and in FT-IR spectrum at 1599(s) cm-1. Normally,
the ring deformation modes are observed below the frequency
1000 cm-1. Shankar Rao et al. [27] calculated the in-plane
C-C-C deformation bands occur in the region at 651-509 cm-1

while the out-of-plane C-C-C deformation bands occur in the
region 477-282 cm-1. Likewise, the C-C in-plane bending vibra-
tions are obtained at 494, 475 cm-1 by B3LYP/6-31G and 490,
472 cm-1 by B3LYP/6-311G. The frequencies observed in the
out-of-plane C-C bending vibration are experimentally at 78

cm-1 in FT-IR spectra. Here, the theoretical frequencies are
assigned at in the region 89-90 cm-1 using B3LYP/6-31G and
80-86 cm-1 using B3LYP/6-311G.

C=O and C-O vibrations: In present investigation, the
oxygen substitution were observed with C4(C40) position of
thiazole and aromatic substitution at the para-position of
benzene (oxybenzylidene). The measurement of the C-O band
is difficult due to the interfering with many other vibrations.
Although there is a high absorption peak for CO vibrations
when combined with C-C stretching, C-N stretching and C-H
bending vibrations, the contribution of PED is only 20%. The
C=O stretching vibration exhibits a strong band in the region
1750-1600 cm-1 and C–O stretching vibrations are in the region
1300-100 cm-1 [29]. On comparing the present investigation
with the above literature, the medium strong band stretching
mode of C=O is assigned at 1692 cm-1 and C-O is assigned at
1017 cm-1 in the FT-IR spectrum. The theoretical frequencies
(B3LYP/6-31G) are 1650, 1024 cm-1 and 1643, 1016 cm-1 for
B3LYP/6-311G.

C-Cl vibrations: Generally, the C-Cl in-plane (δ) and
out-of-plane (γ) bending vibrations appears in the lower
frequency region. Because the chlorine atom has a higher electro-
negativity than the carbon atom, the bonding electrons in the
C-Cl bond will be closer to the chlorine than the carbon, incre-
asing the force constant and causing a frequency shift [28]. In
present study, the predicted in-plane (δ) bending vibrations is
assigned at δ = 648 cm-1 for B3LYP/6-31G and δ = 643 cm-1 for
B3LYP/6-311G. The out-of-plane (γ) bending vibrations have
been assigned at γ = 818, 373 cm-1 for B3LYP/6-31G and γ =
815, 372 cm-1 for B3LYP/6-311G by theoretically.

C-S vibrations: The assignment of the molecular identi-
fication in C–S stretching vibrational mode is a difficult task.
The absorption of this grouphaving variable intensity, which
can be found in a wide range of 1035-245 cm-1 in both aliphatic
and aromatic sulphides [30]. The title compound were detected
experimentally at 950 cm-1 in FT-Raman. Theoretically, the
stretching of C-S band in the thiazol ring at 995 cm-1 in B3LYP/
6-31G and 950 cm-1 in B3LYP/6-311G. The C-S out-of-plane
bending vibration was observed at 809, 796 cm-1 by B3LYP/
6-31G and 806, 792 cm-1 in B3LYP/6-311G.

C–N, C=N and N-N vibrations: In general, identifying
C=N and C-N vibrations was particularly challenging because
mixing of several bands appeared possible in this region.
Silverstain et al. [31] reported the C-N stretching absorption
in the region 1689-1417 cm-1 for aromatic compound. Similarly,
computed value is agreeing with the literature. When C=N
stretching band is found experimentally at 1400 cm-1 in FT-
Raman, theoretically assignment at 1403 cm-1 in the B3LYP/
6-31G and 1400 cm-1 B3LYP/6-311G. The theoretically comp-
uted N-N stretching vibration combined with C-N in-plane
bending vibration has been calculated at 1091(6-31G) cm-1,
1085(6-31G) cm-1 [32], respectively.

Global reactivity descriptors: The highest occupied
molecular orbitals (HOMO) and lowest unoccupied molecular
orbitals (LUMO) are fundamentally standard in quantum esti-
mation; also, orbitals are called frontier molecular orbitals
(FMOs). The FMOs portrays the molecular stability and it plays
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a significant role in computing the molecular electrical trans-
port properties. The EHOMO and ELUMO are frequently illustrating
contour stabilization of the compounds by green-red isosurface
circles, which clearly explain the charge transfer mechanism.
The combination between these orbitals is important in various
responses to describe the kinetic stability and chemical reacti-
vity for the examined compounds. In present analysis, it is
found that the title compound has a total of 600 orbitals out of
which 143 are occupied and the remaining 457 are virtual
orbitals. The orbitals numbered 143 and 144 account for HOMO
and LUMO orbitals.The FMOs energy gap of studied molecule
of B3LYP/6-31G basis set is reported as HOMO = -5.5198 eV,
LUMO = -2.1701 eV, energy gap ∆E = -3.3497 eV and B3LYP/

6-311G basis set is reported as HOMO = -5.7563 eV, LUMO=
-2.3943 eV, energy gap ∆E =- 3.3620 eV. Taking higher basis
set B3LYP/6-311G band gap energy values (H-1 → L+1, H-2
→ L+2) of compound are found to be –4.5226 eV and –5.7234
eV (Fig. 4), respectively. The ionization potential I= -EHOMO

with electron affinity A= -ELUMO, electro-negativity χ = (I +
A)/2, chemical potential µ = –(I + A)/2 with hardness η = (I –
A)/2, softness σ = 1/η, electrophilicity index ω = µ2/2η of the
title compound have been estimated theoretically [33] and the
corresponding values are shown in Table-3.

Molecular electrostatic potential (MEP): MEP is related
to the visualized map of electron density and is a very useful
tool in understanding sites for electrophilic and nucleophilic

LUMO LUMO+1 LUMO+2

HOMO HOMO–1 HOMO–2

∆E = –3.3620 eV ∆E = –4.5226 eV ∆E = –5.7234 eV

Fig. 4. HOMO-LUMO energy distribution plots of 5-(4-propoxybenzylidene)-2-[3-(4-chlorophenyl)-5-[4(propan-2-yl)phenyl-4,5-dihydro-
1H-pyrazol-1-yl]-1,3-thiazol-4(5H)-one at DFT/6-311G basis set

TABLE-3 
CALCULATED E-HOMO, E-LUMO(H-1 → L+1, H-2 → L+2), ENERGY GAP (EL–EH), IONIZATION POTENTIAL (I),  

ELECTRON AFFINITY (A), GLOBAL HARDNESS (η), ELECTRONEGATIVITY (χ), CHEMICAL SOFTNESS (σ),  
CHEMICAL POTENTIAL (µ) AND GLOBAL ELECTROPHILICITY (ω) USING THE 6-311G LEVELS OF THEORY 

Molecular 
properties 

Energy 
(eV) 

Energy gap 
(eV) 

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

EHOMO -5.7563         
ELUMO -2.3943 3.3620 5.7563 2.3943 1.6810 4.753 0.5949 -4.0753 4.9399 

EHOMO-1 6.3539         
ELUMO+1 1.8313 4.5226 6.3539 1.8313 2.2613 4.0926 0.4422 -4.0926 3.7035 
EHOMO-2 6.7645         
ELUMO+2 1.0411 5.7234 6.7645 1.0411 2.8617 3.9028 0.3494 -3.9028 2.6613 
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reactions. The electrostatic potential V(r) is identified as the
energy collaborated between the charges formed by protons,
electrons and nuclei existing in a given dimension [34,35].
We have reported and plotted the MEP surface mapping density
of the title compound using Gaussian 09 program [8]. Potential
increases in the order red < orange < yellow < green < blue.
The negative (red and yellow) regions of MEP were related to
electrophilic reactivity and the positive (green and blue) regions
to nucleophilic reactivity. From the MEP, it is evident that the
negative charge covers the carbonyl group is located on the
thiazol ring and propoxybenzylidene, positive charge coversall
hydrogen atoms in the molecule andthen the neutral region is
located over the remaining groups. The molecular electrostatic
potential surface of the title compound is shown in Fig. 5.

–8.044e–2

8.044e–2

Fig. 5. MEP (molecular electrostatic potential surface) of 5-(4-
propoxybenzylidene)-2-[3-(4-chlorophenyl)-5-[4(propan-2-
yl)phenyl-4,5-dihydro-1H-pyrazol-1-yl]-1,3-thiazol-4(5H)-one

NBO analysis: Natural bond orbital analysis [11] gives
an understanding of the intermolecular and intramolecular
interactions of atomic bonds leading to the stability of the mole-
cule. This analysis is carried out by examining all possible inter-
actions between “fille ≤ (donor) Lewis-type NBOs and “empty”
(acceptor) non-Lewis NBOs, estimating their energetic impor-
tance by second-order perturbation theory. The NBO analysis
allows the measuring of the hybridization of atoms involved
in bonding orbitals and of the atomic lone pairs. Moreover, this
type gives as BD (1) for 1-center bond, BD (2) for 2-center bond,
LP (1) for 1-center valence lone pair and BD*(1) for 1-center
anti-bond, BD*(2) for 2-center anti-bond labels corresponding
to Lewis and non-Lewis NBOs, respectively. For each donor
(i) and acceptor (j), the stabilization energy E(2) associated
with the delocalization i→j is estimated as eqn. 1:

2
i,j

ij i
j i

(F )
E(2) E q

(E E )
= ∆ =

− (1)

where qi is the donor orbital occupancy, Ei and Ej are diagonal
elements and F (i,j) is the off-diagonal NBO element. The intra-
molecular charge transfer interactions for the most significant
stabilization energies E(2) were obtained from the NBO calcu-
lations. The larger the E(2) value shows the intensive inter-
action between electron-donors, electron-acceptors and the
greater extent of conjugation [36,37] of the whole system are
presented in Table-4. The most important hyper conjugative
interaction of the title compound isbonding to lone pair BD
(2) C39-C45→LP (2) S41 shows the leading stabilization energy
of 540.23 kcal/mol.The delocalization of BD*(2) electron from
anti-bonding distributed to anti-bonding show the high stabili-
zation energy is BD*(2) C7-C11→BD*(2) C6-C9 for131.61
kcal/mol and BD*(2) C7-C11→ BD*(2) C4-C5 for 195.69
kcal/mol. Lone pair of sulphur LP (2)S41 is distributed to anti-
bonding BD*(1) C42- N43 and BD*(1) C39-C45 show the
stabilization energy of 99.8 kcal/mol and 65.6 kcal/mol.This
electron energy has been observed and listed in Table-4 as a
result of occupational interaction.

Topology analysis

Atoms in molecules (AIM): The quantum theory of atoms
in molecules (AIM) is a useful tool for the characterization of
hydrogen bonding, and intrainter molecular interactions within
the molecule [38,39]. The chemical structure of an element is
identified using critical point’s (CP’s). The type of critical point
described as: (3, -3) nuclear critical point (NCP); (3, -1) bond
critical point (BCP); (3, +1) ring critical point (RCP); and
(3,+3) cage critical point (CCP). The number and type of critical
points that can coexist in a molecule or crystal follow a strict
topological relationship which states eqn. 2 as:

{1(Isolated molecules)

NCP BCP RCP CCP 0(Infinite crystals)
n n n n

−

−
− + − = (2)

where n denotes the number of the subscripted type of CP. The
topology relationship of anisolated systemsis known as the
Poincare-Hopf (PH) relationship. The topology analysis of the
compound displays 68 (3,-3) nuclear critical points, 73 (3,-1)
bond critical points (BCPs) between attractive pairs and 6
(3,+1) ring critical points corresponding to π-π interactions.
One bond critical point is associated with a very weak (O44-
C40-C39-C45-C45-C48 -H52) hydrogen bonding interaction.
When these lines show that the Poincare-Hopf relationship is
satisfied, we can see all expected CPs are presented, hence we
can confirmed that all CPs have been found.

(3, -3): 68, (3, -1): 73, (3, +1): 6, (3,+3): 0
68 - 73 + 6 - 0 = 1

From Multiwfn, the energy of hydrogen bond is calculated
by a relationship between bond energy EHB (eqn. 3) and potential
energy density V(rBCP) at corresponding BCP as:

BCP
HB

V(r )
E

2
= (3)

The energy of the hydrogen bond O44-C40-C39-C45-
C46-C48 -H52 was calculated to be 46.60 kcal/mol. Magenta,
orange and yellow spheres corresponds to (3, -3), (3, -1) and
(3, +1) critical points and bond path Fig. 6(A). The indices of
CPs are labelled by cyan numbers. The yellow sphere and line
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TABLE-4 
SECOND ORDER PERTURBATION THEORY ANALYSIS OF FOCK MATRIX ON NBO OF THE 5-(4-PROPOXYBENZYLIDENE)- 

2-[3-(4-CHLOROPHENYL)-5-[4-(PROPAN-2-YL)PHENYL]-4,5-DIHYDRO-1H-PYRAZOL-1-YL]-1,3-THIAZOL-4(5H)-ONE 

Donar (i) Type ED/e Acceptor (j) Type ED/e(qi) 
E(2)a  

(Kcal/mol) 
E(i)-E(j)b F(i,j)c 

BD (2) C1-N24 1.92317 BD*(2) C4-C5 0.38999 7.93 0.32 0.049 
BD (1) C1-C26 1.97344 BD*(1) C2-C14 0.03967 5.08 1.09 0.067 
BD (1) C2-H55 1.89423 BD*(1) H3-C26 0.04766 8.32 0.91 0.079 
BD (2) C4-C5 1.64504 BD*(2) C1-N24 0.2551 16.67 0.24 0.058 
BD (2) C4-C5 1.64504 BD*(2) C6-C9 0.29685 19.66 0.28 0.068 
BD (2) C4-C5 1.64504 BD*(2) C7-C11 0.39233 22.43 0.26 0.069 
.BD (1) C6-C9 1.64504 BD*(1) C11-Cl27 0.03193 4.95 0.81 0.057 
.BD (2) C6-C9 1.66679 BD*(2) C4-C5 0.38999 20.57 0.28 0.068 
.BD (2) C6-C9 1.66679 BD*(2) C7-C11 0.39233 21.12 0.26 0.067 
BD (2) C7-C11 1.67977 BD*(2) C4-C5 0.38999 17.84 0.3 0.066 
BD (2) C7-C11 1.67977 BD*(2) C6-C9 0.29685 19.15 0.3 0.068 
BD (2) C14-C15 1.67260 BD*(2) C16-C19 0.34331 19.55 0.28 0.067 
BD (2) C14-C15 1.67260 BD*(2) C17-C21 0.35910 18.95 0.29 0.067 
BD (2) C16-C19 1.69329 BD*(2) C14-C15 0.38842 21.07 0.27 0.069 
BD (2) C16-C19 1.69329 BD*(2) C17-C21 0.35910 21.11 0.28 0.07 
BD (2) C17-C21 1.64966 BD*(2) C14-C15 0.38842 21.43 0.27 0.069 
BD (2) C17-C21 1.64966 BD*(2) C16-C19 0.34331 20.03 0.28 0.066 
BD (1) C29-H38 1.90958 BD*(2) C17-C21 0.35910 10.97 0.47 0.069 
BD (1) C29-H38 1.90958 BD*(1) C30-H34 0.01540 6.13 0.93 0.069 
BD (1) C29-H38 1.90958 BD*(1) C31-H37 0.01540 6.13 0.93 0.069 
BD (1) C39-S41 1.97750 BD*(1) N25-C42 0.05342 9 1.44 0.102 
BD (2) C39-C45 1.72685 LP (2) S41 1.99791 540.23 0.01 0.119 
BD (2) C39-C45 1.72685 BD*(2) C40-O44 0.35800 29.54 0.28 0.083 
BD (1) C40-N43 1.98023 BD*(1) N25-C42 0.05342 6.25 1.17 0.077 
BD (2) C40-O44 1.91570 BD*(2) C39-C45 0.28406 8.91 0.27 0.046 
BD (2) C40-O44 1.91570 BD*(2) C42-N43 0.51724 6.73 0.28 0.044 
BD (1) S41-C42 1.98222 BD*(1) C39-C45 0.03534 7.14 1.39 0.089 
BD (1) C42-N43 1.97971 BD*(1) S41-C42 0.04637 1.15 1.29 0.035 
BD (2) C42-N43 1.83934 LP (2) S41 1.99791 102.39 0.05 0.102 
BD (2) C42-N43 1.83934 BD*(2) C40-O44 0.35800 27.11 0.31 0.087 
BD (2) C46-C48 1.66946 BD*(2) C47-C49 0.31590 20.72 0.29 0.069 
BD (2) C46-C48 1.66946 BD*(2) C51-C53 0.35490 19.28 0.28 0.066 
BD (2) C47-C49 1.66513 BD*(2) C46-C48 0.36800 20.58 0.27 0.068 
BD (2) C47-C49 1.66513 BD*(2) C51-C53 0.35490 22.37 0.27 0.07 
BD (2) C51-C53 1.65032 BD*(2) C46-C48 0.36800 21.42 0.28 0.07 
BD (2) C51-C53 1.65032 BD*(2) C47-C49 0.31590 19.26 0.29 0.067 
LP (1) N24 1.99950 BD*(1) C2-N25 0.04392 4.81 0.82 0.056 
LP (1) N25 1.99906 BD*(2) C1-N24 0.25510 26.7 0.24 0.072 
LP (1) N25 1.99906 BD*(1) S41-C42 0.04637 6.95 0.75 0.068 
LP (1) N25 1.99906 BD*(1) C42-N43 0.06186 13.04 0.68 0.088 
LP (3) Cl27 1.99995 BD*(2) C7-C11 0.39233 12.39 0.32 0.061 
LP (1) S41 2.00000 BD*(1) C39-C40 0.09667 7.95 0.99 0.08 
LP (1) S41 2.00000 BD*(1) C42-N43 0.06186 8.55 0.94 0.08 
LP (2) S41 1.99791 BD*(2) C39-C45 0.03534 65.6 0.2 0.112 
LP (2) S41 1.99791 BD*(2) C42-N43 0.51724 99.8 0.21 0.133 
LP (1) N43 1.99941 BD*(1) C39-C40 0.09667 5.99 0.81 0.062 
LP (1) N43 1.99941 BD*(1) S41-C42 0.04637 5.63 0.84 0.062 
LP (2) O44 1.87708 BD*(1) C39-C40 0.09667 18.59 0.69 0.102 
LP (2) O44 1.87708 BD*(1) C40-N43 0.06186 22.97 0.65 0.111 
LP (1) O58 1.94538 BD*(1) C49-C53 0.02868 6 0.97 0.069 
BD*(2) C1-N24 0.25510 BD*(2) C4-C5 0.38999 37.71 0.04 0.063 
BD*(2) C7-C11 0.39233 BD*(2) C4-C5 0.38999 195.69 0.02 0.083 
BD*(2) C7-C11 0.39233 BD*(2) C6-C9 0.29685 131.61 0.02 0.078 
BD*(2) C39-C45 0.03534 BD*(2) C40-O44 0.35800 30.02 0.06 0.069 
BD*(2) C42-N43 0.51724 BD*(2) C40-O44 0.35800 53.08 0.05 0.072 
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denote between the green colour bond path show the index
117 corresponds to the bond critical point (BCP) of O-C----H
hydrogen bond, respectively. AIM map of the hydrogen bonding
region are presented in Fig. 6b.

Localized orbital locator (LOL) and electron locali-
zation function (ELF): The topologies of the localized orbital
locator (LOL) and electron localization function (ELF) are
investigated electron density (gradient) in an attempt to eluci-
date cores and the valence shell of the atoms. To define Fermi
hole curvature Becke & Edgecombe [40] proposed a local
scalar function V(r) and show the excess kinetic energy of the
Pauli repulsion regions (absence of LOL) of space. Extensively,
Savin & Silvi [41] explained the two main types of basins in a
molecule: core and valence. Core basins engulf centre nuclei
present in the molecule and valence basins identifies the boun-
daries shared by the cores and lone pair. The localized orbital
locator (LOL) shows the surface topology of interaction bond
path. The carbon and nitrogen core present in compound is
represented by the red-dot blue ring,inner shell is represented
by red-dot yellow ring and the path electrons delocalization is

represented by greenish-yellow colour shown in Fig. 7a. The
axis’s of the LOL limits from 0.00 to 1.00. ELF isosurface
explains the relation between LOL and ELF regions of the
title compound is shown in Fig. 7b. From electron localization
function (ELF) analysis, it finds the positions of isosurface,
shared and unshared in space where ELF is maximal and to
use the value of ELF in these points. By defining the electron
localization (ELF) gradient in terms of η by the mapping its
values on to range 0 ≤ η ≤ 1:The value of ELF, η(r) ranges
from 0.0 to 1.00, where relatively high values in the interval
1.00 to 0.5 indicates regions containing bonding and anti-
bonding localized electrons, whereas lower values (> 0.5) des-
cribe domains where electrons are expected to be delocalized.
Very low electron localization zones between valence and inner
shells revealed by the blue ring like region around each carbon
and nitrogen atoms. Next, high electron localization zones
between core and lone pair to valence atoms are revealed by
the red ring like region around each hydrogen, chlorine (LP)
and oxygen (LP) atoms. Colour shade maps or contour maps
of bonding region are present in Fig. 7c. High ELF values

(a) (b)

117

Fig. 6. AIM critical point maps of the 5-(4-propoxybenzylidene)-2-[3-(4-chlorophenyl)-5-[4(propan-2-yl)phenyl-4,5-dihydro-1H-pyrazol-
1-yl]-1,3-thiazol-4(5H)-one bonding region

Carbon (core)

Sulphur (lone pair)

Hydrogen (valence)
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Fig. 7. (a) LOL, (b) ELF isosurface and (c) ELF region of 5-(4-propoxybenzylidene)-2-[3-(4-chlorophenyl)-5-[4(propan-2-yl)phenyl-4,5-
dihydro-1H-pyrazol-1-yl]-1,3-thiazol-4(5H)-one
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(~ 0.600 to1.00 Bohr unit) are coloured red; the series descends
through yellow to green for middle (0.60 to 0.40Bohr unit)
and the lower end (below 0.4 Bohr unit) of the scale is repre-
sented by blue.

Reduced density gradient analysis (RDG): Recently
developed the non-covalent interactions (NCI) method to detect
NCI in real space [42]. This method enables the identification
of NCI as isosurfaces of the reduced density gradient RDG (r)
in eqn. 4:

2 1/2 4/3

(r)1
RDG(r)

2(3 r ) (r)

∇ρ
=

π ρ (4)

These isosurfaces expand over large regions of space cont-
aining interacting atoms. This approach recovers a more intuitive
picture of van der Waals interactions, hydrogen bonds and steric
repulsions than other local pair wise approaches, such as atoms
in molecules (AIM) theory, or the electron localization function
(ELF). The application of the reduced density gradient is to
visualize interacting regions was motivated by the deviations
from the exponential behaviour observed when RDG is plotted
versus ρ(r) for interacting systems [43]. Value of Hessian matrix
of electron density is used to find the nature of an interaction.
If λ2 > 0, for non-bonded and if λ2 < 0 for bonded. The blue
colour indicates the hydrogen bonding interaction, the green
colour represents van der Waals interactions and the red colour
is identified as strong repulsion. From Fig. 8, the van der Waals
interaction is the predominant factor as electrostatic interaction
in the molecule. The isosurface of the title compound displays
very strong van der Waals interact with strong steric effect as
repulsive interaction and weak hydrogen bonding (one only)
interaction. Moreover, hydrogenic and van der Waals regions
are more impacted in the presence of propoxybenzylidene
moiety in the structure pyrazole and thiazole.

Molecular docking: To explore the biological activity of
the title molecule, molecular docking simulations have been
performed using Auto Dock/Vina software [44]. Docking has

become a standard technology in drug discovery to virtually
screen hypothetical chemicals to identify new active chemo-
types, which predicts the target binding modes of protein and
to point out the active site of ligands. PASS [45] is an online
tool that predicts different types of activities based on the
compound structure. From PASS analysis of title compound
predicts several activities, amongst other activities choosing
Pim-1 kinase inhibitor activity with Pa (probability to be active)
and Pi (probability to be inactive) values are listed in Table-5.
In light of their oncogenic potential, the Pim kinase family is

TABLE-5 
PASS PREDICTION FOR THE ACTIVITY SPECTRUM OF TITLE 
COMPOUND, Pa REPRESENTS PROBABILITY TO BE ACTIVE 

AND Pi REPRESENTS PROBABILITY TO BE INACTIVE 

Pa Pi Activity name 
0.260 0.102 Antimetastatic 
0.189 0.036 Pim-1 kinase inhibitor 
0.177 0.031 Protein-tyrosine phosphatase inhibitor 
0.153 0.012 Bcl2 antagonist 
0.192 0.054 Vascular adhesion protein 1 inhibitor 
0.133 0.008 Pim-2 kinase inhibitor 
0.242 0.121 Atherosclerosis treatment 
0.246 0.131 Antineurogenic pain 
0.101 0.005 CDC25B inhibitor 
0.107 0.018 Autotaxin inhibitor 
0.128 0.039 Lipoxygenase inhibitor 
0.292 0.205 APOA1 expression enhancer 
0.207 0.120 Antiobesity 
0.132 0.049 Vasculitis treatment 
0.082 0.010 Bcl-xL inhibitor 
0.126 0.061 Sodium/bile acid cotransporter inhibitor 
0.093 0.030 5-Lipoxygenase inhibitor 
0.260 0.199 CDK9/cyclin T1 inhibitor 
0.078 0.024 Protein-tyrosine phosphatase 2C inhibitor 
0.205 0.157 Antidiabetic 
0.092 0.044 Peroxisome proliferator-activated receptor 

gamma antagonist 
0.240 0.195 Vanilloid 1 agonist 
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Fig. 8. Reduced density gradient 2D and 3D of 5-(4-propoxybenzylidene)-2-[3-(4-chlorophenyl)-5-[4(propan-2-yl)phenyl-4,5-dihydro-1H-
pyrazol-1-yl]-1,3-thiazol-4(5H)-one
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emerging as an important new target for drug discovery efforts.
Pim kinases are emerging as important mediators of cytokine
signaling pathways in hematopoietic cells and they contribute
to the progression of certain leukemias and solid tumors [46].
Based on this, molecular docking simulation was carried out
for the title compound bind with the human Pim-1 kinase enzyme.
The 3D structure of proteins was obtained from Protein Data
Bank (PDB ID: 3A99, 1GJ8, 1XQZ) has a good resolution.
Auto Dock Tools (ADT) graphical user interface was used to
add polar hydrogen and to calculate atomic charges by Kollman
method. Water molecules and co-crystallized ligands were
removed. The optimized structures of ligands PDB were obtained
using the DFT (B3LYP) theory with the 6-311G basis set on
Gaussian 09. Partial charges were calculated by Geistenger
method. The active site to the energies was defined to add
residues of the active site with the use of grid size 126 Å ×
126 Å × 126 Å using Auto grid [47]. The Auto Dock binding
affinity (kcal/mol), inhibition constants (nM or µM) and nature
of the bond with residues were computed (Table-6) and the
best lowest energy docked position of the ligand with target
protein are shown in Figs. 9a-b. The bond interactions present
in the title compound are pi-alkyl, carbon-hydrogen bond,

conventional hydrogen bond and pi-cation, 3A99 interaction
with amino acid forms alkyl (2.5 Å; ILE A:74, 3.0 Å; VAL
A:174) having various binding energies of -9.23, -9.13 and
-9.01 kcal/mol. The inhibition constant values are identified as
170.15 nM, 201.86 nM, 248.98 nM and RMSD value are 81.47
Å, 83.69 Å and 82.21 Å. The result of 1GJ8 encircled by residues
pi-sigma (2.8 Å, CYS A:13), conventional hydrogen bond (1.9 Å,
GLN A:12) and alkyl (2.9 Å, LYS A:10). They have a docking
score of -6.98, -6.95, -6.90 kcal/mol, respectively. The inhib-
ition constant values are identified as 7.65 µM, 19.13 µM and
12.09 µM and RMSD value are 26.16 Å, 26.28 Å and 26.31
Å. The prediction of 1XQZ insight the potent of Pim kinase
inhibitor docked with ligand shows van der Waals (2.6 Å, GLN
A :171), alkyl (2.4 Å, PRO A:125; 2.4 Å, LEU A: 93; 2.4 Å,
LYS A: 67), which can provide some binding energies of -9.14,
-9.01 and -7.83 kcal/mol. The inhibition constant values are
identified as 201.35 nM, 249.97 nM and 1.82 µM. The RMSD
value is 77.89 Å, 79.25 Å and 55.22 Å.

Conclusion

The FT-IR and FT-Raman spectra of 5-(4-propoxybenzyli-
dene)-2-[3-(4-chlorophenyl)-5-[4-(propan-2-yl)phenyl]-4,5-

TABLE-6 
MOLECULAR DOCKING PARAMETERS OF 5-(4-PROPOXYBENZYLIDENE)-2-[3-(4-CHLOROPHENYL)-5-[4-(PROPAN-2-YL) 

PHENYL]-4,5-DIHYDRO-1H-PYRAZOL-1-YL]-1,3-THIAZOL-4(5H)-ONE BIND WITH HUMAN PIM-1 KINASE ENZYME 

Binding affinity 
(kcal/mol) 

Inhibition constant Ki 
(µM or nM) 

RMSD (Å) PDB 
ID 

Bond 
distance 

(Å) 

Amino acid 
(residues) 

Bond 
1 2 3 1 2 3 1 2 3 

2.5 ILE A 74 Pi-alkyl 
2.9 GLY A 48 Carbon-hydrogen bond 
3.0 SER A 50 Conventional hydrogen bond 
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Fig. 9a. Residues interactions of Pim-1 kinase inhibitor protein with ligand (PCPPT)
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dihydro-1H-pyrazol-1-yl]-1,3-thiazol-4(5H)-one was studied
by both experimentally and theoretically. The vibrational wave-
number was computed using B3LYP/6-31G and B3LYP/6-311G
basis sets DFT methods are assigned with the help of potential
energy distribution analysis. The HOMO and LUMO analysis
are used to determine the charge transfer and the chemical
activity of molecule. From the molecular electrostatic potential,
it is evident that the negative charge covers the carbonyl group,
positive charge covers hydrogen atoms in the propoxybenzyli-
dene, the neutral region is covered over the remaining groups
and show the more electronegativity in the carbonyl group makes
it the most reactive part of the compound. The stability of the
molecule arising from hyperconjugative interaction and charge
delocalization has been studied using NBO analysis. AIM
confirms the presence of an intramolecular hydrogen bond
between O44-H27···N14 with energyof 46.60 kcal/mol. The
surface electron density core, lone pair and valance findings
were confirmed by electron localization function (ELF) and
localized orbital locator (LOL) studies. Intra- and intermole-
cular non-covalent and weak interactions (van der Waals forces)
of thiazole and pyrazole were explored using the reduced
density gradient (RDG) methods. The anticancerous protein
3A99 is having higher binding energy, inhibition constant and
RMSD values such as –9.23 kcal/mol, 170.15 nM and 81.47 Å
than 1GJ8 1XQZ. From the results, the title compound may
be observed as an effective Pim-1 kinase drug.
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